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Abstract: In this paper, we present an approach based on the simultaneous use of multilevel monitor-
ing systems for the ground and surface water and wavelet-based analysis of the time series observed
to detect the main mechanisms influencing the water level, electrical conductivity (EC) and tempera-
ture (T) in ground and surface water of the river Neretva coastal aquifer system. Although the area
of interest is under significant impact of seawater intrusion, the presented approach enabled the
insight to transient response of the system to external loadings like precipitation and irrigation system
primarily. The capacity of the monitoring system has been demonstrated on two different subareas,
respectively, Diga and Jasenska. While the Diga area is shown to be under significant influence of
the seawater, the Jasenska area shows sensitivity to precipitation and pumping station (PS) Modric
operative regime. Groundwater parameters as observed during dry periods at Jasenska show the
presence of stratification. Wavelet-based analysis enabled the determination of the interdependence
of the variables of interest as well as their temporal dependence. Determined regimes of the surface
water, as found within the Jasenska channel, are additionally supported by the in situ profiling
results, thus strengthening the findings of the study. Our findings reflect the capacity of the approach
to capture for the stratification of the groundwater parameters induced by seawater intrusion and
external loadings.

Keywords: seawater intrusion; coastal aquifer; irrigation system; groundwater; monitoring; wavelet analysis

1. Introduction

Groundwater in coastal areas has been commonly recognized as an important source
of drinking water as well as a precondition for sustainable agricultural production [1,2].
Although the utmost importance of the groundwater resources in coastal aquifer systems,
it has faced the negative effects caused by seawater intrusion [3–6]. This has been identified
in the past through reduction in quality indicator values, such as groundwater temperature
(T), electrical conductivity (EC) and salinity (Sal), as shown in many previous studies [7–9].
The latter implies the necessity for various approaches to tackle the negative effects of
the seawater intrusion and testing of appropriate mitigation measures with a final goal to
ensure a sufficient volume of water of an appropriate quality.

Monitoring has been widely used as a reliable approach when the seawater intrusion
and its relevance upon ground and surface water in coastal aquifers are of interest [10–13].
The implementation of monitoring systems in costal ecosystems requires a planned and
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objective orientated purpose [14–17], which will give crucial and useful information on the
processes of interest [18–20]. Hereby, costal aquifer monitoring systems have been used as
a basis for the inspection and research in different areas.

Groundwater levels in coastal aquifers are mainly influenced by sea level tidal varia-
tions and precipitation, with the respective degree of influence depending on the location of
the observation well [8]. The tidal effect on groundwater level decreases with distance from
the coast as well as the time lag to sea level increases [21]. The basis of those findings have
been established in early works [22,23] with consistent to up to date improvements and a
wide range of methodological assumptions on whom tidal methods are founded [24,25].

Apart from the hydrogeological scope that arose from tidal method applications, most
studies have been focused on time series analysis of groundwater level, EC or T, implying
the sensitivity of those variables to external loadings, such as precipitation, seawater
intrusion, hydrological processes, local infrastructure operative regimes, etc. [15,26,27].
Using the time series of EC from the observation borehole, Kim et al. [28] applied auto-
correlation and cross-correlation methods, as well as spectral density functions to identify
the correspondence of groundwater EC and sea level tidal dynamics. The same study
showed the highest values of EC occurred during spring tide when sea level is highest,
while the lowest values of EC corresponds to the neap tide occurrence. The latter suggests
that temporal variations in groundwater quality when analyzed through EC are driven
by tidal dynamics, which is consistent with the findings of Fadili et al. [29] and Heiss
and Michael [30]. Furthermore, Fadili et al. [29] suggested that coastal monitoring should
consider parameters at different depths to ensure reliable groundwater use due to increasing
seawater intrusion. Kim et al. [15] presented a study of Jeju Island in Korea where eight
multiparameter probes have been installed in a single piezometer at variable depths to
monitor temporal variations of both EC and T. The crucial finding of the analysis performed
lead to the fact that probes located out of the transition zone did not exhibit temporal
variations of EC or T related to tidal oscillations, while probes located within the transition
zone successfully detected the movement of the transition zone. The Jeju Island has again
been the subject of research interest by Kim et al. [31], who illustrated the benefits of
multilevel monitoring in long perforated boreholes. Applying a cross-correlation model
to obtained time series from monitoring system processes controlling the seawater–fresh
water interaction and the influence of precipitation on the salinity have been identified [31].
Seawater intrusion effects have been shown to vary with depth and to be significantly
dependent on the hydrogeological properties of the geologic layer.

In addition, from typical time series based analyses, Zhang et al. [32] focused his
research to a complex area in the Pearl river estuary by applying wavelet transform coher-
ence to different subareas of interest. This study evidenced each subarea of the Pearl river
estuary possesses different salinity regimes while groundwater level is strongly influenced
by sea level and water level oscillations in river waterways. The results supports the salinity
regime at different locations in the aquifer, which has been induced by changes in tidal
level and precipitation, and is strongly dependent on the position of the piezometer and
the geological settings of the area [8,17].

Previous findings in the Neretva coastal aquifer system have been focused mainly to
hydrogeological settings [33], main pathways of seawater intrusion identification [17] and
the analysis of seawater cline features characterizing the Neretva river [34]. Up to date,
there are very few studies in the past [15,31] addressing the combined impacts of external
loadings to groundwater, EC and T when obtained through multilevel monitoring in single
boreholes of both ground and surface water. This paper demonstrates the implementation
and efficiency of multilevel groundwater and surface water monitoring systems to capture
the external loadings and seawater intrusion effects present in the Neretva river coastal
system. The contributory aims of this paper can be specifically identified as: (i) the
implementation of the multilevel monitoring system which covers for ground and surface
water parameters within the Neretva valley coastal shallow aquifer in the Republic Croatia;
(ii) to determine the seawater intrusion influence to specific subareas of interest; (iii) to
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detect and distinguish the nature of transience of the EC, T and ground and surface water
levels within the ground and surface water. For the purpose of the analysis, the continuous
wavelet transform is applied to study frequency changes over time, and wavelet coherence
has been used to determine temporal dependence between variables of interest.

2. Materials and Methods
2.1. Study Area

The Neretva Valley is located between the Neretva and Mala Neretva rivers in the
southeastern part of Croatia, as shown in Figure 1, produced within the ArcMap 10.8
environment [35]. In its present form, the study area comprises about 5000 ha of arable
land and represents the largest cultivated area on the Croatian coast. The region is charac-
terized by hot and dry summer and wet and mild winter periods, with an average total
annual precipitation of 1200.78 mm year−1 for the period 2009–2018, as observed at the
climatological-meteorological station in Ploce [17].

Water 2022, 14, 656 4 of 27 
 

 

 
Figure 1. Location of the study area with definition of the monitoring system, operational infrastruc-
ture elements, climatological/meteorological station, subareas of interest Jasenska and Diga, profil-
ing locations. 

2.2. Monitoring System and Profiling 
For the purpose of this study, the existing monitoring system used to monitor pa-

rameters of seawater intrusion in the Neretva Valley has been upgraded during the period 
of April-June 2021. In its newest form, the system enables both ground and surface water 
parameters to be monitored. Groundwater monitoring covers for groundwater regimes at 
locations Diga (P1 piezometer) and Jasenska (P2 piezometer), as shown in Figure 1. In 
each piezometer, groundwater level, EC and T are continuously monitored at two differ-
ent depths. Both piezometers have been 10 m deep and perforated along whole depth 
since the geological settings obtained from the borehole inspection imply the presence of 
a unique sandy made layer. The upper probe has been identified in the results section 
with the letter G while the lower probe is denoted with the letter D. The vertical definition 
of G probe locations relies on the insight to past groundwater level time series to ensure 
probe positioning beneath the lowest observed level. Figure 2a enables the insight to the 
positioning of P1 probes while Figure 2b defines the vertical identification of P2 probes. 

Figure 1. Location of the study area with definition of the monitoring system, operational infras-
tructure elements, climatological/meteorological station, subareas of interest Jasenska and Diga,
profiling locations.



Water 2022, 14, 656 4 of 24

The hydrological regime of the river Neretva is mainly divided into two characteristic
periods, a dry and a rain period. The discharge of the Neretva river fits to seasonal
precipitation variations and usually ranges from 40 m3 s−1 to 1800 m3 s−1 [17]. During the
dry period, discharge is mainly influenced by the operative regime of the hydro power plant
Mostar, located 40 km upstream from the national border with Bosnia and Herzegovina.
The period from November to April corresponds to the rain period where discharge is
influenced by the water balance at the basin scale and precipitation occurrence.

The Mala Neretva river is separated from both the Neretva river and the sea by gates
OU and UU (Figure 1). During the dry period, the Mala Neretva river is the only source of
fresh water in the valley [17]. The water of the Mala Neretva is distributed in the valley
through a system of irrigation channels and partially feed Jasenska channel by fresh water.

The area of interest is characterized by the channel system which works as both an
irrigation and melioration system. Due to the high salinity in the area, during the dry
period, fresh water is introduced from Mala Neretva and from river Neretva [36], through
the gates located at the left river Neretva bank. After the water is introduced into system,
it flows downstream to the PS Modric intake basin. The pumping station (PS) Modric is
responsible for maintaining the water level beneath the pedological layer in the Jasenska,
Crepina and Diga areas (Figure 1). PS Modric usually operates between 10 p.m. and 7 a.m.,
except when precipitation is expected. The terrain elevation along the valley has been
mostly found below the mean sea level [17,33], which in combination with PS Modric
operative regime leads to active seawater intrusion along the study area [37,38].

The Neretva Valley consists of three main hydrogeological layers: (i) a sandy, uncon-
fined aquifer in the upper part; (ii) a confining layer of clay under the unconfined aquifer;
(iii) a gravelly, confined aquifer in the lower part. The clay layer extends over the entire
area with a thickness of 10 to 25 m and it was found that the clay layer extends from the
coast towards the sea for a total of 1400 m [33]. By applying the tidal method to the appro-
priate conceptual aquifer system model, it has been determined that the leakage between
the unconfined and confined aquifers is negligible [33]. The latter has been additionally
supported by the spectral analysis of the piezometric heads observed within the confined
aquifer, following the procedure by Rahi and Halihan [39].

2.2. Monitoring System and Profiling

For the purpose of this study, the existing monitoring system used to monitor parame-
ters of seawater intrusion in the Neretva Valley has been upgraded during the period of
April-June 2021. In its newest form, the system enables both ground and surface water
parameters to be monitored. Groundwater monitoring covers for groundwater regimes
at locations Diga (P1 piezometer) and Jasenska (P2 piezometer), as shown in Figure 1. In
each piezometer, groundwater level, EC and T are continuously monitored at two different
depths. Both piezometers have been 10 m deep and perforated along whole depth since the
geological settings obtained from the borehole inspection imply the presence of a unique
sandy made layer. The upper probe has been identified in the results section with the letter
G while the lower probe is denoted with the letter D. The vertical definition of G probe
locations relies on the insight to past groundwater level time series to ensure probe posi-
tioning beneath the lowest observed level. Figure 2a enables the insight to the positioning
of P1 probes while Figure 2b defines the vertical identification of P2 probes.

In both piezometers, G probe is TruBlue CTD 585 with the ability to monitor ground-
water level, EC and T with accuracy of ±0.05% of the total error band for water level in the
range of 0–10.5 m water column, accuracy of 1% or 0.02 mS cm−1 for EC in the range of
0.005–100 mS cm−1 and an accuracy of ±0.2 ◦C for T in the range of 0–50 ◦C. The D probe
in both piezometers is the Manta2 +40 with the ability to monitor EC and T. The Manta2
+40 possess a range of 0–100 mS cm−1 for EC and 0–50 ◦C for T with an accuracy of ±1%
of reading for EC and the temperature of ±0.1 ◦C. Both probes are set up to a sampling
frequency of 2 h−1 with emphasis on the EC reading in both probes standardized to 25 ◦C.
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Figure 2. Cross section of (a) location P1 with depth position of probes and obtained minimum and
maximum values of sea level and water level in PS Modric for the observed period, and (b) location
P2 with depth position of probes and obtained minimum and maximum values of water level in
Canal Jasenska for the observed period.

In addition to groundwater parameters monitoring, surface water parameters are also
measured at two locations separately, Jasenska channel and PS Modric intake basin. Hereby,
same TrueBLue CTD 585 has been installed at these locations with the same sampling
frequency. For sea level and Neretva river water level monitoring, the THALIMEDES
OTT gauge was installed with a sampling frequency of 2 h−1. The measuring range of
the instrument is ±19.999 m with an accuracy of ±0.002 m. All variables covered by the
monitoring system have been temporarily synchronized while the reference vertical datum
used for the height and depth elevation corresponds to “Nula Trsta”.

For the purpose of this study specifically, time series for the period 15 August 2021
00:00 h–15 October 2021 23:30 h have been obtained from all monitoring covered probes
in the area of interest. Time series of hourly precipitation have been obtained from the
meteorological station Ploce, operated by the Croatian Hydrometeorological Institute.
During the analyzed period, several sensor malfunctions occurred in different probes due
to the absence of energy supply or other technical issues. These malfunctions are shown
as a gap in the time series and do not cause any deviations from the results and findings
presented within the Results section.

To enable the insight to relevant vertical stratification in EC and T in situ profiling
was carried out during the dry season at five locations: (i) P1, (ii) P2, (iii) Mala Neretva-
bridge, (iv) Neretva river–Opuzen profile and (v) Neretva river Komin profile. Profiling
was conducted three times during the period: (i) 19 July 2021, (ii) 24 August 2021 and
(iii) 20 September 2021, with the SEBA KLL-Q-2 multiparameter probe and the values.
SEBA KLL-Q-2 has a measurement range from −5 to 50 ◦C for T and 0–200 mS cm−1

for EC.

2.3. Wavelet Analysis
2.3.1. The Continuous Wavelet Transform (CWT)

In this study, CWT was applied to time series to evaluate periodic and non-periodic
variations in time and frequency domain. A function localized in time and frequency with
a mean of zero is called a wavelet. The wavelet type can be chosen to best match the
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characteristics of the observed signals. The Morlet wavelet has been shown to be most
suitable for geophysical time series [32,40–42]. The Morlet wavelet function is defined as:

ψ0(η) = π−1/4eiω0ηe−
1
2 η2

(1)

where ψ0 is the mother wavelet or in this case the Morlet wavelet, ω0 is the dimensionless
frequency and η is the dimensionless time. ω0 is responsible for the tradeoff between time
and frequency. Lower values of ω0 provide higher time resolution but lower frequency
resolution and vice versa. A value of 6 for ω0 has been shown to be a good tradeoff
between frequency and time resolution [42]. CWT of a time series (Xn : n = 1, . . . , N) can
be calculated as follows:

WX
n =

√
δt
s

N

∑
n′=1

xn′ψ0

[(
n′ − n

) δt
s

]
(2)

where xn is the n-th value in the time series, t is the uniform time step and s is the scale
of the wavelet. In Equation (2), the wavelet is stretched with s and translated with the
localized time index n along the time series to produce an image called scalogram in which
the dominant frequencies of the signal can be seen over time. The wavelet rectified power
is defined as 2j ×

∣∣WX
n
∣∣2 where j is scale level and the multiplication is conducted to correct

the bias in the frequencies with higher period in wavelet power spectrum [43,44]. Since the
wavelet transform behaves like a sliding bandpass filter, edge effects become important
due to the lack of information [42,45]. Therefore, the edge effects are marked with the cone
of influence (COI) and the results of CWT, which are shaded outside the COI, should not
be considered. Finally, the areas of high power are surrounded by black lines representing
areas tested against AR1 red noise (95% confidence level) [42,46].

2.3.2. Wavelet Coherence (WTC)

The functional relationship between two signals in both frequency and time domains
was analyzed using wavelet coherence (WTC). WTC is similar to the cross-correlation
coefficient, except that WTC is localized in time and frequency space. WTC takes values
from 0 to 1, where 1 represents complete coherence and 0 represents no coherence. WTC
can be calculated as follows:

R2
n(s) =

∣∣S(s−1WXY
n (s)

)∣∣2
S
(

s−1|WX
n (s)|2

)
·S
(

s−1|WY
n (s)|

2
) (3)

where R2
n represents magnitude square coherence, S is a smoothing operator and WXY

n is
a cross-wavelet transform. From the cross-wavelet transform, the relative phase between
equal frequencies in two signals can be determined [42]. These phases are shown as arrows
in the coherence results when the coherence exceeds the value of 0.6. An arrow pointing to
the right means that two frequencies are in phase, while an arrow pointing to the left means
that they are maximum out of phase (anti-phase). The direction of the arrow can also be
interpreted as a time delay, e.g., an arrow pointing to the left for the frequencies with a
period of 12 h means a time delay of 6 h between them. The WTC significance tests were
performed using the method proposed by Grinsted et al. [42] in which the WTC results are
compared with the coherence results of data sets created with the same AR1 coefficient as
in the input time series.

Respectively, the period from 00:00 h 15 August 2021–23:00 h 15 October 2021 was
analyzed in the frequency domain. To establish coherence between the time series of
groundwater level and EC observed in the piezometers and the precipitation, the time
series of groundwater level and EC are sparse to match the sampling frequency of the
precipitation. Wavelet transform analysis of time series has been conducted in Matlab by
using procedures presented by Grinsted et al. [42] and Ng and Chan [44].
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3. Results
3.1. Surface Water Dynamics

The surface water monitoring system is planned and implemented to capture channel
system dynamics used as a melioration and irrigation in the same time. At the left river
Neretva bank, several gates are constructed to enable the inflow of river Neretva surface
layer water to ensure appropriate water quality for irrigation. Gates are kept opened during
the dry season, from April to October, so the Neretva river water enters the area and cause
a refreshment of the water volume found inside the channel network. Due to the fact
that terrain elevation has been found mostly below the mean sea level, the melioration
system keeps the groundwater beneath the pedological layer. This is fully performed
by the operation of PS Modric which operates mostly during the night, being put into
operation at 10 p.m. and being stopped at 7 a.m., as previously explained. In this way, the
system is prepared to accept daily water volume entering the Neretva valley. The deflection
from the above mentioned operational regime can happen prior to the precipitation to
ensure the volumetric reserve to accept expected precipitation. This is visible during the
period from 5 October till 15 October in Figure 3. PS Modric intake basin water level
shows a daily periodicity chainsaw feature due to the turn on/off regime. Inspection of
Figure 3 also reveals significant influence of PS Modric regime to water level transience
along the melioration and irrigation channels system. After the PS Modric has been put
into operation, water volume found inside the intake basin is lowered unless pumps are
not turned off. In the period after the PS Modric is turned off, the system is fed by water
from river Neretva and from Mala Neretva, which causes the increase in water elevation
until the next pumps start, explaining the chainsaw feature in surface water elevation
present in Figure 3. Although located 6 km upstream from the channel, Jasenska surface
water elevation time series shows significant dependence on the PS Modric. Inflow from
river Neretva and Mala Neretva has been continuously enabled, but due to the limited
volume of water being stored in channel network, Jasenska surface water elevation is
instantaneously lowered after the pumps have been put into operation. The influence of PS
Modric operational regime to surface water elevation transience at Jasenska channel has
been evidenced through the coherence analysis between those two time series (Figure 4a).
Significant coherence has been identified for a wide range of constituents demonstrating
the effect of the PS Modric operation in the channel network surface water elevation regime.
Besides the significant coherence values, Figure 4a shows an almost sudden response of
the Jasenska water elevation to PS Modric operation. The above statements are based on
the following facts: (i) the channel Jasenska is in direct contact with the PS Modric intake;
(ii) the study area is a flat terrain without significant elevations and depressions thus
enhancing the PS Modric caused effects and fastening response to PS Modric opera-
tion along the channel network; (iii) the amplitudes of water level variations in the
channel Jasenska correspond to amplitudes of water level variations in the PS Modric
intake (Figure 3).

Inspection of the surface water temperature features fits the explained functionality of
the irrigation and melioration system (Figure 3). The main intake of fresh water is enabled
through the gates at the river Neretva left bank. Neretva surface water temperature during
the analyzed period has been observed 12 km upstream from Opuzen, at Metkovic bridge
profile. After entering the channel system, water temperature increases due to the effect
of heating from atmosphere and the fact that channels are pretty shallow. The fact that
maximum temperature has been observed between 1 and 3 p.m. everyday corresponds to
daily induced air temperature changes caused by solar radiation. The increase in surface
water temperature is higher as the water retention time in channel network is increased.
This is especially noticed in the detection of maximum peak temperature values in Figure 3.
Water temperature observed at PS Modric intake shows highest values ranging between 23
and 28.23 ◦C.



Water 2022, 14, 656 8 of 24Water 2022, 14, 656 8 of 27 
 

 

 
Figure 3. Time series characterizing surface water along the irrigation/melioration system covering 
Jasenska and Diga areas of interest–observed for the period from 00:00 h 15 August 2021–23:00 h 15 
October 2021. 

Inspection of the surface water temperature features fits the explained functionality 
of the irrigation and melioration system (Figure 3). The main intake of fresh water is ena-
bled through the gates at the river Neretva left bank. Neretva surface water temperature 
during the analyzed period has been observed 12 km upstream from Opuzen, at Metkovic 
bridge profile. After entering the channel system, water temperature increases due to the 
effect of heating from atmosphere and the fact that channels are pretty shallow. The fact 
that maximum temperature has been observed between 1 and 3 pm everyday corresponds 
to daily induced air temperature changes caused by solar radiation. The increase in sur-
face water temperature is higher as the water retention time in channel network is in-
creased. This is especially noticed in the detection of maximum peak temperature values 
in Figure 3. Water temperature observed at PS Modric intake shows highest values rang-
ing between 23 and 28.23 °C. 

Figure 4b shows daily induced oscillations of water temperatures having an almost 
in-phase evolution of the diurnal cycle. Both water temperature time series show common 
long-time trends corresponding to the same meteorological/climatological conditions 
found over the study area during the analyzed period. 

Figure 3. Time series characterizing surface water along the irrigation/melioration system covering
Jasenska and Diga areas of interest–observed for the period from 00:00 h 15 August 2021–23:00 h 15
October 2021.

Figure 4b shows daily induced oscillations of water temperatures having an almost
in-phase evolution of the diurnal cycle. Both water temperature time series show common
long-time trends corresponding to the same meteorological/climatological conditions
found over the study area during the analyzed period.

Coherence features shown in Figure 4c show that the EC values of Jasenska channel
and Modric intake are out of phase indicating a time lag equal to half of the period. The
exception is the period of the first half of October, reflecting the precipitation occurrence.

Due to the presence of moderate salinity-induced stratification in the PS Modric intake
basin [36] and pump intake elevation being set up close to the basin bottom, the very
first effect of pump operation is visible through the sudden decrease in EC characterizing
the intake basin water (Figure 2a,b). It is important to notice that the probe is positioned
0.50 m above the intake basin bottom, so the pumps evacuate the water found at the bottom
while the surface water column with lower EC reduces observed EC at the probe as the
water level is decreased. The reduction in PS Modric EC is noticed during the operation
of the pumps. After pumps have been stopped, further transience in EC as observed at
the PS Modric intake has been determined by the inflow from the channel system. As the
water level in the basin is reduced, the water found within the channel network supply the
intake with water by gravity inertia and cause the increase in EC. Following the EC values
observed at Jasenska channel, which are lower than those of Modric intake, it is obvious
that the residual salt contamination found along the channel downstream from Jasenska
contributes to the increase of the Modric intake EC.

The lowest observed EC value at Jasenska does not fall below 0.97 mS cm−1. After the
PS Modric has been put into operation, Jasenska EC is characterized by a sudden increase
up to 2.2–3.5 mS cm−1. After being put into operation, PS Modric leads to the reduction in
the surface water elevation at Jasenska channel thus creating a gradient and ensuring the
inflow from the gravity area. After the PS Modric pumps are out of operation, the decrease
phenomena in EC are noticed.
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3.2. Groundwater Dynamics

Sea level oscillations in the area of interest are of mixed semidiurnal type, mainly
represented by the presence two lunar and two solar components O1, K1, M2 and S2 [33],
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with obvious periodic transfers from neap to spring tide and vice versa. Insight to Figure 5
emphasizes the occurrence of active seawater intrusion as identified by the lower P1
groundwater level compared to the sea level. The latter has been caused by the effect of the
operative regime of PS Modric which is a 20 m3 s−1 capacity pumping station with a main
purpose to collect water from Crepina, Jasenska and Diga areas, ensuring the ground water
level is kept beneath the pedological layer. Due to P1 location, features of the groundwater
level as observed within the piezometer are influenced by both sea level oscillations and
PS Modric operation. While the mean groundwater level is defined by the predominant
influence of the PS Modric, the presence of tidal constituents within the observed sea level
time series implies the influence of the sea level at Diga area groundwater.

P1 groundwater EC and T have been observed at two probes, G and D, respectively,
installed at different depths as explained in Materials and methods section. While the
EC characterizing deeper groundwater column (probe D) shows a stable nature with
values ranging between 48.31 and 49.27 mS cm−1, the upper probe (probe G) shows a
slight increase in trend from 45.71 to 47.93 mS cm−1. Precipitation occurrence reflects
stress in both EC signals. Groundwater temperature at probe D shows lower T values
compared to G probe which recalls the effects of the air temperature and its influence on
groundwater. Compared to PS Modric intake water T, groundwater T observed at P1 seems
stable at both probes. Obvious similarities in both temperature trend and daily changes
imply the constraint in PS Modric intake basin depth which leads to a faster response to
solar radiation.
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Groundwater level regime in P2 is significantly influenced by the PS Modric regime
since the Jasenska channel is located only 80 m away from the piezometer and the fact that
Jasenska water surface elevation is higher than P2 groundwater level for 20 cm on average
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during the dry period. Precipitation occurrence results in the increase of groundwater
level not only at P2 but also within the Jasenska channel (Figure 6). Temperature within
the P2 shows stability during the analyzed period, without significant stratification along
the groundwater column. Slight changes in T have been noticed in correspondence with
precipitation occurrence between 5 October and 15 October 2021, especially as observed at
the G probe. Precipitation during this period contributes to a decrease in EC as observed
on both probes. EC observed at G probe shows a faster response to precipitation as well as
a faster reduction in observed EC value. During the dry period, significant stratification in
P2 groundwater EC is present, with G probe EC ranging between 23.31 and 25.86 mS cm−1,
and D probe EC ranging between 42.43 and 44.81 mS cm−1.
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3.3. Periodicity Features

Scalogram is a useful way to express periodicity features of time series with reference
to characteristic frequencies or periods [40,41]. Hereby, we select and present six scalograms
respectively, seawater level, precipitation, PS Modric intake water level, P1 groundwater
level, EC G probe as observed in P1 and EC D probe as observed in P1 (Figure 7a–f).

Seawater level signal shows the energy peak at periods corresponding to 12 and
24 h, referring to mixed semidiurnal tidal features (Figure 7a). Same spectral signature
is observed for P1 groundwater level signal (Figure 7d) emphasizing the influence of
the sea level in the spectral signature of groundwater level regime at Diga area. Besides
the similarity to sea level constituents, P1 groundwater scalogram shows temporally
local sensitivity to precipitation. Figure 7b shows the concentration of the signal energy
corresponding to the precipitation occurrence (late August, mid September, first half of
December as visible in Figure 4). By comparing Figure 7b,d it is obvious precipitation
defines the Diga area groundwater level regime differently than tidal induced constituents.
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A similar feature has been observed for the PS Modric intake water level (Figure 7c) during
precipitation occurrence in October 2021. Taking into consideration previously explained
daily operative regime of PS Modric, scalogram shows significance of the intake water level
frequencies corresponding to 24 h.
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tration for observed time series (Figure 7e,f). D probe EC series shows clear presence of
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tidal constituents which implies the connection to the sea (Figure 7f). Due to the fact that
this area is characterized by active seawater intrusion because of local hydrogeological
conditions induced mainly by PS Modric regime, whole aquifer profile is contaminated
by the seawater. In this way, scalogram of the EC observed at G probe also shows tidal
characteristics, but with smaller energy concentration found within tidal periods. Besides
the tidal induced EC variabilities, upper water column layer energy signal is not dispersed
only along the dates and frequencies corresponding to external loadings, primary pre-
cipitation, but also shows a trend presence (Figure 7e), visible also in Figure 5. Figure 7f
shows higher energy of the EC observed in the D probe corresponding to the precipitation
periods (54–128 h), although the upper layer is more sensitive to external loadings from
the surface. This is an artefact of the noise presence within the observed EC signal. Due
to the enhanced loadings from the surface, G probe EC time series suffers from the noise
(Figure 5), which disperses signal energy all over the frequency covered by the scalogram
presentation. Contrary, the evidence of the precipitation at D probe whose EC signal shows
less presence of noise, is within the observed signal (Figure 7f).

While channel Jasenska surface water fluctuation scalogram shows the presence of
daily fluctuations caused by PS Modric operative regime (Figure 8a), P2 groundwater
level is characterized by the energy of the signal being found during the precipitation
occurrence period (Figure 8b). P2 temperature shows similar scalogram features, being
more pronounced for G probe (Figure 8e,f). The difference in scalograms for the T time
series observed at G and D probes in P2 stems from significant external influence on the
temperature in upper layer, so more concentration of the signal energy corresponding to
precipitation has been detected at the deeper groundwater layer of P2. A similar influence
of precipitation has been observed in EC scalograms observed at P2 probes (Figure 8c,d).

3.4. Coherence Analysis

Compared to the scalogram, coherence enables the insight to functional interdepen-
dence of two variables with emphasis on the phase lag in between. Below, we show
coherence results for various combinations of variables with emphasis on the first variable
which represents reference one while the second variable is shown as a relative compared
to the first one.

Sea level and P1 groundwater level coherence demonstrates the influence of the sea
level to the P1 groundwater level. Inspection of Figure 9a enables insight to the time lag
between observed sea level and groundwater level constituents. P1 groundwater level
diurnal component shows on average 2–3 h time lag, while the corresponding value of
the semidiurnal component equals to 1.5 h relative from the sea level (Figure 9a). The
coherence determined between precipitation and groundwater level in P1 (Figure 9b) shows
precipitation effects of the groundwater level as observed in P1, in addition to sea level
tidal oscillations.

Although the scalogram features of the EC time series observed at G and D probes
show the presence of tidal constituents, the features arising from the coherence analysis
are not straightforward (Figure 9c,d). The EC observed at P1 D probe shows the time lag
relative to the sea level ranges between 1.5 and 2 h characterizing semidiurnal component,
which is greater than the groundwater level response (Figure 9d). This issue has been of
interest for various research groups [9,47] in the past, and has been explained through
different mechanisms. While the tidally induced stress transfer through the aquifer is
observed quickly, the increase in the EC is a consequence of the salt water volumetric inflow
towards inland, which, due to the limited hydraulic conductivity features and usually low
hydraulic gradient, needs more time to be observed.

Inspection of temporal correspondence of the diurnal sea level component and P1
EC time series implies the deviation from the explanation for the semidiurnal component
above. The presence of the noise in EC time series observed at G probe and its influence to
sea level phase lag determination via coherence application is shown in Figure 9c. Although
the coherence shows the interdependence of the EC observed at G probe and the sea level,
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noise does not ensure the consistency of the results in this case separately. This is visible
through the interpretation of the time lags. In this way, both diurnal and semidiurnal
EC constituent occurs prior and later compared to sea level, which is physically not
reliably interpretative.
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P2 groundwater level regime in the dry period is shown to be influenced by Jasenska
channel water fluctuations. The presence of daily fluctuations combined by the P2 ground-
water level being late for app. 6 h compared to Jasenska water level implies the connection
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between the channel and piezometer (Figure 10a). The latter is visible by the inspection of
time series of P2 groundwater level and Jasenska channel water elevation and is supported
by the relative difference in water surface elevations. Besides the daily fluctuations, time
series also show the matching in trend features (Figure 6). Precipitation reduces the time
lag between the peaks observed for those two variables and results in a unique reaction to
precipitation with zero time lag (Figure 10a).
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EC reacts to the groundwater level regime at Jasenska region. The upper layer EC re-
acts to the increase in groundwater level by drastical reduction, from 25.00 to 6.73 mS cm−1.
This opposite reaction to groundwater level (increase of the groundwater level and decrease
of EC) is clearly visible in coherence of those variables shown in Figure 10b in the time
period corresponding to precipitation occurrence (5 October–15 October). The time lag
observed here equals the half of the period which corresponds to the rise–fall relationship.
Inspection of Figure 10c enables insight of the features of EC observed at D probe, relatively
to P2 groundwater level. Hereby, the reduction of EC has been observed later compared to
EC in the G probe but still shows the rise–fall relationship. The same features are visible by
the inspection of time series in Figure 6. This is expected due to the increased infiltration
and percolation time of the precipitation and consequently the decrease of the EC caused
by fresh water from precipitation at probe installed in the deeper water column.
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2021: (a) Jasenska channel water level and P2 groundwater level time series; (b) P2 groundwater
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groundwater EC observed at D probe time series.

Although the response of P2 EC has been evidenced in response to groundwater
level, hereby we extend the analysis with the inspection of precipitation influence to P2 EC
(Figure 11a,b). Reduction of the EC in the upper probe caused by precipitation is visible
after the quarter of the period. The lower probe EC shows higher time lag compared to the
upper one, which is already noticed through the response of EC to P2 groundwater level.
The available time series reveal the increase in P2 groundwater level as a consequence of
precipitation, so the initial stress which causes the sensitivity of P2 EC to external loadings
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is fundamentally precipitation. This is supported by the comparison of time lags of P2
groundwater level and P2 EC relative to precipitation occurrence time. Slightly after
precipitation occurrence on 8 October, the increase in P2 groundwater level is observed
(Figure 6). Afterwards, the decrease in G probe EC is evidenced and at the latest, EC drop
in P2 D probe is noticed.
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The comparison of time lags between precipitation and EC (Figure 11a,b) and P2
groundwater level and EC (Figure 10b,c) demonstrates higher time lag values of the
EC relative to precipitation. This holds for EC time series observed on both upper and
lower probes.

4. Discussion

In this paper, we presented a successful way of implementing a multilevel monitoring
system capable of capturing the combination of seawater intrusion and external loadings
effects to ground and surface water parameter transience in our findings. Relying on
the datasets observed through the monitoring system implemented in Neretva valley
coastal system, we performed analysis to understand the transient nature of EC and T
characterizing Diga and Jasenska subareas. Additionally, we elaborate several issues which
empower the significance of the presented work, as follows: (i) the interconnection of
channel Jasenska, river Neretva and river Mala Neretva by using in situ profiling results;
(ii) Diga area active seawater intrusion dominance; (iii) Jasenska area EC stratification;
(iv) influence of the vertical flow component in piezometers; (v) the generality of the
findings based on two months of continuous monitoring.

To additionally strengthen the mechanisms creating daily EC regime in Jasenska
channel, Figure 12a,b show detailed time series of Jasenska EC, Jasenska water level and
Neretva water level observed at Opuzen limnigraph (Figure 1). River Neretva EC and T
profiling have been performed two times during the period of interest from 15 August 2021
00:00 h to 15 October 2021 23:30 h, respectively, on 24 August and 20 September 2021 at
profiles Opuzen and Komin (Figure 13a,b). Insight to EC values as observed within the
Neretva surface layer where the water is taken from for the irrigation system discovers
a very narrow EC interval between 2.727 and 3.1 mS cm−1 (Opuzen profile) and 3.24 to
3.435 mS cm−1 (Komin profile). By comparing profiling results with Jasenska EC time
series in Figure 12a,b, it is obvious the Jasenska EC corresponds to the Neretva river surface
layer EC. On 24 August 2021, EC in Jasenska channel does not exceed 3.30 mS cm−1 while
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on 20 September 2021 it goes up to 2.0 mS cm−1. Taking into consideration the water inside
channel Jasenska during the CS Modric standby origins from river Neretva, the observed
datasets are in correspondence.
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Due to the connection of the Jasenska channel southern branch with the Mala Neretva
lateral channel to the south (Figure 1), and the distance app. 2–2.5 times longer compared
to left river Neretva bank, water from Mala Neretva causes refreshment of the Jasenska
channel water through the branch intake located 100 m upstream from the probe. To
support this, we use EC and T profiling data of Mala Neretva, performed at the same dates
as for river Neretva (Figure 13c). For both relevant dates, we observe profiling results in
mala Neretva surface layer range between 0.84–1.02 mS cm−1, while Jasenska EC does not
fall below those values (Figure 12a,b). Similar correspondence has been observed from the
river Neretva T time series and profiling results.

Additional explanations on the interpretation of the groundwater regime as found
at P1 piezometer representing Diga area reveals significant influence of active seawater
intrusion conditions [38,48]. Besides the water table salinization presence (Figure 14a), EC
stratification shows a minor effect on the surface water from the irrigation channel located
30 m to the inland. T profile enhances the difference between seawater temperature and air
temperature characterizing the area of interest. Groundwater T ranging between 23.3 and
23.96 ◦C confirms the connection to the seawater, while higher temperatures observed in
surface layer corresponds to heating caused by the air temperature as measured in a period
prior to the profiling (Figure 14a).

Opposite to the dry period, when sea level is recognized as a main driving force
influencing Diga groundwater regime, precipitation leads to a moderate increase in EC
observed at P1 G probe (Figure 15). The cause should be found in Figure 16 which
emphasizes the presence of sodium chloride crystals at the surface (white matter visible
on the photo). The occurrence of first precipitation after the dry period dissolves the
sodium chloride crystal and by percolation contaminates the upper groundwater layer,
thus increasing the EC.



Water 2022, 14, 656 19 of 24Water 2022, 14, 656 21 of 27 
 

 

 
Figure 13. Vertical profiling of surface water EC and T on 17 July, 24 August and 20 September 2021. 
at: (a) Opuzen Profile; (b) Komin profile and (c) Mala Neretva bridge profile. 

Additional explanations on the interpretation of the groundwater regime as found at 
P1 piezometer representing Diga area reveals significant influence of active seawater in-
trusion conditions [38,48]. Besides the water table salinization presence (Figure 14a), EC 
stratification shows a minor effect on the surface water from the irrigation channel located 
30 m to the inland. T profile enhances the difference between seawater temperature and 
air temperature characterizing the area of interest. Groundwater T ranging between 23.3 
and 23.96 °C confirms the connection to the seawater, while higher temperatures observed 
in surface layer corresponds to heating caused by the air temperature as measured in a 
period prior to the profiling (Figure 14a). 

Figure 13. Vertical profiling of surface water EC and T on 17 July, 24 August and 20 September 2021.
at: (a) Opuzen Profile; (b) Komin profile and (c) Mala Neretva bridge profile.

Water 2022, 14, 656 22 of 27 
 

 

 
Figure 14. Vertical profiling of groundwater EC and T on 17 July, 24 August and 20 September 2021. 
at: (a) P1 piezometer at Diga area; (b) P2 piezometer at Jasenska area. 

Opposite to the dry period, when sea level is recognized as a main driving force in-
fluencing Diga groundwater regime, precipitation leads to a moderate increase in EC ob-
served at P1 G probe (Figure 15). The cause should be found in Figure 16 which empha-
sizes the presence of sodium chloride crystals at the surface (white matter visible on the 
photo). The occurrence of first precipitation after the dry period dissolves the sodium 
chloride crystal and by percolation contaminates the upper groundwater layer, thus in-
creasing the EC. 

 
Figure 15. Precipitation and EC observed at P1 probe from 00:00 h 3 October 2021–23:00 h 13 October 
2021. 

Figure 14. Cont.



Water 2022, 14, 656 20 of 24

Water 2022, 14, 656 22 of 27 
 

 

 
Figure 14. Vertical profiling of groundwater EC and T on 17 July, 24 August and 20 September 2021. 
at: (a) P1 piezometer at Diga area; (b) P2 piezometer at Jasenska area. 

Opposite to the dry period, when sea level is recognized as a main driving force in-
fluencing Diga groundwater regime, precipitation leads to a moderate increase in EC ob-
served at P1 G probe (Figure 15). The cause should be found in Figure 16 which empha-
sizes the presence of sodium chloride crystals at the surface (white matter visible on the 
photo). The occurrence of first precipitation after the dry period dissolves the sodium 
chloride crystal and by percolation contaminates the upper groundwater layer, thus in-
creasing the EC. 

 
Figure 15. Precipitation and EC observed at P1 probe from 00:00 h 3 October 2021–23:00 h 13 October 
2021. 

Figure 14. Vertical profiling of groundwater EC and T on 17 July, 24 August and 20 September 2021.
At: (a) P1 piezometer at Diga area; (b) P2 piezometer at Jasenska area.

Water 2022, 14, 656 22 of 27 
 

 

 
Figure 14. Vertical profiling of groundwater EC and T on 17 July, 24 August and 20 September 2021. 
at: (a) P1 piezometer at Diga area; (b) P2 piezometer at Jasenska area. 

Opposite to the dry period, when sea level is recognized as a main driving force in-
fluencing Diga groundwater regime, precipitation leads to a moderate increase in EC ob-
served at P1 G probe (Figure 15). The cause should be found in Figure 16 which empha-
sizes the presence of sodium chloride crystals at the surface (white matter visible on the 
photo). The occurrence of first precipitation after the dry period dissolves the sodium 
chloride crystal and by percolation contaminates the upper groundwater layer, thus in-
creasing the EC. 

 
Figure 15. Precipitation and EC observed at P1 probe from 00:00 h 3 October 2021–23:00 h 13 October 
2021. 

Figure 15. Precipitation and EC observed at P1 probe from 00:00 h 3 October 2021–23:00 h 13 October 2021.
Water 2022, 14, 656 23 of 27 
 

 

 
Figure 16. Diga area natural conditions photo (taken by the author on 24 August 2021). 

Long perforated piezometers have been shown to give unrealistic results when pen-
etrating through more than one geological unit characterized by different hydraulic heads 
[49]. While the chemical properties of the water will always match the properties of the 
water in the aquifer with the highest hydraulic head [49], the water table in the piezometer 
will reflect the zone of highest transmissivity regardless of hydraulic head [49]. Monitor-
ing of the transition zone driven by the tidal oscillations in long perforated piezometers 
has been of interest in a study by Levanon et al. [9,14,48], who showed that the movement 
of the freshwater–seawater interface (FSI) is significantly larger compared to sea water 
elevation tidal oscillations, thus leading to unreliable results. Those studies also com-
mented on the influence of capillary fringe (“capillary effect”) on tide-induced volumetric 
flow, resulting in a nearly simultaneous movement of the FSI and the groundwater level. 
Both processes, movement of FSI and groundwater level, have been found to be slower 
compared to hydraulic head (stress) transfer. Additionally, the time lag observed between 
groundwater level and hydraulic stress cannot be observed in long perforated piezome-
ters because hydraulic stress is equivalent to the groundwater level in piezometer. 

Monitoring piezometers in this study have been perforated throughout the whole 
penetration depth, as shown in Figure 2a,b. Both piezometers penetrate the same shallow 
unconfined aquifer (geological unit) with an approximate thickness of 10 m in both areas 
with the bottom of the piezometers at the top of the confining clay layer. The shallow 
unconfined aquifer is mostly a fine sandy one with minimal heterogeneity around the 
observed piezometers [50,51]. Therefore, vertical flow in the wells is expected to be mini-
mal due to the unique piezometric head in the radius of influence of the piezometer. The 
time series of EC, obtained from both probes in P1 and P2, showed minor variations with 
tidal variations in sea level and daily variations in the irrigation system regime in the Ja-
senska channel (Figures 5 and 6). However, both probes at both subareas of interest 
showed different responses to EC and T when confronted with precipitation, sea level and 
Jasenska channel variations in the WTC model, indicating multilevel monitoring in long 
perforated wells offers the insight to the processes in the system when properly applied. 

Figure 16. Diga area natural conditions photo (taken by the author on 24 August 2021).



Water 2022, 14, 656 21 of 24

Long perforated piezometers have been shown to give unrealistic results when
penetrating through more than one geological unit characterized by different hydraulic
heads [49]. While the chemical properties of the water will always match the properties of
the water in the aquifer with the highest hydraulic head [49], the water table in the piezome-
ter will reflect the zone of highest transmissivity regardless of hydraulic head [49]. Moni-
toring of the transition zone driven by the tidal oscillations in long perforated piezometers
has been of interest in a study by Levanon et al. [9,14,48], who showed that the movement
of the freshwater–seawater interface (FSI) is significantly larger compared to sea water
elevation tidal oscillations, thus leading to unreliable results. Those studies also com-
mented on the influence of capillary fringe (“capillary effect”) on tide-induced volumetric
flow, resulting in a nearly simultaneous movement of the FSI and the groundwater level.
Both processes, movement of FSI and groundwater level, have been found to be slower
compared to hydraulic head (stress) transfer. Additionally, the time lag observed between
groundwater level and hydraulic stress cannot be observed in long perforated piezometers
because hydraulic stress is equivalent to the groundwater level in piezometer.

Monitoring piezometers in this study have been perforated throughout the whole
penetration depth, as shown in Figure 2a,b. Both piezometers penetrate the same shallow
unconfined aquifer (geological unit) with an approximate thickness of 10 m in both areas
with the bottom of the piezometers at the top of the confining clay layer. The shallow
unconfined aquifer is mostly a fine sandy one with minimal heterogeneity around the
observed piezometers [50,51]. Therefore, vertical flow in the wells is expected to be minimal
due to the unique piezometric head in the radius of influence of the piezometer. The time
series of EC, obtained from both probes in P1 and P2, showed minor variations with tidal
variations in sea level and daily variations in the irrigation system regime in the Jasenska
channel (Figures 5 and 6). However, both probes at both subareas of interest showed
different responses to EC and T when confronted with precipitation, sea level and Jasenska
channel variations in the WTC model, indicating multilevel monitoring in long perforated
wells offers the insight to the processes in the system when properly applied.

While the Diga area groundwater column shows vertical features being influenced by
active seawater intrusion, the Jasenska area groundwater is characterized by significant
stratification in EC. Surface layer EC ranges between 22 and 24.60 mS cm−1, as obtained
from profiling performed on 17 July, 24 August and 20 September 2021. EC results char-
acterizing deeper groundwater layer ranges between 38.20 and 41.90 mS cm−1. Due to
the very small distance (80 m) to the Jasenska channel and the explained interconnection
between ground and surface water at this subarea within the Results section, increased EC
in bottom groundwater layer should be potentially found in river Neretva or the sea water
as a main source of salt water during the dry period [17].

Although this study is based on a two month period of continuous multilevel monitor-
ing, it represents reliable insight into the EC and T nature along the Diga and Jasenska area
which are of general meaning. To support this, we recall back to Figures 13 and 14. Stable
conditions evident within the Neretva River, Mala Neretva and P1 and P2 piezometers
are found for the profiling results taken outside the primary interest two month period
(profiling performed on 19 July 2021). The area of interest is mainly recognized through
two regimes, the dry and the rain one [17]. The dry regime corresponds to the period
from late April to late October, while the rest of the year corresponds usually to the rain
period. In our analysis, we cover both the dry and the rain period. The latter one has been
identified during precipitation occurrence in October 2021.

5. Conclusions

This paper offers a comprehensive interpretation of the processes influencing ground
and surface water level, EC and T along the Diga and Jasenka subareas within the Neretva
river coastal system. Special emphasis has been given to external loadings, such as sea water
intrusion, precipitation and PS Modric operative regime and their simultaneous influence
to the variables of interest. To our best knowledge, this is the first paper dealing with the
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combined approach of using a multilevel monitoring supported by wavelet-based analysis
when applied to Neretva coastal aquifer system. Below, we summarize the highlights that
arose from the study:

1. The transient regime of surface water in the Jasenska channel is significantly influ-
enced by the operative regime of the PS Modric. This is especially seen in water
level, while the water temperature is evidently driven by the solar radiation since
the limited channel depth. EC in the Jasenska channel is shown to be under the
simultaneous influence of the river Neretva surface layer and Mala Neretva water,
which is introduced into the system via the Crepina channel;

2. The Diga area is characterized by the active sea water intrusion influence, which is
the main driving force in the definition of the Diga groundwater EC. Although the
small distance and previously shown impact of the PS Modric to irrigation channels
and consequently to average groundwater level, the influence of PS Modric to P1
groundwater EC fluctuations has been characterized as minor;

3. Compared to the Diga area, the Jasenska area groundwater EC features imply an
equilibrium of the Jasenska channel and sea water intrusion, thus creating significant
stratification of the salinity regime as found in groundwater. Although the small
distance from the Jasenska channel, the upper layer of the P2 groundwater does not
seem suitable for irrigation use following FAO standards [52];

4. The implemented monitoring system demonstrated a capacity to capture for the
consequences of sea water intrusion, precipitation and PS Modric operative regime to
both ground and surface water features within the area of interest. A similar system,
when adapted to specific circumstances found at the site, can be applied to monitor
the water ecosystem features in coastal systems of interest.
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