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Abstract: One of the most prominent tourist destinations in the Adriatic coast, the city of Opatija, is
facing a problem concerning seasonal drinking water shortages. The existing water resources are
no longer sufficient, and attention is being given to alternative resources such as the underlying
karstic aquifer and several coastal springs in the city itself. However, the water potential of the area
still cannot be estimated due to the insufficient hydrological data. The goal of this research was
to evaluate the use of thermal infrared (TIR) remote sensing as the source of valuable information
that will improve our understanding of the groundwater discharge dynamics. Ten Landsat ETM+
(enhanced thematic mapper plus) and two Landsat TM (thematic mapper) images of the north
Adriatic, recorded during 1999–2004 at the same time as the field discharge measurements, were
used to derive sea surface temperature (SST) and to analyze freshwater outflows seen as the thermal
anomaly in the TIR images. The approach is based on finding the functional relationship between the
size of the freshwater thermal signatures and the measured discharge data, and to estimate the water
potential of the underlying aquifer. It also involved analyzing the possible connection between the
adjusted size of the spring’s thermal signatures and groundwater level fluctuations in the deeper
karst hinterland. The proposed methodology resulted in realistic discharge estimates, as well as a
good fit between thermal anomalies with measured discharges and the groundwater level. It should
be emphasized that the results are site specific and based on a limited data set. However, they confirm
that the proposed method can provide additional information on groundwater outflow dynamics
and coastal springs’ freshwater quantification.

Keywords: karst aquifer; water potential; coastal spring; thermal infrared remote sensing;
Landsat; SST

1. Introduction

The increase in frequency and intensity of extreme hydrological events (e.g., droughts
as well as floods) over the past few decades has emphasized the lack of freshwater avail-
ability throughout the world [1–4]. Pressure on water resources in terms of water quality
and water demand is tremendous. The limitations of existing water resources encouraged
researchers to turn their attention to new, unconventional water resources such as coastal
and submarine springs. Investigations conducted over the last decades emphasized the
importance of coastal and submarine springs worldwide (e.g., [5–9]), not only in terms
of their availability to meet the freshwater demand but also for their importance for the
coastal ecology. Coastal and submarine springs are common along the Mediterranean
coastline [10], including the Adriatic Sea (e.g., [11]).

Discharge processes of the coastal and submarine springs are complex. Assessing
the discharged quantities by means of direct measurements is often not possible, so find-
ing an adequate approach to estimate water availability in dynamic contact conditions
between fresh water and sea water is a challenging task. Various methods have been
proposed to quantify coastal and submarine springs including techniques based on the
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natural or artificial tracers, water balance and hydrogeological modelling, direct mea-
surements via the seepage meters, and eddy correlation approaches [7,12]. Develop-
ment of thermal infrared (TIR) remote sensing (aerial high resolution [13–17] and satellite
mid-resolution based [18,19]) enabled the detection of the springs, rather than estimating
outflow quantities.

The research presented in this paper is a step forward in attempting to estimate
outflows of the non-monitored springs using the size of the thermal anomalies created on
the sea surface caused by the springs’ water and the measured discharge data. Discharge
and groundwater level data that was used was collected twenty years ago since the
measurements were drastically reduced over the last two decades. Hydrological indicators
for the springs’ outflow regimes were monitored only during short term water exploration
works twenty years ago, albeit without adequate continuity and processing results. Limited
information on outflow characteristics imposed rough approximations, which increased
the uncertainty of these estimations. However, the intention of the paper was not to reliably
quantify the springs’ outflows, but to explore the possibility of using remotely sensed TIR
data in estimating a region’s water potential.

With the goal of providing the hydrological data needed to estimate a region’s water
potential, continuous monitoring is planned to be restored by mid-2021. Apart from
systematic hydrometric measurements conducted on the coastal springs, monitoring should
also utilize the information derived from the TIR images.

Research Area and Environmental Settings

The city of Opatija, situated in the northern part of the Adriatic Sea, experiences
a significant seasonal rise in water demand. As the number of inhabitants increases
considerably during summer, water supply authorities are facing the difficult task of
overcoming unfavorable hydrological conditions and insuring a continuous water supply.

Numerous coastal and submarine springs (vruljas) surround the city of Opatija
(Figure 1). The influence of the sea on the springs’ water salinity is significant and the
springs have not been seriously considered in the past as an alternative water source until
recently. The considerable size of the contributing area (several hundreds of square kilo-
meters), large potential storage capacity of the karst aquifer, and high amounts of rainfall
(annual averages vary from 1500 to 2000 mm) triggered the attention of the researcher and
water authorities to consider the springs as a possible alternative for meeting the increasing
water demand.

Continuous hydrological monitoring on springs was never fully established. Sporadic
measurements and analyses of the outflow regime in the springs’ zone were conducted
in the past as part of the occasional water exploration works. They focused primarily
on mitigating adverse consequences of flooding rather than exploring the possibility of
using the springs’ water for water supply purposes and resulted only in rough estimations
of the capacity of larger springs. Establishing sustainable management of freshwater
resources and finding the right measure of using the water from coastal springs requires
primarily a good understanding of the water quantities available for our use. In that
respect, with the goal of providing the hydrological data needed to estimate region’s water
potential, continuous monitoring is planned to be restored by mid-2021. It will also utilize
historic hydrological data and emphasize finding new approaches (e.g., methods based on
integrating remote sensing and field measurements) to fill the data gaps.

Kristal and nearby coastal springs drain the catchment area of 365.80 km2 (Figure 1).
More than 80% of the catchment (~300 km2) is located on the Croatian territory while the
rest is in Slovenia. With altitudes up to 1396 m a.s.l., it stretches in the northwest-southeast
direction from the Croatian–Slovenian border across the Ćićarija and Učka mountain ranges
to the coast and has a dominant influence on the climate of the region. The average annual
rainfall varies from 1500 mm on the coast to 2500 mm in higher altitudes [20], while the
average annual air temperatures reach 15 ◦C on the coast and decreases as the altitude is
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increasing down to of 6 ◦C [21]. The minimum rainfall is recorded in summer, especially
July, and the maximum rainfall is usually reached in autumn (i.e., November).
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Hydrographic network is limited to several short and steep torrential watercourses.
Most of the precipitation infiltrates directly into the karstic aquifer and flows into the
sea through several coastal and submarine springs. Due to immediate contact with sea,
the salinity of the springs is rather high: the chloride concentration varies from 570 to
11,000 mg L–1. Previously mentioned sporadic hydrological measurements in the Opatija’s
springs zone were conducted over the last two decades, from 1983 to 2004, mostly during
dry periods. The springs’ low flows varied between 0.4 and 1.0 m3 s−1 [22].

Apart from the Opatija region, groundwater outflows are also evident in the City
of Rijeka and in the nearby Rječina River catchment area. Zvir Spring located in the
downstream section of the Rječina River is the most significant one not influenced by the
sea salinity and is therefore crucial to the city of Rijeka’s water supply.

2. Materials and Methods

Having temperature lower than the surrounding sea, the springs’ outflows create a
thermal anomaly on the sea surface that can be spotted on the TIR imagery, depending on
the size of the springs’ outflow and the spatial resolution of the TIR sensor. The goal of
the research was to analyze the possible relationship between the extent of the thermal
anomaly created by the springs’ outflows and the discharge quantities, based on the
existing hydrological data, and to use that relationship in estimating outflows at the non-
monitored locations. Apart from the occasional measurements on larger springs (Kristal
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Spring has constant outflow throughout the year while the springs Admiral and Slatina dry
out during dry season), hydrological monitoring is established only on watercourses such
as the Rječina River (Figure 1). Hydrological conditions in the Rječina River catchment
area are similar to those of the catchment drained through the springs in the Opatija’s
discharge zone. The dominant input into the Rječina’s water balance are numerous karstic
springs within the catchment. The minimum water temperature recorded in the river was
6 ◦C in the Rječina’s spring located at the altitude of 325.24 m a.s.l. and the maximum did
not exceed 10 ◦C [23,24]. This indicates that water remains in the karst aquifer for a long
time and is not influenced by highly variable air temperature. Groundwater temperatures
are almost the same at both analyzed locations; the Rječina River is fed by the numerous
springs within the catchment and, even though the river upstream of spring Zvir often
dries out during dry season, overflow from the spring continue to feed the river’s discharge.
The length of the river is 18.63 km [25] and the most downstream gauging station, Sušak
tvornica, is located ~450 m upstream from the river mouth. Most recent research shows
that the Rječina River’s catchment area is 381 km2 [26]. The Kristal Spring and the Rječina
River are geographically relatively close hence similar mixing conditions can be assumed,
based on the existing knowledge of the surface conditions (waves and wind).

The approach to estimating the non-monitored coastal spring discharges assumes that
the size of the thermal anomaly created by the spring’s outflow on the sea surface is closely
related to the outflow quantities. Detection and delineation of the anomalies is based on
the sea surface temperature (SST) maps derived from the Landsat TM (Thematic Mapper)
and ETM+ (Enhanced Thematic Mapper Plus) images. Conversion of a digital number to
spectral radiance and then to at-satellite temperatures followed the standard procedure
explained in detail in [27].

With surface temperatures lower than the surrounding sea, springs’ outflows are easy
to detect on the SST maps. The boundary of the area of freshwater influence is defined as
the greatest change in temperature, relative to the distance as proposed by Johnson [16].
SST distribution on the maps varies. Instead of selecting single SST, for each outflow point
a unique SST is defined to account for the differences in surrounding SST values. The
greatest influence of the freshwater is at the outlet point where SST is equal to the freshwater
temperature. As the distance from the outlet point increases, the freshwater mixes with
the sea and the SST increases. The mixing process between the two fluids of different
temperatures and densities is complex [28] as well as the heat transfer between them. Heat
transfer occurs through processes of convection and radiation, whereas oceanographic
elements (e.g., thermal stratification, currents) have a great influence. However, the data
needed to thoroughly analyze the mixing process between colder groundwater and warmer
sea water was not available. Instead, an adjustment was made by introducing the adjusted
area of influence (i.e., the area that is somewhat smaller than the area delineated) on the
SST maps:

Aadjusted = ∑n
i=1 Aiwi, (1)

where Aadjusted is the adjusted area of influence (m2) and Ai is the size of a pixel in SST
map (m2). Weighting coefficients wi in the Equation (1) are used to compensate for the
decreasing influence of fresh water as the distance from the outflow increases. In such a
formulation, estimation of the weighting coefficients wi depends on the remotely sensed
SST. Fuzziness in this definition was dealt with using a linear fuzzy membership function:
weighting coefficients are expressed on a continuous scale [29] from 1 (full membership)
to 0 (no membership). A suitable fuzzy membership function, µA was then defined for
each fuzzy set (each location), depending on the boundary conditions, i.e., minimum, and
maximum SST [30]:

wi = µA(SST) =


0 SST < SSTMIN

SSTMAX−SST
SSTMAX−SSTMIN

SSTMIN ≤ SST ≤ SSTMAX

1 SST > SSTMAX

, (2)
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where SST is the sea surface temperature (K) of the pixel and SSTMAX and SSTMIN are the
maximum and minimum SST at the observed outlet point.

Adjusted area of influence was then compared to the observed discharges to analyse
relationship between the two parameters.

2.1. Hydrological Data

Discharges of the coastal springs are significant, but the measurements are scarce. The
available data are principally recorded at the most downstream gauging station Sušak
tvornica (Figure 1). Since 1999, the gauging station is recording only discharges and not
water temperatures. However, water temperature measurements were conducted during
the individual water quality samplings in the Rječina River and several coastal springs
including Kristal (database of the Croatian water management legal entity Hrvatske vode).

Apart from the several discharge measurements in the past two decades (usually
during the dry periods), the coastal springs in the Opatija region are not monitored. The
most frequent measurements were conducted at the Kristal Spring: depending on the
hydrological conditions in dry seasons, measured discharges vary up to 1.0 m3 s−1. In wet
season discharges from the Kristal Spring as well as the other springs in the vicinity are far
greater (few tens of cubic meters per second).

With insufficient hydrological data but with available measurements of the meteoro-
logical parameters [20] as well as the geological structure and the catchment boundaries
that resulted from numerous hydrogeological tracings [22], Horvat and Rubinić [31] esti-
mated water potential of the catchment (Table 1) analyzing the size of the catchment and the
average annual surface runoff derived from the spatial distribution of the average annual
rainfall and air temperatures. The average annual runoff was estimated to be 13.6 m3 s−1.

Table 1. Water balancing results in the Opatija springs catchment area.

Parameter Unit Time Period
1961–2002

Characteristic Year

1994
(Very Dry)

1995
(Average)

1998
(Dry)

PAVG
1 mm 1790 1360 1842 1573

TAVG
2 ◦C 9.6 10.6 9.5 10.0

qAVG
3 l s−1 km−2 33.2 19.6 35.1 26.1

QAVG
4 m3 s−1 12.7 7.5 13.4 10.0

CO
5 - 0.56 0.45 0.60 0.52

1 Average annual rainfall. 2 Average annual air temperatures. 3 Average annual specific discharge. 4 Average
annual discharge. 5 Average annual runoff coefficients.

When compared to the results of the previous research (e.g., [32]) estimated discharges
fit into the hydrological characteristics of wider coastal area of the Dinaric karst as well as
the Aegean karst [33]. The water potential is high, approximately 10.0 m3 s−1 or higher,
apart from several recorded droughts (such as the one in 1994). High salinity of the
coastal and submarine spring water, however, makes this resource difficult to use for water
supply. With few water intakes located in higher altitudes on Učka mountain (above
700 m a.s.l.), only part of this water potential is being used. Average intake is estimated to
be 0.070 m3 s−1 [34], which is less than 0.1% of the total potential.

Several deep boreholes (deeper than the sea level) that were drilled on Učka mountain,
in Opatija’s hinterland for the purposes of the coal exploitation long time ago, have been
restored and repurposed to monitor groundwater levels [35], including the piezometer Tu
43/83 (Figure 1) drilled at 157 m a.s.l. During 1998–2005 measured groundwater levels
varied from 8.56 to 74.58 m a.s.l., (the average is estimated to be 15.52 m a.s.l.).

2.2. Landsat Images

Coastal springs and the plume from the river Rječina outflow have temperatures
lower than the sea and they are usually visible in the TIR images as they appear darker
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than the surrounding sea. To be detectable on images, the size of the plume, in general,
must be equal to or larger than the spatial resolution of the TIR images analyzed, in this
case 1200 m2 for the images recorded with the ETM+ sensor and 14,400 m2 for the images
recorded with the TM sensor. Smaller plumes may also be detected if their reflectance
dominates in the cell. Furthermore, if the data derived from the images is to be used for
estimating outflow quantities, it is necessary that the images are recorded at the time of the
field discharge measurements. In that respect, twelve images were chosen (Table 2): two
were recorded with TM sensor at 120 m spatial resolution of the TIR band and ten with
ETM+ sensor with 60 m spatial resolution.

Table 2. Landsat images considered in this study.

Sensor Spatial Resolution of the TIR 1 Band (m) Date of Acquisition

Landsat ETM+ 60

7 August 1999
15 September 1999

22 June 2000
16 August 2000

10 September 2000
11 July 2001

12 August 2001
12 June 2002
21 July 2002

27 March 2003

Landsat TM 120 27 September 2003
29 September 2004

1 Thermal infrared.

3. Results

SST maps were created for each Landsat image (Figure 2). Twelve images showing the
spatial distribution of SST indicate variation of the SST depending on the season. Lower
SST values occur in March and September, while the maximum SST values are related
to the summer months (i.e., June to August). Depending on the difference between the
surrounding SST and the temperature at the outlet, freshwater plumes are visible on the
images. Freshwater plumes smaller than the spatial resolution of the images could not be
detected. In that respect, thermal anomaly of the Kristal Spring was too small to be detected
by the TIR sensor in five images: 15 September 1999; 10 September 2000, 12 August 2001,
27 March 2003, and 27 September 2003. Similarly, Rječina River outflow is not visible in
three images: 10 September 2000, 12 August 2001, 27 March 2003, and 27 September 2003.
Even though the plumes are not visible in the image, the discharges may still be present,
but the size of the anomaly is too small to be detected by the sensor’s resolution. Such is
the case with the image recorded on 27 September 2003: the plume is not visible but the
discharge, although small, was measured. To avoid misinterpretation, only the images
with visible anomalies were used to estimate the adjusted area of influence. For each of
them, minimum SST was derived overlying the SST map with the outlet points (Table 3).
To estimate maximum SST a curve was fitted through the scatter plot SST data vs. distance
from the outlet (Figure 3) and SSTMAX was set at the curve’s inflection point [16].
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Table 3. Minimum and maximum SST at the outlet locations.

Date
Kristal Rječina

SSTMIN (K) SSTMAX (K) SSTMIN (K) SSTMAX (K)

7 August 1999 296.89 300.21 294.36 300.38
22 June 2000 299.84 303.21 300.55 303.62

16 August 2000 300.42 303.91 297.66 303.62
11 July 2001 296.99 299.69 294.93 299.78
12 June 2002 292.32 295.95 287.26 295.19
21 July 2002 297.51 301.48 294.97 301.81

29 September 2004 287.32 287.45 284.49 287.60

With boundary conditions known, fuzzy membership functions (weighted coeffi-
cients) were calculated separately for both locations using Equation (2). Area of each pixel
influenced by the freshwater was then multiplied with the corresponding weighting coeffi-
cient, resulting in the spatial distribution of the weighted pixel areas (Figure 4). Adjusted
area of influence was then calculated using Equation (1) (Table 4).
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Table 4. Adjusted area of influence and corresponding discharges measured in Rječina River.

Date
AADJUSTED (m2)

QR
1 (m3 s−1)

Kristal Rječina

7 August 1999 107,965.47 120,552.61 1.67
22 June 2000 96,213.25 27,471.56 0.906

16 August 2000 99,130.35 34,245.10 1.255
11 July 2001 103,227.04 103,168.45 1.26
12 June 2002 244,690.78 701,582.50 14.5
21 July 2002 118,771.01 114,240.81 4.22

29 September 2004 14,841.23 120,793.26 not available
1 Discharge measured in the Rječina River.
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4. Discussion

With determination coefficient R2 = 0.9647, correlation between the size of the adjusted
area of the thermal anomaly at the location of the Rječina River’s outflow and the measured
discharges are very high (Figure 5).
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This relationship, assuming the same temperature of groundwater outflows and
temperature conditions in the sea at the location of the Opatija’s springs, is used to estimate
the springs discharges (Table 5). Kristal Spring’s outflow is separated into two branches.
Measurements showed that the main branch provides in average 70% of the total spring’s
discharge. In summer 2004 region experienced very dry and stable recessive hydrological
conditions, causing the surrounding springs Slatina and Admiral to dry out.

Table 5. Measured and estimated hydrological parameters in the Opatija region springs zone.

Date QO
1 (m3 s−1) H43/83

2 (m) QM
3 (m3 s−1)

7 August 1999 2.143 12.50 -
22 June 2000 2.178 11.11 -

16 August 2000 2.236 11.28 -
11 July 2001 2.318 12.80 -
12 June 2002 5.148 19.87 -
21 July 2002 2.629 12.50 -

29 September 2004 0.551 9.30 0.504
1 Estimated springs discharge in the Opatija region. 2 Groundwater level measured in the piezometer Tu 43/83.
3 Measured discharges at the Kristal Spring.

Discharge estimated on 29 September 2004 (0.551 m3 s−1) is ~10% higher than the
measured discharge (0.504 m3 s−1) [36]. The estimation is realistic since the discharge was
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measured at the location where outflow from the Kristal Spring is the most concentrated
while the anomaly registered on the TIR image also includes the outflows from the nearby
springs Admiral and Slatina (Figure 1). Surface runoff at those two springs and in ~350 m
length of the Opatija’s coastline was not visible during the measurements. Additionally,
measurements are under the influence of the diurnal sea level dynamics, which has the
great impact on the diurnal outflow regime and hence diurnal exchange of the coastal
springs’ discharges.

Reliability of estimates was tested with relative absolute error (RAE) and relative
standard error (RSE):

RAE =
∑n

i=1|p1 − a1|
∑n

i=1|a1 − a| , (3)

RSE =
∑n

i=1(pi − ai)
2

∑n
i=1(ai − a)2 , (4)

where ai denotes the areas of influence derived from the TIR images at the Rječina’s outlet
and pi values are the predicted discharges. Average discharges calculated from the existing
data are denoted with ā, while n is the number of samples. As shown in the Table 6, low
RAE and RSE values suggest good prediction, but reliability of the results should still be
taken with caution due to low number of samples.

Table 6. Reliability of the estimates.

Location Measured Variable Predicted Variable RAE 1 RSE 2

Rječina Area of influence Discharge 0.22 0.04
Kristal Groundwater level Area of influence 0.27 0.04

1 Relative absolute error. 2 Relative standard error.

To further examine the results, discharges were correlated with the measured ground-
water levels (Figure 6), and high determination coefficient (R2 = 0.9601) proved the strong
connection between the two parameters. Extrapolation of the groundwater levels to dry
periods when thermal anomalies could not be detected by the sensor’s spatial resolution
resulted in small but present outflow. That was the case with the image recorded on
27 September 2003. Coarse spatial resolution (120 m) could not detect presence of the
spring’s outflows, but extrapolated groundwater level indicated discharge ~0.138 m3 s−1.
It is possible that with higher resolution (e.g., aerial high resolution TIR sensor) thermal
anomalies will be present in the image.

The relationship between the measured groundwater levels and area of influence at
the Kristal Spring outlet was tested with RAE and RSE as the measure of reliability, using
the Equations (3) and (4). Here, also, the RAE and RSE values are small (Table 6) suggesting
the strong relationship between the two variables. However, this too should be taken with
caution considering the small number of samples.

Limitations of the Proposed Method

Even though the RAE and RSE suggest reliable results of the presented research, the
proposed method faces several limitations that should be taken into consideration when
analyzing the results. The research relies greatly on the accuracy of the delineation of the
thermal anomalies created by the freshwater outflow on the sea surface. To overcome the
fuzziness in estimating the boundary and the size of the area of influence, an approach
involving the fuzzy membership function definition was applied. Such an approach
depends greatly on the researcher’s knowledge and skills in choosing the appropriate
function and defining the boundary conditions (i.e., minimum, and maximum SST).
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The accuracy of the proposed method depends greatly on the differences between the
freshwater temperature and the temperature of the surrounding sea. Smaller difference
affects the precision of defining the boundary of the thermal anomalies and estimating the
area of influence. In the frame of the proposed method, it is a fortunate circumstance that
low flows occur at the end of the dry period when the temperatures differences are the
most significant, which is in favor of detecting the size of temperature anomalies.

An analysis of the relationship between the discharges with the size of the thermal
anomaly, derived from the TIR images, must be based on temporal alignment of the dis-
charge measurement and the satellite overpass. It cannot always be the case, since the
visibility of the surface scanned by the sensor depends greatly on the weather conditions
(i.e., passive sensors cannot penetrate clouds). Without sufficient number of discharge mea-
surements that coincide with the satellite images, it is difficult to derive satisfactory results.

5. Conclusions

Coastal and submarine springs have been analyzed as valuable water resources for
decades using different methods and approaches, but they still represent an unknown
as a potential resource to meet the continuously growing demand for fresh water. Based
on the research that has been conducted so far on Opatija’s springs, we can assume that
underlying karst aquifers can provide enough water to meet those demands. However,
further analyses based on more detailed data will give better insight into the water potential
of the area.

Differences in water temperature between freshwater outflows and the surrounding
sea enabled the use of TIR images to estimate outflow quantities of the coastal water
resources. Coastal and submarine springs are phenomenon easy to detect in TIR image
but the accuracy of the estimated size of their thermal signature depends greatly on the
ratio of the discharge and the spatial resolution of the sensor. Thematic mapper’s spatial
resolution of 120 m can comply with the accuracy requirements in case of larger outflows,
but when the discharges are low, as was the case with the image recorded on 27 September
2003, the anomaly cannot be detected by the sensor.

The first step was to analyze relationship between the size of the River Rječina’s
thermal anomalies and the discharges measured at the time of the satellite overpass. This
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relationship was then used to estimate outflows of the springs in Opatija. Unfortunately,
apart for the image recorded on 29 September 2004 when the measured discharge was
0.504 m3 s−1, for the rest of the images the time of the discharge measurements did not
coincide with the satellite overpass. As the additional control of the outflow characteris-
tics and the size of the thermal anomalies, thermal anomalies were correlated with the
groundwater levels. Undoubtfully, the size of the thermal anomalies is influenced by
the connection between the groundwater and the sea, their mixing process as well as the
temperature changes.

Described approach could not be based on a thorough deterministic analysis of mixing
process of fresh and sea water (i.e., two fluids with different temperatures and their thermal
signatures) since it would require detailed input data which, in this case, was not available.
However, despite simplifications, the proposed method provided realistic estimation of the
discharges. Further development should put an emphasis on planned field measurements
aligned with satellite overpasses. That will certainly improve understanding of the coastal
springs’ outflow regime, the physics of the mixing process, and the heat transfer, as well
as the method’s accuracy. The estimation of the discharges at the non-monitored springs
gives a rough approximation of the water potential in the area, but it is a good starting
point for further investigations of the non-monitored coastal springs.

Author Contributions: Conceptualization, B.H. and J.R.; methodology, B.H. and J.R.; validation,
B.H. and J.R.; formal analysis, B.H. and J.R.; investigation, B.H. and J.R.; resources, B.H. and J.R.;
data curation, B.H. and J.R.; writing—original draft preparation, B.H. and J.R.; writing—review and
editing, B.H. and J.R.; visualization, B.H.; funding acquisition, J.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was partially funded by University of Rijeka under the project number
“uniritehnic-18-298”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available Landsat datasets were analyzed in this study. This
data can be found here: https://earthexplorer.usgs.gov/; The hydrological data presented in this
study is available on request from The Croatian Meteorological and Hydrological Service.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Smith, K.; Ward, R. Floods: Physical Processes and Human Impacts; J. Wiley: Chichester, UK, 1998.
2. Centre for Research on the Epidemiology and Disasters (CRED). EM-DAT: The OFDA/CRED International Disaster Database; CRED:

Brussels, Belgium, 2002.
3. Bolle, H.J. (Ed.) Mediterranean Climate: Variability and Trends; Springer: Heildeberg, Germany, 2003.
4. Wilhite, D.A. (Ed.) Drought and Water Crises: Science, Technology and Management Issues; Taylor & Frances: Boca Raton, FL,

USA, 2005.
5. Taniguchi, M.; Burnett, W.C.; Cable, J.E.; Turner, J.V. Investigation of Submarine Groundwater Discharge. Hydrol. Process. 2002,

16, 2115–2129. [CrossRef]
6. Burnett, W.C.; Bokuniewicz, H.; Huettel, M.; Moore, W.S.; Taniguchi, M. Groundwater and Pore Water Inputs to the Coastal Zone.

Biogeochemistry 2003, 66, 3–33. [CrossRef]
7. Burnett, W.C.; Aggarwal, P.K.; Aureli, A.; Bokuniewicz, H.; Cable, J.E.; Charette, M.A.; Kontar, E.; Krupa, S.; Kulkarni, K.M.;

Loveless, A.; et al. Quantifying Submarine Groundwater Discharge in the Coastal Zone via Multiple Methods. Sci. Total Environ.
2006, 367, 498–543. [CrossRef] [PubMed]

8. Fleury, P.; Bakalowicz, M.; de Marsily, G. Submarine Springs and Coastal Karst Aquifers: A Review. J. Hydrol. 2007, 339, 79–92.
[CrossRef]

9. Moosdorf, N.; Oehler, T. Societal Use of Fresh Submarine Groundwater Discharge: An Overlooked Water Resource. Earth-Sci.
Rev. 2017, 171, 338–348. [CrossRef]

10. Bakalowicz, M. Coastal Karst Groundwater in the Mediterranean: A Resource to Be Preferably Exploited Onshore, Not from
Karst Submarine Springs. Geosciences 2018, 8, 258. [CrossRef]

https://earthexplorer.usgs.gov/
http://doi.org/10.1002/hyp.1145
http://doi.org/10.1023/B:BIOG.0000006066.21240.53
http://doi.org/10.1016/j.scitotenv.2006.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16806406
http://doi.org/10.1016/j.jhydrol.2007.03.009
http://doi.org/10.1016/j.earscirev.2017.06.006
http://doi.org/10.3390/geosciences8070258


Remote Sens. 2021, 13, 3737 14 of 14

11. Breznik, M. Storage Reservoirs and Deep Wells in Karst Regions; A. A. Balkema: Rotterdam, The Netherlands; Brookfield, CT,
USA, 1998.

12. Rodellas i Vila, V. Evaluating Submarine Groundwater Discharge to the Mediterranean Sea by Using Radium Isotopes. Doctoral
Thesis, Universitat Autònoma de Barcelona, Institut de Ciència i Tecnologia Ambientals, Barcelona, Spain, 2014.

13. Lee, K. Infrared Exploration for Shoreline Springs at Mono Lake, California, Test Site. In Proceedings of the 6th International
Symposium on Remote Sensing of Environment, Ann Arbor, MI, USA, 13–16 October 1969; pp. 1075–1100.

14. Roxburgh, I.S. Thermal Infrared Detection of Submarine Springs Associated with the Plymouth Limestone. Hydrol. Sci. J. 1985,
30, 185–196. [CrossRef]

15. Miller, D.C.; Ullman, W.J. Ecological Consequence of Ground Water Discharge to Delaware Bay, United States. Ground Water 2004,
42, 959–970. [CrossRef]

16. Johnson, A.G. Groundwater Discharge from the Leeward Half of the Big Island, Hawaii. Master’s Thesis, University of Hawaii,
Honolulu, HI, USA, 2008.

17. Kelly, J.L.; Glenn, C.R.; Lucey, P.G. High-Resolution Aerial Infrared Mapping of Groundwater Discharge to the Coastal Ocean.
Limnol. Oceanogr. Methods 2013, 11, 262–277. [CrossRef]

18. UNESCO. Submarine Groundwater Discharge—Management Implications, Measurement, and Effects; UNESCO: Paris, France, 2004.
19. Wilson, J.; Rocha, C. Regional Scale Assessment of Submarine Groundwater Discharge in Ireland Combining Medium Resolution

Satellite Imagery and Geochemical Tracing Techniques. Remote Sens. Environ. 2012, 119, 21–34. [CrossRef]
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24. Božičević, S. Morphology of the Rječina Sping Water Channels. Geološki Vjesnik 1974, 27, 273–281.
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