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Abstract: Submarine groundwater discharge (SGD) is an important pathway of nutrients into coastal
areas. During the last decades, interest of researchers in SGDs has grown continuously. However,
methods applied for SGD research usually focus on the aquifer or on the mixing processes on
larger scales. The distribution of discharged water within the water column is not well investigated.
Small remotely operated vehicles (ROV) equipped with environmental sensors can be used to
investigate the spatial distribution of environmental parameters in the water column. Herein, a
low-cost multi-sensor platform designed to investigate the spatial distribution of water quality
properties is presented. The platform is based on an off-the-shelf underwater vehicle carrying various
environmental sensors and a short-baseline localisation system. This contribution presents the results
of SGD investigations in the area of Woodman Point (Western Australia). Various potential SGD
plumes were detected using a skiff equipped with a recreational echo sounder. It was demonstrated
that this inexpensive equipment could be used to detect and investigate SGDs in coastal areas. In
addition, the low-cost multi-sensor platform was deployed to investigate the spatial distribution of
environmental parameters including temperature (T), electric conductivity (EC), dissolved oxygen
(DO), oxidation-reduction potential (ORP), pH, and dissolved organic matter fluorescence (FDOM).
Three ROV surveys were conducted from different skiff locations. Analyses of the spatial distribution
of the environmental parameters allowed the identification of nine potential SGD plumes. At the
same locations, plumes were identified during the sonar surveys. In addition, fuzzy logic was used
for the fusion of salinity, DO, and FDOM readings in order to enhance SGD detection capability of the
designed multi-sensor system. The fuzzy logic approach identified 293 data points as potential within
a SGD plume. Average minimum-distance between these points and the identified SGD plumes was
0.5 m and 0.42 m smaller than the minimum-distance average of the remaining data points of survey
one and three respectively. It was shown that low-cost ROVs, equipped with environmental sensors,
could be an important tool for the investigation of the spatio-temporal behaviour of SGD sites. This
method allows continuous mapping of environmental parameters with a high spatial and temporal
resolution. However, to obtain deeper insights into the influence of SGDs on the nearshore areas, this
method should be combined with other well-established methods for SGD investigation, such as
pore water sampling, remote sensing, or groundwater monitoring.

Keywords: submarine groundwater discharge; remotely operated multi sensor platform; low-cost;
fuzzy logic
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1. Introduction

The term Submarine Groundwater Discharge (SGD) covers any flow of water across
the seabed into the coastal ocean on continental margins, regardless the composition and the
driving force (Figure 1) [1,2]. In general, groundwater can discharge either via submarine
springs or via disseminated seepages [1]. Slow, yet persistent seepage of groundwater
through sediments will occur at any place where an aquifer with a positive hydraulic head
is connected to a surface water body [3].

SGD plume

freshwater

seawater

sea floor

Figure 1. Submarine groundwater discharge (SGD) consists of freshwater and recirculating seawater.
SGD plumes can be detected by remotely operated vehicles (ROV), modified after [4].

Suri¢ et al. [5] defined three different kinds of SGD patterns occurring within karstic
regions: (1) diffuse seepage through loose sediment, (2) diffuse flow through karst bedrock
fissures, and (3) concentrated outflow from conduits and caves. The source type is mainly
dependent on the nature of soil, especially on homogeneity and permeability of the soil [6].
While homogeneous soils, such as sand, favour the development of diffuse seepage, in-
homogeneous subsoils such as karst [5], limestone or volcanic undergrounds [7] provide
for the formation of underwater springs. In these cases, the water flows mainly through
cavities in underground streams [6].

In limestone soil, the dissolution of heterogeneous distributed easily soluble minerals
by freshwater creates a random conduit network geometry [8]. This network has an
important influence on the pathway of groundwater flow and the discharge rates of
different SGDs. The conduit networks are the main reason for the widespread occurrence
of concentrated SGDs in the Dead Sea area [8]. Usually freshwater plumes, driven by point
source SGDs, occur in coastal embayments [6].

SGDs are recognised as an important pathway for nutrients and pollutions to the
marine environment [1,9,10]. The water discharged by SGDs contains significantly higher
concentrations of nutrients, carbon, and metals, compared to riverine flux. Hence, SGDs
play an important role on local nutrient budgets [10]. In addition, SGD inputs can lead to
deterioration of the coastal marine environment. However, the groundwater fluxes are not
as well analysed as river inflows. In many areas, nutrient load of groundwater excels the
load of surface water [10,11]. Hence, groundwater inflow might trigger algae blooms and
the deterioration of marine habitats [1,2].

In general, SGDs are driven by various different forces, like positive hydraulic gra-
dients, differences in the water level across a permeable barrier, pressure gradients due
to tides, waves, currents and storm events, convection due to fresh groundwater overlaid
by salty water, seasonal movement of the freshwater-seawater interface, and geother-
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mal heating [1]. Taniguchi [12] has shown, using Fast-Fourier-Transformation (FFT), that
the inflow rate of SGDs fluctuated within a semi-daily, daily, and semi-monthly period
driven by tidal and neap-spring tidal pumping oscillation, respectively. In their studies,
Sholkovitz et al. [13] confirmed this flow rate dependencies on tides and neap-tides.

Seepage meters are commonly used to assess the inflow of SGDs via disseminated
seepage [2]. Various types of seepage meters were developed in the past to overcome
the disadvantages of the first manual seepage meters developed. These were using a
plastic bag in order to measure the inflow and outflow of groundwater [14,15]. The later
designs include different measurement techniques to determine the flow rate, including
heat-pulses [16], ultrasonic-based flow meter [17], and dye-dilution seepage meters [13].
These automated seepage meters are designed as open systems. Their designs allow for an
unrestricted flow of the seepage in both directions. This overcomes the main drawback
of the closed system design using a plastic bag [13,16]. The most recent development
in the field of seepage meters covers the integration of state-of-the-art sensors into the
device. The sensors measure parameters like temperature, salinity, dissolved organic
matter fluorescence (FDOM), dissolved oxygen, or turbidity. This allows for a continuous
in situ measurement of environmental parameters in order to directly qualify the inflow of
nutrients or freshwater [18].

Even though seepage meters are commonly used to quantify disseminated seepage,
they can only be deployed in calm waters, because breaking waves dislodge seepage
meters. In addition, a flow through the seabed is induced by strong currents if they pass
over or around large objects, like seepage meters [1].

Tracer studies are another commonly used method to investigate SGD sites. Sub-
stances, used as groundwater tracers, should be greatly enriched in the discharged ground-
water, in order to provide a detectable signal. In addition, the tracer should behave
conservatively, and it should be easy to detect [1].

The temperature of discharged groundwater is almost constant during the year, while
the temperature of the surface water follows the yearly changes of air temperature [19].
This results in a temperature difference between the discharged groundwater and the
surrounding surface water, which nominates the temperature as a suitable tracer for SGDs.

Temperature can be used as a tracer for SGDs in two different ways. On the one hand,
under the assumption of conservative heat conduction-advection transport, temperature
depth profiles can be used [6]. On the other hand, a surface temperature difference between
floating groundwater and ambient surface water, detected by remote sensing methods, can
be used as a qualitative tracer for groundwater seepage and submarine springs [1]. Due to
the temperature differences between discharged groundwater and the sea surface water,
thermal discharge plumes develop. These plumes can be detected by cameras observing
the long-wavelength infrared radiation, mounted on planes or unmanned aerial vehicles
(UAV) [19]. Mallast and Siebert [8] used a hovering unmanned aerial vehicle to investigate
the spatio-temporal behaviour of submarine springs and disseminated seepage in the dead
sea. Thermal radiance patterns recorded over time show a spatio-temporal variation of the
thermal radiance pattern size generated by an SGD for both, focused and diffuse SGDs.
However, the variation of diffuse SGD patterns is more than three times larger than the
spatio-temporal variation of focused SGDs.

Another approach, successfully used in the past, is to conduct seismic surveys [20-22].
However, this method only allows the detection of possible SGD spots. It neither allows
for flow calculation nor distinguishing between fresh and brackish inflow [21].

Other methods, like piezometers [23], measurement of bulk ground conductivity [24],
water mass balance approaches [6,25], and hydrograph separation techniques [1], were
successfully used in the past to investigate SGD sites. The flowrate of a point SGD can also
be investigated using mechanical flowmeters, carried by SCUBA divers [26].

The majority of the previously developed methods either investigate the behaviour of
SGDs within the aquifer or the mixing of the discharged water on larger scales, for example
mixing models applied for calculating SGD inflows into bays [6]. However, the distribution
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of the discharged water within the surrounding water column in the proximity of SGDs is
not well investigated [7,27]. Methods used in these studies, for example thermal radiance
cameras or current measurements, only allow limited spatial investigations of the area
near SGDs.

A potential tool for investigating the distribution of discharged freshwater within the
water column could be the use of sensor-carrying remotely operated vehicles (ROVs). Due
to limited access, the impact of SGDs on the marine environment is not fully understood,
yet. Combining sensor-equipped ROVs with the other aforementioned methods would
potentially enable a deeper insight into the impact of SGDs on the marine environment.

The term ROV generally includes all unmanned and tethered underwater vehicles [28].
ROVs are categorised, based on their main field of application, as: (1) working class,
(2) observation class, and (3) special use ROVs [28]. These classes can be divided further,
according to the dimensions and the weight of the ROVs, into: (1) heavy work class, (2) light
work class, (3) medium sized, and (4) micro/handheld ROVs, where the medium- and
micro-sized ROVs are usually used as observational ROVs [29].

The first ROVs were developed in the middle of the last century. Dimitri Rebikoff de-
veloped the first ROV, named POODLE, in 1953 [28]. It was used to carry out archaeological
research. From the 1960s to the 1980s, ROV development was mainly driven by research
projects funded by the US Navy and other governmental institutions. These projects aimed,
for example, at the development of vehicles for the investigation and the recovery of lost
torpedoes and ammunition [28].

However, in the 1990s, commercial ROVs became available and since then have been
used in the areas of offshore oil and gas research and for the inspection of underwater
structures [29]. Additionally, ROVs have been used for scientific research, for instance
for observing fish schools [30] or for taking water samples [31]. ROVs used in these
applications can usually be categorised as heavy work class, or medium-sized observational
class ROVs [30]. Due to the high weight of such ROVs, additional equipment, for instance
a crane, is required to deploy and recover such ROVs. Therefore, operation requires a large
research vessel, which leads to high costs and a limitation of potential areas of use [29].

Within the last twenty years, due to the developments in various different fields like
microcontrollers or 3D printing, small observational ROVs have become affordable and
available to the public [32]. Due to the low price, the easier set up, and their availability,
small ROVs have recently been used in various fields of research, including fish length
estimation [33], ecological surveys [32], photogrammetric surveys [34], or water quality
surveys [35].

Depending on the intended application, precise estimations of the ROV’s position
during the surveys are required [35]. In robotic applications, global navigation satellite
systems (GNSS) are usually applied to obtain precise global position information. However,
electromagnetic signals of such systems cannot be received by submerged vehicles [36]. In
the past, different methods for the localisation of submerged ROVs have been proposed.
These methods can be classified into inertial or dead reckoning methods, acoustic methods,
and geophysical methods [37].

The multi-sensor system developed in this work carries a set of seven different sensors.
During a survey, it might happen that only a subset of the sensors deployed indicate an
occurrence of an SGD, while the others do not. In these cases, fusion of different sensor
readings might help to identify potential SGD plumes. Different approaches for sensor
fusion have been proposed in the past [38,39]. However, in this research, fuzzy logic [40] is
used for the fusion and joint interpretation of salinity, DO and FDOM values. The approach
suggested by Mamdani [41] is regularly used to build fuzzy logic systems. In his approach,
the rule base, provided by an expert, is given as a set of if-then statements [42]. The use
of fuzzy logic requires the definition of several membership-functions for all inputs and
outputs, and a set of rules operating on the defined membership functions of the input
variables, calculating the output value.
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In the past, fuzzy logic has been applied to a vast number of problems in a variety
of different fields. These, for instance, include: control-theory [41], crack detection in
beams [43], fire detection in engines and batteries [44], pavement section classification [45],
characterisation of large changes in wind power [46], path planning and obstacle avoidance
of mobile unmanned robots [47,48], and analysing the effect of traffic noise on the human
work efficiency [42].

This paper will address the following research questions: (1) can recreational sonars
be used for the identification and investigation of the spatial distribution of SGD plumes?
(2) To what extent can a low-cost observational ROV, equipped with low-cost sensors
be used for the identification and in situ investigation of focused SGD plumes? (3) Can
the application of fuzzy logic increase the ability of identifying SGDs using in situ data
sampled by ROVs?

2. Materials and Methods

In the first part of this section, information about the study site is given. This includes
information about location, bathymetry, groundwater properties, and tides. Afterwards
both survey methods used in this study are described.

2.1. Study Site

This study was conducted in Northern Harbour, located in the Woodman Point area
near Perth (Western Australia). The area is connected to the Cockburn Sound, a sheltered
areal between Garden Island and the Australian Mainland (Figure 2c).

D 654
D 61470348 s

Google Earth A
C 4 km N

Figure 2. (a) Overview map; (b) test site detail; (c) overview map, red polygon indicates the test site,
locations of groundwater wells are indicated by their IDs.

The region of Perth has been in the focus of SGD research for more than 40 years [49].
Due to the geological conditions, especially the large limestone formations and the extensive
groundwater resources, the Perth region offers excellent conditions for the formation of
underwater springs [21,50]. More information about the hydrogeology settings and the
aquifers of the study area can be found in [51] or [21].

In previous studies, several underwater springs in the region of Northern Harbour
were detected using a 3.5 kHz seismic profiler [21]. The majority of these springs were
found at a depth of approximately 10 m.

Water depth in the Northern Harbour varies between two and ten metres. Starting
from the north end of the harbour, water depth remains relatively constant between two
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and four metres. However, approximately at a distance between 80 and 100 m to the shore
water depth increases within a couple of metres to ten metres. Due to a change in the
hydraulic conditions, this sharp brim is expected to facilitate the development of focused
SGD spots. A bathymetry map of the harbour, based on LIDAR provided by [52], is given
in Figure 3.

— 4
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6.44335

1 1 1

3.832 3.8325 3.833 3.8335 3.834
Easting (m) %103

Figure 3. Bathymetry map of Northern Harbour generated from LIDAR data; data provided by [52].

Smith et al. [21] reported discharge of fresh groundwater into Northern Harbour. The
authorities monitor groundwater properties on a regular basis using groundwater wells.
Time series data of four different groundwater wells, provided on a daily basis by the
Department of Water and Environmental Regulation [53], are used to characterise ground-
water properties in this paper. Mean temperature in °C and mean electric conductivity in
mS/cm are presented in Figure 4.

212 40
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~2LlE T Tr— — S35t
O %)
< )
2 21 > 30 F
E E
g z
5 20,9 ——1ID 61470343 5ol —— 1D 61470343
g ——ID 61470345 3 ——ID 61470345
S ——1D 61470346 5 ——1ID 61470346
5 208 ID 61470348 e —" Q207 ID 61470348
g 2
= 3
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20.6 g0} T ]
> TR~
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Figure 4. (a) Temperature time series of groundwater wells; (b) electric conductivity time series of groundwater wells; IDs
of wells according to Figure 2; data provided by [53].
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As shown in Figure 4, electric conductivity values of groundwater wells ID61470343
and ID61470346 are more stable during the year, while the values of the other two wells
are more variable. Compared to Figure 2, wells ID61470343 and 1D61470346 are located
more landwards than the other two wells. Hence, variability might be caused by seasonal
effects resulting in a movement of the freshwater-saltwater interface [1]. However, the
temperature of the groundwater seems to be stable during the year. Additional information
about the wells is summarised in Table 1.

Table 1. Summary of position information, drilled depths, and distance from the survey area of the groundwater wells and

tide station.

ID 61470343 ID 61470345 ID 61470346 ID 61470348 Tide Station
Latitude 32121876803 32120602222 32177246642 32177533533 —32.065543
Longitude 115.774748305 115.765828397 115.792420959 115.785749627 115.748067
Depth drilled (m) 47.0 30.0 30.0 35.0 n.a.
Distance from 227 2.08 5.14 484 8.35

survey area (km)

Previously published research revealed an SGD flowrate dependency on the tidal
cycle [6,12,13,21]. In these studies, the SGD flowrate measured or estimated was negatively
correlated with the height of the tide. Tide information, covering the time the survey took
place, was taken from the tide station located at Fremantle Fishing Boat Harbour. This
station is maintained by the Western Australia Department of Transport and the data is
publicly available [54]. Position information of the station is included in Table 1. The water
height is recorded in five-minute intervals. Figure 5 shows water height at the tide station,
as well as begin and end of the sonar and the ROV survey. It can be seen that both the
sonar and the ROV survey took place during rising tide.

110 .

100

90

80

70

60

Height (cm)

50

I
1
i
I
40t il — — — - Begin Transects R13 - R24 ||
: ——— End Transects R13 - R24
30 i— — — -Begin ROV Survey
- End ROV Survey
20 Il I 1
00:00 06:00 12:00 18:00 00:00
AWST Nov 27,2019

Figure 5. Water height at tide station Fishing Boat Harbour covering the date surveys took place.
Height is given in reference to the low-waterline mean (LWM Fremantle 1949); beginning and end of
the surveys are indicated; data provided by [54].
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2.2. Sonar Survey

A skiff, equipped with an echo sounder and a GPS device, was used for the collection
of sonar data. The area under investigation was covered by 13 transects. Data collection was
focused on the area of the brim. During these transects, georeferenced acoustic backscatter
data was recorded using an Humminbird 898 SI echo-sounder [55]. More information
about device specifications is summarised in Table 2. The paths of the different transects
are shown in Figure 6. As shown, the whole harbour, except the shallow nearshore areas,
were covered by sonar transects.

Table 2. Summary of the specifications of the sonar survey equipment used.

Parameter Value

Z-resolution 2.5 cm
Update rate 6 Hz
Beam frequency 200 kHz
Beam width 20°
GPS accuracy 25m

«10° Sonar transect paths

6.44355 Transect # acc. Files

R00013
R00014
R0O0016
R00017
R00018
R00019
R00020
R00021
R00022
R00023
R00024
R00025
R00026

6.4435

6.44345

Northing (m)

6.4434

6.44335

L ! 1 L L

3.832 3.8325 3.833 3.8335 3.834
Easting (m) %107

Figure 6. Paths of the skiff during the sonar survey transects; transect identifications according to
file names.

2.3. In Situ Data Collection (ROV Survey)

When fresh groundwater is discharged into the harbour, electric conductivity and
temperature values are expected to be lower in the region of discharge, based on EC and
temperature data from the groundwater wells (Figure 4) and the data presented in [21].
In addition, DO is usually depleted in groundwater, due to chemical reactions. Recent
studies reported enriched DO values in some pore water samples caused by seawater
intrusion. However, the DO values are usually reduced by chemical reaction within the
tidal zone [56-58]. Furthermore, Suric et al. [59] observed low DO values of SGDs within
karst aquifers. Hence, low DO values are expected near SGDs during the in situ surveys.
Recent studies found enriched FDOM values in the region of SGDs [60]. Therefore, higher
FDOM values are expected to be a proxy for SGDs in this study.

A BlueROV 2 low-cost Remotely Operated Vehicle (ROV) was used as a multi-sensor
platform in this research (Figure 7). The ROV carried an integrated in situ sensor system,
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which was developed in this project. It was equipped with seven environmental low-cost
sensors. The sensor system was capable of measuring temperature (T), pressure (P), electric
conductivity (EC), dissolved oxygen (DO), oxidation-reduction-potential (ORP), pH, and
dissolved organic matter fluorescence (FDOM) concentration. The specifications of the
sensors used are summarised in Table 3. All sensors were connected to a central micro-
controller unit. This microcontroller triggered and collected readings from the different
sensors and stored the values, together with a timestamp for later use. Each sensor had
its own controller unit, handling the respective sensor readings and the parameter value
calculation. The sensor controllers, except for the FDOM sensor controller, were connected
to the microcontroller using the I?’C-bus. The digital transmission of the sensor values
prevented the introduction of noise during the transmission between the sensor controller
and the central microcontroller. Due to the analogue transmission of the FDOM value, the
signal from this sensor needed to be filtered during post-processing, in order to minimise
the effect of measurement noise. The majority of the sensors used in this research were
successfully used for environmental studies using unmanned vehicles in recently published
research [61,62].

(a) (b)

Figure 7. (a) BlueROV2 equipped with additional sensors; (b) sensor system developed mounted into ROV frame (right).

Table 3. Summary of in situ sensor specifications integrated into the multi-sensor system.

Parameter Range Accuracy Sample Rate Distributor

Temperature —5-50 °C 0.1°C 100 Hz * BlueRobotics

Pressure 0-30 bar 0.2 bar 50 Hz * BlueRobotics
Dissolved Oxygen 0.01-100 mg/L 0.05mg/L 1Hz Atlas Scientific
pH 0.007-14.000 0.002 1Hz Atlas Scientific
Oxidation-Reduction 149 9 10199 mv 1mv 1Hz Atlas Scientific

Potential
Electric Conductivity 5-200,000 uS/m 2% 1Hz Atlas Scientific
Dissolved Organic 0-200 pg/L QSE ** 0.04 pug/L QSE ** 0.33 Hz Trios

Matter Fluorescence

* Theoretical maximal sample rate of used chip. ** QSE: quinine sulphate equivalent units.

To reference in situ data, sampled by the multi-sensor platform, in a global coordinate
system, the platform is equipped with an acoustic transmitter. This transmitter is part of
a commercial Short Baseline system (SBL). The transmitter emits acoustic signals, which
are than received by four acoustic receivers, mounted on the surface vessel. The relative
position of the ROV and the surface vehicle then can be calculated by trilateration [37,63].
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Figure 8a shows a sketch of this setup, containing the ROV equipped with an acoustic
transmitter (1) and four acoustic receivers (2) attached to the surface vessel, equipped with
a GNSS receiver (3). All global positions are represented using the Map Grid of Australia
zone 50 reference system (MGAS50) [64], allowing simple transformation and calculations
between two points. The global position of the ROV was calculated based on the known
global position of the surface vessel and the acoustically measured relative position of the
ROV as follows:

P=0+RX, 1)
with:
P Global position of the ROV as: P = Easting
Northing |’

@) . .. O — Easting

Global position of the boat (origin) as: O [ Northing } ,
R . .o | cos(360°—6) sin(360° —0)

Rotation matrix as: R = [ —sin(360° —0) cos(360° —0) |’
X Relative position of the ROV as X = { ; } ,
) Heading of the boat in degree.

6 SKiff position during ROV surve
6.44355 Rt 4 s :

®  Skiff Pos. 1
®  Skiff Pos. 2

@ ®  Skiff Pos. 3
&S 6.4435

6.44345

Depth (m)

29
Northing (m)

6.4434 3

3.832 3.8325 3.833 3.8335 3.834
Easting (m) %103

(a) (b)

Figure 8. (a) ROV operation overview (ROV equipped with acoustic transmitter (1), boat equipped with acoustic receivers
(2) and GNSS antenna (3) for global reference); (b) boat position during ROV operation.

To survey the whole harbour area during data collection, the boat was tethered to a
jetty at three different positions. Hence, due to the fixed boat positions, the heading of the
boat did not change during the ROV surveys. The boat positions are marked in Figure 8b.
In addition, the areas in which the ROV surveys took place are marked by polygons.

During the surveys, position information was recorded with a frequency of 20 Hz.
During post-processing, data were resampled and repeated tuples were removed from the
data set. After resampling, 23,796 position tuples remained in the data set. Afterwards,
outliers were removed. A point was classified as outlier if the value was three standard
deviations away from the moving median. The moving window size was set to 59 samples.
This reduced the number of tuples to 22,897, i.e., 3.78% of the position tuples were detected
as outliers and removed from the data set. Furthermore, the data set was split in three
parts, according to the three different positions of the skiff given in Figure 8b. At the second
location, the surface vessel was located close to a jetty and between two concrete blocks.
Hence, the acoustic conditions were corrupted and the position estimations, recorded at
this location, are affected by additional large errors. Therefore, position data recorded from
the second location was not used in this study. Thus, 6859 tuples, or 28.8%, were dropped
from the data set.
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The sensor system recorded 9666 data points during the surveys. The sensor system
was not turned off between the surveys, for example during the transitions of the surface
vessel to another location. Hence, the data set also includes tuples where the ROV was not
submerged. After removing this data, 5688 tuples, or 58.85%, remained in the environmen-
tal data set. The remaining data was split into three subsets according to the three different
positions of the surface vessel.

Both position and environmental data were then synchronised using autocorrelation
between the recorded depth and pressure values. Afterwards, the position data were
interpolated to obtain equal-sized data sets.

2.4. Fuzzy Logic Applied to SGD Detection

As mentioned above, the sensor system developed carried seven sensors for different
kinds of environmental parameters. In this research DO, salinity and FDOM readings are
merged using a fuzzy logic approach. The membership functions for the three input values
DO, salinity, and FDOM were defined based on the statistical data summarised in Table 4
and the expected behaviour of the parameters in proximity of discharged groundwater. For
DO, two membership functions, named low and normal, were defined. The low membership
function decreases from one, at the recorded minimum of 7.63 mg/L, to zero at 8.25 mg/L.
This value corresponds to the minimum plus two times the standard deviation. The normal
membership functions starts rising at a DO value of 7.97 mg/L (mean minus three times
standard deviation). It reaches the maximum at the DO mean value, i.e., 8.9 mg/L. For
salinity, three membership functions, named very low, low, and normal, were defined. In
addition, three membership functions named normal, high, and very high were defined for
FDOM. Similar to the DO membership functions, normal and very low salinity and normal
and very high FDOM membership functions are based on statistical data. However, to
cover the whole input space, a third membership function was introduced for salinity and
FDOM, called low and high, respectively. All membership functions designed are shown in
Figure 9.

Table 4. Fuzzy rule base applied for SGD identification based on human expert knowledge.

Rule Salinity DO FDOM Output
#1 low low - high
#2 - low high high
#3 low - very high high
#4 very low - high high
#5 low - high middle
#6 very low low high high
#7 normal normal normal low
#8 normal normal high middle
#9 normal low normal middle

#10 low normal normal middle

Rules in fuzzy logic are based on the knowledge of experts in the field to which
fuzzy logic is applied. In this research, rules were formulated based on the previously
discussed expected behaviour of the three parameters in the proximity of discharged
fresh groundwater. Using the defined membership functions (Figure 9), ten rules were
formulated in order to identify measurements, which were potentially taken in proximity
of an SGD plume. The rules are summarised in Table 4.

Membership functions and rules are implemented as Mamdani fuzzy inference sys-
tem [65] using the “Fuzzy Logic Designer” from Matlab’s Fuzzy Logic Toolbox [66]. This
toolbox has been used to develop fuzzy logic systems in recent research [42,47]. Obtaining
estimations from the fuzzy logic inference system requires defuzzification [67]. In this
research, a centroid defuzzification scheme was applied.
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Figure 9. Fuzzy logic membership functions of the three input parameters (a) DO, (b) salinity, (c) FDOM, and (d) output

used for SGD detection.

3. Results

Data captured during the surveys is analysed in this section. The whole post process-
ing of the data is undertaken using the Matlab environment. In the first subpart, results
from the sonar surveys are presented in two different ways: (1) a bathymetry map based on
recorded depth information is generated and compared with the bathymetry map shown
in Figure 3. In addition, echograms of the different transects are presented and potential
SGD plumes are identified. In the second subsection, in situ environmental parameter data,
recorded during the ROV surveys, are presented within time series, depth profiles and
spatial distribution plots. Potential areas of SGD influence are identified within the spatial
distribution plots.

3.1. Sonar Survey

During the sonar surveys, depth and position information was stored for later use.
This data was used to generate a bathymetry map, shown in Figure 10. The water depths
recorded varied from 0.4 m to 9.1 m within the investigated harbour area. It can be
observed from the figure that there is a steep slope in water depths in the area under
investigation. The recorded bathymetry data does fit the bathymetry data provided by
LIDAR measurements shown in Figure 3.
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Figure 10. Bathymetry map of Northern Harbour generated from sonar data recorded during
the surveys.

In addition, echo sounder data was used to identify possible SGD plumes. It has been
shown in recent studies that the composition of discharged water from an SGD can differ
from the composition of the receiving water body [6,13]. Due to these differences, the
acoustic properties of the discharged water differ from the properties of the receiving water
body, enabling an identification of the discharged water using echo sounders. A human
expert, who marked potential SGD plumes based on their knowledge base, reviewed all
echograms recorded during the study. Acoustic anomalies were marked as potential SGD
plumes due to homogenous high backscatter, its connection to the seafloor, and stable
temporal behaviour, i.e., if the anomalies appeared in different echograms covering the
same area. Figure 11 shows the echogram recorded during transect number 13. The area of
a potential SGD plume is marked in red. It can be observed that the potential SGD spot was
located near the brim. The human expert identified a total number of 23 potential plumes
within all recorded sonar transects. However, as shown in Figure 6, the transects overlap at
some points, covering identical parts of the area under investigation. The echograms of
the other sonar transects, including the identified potential SGD plumes, can be found in
Supplementary Material Figure S1.

3.2. In Situ Data Collection (ROV Survey)

This chapter focuses on the in situ recorded environmental data. Data were processed
in three different ways. First, time series plots for all different parameters are presented.
Time series can be used to detect drifts in data, provoked by various effects, for example
tides. Secondly, depth profiles are presented. Some parameters, like temperature, vary
with different depth, according to physical effects. Therefore, depth profiles might help
to identify data that do not follow these depth dependencies, and hence may represent
data sampled in proximity to discharged freshwater. Lastly, spatial distribution plots are
presented. These plots were used to identify potential areas of abnormal parameter values,
which might indicate discharged fresh groundwater.
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Figure 11. Echograms of sonar transect # 13 referring to transect numbers given in Figure 6; plume
from potential SGD is marked in red.

3.2.1. Time Series

During the ROV survey, in situ sensors, mounted underneath the ROV, measured
different environmental parameters. Time series of the different parameters are provided
in Figure 12. Temperature was volatile, with values between 21.93 °C and 23.62 °C. EC
values were stable around 54 mS/cm, only showing some readings with lower values.
Temperature and electric conductivity values were used to calculate the salinity according
to the formulations given by the UNESCO 1983 standard [68]. Thus, salinity values reflected
the variability of the temperature time series. DO values were ranging from 8.5 mg/L
to 9.5 mg/L with some remarkable low values. The minimum DO value measured was
7.63 mg/L. The pH readings were stable during the whole survey. Except for the beginning
of the first survey, pH values were varying around the mean value of 8.2. The low values
seemed to be outliers, affected by air bubbles or other effects. The ORP value was constantly
increasing over time. However, the time series indicated some significant dips in the ORP
value correlated with dips in other environmental parameters like DO, salinity, or FDOM.
As expected, FDOM values were affected by measurement noise. However, some significant
peaks were identified, which may indicate freshwater from a SGD. Pressure readings varied
during the survey, reflecting the different dive depths of the ROV. Pressure values were
used to calculate dive depths according to the algorithms given in [68]. Mean, standard

deviation, minimum, and maximum values for the different parameters are summarised in
Table 5.
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Figure 12. Time series of (a) temperature, (b) electric conductivity, (c) salinity, (d) dissolved oxygen, (e) pH, (f) oxidation-
reduction potential, (g) dissolved organic matter fluorescence, and (h) pressure measurements recorded during in situ
surveys. Data is split into different parts according to the boat positions given in Figure 8. No data were recorded during
the transition to the second position. Hence a gap occurs in the data between time stamp 5667 and 6529.

Table 5. In situ measurements statistical information summary, based on all data points recorded during ROV surveys.
Pressure is not included in this table.

Parameter Mean Standard Deviation Minimum Maximum
Temperature 224°C 0.43°C 21.93 °C 23.62 °C
Dissolved Oxygen 89 mg/L 0.31 mg/L 7.63 mg/L 9.67 mg/L

pH 8.2 0.03 7.38 8.25
Oxidation-Reduction- 179.6 mV 29.4mV 123.8 mV 2325mV
Potential

Electric Conductivity 54.1 mS/cm 0.34 mS/cm 444 mS/cm 55.1 mS/cm

Salinity 38.0 PSU 0.53 PSU 30.69 PSU 38.89 PSU

Dissolved Organic Matter

* * * *
oo 6.0 ug/L QSE 2.86 ug/L QSE 0.64 ug/L QSE 24.0 ug/L QSE

* QSE: quinine sulphate equivalent units.

3.2.2. Depth Profiles

Due to environmental influences, for example solar radiation or density effects, depth-
dependent changes for selected parameters, e.g., temperature or EC, can be expected [5].
Therefore, recorded and post-processed environmental data were used for depth profiling.
Figure 13 shows depth profiles for T, EC, DO, and FDOM. Depth profiles for the remaining
parameters can be found in the supplementary material Figure S2. Depth was calculated
from pressure readings using the pressure sensor attached to the multi-sensor system
developed. Therefore, even environmental data without a valid position estimation could
be used for the depth profiles.
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Figure 13. Depth profiles for (a) temperature, (b) electric conductivity, (c) dissolved oxygen, and (d) dissolved organic

matter fluorescence.

It can be observed from the depth profiles that temperature decreases with increasing
depth. This effect is driven by solar radiation and the density dependency of seawater on
temperature [68]. The EC values were stable with increasing water depth. However, the
EC values at the surface were slightly lower. In addition, few samples with low EC values
were measured in depth of approximately 10 m. DO readings had a wider spread than
temperature or EC. Additionally, DO seemed to be affected by the water depth. DO values
increased from the surface with depth. However, after reaching a depth of approximately
5 m, values decreased with further increased depth. In addition, some samples with lower
DO values were measured at depths deeper than 4 m. DO readings used in this study are
given in mg/L. However, one needs to take into account that solubility of DO in water
depends on temperature, salinity and pressure [69]. The FDOM values seemed to be
unaffected by the depth, with high variations of the readings at all depths.

3.2.3. Spatial Distribution

Both time series (Figure 12) and depth profiles (Figure 13) show evidence of an
influence of SGD inflow on the environmental parameters. This, for instance, includes the
low DO values at depths greater than 5 m, the high FDOM values measured at various
depths, and the low salinity values measured at greater depths. However, neither time
series nor depth profiles were capable of answering questions about the spatial distribution
of the measured values, or, therefore, to indicate a relationship between environmental
data and sonar data. Hence, in addition, the spatial distribution of the recorded parameters
was investigated. Therefore, all georeferenced in situ data points were split into various
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transects with a transect width of 5 m. Afterwards all data points located within one
transect were interpolated and plotted in the northing-depth plane. Figure 14 shows the
location of the different transects as well as the spatial distributions of salinity, DO and
FDOM for transect number six. In the spatial distribution plots, black areas indicating the
seafloor based on the sonar survey data. The contour plots of the remaining parameters and
transects can be found in Supplementary Material Figure S3. From the spatial distribution
plots, nine areas with potential SGD plumes were identified. The location of these areas is
indicated by red polygons in Figure 14a. It can be seen from the figure that these areas were
crossed by different sonar transects. In total, 19 intersections between the sonar transects
and the identified areas were counted. The ping numbers, which were recorded within
these areas, are summarised in Table 6. Furthermore, the table contains information as to
whether an echogram shows a plume for this ping number or not.

Transects Salinity Transect # 6
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Figure 14. (a) Transect overview for spatial investigation, including data points from in situ measurements (black), sonar
transect paths, and potential SGD areas identified from spatial distribution plots given in Figure S3 (red polygons); (b) spatial
distribution of salinity values in transect number 6 including area of interest (red dashed line); (c) spatial distribution of DO
values in transect number 6 including area of interest (red dashed line); (d) spatial distribution of FDOM values in transect
number 6 including area of interest (red dashed line).
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Table 6. Summary of potential SGD areas identified from spatial distribution plots, and the number of sonar transects
crossing these areas with corresponding ping numbers.

Transect Spatial . 6 Transect Sonar Ping Numbers Plume in
Distribution Parameter Northing (x10° m) Survey Echogram Echogram
R16 500-560 Yes
R17 500-543 Yes
T2 FDOM 6.44339-6.44341 R23 1134-1176 Yes
R23 1898-1960 Yes
R24 1380-1440 Yes
T3 FDOM 6.44339-6.44340 R23 1180-1233 Yes
T4 DO, FDOM 6.44341-6.44343 R16 1-70 Yes
R16 71-120 Yes
*

T5 DO, FDOM 6.443405-6.44325 R16 185-217 No

Salinity, DO, s

T6.1 FDOM 6.44337-6.44338 R23 1680-1744 No

T6.2 DO, FDOM * 6.44341-6.44344 R24 3884-3970 No
R23 1610-1680 Yes

T7 FDOM 6.44337-6.443385 R25 437-467 No ***
R26 690-708 No
R23 1455-1520 Yes

T8 FDOM 6.44338-6.44340 R25 468-505 No ***
R26 675-689 No

R25 505-560 No ***
T9 FDOM 6.44338-6.44395 R26 655-674 No

* Spatial distribution indicates only small patches with higher values in this area. ** Close to two plumes, plumes end at ping number 1613
and 1754, respectively. *** No plumes were detected in sonar transect R25.

3.3. Fuzzy Logic Applied to SGD Detection

The fuzzy logic system was used to classify the recorded in situ environmental data.
The defuzzied output for all samples is shown in Figure 15a. The fuzzy logic inference
system identified 293 data points, i.e., 5.83%, as potentially being located within an SGD
plume. The spatial distribution of the identified peaks from ROV surveys one and three
are shown in Figure 15b. In addition, the figure shows the position of the sources of the
potential SGD plumes, identified from the echograms by the human expert. The minimum
distance between the samples identified by fuzzy logic and the plumes identified by sonar
are calculated. The in situ data were separated into four subsets, according to the ROV
surveys and the output of the fuzzy system (Figure 15c). The mean values and standard
deviations for the four different groups are summarised in Figure 15d. One can observe
that the mean distance for the first ROV survey is approximately two times the mean
distances calculated for the third ROV survey.
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Figure 15. (a) Fuzzy output time series for all three ROV surveys; (b) spatial distribution of high fuzzy outputs (marker size
is proportional to output value) and the identified potential SGD plumes; (c) boxplot of the minimum distance between the
in situ data separated by surveys and fuzzy output and the SGD plumes locations identified by sonar; (d) mean value and
standard deviation of the four subsets of in situ data.

4. Discussion

Results from both methods indicate the occurrence of SGDs in the area under inves-
tigation. In the first two parts of this chapter, results from sonar and in situ surveys are
discussed separately. Afterwards, a fuzzy logic approach is used for identification of SGD
plumes. The spatial relation between fuzzy logic output and sonar surveys is discussed.

4.1. Sonar Survey

As shown in Figure 11 and the Supplementary Material Figure S1, the recreational
echo sounder used in this study was suitable for detecting various plumes with different
sizes and appearances. The majority of the plumes detected appear close to the brim. The
appearance and position of these plumes matches the appearance and positions of plumes
reported by other researchers, detected during recent studies in the same area [21]. As
shown in Figure 6, some parts of the area under investigation were covered by different
transects. For instance, one area is covered by the transects R13, R14, R23, and R24.
Comparing the echograms of these four transects, it can be observed that the plume, shown
in Figure 11, can also be found in the other three transects, given in Supplementary Material
Figure S1. One needs to consider that the echograms were generated on basis of the pings
sent by the sonar, and do not take into account spatial correspondences with other transects
for averaging. Therefore, due to different headings and speeds of the boat during the
surveys, the appearance of the plume in the echograms vary. Furthermore, due to different
directions the plume was crossed, the echogram of transect R14 needs to be mirrored in
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order to match the appearance of the other echograms. From the echograms it can be
noted that the formed plume does not move straight upwards. It rather flows towards
the shallower part of the harbour. Data reported in [21] show that the major part of the
discharged groundwater was recirculating seawater. Hence, the density difference between
discharged groundwater and the ambient seawater is small. This small difference results in
a small upwelling momentum of the discharged seawater [27]. In addition, depth profiles
in Figure 13 show a higher surface temperature resulting in a lower density layer at the
surface. This lower-density layer might prevent the plume upstreaming to the surface. As
mentioned before, the survey took place during rising tide, so seawater pushes into the
harbour, potentially resulting in currents flowing from south to north (Figure 2). Current
profiles were not recorded during this study. However, the ROV pilot encountered strong
currents during ROV operation in the intended direction.

4.2. In Situ Data Collection (ROV Survey)

The time series indicates a high dynamic change of the temperature over time. How-
ever, depth profiles show a clear relation between temperature and depth. From spatial
analyses, no effect of discharged water on the temperature can be observed. This result
does not comply with the results reported by other researchers [7,19]. As shown in Figure 4
and reported in [21], groundwater temperature in the region of Perth is almost stable dur-
ing the year. Groundwater temperature of the four different groundwater wells (Table 1)
varies between 20.5 °C and 21.1 °C over the entire year, while the average temperature of
the surrounding water column was 22.4 °C, with lower values at greater depths. Mean
temperature for all readings taken from a depth greater than 8 m was 21.98 °C. Maybe, due
to mixing processes between discharged and surrounding water, temperature differences
become too small to measure instantly after discharging took place.

EC values are stable over time, varying around the average value of 54.1 mS/cm.
The depth profile only indicates lower values in very shallow depth without any further
depth relations. However, both, time series and depth profile, indicate a certain number
of readings with significantly lower EC values, pointing towards discharge from a SGD.
Furthermore, the profile shows a higher variation of the EC near the surface. This may
indicate a layer of slightly fresher water at the surface, due to buoyancy effects.

Salinity is not measured independently; values are rather calculated based on mea-
sured temperature and EC values. Hence, the salinity time series combines the characteristic
of both temperature and EC time series, i.e., significant peaks from both can be identified
within the salinity time series. The depth profile points out an increase in salinity with
depth, based on the temperature-depth relation described above.

DO values vary over time. Comparison with the pressure time series indicates a depth
dependency of DO values. DO depth profile shows increasing DO values with increasing
depth until a depth of 5 m; afterwards, DO values decrease with further increasing depth.
Noticeable low values at a depth of approximately 9 m may indicate groundwater inflow.
Time series show an increase of DO values after timestamp 6000 s. This increase could
be explained by wind-introduced waves increasing the solubility of oxygen in the upper
water column. The Perth region is known for very strong afternoon sea breezes during
summer months [70].

The time series of pH shows stable values over time, varying around the mean value
of 8.2. No indications for an influence of discharged water on the pH value can be observed.
Hence, pH will be analysed no further in this paper.

The time series show a constant increase of ORP over time. This behaviour does
not indicate the true ORP values, but error-affected measurements, caused by improper
electrical connections [71]. However, some noticeable dips in ORP correspond with dips
in the other time series, for example DO or FDOM. Nevertheless, due to the uncertain
behaviour, ORP data will not be used for further analyses.

The FDOM time series shows a high variation, potentially introduced by analogue
communication between the central microcontroller and the sensor. Furthermore, time
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series indicates some noticeable high sensor readings corresponding with indicated low
values in DO and salinity may denote groundwater inflow. However, depth profile does
not imply a depth relation of FDOM values.

The spatial distribution of the environmental parameters shown in Figure 14 indicates
an area with a depth between 6 m and 8 m, where the salinity and DO values are decreased
and the FDOM values are increased. As mentioned previously, this behaviour of the three
parameters can be expected when an area is influenced by discharged freshwater from a
SGD. In addition, DO and FDOM anomalies can be found in seven other spatial distribution
transects, given in Figure S3. All of these areas were crossed by different sonar transects.
Further information is summarised in Table 6. It can be observed that 10 echogram
intersections out of 19 show evidence for SGD plumes. Some of the intersections only cover
a very small part of the intended area. In addition, due to different sampling times for both
data sets, the appearance of the plumes might have changed between the surveys.

4.3. Fuzzy Logic Applied to SGD Detection

The fuzzy system developed identified 5.83% of the in situ samples as being “in SGD
plume”. Some of the points, identified using the fuzzy system, correspond well with
the potential SGD positions identified by the human expert, while the majority of the
identified positions are aggregated in a region in the upper left part of the figure. Referring
to Figure 6, this area was not covered by sonar transects. Therefore, no sonar information
is available for this part of the area.

The in situ data were separated into four subsets, according to the ROV surveys and
the output of the fuzzy system. It can be observed from Figure 15d that the mean values
for the first survey are higher than the mean values of the third survey. However, in both
cases the mean values for the points classified by the fuzzy system, as “in SGD plume” are
smaller than the mean values for the points classified as not in plume. In addition, for both
surveys, the standard deviation of the “in SGD plume” points is lower than the standard
deviation of the other output class.

In this research, sensor fusion took place during post-processing of the sensor data.
However, to facilitate online identification of SGD sites, the fuzzy logic system devel-
oped will be implemented on the on-board microcontroller of the multi-sensor system for
further observations.

In addition, the sonar survey and the ROV survey were conducted subsequently. This
may lead to misinterpretations, when both data sets are analysed together. In the future,
both surveys should take place at the same time. Furthermore, a sonar attached to the
ROV could allow for the simultaneous collection of echograms and environmental data.
In recently published research, a low-cost scanning sonar was used to track microbubble
plumes [72]. Thus, this technique can potentially be used for SGD plumes as well.

In this study, real SGD sites were investigated using novel methods and equipment.
However, no data from other well-established methods, like CTD or in situ radon measure-
ments, are available for verification of these novel methods. Thus, further investigations,
combining this novel and other well-established methods, should be considered to verify
the abilities and constrains of both sonar and ROV systems in more detail. In addition,
using an artificial SGD could be a potential way to capture ground truth data.

5. Conclusions

The focus of this research was the investigation of SGD sites using low-cost equipment.
Various potential SGD plumes were detected using a skiff equipped with a recreational
echo sounder. Patterns were classified as SGD plumes according to the assumptions that
SGD plumes are connected to the sea floor and that the appearance of the patterns is stable
at least over a short period of time. It was demonstrated that this inexpensive equipment
can be used to detect plumes in coastal areas. However, it remains an open task to verify
with an independent method that the plumes are formed by SGDs.



J. Mar. Sci. Eng. 2021, 9, 802 23 of 26

In addition, results from in situ ROV observations were discussed. Spatial distribution
of salinity, DO and FDOM indicate SGD sites corresponding to plumes identified during
the sonar survey. To enhance SGD detection, the recorded sensor data were post-processed;
for instance, data were filtered and resampled. In this study, not all in situ parameters, for
instance pH or ORP, could be used to identify SGDs.

Furthermore, fuzzy logic was applied to the fusion of salinity, DO, and FDOM readings
in order to enhance SGD detection capability of the presented multi-sensor system. Results
of the fuzzy logic approach correspond well with the position of the plumes identified
during the sonar survey.

Low-cost ROVs, equipped with environmental sensors, can be an important tool for
the investigation of the spatio-temporal behaviour of SGD sites. This method allows con-
tinuous mapping of environmental parameters with a high spatial and temporal resolution.
However, to obtain deeper insights into the influence of SGDs on the nearshore areas, this
method should be combined with other well-established methods for SGD investigation,
such as pore water sampling, remote sensing, or groundwater monitoring.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9080802 /51, Figure S1: Echograms of sonar transects with identified plumes, Figure S2:
Salinity, pH and ORP depth profiles, Figure S3: Spatial Distribution of environmental parameters
split in transects according to Figure 13a.
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