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Abstract: An unmanned aerial vehicle-assisted water quality measurement system (UAMS) was
developed for in situ surface water quality measurement. A custom-built hexacopter was equipped
with an open-source electronic sensors platform to measure the temperature, electrical conductivity
(EC), dissolved oxygen (DO), and pH of water. Electronic components of the system were
coated with a water-resistant film, and the hexacopter was assembled with flotation equipment.
The measurements were made at thirteen sampling waypoints within a 1.1 ha agricultural pond.
Measurements made by an open-source multiprobe meter (OSMM) attached to the unmanned aerial
vehicle (UAV) were compared to the measurements made by a commercial multiprobe meter (CMM).
Percent differences between the OSMM and CMM measurements for DO, EC, pH, and temperature
were 2.1 %, 3.43 %, 3.76 %, and <1.0 %, respectively. The collected water quality data was used
to interpret the spatial distribution of measurements in the pond. The UAMS successfully made
semiautonomous in situ water quality measurements from predetermined waypoints. Water quality
maps showed homogeneous distribution of measured constituents across the pond. The concept
presented in this paper can be applied to the monitoring of water quality in larger surface waterbodies.
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1. Introduction

Water is essential for human survival, and its quality should be monitored and protected.
The safety of water resources is threatened by external factors such as industrial wastes and agricultural
fertilizers. Water quality monitoring programs have been developed to preserve water quality and
eliminate the contamination of water sources. The quality of water in rivers, ponds, and lakes can be
evaluated by monitoring dissolved oxygen (DO), pH, temperature, and electrical conductivity (EC),
which are the most commonly used indicators of impairment [1]. Low concentration of dissolved
oxygen, undesirable temperature or pH, and inappropriate concentration of salinity lead to poor
water quality. Periodic sampling and analysis allow one to characterize water and identify changes or
trends in water quality over time. For example, pollutants carried by stormwater may include bacteria,
nutrients, litter, sediment, oils, and heavy metals [2]. Data from water quality indicators can be used to
create maps for the visualization of water quality distribution over a waterbody. Such maps are used by
hydrologists to understand circulation in the waterbody and make predictions [3]. Through monitoring,
information can be gathered to implement specific pollution prevention and remediation programs.

Streams receive point source pollutants from drainage channels, outlets from industrial plants,
wastewater treatment facilities, confined animal feeding operations (CAFOs), and runoff from
agricultural operations; while nonpoint source pollutant inflow occurs after rainfall or emergency
overflow during a short period [4]. Nonpoint sources, including impervious surfaces such as
roadways, rooftops, parking lots, and sidewalks, accumulate pollutants and convey them directly
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to lakes, rivers, and estuaries [5]. Runoff that is heated up on parking lots and roadways leads
to warmer-than-normal water entering nearby waterways, thereby increasing the surface water
temperature. These sources can be monitored using event-controlled water samplers, automated
real-time remote monitoring systems, and grab samples collected by individuals [6–8]. In addition to
water sampling after a storm event, regular water sampling is necessary to identify the entry points
of pollutants into surface water. For example, nutrient leaching from farm fields or pasture land
into surface water has the potential to cause algal blooms [9]. The growth of dense algal blooms
causes discoloration in water bodies, and can potentially result in damaging fluctuations of dissolved
oxygen. Among algal blooms, blue-green algae have the genetic potential to produce toxins which are
harmful to humans and animals [10,11]. Traditionally, to detect harmful changes in the waterbodies,
agencies responsible for water quality monitoring collect water samples periodically and analyze
them in the laboratory. These methods are costly, labor-intensive, and the measurements are not
representative of the neighboring waterbodies [12]. Therefore, watershed managers face the challenge
of integrating new tools for water quality monitoring, such as effect-based tools (e.g., biomarkers and
bioassays) [13], automated monitoring devices [14,15], and remote sensing [16]. Remote sensing has
the advantages of making measurements on a larger scale and over a long time period [12]. This allows
the managers to observe the changes in water quality in coastal waters, estuaries, lakes, and reservoirs
over time [12]. Despite the developments in remote sensing, most management decisions are still
based on the traditional measurement methods of water sample collection and subsequent laboratory
analysis [17]. In addition, data from traditional point sampling is not sufficient for identifying spatial
or temporal variations in water quality, nor for forecasting for large waterbodies [17]. The integration
of satellite remote sensing data with in situ measurements is necessary for making accurate and timely
management decisions [12].

Autonomous underwater vehicles (AUVs) and autonomous surface vehicles (ASVs) have been
developed for water quality monitoring in order to address this issue [9,18]. The autonomous vehicles
that are operated in water are effective and able to conduct continuous water quality monitoring.
These vehicles also have limitations and challenges. The major challenge of water quality monitoring
with an underwater vehicle is the accurate positioning of the vehicle, as the Global Positioning System
(GPS) cannot be used accurately when the vehicle is underwater. Because of this limitation, the AUVs
must be equipped with additional navigational devices or acoustic localization systems. The ASV can
automatically navigate to predefined sampling points and measure pH, DO, EC, turbidity, temperature,
sensor depth, water depth, chlorophyll a concentration, and nitrates [9]. One of the limitations of
ASVs is the difficulties in operation caused by swaying from side to side and uncertain engine-control
frequencies. The ASVs and AUVs provide high spatiotemporal resolution of data and adaptive
sampling due to their ability to do continuous sampling [19]. A disadvantage is the collection of biased
data due to dirty and continuously-used sensor equipment.

Despite the availability of assistance from volunteers for monitoring water quality, some lakes,
retired mining zones, or other waterbodies surrounded by steep and difficult terrain may not be
accessible by boats [20]. In addition, lakes with cyanobacteria (blue-green algae) blooms may pose
risks to humans during collection of water samples [7,21]. While AUVs, ASVs, and fixed monitoring
stations are available for in situ water quality monitoring, advanced remote and autonomous in situ
water sampling systems are underdeveloped [22]. The developments in unmanned aerial vehicle
(UAV) technology provide new opportunities to collect water samples and to conduct in situ water
quality measurements. Compared with traditional water quality monitoring methods, UAVs are
relatively inexpensive, and they can be used for water quality monitoring in waterbodies that are
inaccessible with boats or dangerous to field personnel.

In this study, we developed a multiprobe meter and integrated it within a hexacopter UAV for
autonomous in situ water quality measurements, and verified the functionality and accuracy of the
system with laboratory and field tests.
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2. Materials and Methods

2.1. Design, Control, and Navigation

The primary purpose of using a UAV-assisted measurement system (UAMS) was the navigation
of the UAV to the predetermined sampling points to measure the DO, EC, pH, and temperature
of the water. The developed system consists of a hexacopter UAV and an open-source multiprobe
meter (OSMM). We designed and built the hexacopter, developed the OSMM using off-the-market
sensors and electronic components, and designed the 3D-printed cases. The design considerations
for the UAV included the abilities to complete the flight mission within the allowed battery power
limits, to overcome wind conditions and gusts, and to minimize crash risks that may occur due
to environmental conditions or an electronic component failure; and a size large enough to carry
the payload (OSMM). A hexacopter UAV was chosen to enable the carrying of relatively large
payloads and overcoming wind conditions. All electronic circuits in the system were waterproofed
by using a corrosion prevention spray (Corrosion-X 90102, Corrosion Technologies, Dallas, TX, USA).
Flotation attachments were placed under each motor and mainframe to minimize air drag, and to
increase stability during landing and takeoff. The initial hexacopter frame that was built had a hull
length of 550 mm. After preliminary testing of the hexacopter with flotation attachments and the
OSMM payload, the UAV was not providing a stable buoyancy in water. Therefore, the arms of
the frame were lengthened with 8 mm extension plates, and this provided a more stable buoyancy
in water. Thus, the total hull length of the hexacopter was 566 mm (Figure 1). The weight of the
aircraft (hexacopter) was 2333 g, including the weights of the UAV frame, main battery, Electronic
Speed Controllers (ESCs), motors, propellers, Pixhawk controller, GPS sensor, buzzer, safety switch,
and flotation equipment. The payload had a weight of 750 g, including the weights of the OSMM
components: a second battery, an Arduino board, probes, probe cables, and the protective cases for the
probes and the microcontroller. The gross weight of the UAMS was 3083 g, including the weight of the
aircraft and the payload.

Two batteries were used in the UAMS: one for the UAV and one for the OSMM. The main battery
used to power the UAV was a 14.8 V Lithium Polymer (LiPo) battery with a 25 C discharge rate and
5000 mAh capacity (Venom, Rathdrum, ID, USA). The second battery was a 7.4 V LiPo battery with
an 8 C discharge rate and 2200 mAh capacity (Venom, Rathdrum, ID, USA). The second battery was
used with a battery eliminator circuit (BEC) to regulate the voltage to the microcontrollers’ power
specifications used for the OSMM. Using a separate battery for the OSMM allowed the operator to
dismount the OSMM for standalone measurements (if needed) without the UAV being on the shore or
on the boat.
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Figure 1. The unmanned aerial vehicle-assisted measurement system (UAMS): (a) prior to a flight
mission; (b) floating on a water surface while making measurements.



Water 2018, 10, 264 4 of 14

The OSMM was integrated with the frame of the UAV and located on top. The electronic
components of the OSMM were placed into a waterproof case to prevent water damage. The case
was positioned as to maintain the center of gravity of the hexacopter. Probes were connected to
the case with a BNC (Bayonet Neill-Concelman) connector, and extension cords were tied together
to provide uniformity. Extension cords were 60 cm long, which determined the depth of water
quality measurements. Water sampling depth may be adjusted by using longer extension cords.
A custom-designed probe housing was 3D-printed and assembled to provide safeguard around the
probes, to prevent the probes from getting damaged during takeoff and landing (Figure 2).
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Control of the UAV can be accomplished either manually or autonomously. Manual control of
the hexacopter was accomplished with a radio controller (RC) (Turnigy 9X, Hextronik, ChengDu,
Donguan, China). Autonomous control of the hexacopter was accomplished with a Pixhawk autopilot
(Pixhawk, 3DR Robotics, Berkeley, CA, USA). The Pixhawk is accompanied with a GPS receiver
(3DR, Berkeley, CA, USA) and radio telemetry (3DR, Berkeley, CA, USA) for autonomous control and
ground communication. The Pixhawk controller contains an MPU6000 main accelerometer and gyro,
ST Micro 16-bit gyroscope, ST Micro 14-bit accelerometer/compass (magnetometer) (3DR, Berkeley,
CA, USA), and MEAS barometer sensors (3DR, Berkeley, CA, USA). Mission Planner software was
used to specify flight boundary, waypoints, autonomous navigation details, and to configure integrated
sensors/actuators [23].

Stabilized control of a UAV is essential when flying over water surfaces. Multiple considerations
must be evaluated when choosing electronic parts for these vehicles [24]. Electronic parts were
chosen depending on desired payload, flight time, and compatibility. Thrust-to-weight ratio must be
justified in UAV design for a stable flight. Higher thrust-producing UAVs can be designed with larger
components, but this would increase costs. The major limiting factor for the UAV that we designed
in-house was the cost of the motors, frames, propellers, ESCs, and battery. In this study, we used a UAV
that we built for collecting water samples [25]. In the design, the payload capacity was assumed to be
400 g, which was the weight of a thief water sampler holding 130 mL of water [25]. Previous indoor
flight experiments showed that the UAV can fly autonomously and continuously for 6 min while
carrying a payload of 400 g [25]. These limitations were considered during OSMM construction and
integration with the UAV. During the experiments, the UAMS landed on the water surface at each
measurement point. Therefore, during the measurements, the main battery of the motors did not
consume power, enhancing its endurance.

2.2. Accuracy Assessment

The commercial multiprobe meter (CMM) contained a portable Sension 156 meter (Hach, CO)
for measuring pH and EC, and a portable HQ10 meter (Hach, Loveland, CO, USA) with DO and
temperature probes. The OSMM was a combination of a water sensor node (Atlas Scientific, New York,
NY, USA) and an open-source electronic platform (Arduino Mega 2560, Ivrea, Italy) (Figure 3).
The water sensor node consisted of EC, DO, pH, and temperature circuits (Atlas Scientific, New York,
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NY, USA), and was integrated with a microcontroller (Atmel ATmega2560, San Jose, CA, USA).
The circuit was integrated with a tentacle shield (Atlas Scientific, NY, USA). The sensor readings
were gathered with an Inter-Integrated Circuit (I2C) protocol, and data was recorded in a Secure
Digital Card (SD card) inserted on the shield (SunFounder, Shenzhen City, Guangdong Province,
China). The advantage of an I2C over a serial peripheral interface (SPI) is that the I2C bus uses only
two wires for multiple devices, either as a slave or a master [26]. Both the CMM and OSMM probes
were calibrated in the laboratory following the manufacturers’ (Atlas Scientific, NY, and Hach, CO,
USA) calibration procedures.
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(c) placed on top of the unmanned aerial vehicle (UAV).

Preliminary experiments were conducted to determine whether water quality measurements
were consistent between the OSMM and the commercial multiprobe meter (CMM), before integrating
the OSMM with the UAV. Both the OSMM and CMM were brought to the sampling points by kayak.
To minimize the risk of the electronics of the OSMM and CMM probes getting in contact with water,
water samples were collected at the predetermined sampling locations and measurements were made
on the kayak. The UAMS was designed to take measurements at a depth of 60 cm. Because of this,
water samples were collected with a custom-designed 3D-printed thief style sampler at a depth of
60 cm [27]. The measurements for each water quality parameter were made at the same time from
two different beakers. Water samples in the beakers were manually stirred with the probe during
DO measurements.

Water samples were collected from thirteen locations to verify consistency between OSMM
and CMM measurements. At each location, three replicates of water samples were collected,
and the average of the measurements was used in analysis. Measurements of DO, EC, pH, and
temperature were made with the OSMM and CMM at each location. Of primary interest was the
accuracy of the measurements made with the OSMM. A paired t-test analysis was conducted in
Microsoft Excel (Excel 2016, Microsoft, Redmond, WA, USA) to evaluate statistical differences between
the measurements of DO, EC, pH, and temperature made by the OSMM and CMM, respectively.
Percent errors of each water quality parameter were calculated to determine how close the OSMM
measurements were to the CMM measurements.

2.3. In Situ Data Collection with UAMS

The UAMS was launched from the shore and ascended to the flight altitude of 10 m (Figure 4).
Once the UAMS had reached the waypoint in the flight mission, it descended and landed on the water.
The OSMM recorded the measurements, then lifted off to the 10-m flight altitude and navigated to
the next waypoint in the flight mission. A relay command was assigned to the first relay channel
of the Pixhawk’s auxiliary output port, to activate the data recording in OSMM. The OSMM was
activated by the Pixhawk for 60 s at the sampling location. This was the time necessary for the sensors
to provide stabilized measurements. The Mission Planner navigation command order that was used to
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collect water at each measurement location is shown in Table 1. The “waypoint” command with 60 s
delay and without latitude and longitude coordinates provided the necessary time for UAMS to take
measurements [28]. During the measurements, the probes were placed in the water, and there was no
stirring for the DO measurements except the mixing during the entry of the probes in water.
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Table 1. Autonomous navigation commands used for the UAMS mission flight.

Command
Order

UAMS
Position Command UAMS’s Response Delay

(s) Latitude Longitude Altitude
(m)

1 Home TAKEOFF Take off and ascend 0 34.656951 −82.820333 10
2 Home WAYPOINT Navigate to WP1 0 34.656996 −82.820065 10
3 WP1 LAND Land at WP1 0 34.656996 −82.820065 0
4 WP1 DO_SET_RELAY Activate data recording 0 34.656996 −82.820065 0
5 WP1 WAYPOINT Float for 60s 60 - - 0
6 WP1 TAKEOFF Take off and ascend 0 34.656996 −82.820065 10
7 WP1 WAYPOINT Navigate to WP2 0 34.656884 −82.819681 10
8 WP2 LAND Land at WP2 0 34.656884 −82.819681 0
9 WP2 DO_SET_RELAY Activate data recording 0 34.656884 −82.819681 0

10 WP2 WAYPOINT Float for 60s 60 - - 0
11 WP2 TAKEOFF Take off and ascend 0 34.656884 −82.819681 10
12 WP2 WAYPOINT Navigate to WP3 0 34.656909 −82.819256 10

Note: These command orders were repeated for all the waypoints.

Fifteen continuous readings were made at each waypoint. The average of these measurements was
taken as the water quality data for the given sampling point. Subsequently, the OSMM was switched
off and the UAMS navigated to the next waypoint. The navigation path was divided into sections
which included two, three, or four waypoints, depending on the distance to the launch location and
available battery power.

The UAMS was designed for fully autonomous operation. In autonomous mode, the UAMS
navigates to the predefined waypoint, lands on the water surface, triggers the OSMM measurements,
lifts off, and navigates to the next waypoint. In addition to this, a remote-control option of the UAMS
for water quality measurements was added to the system. For this purpose, a manual switch on the
radio controller (RC) was designated to turn the OSMM measurements on and off remotely. The OSMM
starts to record the measurements when the OSMM switch on the RC is turned on, and stops when
the OSMM switch is turned off by the operator. The remote-control option of the UAMS allows the
operator to conduct water quality measurements independently from autonomous UAMS control.
The UAMS can be piloted manually via the RC to collect water quality data from random locations.
The remote-control option allowed flexibility when the flight path was blocked by trees or when the
wind speed was not suitable for safe flight.

The collected water quality data was used to create maps for visualization of water quality
distribution. The data was processed in ArcMap (Esri, Redlands, CA, USA) and interpolated



Water 2018, 10, 264 7 of 14

using the Inverse Distance Weighted Interpolation (IDW) method [29]. Vector data in Geographic
Information System (GIS) was interpolated to develop raster maps to simulate data values for
intermediate locations.

2.4. Experiment Site

Both the accuracy assessment experiments of OSMM, and in situ data collection were made at
Lamaster Pond at Clemson, SC. The area of the pond was 1.1 ha. The total number of measurement
points on the pond and the duration of a flight mission were limited by battery power availability,
and the difficulty of autonomous operation at the narrow section of the pond. Thirteen waypoints were
selected randomly, with respect to the representation of the entire pond. Water depth measurements
were made manually with a kayak and a marked rope at each location. The UAMS launch location and
sampling waypoints are represented by circles on the map (Figure 5). The Lamaster Pond was selected
as the experiment site because of its size and ease of access. The number of sampling points and their
locations were selected randomly, for more stringent testing of the in situ measurement method.
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Figure 5. Satellite images from Google (maps.google.com). (a) UAMS sampling waypoints;
(b) Complete flight mission trajectory at Lamaster Pond, Clemson, SC. The dashed arrows on
(b) indicate the flight path from the last waypoint to the home location.

The flight mission was divided into three sections. The first mission flight included sampling
points 1, 2, 3, 4, 5, and 6. The second mission flight included sampling points 7, 8, 9, and 10. The third
mission flight included sampling points 11, 12, and 13. The first and second flight missions were
launched from the home location, but the third flight mission was launched from the water surface
near waypoint 11. The total direct flight lengths were 256 m for the first flight, 396 m for the second,
and 166 m for the third. Batteries were replaced before each flight mission. If the batteries used had
had enough capacity to provide longer endurance, water sampling from all thirteen points could have
been achieved in one mission flight with a total flight length of 765 m. The flight altitude was set to
10 m to minimize crash damage risks and optimize battery usage. In order to maximize battery usage,
the UAMS was landed at each waypoint and the motors were shut down during in situ measurements.

maps.google.com
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3. Results

3.1. Accuracy Assessment Results

Both the OSMM and CMM probes were calibrated in the laboratory following the manufacturers’
guidelines. At each measurement location, 15 measurements were made with the OSMM, providing
a total of 195 data points. The CMM measurements were replicated three times at each location,
providing 39 data points. A paired t-test was conducted to compare the differences between the OSMM
and CMM measurements for each water quality parameter. In the paired t-test, we hypothesized
that differences in the measurements made by the OSMM and CMM for each parameter, respectively,
would not be statistically significant at an alpha level of 0.05.

The paired t-test statistics indicated that the temperature measurements made by the OSMM
were significantly higher than those made by the CMM (t(12) = 9.7, p < 0.001). The paired t-test
statistics also indicated that EC measurements made by the OSMM were significantly lower than
the corresponding CMM measurements (t(12) = 6.1, p < 0.001). The percent error of the EC and
temperature measurements made by the OSMM as compared with those of the CMM were 23.99%
and 9.55%, respectively; whereas the differences in pH and DO between measurements made by
the OSMM and CMM were not statistically significant. The average difference in DO measurements
made by the OSMM and CMM was not significantly high (t(12) = 1.34, p = 0.1). There was not
a significant difference in the average pH values between the OSMM and CMM measurements
(t(12) = 1.76, p = 0.05). The accuracy of the DO and pH measurements made by the OSMM, relative to
those made by the CMM, was 97.92% and 96.24%, respectively. Table 2 shows the summary statistics
for water quality parameters obtained by the OSMM and CMM.

Table 2. Descriptive statistics for water quality parameters obtained by the OSMM and CMM.

Quality
Parameter

OSMM CMM Difference
(%)

t Value
(DF)

p Value
N Mean SD N Mean SD

Temp. (◦C) 195 27.15 0.93 39 24.79 0.58 2.33 9.7 (12) 0.0001 ***
EC (µS/cm) 195 49.2 9.69 39 64.73 4.57 3.43 6.1 (12) 0.0001 ***

pH 195 8.43 0.86 39 8.12 0.36 3.76 1.76 (12) 0.05
DO (mg/L) 195 9.05 0.27 39 8.87 0.49 2.08 1.34 (12) 0.1

Notes: N: Number, SD: Standard deviation, DF: Degrees of freedom, Significance levels *** = p < 0.001

Although EC and temperature measurements were statistically different, they followed a similar
pattern, as shown in Figure 6. The average difference in EC measurements (17.75 µS/cm) between
those of the CMM and OSMM was added to the OSMM measurements as a correction factor. Similarly,
the average difference in temperature measurements (−2.33 ◦C) between those of the OSMM and CMM
was added to the OSMM measurements as a correction factor. These differences would be a result of
the type of instruments made by different companies causing instrument error. The Hach EC probe
is supplied with a meter that measures temperature with a thermistor for automatic compensation,
whereas the Atlas Scientific temperature probe is a RTD (Resistance Temperature Detector). The EC
measurements are corrected for sample temperature. The differences in the method of temperature
measurement may be the reason for the differences in the EC measurements between the OSMM
and CMM.

After applying the correction factors, the paired t-test statistics were conducted again for EC
and temperature data. The results of the descriptive statistics is shown in Table 3. The paired t-test
indicated that there was not a significant difference in the averages of EC measurements between
the OSMM and the CMM (t(12) = 0.87, p = 0.2). The average corrected temperature values of the
OSMM were not significantly different from the CMM values (t(12) = 0.13, p = 0.45). After applying
the correction factors, the accuracies of the EC and temperature measurements made by the OSMM
increased to 96.5% and 99.87%, respectively.
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Figure 6. (a) Electrical conductivity (EC) and (b) temperature measurements, as made by the OSMM
and CMM.

Table 3. Descriptive statistics for water quality parameters obtained by the OSMM and CMM,
after applying correction factors to the EC and temperature measurements.

Quality
Parameter

OSMM CMM Difference
(%)

t Value
(DF)

p Value
N Mean SD N Mean SD

Temp. (◦C) 195 24.82 0.93 39 24.79 0.58 0.13 0.13 (12) 0.45
EC (µS/cm) 195 66.95 9.69 39 64.73 4.57 3.43 0.87 (12) 0.2

pH 195 8.43 0.86 39 8.12 0.36 3.76 1.76 (12) 0.05
DO (mg/L) 195 9.05 0.27 39 8.87 0.49 2.08 1.34 (12) 0.1

Notes: N: Number, SD: Standard deviation, DF: Degrees of freedom.

3.2. In Situ Water Quality Measurements Using the UAMS

The UAMS was tested in multiple preliminary field experiments to evaluate its performance,
measurement accuracy, and suitability with the proposed in situ water quality measurement method,
in a variety of wind conditions and operational scenarios. All the preliminary tests and data collection
experiments were conducted at Lamaster Pond in Clemson, SC. The autonomous navigation and
control of the UAMS was interrupted occasionally to determine the best control method for in
situ measurements. It is important to note that once the autonomous mode of the flight mission
was interrupted by the operator in case of an emergency, the operator took over the control of the
UAMS with the RC. The operator landed the UAMS on the water surface and manually activated the
OSMM measurements. During this process, the previous sampled waypoints were removed from the
flight mission using the control station, and a new flight mission was transmitted to the UAMS for
autonomous navigation via radio telemetry. The operator activated the new flight mission remotely,
and the UAMS continued sampling for the remaining waypoints autonomously. This process was
repeated whenever the flight mission was interrupted by the operator.

The water quality parameters in Lamaster Pond were measured using the UAMS following the
procedure described in Section 2.3. The data recorded on the OSMM SD card was retrieved and
processed to develop surface maps for each measured parameter. Figures 7 and 8 show the manual
depth measurements and the spatially interpolated data retrieved from the UAMS. The water depth
at the measured locations varied between 1.22 and 4.57 m. The depth at the southeast of the pond
was the deepest, whereas the north side of the pond had the most shallow depth measurements.
The temperature measurements varied between 14.02 and 16.42 ◦C. The shallower sections of the
pond had slightly higher temperatures than the deeper sections (Figure 8a). The data maps show an
inverse relationship between pH and water depth (Figure 8b). As shown by the map, the pH values
tended to be lower where the depth was increased. The highest pH measurements were recorded at
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the north side of the pond, where the water depth was lower than in the other locations. The maps
indicate an inverse relationship between DO and EC values (Figure 8c,d). In addition, the DO values
decreased with increasing temperature. The variation of EC values was not high across the pond, but it
tended to be higher at the southwest part of the pond. Maps provided graphical representation of the
distribution of water quality parameters in the pond. These maps were useful in terms of interpreting
the spatial distribution of water quality data.

Traditional in situ water quality measurement and water collection for laboratory analyses is still
the preferred method used to make management decisions [12]. While these measurements provide
accurate results, they do not give a spatial or temporal view of water quality over the waterbody [30].
Remote sensing techniques are being used to develop regression models between the band ratios and
water quality parameters [31]. To develop accurate regression models, the remote sensing data must
be verified with labor-intensive and time-consuming field experiments. UAMS-type measurement
systems can be used for collecting field data and for verification of remote sensing data.

While satellite remote sensing can cover large areas, the satellite remote sensing devices scan
earth surfaces systematically, and there would be a delay between passes over a given area of
earth; thus, the resolution of the satellite images may not be high enough for developing regression
models between the band ratios and water quality parameters [31]. Furthermore, prolonged weather
conditions such as cloudiness would hinder the quality of satellite imaging. In those conditions,
UAVs can be mounted with imaging sensors to collect high-resolution aerial images of relatively small
waterbodies [31]. High-resolution aerial imagery would be useful for identifying hydromorphological
features such as riffles, side bars, and submerged vegetation along the rives [32]. Aerial images with
resolutions of less than 5 cm can only be accomplished with UAV-mounted imaging devices [32].
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In this study, we selected the measurement locations in a pattern to collect data from which to
develop surface maps for each measured parameter. For larger waterbodies, optical and thermal
sensors on UAVs, satellites, or manned aircrafts can be used as guidelines for determining the water
quality measurement or water collection sampling locations [30]. Depending on the variation in
aerial imagery, the number of measurement points and their locations can be determined for in situ
measurements or sample collections. UAMS-type systems can also be used for water collection after
natural disasters such as hurricanes and flooding [25,33]. Field personnel may not be able to collect
water samples or conduct water quality measurements immediately after a disaster. In those cases,
UAMS-type systems can be deployed for water sampling and water quality assessment.
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Stationary sensors or sensors placed on ASVs and AUVs are often used for prolonged durations
in water without being cleaned. The OSMM probes can be cleaned and maintained after every mission
flight; this would eliminate problems caused by dirty and continuously-used sensor equipment.Water 2018, 10, 257 11 of 14 
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4. Conclusions

A UAV-assisted in situ water quality measurement system (UAMS) was developed and tested.
The backbone of the UAMS was the custom-built hexacopter that carried the open-source multiprobe
meter (OSMM). Flotation equipment mounted under the hexacopter allowed the UAV to land on the
water surface at the waypoints in the flight mission. Landing and lifting off from water surface avoided
requiring the hexacopter to hover during the in situ measurements with the OSMM. This option
greatly increased the endurance of the UAMS and the possible number of sampling points in each
flight mission. Landing on the water surface during sampling reduced the complexity of the UAMS,
by eliminating the need to use additional sensors for safe hovering for taking measurements at a
precise depth. The developed prototype UAMS was waterproof, lightweight, and fully functional for
collecting georeferenced temperature, electrical conductivity (EC), dissolved oxygen (DO), and pH
data from a 1.1 ha agricultural pond.

The developed prototype UAMS can be used to collect field data for the development of algorithms
for water quality assessment with satellite remote sensing. UAMSs can also be used for conducting
field measurements at inaccessible or dangerous waterbodies. Another important contribution of
the UAMS would be in rapid water quality measurements after natural disasters such as flooding
and hurricane events. The major limiting factor for the UAMS is flight duration. Advancements in
battery technology and optimal UAV designs can increase the endurance of the UAMS. Future research
activities will focus on the development of a new UAMS for smart water sampling, based on the
OSMM measurements.
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