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Abstract

Runoff is an important component of the water balance of agricultural fields.
Accurate measurement or estimation of agricultural runoff is important due
to its potential impact on water quantity and quality. Since runoff from agri-
cultural fields is sporadic and is often associated with irrigation and/or in-
tense rainfall events, manually measuring runoff and collecting water samples
for water quality analysis during runoff events is inconvenient and impractic-
al. In the fall of 2017, a field site was selected at the Clemson University Edis-
to Research and Education Center with the objective of developing, con-
structing, and testing an Internet of things (IoT) flume system to automati-
cally measure runoff and collect water samples. In 2018, an automatic IoT
system was developed and installed consisting of six stainless steel H-flumes
(22.9-cm), which measured runoff from six adjacent research plots under two
different cultural regimes (cover crop and no cover crop). An electronic eTape
sensor was installed in the flume and used to measure the water level or the
flume’s head. Open-source electronic (Arduino) devices and a cloud-based
platform were then used to create a wireless sensor network and IoT system
to automatically record the amount of runoff (hydrograph) coming from
each section, collect water samples and transmit the data to a Cloud server
(Thingspeak.com) where the data can be viewed remotely in real-time. The
IoT flume system has been operating successfully and reliably for more than
two years.
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1. Introduction

Runoff is an essential process in agricultural production since it affects the
amount of rainfall water retained in the field and available to grow crops. Runoff
can also cause soil erosion, transport soil particles, soil nutrients, and pesticides
that can contaminate water sources while degrading soil structure, health, and
productivity over time. Because of these potential effects, it is crucial to quantify
the quantity, quality, and timing of agricultural runoff. However, measuring ru-
noff in the field is difficult since runoff events are typically linked to sporadic
and unpredictable rainfall events. Therefore, much effort has been devoted to
developing and using models to estimate runoff using local rainfall data [1]-[6].
Although these models can be useful for a variety of practical, real-world appli-
cations, actual field measurements are still required to accurately characterize
the impact of specific local conditions or farming practices on runoff quantity
and quality and evaluate and calibrate existing models under local conditions.

Over the years, a variety of techniques have been used to measure runoff.
Most of these techniques involve directing the runoff water to an outlet and
having the water pass through a control structure where the water flow has a
unique relationship between flow rate and water level. Therefore, the runoff flow
rate can be determined by simply measuring the water level at the control struc-
ture. The control structure is usually some type of flume or weir [5] [7] [8] [9]
[10] [11], but other structures, such as rectangular culverts have also been used
[12]. Accurate determination of runoff volume using control structures requires
the continuous recording of the water level, which is usually achieved using a
stage-level recorder [7] [8] [9] [11] or a pressure transducer [4] [10] [13].

Rather than using a control structure, other researchers have used different
ways of measuring runoff. For example, they have used a system incorporating a
sump pump with a mercury float switch and a water meter [14], a system utiliz-
ing a tipping-bucket [15] [16], a system measuring the speed of water flow [17],
or a system using a sink-plot [18]. Also, since there are many variables that affect
runoff, such as slope, soil and plant conditions, and rainfall that cannot be ade-
quately controlled in the natural environment, many researchers have measured
runoff under field and laboratory conditions using rainfall simulators [19]-[24].

There are sampling methods that have been used to collect composite and
discrete water samples for characterizing runoff water quality [11]. These sam-
pling methods include autosamplers [11] [14], pumps [13], perforated pipe sam-
plers [15], turnable water samplers [16], wheel samplers, silt collection aprons,
silt collection pits, runoff sample storage tanks, and slot samplers [8].

Manually measuring runoff and collecting water samples for water quality
analysis during runoff events is inconvenient and impractical, especially in re-
mote agricultural settings. Therefore, there is a need for effective and affordable
systems to measure runoff, collect water samples, and transmit data to the In-
ternet. There have been considerable advances in open-source electronics, wire-

less communication, and Cloud computing technologies in recent years. These
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technologies could be integrated to develop an Internet of things (IoT) system
[25] to collect, transmit, and visualize field data in real-time. In previous studies,
our research team developed IoT systems for soil moisture monitoring and irri-
gation automation [26] [27] [28] that could be adapted for measuring runoff.
Therefore, the objective of this project was to develop, construct, and test an In-
ternet of things (IoT) flume system to measure runoff and collect water samples
automatically. In this project, the IoT system was needed to measure and com-
pare runoff quantity and quality from six adjacent research plots under two dif-

ferent cultural practice regimes (cover crop and no cover crop).

2. Methods
2.1. Research Site Description and Field Layout

The research site is located field studies were conducted at the Clemson Univer-
sity Edisto Research and Education Center, near Blackville, South Carolina
(33°20'48"N, 81°18'19"W). Blackville is located in a humid environment with an
average annual precipitation of 1,198 mm and average annual maximum and
minimum air temperatures of 25.6°C and 11.7°C, respectively [29]. The site se-
lected for this study was the northern half of a larger field that was irrigated by a
3-span center pivot. The field was divided into six 1-acre (0.405-ha) sections. In
three of the sections, cereal rye (Secale cereal L. “Wrens Abruzzi”) cover crop
was planted. Natural vegetation was allowed to grow during the winter in the
remaining sections. The cover crop and the natural vegetation were terminated
using herbicides in the spring and a cash crop (e.g., cotton or soybean) was
planted in early May of each year.

The aerial image of the field site is shown in Figure 1(a) with the demarca-
tions between plots and soil types. The elevation map of the field with the plot
dimensions and corresponding percent slope is also shown in Figure 1(b). Soil
variation is typical in the coastal plain of South Carolina. The field site had five
distinct soil types (Figure 1(a)). According to the Web Soil Survey [30], the soils
represented in the site were Barnwell Loamy Sand (71.6%), McColl Loam
(15.3%), Wagram Sand (9.7%), Dunbar Sandy Loam (3.2%), and Neeses Loamy
Sand (0.3%).

The total field dimensions were 187 m X 142 m with an area of 27,360 m’.
Each field section was 137 m X 31 m, for a total area of 4164 m”. The field section
slopes ranged from 1.8% to 3.4%, with overall elevation decreasing from the
northwest to the southeast corner of the field. The lowest point was at the south-
ern edge of each section; therefore, flumes (one per field section) were installed
at the lowest point along the southern edge of each section. A perimeter berm
was built along each plot to prevent runoff water from entering from an adjacent
plot and to redirect all the runoff from each section flume. A drainage ditch for
the water exiting the flumes was constructed along the southern edge of the field

to an existing main drain ditch along the eastern edge of the field.
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Figure 1. (a) Image of the flume field site. The yellow lines delineate soil types; (b) Eleva-
tion map and plot layout for the flume field.

2.2. Flume Design, Construction, and Calibration

In order to the design and construction of the correct flume size and dimensions
for the expected peak runoff needed to be quantified at the research site. A hy-
drologic simulation was conducted using the WinTR-55 model (version 1.00.10).
This was developed by the Natural Resources Conservation Service to model the
hydrology of small watersheds [31]. The simulation for Barnwell County (NOAA-
14 County) resulted in a peak flow of 27.18 I/s for a rainfall event of a return of 2
years (91.4-mm). For this peak flow, it was determined that a 22.9-cm H-Flume
would be adequate following guidelines described in [32].

The H-flume constructed for this project was based on previous design speci-
fications [33] (Figure 2). The engineering drawings were then created using the
specifications as templates for fabricating the flumes (Figure 3 and Figure 4).
The flumes were then constructed out of 16-gauge stainless steel sheets. One of
the constructed flumes is shown in Figure 5. The constructed flumes included a
steeling well to measure the water level in the flume (pressure head).

A discharge function relating the runoff flow rate to the measured flume head
was developed (Figure 6) from data tables for a 22.9-cm H-Flume [32]. A 30-cm
standard eTape liquid level sensor housed in a plastic casing (Figure 8(a))
(Adafruit Industries, NY) was used to quantify changes in the water level (flume
head) of the steeling well. The eTape is a solid-state sensor with a resistive out-
put that varies with fluid depth. The output from the eTape (resistance) was in-
versely proportional to the height of the liquid (Ze., the lower the liquid level, the
higher the output resistance; the higher the liquid level, the lower the output re-
sistance).

Before installing the flumes in each field section, the eTapes were calibrated to
determine the relationship between output resistance and the flume water level.
The eTape was placed in a graduated cylinder and the water level was changed in
the cylinder, and the eTape signal output was recorded. The output of the eTape
was measured with a Feather MO microcontroller (Adafruit Industries, NY),
which was programmed to record data to an SD card every 30 seconds. At each

water level, data were collected for approximately 5 minutes, resulting in
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Figure 2. Design specifications for an H-Flume (D = 22.9-cm), adapted from [32].
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Figure 3. Engineering drawings for fabricating the H-Flumes (diameter = 22.9-cm) (di-

mensions are in mm).

approximately 10 data points for each water level. The eTape linear relationship

between the eTape resistance output and the water level is shown in Figure 7.

From this calibration correlation, the relationship between water level and the

sensor output was excellent (R* = 0.9999). In addition, the sensor output for a

given water level was stable and repeatable.
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Figure 4. Engineering drawing showing an unfolded top view of how to cut and bend a
sheet of metal to build the 22.9-cm diameter H-flume (dimensions are in mm).

Figure 5. A completed stainless steel H-Flume ready for installation in the field site.
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Figure 6. Relationship between the head (cm) and flow rate (L/s) for a 22.9-cm H-flume,
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Figure 7. (a) Calibrating the eTape sensor using known water levels and (b) the resulting
linear relationship between eTape resistance sensor output and water level (head).

2.3. The Electronic Components Used in the IoT System

The electronics for the flume IoT system were developed based on previous sys-
tems that were developed for soil moisture monitoring [26] [27]. The system was
built using low-cost, open-source electronic components and consisted of a
wireless sensor network. Six End Nodes [EN] were installed at each flume and
collected information (water level) and sent this information to a receiver or
Coordinator via radio communication. The Coordinator receives the data from
all the EN (one at a time to ensure collisions among the data streams do not
happen) and sends the received data to the Cloud Server.

Figure 8 shows the basic electronic components of each EN (sender). These
components included a micro-controller with an integrated radio transceiver, a
power relay, and a solar charge controller. The micro-controller used in the
project was a Feather MO with RFM95 LoRa Radio-900 MHz—RadioFruit (Ada-
fruit industries, NY). This is an Arduino compatible device that combines a mi-
crocontroller with a “Long Range (LoRa)” packet radio transceiver. The Feather
MO has an ATSAMD21G18 ARM Cortex MO0 processor, clocked at 48 MHz, and
3.3 V logic. The micro-controller was integrated with an Adalogger FeatherW-
ing-RTC + SD Add-on for All Feather Boards (Adafruit industries, NY). This
board was available with a real-time-clock (RTC) and a drive slot for an external
SD card. The microcontroller and the Adalogger were mounted on an Assem-
bled Terminal Block Breakout FeatherWing for all Feathers (Adafruit industries,
NY), which allows the sensor and relay wires to be connected to the microcon-
troller.

The power relay consisted of a 1 channel DC 3 V relay High-Level Driver
Module (Amazon.com). The relay is used to switch a 12 V pump (Rule IL280P
12 Volt 280 GPH Inline and Submersible Pump, Amazon.com) on and off using
the microcontroller to collect water samples during runoff events. During each

rainfall event, the motor on the pump is activated for 20 s for every 10 m runoff
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Figure 8. The electronic components of an end node.

period and withdraws a water sample from the flume and transfers it to an 18.9
L glass carboy collection vessel. A composite water sample was then collected
from the carboy after the rainfall event and stored in a cooler later water quality
analysis. A representative sample from each run-off event is crucial for accurate
water quality analysis. For example, [33] found that the concentration of nu-
trients and pesticides in runoff waters from small agricultural watersheds varied
as much as 100-fold from one storm event to another, and even two-fold from
one high water flow to another during the same major storm. Therefore, having
an automated system to collect small subsamples during the duration of the ru-
noff event would create a more representative sample for each event.

Power to the EN and the 12 V pump (using the power relay) was supplied us-
ing a 12 V car battery, which is charged by a Newpowa 100 Watts solar panel
(Amazon.com). A 20 Amp solar charge controller (Amazon.com) was used to
prevent overcharging the battery. The solar charger controller also had two USB
ports. One of these USB ports was used to energize the microcontroller. The mi-
crocontroller was programmed to measure the water level every 10 minutes, col-
lect a water sample if a runoff event is occurring, save the timestamp and the
water lever measurement to an SD card, and send the data via radio communi-
cation to the Coordinator [2]. Each EN is assigned a unique ID and is pro-
grammed to send data to the Coordinator only during a specified time window
when the Coordinator was not busy, to avoid data collision and loss among dif-
ferent EN.

The Coordinator (receiver) electronic components are shown in Figure 9.
These components included a microcontroller with a radio transceiver and
Adalogger FeatherWing-RTC+SD, which are the same components as previous-
ly described for the EN. The Coordinator also included a microcontroller with a
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Figure 9. The electronic components contained in the coordinator position.

cell phone chip (Electron 2G/3G [Particle Industries, Inc.]). The Electron 2G/3G
device combines an STM32F205RGT6 120 MHz ARM Cortex M3 microcontrol-
ler with a U-Blox SARA-U260/U270 (3G with 2G fallback), G350 (2G), or
R410M (LTE Cat M1) cellular module. Additional components of the Coordi-
nator included a cell phone antenna and a LiPo battery for the Electron 2G/3G
and a solar charge controller. The power supply for the Coordinator was pro-
vided by a 12 V deep cycle marine battery. The battery was recharged using a
solar panel, as previously described for the EN. The microcontroller with a radio
transceiver component of the Coordinator receives the data from each of the EN,
saves the data to the SD card, and then transmits the data to the Electron 2G/3G
device via UART two-wire communication using the Rx and Tx pins of the two
microcontrollers. The Electron 2G/3G device transmits the data to the Cloud

Server on the Internet.

2.4. Field Installation

A flume was installed at the lowest point on the southern edge of each of the six
research plots. The lowest point in the research plot was located using land sur-
veying equipment. The Coordinator was placed at the same location as Flume 1
to be able to share the same battery and solar panel (Figure 10). Figure 11
shows that each flume was installed on top of a 5-cm thick concrete base. Two
vertical wooden boards were installed at the sides of the flume inlet which di-
rected the runoff water towards the flume. Large rocks were placed to prevent
erosion around the flume. The water pump was then attached to one of the
wooden boards ensuring that the pump intake was level with the bottom of the
flume. The electronics were placed inside a plastic instrument box (NEMA en-
vironmental enclosure). The instrument box and the solar panel were mounted
to a wooden post. A 12 V deep cell marine battery was placed inside a plastic box
on the ground, next to the wooden post. The eTape was placed inside the stilling
well. A 1.25-cm hole was drilled into the sidewall of the flume adjacent to the
stilling well. This small opening allowed runoff water to enter the steeling well

and raise the water level inside the well to the same corresponding height as in
the flume (head).
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Figure 10. The layout of the coordinator and nearby end nodes (flumes) positions in the
field.
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Figure 11. Field components setup at one of the End Nodes (Flumes).

Local rainfall information is critical information for the interpretation of ru-
noff data. A weather station was installed near the field (as one of the EN of the
wireless network) outside the area irrigated by the center pivot (Figure 12). In
this study, the weather station collected the following environmental parameters:
air temperature, relative humidity, solar radiation, and rainfall. The IoT weather
station was built using commercially available sensors and parts. The electronics
and software for data collection and communication were also developed using
open-source components. The data collection and communication system for
the weather system was like the one described for the EN including utilizing the

10-minute communication window with the Coordinator.

2.5. Data Storage and Visualization

ThinkSpeak (thinkspeak.com) was utilized as the Cloud platform service for the
IoT project which allowed data hosting, aggregation, visualization for the live
data streams in the cloud. This service allows users to send data from internet
connected devices to the Cloud platform and create instant visualizations of live

data and, ultimately, send decision-making alerts. The system is also integrated
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Figure 12. The IoT weather station located near the field site.

with MATLAB, which performs data analysis. The service offers a free license for
small non-commercial projects, but the service is limited to 4 channels and 3
million messages/year (data points). Therefore, an academic license was pur-
chased for this IoT project which provided the capability of 250 channels and 33
million messages/year. In addition to visualizing the data using the ThinkSpeak
website, several mobile Apps were available that allowed visualizing data up-
loaded to the Thinkspeak channels on a handheld device, such as a cell phone.
The ThinkView app was selected and used for this project. The App is available
on both Android and iOS platforms.

2.6. Cost of the System

The cost of each of the IoT system components is provided in Table 1. The cost
of the components, fabrication, and installation of each flume, the cost of each
EN, the Coordinator, and data communication and visualization are shown.
Other costs including labor needed to design, assembly, programming, and in-
stallation of components, and shipping and handling were not included in the
breakdown.

The cost of fabricating and installing each flume was around $200, a total of
$1200 for the six flumes. The cost of each flume EN was around $503, a total of
$3018 for the six flumes. This cost includes the data logging and data communi-
cation system, the eTape sensor, the pump, and the power supply system. The
power supply (battery, solar panel, and solar charge controller) accounted for

around 44%. The cost of the Coordinator was $385. However, the cost includes
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Table 1. Cost of flumes and IoT system components used in the IoT project.

Component Item Quantity Unit Cost (US$)  Total (US$)
Materials 1 $80.00
Flume Fabrication 1 $150.00
Installation 1 $10.00 $200.00
Pump 1 $50.48
eTape 1 $59.95
5 gal glass carboy 1 $46.00
Solar panel (100 W) 1 $103.00
Battery and battery case 1 $100.00
Plastic Enclosure 1 $39.00
Wooden post (4" x 4" x 8') 1 $14.00
End Node Solar charge controller 1 $16.00
3 V power relay 1 $3.50
Microcontroller/radio 1 $34.95
Adalogger FeatherWing 1 $8.95
Terminal Block 1 $14.95
Coin cell battery 1 $0.95
SD/MicroSD card 1 $9.95
Stacking headers 1 $1.25 $502.93
Microcontroller/radio 1 $34.95
Adalogger FeatherWing 1 $8.95
Coin cell battery 1 $0.95
SD/MicroSD card 1 $9.95
Stacking headers 1 $1.25
Coordinator
Solar panel (100 W) 1 $103.00
Battery and battery case 1 $100.00
Plastic Enclosure 1 $39.00
Solar charge controller 1 $16.00
Electron 2G/3G Starter Kit 1 $71.35 $385.40
Data storage/ ThinkSpeak annual fee 1 $250/year $250/year
Visualization Cell phone data plan 1 $60/year $60/year
ThinkView App 1 Fee Free

the power supply system ($219), which was 57% of the cost. The Coordinator

was placed in the same location as Flume 1 and was able to share the same power

supply used for the operation of Flume 1. Therefore, the actual cost for the

Coordinator was $166.
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If the Coordinator was located at a different location than an EN, it would
have needed an independent power supply. However, since the Coordinator
does not need to operate a pump, the power requirements would be much less
than the EN; therefore, it would need a smaller capacity battery and solar panel.

In addition to the one-time cost of the equipment setup, additional ongoing
costs are associated with data communication and visualization. The recurring
costs included the ThingSpeak license and cell phone data plan. Since the free
ThinkSpeak license was not sufficient for the needs of this project, an academic
license was purchased for $250/year. The data plan needed for the Coordinator

was $5/month or $60/year.

3. Results and Discussion

The IoT system was developed, constructed, and deployed in the field to auto-
matically quanitify runoff amount and collect water quality samples. For exam-
ple, a runoff hydrograph was recorded and generated on ThingSpeak website for
Flume #3 during a runoff event that occurred on Feb 25-26, 2020 (Figure 13).
The ThinkSpeak website allows users to create channels to receive data from
field sensors and graphically display those data points. Each channel provided
by ThinkSpeak can represent up to eight fields and each field can be used to
store and display a set of data, such as real-time data output from a field sensor
and/or the results from a calculation. Each collected data point was time-
stamped as it was received in the Coordinator before transmitting to the
ThingSpeak database. For this project, data from each flume was sent using a
separate channel for EN. For each flume site in the field, three data items were
sent over the internet and populated the corresponding prepopulated fields in

ThingSpeak. For this project, items included water level measured by the eTape

m ThingSpeak™

Field 3 Chart g O & %

Runoff-Flume 3

w
(=]

Flume Flowrate (GPM)
[\S)
wn

0
16:00 25. Feb 08:00 16:00
Date

ThingSpeak.com

Figure 13. Screenshot of the ThinkSpeak website showing flume flowrate in gallons per
minute (GPM) during a runoff event.
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(eTape head), the water level on the flume (flume head), and the calculated flow
rate (flow rate). Since the zero value of the eTape was located below the bottom
of the flume, it would always read an eTape head value greater than zero. There-
fore, the zero-reading had to be subtracted from the output collected during the
run-off event to determine the flume head. The fume head was then used to cal-
culate the flow rate during a run-off event.

After the data was stored in ThinkSpeak, the user could download the data
into a text file (csv format). The csv files could be then processed using a pro-
gram, such as Microsoft Excel. For example, Figure 14 shows data collected
from a runoff event measured by Flume #6, which occurred on 9/28/2018. In this
case, the csv data file was downloaded from ThingSpeak and further processed
in Excel to create a runoff hydrograph and a cumulative runoff curve that
showed this event produced a total runoff of 26,895 L during 150 min (2.5 hrs).

The ThinkView cell phone App was also used in this project to visualize data
collected from each flume in real-time. The features on the ThinkView App al-
lowed basic data viewing; however, changing the date range, flow rate on the
graph, or other queries were not possible. Figure 15 shows screenshots of the
ThinkView App. The first screenshot (left) shows the channels available for dis-
play. By selecting one of these channels, the App provided a graphical display of
the data for that channel.

In addition to measuring runoff, another design feature of the IoT system was
the automatic collection water samples during runoff events for later water qual-
ity analysis. The IoT runoff system performed as expected. For example, Figure
16 shows a water sample being collected at one of the flumes during a runoff
event. The water sample was cloudy and noticeably loaded with suspended solids
that resulted from soil erosion from the field site. The submersible pump (Rule
IL280P, Rule Store) was used for water sample collection during run-off events.

The unit performed well even when the sample contained a high sediment load.

Flume #6, 9/28/2018
30,000
25,000
=
_ 20,000 £
2 c
2 15,000 2
&= [J]
2 10,000 3
=1 °
o 3
5000 £
p=
O
e— -0
50 100 150 200 250 300
-2 —L - L 5,000
Cumulative time (min)
—e—Runoff (Lps) —e—Cumulative Runoff (L)

Figure 14. Runoff hydrograph and cumulative runoff measured by Flume #6 during a 150
min runoff event on 6/28/2018 in blackville, SC.
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Figure 15. Screenshots of runoff from flume #1 on the ThinkView cell phone App.

Collected
Water sample

Figure 16. A composite water sample is collected from a H-flume during a runoff event.

4. Conclusion

The IoT system was developed and tested under field conditions. It automatical-

ly measured runoff and collected water quality samples. The results from the
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project showed that an IoT system can successfully quantify in real-time the im-
pact of a cover crop on agricultural runoff quantity and quality. The system uti-

lized low-cost open-source Arduino (https://www.arduino.cc) based hardware

and software electronics. A web-based and App-based Internet Cloud platform
was also successfully used for data storage and real-time visualization. This low-
cost IoT system was effective for water runoff and quality monitoring and has
the potential for long-term deployment in agricultural production systems. Fu-
ture research includes measuring and analyzing the water quality and quantity

collected over time from the IoT system.
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