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ABSTRACT The Tianjin port plays a relevant role in driving both ship navigation and the weather and
climate of the area. To better understand the underlying peculiarities of this area, several in-service coastal
ocean system and facilities have been constructed, at present, the whole coastal ocean systems at Tianjin
port have been improved, however, they cannot meet the safety requirements of traffic management and
navigational safety. Marine buoys have the unreplaceable advantages of long-term, real-time, reliable
capabilities and trivial environmental restrictions to monitor the marine dynamics. Here an innovative
multifunctional buoy prototype is proposed to continuously measure meteorological and oceanographic
parameters at a high spatial and temporal resolution, which can ensure navigation safety at Tianjin Port. Solar
panels and battery module are personalized to ensure electric supply to the buoy system. An independent
ARM (Advanced RISC Machine)-based module is affiliated to maintain the stability of the data acquisition
and communication module. Buoy platform based on Beidou difference is proved to be an effective approach
for the tide measurement. Additionally, a web-designed software for data acquisition is integrated for the
visualization purpose. Finally, in-field recording test at Tianjin port will be performed to verify effectiveness
of our system on monitoring environment dynamics. It turns out that our buoy prototype functions as a
reliable and energy favorable electrical device and shed light on the development of effective measurement
instruments working under unpredictable and harsh marine environment.

INDEX TERMS Buoy monitoring system, power supply, sensor, port environmental dynamics.

I. INTRODUCTION
The coastal ocean is one important component of the earth
system where land, water, air, and people meet together.
However the coastal ocean condition becomes fragile due to
the emerging populations, businesses, and infrastructure are
increasing along coastlines [1]. Long-term and ad-hoc atmo-
spheric and oceanographic monitoring in the coastal ocean is
a well-recognized topic to the scientific community involved
in the study of the atmosphere, the ocean, and their interac-
tions. Long-term ocean data such as the temperature, salinity,
ocean current and oceanographic meteorology are crucial
for the air-sea exchange processes, weather phenomena, and
possible climate changes [2]. The real-time data can also be
exploited for local forecasts to dealing with marine research
such as analysis of ocean circulation, internal solitary wave,
upwelling and other phenomena, especially the synchronous
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observation data of sea surface, water body and seabed, which
can reveal some special ocean mechanisms. Therefore, it is
of great significance to obtain long-term and continuous
monitoring data for operational and research activities like
physical oceanography research, marine development and
protection as well as natural hazards alarm [3].

In general the presently available ways to obtain marine
data include [1], measured by satellite-mounted, in situ,
ship or buoy. Satellite products could offer data with a
large-scale coverage, but satellite data is discontinuous in
time need a validation effort to characterize the overall accu-
racy of the derived datasets [4], [5]. Ship could provide a valid
support for suitable data collection, however it is limited in
time and space and exists difficulties arising from adverse
sea conditions, and they are obviously expensive. Thus when
consider a specific zone, the permanent custom-made facili-
ties like drifting buoys [6], profiling floats (e.g., ARGO), and
networks of moored buoys [7] are capable of providing in situ
long-term marine data collection.
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FIGURE 1. The Bohai Sea region (left panel) and the area of interest (right panel).

Much efforts have been devoted to develop ocean
monitoring buoys for marine data collection and environ-
mental protection. Previously, CMS-OCG (College ofMarine
Science, Ocean Circulation Group) buoys along with other
platforms have been developed to provide meteorological and
oceanographic observations in support of a variety of coastal
ocean programs [8]. Data such as currents, temperature, and
conductivity could be gathered by the Geostationary Opera-
tional Environmental Satellite (GOES) system maintained by
National Oceanic and Atmospheric Administration (NOAA).
The Gulf of Maine Ocean Observing System (GoMOOS)
has initiated as a prototype for regional sustainable ocean
observing systems in energetic environments [9]. The critical
component of GoMOOS is the real-time buoy array deployed
in a region with very little history of successful year-round
scientific surface mooring deployments. A compact wave and
ocean data buoy system, called the COLOS (Compact Ocean
and Littoral Observing System) buoy system, was designed
by the NOAA’s (National Oceanic and Atmospheric Admin-
istration) National Data Buoy Center (NDBC) to support
its expanding networks and ocean measurement capabilities
[10]. Nagai et al. introduced a basic design of GPS buoy
with multi-objective data processing system via numerical
filtering analysis in 2009, and deployed the blueprints of
the GPS buoy network in Japan [11]. Venkatesan et al.
have paid their attention to reliable performance of offshore
moored buoys on cyclone monitoring, reliability modeling
and maintenance strategies [7]. Sara et al have collected all
the time series by theW1-M3A off-shore observatorymoored
at 40 nautical miles away from the Genoa coasts, in the
center of Ligurian basin on a deep sea bed (1250m) and
demonstrate the multidisciplinary nature of the system and
its monitoring capability on the physical processes involving
both the atmosphere and ocean [12]. Elisa et al have described
the Oceanographic Data Acquisition System (ODAS) Italia
1 buoy’s historical background and discussed the scientific
results that have been obtained exploiting the data from the
system [2]. Weisberg et al have created a comprehensive
coastal ocean observing and modeling system for the west

coast of Florida based on the lessons learned through their
sustained long-term coastal ocean observing and modeling
efforts over the last two decades [13]. Wang Juncheng et al
have introduced technology development and application of
marine data buoy in China [14], expected the development
trend of marine data buoy and buoy monitoring network.

The Bohai Sea is a marginal sea approximately 78,000 km2

in area on the east coast of mainland China. The Bohai Sea is
a medium-sized gulf, enclosed by four provinces from three
different regions of China [15]. Tianjin Port is on the coast
of Tianjin Municipality, on the coast between the estuaries
of the Haihe to the south and the New Yongding River to
the north. To the west, the port borders the city of Tanggu
(now the Urban Core of the Binhai NewArea) and the TEDA.
To the east, the port opens up to the Bohai Bay. (Fig. 1).
The tide in Tianjin Port belongs to irregular semi-diurnal
tide. The annual average high tide level is 3.74M, the annual
average low tide level is 1.34m, and the average sea level
is 2.56M. The annual ice age in Bohai Bay lasts for three
months (from the first ten days of December to the begin-
ning of March of the following year), and the ice condition
reach worst from the middle of January to the middle of
February. Tianjin Port is the largest man-made in Northern
China and the main maritime gateway to Beijing. Tianjin
Port divides into nine areas including the three core areas
of Beijiang, Nanjiang, and Dongjiang around the Xingang
fairway, the Haihe area along the river; the Beitang Port Area
around the Beitangkou estuary; the Dagukou Port Area in the
estuary of the Haihe River; and three areas under construction
(Hanggu, Gaoshaling, Nangang). The main shipping channel
is 39.5km long with dredging to a depth of -19.5m and a
bottom width of 420m, with making it capable of handling
two-way 250000 DWT traffic, and to accept 300000 DWT
ships at high tide. There are two service channels(100m
wide and 9m deep) at each side of the main channel which
allow ships under 10000 DWT to transit without interference
the big ships [16]. Significant environmental conditions and
important geographical location make Bohai Sea an inter-
esting research site for scholars, and complex environmental
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FIGURE 2. The architecture of the monitoring system.

conditions also put forward higher requirements for coastal
ocean monitoring.

Recently, Tianjin Port have been devoted to aids to
navigation (AtoN) system and coastal ocean monitoring
system. However, with the increasing vessel traffic at Tian-
jin Port, the existing monitoring system of water environ-
ment cannot meet the safety navigation requirement. It is
required to upgrade water environment monitoring equip-
ment according to hydrological, meteorological, visibility
and other environmental data collection.

In this work, we have designed an innovative buoy for
continuously monitoring environmental dynamics at Tianjin
port. A monitoring prototype assembled with many kinds
of sensors is proposed to acquire flow and wave informa-
tion at Tianjin port and fulfil the requirement of long-term
observation and real-time transmission for hydrometeorology
information on the sea surface. We initially put forward to
the detailed design of buoy, power supply, sensor equipment,
communication and shore-based environmental monitoring
system. A tide measurement method based on Beidou differ-
ence is also implemented into the buoy platform. Then we
have conducted systematic field test to validate the effective-
ness the buoy platform on the real-time monitoring on the
marine dynamics. It can be estimated that our proposed plat-
form could boost the development of effective measurement
instruments working under complex marine environment.

II. MONITORING SYSTEM
The architecture of the monitoring system is shown in Fig. 2.
In general, the monitoring platform is composed of a pair
of buoys named as No.40 and No.35 buoy that has similar
technical specifications except for mooring, buoy hull and
lantern (Fig. 3a). No.40 buoy is integrated with water quality
meter, ADCP (Acoustic Doppler Current Profiler) and wind
monitor sensors (Fig. 3a), whereas No.35 buoy is mounted
with water quality meter, tidal observation system, ADCP
and visibility meter (Fig. 3b). Each buoy is equipped with
control module and transmission module as well. The con-
trol module can realize the cooperative operation and the

remote configuration of the sensing module. The transmis-
sion module establishes the communication link between
the monitoring platform and the shore-based control center
to realize the real-time monitoring and data analysis of the
water environment. Detailed designs of each module will be
discussed in the following sections.

A. BUOY DESIGN
Ultra-high molecular weight polyethylene (UHMWPE) is
chosen for the buoy hull to arm with high resistance of
impact and corrosion, which could be used under −70◦C
to 80◦C. The cylindrical shape of the buoy hull has enough
interior room for technical equipment and allow easy acces-
sibility for maintenance (Fig. 3a). A cabin made of fiber
reinforced polymer/plastic (FRP) is embedded in the middle
of the buoy hull (Fig. 3b). Two instrument wells on both
sides of the cabin accommodate water quality monitoring
instruments (Fig. 3d), and have a fixed bracket for anchoring
the monitoring instruments.

There is an outer flange on the upper part of the instrument
compartment, and a groove is set on the flange to place the
O-ring, and the stainless-steel bolt is used to fix the round
FRP hatch cover. The upper part of the instrument cabin is
a cylinder with a diameter of 600 mm, and the middle part
is flattened to be a flat circle with a width of 400 mm. The
space inside the instrument cabin is no less than 600mm ∗
400mm ∗ 500mm. The side plate and bottom plate of the
flat circle is used to install instruments. The instrument cable
shall be penetrated into the cabin from the bottom to the top,
and the cable outside the instrument cabin is extended by
the embedded threading pipe in the buoy hull, and the outer
side is covered by the arc cover plate that has been cut off to
prevent the direct impact from the wave and the atmospheric
exposure.

Fig. 4 shows the technical architecture of instrument wells.
The diameter of instrument wells is 280mm to meet the
installing requirements of water quality meter, ADCP, etc.
A cable tube is put in the instrument well toward the instru-
ment cabin. The upper part of the instrument well has an
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FIGURE 3. Schematic diagram of the buoy hull. (a) The render side view of No.40 buoy; (b) The side view of No.35 buoy; (c, d) The top view of the
buoy hull.

anti-theft well cover. An instrument fixing bracket is set
inside the instrument well, and a hoop is used to fix sensor
units to reduce the risk of instrument damage. The bottom of
the instrument well protrudes from the bottom of the buoy
hull and the protrusion is arranged along the inner side under

the well to prevent the instrument and the bracket from falling
off accidentally.

The top of the upper buoy bracket has a retainer where
a beacon light and anemometer bracket could be installed
(Fig. 3c). The middle part of the bracket has a mounting
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FIGURE 4. Technical architecture of instrument wells. (a) The physical
view of instrument wells; (b) The fixing bracket for ADCP; (c) The fixing
bracket for water quality monitoring sensor.

TABLE 1. Some detailed technical parameters of buoy system.

frame of solar panel and a cable transfer sealing box. The
solar array installed on the bracket is consisted of four
1068mm × 806mm modules, inclined at 75◦ to ensure bet-
ter lighting efficiency [17]. The solar panel junction box is
sealed with silica gel that ensure the long-term function in
the humid environment. A glass fiber reinforced plastic back
plate is installed between the solar panel and the mounting
bracket which can reduce the electrochemical corrosion of
metal materials and protect the solar panel from the erosion
of splashing waves.

All connecting parts of the buoy hull were connected by
316L stainless-steel bolts, the bracket was treatedwith special
anti-rust treatment, which could effectively extend the service
life. The buoy hull combined flexibility with high elasticity
and hardness, which could absorb the impact energy and
return to its original shape after being hit by an external force.
Some detailed technical parameters as shown in Table 1.

B. DESIGN OF POWER SUPPLY
When configuring solar power system, it is necessary to meet
the requirement of the load and reliability under safety condi-
tions. Fig. 5 shows themean daily shortwave radiation of each
month in the region (117◦43′12′′E, 39◦N ) from 2005 to 2010
[18]. To guarantee ordinary work of the system at different
seasons, solar panels, batteries with large capacity as well
as power controller should be included as shown in Fig. 6.
Solar panels are used as the primary power source for con-
tinuous power supply for the buoy system. The battery mod-
ule, as supplementary power supply, is chosen from lithium

FIGURE 5. The mean daily shortwave radiation in the region.

FIGURE 6. The architecture of the buoy power system.

batteries under bridge mode. The power controller is added
to ensure an efficient balance of charge and discharge cycle
of the batteries.

The effective management strategy of power supply could
reduce the system consumption when it is not working or cut
off the power supply of the internal working part at certain
period or make it wait, which will effectively extend the
battery life. According to all specifications of marine hydro-
logical observation and minimum requirements of marine
observation elements [19], we have chosen appropriate sen-
sor and designed power control strategy to minimize the
power assumption. In details, the lanterns and water quality
monitoring sensors are both powered by their own internal
battery packs. In addition, according to the requirements of
observation, all sensors are categorized by their working time.
It is specified that water quality monitoring sensors, ADCP,
tide measurement module and wind monitoring sensor only
work 12 minutes per hour, the visibility sensor only works
12 minutes per hour from 6 pm to 6 am the next day. The
data acquisition and communication module work 24 hours
per day. The specific allocation strategy can take full usage
of the power supply as detailed in Table 2 and Table 3.

The battery capacity is another important factor affecting
the batter performance. Generally, the discharge depth of the
battery should be not more than 70%, and it should leave
a margin for the system with regard to the influence of
continuous rainy and windless weather. The system should
alarm when the system energy storage is lower than 25%.
When it is lower than 10%, the non-important loads should be
unloaded automatically to ensure the power consumption for
the data communication. Therefore, in good weather the solar
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TABLE 2. The list of total power consumption for No.35 buoy.

TABLE 3. The list of total power consumption for No.40 buoy.

panel and battery pack is used as the main and supplemen-
tary power supply, respectively. However, in extreme rainy
weather, the battery can replace solar panel as the main power
supply. All equipment voltage, except for the independent
power supply component, is DC wide voltage with output
12V. Additionally, to avoid the adverse effect of buoy rota-
tion on the conversion efficiency of solar energy, four solar
panels are installed along four different directions. Taking
No.35 buoy with higher power consumption as an example,
the average power of the equipment at 12V DC is 13.855WH
per day. Combined with the uncertain factors during the
operation of the electric equipment, 24-hour power consump-
tion of No.35 buoy is estimated as 28WH/1000=0.028 kWh.
Assuming that there is no sunlight available for one month,
a battery with capacity of 0.028 kWh∗30∗1000/12=70AH
should be used to support normal function of the system [20].
Thus, a battery capacity of 100AH @14.4V could guarantee
a minimum redundancy of 100AH∗14.4V/28WH≈51.4 day.
Photovoltaic power should be considered as well. For each
solar panel with size 1068mm x 806mm and square array
is greater than or equal to 100 W/m2, the power capacity of
solar panel per day (6 hour) could be approximately estimated
as 1.068m∗ 0.806m∗100W/m2

∗6h/1000 = 0.516 kWh.

The effective working period with pure solar panel can be
estimated as 0.516kW·h/0.028 kWh ≈18.4 day.

C. SENSORS
In order to understand water features water temperature, elec-
trical conductivity, dissolved oxygen and chlorophyll-a are
recordedwith RBR concerto (https://rbr-global.com/products/
standard-loggers/rbrduo-ct) in test region in test region. water
quality monitoring equipment with a size of 490∗63.5mm,
a solid-state memory of 128MB and default sampling rate
with 1Hz, is included in the system. The sensor is fixed at
instrument well (Table 4) and kept 20 cm away from the
bottom of the buoy to avoid the organisms at the bottom
of the buoy. To avoid uneven extrusion of external force
on the instrument shell, the sensor is anchored with plastic
clips or cotton ropes.

Retrieving flow information at a high spatial resolution is
crucial for understanding the limno-physical boundary condi-
tions [21], e.g., flow paths, currents, etc. RTI SeaPROFILER
(https://rowetechinc.com/seaprofiler/) with 600kHz working
frequency is used to record flow speed and direction in a
profile from 1.5m below sea level to the seafloor with a cell
size of 1m (Table 4 for detailed specifications). An ADCP
is used to determine current velocities by using the Doppler
shift of a backscattered acoustic signal [22]. The acoustic
frequency of the ADCP is compromised by the desired ver-
tical resolution and the water depth at the site [23], [24].
Here, the ADCP operates at a frequency of 600 kHz. The
sensor has four 20◦ beam angles and 0.5m blanking distance.
It offers a profiling range of 0m to 90 m, the maximum
number of bins as 200 and the minimum cell size as 2cm.
For the test deployment, 20 number of bins and 1m cell size
are chosen. Considering the possible magnetic interference
of iron physical objects, ADCP is installed more than 0.5m
away from the physical objects.

To measure environmental features surrounding the buoy,
it is important to obtain the meteorological information
close to the water area surface. Thus, meteorological
sensors are another indispensable part of the buoy mon-
itoring system (Table 4). Wind speed and wind direc-
tion are recorded with a RM Young Wind Monitor 05106
(http://www.youngusa.com). Visibility sensors is chosen as
VAISALA PWD50 (https://www.vaisala.com/en).

Tide information is normally collected by self-contained
pressure tide gauge, float-type tide gauge and acoustic
tide gauge, however they have poor real-time performance,
high cost and large errors that prohibit their usage
under the harsh marine environment [25]–[28]. Here tide
information is recorded with K528 GNSS OEM board
(http://www.sinognss.com/). K528 GNSS OEM Board is
fixed in the freeboard cabin with waterproof, moisture-proof
and salt fog-proof SS antenna and cables outside. A method
based on Beidou difference location is adopted for tide mon-
itoring as shown in Fig. 7.

Ht = (H1 + H2 + H3 + H4)
/
4 (1)

1Hw = Ht −1HvAg − Hw (2)
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TABLE 4. Allocation and technical overview of the sensors in the buoy
monitoring system.

FIGURE 7. The principle of this method.

where1HW is tide height,Ht represents instantaneous geode-
tic height of 4 antennas; 1HvAg represents geodetic height of
the depth datum at Tianjin Port;HW represents the height dif-
ference between the central geodetic height of the buoywater-
line and the central geodetic height of 4 antennas. According
to the installation position of 4 antennas, a dynamic model of
the buoy could be established.

The coordinate and attitude data in standard NMEA
protocol data is output from K528 GNSS OEM board via
RS232 serial port. The real-time position and inclination of
the buoy could be obtained based on the three-dimensional
coordinates and attitude data uploaded by K528 GNSS OEM
board.

FIGURE 8. The structure of data acquisition and communication.

D. DATA ACQUISITION AND COMMUNICATION
In order to ensure the stability and reliability of the data
acquisition and communication link, an independent module
based on ARM is developed (Fig. 8). The data acquisition and
control subsystem adopt master-slave dual redundancy pro-
tocol. Once the master system breaks down, the slave system
can detect the error and put the system under control to ensure
the reliability of system. Wireless communication mode is
adopted for data transmission with the bandwidth rate not less
than 64 KB/s and the effective data receiving rate is not less
than 95%. The communication module could monitor and
initialize equipment remotely to ensure the reliability of buoy
monitoring system. All sub-modules related to master-slave
dual redundancy module is connected together through CAN
bus.

E. DESIGN OF SHORE-BASED ENVIRONMENTAL
MONITORING SYSTEM
In order to monitor water area around the buoy system, a
shore-based environmental monitoring system is developed
based on J2EE software structure and multi-layer distributed
application model. Acquired data could be processed in real
time and displayed visually. The system mainly includes four
modules: data management, comprehensive configuration,
remote control management and data query. Data manage-
ment module is composed of data storage, query, display,
editing and maintenance (Fig. 9a). Comprehensive configu-
ration module includes the configuration of control module
and sensors for buoy monitoring system (Fig. 9b). Control
management module could obtain remotely the operation
status of different sensors, and set up sensor’s initialization,
acquisition interval, working time range, etc. Data query
module provides retrieval function of historical data, system
log, and equipment relationship. The system has been previ-
ously applied in Tianjin Hydrographic Science & Technology
Center [29].

III. FIELD EXPERIMENT
Many ships have been passing through the dual channel
at Tianjin port, which brings difficulties to the real-time
hydrological monitoring test. The buoy monitoring system
was deployed near the breakwater gate of Tianjin Port
in July 2016, The coordinates of No.35 buoy are
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FIGURE 9. Shore-based environmental monitoring system. (a)Real-time
monitoring information and data management module;
(b) Comprehensive configuration module.

FIGURE 10. Map of test deployment of monitoring system.

117◦54′56′′E, 38◦57′13′′N , and those of No.40 buoy are
117◦51′58′′E, 38◦57′22′′N as shown in Fig. 10.

The buoy platform had been treated with biological anti
fouling coating to prevent the attachment of marine organ-
isms. In the following part, unless otherwise states, continu-
ous monitoring data from November 1st to November 30th,
2016 at Tianjin port is used for data analysis while ADCP
data is collected from November 8th to December 9th due to
shortage of power energy.

IV. RESULTS AND DISCUSSION
A. WATER QUALITY ANALYSIS
Water quality data include time variations of water
temperature, salinity and electrical conductivity onNo.35 buoy
(Table 4) and time evolution of dissolved oxygen and
chlorophyll-a on No.40 buoy are collected by RBR con-
certo on each buoy. Fig. 11(a), (c) and (e) shows the time
evolution of temperature, salinity and electrical conduc-
tivity during the test period. The daily mean time evolu-
tion of the above-mentioned factors could be gotten from
Fig. 11(b), (d) and (f), respectively. During the test period,

the temperature varied from 5.5 ◦C to 13.6 ◦C, and the max-
imum daily temperature reaches 12.9 ◦C on November 3rd.
As for electrical conductivity, it changes from 0.28 mS/cm
to 0.35 mS/cm with a maximum value of 0.34 MS/cm on
November 5th. Similar to the temperature, the electrical
conductivity homogenizes with regard to the water depth
within the observation period. On contrary, the time evolution
of salinity shows a unregular trend due to the intercoupling
of multiple factors. However, the evolution range of salinity
keeps consistent with previous results in winter.

Fig. 12 (a) and (b) shows daily and monthly evolution
of dissolved oxygen. The dissolved oxygen concentration
change from 7.54 mg/L ∼8.84mg/L, and the daily mean
value reached to maximum of 8.36mg/L on November 1st.
During the test period, the dissolved oxygen concentration
conforms well to the class I water quality standard of sea
water (>=6mg/L) [30]. The dissolved oxygen concentration
at the monitoring water area is relatively stable. The dis-
solved oxygen concentration decreases for half a month and
increased slightly at the end of the month.

Chlorophyll-a is the one important pigment in phytoplankton
as its concentration is not only a sign of phytoplankton
quantity, but also an important indicator of marine environ-
ment [31]. From Fig. 12 (c) and (d), the evolution profile
of chlorophyll-a concentration is similar to that of dissolved
oxygen, but the concentration is relatively low during the test
period. Themaximumof chlorophyll-a concentration reached
to 1.4ug/L on November 1st. The chlorophyll-a concentration
may be affected by the temperature, terrestrial input, wind
speed, tide and other factors. From Fig. 11 (a) (referring to
the temperature monitoring of No. 35 buoy), the temperature
gradually decreases resulting in the slow growth of themarine
phytoplankton. In addition, the seasonal variation of sea
surface temperature will cause the stratification or mixing
of water body, and then affect the seasonal distribution of
chlorophyll-a concentration. The Chlorophyll-a concentra-
tion at Tianjin port is consistent with the previous studies in
the Bohai Sea in the winter season [32].

Apart from temperature, we guess that wind stress is
another important factor contributing to the variability of
phytoplankton growth. Previous studies have shown that
wind condition will influence the chlorophyll-a concentra-
tion through the seasonal variability of wind mixing [33].
Fu yanhao et al have found similar trend of chlorophyll-
a concentration in the Bohai Sea and proposed positive
correlation between chlorophyll-a concentration and wind
speed in summer and autumn offshore, and negative corre-
lation in winter near the coast [34]. The negative correla-
tion between wind speed and chlorophyll-a concentration,
suggested that wind speed will restrict the phytoplankton
growth. This may be because the wind speed promotes the
full exchange between the surface layer and the bottom layer
of seawater and brings nutrients to the surface layer. When
the ratio of nitrogen to phosphorus and the ratio of silicon
to nitrogen in nutrients exceeds over or falls below a cer-
tain threshold, the growth, reproduction and chlorophyll-a
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FIGURE 11. Water quality monitoring factors recorded by RBR concerto at No.35 buoy. (a) Time evolution of temperature; (b) The daily mean time series
of temperature; (c) Time evolution of salinity; (d) The daily mean time series of salinity; (e) Time evolution of electrical conductivity; (f) The daily mean
time series of electrical conductivity.

concentration distribution of phytoplankton will be inhib-
ited [35]. Moreover, the wind would probably reduce the
resistance time of phytoplankton in the euphotic layer, thus
decrease the biomass in the surface layer. However, this
correlation is not apparent, which might be attributed to the
wind speed in the monitoring period is not strong. When the
wind speed increases, it would enhance thematerial exchange
between different sea water level, and then might affect the
chlorophyll-a concentration.

Terrestrial input is another an important factor affecting the
chlorophyll-a concentration near the shore. Bohai Sea is the
largest inland sea in China, with more than 40 rivers flowing
in. The runoff brings a large amount of nutrients into the
estuarine coastal waters, which intensifies the eutrophication
of the water. Zhang et al. have shown that the increase of
nutrient input from rivers in 2000-2012 made chlorophyll-a
concentration increasing in the Bohai Sea [36].

Regarding to the dissolved oxygen concentration, there
is a significantly positive correlation between chlorophyll-a

concentration and dissolved oxygen concentration.
Phytoplankton can absorb carbon dioxide and release oxygen
through photosynthesis, which results in the increase of dis-
solved oxygen concentration in the surface layer. The positive
correlation could be beneficial to environmental monitoring
like red tide warning which make the dissolved oxygen
concentration as indirect measurement factor to estimate the
proper chlorophyll-a concentration.

B. METEOROLOGICAL ANALYSIS
Fig. 13 shows the visibility recorded by the No.35 buoy. The
visibility monitoring set two different data acquisition fre-
quencies of 1 min and 10min. The range of visibility changed
from 50 m to 35000 m. Combined with the PM2.5 concen-
tration and related meteorological data, Li et al. have ana-
lyzed the variational characteristics and influencing factors of
atmospheric visibility over 2013-2016 in Tianjin urban area
by using theMODLE6000 forward-scattering visibility meter
produced by Yinghua et al. [37]. Their results showed that
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FIGURE 12. Water quality monitoring factors recorded by RBR concerto at
No.40 buoy. (a) Time series of dissolved oxygen concentration; (b) The
daily mean time series of dissolved oxygen concentration; (c) Time series
of chlorophyll-a concentration; (d) The daily mean time series of
chlorophyll-a concentration.

the average atmospheric visibility was 11.23 km during the
measurement period; The visibility features have analyzed
using automatic hourly visibility observations at Tianjin
Port from 2009 to 2013 by Wu Bingui etc [38]. Similar
visibility features prove the rationality of our measured
results.

Wind speed and direction are plotted in a wind rose dia-
gram as shown in Fig. 14. The test region prevailed south and
southeast wind during the test period with a wind direction

FIGURE 13. Visibility recorded by visibility sensor at No.35 buoy.

FIGURE 14. Wind Speed and wind directions recorded by wind
monitoring.

FIGURE 15. Distribution probability of wind speed at all levels during the
test periods.

concentrated between 150◦ and 180◦. The mean wind speed
reached 4.0 m/s, even reaching to the climax as 20m/s on
November 21st with a certain direction of 176◦. To verify
our test, data from Tang Gu meteorological station (16.4km
away from the test site) shows that the monthly average wind
speed of test site (http://data.sheshiyuanyi.com/weatherdata/)
in November 2016 is 2.4m/s, which agrees well with mea-
sured wind speed at the test site. Indeed, the wind speed on
the water body is generally higher than that forecasted by the
weather station because the atmospheric stratification on the
water body is unstable, and the air temperature is relatively
high on the sea that results in stronger turbulent exchange
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FIGURE 16. Flow speed and directions over all depths per cardinal direction recorded by ADCP.

than that on the land, which will strengthen the wind speed
on bottom layer of water body. Additionally, the increment
of wind speed caused by the smoothness of the water surface
is greater than that caused by the change of the stratification
stability, to make wind speed above water body slightly larger
than that on land. Our observation basically conforms to this
intuitive physical law.

Fig. 15 shows that the coastal near surface wind speed is
affected by both the ocean and the land at the same time.
Taking the data on November 2nd as example, the wind speed
is relatively stable before sunrise, then with the increment
of time, the wind speed reaches to the maximum around
two o’clock in the afternoon, then the wind speed gradually
weakens. The reason for this interesting phenomenon can
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be attributed to the strong turbulence of the heated ground
after sunrise. This intense thermal exchange makes kinetic
energy transport from upper to lower layer, which resulted
into higher speed in the daytime with the largest kinetic
energy transmission. However, the ground radiation gradually
weakens after sunset, the atmosphere tended to be stable and
the wind speed gradually decreases.

C. CURRENT ANALYSIS
In order to analyze the tide characteristics of Tianjin port,
current data is monitored during the test period. We obtain
the flow speed and flow direction during the test period by
smoothing the current data which have been eliminated the
large error and filtered [39]–[42]. Fig. 16 shows the rose
chart of flow speed and direction measured by ADCP in
different depths and layers. The tidal current at Tianjin Port
has apparent reciprocating characteristics. From the surface
tidal current, the flood flow velocity is slightly higher than
that of ebb tide. The maximum flood flow velocity of the sur-
face layer reaches 99.60cm/s, while the maximum ebb flow
velocity is 79.55cm/s. The angle between the average tidal
current direction and themain channel (281◦−101◦) direction
is about 20◦, and the main flow along WNW-ESE direction
roughly follows along the bathymetric contour during the
test period as shown in Fig. 10. In the vertical direction,
the flood mean flow velocity of the surface (2-3m), middle
(10-11m) and bottom (21-22m) layers reaches to 35.24cm/s,
32.83cm/s and 25.99cm/s, respectively, and the ebb mean
flow velocity of the surface (2-3m), middle (10-11m) and
bottom (21-22m) layers reaches to 30.83cm/s, 27.31cm/s
and 21.51cm/s, respectively. It agrees with the fact that the
velocity of flood tide is greater than that of ebb tide. The
overall velocity is not large that belongs to the weak- current
sea area. With the increment of the depth, the mean velocity
decreases gradually and attains a minimum near the bottom
due to the energy loss from the friction of the sea bottom. The
variation time of flow speed and direction in each layer kept
similar which indicated that there was no obvious vertical
stratification phenomenon of current flow in this area.

V. CONCLUSION
An innovative multifunctional buoy monitoring system
assembled with many kinds of perception equipment is intro-
duced for continuous monitoring port environmental dynam-
ics. The combination of battery module and solar power
supply mode could realize observation without interruption.
And through wireless communication, the acquired data were
achieved the transmits to the shore-based environmentalmon-
itoring system in real-time mode. What’s more, shore-based
monitoring system was designed for further data analysis that
provides technical support for follow-up forecast. Through
combining theoretical and long-term experimental deploy-
ment, we verify the effective of the mooring buoy system
for port environmental dynamics observation. As all mea-
surement units, power supply and data transfer functioned
without failure and with data ranges that were in the order
of magnitude of consistent observations in other studies.

Compared to the traditional observation buoy, the system
set up instrument wells that ensures convenient installation
and safety of the sensor units. Especially, all sensor units
could be achieved maximum maintainability due to easy
accessibility. In addition, the system enhances the energy
supply with battery module and solar power supply. This
method enhances the load capacity of the buoy, so that it can
satisfy the requirement of carrying more sensors and com-
munication equipment. This system designs an independent
module based on ARM to ensure the stability and reliability
of the data acquisition and communication link. Furthermore,
a method of tide measurement based on Beidou difference
for buoy platform was proposed, which was proved to be an
effective method for tide measurement. And a shore-based
monitoring system was developed for real-time display and
data analysis.

Based on the observation data, on the one hand, the
effectiveness and reliability of the designed buoy observation
system were proved. On the other hand, the hydrological
environmental characteristics of Tianjin port water area were
analyzed in this study. The water quality monitoring results
of No.35 buoy reflected that temperature, wind speed and
terrestrial input also became the key factors affecting the evo-
lution of dissolved oxygen and chlorophyll-a concentration.
As for current data, we analyzed the current characteristics
of Tianjin port, and found that the sea area presented obvious
reciprocating characteristics, the overall velocity is not large,
which belongs to the weak-current sea area, and there was no
obvious vertical stratification phenomenon. Finally, the mete-
orological data was revealed, and the time series characteris-
tics and influencing factors of visibility, wind speed and wind
direction were excavated, respectively.

Recorded data clearly showed water area characteristics
of Tianjin Port with the test deployment period. However,
it should be paid more attention to the more sensor’s units
and further data analysis. The first problem is the limitation
of observation time and observation area, our analysis mainly
verified the reliability and effectiveness of the designed buoy
observation system in Bohai Sea. Nevertheless, short-term
observation period could not fully characterize the temporal
and spatial characteristics of the observation area, only long-
term observation accumulation could reach this goal. This
is also the focus of our next task based on our own design
platform. In addition, there are some design defects in the
process of observation. For example, ADCP could apply for
flow velocity from 2m underwater to the bottom, and we
could not obtain the surface velocity exactly. One reliable
strategy pursued is to obtain surface flowvelocity information
by using the Current Meter. Thus, maximum spatial coverage
and resolution could be achieved through highly resolved
flow velocity measurement by two sensors. Besides, com-
munication and data transmission ability should further be
developing with integrating Beidou, 5G, acoustic, and AIS
communication, to realize the real-time communication for
ocean three-dimensional observation.Moreover, in the future,
we plan to carry high-precision MEMS mechanical sensor to
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obtained attitude information of buoy, then combined with
the motion law of buoy and interaction with the environment,
we could calculate the trajectory of wave and current through
the comprehensive analysis and processing.

In summary, it can be stated that the buoy system presented
here is a very valuable tool for continuously measuring port
environmental dynamics. The buoy will find it marine appli-
cations and contributes to the coastal ocean observing system.
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