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ABSTRACT The current manual spectra acquisition for monitoring water constituents has resulted in

discontinuous data acquisition, insufficient amount of data, and small ocean coverage. This article presents

the design of a novel fully automatic ocean spectra acquisition and control system based on the real-time

solar angle analyzing and tracking. To ensure that the requirements for spectra acquisition are met, the system

is capable of accurately calculating the solar angle by collecting the information of latitude, longitude,

date, time and direction, and automatically adjusting the position of instrument observation plane and the

pointing angle of fiber optic probe in real-time. It achieves full automation of collecting the downward

radiance of skylight, the upward radiance from reference panel and seawater separately through controlling

the rotation of fiber optic probe. A 188-day observation experiment was carried out at the coastal ocean

experimental station in Qingdao from September 11, 2018 to March 17, 2019. After that, the system was

conducted onboard the Dongfanghong 3 scientific research vessel for a one-month demonstration and sea

trial in June 2019. Comparative experiments including manual spectra collection, chlorophyll-a sensor

measurement, and water samples collection were carried out. The experimental results show that the relative

error of the spectra between the system and manual collection is less than 5%, and the relative error of

the remote sensing reflectance calculated by the spectra is less than 4%. Considering the chlorophyll-a

concentration obtained by the sensor and the water samples as the true value, the relative error of the

chlorophyll-a concentration obtained by the system is 10% and 25% respectively. The results show its full

and reliable capacity in collecting spectra of seawater automatically and continuously in real-time, with

satisfactory accuracy and timeliness.

INDEX TERMS Spectra acquisition, automatic control system, solar angles, chlorophyll-a, ocean color.

I. INTRODUCTION

With the rapid economic and technological development in

China, the improvement of marine undertakings becomes

more important and many breakthroughs have been made

The associate editor coordinating the review of this manuscript and
approving it for publication was Nishant Unnikrishnan.

in ocean research in recent years. Determining and under-

standing water constituents play a fundamental role in

marine science, especially for monitoring changes in ocean

waters and risk analysis of marine ecosystems [1]–[3].

For example, estimating concentrations of chlorophyll-a

(Chl-a), suspended particulate matter (SPM), and col-

ored dissolved organic matter (CDOM) through traditional

4752 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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spectral collection method commonly relies on manual spec-

tral collection and measurement [4]. However, manually

controlled spectral collection can be very difficult for con-

tinual and long-term measurements [5]. Furthermore, due

to the complex and harsh marine environment where the

measurements are taken, manual spectra acquisition can

often be disrupted and inefficient, which can be a signif-

icant hurdle in the development and application of marine

hyperspectral remote sensing technology [6]–[8]. Therefore,

it is urgently required to develop an automatic and reliable

ocean spectra acquisition system to provide high quality

data for accurate and long-term assessment of the marine

ecosystem.

In order to achieve the full automation of spectra acqui-

sition, it is necessary to develop a system that is capable

of automatically identifying and tracking the solar angle for

real-time adjustment of the pointing position of instrument

probe with an efficient and stable workflow [9]. In recent

years, there have been a number of studies on solar tracking,

which is primarily used in system navigation and position-

ing [10], weather forecast [11], improvement of the efficiency

of photovoltaic power generation [12], and solar radiation

thermal energy accumulation [13]. In terms of the auto-

matic tracking and collection of the solar spectrum, Li et al.

studied the automatic tracking device of the solar spectral

irradiance instrument [14]. Chen et al. developed the auto-

matic spectra acquisition system based on solar tracking [15].

However, these studies only focus on the automatic collection

of the solar spectrum, and have not been applied to the

spectra collection of ocean color inversion. TheCanadian Sat-

lantic Company designed the HyperSAS sea surface height

spectrometer to collect the ocean spectra [16]. The spec-

trometer has realized the collection of ocean spectra but

has not realized the full automation of collection [17]. The

Shanghai Yiwin Instrument Equipment Co., LTD proposed

and designed the Above-Water Radiance Auto Measuring

System [18], it realizes the automatic collection of ocean

spectra [19], but it can not automatically adjusting the posi-

tion of instrument observation plane and the pointing angle

of probe according to the solar angle in real-time.

To this end, a novel fully automatic ocean spectra acqui-

sition and control system based on the real-time solar angle

analyzing and tracking is proposed in this article, aiming

to address the difficulties experienced in continuous data

acquisition, as well as the quantity and coverage of the data

required with the manual spectra acquisition. Compared with

the existing system, the contributions of the novel system is

shown in TABLE 1.

The important contributions of this article are summarized

as follows:

1. The overall design and structure of the system, which

include the data acquisition and control subsystem; and the

mechanical supporting rotation subsystem, with the descrip-

tion of the fully automatic workflow of the system.

2. The algorithm for analyzing and tracking of the solar

angle in real-time, which ensures that the system meets the

TABLE 1. Contributions compared to other systems.

geometric requirements for water spectra observation and

acquisition in any case. It also ensures the optimal realization

of the system’s adjustment of the instrument position and

fiber optic probe.

3. The 188-day coastal experiments at a nearshore station

and the 30-day vessel-mounted onboard experiments, which

are conducted to evaluate the performance of this system.

During the experiments, comparative experiments including

manual spectra collection, direct Chl-a sensor measurements

and water samples collection were carried out to evaluate the

reliability, validity and accuracy of the system.

The remainder of this article is organized as follows. The

overall design of the structure of the system is presented

in Section 2. The calculation process of the solar angle is

introduced in Section 3. The simulation and analysis of solar

azimuth variation are detailed in Section 4. The results of

the experiments in coastal and open sea waters are given in

Section 5, followed by the conclusions in Section 6.

II. OVERALL DESIGN OF THE SYSTEM

A. SYSTEM STRUCTURE

The fully automatic ocean spectra acquisition and control

system consists of data acquisition and control subsystem and

mechanical supporting rotation subsystem. The data acquisi-

tion and control subsystem is designed to receive and process

the sensor data, to generate the hardware driving instructions

such as rotating motor and steering gear. It mainly consists

of spectrometer, industrial control computer (upper computer

system), circuit control board (Micro Control Unit (MCU)

lower computer system), and power supply. The mechanical

supporting rotation subsystem is to provide support and rota-

tion control of the observation part, and consists of reference

panel, fiber optic steering gear, sun follower turntable, fiber

optic probe, camera, and related support columns. The overall

schematic structure diagram of the system is shown in Fig.1.

1) DATA ACQUISITION AND CONTROL SUBSYSTEM

The schematic structure diagram of the data acquisition and

control subsystem is shown in Fig.2. It is mainly designed

VOLUME 9, 2021 4753
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FIGURE 1. The schematic diagram of the overall design and structrure of
the system.

FIGURE 2. The schematic structure diagram of the data acquisition and
control subsystem.

to achieve four functions, namely sensors data receiving and

processing, calculation of the solar angle, analysis of instru-

ment observation position and probe pointing, and driving

the rotating motor and optical fiber steering gear to rotate.

In particular, the Global Positioning System (GPS) module

provides the latitude and longitude of the spectral acquisition

location. It also provides the date and time of the spectral

acquisition. The compass provides the direction information

that indicates the initial azimuth of the instrument in which

the optical fiber probe is located. The camera takes pictures to

record the environment when the spectra is collected, which

can ensure the data affected by shadows is deleted during

data processing. The data acquisition and control subsystem

calculates the angle of the sun in real-time according to the

processing result of latitude, longitude, date, and time infor-

mation. Based on the real-time calculation of the solar angle,

the observation plane position of instrument and the pointing

angle of the optical fiber steering gear are then determined.

2) MECHANICAL SUPPORTING ROTATION SUBSYSTEM

The mechanical supporting rotation subsystem provides the

support and rotation function of the reference panel, fiber

optic probe, camera, fiber optic steering gear, and the sun-

tracking turntable. It ensures the whole system to execute the

rotation and collection instruction issued by the data acquisi-

tion and control subsystem stably and reliably. The schematic

diagram of the mechanical supporting rotation subsystem

is shown in Fig.3. The turntable motor is used to achieve

the real-time rotation of the instrument observation plane.

The optical fiber steering gear could execute the directional

control when the optical fiber probe collects the spectra of the

skylight, seawater and reference panel. The fiber optic probe

and camera are fixed in the protection objective, which could

provide necessary protection and prevent condensation of

water vapor on probe and salt spray corrosion from affecting

data acquisition processing. Support columns, fixtures, and

connectors ensure the reliability and stability of the whole

instrument system.

FIGURE 3. The schematic diagram of the mechanical supporting rotation
subsystem.

B. SYSTEM FUNCTION REALIZATION

The prototype of the system is shown in Fig.4. The data acqui-

sition and control subsystem is designed to calculate the angle

of the sun in real-time, according to the latitude, longitude,

date, and time information received. Then the analysis of the

position of the instrument observation plane and the point-

ing angle of the optical fiber steering gear are carried out,

according to the geometric requirements for water spectra

FIGURE 4. The prototype of the designed system.
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FIGURE 5. The prototype of the designed system.

observation. The result of the desired position and angle are

then sent to the turntable motor and fiber optic steering gear

respectively via a RS485 communication protocol.

After receiving the position and angle information sent

from the data acquisition and control subsystem, the turntable

motor in the mechanical supporting rotation subsystem con-

trols the rotation of the instrument in real-time, which ensures

that the instrument observation plane for spectral collection

always meets the angle required by the geometry of water

spectral observation. Then the fiber optic steering gear con-

trols the fiber optic probe to rotate to point to the sky, seawater

and reference panel respectively for collecting the required

spectral information, based on the geometric requirements

of water spectra observation. The workflow diagram of the

system is given in Fig.5.

III. SOLAR ANGLE CALCULATION

The angle of the sun is calculated in real-time based on the

latitude, longitude, date and time information received [20].

The solar angle is calculated by the MCU lower computer

control system and upper computer system. The calculation

process is shown in Fig.6.

FIGURE 6. The flow chart of solar angle calculation.

A. SOLAR HOUR ANGLE CALCULATION

AsChina sits in UTC+08:00 time zone (i.e. eight hours ahead

of Coordinated Universal Time), a single standard time offset

is used. The time stamp is set as the true solar time, rather

than using Beijing Time in the analysis. Therefore, when

calculating the azimuth of the sun, it is necessary to calculate

the true solar time of the geographical position at first [21] as

expressed as [22], [23]:

Tsun = Tclock + (Le − 120)/15 (1)

VOLUME 9, 2021 4755
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where is the true solar time at the observation location and

Le is the longitude of the location. After the true solar time is

set, the current solar hour angle of the location (Asun) can be

calculated as [23], [24]:

Asun = (Tsun − 12) × 15 (2)

B. SOLAR DECLINATION CALCULATION

The declination of the sun is the latitude of the direct point of

the sun, which varies with date. There are several methods

to calculate the declination of the sun depending on the

accuracy required. Here, the Bourges algorithm proposed

in [22], which has the highest accuracy in all solar declination

formulae, is used as [22], [25]:

δ = 0.3723 + 23.2567 sin(ωt)

+ 0.1149 sin(2ωt) − 0.1712 sin(3ωt) − 0.7580 cos(ωt)

+ 0.3656 cos(2ωt) + 0.0201 cos(3ωt) (3)

where

ω = 2π
/

365.2422 (4)

t = dn− 1 − n0 (5)

n0 = 78.801 + [0.2422(year − 1969)]

− round[0.25(year − 1969)] (6)

where in Eq. (5), dn represents the nth day of the year (from

1 to 365 in common years, and 1 to 366 in leap years).

C. SOLAR ALTITUDE ANGLE CALCULATION

The solar altitude angle refers to the angle between the rays

of the sun at a given location and the section of the earth’s

surface connected to the center of the earth by that location.

Time is the main factor to determine the solar altitude angle

at the location. The solar altitude angle reaches its minimum

of zero at both sunrise and sunset, and reaches its maximum

of 90◦ at noon during the day. Therefore, the calculation of

the solar altitude angle requires the geographic latitude infor-

mation of the observing ground, solar declination information

calculated by date, and the information of the solar hour angle

calculated according to the time of the day, with the following

expression [23], [26]:

hsun = arcsin{sin(Ll)×sin(δ)−cos(Ll)×cos(δ)×cos(Asun)}

(7)

where Ll is the geographic latitude information of the

observed location.

D. SOLAR AZIMUTH CALCULATION

Solar azimuth refers to the angle between the projection

of the sun’s rays on the ground and the local meridian.

It is also defined as the angle measured in the clockwise

direction, which should start with the north direction of the

target object and end with the incident direction of the sun-

light [25], [27], [28]. In this article, for the convenience of

calculation, the south direction of the object is chosen as the

starting direction. When the solar azimuth is south by east

in the morning, the value would be negative. When the solar

azimuth is south-west in the afternoon, its value is positive.

The solar azimuth calculation is given below:

θsun = arcsin{cos(δ) × sin(Asun)/ cos(hsun)} (8)

E. ANALYSIS OF INSTRUMENT OBSERVATION PLANE AND

FIBER OPTIC PROBE POINTING

The analysis processing of geometric requirements for water

spectra observation is shown in Fig.7. As an example, plane

ABCD is the observation plane of the instrument, and plane

EFGH is the incident plane of sunlight. AO refers to the point-

ing of the fiber optic probe when measuring the upward radi-

ance from the reference panel. AW refers to the pointing of the

fiber optic probe when measuring the upward radiance from

seawater. AK, which is located in the ABCD plane, refers

to the pointing of the fiber optic probe when measuring the

downward radiance of skylight. During the observation and

measurement, it is generally required that the angle between

the observation plane of the instrument and the incident plane

of the sunlight is about 135◦ [29], [30], namely 6 COH=135◦.

In addition, the values of both 6 CAO and 6 CAW are between

30◦and 60◦, respectively [31]. By setting the observation

angle in this way, the influence of direct sunlight and reflec-

tion could be minimized [32], [33], and the collected spectra

could be avoided from being saturated [34], [35].

FIGURE 7. Schematic diagram of geometric requirements for water
spectra observation.

IV. THE SIMULATION AND ANALYSIS OF SOLAR

AZIMUTH VARIATION

This proposed system is intended to achieve the full automa-

tion of collecting ocean spectral information to derive the

concentration of Chl-a, SPM, and CDOM for marine envi-

ronmental monitoring and hydrologic analysis. Generally,

in Case I waters [1], concentrations of Chl-a are relatively

small and stable in a short time, and SPM and CDOM are

very low and essentially non-measurable. In Case II waters,

the concentrations of Chl-a, SPM, and CDOM are much
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higher and the optical properties are complex, which are most

suitable for the system to apply. Therefore, in this study,

applications of the system to the Case II waters of China are

demonstrated.

A. ANALYSIS OF SOLAR AZIMUTH VARIATION IN

DIFFERENT CHINESE SEAS

To validate the algorithm for determining the solar azimuth as

described in the previous sections, four observation locations

located in the Bohai Sea, the Yellow Sea, the East China

Sea, and the South China Sea are selected in this study. The

latitudes and longitudes of the observation locations are given

in Table 2 and illustrated in Fig.8.

TABLE 2. Latitudes and longitude of four observation locations.

FIGURE 8. Observation locations in the Bohai Sea (1), the Yellow Sea (2),
the East China Sea (3), and the South China Sea (4), respectively.

Fig.9 shows the calculated solar azimuth by the system on

September 1, 2019 from 9:00 to 16:00 from those locations.

The results show that at the same observation time during the

day, the variation of solar azimuth in the different locations

with time are different. For the Bohai Sea and the Yellow Sea,

which are geographically close and have the higher latitudes,

the trend of solar azimuth variation is close and also tends

to relatively linear. In the South China Sea, which is at the

lowest geographic latitude, the variation of solar azimuth is

the largest compared with those at the other three locations,

exhibiting a strong non-linearity, while the solar azimuth

variation in the East China Sea is in between. From Fig.9, it is

evident that the sequence of the time when the solar azimuth

reaches zero at the four observation positions is the same as

the order of their longitudes from large to small, which are

FIGURE 9. Variations of solar azimuth with time in different offshore
areas of China.

the East China Sea, the Yellow Sea, the Bohai Sea, and the

South China Sea.

To further analyze the influence of longitude and latitude

on the variation of solar azimuth, seven locations along tran-

sects of longitude of 120◦E and latitude of 60◦N as detailed

in Table 3 are selected and used. As shown in Fig.10, the

transect of (A-B-C-D) is designed to examine the influence

of latitude on the solar azimuth, and other transect (E-F-B-G)

is to examine the longitudinal influence.

FIGURE 10. Seven observation locations (A-B-C-D-E-F-G). A-B-C-D
indicate four observation locations at the same longitude (120◦E), but
different latitudes. E-F-B-G indicate four observation locations at the
same latitude (60◦N), but different longitudes.

Fig.11 shows the simulation from 9:00 to 15:00 on

September 1, 2019. As can be seen from the simulation

results, under the same longitude (Fig.11 (a)), the change of

latitude affects the variation of the solar azimuth. The higher

the latitude is, the more linear the trend of the solar azimuth

during the day shows. At low latitudes, the azimuth of the
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FIGURE 11. Variations of solar azimuth along latitudes and latitude (60◦N).

TABLE 3. Details of observation locations.

sun changes faster as it approaches noon, and slower as it

approaches morning and evening. However, under the same

latitude (Fig.11 (b)), with the change of longitude, the varia-

tion of the solar azimuth is unchanged. There is only the case

of arriving at the same solar azimuth earlier or later between

different longitudes. The lower the longitude, the longer the

delay time.

B. ANALYSIS OF SOLAR AZIMUTH VARIATION IN

DIFFERENT SEASONS

The solar azimuth in different seasons of the year is simulated

and analyzed at the observation locations in the Bohai Sea

on March 22, June 22, September 22, and December 22,

2019 to represent spring, summer, autumn and winter sea-

sons. As shown in Fig.12, the variation of the solar azimuth

in spring and autumn seasons is basically identical. The

variation of solar azimuth in winter is the most linear, while

the variation of solar azimuth in summer is the least linear.

The seasonal influence on the tendency of the solar azimuth

exhibits a similar pattern as that of latitude. The latitude

of the direct point of the sun is different in different sea-

sons. For the same fixed observation location, the latitude

difference between the observation location and the point of

direct sunlight is different among seasons. Since the obser-

vation location is in the Bohai Sea (northern hemisphere),

FIGURE 12. Variations of solar azimuth through a day at Location 1
(in the Bohai Sea) in different seasons.

the distance between the observation location and the direct

point is the largest in winter and the latitude difference is the

largest. While the distance between the observation location

and the direct point is the smallest in summer and the latitude

difference is the smallest. This result is also consistent with

the analysis of the same longitude in section 4.1, the higher

the latitude, the more linear the trend of the solar azimuth is,

while the lower the latitude, the less linear the trend of the

solar azimuth is.

Considering the variation patterns of solar azimuth

obtained from the simulations, the azimuth adjustment of

the system can be set with specific strategies. In particular,

when the observation position is located in the high latitude

sea area or the observation is undertaken in summer season,

the azimuth of the sun changes slowly in the morning and

evening, and the azimuth changes rapidly at noon. In this

case, the system can be controlled to adjust the observation

angles at long intervals in the morning and evening, and once

at short intervals at noon. This system control strategy not

only ensures the accuracy and precision of angle adjustment,

but also saves the power consumption of excessive times of

system adjustment in the morning and evening. When the

observation location is in the low latitude sea area or when the
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FIGURE 13. The experimental locations of the system.

observation season is in the winter season, the change of solar

azimuth tends to be linear, and the change of solar azimuth

angle in the same time is almost equal. The adjustment of the

angle of the system can be set with a fixed value, to avoid

the complex calculation process of the system and improve

the adjustment efficiency of the system.

V. EXPERIMENTAL VERIFICATION OF THE SYSTEM

The system was tested by a plethora of experiments in coastal

and open sea waters. Firstly, the system was tested with the

laboratory facilities over a 188-day period for spectra acqui-

sition at the coastal ocean experimental station in Qingdao

from September 11, 2018 to March 17, 2019 (Fig.13 (a)).

The coastal ocean experimental station is part of the research

facilities of the Institute of Oceanographic Instrumentation,

Shandong Academy of Sciences, which is well regarded as

the only comprehensive coastal ocean experimental station

in China and provides long-term and reliable offshore exper-

imental conditions for various types of scientific instruments.

Secondly, the system was taken onboard the

Dongfanghong 3 research vessel for carrying out in situ

spectra collection and water sample collection experiments

between May 31, 2019 and June 30, 2019 (Fig.13 (b)).

The Dongfanghong 3 is a comprehensive marine scientific

research vessel with a displacement of 5000 tons, which is the

first in China and the fourth in the world to have the Silent-R

certified. It is also the largest in the world to obtain the

Silent-R certificate. It was very fortunate that the sea trial for

spectra acquisition and water sample collection experiments

in this study were conducted.

The experimental sampling locations of the coastal station

and Dongfanghong 3 are shown in the Fig.14.

It is considered that the water bodies in the sea trial area

are representative, because the coastal waters near Shanghai

and Xiamen are regarded as Case II waters, with poor water

quality and high contents of Chl-a, SPM and CDOM, while

the waters in the South China Sea are Case I waters. Thewater

quality is clear, the Chl-a content is low, and there is almost

no SPM or CDOM. The water quality of the East China Sea is

somewhere in between. The voyage route covered the entry

from Case II waters into Case I waters and the entry from

Case I waters into Case II waters. The conditions helped

intuitively assess whether the system measures accurately.

A large number of data sets of spectra, water samples, and

Chl-a sensor were obtained during the system verification

tests, details of which are listed in Table 4.

TABLE 4. Details of observation locations.

Remote sensing reflectance (Rrs) is defined as the ratio of

water-leaving radiance to downwelling irradiance just above
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FIGURE 14. Schematic diagram of sampling locations of the sea trials: (a) sampling location in the coastal waters of Qingdao; (b-e) routes of the
sea trials onboard Dongfanghong 3: from Shanghai to Xiamen in the offshore waters of Shanghai; from Shanghai to Xiamen in the offshore waters
of Ningde; from Xiamen to the northeastern South China Sea; in the northeastern South China Sea, respectively. (N denotes the coastal ocean
experimental station; x denotes the fully automatic spectra acquisition; and • denotes the water samples collection).

the sea surface as [6], [33], [35], [36]:

Rrs(λ) =
Lw(λ)

Es(λ)
=

ρp[Lsw(λ) − δLsky(λ)]

πLp(λ)
(9)

where Lsw(λ) is the upwelling radiance from water, Lsky(λ)

is the downwelling radiance of skylight, Lp(λ) is upwelling

the radiance from the reference panel, δ is a proportionality

coefficient that relates Lsky(λ) to the reflected sky radiance

determined when the detector viewed the water surface, and

ρp is the irradiance reflectance of the reference panel.

In order to verify the applicability of the system, classical

and typical algorithms for deriving Chl-a concentrations are

employed in the study, which have been used in the studies

by Mao and Pan [37], Xu et al. [38], and O’Reilly et al. [39].

Referring to the settings of SeaWIFS OC4v4 [39] and

MODIS OC3M [40], the algorithm for deriving Chl-a con-

centrations in the coastal waters of China is taken into account

of the logarithmic polynomial form of band ratio with the

following expressions:

lg(Chla) = a0 + a1 lg(x) + a2 lg(x
2) + a3 lg(x

3) (10)

x = Rrs(490)/Rrs(550) (11)

a0 = 0.9361, a1 = 23.6498,

a2 = 208.8090, a3 = 506.8767 (12)

Compared with the classic OC2 [39] and OC4 [39] algo-

rithms for Chl-a concentrations, the algorithm for Chl-a con-

centrations used in Case I waters of the South China Sea

is more accurately adaptive [37], [38], which is expressed

as [37], [38]:

Chla = 1.3905
[

Lwn(443)
/

Lwn(555)
]−1.6244

(13)

For the comparison purposes, the seawater samples were

also collected from the sites and analyzed by spectropho-

tometry using a Cary 5000 UV-Vis-NIR spectrophotometer

(Agilent, Inc., Santa Clara, USA), according to the NASA

ocean optics protocols [41].

A. EXPERMENTS IN THE COASTAL WATERS OF QINGDAO

For the experiments carried out at coastal ocean experimental

station from September 11, 2018 to March 17, 2019, the sky

was either clear with little cloud cover or completely covered

by clouds. The sea state was generally calm (i.e. level three or

below) with very small waves observed and the lighting con-

ditions were uniform. During the experiments, which were

conducted over the autumn and winter seasons, the weather

conditions were good with very light precipitation.

1) SPECTRA ACQUISITION

The system undertook the daily collection of spectral data

automatically. The accuracy and reliability of spectra col-

lected by the system are verified through the comparisons

with the measured from the manual spectra acquisition.

Fig.15 shows the spectra of the reference panel, sky-

light and seawater collected by the system from 2:00 pm

to 14:30 on November 16, 2018, in comparison with those

obtained from the synchronous manual spectra acquisition.

The results show that the variations of the intensity of spectra
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FIGURE 15. Comparisons of spectra collected.

collected by the system for the skylight, reference panel and

seawater over the range of the wavelength, which agrees well

with those measured from the manual acquisition in both

magnitude and trend.

Table 5 lists the typical mean values of the spectra in

terms of digital numbers (DN) at 4 selected wavelengths

averaged over 15 measurements from both the system and

manual acquisition, and their relative errors. It is clear that the

relative errors of DN values of the reference panel, skylight

and seawater are all less than 5% in the four bands, which

illustrates satisfactory performance and accuracy of the sys-

tem in the spectral collection, and demonstrates the reliability

and effectiveness of the system as the replacement of manual

spectra collection.

2) REMOTE SENSING REFLECTANCE

In order to further assess the accuracy of the system,

the remote sensing reflectance data calculated from spectra

collected by the system on December 13, 2018 are com-

pared with that measured by the manual acquisition as shown

in Fig.16.

From Fig.16, it is clear that the variations of the remote

sensing reflectance obtained from both the system and man-

ual acquisition are highly similar and agree well through the

entire range of wavelength. The remote sensing reflectance

shows an upward trend in the wavelength range less than

almost 500 nm, reaching to a plateau after, and sharply

TABLE 5. Typical values of the spectra (digital numbers) at selected
wavelengths.

decreases in the wavelength range of 550 nm to 750 nm,

which is highly consistent with the trend of Case II waters.

Taking the measured reflectance at 6 particular wave-

lengths (400 nm, 500 nm, 600 nm, 700 nm, 800 nm and

900 nm respectively) for quantitative comparisons and rel-

ative errors analysis, Fig.17 shows the maximum, minimum

and average reflectance and relative errors, which show good

agreements and the relative errors of the mean values are

less than 5%. This result further verified that the system

could well achieve the replacement work of manual spectra
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TABLE 6. Comparative analysis of Chl-a concentrations obtained by the fully automatic system (System) and measured by the Chl-a monitoring sensor
(Sensor).

FIGURE 16. Remote sensing reflectance calculated from the spectra measured.

FIGURE 17. The remote sensing reflectance measured by the system and
manual acquisition; and the relative errors.

acquisition, and its accuracy could meet the requirements of

spectra measurement.

3) CHL-A CONCENTRATIONS

The reliability and accuracy of the system in determining

the Chl-a concentration are the key factors in the system

development. The verification is carried out by comparing the

Chl-a concentration derived from the spectra collected by the

system with that measured by a Chl-a monitoring sensor over

a 188-day period of experiments (from January 22, 2019 to

January 28, 2019). Fig.18 shows that the trend of the Chl-a

concentration calculated from the spectra collected by the

system in comparison with those measured by the Chl-a

monitoring sensor. It should be noted that the systemwas only

FIGURE 18. Comparisons of Chl-a concentrations obtained by the system
(System) and the Chl-a sensor (Sensor).

operated with the day time from 09:00 to 16:00. The system

shows the same trend as the Chl-a monitoring sensor during

the same observation time, and in general a good agreement

is achieved.

In order to quantitatively analyze the accuracy of the

Chl-a concentration obtained by the system, the data mea-

sured at noon of each day during the observation period are

selected for error analysis. The results are shown in Table 6.

It can be seen from Table 6 that the Chl-a concentration

estimated by the system agrees well with that measured by

the Chl-a sensor, with the relative errors being less than 10%,

and the relative errors of Chl-a concentrations between

January 22 and 25 are all less than 5%. This clearly indicates

the high accuracy achieved in measuring the Chl-a concen-

tration by the system.

To further demonstrate the accuracy and reliability of the

system, in-situ water samples were collected in the coastal
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waters where the system performed spectra collection from

March 13, 2019 to March 17, 2019 for the inter-comparison

purposes. In addition, the manual spectra collection and the

measurements from Chl-a sensor were carried out simulta-

neously, which provide strong comparisons. For the in-situ

water samples collected, the spectrophotometric method [41]

was used to obtain the Chl-a concentrations in this area,

which is regarded as the reference concentration of Chl-a in

comparison with those obtained from the spectra collected

by both the system and manual acquisition. Fig.19 shows

the comparison of the Chl-a concentrations obtained from all

4 methods as described.

FIGURE 19. Comparative analysis of Chl-a concentrations obtained from
the system, manual acquisition, Chl-a monitoring sensor and water
sample.

As shown in Fig.19, the trend of the Chl-a concentration

obtained by the system is consistent with the trend of Chl-a

concentrations retrieved by the manually collected spectra

and the trend of the Chl-a concentration measured by the

Chl-a sensor. The Chl-a concentration of the three showed

an upward or downward trend at the same time. Except for

some special cases, the Chl-a concentration of water samples

measured in the laboratory was consistent with that of the

system, and the deviations were relatively small. In order to

further quantitatively analyze the deviation of the Chl-a con-

centration obtained by the system and the Chl-a concentration

obtained from the measured water samples, the error analysis

was carried out. The results are shown in Fig.20. It can be

seen from Fig.20 that the relative errors between the Chl-a

concentration retrieved by the system and that measured from

the water samples were less than 10% in most cases. The

number of samples with a relative error of less than 10%

accounts for 87.1% of the total samples. The number of

samples with a relative error of less than 5% accounts for

58.1% of the total samples. The results also validated the

reliability, validity, and accuracy of the spectra collected by

this system, which means the spectral data collected by the

system automatically was able to reflect the actual spectral

data.

B. EXPERMENTS ONBOARD THE DONGFANGHONG 3

After the 188-day experiments at the coastal ocean exper-

imental station in Qingdao, the system was onboard the

Dongfanghong 3 for further experimental verification of the

system performance. During the period of navigation and

docking experiments on Dongfanghong 3 scientific research

FIGURE 20. Relative errors of Chl-a concentrations between spectra
retrieval and water sample measurement.

vessel, the system had conducted continuous spectra acquisi-

tion from 9:00 to 16:00. Once the scientific research vessel

was suspended, the experiments of water sample collection

and filtration treatment were carried out. At the same time,

the time, geographic location, weather and other information

were recorded simultaneously. While the scientific research

vessel was docked, the Chl-a sensor measurements were

continued.

1) REMOTE SENSING REFLECTANCE IN DIFFERENT SEA

AREAS

Fig.21 shows the remote sensing reflectance of the waters

over the wavelength along the Dongfanghong 3 routes.

During the course of the scientific research vessel from

coastal to offshore waters, as shown in the Fig.21 (a) and (e),

the remote sensing reflectance contain both curves that meet

the characteristics of the Case II waters and curves that

meet the characteristics of the Case I waters [38]. This is

in line with the actual situation, which indicates this should

be the water quality transition region. The remote sensing

reflectance in the East China Sea area shows a downward

trend after a small increase, as shown in Fig.21 (b). The

remote sensing reflectance of the South China Sea shows

a downward trend as the wavelength increases, as shown

in Fig.21 (c) and (f), which is in line with the general trend

of the remote sensing reflectance of the Case I waters [42].

In Fig.21 (d), the remote sensing reflectance shows a trend of

rising first and then decreasing in coastal waters of Xiamen.

It is in line with the overall trend of the remote sensing

reflectance in Case II waters [38]. According to the above

analysis, it was evidenced that the system onboard the vessel

was capable of carrying out long-term spectra collection at

different sea areas, and the collected spectral data accurately

reflected the actual spectra situation and was regarded as

reliable and effective.

2) CHL-A CONCENTRATIONS FROM CASE II WATERS TO

CASE I WATERS

To further determine the accuracy of the spectral data col-

lected by the system, the Chl-a concentration retrieval cal-

culation was performed on the spectral data collected by

the system. The changing of Chl-a concentrations during the

course of scientific research vessel from coastal to offshore

waters was analyzed.
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FIGURE 21. Remote sensing reflectance of the waters along the route of the Dongfanghong 3 voyage in 2019.

TABLE 7. Chl-a concentrations obtained from Xiamen coastal water treatment.

According to the analysis of actual experience, it can

be preliminarily determined that the Chl-a concentration in

coastal waters should be significantly higher than that in

offshore waters. The routes of the scientific research vessel

sailing from the Case II waters to Case I waters include

the route from the coastal waters of Shanghai to the East

China Sea on May 31, the route from the coastal waters

of Xiamen to the South China Sea on June 2 and June 20.

Therefore, the 3-day spectral observation data was selected

for retrieval analysis of Chl-a concentrations. The result was

used to analyze whether the Chl-a concentration obtained by

spectral retrieval showed a downward trend along with the

scientific research vessel’s navigation.

It can be seen from Fig.22 that Chl-a concentrations

obtained from the retrieval of spectra collected by the system

generally show a downward trend from coastal waters to

offshore waters, which agrees with the field observation.

Moreover, the Chl-a concentration in the East China Sea

obtained from the retrieval is about 1.4 mg/m3 (Fig.22 (a)),

and the Chl-a concentration in the South China Sea is about

0.5 mg/m3 (Fig.22 (b) and (c)), which agree with those

observed in literatures [42]–[44]. In addition, surface water

samples (0-50 cm) were collected while the spectra were

being collected. However, limited by the field test environ-

ment, it was not possible to collect water samples while the

scientific research vessel was sailing. In the routes shown

in Fig.22, two sets of water samples were collected on

June 20. The results of Chl-a concentrations from the water

samples are shown in Table 7. As can be seen from Table 7,

the measured Chl-a concentrations of water samples are basi-
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FIGURE 22. Chl-a concentrations derived from the spectra collected.

cally consistent with that obtained by retrieval of the spectral

measurement. This further demonstrates the reliability, effec-

tiveness, and accuracy of the system’s spectral acquisition.

3) CHL-A CONCENTRATIONS IN THE SOUTH CHINA SEA

During the experiment of the scientific research vessel in

the South China Sea, spectra collection was continuously

carried out by the system from 9:00 to 16:00 every day. When

the scientific research vessel was docked for experimental

work, the measurement of Chl-a sensors and the collection

of water samples were simultaneously performed in situ.

The Chl-a concentration retrieved by the system, the Chl-a

concentration measured by the Chl-a sensor and the Chl-a

concentration obtained from processing the water sample

were obtained and compared in Fig.23.

It can be seen from Fig.23 that the Chl-a concentration

derived from the system and measured by the sensor show

the same patterns of variation. In the long-term observation

experiment, the trend of the Chl-a concentration obtained

from retrieval of the spectra collected by the system is

highly consistent with that measured by the Chl-a sensor

during the selected time period. All the Chl-a concentration

retrieved by the system are in the range of 0∼0.15 mg/m3,
FIGURE 23. Comparison of Chl-a concentrations in the South China Sea
in 2019.
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which agreed with the results from the literature in the South

China Sea [45]–[48]. In addition, the Chl-a concentration

obtained from the retrieval of the spectra collected by the

system are basically consistent with the measured Chl-a con-

centration of the water samples.

The results of comparative analysis for relative errors are

shown in Fig.24. The relative error of the Chl-a concentration

retrieved by the system and the measured Chl-a concentration

of the water samples is less than 25%. The number of samples

with an error less than 20% accounts for 95.65% of the total

number of samples. The number of samples with an error less

than 10% accounts for 82.6% of the total number of samples.

It is clearly demonstrated from the analysis that the Chl-a

concentration retrieved by the system has high accuracy and

low relative errors, which can truly reflect the actual Chl-a

concentration of the observed sea area, hence the accuracy,

reliability and effectiveness of the system are further verified.

FIGURE 24. Relative errors of Chl-a concentrations between spectra
retrieval and water sample measurements in the South China Sea.

VI. CONCLUSION

In this article, a novel fully automatic ocean spectra acqui-

sition and control system based on the real-time solar angle

analyzing and tracking is proposed and described.

The newly-designed system is capable of accurately cal-

culating the solar angle by using the information of latitude,

longitude, date, and time collected and realizing the automa-

tion of adjusting the position of the observation plane of the

instrument and the pointing angle of the fiber optic probe in

real-time. The rotation of the fiber optic probe is controlled

to collect the downstream radiance of skylight, upstream radi-

ance from reference panel and seawater separately, to enable

the full automation in acquisition of the ocean spectra. The

realization of automatic unattended function makes it possi-

ble for the system to carry on a long time continuous spectral

observation in a wide range on the marine comprehensive

scientific research vessels.

Experimental tests were conducted to verify the perfor-

mance of the fully automatic ocean spectra acquisition and

control system at the coastal ocean experimental station,

as well as onboard the comprehensive marine scientific

research vessel. The results demonstrated the efficient and

stable workflow, the high reliability and accuracy of the

system, excellent consistency and stability in both long-term

continuous fixed-point measurements, and the applicability

across different waters.

The realization of the system would probably bring the

following important contributions for the global spectra

researchers: (1) The fully automation of the system greatly

liberate the manpower in the spectra collection process.

Compared with traditional manual spectra collection, it only

requires fewer researchers to participate or does not require

the participation of researchers. (2) The system can achieve

long-term continuous work, which could bring researchers

a large amount of data. A large amount of data can cover a

wider research area. This solves the problem of insufficient

data and small coverage of research area during the manual

spectra collection. In general, this system allows researchers

to obtain a large amount of data in a wider research area with

little manpower.

Although the system has achieved full automation of

spectra acquisition, there are still some areas that need to

be improved in the system. During the spectra collection,

the protection of the reference panel is very important, but

we have not achieved a very effective protection method in

the design.When the temperature difference between day and

night is large in the collection environment, water droplets

are prone to condensation on the optical protection objective

lens, which affects the accuracy of spectrum collection. These

are all areas that need further improvement. The collection

of spectra is the first step of remote sensing. In this arti-

cle, we mainly focus on the design of automatic spectra

collection. We have not conducted in-depth research on the

inversion algorithm of spectra. Different sea areas need to

adopt different algorithms, which is this article needs to do.

In addition, The system can also be further improved in

the areas of the modular design, low power consumption,

miniaturization, easy maintenance and optimization.

In the future, we will further develop these areas that need

to be improved for the system.Wewill initially consider using

a dynamic sealing protection box to protect the reference

panel, and using resistance wire heating to solve the problem

of condensation on the objective lens. We will further study

the spectra inversion algorithm for the system to obtain more

accurate and effective concentrations of Chl-a in different sea

areas. We believe that the automatic large-scale continuous

collection of spectra realized by this system will provide

researchers with a large amount of effective remote sensing

data, and will promote the research and development of ocean

color remote sensing.
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