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Abstract Water‐leaving radiance (Lw), or remote sensing reflectance (Rrs), is a fundamental parameter
of water color remote sensing. However, obtaining accurate and precise measurements of Lw is quite
challenging. This study is intended to illustrate the design and implementation of a novel floating optical
buoy (FOBY) to measure Lw directly in the field based on the skylight‐blocked approach (SBA). To
assess the performance of FOBY, an experiment was conducted in Honghu Lake, China, a typical shallow
turbid lake. FOBY‐derived Rrs can characterize the spectral features of different water types including
water with kelp as substrate, relatively high chlorophyll‐a contents, and high amounts of suspended
sediment (SS). FOBY‐derived Rrs is superior to that from a portable spectroradiometer (PSR 3500+, Spectral
Evolution Inc.) based on the conventional above‐surface approach (ASA) in terms of data quality and
stability. FOBY measurements had a quality assurance score (QAS) of 0.98 and a mean coefficient of
variation (CV) of 3.6–7.0%, while the mean CV for PSR measurements is more than 2 times larger than that
of FOBY in the visible domain. The measurement uncertainties may result from self‐shading, sensor tilt,
and the immersed depth of the cone (IDC), which deserve further investigations. In the future, long‐term
continuous floating observations of different aquatic environments can be conducted using the instrument
with well‐refined data quality control.

Plain Language Summary Aimed at accurate and precise in situ measurements of water‐leaving
radiance (Lw) or remote sensing reflectance (Rrs), a floating optical buoy (FOBY) was developed to
measure Lw directly based on the skylight‐blocked approach in this paper. An experiment was conducted in
Honghu Lake, China. Our results demonstrated less variability of Rrs from FOBY than from the
traditional above‐surface approach. On the other hand, it should be noted that uncertainties of Rrs from
FOBY still exist and deserve further investigations. In the future, FOBY can serve for long‐term continuous
observations of different aquatic environments with well‐refined data quality control.

1. Introduction

Satellite remote sensing can provide views of aquatic environments with its capabilities of synoptic and
repetitive coverage over large spatial and temporal scales, even in inaccessible regions by human beings
(Gregg et al., 2005; Groom et al., 2019). With the availability of different types of satellite data products,
long‐term changes or trends of biogeochemical parameters can be well unraveled (Dunstan et al., 2018;
Marrari et al., 2017). On these grounds, the effects of climate change and anthropogenic activities on aquatic
environments can be revealed (Dutkiewicz et al., 2019). However, the good accuracy of satellite‐derived data
products is a prerequisite for the credibility of the derived information.

Water‐leaving radiance (Lw) or remote sensing reflectance (Rrs) is a key parameter for water color remote
sensing. It provides fundamental inputs for many retrieval algorithms. To obtain accurate and reliable
satellite products, keeping radiometric uncertainty below 5% at 443 nm for clear waters is scientifically
required and high calibration accuracy is also desired in inland turbid waters (IOCCG, 2012). However,
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the achievement of this long‐standing goal is challenged by the accuracy of the system level calibration of
satellite sensors (Zibordi et al., 2015). Satellite data calibration and reprocessing are needed because satellite
instruments tend to degrade over time. For example, Moderate Resolution Imaging Spectroradiometer
(MODIS) ocean color data have been reprocessed several times to incorporate advancements in instrument
calibration (https://oceancolor.gsfc.nasa.gov/forum/oceancolor/topic_show.pl?tid=7817). Postlaunch cali-
bration of satellite sensors mainly depends on in situ measurements. Although conventional ship‐based
measurements served the scientific community for decades, Lw from ship‐of‐opportunity is subject to uncer-
tainties caused by reflection from hull and shadow. Long‐term continuousmeasurements from optical buoys
suffer from high operating and maintenance costs, such as the Marine Optical Buoy (MOBY), which has
been the primary basis for the vicarious calibration of numerous ocean color sensors, like Sea‐Viewing
Wide Field‐of‐View Sensor (SeaWiFS), MODIS, and Visible Infrared Imaging Radiometer Suite (VIIRS),
since 1996. The Aerosol Robotic Network‐Ocean Color (AERONET‐OC) network of the U.S. National
Aeronautics and Space Administration (NASA) is also used for long‐term field measurements to validate pri-
mary ocean color products (Zibordi et al., 2009) and can avoid biofouling. However, complex quality control
processes are required for AERONET‐OC data to eliminate surface reflection effects (Toole et al., 2000;
Zibordi et al., 2004). The correction of surface‐reflectance light is complicated, and uncertainties also exist
in the procedure. Moreover, measurements from both research vessel and moored buoy have the limitation
of sparse spatial or temporal coverage. Therefore, an alternative that can be deployed easily for long‐term
continuous floating observations of Lw is desired.

Traditional approaches derive Lw or Rrs via measuring various related components that are then used to cal-
culate the key properties through postprocessing routines. They generally involve one of the following
approaches: (1) All relevant properties are measured from an above‐surface platform and then Lw is calcu-
lated by removing surface‐reflected light (Hooker et al., 2004), (2) vertical profiles of upwelling radiance
are measured and then the measurements are propagated upward across the water surface to obtain Lw
(Smith et al., 1984), and (3) upwelling radiance from a sensor a few centimeters below the water surface is
mathematically propagated across the surface to get Lw (Toole et al., 2000; Zibordi & Talone, 2020). Each
of these approaches has discrete advantages and disadvantages (Garaba&Zielinski, 2013; Hooker et al., 2002;
Ruddick et al., 2019). Ahn et al. (1999) introduced an approach to measure Lw directly, and Tanaka
et al. (2006) tested a similar dome‐covered apparatus to carry out direct Lw measurements. Lee et al. (2013)
presented a hybrid scheme, the skylight‐blocked approach (SBA), to avoid drawbacks of traditional
approaches and achieved high precision results in Lake Michigan and Green Bay. The SBA scheme for Lw
(and Rrs) has been tested and performed well in waters of various optical types (Castagna et al., 2020;
Kutser et al., 2013, 2016; Wei et al., 2015, 2018). Compared with traditional schemes, the SBA scheme has
at least two advantages: (1) It provides direct measurements of Lw without the procedures involved in deriv-
ing Lw from the above‐surface method or underwater vertical profiles. For example, the correction of
surface‐reflected light or the extrapolation of radiance to derive Lw may introduce great uncertainties; (2)
it is applicable to various types of aquatic environments, even very shallow waters. Nonetheless, the
in‐water approach is unsuitable in shallow waters and prominently affected by stratification, which can
cause uncertainties in the extrapolation of vertical profiles of upwelling radiance (Lu(z)) to upwelling radi-
ance just below the surface (Lu(0

−)). However, to date, there is no instrument specifically designed following
SBA. Furthermore, the performance of SBA has not been tested in shallow turbid waters yet.

The present study describes a floating optical buoy (FOBY) instrument that was designed to measure Lw
based on the SBA scheme. A field experiment was carried out during 23–28 March 2018 in Honghu Lake,
China. Our goal was to test the performance of FOBY and assess data quality from the system.

2. Configuration of FOBY

Compared with the SBA scheme proposed by Lee et al. (2013), FOBY has been improved in the following
aspects: (a) FOBY is designed by integrating two independent hyperspectral radiometers, which are placed
in themiddle, rather than on each side of the float. (b) A round shape of the floating body is used. This design
is suitable for installation behind small or unmanned ships and can keep the whole system stable even dur-
ing rough water states. (c) To meet the long‐term operation goal in the future, a cleaning brush is attached
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beside the radiance sensor to test the function of avoiding the biofouling effects and removing water droplets
on the surface of the sensor.

The structure of FOBY uses a modular design and mainly consists of four modules: the floating body, the
data acquisition module, the positioning and transmission module, and the system control and power mod-
ule. The schematic of FOBY is shown in Figure 1.

2.1. Floating Body

The floating body consists of a floating collar, four data acquisition chambers, and a cross girder. The floating
collar has an inner diameter of 1.3 m and an outer diameter of 1.5 m with a width of 0.1 m. The large inner
diameter and narrow hull can minimize the effects of self‐shading. The whole body is painted black to
reduce the effect of surface light. Besides, the floating body can be inflated for measurement and deflated
for transportation. A picture of FOBY during our field survey is shown in Figure 1c.

2.2. Data Acquisition Module

In the present study, FOBY is designed by integrating two TriOS RAMSES radiometers (https://www.trios.
de/en/radiometers.html), one for downwelling irradiance (Ed) and the other for upwelling radiance. Both
sensors have been calibrated before and after field surveys according to protocols of the National Institute

Figure 1. (a) Schematic of a floating optical buoy (FOBY): (1) floating collar, the main body of the FOBY; (2) data
acquisition chamber; (3) cross girder; (4) irradiance sensor; (5) cleaning brush for the irradiance sensor; (6) GPS
antenna; (7) wireless communication antenna; (8) battery chamber; (9) radiance sensor; (10) cone for the radiance
sensor, the open end of which lies below the surface; (11) depth adjuster; and (12) fixing bracket. Components are
illustrated in color for easy visualization; in real life, all components were painted black if required. (b) Detailed
configuration of the radiance sensor with the brush annotated. (c) Picture of a FOBY deployed in the field with an inset
picture showing the submerged cone of the radiance sensor.
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of Metrology of China (Li, 2001). They can simultaneously measure Ed and Lw with a spectral increment of
3.3 nm between 368 and 881 nm. Since FOBY is deployed in water, the demand for watertightness is met. A
black cone is connected to the radiance sensor that has a field of view (FOV) of 8° (Figure 1b). To ensure
direct measurements of Lw, the open end of the 15 cm high, 5 cm diameter cone is designed to be inserted
below the water surface at an adjustable depth. In this study, 2 cm was adopted as the immersed depth of
the cone (IDC) to minimize the contamination caused by the shadow of the radiance sensor in turbid waters.
The other end of the cone has a special shape as shown in Figure 1b. This configuration is designed to accom-
modate a brush to clean the surface of the radiance sensor. Tests in the laboratory have affirmed that the
FOV of the radiance sensor is not affected by the special shape.

2.3. Positioning and Transmission Module

As shown in Figure 1, a GPS antenna and a wireless transmission antenna are attached to FOBY. They are
both miniaturized to avoid being broken during field investigation. The GPS positioning component is used
to record the latitude and longitude of each deployment. Its horizontal positioning accuracy is better than
2.5 m. The wireless transmission antenna works in the frequency range of 410–441 MHz. It can support data
reception and command delivery between FOBY and the Ground Control System for about 3 km, which is
far beyond the layout distance.

2.4. System Control and Power Module

The control system adopted a PCM‐3363 processor. The processor is characterized by low power consump-
tion which is no more than 13 W. The battery is installed in the battery chamber as shown in Figure 1a. The
lithium battery is light in weight and has sufficient power which can meet the demands of continuous obser-
vation for more than 1 day.

3. Data and Method
3.1. Experiment Area

Honghu Lake, the seventh largest freshwater lake in China, covers an area of 348.2 km2. The lake connects
to the Yangtze River through a canal along its southeastern boundary. Honghu Lake is also a typical inland
shallow turbid lake with an average depth of 1.4 m. The variations of chlorophyll‐a (Chl‐a) concentration, SS
concentration, and colored dissolved organic matter (CDOM) in Honghu Lake are detailed in section 4.1.
The lake is characterized by rich biological resources, especially submerged aquatic vegetation (SAV) con-
sisting of Potamogeton maackianus A. Benn., Myriophyllum spicatum L., Hydrilla verticillata (L.f.) Royle,
Ceratophyllum oryzetorum Kom., and Potamogeton lucens L. (Zhang, 1998). It serves as an important area
for bird migration and breeding, as well as essential habitat for endangered species. Therefore, awareness
of water properties in the region is of great importance. However, remote sensing of the aquatic environment
and related field investigations has scarcely been reported in this area.

3.2. FOBY Data Collection and Processing

A field experiment was conducted on 23, 26, 27, and 28 March 2018 in Honghu Lake, China. The stations
visited are shown in Figure 2. At each station, the FOBY was deployed more than 20 m away from the ship
to minimize the reflection and shadowing of the ship hull. Each measurement was carried out after the ship
totally stopped, and the water surface calmed down to avoid white‐wash and ship wakes. For each deploy-
ment, 50 spectra of both Lw and Ed were recorded within 5 s synchronously. Given possible changes in the
stability and calibration of FOBY's radiometers due to transportation or variations in adjacent conditions,
radiance measurements using a standard diffuse reflector (Labsphere) were made on deck at each station.
The flow chart of data collection and processing is shown in Figure 3. In total, 60 stations were investigated.
Some of them were revisited on different days.

The methodology proposed by Lee et al. (2013) was adopted for FOBY data processing and is briefly
described here. Data had to be removed when the radiance sensor was submerged below the water surface
or when the cone was entirely above the surface. Contaminated data were identified through the following
steps: (1) The median and standard deviation of Lw for wavelengths >750 nm were calculated, (2) the spec-
trally averaged value of Lw for the range of 750–800 nm was obtained, and (3) contaminated data were
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recognized if the spectral mean is larger than the median plus three standard deviations. Ed data were also
visually inspected to remove those sharp changes caused by shadow or cloud. Rrs was calculated from

Rrs λ; tð Þ ¼ Lw λ; tð Þ
Ed λ; tð Þ (1)

with λ for wavelength and t for the observation time.

Self‐shading of the radiance sensor in FOBY is unavoidable. The self‐shading correction algorithm proposed
by Shang et al. (2017) was exploited in this study. The self‐shading scheme was evaluated and supported
using controlled experiment (Lin et al., 2020). The formulas are as follows:

ε ¼ 1 − exp −K
R

tan θwð Þ
� �

(2)

K λð Þ ¼ 3:15sin θwð Þ þ 1:15½ �e−1:57bb λð Þa λð Þ þ 5:62sin θwð Þ − 0:23½ �e−0:5a λð Þbb λð Þ (3)

a λð Þ ¼ aw λð Þ þ ach λð Þ þ as λð Þ þ ag λð Þ (4)

bb λð Þ ¼ bbw λð Þ þ bbch λð Þ þ bbs λð Þ (5)

Here R is the radius of the cone, θw is the subsurface zenith angle of sunlight, a is the total absorption coeffi-
cient, and bb is the total backscattering coefficient. Using Equations 2 and 3, self‐shading corrections were
applied to all Rrs data. R was set to 0.025 m according to the design of FOBY. θw was calculated using lati-
tudes and longitudes of stations along with the corresponding times of in situ measurements. The subscripts
w, ch, s, and g denote pure water, Chl‐a, SS, and CDOM, respectively. a is the sum of absorption from the four
optically active constituents, and bb is the sum of backscattering from pure water, Chl‐a, and SS. ɑw and bbw
spectra of pure water were taken from Lee et al. (2015) and Mason et al. (2016). ɑch, bbch, ɑs, and bbs was

Figure 2. Map of the experiment area, Honghu Lake, China. Red “x” symbols show all stations investigated during
a field survey between 23 and 28 March 2018. Open yellow circles show valid concurrent measurements by both the
FOBY and a PSR 3500 + spectroradiometer.
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expressed using the specific absorption or backscattering coefficients multiplied by the concentrations of
Chl‐a and SS, which were measured in the field (Lahet et al., 2000). Finally, the following equation was
used to remove the contribution of self‐shading to Rrs:

Rtrue
rs ¼ Rshaded

rs

1 − ε
(6)

where Rrs
shaded denotes the Rrs derived by FOBY and Rrs

true denotes the “true” Rrs after self‐shading
correction.

3.3. PSR Data Collection and Processing

Along with FOBY, a portable spectroradiometer (PSR 3500+, Spectral Evolution, Inc., Lawrence, MA, USA)
was used to collect Rrs following the above‐surface approach (ASA). Hereafter, PSR will be used for short.
The instrument covers a spectral range of 350–2,500 nm with a spectral resolution of 2.8 nm at 700 nm,
8 nm at 1500 nm and 6 nm at 2100 nm (https://spectralevolution.com/products/hardware/field‐portable‐
spectroradiometers‐for‐remote‐sensing/psr/). Total upwelling radiance above the water surface (Lt(λ)),
downwelling sky radiance (Lsky(λ)), and “gray plaque” radiance (Lp(λ)) reflected from a standard diffuse
reflector (Labsphere) weremeasured. At each station, 15 scans of Lt(λ), Lsky(λ), and Lp(λ) weremade for each
loop, respectively, and 3 loops were carried out. The measurement geometry followed the NASA Ocean
Optics Protocols (Mueller, 2003). A viewing direction of zenith angle ≈40° from the nadir and of azimuth
angle ≈135° from the Sun was used for sky radiance measurements. With this observation geometry, the
effects of Sun glint and nonuniform sky radiance could be minimized and instrument shading could be
avoided (Mobley, 1999).

Figure 3. The flow chart of FOBY data collection.

10.1029/2020JC016322Journal of Geophysical Research: Oceans

TIAN ET AL. 6 of 14

 21699291, 2020, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020JC

016322 by C
ochraneC

hina, W
iley O

nline L
ibrary on [01/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://spectralevolution.com/products/hardware/field-portable-spectroradiometers-for-remote-sensing/psr/
https://spectralevolution.com/products/hardware/field-portable-spectroradiometers-for-remote-sensing/psr/


Rrs spectra were calculated from the following equations:

Rrs λð Þ ¼ Lw λð Þ
Ed λð Þ ¼

Lt λð Þ − ρ λð ÞLsky λð Þ� �
ρp

πLp λð Þ (7)

where Lw(λ) is spectral water‐leaving radiance, Ed(λ) is spectral downwelling irradiance, ρ(λ) is the effec-
tive surface reflectance, and ρp is the reflectance of the gray plaque when viewed at a fixed angle. In the
present study, ρ(λ) varies with wavelength and is obtained utilizing a nonlinear spectral optimization
method and a biooptical model. For detailed calculation formulas and steps, please refer to Cui et al. (2013)
and Lee et al. (2010). Given the effects of cloud and boat movement, PSR measurements from 18 stations
were retained for later analysis (Figure 2).

3.4. Concentrations of Optically Active Constituents

Surface water samples were collected with a polyethylene bucket. In the laboratory, water samples were
filtered under low vacuum through Whatman GF/F filters with a pore size of 0.7 μm and stored in a
refrigerator at −20°C until extraction. Pigments were extracted with 90% acetone. Chl‐a was determined
spectrophotometrically (Ritchie, 2006). Samples were also filtered through 0.45 μm preweighted polycarbo-
nate filters. The filters were then dried at 40°C for 48 hours. SS was obtained by subtracting the weight of
blank filters. To determine the absorption of CDOM, water samples were filtered through 0.22 μm polycar-
bonate filters. The filtered samples were scanned from 190 to 1,100 nm with a spectrophotometer
(TU‐1810PC, Persee General Instrument, Ltd. Beijing, China). Milli‐Q water was used as a reference for
baseline correction. For residual scattering correction, the average over a 5 nm interval around 685 nm
was subtracted from the optical density spectrum (Babin et al., 2003). For details regarding CDOM determi-
nation, please refer to Zhao et al. (2018).

3.5. Other Data

During the entire observation period, meteorological parameters, including wind speed (0–5.3 m s−1) and
direction, were also recorded. To assess the Rrs data quality from FOBY, the quality assurance scheme devel-
oped by Wei et al. (2016) was implemented. A high‐quality assurance score (QAS) indicates high data
quality.

4. Results
4.1. Variations of Chl‐a, SS, and CDOM in Honghu Lake

Honghu Lake is a typical shallow lake with various water types. Figure 4 shows the spatial distributions of
Chl‐a, SS, and CDOM absorption at 350 nm (ag(350)) during the entire observation period. Chl‐a concentra-
tion varied in a relatively large range from 0.74 to 40.38 μg L−1, with high values in the northwestern part of
the study area and low values in the southeastern part. High Chl‐a was related to the inflow of freshwater
that may carry nutrients to the lake, supporting the growth of phytoplankton. SS ranged from 0.35 to
95.2 mg L−1. It was also high in the area where freshwater from upstream watersheds flowed into the lake.
In addition, high SS was found along the shipping channel where boats passed by and stirred up the bottom
sediment. ag(350) varied between 2.18 and 5.13 m−1 and showed a similar pattern to that of Chl‐a except for
that ag(350) was high along the shipping channel. The spectral slope of CDOM between 300 and 350 nm var-
ied from 0.015 to 0.026 nm−1. These results show good agreement with previous studies (Chen et al., 2009;
Zhou et al., 2017).

4.2. Rrs Spectra From FOBY

Figure 5 shows the self‐shading corrected Rrs spectra between 368 and 881 nm from FOBY for all stations. All
spectra peak around 580 nm and vary from 0.0034 to 0.017 sr−1, demonstrating a wide range of water types.
A shoulder around 650 nm is also discernable, which is related to the strong absorption of chlorophyll‐a and
phycocyanin (PC) as well as the fluorescence of PC (Soja‐Woźniak et al., 2017). The clear peaks of Rrs around
680–700 nm can be attributed to solar‐induced chlorophyll‐a fluorescence. The peak wavelength shifts
toward longer wavelengths as Chl‐a increases (Gitelson, 1993). This can be explained by the effects of the
combined absorption by pigment and water with increased Chl‐a (Schalles, 2006). The peaks around
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710 nm are more influenced by the SAV substrate. These features are similar to those observed in Taihu
Lake, bordered by Jiangsu and Zhejiang provinces, China (Ma et al., 2011).

Rrs spectra for representative water types observed in the study area are presented in Figure 6. Figures 6a and
6d show a field picture for waters with SAV and the corresponding Rrs spectrum, respectively. The spectral
peak around 720 nm is even higher than Rrs in the green region. Similar characteristics were reported for
waters with SAV (Visser et al., 2015; Yadav et al., 2017). Figures 6b and 6e display the field picture and
the corresponding Rrs spectrum for green waters with Chl‐a of 6.67 μg L−1, respectively. The spectrum is typi-
cal for turbid Case II waters with relatively high Chl‐a. Figures 6c and 6f present the field picture and the
corresponding Rrs spectrum for yellowish‐brown waters with SS as high as 95.2 mg L−1, respectively. Rrs
values for this water type are generally larger than those of the other two water types.

4.3. Comparison of Rrs From FOBY and PSR

Rrs in the near‐infrared and ultraviolet region is relatively low; thus, small fluctuations in ambient condi-
tions may result in large uncertainties in Rrs. Therefore, later analysis focuses on the spectral domain of

400–750 nm. For all 18 stations with quality‐controlled concurrent mea-
surements from both FOBY and PSR, the statistical parameters, including
coefficient of determination (R2), slope, and intercept from linear regres-
sions between Rrs from the two instruments, are shown in Figure 7. R2

is >0.94 for 415–700 and 735–750 nm while <0.94 for other spectral
ranges. The slope varied between 0.8 and 1.4. It was >1 for 400–585 and
735–750 nm, which indicated that Rrs from PSR was larger than that from
FOBY. The slope was <1 for 585–750 nm, demonstrating smaller Rrs
values from FOBY than from PSR. The intercept (Figure 7) ranged from
−0.00032 and 0.0012 sr−1. Given the complex optical properties of the
investigated water and heterogeneous distributions of SAV and its aniso-
tropic characteristics, these results demonstrate the validity of Rrs
acquired from the two schemes.

To further evaluate Rrs from FOBY and PSR, coefficients of variation
(CVs) for Rrs spectra of each station were calculated. CV is defined as
the standard deviation divided by the average of Rrs calculated frommulti-
ple measurements. The CV spectra at a station with Chl‐a concentration
of 6.67 μg L−1 and SS concentration of 4.51 mg L−1 are shown in
Figure 8. For FOBY‐derived Rrs at this station, CV ranged from 1.58% to

Figure 5. Remote sensing reflectance (Rrs) spectra collected by the FOBY for
all stations investigated in Honghu Lake, China, shown in Figure 2.

Figure 4. Maps of chlorophyll‐a (Chl‐a) concentration (a), suspended sediment (SS) concentration (b), and absorption
of colored dissolved organic matter (CDOM) at 350 nm (ag(350)) (c) during the observation period of 23–28 March
2018 in Honghu Lake, China.
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12.80% and was <5% for the spectral range of 400–730 nm. With respect to Rrs from PSR, CV varied from
4.01% to 11.20%. For the spectral range of 525–640 nm, CV from PSR was twice as large as that from
FOBY. Comparisons of CVs between the two schemes at other stations demonstrated similar findings.
Note that CV from FOBY was systematically smaller than that from PSR, demonstrating that the former
scheme provided more precise results than the latter one. QAS (Wei et al., 2016) was calculated for the
entire observation period. All QASs were higher than 0.98, which further shows the high quality of Rrs

from FOBY.

To further highlight the higher precision of Rrs from FOBY than from PSR, the averaged CV spectra for sta-
tions with concurrent measurements from the two schemes were calculated and displayed in Figure 9. For
Rrs from FOBY, the mean CV ranged from 3.6% to 7.0% for wavelengths shorter than 700 nm and <20% in
the spectral range of 700–750 nm. For Rrs from PSR, the mean spectral CV was generally greater than that
from FOBY. For wavelengths between 475 and 670 nm, the averaged CV from PSR ranged from 6.8% to
10.9%. For the shorter (400–475 nm) and longer (700–750 nm) wavelengths, the averaged CV reached
20.75% and 50.0%, respectively. The lower variability observed in FOBY data is consistent with the results
observed by Lee et al. (2013). Note that the higher variability of Rrs from PSR can be partly attributed to
the nonsimultaneous measurements of radiance for different targets. Simultaneous measurements can
reduce the uncertainties of Rrs caused by environmental sources.

Figure 6. Field pictures (a–c) of different waters and their corresponding Rrs spectra (d–f) collected in Honghu Lake,
China. Each pair of photos represents (a)/(d) water with a kelp substrate, (b)/(e) green water with a relatively high
Chl‐a, and (c)/(f) brown water with a high concentration of SS.
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5. Discussion and Outlook
5.1. Advantages of SBA and FOBY

The goal of obtaining Lw with an uncertainty of less than 5% in the blue spectral domain in clear waters is
widely accepted by the water color community. However, this has been proved difficult to achieve
(Zibordi et al., 2002). It is also more challenging to obtain precise and accurate measurements of Lw in turbid
waters. For decades, scientists have proposed different methodologies to improve the accuracy of Lw
measurements. Hooker and Maritorena (2000) showed that the objective of producing Lw within an uncer-
tainty of 5% in clear waters was achievable using in‐water radiometry. However, their results were limited to
measurements in oceanic waters, at local noon, and for the spectral range of 412–555 nm. Garaba and

Zielinski (2013) compared Rrs from above and in‐water measurements
and showed that the uncertainty ranged from 5% to 110% in the
410–555 nm spectral range. Lee et al. (2013) compared Lw via SBA with
that from in‐water profiles. They found that SBA can provide high preci-
sion measurements of Lw and that the uncertainty of Lw within 5% can
be attained in the spectral range of 400–650 nm. Their findings shed light
on the high precision measurement of Lw, and thus, the long‐standing
objective of Lw uncertainty less than 5% is achievable when all other
sources of random and systematic uncertainties can be addressed.

We developed a novel instrument, that is, FOBY, to directly measure Lw
based on the SBA scheme, from which Rrs can be derived. Comparisons
were also made for measurements from FOBY and PSR. Rrs from FOBY
demonstrated higher precision than that from PSR. Together with other
factors, such as rough sea surface, clouds, stratification of water column,
and wave‐induced light focusing, correction of surface‐reflected light is
critical for the acquisition of accurate Rrs data based on ASA.
Mobley (1999) used radiative transfer numerical models to estimate ρ in
a way that was dependent on sky conditions, wind speed, solar zenith
angle, and viewing geometry. He suggested a wavelength‐independent

Figure 7. Comparison between the FOBY and PSR derived Rrs in the spectral range of 400–750 nm. R2, slope, and
intercept derived from linear regressions are demonstrated here.

Figure 8. The coefficient of variation (CV) spectra of Rrs derived by the
FOBY and the PSR at a station with Chl‐a concentration of 6.67 μg L−1

and SS concentration of 4.51 mg L−1. Rrs spectra from FOBY are also
displayed here.
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value of ρ ≈ 0.028 for wind speed less than 5 m s−1. However, this is more
appropriate for overcast sky conditions than for clear‐sky conditions
(Lee et al., 2010). Cui et al. (2013) proposed an approach to obtain ρ
that was spectrally variable. Since ρ was related to wind speed, sky
condition, solar zenith angle, and viewing geometry, it varied between
different stations besides its spectral variability. Significant uncertainties
occur when removing skylight reflection using the existing approaches.
Conventional approaches for Lw also included measurements of upwel-
ling radiance from in‐water profiles or several centimeters below the
water surface. However, these methods involved propagation through
the air‐water interface, which also introduced uncertainties. Because
FOBY measured Lw directly, errors associated with the correction of
surface‐reflected light and propagation of upwelling radiance through
the air‐water interface can be avoided (Ruddick et al., 2019).

5.2. Uncertainties of FOBY Measurements

As demonstrated above, FOBY can provide Lw of high precision and low
variability. Nevertheless, it should be noted that uncertainties also exist
in FOBY data. Instrument self‐shading is unavoidable, as can be seen in
Figure 1b. Gordon and Ding (1992) and Leathers et al. (2001) proposed
approaches to account for instrument shading effects on Lw. Their meth-
ods estimated instrument self‐shading as a function of absorption coeffi-

cient, instrument size, and solar zenith angle. Zhao (2010) used Leathers et al.'s method to correct the
instrument self‐shading effect on Lw as measured in the turbid Pearl River estuary. Their results indicated
that the instrument self‐shading induced uncertainties of 2–9% in Lw. Shang et al. (2017) used Monte
Carlo simulations to characterize the self‐shading of a SBA system and found that the error caused by the
instrument's self‐shading varied in the range of ~1–20% for most water properties and solar positions. In this
study, instrument self‐shading was corrected to improve the accuracy of Lw measurements. By using a small
FOV and a small aperture for the radiometer, the self‐shading effect on Rrs from FOBY can be minimized
(Lee et al., 2013).

Another potential source of uncertainty is from situations when the radiometer is submerged or when the
cone rises above water surface. Data for these situations can be effectively removed based on data quality
control as implemented in this study. Rrs contaminated under those situations is significantly higher than
normal values because (1) the sensor measures upwelling radiance below water surface when it is sub-
merged and (2) the measured signal is total upwelling radiance when the cone is above water surface. In this
study, the open end of the black cone was inserted 2 cm below water surface in the turbid Honghu Lake. In
Lake Michigan and Green Bay, Lee et al. (2013) used a depth of 5 cm below the surface instead. The black
cone was integrated to block skylight and, meanwhile, not to interfere with the underwater light field.
With lessons learned from our field surveys, the effects of IDC on Rrs may be small for clear waters while
significant for turbid waters. However, how IDC affected Rrs from FOBY is still unknown. More experiments
will be conducted to quantitatively investigate the effect of IDC on Rrs from FOBY under different wind and
wave conditions. Protocols of measurement will be established to refine deployment and data processing to
minimize the potential uncertainties caused by IDC (Ruddick et al., 2019).

In addition, wind‐induced sensor tilt may result in uncertainties of FOBY‐derived Rrs. Our field experiment
was conducted in conditions with generally light winds. We found that CV of Rrs from FOBY under clear‐sky
conditions with wind speeds <2 m s−1 wassystematically smaller than that with wind speeds >2 m s−1. It
may be caused by the sensor tilt change on a relatively rough water surface, which led to apparent changes
in the viewing angle of the Ed sensor. This is also likely associated with the fact that SS was stirred up in the
shallow lake when the wind speed was large. However, due to the fact that most measurements were con-
ducted in relatively calm waters, other factors, such as illumination, water type, and water substrate types,
were not effectively controlled. To quantify the relationship between uncertainties of Rrs from FOBY and
wind speed is beyond the scope of the present study. It deserves further investigations in the future.

Figure 9. The mean CV spectra of Rrs for all concurrent measurements
from the FOBY (a) and the PSR (b) in Honghu Lake, China. The shaded
colors indicate the standard deviations.
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5.3. Future Perspectives on FOBY

As demonstrated above, FOBY has great advantages for accurate measurements of Lw. It can be easily
deployed over a wide range of environmental conditions. Using FOBY, the duration of individual measure-
ments can be significantly shortened, which is very helpful for observing Rrs in shallow waters without per-
turbation of the water column. FOBY can provide long‐term observations of Rrs at low cost for validation and
calibration of satellite sensors and real‐time continuous monitoring of water properties. Future versions of
the system will be minimized, in part to minimize the self‐shading of instrument. Meanwhile, the effect of
depth, that is, the position where the open end of the black cone is immersed below water surface, on the
FOBY performance will be investigated. A single‐axis or dual‐axis inclinometer will be installed to record
the FOBY tilts which are indispensable for quality control (Lee et al., 2019). All sensors will be customized
and installed according to individual needs. A cardanic gimbal will be mounted to stabilize the radiometers.
A propeller vane will be outfitted in the system to adjust the position of FOBY for optimal measurements. A
disposable FOBY could also be developed, which can drift with ocean circulations. Thus, optical properties
of water masses and their small‐scale features, such as submesoscale eddies, can be captured. Further, emer-
ging water pollutants, such asmicroplastics (Garaba &Dierssen, 2018), can be characterized by their spectral
signatures. By deploying a series of FOBYs, extreme events and their effects on aquatic environments can be
investigated in detail, based on which efficient policies can be made to minimize potential economic losses
and adverse effects on local ecosystems.

6. Conclusions

In this work, based on the SBA scheme, we developed a novel instrument, called FOBY, to measure Lw
directly, which is a key property for hydrooptics and water color remote sensing. An experiment was carried
out in Honghu Lake, China. Several water types, such as water with SAV, water with high chlorophyll‐a con-
tents, and water with high loads of SS, were investigated. FOBY demonstrated great precision, which can
help with fulfilling the long‐established objective of achieving a precision of Lw within 5%. Although
FOBY has great prospects and advantages, the precision and accuracy of Rrs from FOBY are affected by
self‐shading of the radiometric sensor and swaying of FOBY's floating body under strong winds, causing irra-
diance change and immersion of the radiometric sensor in water or swinging of the cone in the air. The
effects of IDC and wind speed on the uncertainties of Rrs from FOBY remain unclear and require additional
studies. Extensive experiments in the field covering more water types will be conducted in the future. Future
versions of the FOBYwill be more convenient to deploy and transport. Self‐shading of the instrument will be
minimized via the miniaturization of sensors.

Data Availability Statement

In situ data supporting this article are available at the following zenodo link (https://zenodo.org/record/
3979918#.XzMkzZgzaUk).
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