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Abstract: The data quality of the remote sensing reflectance (R;s) from the two ocean color satellites
HaiYang-1C (HY-1C) and HaiYang-1D (HY-1D) and the consistency with other satellites are critical
for the products. The Layer Removal Scheme for Atmospheric Correction (LRSAC) has been applied
to process the data of the Chinese Ocean Color and Temperature Scanner (COCTS) on HY-1C/1D.
The accuracy of the R,s products was evaluated by the in situ dataset from the Marine Optical BuoY
(MOBY) with a mean relative error (MRE) of —1.56% and a mean absolute relative error (MAE) of
17.31% for HY-1C. The MRE and MAE of HY-1D are 1.05% and 15.68%, respectively. The comparisons
of the global daily R,s imagery with the Moderate Resolution Imaging Spectroradiometer (MODIS)
on Terra show an MRE of 10.94% and an MAE of 21.38%. The comparisons between HY-1D and
Aqua exhibit similar results, with an MRE of 13.31% and an MAE of 21.46%. The percentages of valid
pixels of the global daily images of HY-1C and HY-1D are 32.3% and 32.6%, much higher than that
of Terra (11.9%) and Aqua (11.9%). The gaps in the 8-day composite images have been significantly
reduced, with 83.9% of valid pixels for HY-1C and 85.4% for HY-1D, which are also much higher
than that of Terra (52.9%) and Aqua (50.9%). The gaps due to the contamination of sun glint have
been almost removed from the 3-day composite imagery, with valid pixels of 63.5% for HY-1C and
65.6% for HY-1D, which are higher than that of the 8-day imagery of Terra and Aqua. The patterns
of HY-1C imagery exhibit a similarity with those of HY-1D, but they are different on a pixel scale,
mainly due to the changes in the ocean dynamic features within 3 h. The evaluations of the COCTS
indicate that the imagery of HY-1C/1D can be used as a kind of standard product.

Keywords: atmospheric correction; ocean color remote sensing; evaluation; LRSAC; COCTS; HY-1C;
HY-1D; MODIS; MOBY

1. Introduction

The Haiyang-1C (HY-1C) satellite, launched on 7 September 2018, is China’s third
ocean color satellite and is the first operational one, as both HY-1A and HY-1B were the
experimental satellites [1]. The HY-1D, with the same payloads as HY-1C, was launched on
11 June 2020 [2]. The HY-1C is the morning satellite and the HY-1D is the afternoon satellite
equipped with the Chinese Ocean Color and Temperature Scanner (COCTS), Coastal Zone
Imager (CZI), Ultraviolet Imager (UVI), Satellite Calibration Spectrum (SCS) and Automatic
Identification System (AIS). The UVI, SCS and AIS are the new sensors comparing to
HY-1A/1B. The specifications of COCTS and CZI have been improved compared to those
on HY-1A/1B. The COCTS has eight visible channels for ocean color remote sensing and
two infrared bands for the sea surface temperature [3,4]. The layer removal scheme for
atmospheric correction (LRSAC) was used to process the COCTS data to obtain the spectral
remote sensing reflectance (Rys) products [5]. The performance of these products is critical
to deriving the ocean biological and biogeochemical parameters because any results derived
from Rys are subject to significant uncertainty [6].
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As residual errors in atmospheric correction (AC) can introduce large uncertainties
in R,s estimates, many previous works have been conducted to evaluate the performance
of R;s products from various AC algorithms of ocean color satellites [7-9]. Doxani et al.
tested a wide range of AC algorithms and highlighted the strengths and limitations of
each algorithm over different land cover types [7]. Wei et al. assessed the NIR-short-wave
infrared (NIR-SWIR) approach among the four AC algorithms and produced the most
robust Ry estimates from Landsat 8 [8]. Ilori et al. evaluated the performances of four
different AC algorithms to determine which method produces the most robust R,s products
in shallow coastal waters [9]. To improve the quality of R;s products, many new AC
approaches have been developed with the support of various characteristics of the satellite
remote sensing data for different ocean regions [10-17].

The performance of the standard R;s products from the operational AC algorithm for
the Moderate Resolution Imaging Spectroradiometer (MODIS) has been well validated
and proved to be consistently of high quality and stable long term [18-21]. Goyens et al.
used four AC algorithms to compare the accuracy of MODIS products [18]. Carswell et al.
evaluated the performance of MODIS-Aqua products from the three AC methods [19].
These products were used as benchmarks or references for the evaluation of R;s produced
by HY-1C/1D, especially the consistency evaluation of COCTS-retrieved products, which
is critical for some long-term studies [22]. The consistency of ocean color products was
evaluated between the Visible Infrared Imaging Radiometer Suite (VIIRS) on the Suomi
National Polar-orbiting Partnership (SNPP) and the National Oceanic and Atmospheric
Administration (NOAA)-20 [23]. In fact, this “satellite-satellite” comparison methodology
was inspired by the cross-calibration technique for satellite sensors [24-27] and is used to
evaluate the consistency of COCTS-retrieved products with those of MODIS.

The atmospheric correction plays a critical role in satellite remote sensing, and many
algorithms have been developed. One great advance was the scheme partitioning the
satellite-received signal into atmospheric and oceanic components [28]. However, it is not
suitable that these components are linearly partitioned because they are actually coupled
among them. A Layer Removal Scheme for Atmospheric Correction (LRSAC) model was
developed to use some nonlinear equations to remove the effects of each layer from the
satellite-received radiance using a step-by-step procedure [5]. The LRSAC model was used
to process the COCTS data on HY-1C and HY-1D.

Although China launched the first ocean color satellite (HY-1A) twenty years ago,
the available data of HY-1A and HY-1B were very limited. Now, all remote sensing data
of HY-1C and HY-1D are available for free from the website, and other data from new
powerful satellites will also be available soon due to the approval of the proposal for these
new satellites. The performance of the satellite-retrieved products becomes critical for the
time series studies with other satellites. The paper starts with descriptions of satellite data
and the AC scheme for deriving R;s productions of COCTS. Then, the in situ R;s from
the Marine Optical BuoY (MOBY) was used to evaluate the accuracy of products from
HY-1C/1D. Next, the performance of the global daily and 8-day composite R;s imagery
of HY-1C was evaluated by Terra, and that of HY-1D was evaluated by Aqua. Finally, we
discussed the effects of reducing the coverage of the sun glint contamination by the merged
imagery of HY-1C/1D on the same day, the coverage of valid pixels in the 3-day composite
imagery for the replacement of 8-day composite products, the spectral variations of R;s at
different bands and temporal changes within 3 h across the ocean dynamic features for the
uncertainty in the evaluations of satellite-retrieved products.

2. Materials and Methods
2.1. Satellite Data and In Situ Data

The remote sensing data of COCTS on HY-1C/1D are available from the website
(https:/ /osdds.nsoas.org.cn/ (accessed on 30 December 2021)). Each file contains a record
of about 5 min of satellite data. A total of 148,270 L1B files of HY-1C, with the period
of 11 September 2018 to 31 May 2021, were downloaded. The downloaded HY-1D data
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include a total of 20,915 L1B files from 16 June 2020 to 31 October 2020. These files are
processed to obtain the R;s products using the LRSAC model [5].

The global satellite-retrieved R,s imagery of MODIS on Terra and Aqua was down-
loaded from the NASA Ocean Color website (http:/ /oceancolor.gsfc.nasa.gov (accessed
on 20 January 2022)). This imagery is used to evaluate the performance, and Table 1 lists
the comparison of some specifications between MODIS and COCTS. The atmospheric
correction algorithm was proposed on the near-infrared (NIR) method [28], and two SWIR
bands were used instead of NIR bands to compute the aerosol epsilon in turbid waters [29].
An iterative procedure is applied for the implementation of the method, and the iteration
will not end until the relative difference of R;s between the satellite-retrieved imagery and
a bio-optical model is less than 2% at the red band [13]. As the wavelengths of MODIS are
different from those of COCTS, the values of R,s were adjusted by the wavelengths of the
two sensors using the distance weight method:

Rrs(/\O) = (1 — W) X Rrs()\l) +w X Rrs(/\Z)r (1)

where Rys(Ag) is the adjusted value of R;s with the same wavelength of COCTS. Rys(A1) and
Rys(A2) are the two Rys values with the two nearest bands of MODIS, and their wavelengths
are used to compute the term W = (Rys(Ag) — Res(A1))/ (Res(A2) — Res(A1)).

Table 1. Comparison of the technical specifications between the COCTS and MODIS sensors.

Ocean Color Sensor Band Central Wavelength (nm) Range (nm) Bandwidth (nm) Signal-to-Noise Ratio
COCTS 1 412 402~422 20 349
MODIS 8 412 405~420 15 880
COCTS 2 443 433~453 20 472
MODIS 9 443 438~448 10 838
COCTS 3 490 480~500 20 467
MODIS 10 488 483~493 10 802
COCTS 4 520 510~530 20 448
MODIS 11 531 526~536 10 754
COCTS 5 565 555~575 20 417
MODIS 12 551 546~556 10 750
COCTS 6 670 660~680 20 309
MODIS 13 667 662~672 10 910
COCTS 7 750 730~770 40 319
MODIS 15 748 743~753 10 586
COCTS 8 865 845~885 40 327
MODIS 16 869 862~877 15 516

From Table 1, it can be seen that the central wavelength of eight COCTS visible bands
is close to that of the ocean color bands of MODIS, but the bandwidth of each band is wider
than that of MODIS, and the Signal-to-Noise Ratio (SNR) is lower than that of MODIS.
These limitations of specifications may influence the data quality of COCTS and need to
be improved for the new ocean color satellites. The spatial resolution of one COCTS pixel
at nadir is about 1.1 by 1.1 km, which is similar to that of MODIS ocean color bands. The
Swath of COCTS at the Equator is wider than 2900 km, which is much higher than that of
MODIS (2330 km).

The MOBY is a radiometric observatory that served as the primary sea surface cal-
ibration site for many ocean color satellite missions, providing calibrated R,s from the
spectral upwelling radiance and downwelling irradiance at different depths [30]. The
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data were downloaded from the Moss Landing Marine Laboratories (MLML) MOBY data
archive (https:/ /www.mlml.calstate.edu/moby (accessed on 25 January 2022)). Actually,
these in situ measurements of R;s provide a nice dataset for evaluating the accuracy of
the satellite-retrieved values of HY-1C/1D. The R;s was obtained from the hyperspectral
instruments, which can be accurately changed to the values on the wavelengths of COCTS
using the spectral response functions of the sensor. Normally, the reflectance of MOBY was
measured three times in one day at morning, noon and afternoon time, respectively. The
morning time is around 10:30 a.m. local time, which is almost the same as the overpass
time of HY-1C. The afternoon is around 1:30 p.m., which is almost the same as that of
HY-1D. Therefore, it provides an ideal condition for the time window of the matchups.
The reflectance measured at noon time was used when the above measurements were not
available. The continuous daily measurements of MOBY also provide many matchups
during a long time period. A total of 728 spectra were selected for HY-1C during the period
from 10 September 2018 to 31 May 2021, and 57 spectra were used for HY-1D during the
period from 16 June 2020 to 31 October 2021.

2.2. The Atmospheric Correction Scheme of COCTS on HY-1C/1D

Traditionally, the satellite signal is linearly partitioned into several components, but
these components are coupled with each other. They are decoupled one-by-one using the
nonlinear approach in the LRSAC model based on the five-layer structure according to the
sunlight radiative transfer path in the Sun-Earth-satellite system [5]. The first step is to
remove the atmospheric absorption of Layer 1 from the satellite Ry:

Ry (/\) = Rt()\>/taa()‘)r )

where A is the sensor spectral wavelength, R; (1) is the Rys at the top of Layer 2 and t,4(A) is
the transmittance of total gaseous absorption, which includes ozone, oxygen, water vapor
and carbon dioxide [31]. The reflectance at the top of Layer 3 (Ry(A) ) is obtained by the
removal of the Rayleigh scattering reflectance:

Ry(A) = (R1(A) = Re(A))/ (t:(A) + Ry (A) - Sr(A) = Re(A) - Si(A)), ®)

where R, (1), t-(A) and S;(A) are the Ry, transmittance and the downward spherical albedo
of the Rayleigh layer, respectively. These values are computed from the Rayleigh look-up-
tables (LUTs) generated by the 65V (Second Simulation of a Satellite Signal in the Solar
Spectrum, a vector version 3.2) with ancillary wind speed data and air mass correction
based on the ancillary surface pressure data [32,33]. Similarly, the surface reflectance R3(A)
is obtained from the removal of the aerosol scattering reflectance:

R3(A) = (R2(A) —Ra(A))/ (ta(A) + Ra(A) - Sa(A) = Ra(A)), 4)

where R;(A), t;(A) and S, (A) are the Ry, transmittance and the downward spherical albedo
of the aerosol layer, respectively. These values are computed from the aerosol LUTs of
multiple scattering using the 6SV code. The R;s(A) is obtained from the removal of the
reflection of sun glint and whitecaps:

Rrs(A) = R3(A) — Rg()‘) — Rue(A), ©)

where R¢(A) and Ry (A) represent the Rys of the surface glint in the specular direction and
that contributed by whitecaps and foams on the surface [34]. These values are calculated
using Fresnel theory and a statistical water surface model [35,36]. It should be noted that
all of the above equations are dependent on pixel-by-pixel observing geometry (the solar
zenith angle, sensor zenith angle and relative azimuth angle).
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2.3. The Evaluation Method

The accuracy of R;s may be estimated by two statistical indices: the systematic error
represented by the mean relative error (MRE) and the random error defined by the mean
absolute relative error (MAE), the root mean square (RMS) and the coefficient of determina-
tion (R?) [5]. As values of MRE and MAE are easily influenced by some pairs with large
relative errors (RE), the median percent difference (MPD) and median absolute percent
difference (MAD) are also used for the evaluation [19].

The matchup exercise should be carefully performed before the comparison of data
from different sources. For the comparison of satellite R,s products between COCTS and
MODIS, the matchups are based on one pixel scale due to the similar spatial resolution of
about 1 km. The overpass time of HY-1C is around 10:30 a.m. local time, which is close to
that of Terra. The overpass time of HY-1D is around 1:30 p.m., which is close to that of Aqua.
Therefore, the products of Terra are used to evaluate those of HY-1C, and those of Aqua are
used for HY-1D. To make the matchup procedure easy, all data are projected into the daily
global images with a spatial resolution of 4 by 4 km. The matchup approach was plain on
the condition of both valid pixels of the two images on the same locations, which excluded
the pixels flagged with land, clouds, stray light, sun glint and atmospheric correction failure.
Other conditions such as the spatial window of several pixels and the filtering criteria of
the coefficient of variation for homogeneity are not used in our evaluation.

The time window of COCTS and MOBY was set within 2 h for the matchups, ensuring
that the measurements of MOBY at noon time can be used when the measurements at the
morning or the afternoon were not available. All COCTS data were projected into the same
region, with a spatial resolution of 1 by 1 km. The location at the MOBY site was the center
of the region, and only the valid value of one pixel at the center was used for the matchups.

3. Results
3.1. Validation by MOBY Measurements

The L1B file of HY-1C on 6 October 2020 was selected and projected into the MOBY
region with latitudes of 17-23 degrees and longitudes of —160 to —140 degrees, as shown in
Figure 1c, which is a pseudo image of Bands 1-3. The MOBY site is marked as the red cross,
and Figure 1e shows the comparison of R;s at COCTS/HY-1C wavelengths between the
MOBY-measured and satellite-retrieved images. The image in Figure 1c exhibits patterns of
ocean dynamic features, with two blue lines to demonstrate the structures of spectra. The
composite image of HY-1D is shown in Figure 1d, with the spectra comparison in Figure 1f.
In comparison, the images from MODIS on Terra and Aqua on the same day are also shown
in Figure 1a,b, respectively. The pixel scale of MODIS in Figure 1 is about 4 by 4 km, and
that of COCTS is about 1 by 1 km.

The presence of clouds is the main factor producing invalid pixels of satellite images.
The images in Figure 1 are relatively good, with a few coverages of clouds which are
marked as white. The percentages of clouds in the two images are 17.8% for HY-1C and
20.2% for HY-1D. The distributions of clouds change from mornings to afternoons, and the
merged image on the same day can significantly reduce the coverage of clouds (5.6%). The
patterns of some ocean dynamic features can be identified from the image structures, and
the distribution of the features in the HY-1C image exhibit similarity with those of HY-1D.
It demonstrates that some ocean circulations can still be identified even with areas partly
covered by clouds. Of course, the patterns of the merged image can reveal more details of
the dynamic ocean features.

The comparison of the spectra shows that the satellite-retrieved reflectance is close
to that of the in situ measurements. However, some values are still relatively large at
some bands. In fact, the measurements of spectra from MOBY are relatively stable, but
the differences at Band 4 reach higher than 10% between mornings and afternoons. The
differences at Band 6 become much larger due to the small magnitudes of the R,s at longer
wavelengths in the open ocean. A small variation in the magnitude can easily lead to an
RE value higher than 100%, which significantly affects the result of statistical computation.
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Figure 1. The composite R;s images of Bands 1-3 from the MODIS on 6 October 2020 with Terra (a)
and Aqua (b); those from COCTS on HY-1C (c) and HY-1D (d), where the red cross marks the position
of the MOBY site and two blue lines (A and B) are used to demonstrate the structures of spectra along
the lines in Figures 12 and 13; the spectral R;s comparison of the in situ measurements at the MOBY
site (red line) and the satellite-retrieved images (green line) for HY-1C (e) and HY-1D (f).

The matchups were established from the MOBY measurements at mornings and the
valid pixels of the HY-1C at the MOBY site on the same day, obtaining a total of 469 pairs,
as shown in Figure 2. All matchups at six bands were displayed to examine the robust
performance of the satellite-retrieved products.

Figure 2 shows that most dots fall around the 1:1 line, indicating that the satellite-
retrieved R, values agree reasonably with those from the MOBY measurements. Each
subfigure exhibits a concentrated cluster of data pairs with the center located at the
1:1 lines, indicating that the systematic errors of satellite-retrieved R,s at six bands are
relatively small.

Due to the independent distributions of dots in Figure 2, it is reasonable to display
all matchups to check the robust performance of the algorithm, but the statistical results
may be influenced by some pairs with large RE values. The largest RE of one pair is higher
than 1865%, and values of some pairs become invalid due to the zero of the in situ Ry



Remote Sens. 2022, 14, 6372

7 of 20

at Band 6. The value of MRE will increase by 3.84% when the pair with the largest RE
takes part in computing; the statistics and the MRE value will increase to 39.7% if the
number of matchups decreases to 47. It is obvious that the results of MRE deviating from
the actual bias of the satellite-derived R;s from some pairs with large RE values. To reflect
the actual situation of the relative error, the pairs with RE values higher than 100% are
taken as outliers and excluded from the statistical calculations in Table 2. For MPD and
MAD, all matchups are included in the computation.
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Figure 2. The comparison of Rys matchups between COCTS/HY-1C and MOBY measurements on
the same day, with the density of dots indicated by different colors. Subfigures (a—f) represent the
values at Bands 1-6.

Table 2. Comparison of the R,s between the COCTS/HY-1C and MOBY measurements.

Wavebands 1 2 3 4 5 6 Mean
Mean Rm (sr—1) 0.01117 0.00882 0.00538 0.00242 0.00106 0.00012 0.00483
Mean Rsat (sr—1) 0.01112 0.00844 0.00526 0.00233 0.00099 0.00011 0.00471
MRE (%) 2.34 —2.31 —0.29 —0.88 —3.09 —5.15 —1.56
MAE (%) 16.37 14.73 14.11 15.97 17.85 24.81 17.31
MPD (%) —1.49 3.05 0.94 2.11 8.93 230.43 40.66
MAD (%) 13.95 13.09 11.97 14.54 22.29 230.43 51.05
RMS (st~ 1) 0.00227 0.0017 0.001 0.0005 0.0002 3.93 x 107° 0.00095
R? 0.34 0.27 0.20 0.19 0.38 0.83 0.37
Number of pairs 455 457 452 434 368 99 377

From Table 2, the mean values of the satellite-retrieved R,s are close to those of
the MOBY measurements at the six bands. The MRE values vary around 5%, with a
mean of —1.56%, which are close to those of MPD, except for Band 6. The MAE values
vary around 15%, with a mean of 17.31%, which are close to those of MAD, except for
Band 6. The RMS value at Band 6 is small (3.93 x 1072 sr~!), and the largest RMS is Band 1
(0.00227 sr’l), which is consistent with the mean values of reflectance. The percentages with
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an RE higher than 100% are 0.43%, 0.64%, 0.64%, 1.92%, 8.53% and 68.87% for Bands 1-6,
respectively, indicating that the RE values of most pairs at Band 6 are higher than 100%. It
causes the number of pairs significantly reduces from 455 at Band 1 to 99 at Band 6. This
demonstrates that both MAD and MPD at Band 6 are much higher than MRE and MAE. As
the magnitudes of Rys at Band 6 are only about 1% of those at Band 1, the magnitudes at
different bands are the important factors affecting the result of the relative errors.

Similarly, the matchups were established from the MOBY measurements at around
13:30 and the valid pixel of the COCTS/HY-1D on the same day. A total of 38 pairs were
obtained, and all pairs are shown in Figure 3.
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Figure 3. The comparison of R;s between the COCTS/HY-1D and MOBY measurements on the same
day. Subfigures (a—f) represent the values in Bands 1-6, respectively.

Figure 3 shows that most matchups are distributed around the 1:1 line, indicating
that the satellite-retrieved R,s of COCTS/HY-1D agree well with those from the MOBY
measurements. All matchups are used to compute the values of MPD and MAD, while the
pairs with an RE higher than 100% are excluded from the computation of other statistical
metrics in Table 3.

Table 3. Comparison of the R,s between the COCTS/HY-1D and MOBY measurements.

Wavebands 1 2 3 4 5 6 Mean
Mean Rm (sr 1) 0.0111 0.0086 0.0054 0.0024 0.00107 0.0001 0.00478
Mean Rsat (st~ 1) 0.0112 0.0083 0.0051 0.0023 0.00103 0.0001 0.00467
MRE (%) 2.25 —2.55 —3.58 —2.16 —0.25 12.61 1.05
MAE (%) 11.59 11.32 10.34 13.46 15.45 31.94 15.68
MPD (%) —1.98 2.79 2.09 —-0.72 5.91 129.71 2297
MAD (%) 10.66 10.16 9.53 11.42 15.77 129.71 31.21
RMS (sr 1) 0.00183 0.00151 0.00078 0.00046 0.00019 351 x 107° 0.0008
R? 0.21 0.17 0.17 0.11 0.31 0.33 0.22
Number of pairs 36 36 35 35 31 9 30
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From Table 3, it can be seen that the mean values of HY-1D R, are close to those of
MOBY at six bands. The MRE values vary from —0.25% at Band 5 to 12.61% at Band 6, with
a mean of 1.05%. The MPD values are close to those of MRE at corresponding bands, except
for Band 6. The MAE values vary around 12%, with a mean of 15.68%, which are similar to
those of MAD. Both the MPD and MAD at Band 6 are much larger than MRE and MAE
due to the high percentage of big RE values. The RMS values vary from 3.51 x 1075 sr~!
(Band 6) to 0.00183 sr~! (Band 1), which is consistent with the mean values of R,s. The
coefficients of determination are relatively low (around 0.2). The number of pairs reduces
from 36 at Band 1 to 9 at Band 6. As all matchups are used to compute the values of MPD
and MAD, these two metrics can reflect the actual performance of the satellite-retrieved
Rys products.

3.2. The Comparison of the Daily Rs(A) Image

A total of 182 L1B files on 1 October 2020 were processed to obtain R,s by the LRSAC,
and then the data at Band 1 were projected into a global image with a spatial resolution of
4 by 4 km, as shown in Figure 4a, together with an image at Band 8 of MODIS/Terra on
the same day in Figure 4b. The two satellites observe the ocean at around 10:30 local time,
reducing the differences of the reflectance due to the time window.
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Figure 4. The comparison of the global daily Rys image on 1 October 2020 with (a) COCTS/HY-1C at
Band 1 and (b) MODIS/Terra at Band 8. The magnitudes of image pixels are indicated by the color
bar with the unit of sr—!. Invalid pixels are masked black and land grey.

A first look at the two images in Figure 4 reveals the large difference in the valid
pixels, with 32.3% for HY-1C, almost three times that for Terra (11.9%). This difference
is caused by several factors. One factor is the swath of COCTS wider than 2900 km in
Equatorial regions, completely covering the whole global ocean with one day revisiting
period. Meanwhile, the viewing zenith angles become large at the borders of the scan lines,
with the largest value being higher than 72°. The capability of the LRSAC is important in
processing the data with the condition of high viewing zenith angles. The second factor is
the capability of the LRSAC in the presence of a high aerosol optical depth [5]. The third
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factor is the performance of the LRSAC in the high-latitude regions with large values of
solar zenith angles [5]. The fourth factor is the performance of the LRSAC in recovering
some contaminated pixels by removing the effect of the glint reflectance with values lower
than 0.03 sr~!. The comparisons exhibit that the gaps in the COCTS/HY-1C images are
significantly reduced and improve the visibility of ocean dynamic features.

The consistency of the R,; imagery between HY-1C and Terra was evaluated by the
matchups that were established from the two images when both pixels were valid on the
same location, as shown in Figure 5.
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Figure 5. Evaluation of the consistency of the daily global R;s imagery between COCTS/HY-1C and
MODIS/Terra on 2 October 2020 at six bands (a—f).

It is clear that most dots of matchups fall around the 1:1 lines for all six bands, and the
concentrated clusters of pairs locate at the line in six subfigures. The patterns of Figure 5
indicate that the R;s of HY-1C agree well with those from the Terra, and the biases between
HY-1C and Terra are relatively small. All pairs are used to compute MPD and MAD, as
shown in Table 4, but some pairs with an RE higher than 100% are excluded from the
computations of other metrics.

Table 4. The evaluation of the R;s of HY-1C on 2 October 2020, using those of Terra as the truth values.

Wavebands 1 2 3 4 5 6 Mean
MRE (%) 3.35 8.87 13.12 13.02 13.84 13.42 10.94
MAE (%) 18.48 19.01 19.97 22.01 24.09 24.73 21.38
MPD (%) 9.29 10.82 6.52 8.77 6.89 62.71 17.5
MAD (%) 16.39 16.11 13.76 16.56 30.68 93.09 31.09

RMS (sr1) 0.0062 0.0051 0.0038 0.0028 0.0018 0.0015 0.0035

R? 0.90 0.86 0.78 0.66 0.88 0.93 0.83
Number of pairs 57,849 59,424 64,876 54,144 27,302 8409 45,334

From Table 4, it can be seen that the MRE values vary from 3.35% at Band 1 to 13.84%
at Band 5, with a mean of 10.94%. The MPD values vary around 9%, except for Band 6
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(62.71%). The MAE values range between 19.48% and 24.73%, with a mean of 21.38%. The
MAD values vary around 16%, except for Band 6 (93.09%). The RMS values vary from
0.0015 sr~! (Band 6) to 0.0062 sr~! (Band 1). Comparing the RMS values with those of
MOBY in Table 1, the values are much larger, by about 3 times at Band 1 and 40 times at
Band 6. The coefficients of determination are relatively high, with values from 0.66 (Band 4)
to 0.93 (Band 6).

The HY-1D is the afternoon satellite with an overpass time at the Equator around
13:30 P.M. local time, which is close to that of the Aqua. It obviously reduces the differences
due to the time window and the comparison of the two images at the blue band is shown
in Figure 6. Clouds are the main cause reducing the number of valid pixels, and clouds are
flagged by the values of R;s at the two NIR bands (>0.005 sr~1) for oceanic waters.
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Figure 6. The comparison of the global daily R,s image on 2 October 2020 with (a) COCTS/HY-1D at
Band 1 and (b) MODIS/Aqua at Band 8. The magnitudes of image pixels are indicated by the color
bar with the unit of sr—!. Invalid pixels are masked black and land grey.

As expected, the spatial distributions of the R;s image from COCTS/HY-1D are similar
to those from MODIS/Terra. The areas with high values of HY-1D are consistent with those
of Terra, mainly distributed around the middle latitude regions. The main difference of the
two images is the number of valid pixels, which is 32.6% of HY-1D, much higher than that
of Aqua (11.9%). The smaller gaps in the HY-1D image also benefit from the performance
of the LRSAC in the AC procedure under the conditions of high viewing zenith angles, a
high solar zenith angle and a high aerosol optical depth. The values of Aqua were used to
evaluate the consistency of R,s of HY-1D, and the matchups were established from both
valid pixels, as shown in Figure 7.

The scatterplots of the COCTS/HY-1D versus the MODIS/Aqua at six bands show
that most dots are distributed around the 1:1 line. The patterns in Figure 7 are similar to
those in Figure 5, indicating that the values of the R,s imagery from HY-1D are comparable
with those of Aqua. To evaluate the consistency of the satellite-retrieved products of HY-1D,
the matchups were established from the same valid pixels of the two images, and the values
of Aqua are taken as the truth data. Similarly, all pairs are used to compute MPD and MAD,
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but some pairs with an RE higher than 100% are excluded from the computations of other
metrics in Table 5.
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Figure 7. Evaluation of the consistency of the daily global R,s imagery between C CTS/HY-1D and
MODIS/Aqua on 2 October 2020 at six bands (a—f).

Table 5. The evaluation of the R;s of COCTS/HY-1D on 2 October 2020, using those of Aqua as the
truth values.

Wavebands 1 2 3 4 5 6 Mean
MRE (%) 11.07 13.37 12.92 14.74 14.31 13.46 13.31
MAE (%) 19.45 20.56 19.98 21.69 23.7 23.36 21.45
MPD (%) 14.01 9.35 —0.54 0.81 417 —15.14 211
MAD (%) 20.92 17.86 13.45 14.81 25.82 61.93 25.79

RMS (s 1) 0.0069 0.0056 0.0039 0.0028 0.0018 0.0015 0.0037

R? 0.91 0.87 0.81 0.71 0.89 0.94 0.85
Number of pairs 48,672 56,006 67,008 58,694 35,059 12,076 46,253

From Table 5, the MRE values vary from 11.07% at Band 1 to 14.74% at Band 4, with
a mean of 13.31%. The MAE values range between 19.45% and 23.36%, with a mean of
21.46%. The MPD values vary about 10% and the MAD values vary about 20%. The
RMS values decrease from 0.0069 sr~! (Band 1) to 0.0015 sr~! (Band 6). The coefficients of
determination are also relatively high, from 0.71 to 0.94. These values are close to those in
Table 3 at corresponding bands, indicating that the consistency of R;s products between
HY-1C and Terra is similar to that between HY-1D and Aqua.

3.3. The Comparison of 8-Day Composite Products

Due to the low coverage of valid pixels in the global daily R,s images, the 8-day
composite imagery can significantly reduce the gaps which are provided on the website as
a kind of standard product. The 8-day image, produced from the R,; images of COCTS/HY-
1C during the period of 7 to 15 October 2020, is shown in Figure 8a, together with that from
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Terra in the same time period in Figure 8b. It is obvious that there are still many gaps that
are empty for the composite images, such as some areas due to high AOD distributions
over the oceans caused by the Saharan dust, which can last for a period of time [37].

70
0.025

50
, 0.02
30

10 0.015

-10 F
0.01

Latitude (Degree)

-30

0.005
-50

-70

70
0.025

50

0.02
30

10 0.015

-10
0.01

Latitude (Degree)

-30

0.005
-50

-70
-180 -140 -100 -60 -20 20 60 100 140

Longitude (Degree)

Figure 8. The comparison of the 8-day composite R;s image between COCTS/HY-1C at Band 1 (a)
and MODIS/Terra at Band 8 (b). Both are produced from the global daily images during the period
of 7 to 14 October 2020. The magnitudes of image pixels are indicated by the color bar with the unit
of st~ 1. Invalid pixels are masked black and land grey.

The numbers of valid pixels in the two composite images significantly increase by
83.9% for HY-1C and by 52.9% for Terra. The increase in valid pixels improves the usability
of the large-scale ocean features and helps reveal the spatial structures of the dynamic
ocean in the composite images [23]. High values are distributed in the Pacific in the latitude
range of 10-30 degrees. These regions are consistent with the five gyres, with the lowest
primary productivity referred to as “ocean deserts” [38].

Comparing the two images in Figure 8, the differences in valid pixels are significant.
Only 16.1% of the regions of HY-1C are covered with invalid pixels, while the number
reaches to 47.1% for Terra. From the spatial distribution, most of the invalid pixels in the
Equatorial regions are mainly due to the presence of a high AOD, and the numbers of
valid pixels between the images are large. For the region with latitudes between —50 and
50 degrees, the percentage of invalid pixels of HY-1C is only 6.9%, which is much lower
than that of Terra (37.7%). The invalid pixels around the two poles are mainly due to the
weak sunlight under high solar zenith angles, and the differences between the two images
are also significant. The percentage of invalid pixels of HY-1C in the regions with latitudes
higher than 50 degrees is 5.9%, which is much lower than that of Terra (40.2%). Similarly, a
comparison of the 8-day composite images between HY-1D and Aqua is shown in Figure 9.

The numbers of valid pixels are also significantly different between the HY-1D images
(85.4%) and the Aqua image (50.9%). Similarly, the percentage of invalid pixels of HY-1D is
about 7.8%, which is much lower than that of Terra (55.3%) for the region with latitudes
between —50 and 50 degrees. The percentage in the regions with latitudes higher than
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50 degrees is 5.7%, which is much lower than that of Terra (59.2%). Therefore, the LRSAC
model can greatly increase the coverage of valid pixels of the R,s imagery from HY-1C/1D.
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Figure 9. The comparison of the 8-day composite R;s image between COCTS/HY-1D at Band 1 (a)
and MODIS/Aqua at Band 8 (b). Both are produced from the global daily images during the period
of 7 to 14 October 2020. The magnitudes of image pixels are indicated by the color bar with the unit
of st~ L. Invalid pixels are masked black and land grey.

4. Discussion
4.1. The Removal of the Sun Glint Contamination

The presence of sun glint will produce gaps in the imagery of HY-1C/1D. Can the
composite image of HY-1C and HY-1D on the same day significantly reduce the coverage
of the gaps due to the contamination of sun glint? To demonstrate this question, a merged
image is produced from the mean of the two global daily images of HY-1C/1D on 2 October
and is shown in Figure 10a, together with the comparison of the data distribution of the
three images in Figure 10b.

It is obvious that most gaps, due to the contamination of sun glint in the images of
HY-1C and HY-1D, can be filled by valid pixels in the merged image of Figure 10a. The
coverage of sun glint occupies 6.6% in the global daily image of HY-1C on 2 October 2020,
and it is 7.6% in the HY-1D image on the same day using the threshold of glint reflectance
higher than 0.03 sr—!. The coverage of glint contamination reduces to 0.7% in the merged
image of Figure 10a. In fact, the coverage of gaps strongly depends on the threshold for
flagging the sun glint contamination. When the threshold becomes 0.005 sr~!, the coverage
of the glint flag reaches 24.8% for HY-1C and 27.2% for HY-1D. The coverage of the gaps in
the merged image is also significantly reduced but still holds a relatively large value (8.8%).
It demonstrates that a suitable threshold for flagging the sun glint contamination needs
be carefully evaluated from the balance between the coverage of glint gaps and the data
quality of the imagery. However, the merged image of HY-1C and HY-1D on the same day
can significantly reduce the coverage of glint gaps.
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Figure 10. (a) The composite R;s image at Band 1, merged from the two images of HY-1C and HY-1D
on 2 October 2020, and (b) the comparison of the R data distribution of the three images, normalized
to the maximum of 1.

When the images of HY-1C and HY-1D on the same day are merged into one image,
the consistency of the two images is critical to affecting the data quality of the composite
image. To demonstrate this, Figure 10b shows that the distributions between HY-1C and
HY-1D at Band 1 are similar to each other, but the value with the largest histogram is
different, with 0.011 sr~! for HY-1D and 0.008 sr—! for HY-1C. As the merged image was
produced from the mean values of the two images, it can reduce the differences in Rys
between HY-1C and HY-1D. The images on other days were also tested by the same method
and showed similar results.

4.2. The 3-Day Composite Images

The 8-day composite imagery can significantly reduce the coverage of gaps, but it may
introduce uncertainty due to the temporal variations in the reflectance during a period of
8 days. How can one balance the coverage of gaps and the uncertainty of the time period?
To demonstrate this question, a 3-day composite image is merged from the images during
3-5 October 2020, as shown in Figure 11, together with the data distribution comparison of
the three images.

From the image of HY-1C in Figure 11a, all gaps, due to the contamination of sun glint,
have almost been removed, together with some gaps due to clouds and other factors. The
coverage of valid pixels in the 3-day image of HY-1C reaches 63.5%, which is higher than
that of the 8-day composite image of Terra or Aqua. Similarly, the percentage of valid pixels
in the 3-day image of HY-1D is 65.6%, and that of the 3-day image merged from HY-1C
and HY-1D reaches 76.1%. The comparison of the data distributions between the merged
image and the images in the three days shows that the consistency is kept well among these
products. A dataset of the 3-day composite imagery, with a coverage of about 70% of valid
pixels exhibiting most of the ocean spatial patterns, provides another kind of product for
some applications which are sensible for the time period.
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Figure 11. (a) The 3-day composite R;s image at Band 1, merged from HY-1C during 3-5 October 2020,
and (b) the comparison of the R;s data distribution of the images.

4.3. The Spectral Variations over the Ocean Dynamic Features

There are some ocean dynamic features distributed around the MOBY site in the
images of Figure 1, demonstrating that the sensitivity of the R;s of HY-1C/1D is high
enough to identify small spectral variations of ocean fronts. To understand how the values
of different bands change across the fronts, the R;s values along Line A in Figure 1 are
extracted and shown in Figure 12.

It is obvious that the spatial shapes of R;s at different bands change largely across
the fronts. The spectral structures of HY-1C at Bands 1-3 are similar to each other, and
the spatial patterns are consistent with features across Line A in Figure 1, but they are
different from those of Bands 4-6. This demonstrates that the R, values at different bands
exhibit large differences across the same ocean features. The spectral patterns of HY-1D are
similar to those of HY-1C, with some differences at the corresponding bands, indicating
the structures of the ocean fronts change in the time period of 3 h on the assumption of the
same spectral responses of HY-1C and HY-1D. The spatial patterns of Band 6 are relatively
stable, but, actually, the values vary largely. The mean value of HY-1C is 4.71 x 10~ *sr™!,
which is one times higher than that of HY-1D (2.22 x 10~ sr™!). The MAE will reach
116.4% when the values of HY-1D are taken as the truth values. This demonstrates that an
uncertainty of the evaluation of the satellite-retrieved products may be introduced due to
the temporal variations in the ocean within 3 h. In comparison, the spectral values at six
bands across Line B are shown in Figure 13.

From Figure 1, it can be seen that the spatial variations in the ocean dynamic features
across Line B are much weaker than those across Line A. However, the patterns in Figure 13
demonstrate that the sensitivity of HY-1C /1D is high enough to identify these small spectral
variations. The patterns of R;s at Band 1 of HY-1C and HY-1D exhibit four small peaks
across Line B, but these peaks show different spatial structures among six bands. The mean
values of HY-1C are close to those of HY-1D, but the values on the pixel scale vary relatively
largely. This demonstrates that a large uncertainty of the evaluation may be introduced
due to the spatial variations in the ocean on the pixel scale within 3 h. However, it is still
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difficult to estimate how many percentages of these variations are caused by the ocean
dynamics during a short time period and by the spectral responses of different satellite
sensors, which may be understood from more observations of different satellites on the
same day in the future.
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Figure 12. The comparison of R;s values between HY-1C and HY-1D along Line A (location shown in
Figure 1) from Band 1 (a—f) to Band 6.
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Figure 1) from Band 1 (a—f) to Band 6.
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5. Conclusions

The comparisons of the R;; imagery between COCTS on the HY-1C/1D and MODIS
on the Terra/Aqua show that the global daily and 8-day composite R;s products of COCTS
are consistent with those of MODIS at six bands, with most matchups distributed around
the 1:1 lines. The evaluations of R,s from COCTS using MOBY measurements show that the
accuracy of HY-1C/1D products is good enough for them to be used as a kind of standard
product for the international ocean color community.

The coverage of gaps in the global daily R,s imagery of HY-1C/1D is significantly
reduced, with 32.2% of valid pixels for HY-1C and 32.6% for HY-1D, about 3 times of those
for Terra/Aqua. The increase in the valid pixels benefits from the wide swath of COCTS,
which is wider than 2900 km at the Equatorial regions. In fact, the removal of gaps in
the imagery of HY-1C/1D benefits from the ability of the LRSAC model to retrieve Ry
in the presence of high viewing zenith angles, high solar zenith angles and high aerosol
optical depths.

The merged image of HY-1C and HY-1D on the same day can significantly reduce the
coverage of gaps due to the contamination of sun glint. It needs to be carefully evaluated
in selecting a suitable threshold for flagging the sun glint contamination from the balance
between the coverage of glint contamination and the data quality of the imagery. Many
gaps of sun glint can also be removed in the 3-day composite imagery of COCTS, with
the number of valid pixels higher than that of the 8-day composite of MODIS. The 3-day
imagery of HY-1C/1D improves the visibility of ocean dynamic features and reduces the
temporal variations during a time period, providing another kind of product for some
applications which are sensible for the time period.

The pseudo images around the MOBY site show that the sensitivity of HY-1C/1D
is high enough to identify the ocean dynamic features. The spatial distributions of the
features are consistent with the shapes across the ocean fronts, but the shapes of peaks vary
largely among different bands. The shapes of HY-1C are similar to those of HY-1D, with
many differences mainly due to the temporal variations in the ocean features within 3 h.
This short time period causes the magnitudes of HY-1C across the fronts to vary with those
of HY-1D on the pixel scale, although they are close to each other in a whole. The temporal
variations in the reflectance obviously increase the uncertainty of the R,s products in the
evaluation procedure, especially a small variation at Band 6, which easily led to a large RE
value due to the small magnitudes of Rys.
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