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A B S T R A C T   

Using measurements from the Geostationary Ocean Color Imager (GOCI) on the Communication, Ocean, and 
Meteorological Satellite (COMS), we characterize and quantify some advantages and applications of the satellite 
geostationary measurements, compared with those of the polar-orbiting satellites. With eight daily measure-
ments in the western Pacific Ocean, the average GOCI daily coverage of ocean color retrievals reached ~43.81%, 
compared to ~21.77% from the Visible Infrared Imaging Radiometer Suite (VIIRS). The GOCI-measured ocean 
property data, such as normalized water-leaving radiance [nLw(λ)] and diffuse attenuation coefficient at 490 nm 
[Kd(490)], show significant diurnal variability over the region, particularly over highly turbid coastal regions. It 
is noted that GOCI-derived nLw(λ) spectra and Kd(490) in the region have been compared with those from VIIRS 
in 2012, 2016, and 2019, and shown consistent results (within ~5–10%). Using the GOCI daily statistical results 
from its hourly data, i.e., standard deviations (STDs) and coefficient of variations (CVs) of nLw(λ) and Kd(490), 
the diurnal variability has been demonstrated and quantified. Over turbid coastal regions, STDs and CVs of 
nLw(λ) at GOCI 555 and 660 nm bands are important for characterizing diurnal variability, while for open oceans 
STDs and CVs of nLw(λ) at 412, 443, and 555 nm are useful. Specifically, using the four GOCI daily examples in 
2019 on January 24, May 21, August 16, and November 15, we have carried out quantitative analyses for un-
derstanding regional diurnal variations. In addition, using the GOCI measurements from 2011 to 2020 in the 
region, hourly climatology Kd(490) data in four seasons and quantitative results are derived and presented. 
Results show important characteristics in ocean diurnal variabilities over this highly dynamic and complex 
western Pacific Ocean region. Indeed, the regional diurnal variability has strong spatial and temporal (seasonal) 
dependences, which are mostly related to regional ocean optical and bio-optical properties.   

1. Introduction 

After the successful launch of NASA’s Coastal Zone Color Scanner 
(CZCS) in the late 1970s (Gordon et al., 1980; Hovis et al., 1980), several 
global polar-orbiting ocean color satellites have been launched, 
including a series of the Visible Infrared Imaging Radiometer Suite 
(VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP), 
NOAA-20, and NOAA-21 spacecrafts (Goldberg et al., 2013). One of the 
major advantages for polar-orbiting [or low Earth orbit (LEO)] satellites 
is their spatial coverage, i.e., global routine measurements. Such a 
capability is critical for providing global observations that are needed to 
understand and mitigate effects of global climate change. However, the 
observation frequency from polar-orbiting satellites is usually one to two 

times (or even less) per day over most global oceans and inland lakes. On 
the other hand, although limited in spatial coverage, satellite ocean 
property observations in the geostationary Earth orbit (GEO) have 
multiple measurements in its daily coverage (Fishman et al., 2012; 
IOCCG, 2012). 

The Geostationary Ocean Color Imager (GOCI) began operation in 
2010 onboard the Communication, Ocean, and Meteorological Satellite 
(COMS) flying at an altitude of 35,786 km, and has provided measure-
ments at a local coverage of ~2,500×2,500 km2 centered at 36◦N and 
130◦E (Choi et al., 2012; Ryu et al., 2012). GOCI is the first GEO ocean 
color sensor and makes eight hourly measurements daily from local 
times between around 09:00–16:00. The GOCI total field of view (FOV) 
consists of 16 slots with 5,300×5,300 pixels in each image and a 500-m 
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spatial resolution (Choi et al., 2012; Ryu et al., 2012). 
Since 2010, GOCI has been providing ocean color observations in the 

western Pacific Ocean. Ocean property products have been produced 
with comparable data quality as those from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) in highly turbid and complex re-
gions (Concha et al., 2019; Park et al., 2022; Wang et al., 2013a). Indeed, 
GOCI enables an hourly monitoring of variations in coastal and inland 
waters in the region. Gap-free, high-temporal images of the diffuse 
attenuation coefficient at 490 nm [Kd(490)] can be achieved using the 
Data Interpolating Empirical Orthogonal Function (DINEOF) (Liu and 
Wang, 2016). The dynamics of sediment movements driven by the tide 
can be routinely mapped (Cheng et al., 2016). Diurnal dynamics and 
seasonal variations of suspended particulate matter (SPM) were char-
acterized and quantified in coastal oceans and inland lakes (He et al., 
2013; Huang et al., 2015; Liu et al., 2018). In a recent study, daily and 
diurnal net primary productivity (NPP) were also estimated from GOCI 
measurements (Wu et al., 2022). Using GOCI observations, diurnal 
ocean currents in the region were derived (Jiang and Wang, 2017; Yang 
et al., 2014). In addition, GOCI observations have been applied to 
identify and track algal blooms (Choi et al., 2014; Lou and Hu, 2014), 
monitor sea ice development (Yan et al., 2019), and detect regional 
marine fogs (Kim et al., 2020). 

Due to its various applications and an increasing interest of multiple 
GEO observations per day, Korea launched a continuation of the GOCI 
mission, i.e., GOCI-II (Choi et al., 2018), in 2020. There are also geo-
stationary ocean color missions planned, e.g., NOAA’s Geostationary 
Extended Observations (GeoXO). The goal of this work is to further 
characterize and quantify some advantages of the geostationary satel-
lites compared with those of LEO satellites, in terms of both the daily 
coverage and diurnal radiometric variability in coastal and open ocean 
regions. The GOCI observations from 2019 are employed to compare the 
daily composite of valid retrievals from eight shots between local times 
of 09:00–16:00 with those from VIIRS on the same day. Specifically, the 
diurnal variability of GOCI-derived normalize water-leaving radiance 
nLw(λ) and Kd(490) in various regions during different seasons are 
studied to show the regional ocean diurnal variability. Furthermore, 
using the GOCI measurements from 2011 to 2020, hourly climatology 
Kd(490) in four seasons are derived in the region, showing important 
diurnal variations. Therefore, daily multiple observations from geosta-
tionary satellites are the requisites to address and understand ocean 
diurnal variations and processes. 

2. Data and methods 

The GOCI measurements have been processed by the NOAA Ocean 
Color Science Team using the Multi-Sensor Level-1 to Level-2 (MSL12) 
satellite data processing system (Wang et al., 2013a), developed in the 
late 1990s to process ocean color data from multi-sensor measurements 
using the consistent algorithms and data processing package (Wang, 
1999; Wang et al., 2002). GOCI has eight spectral bands from 412 to 865 
nm, including the two near-infrared (NIR) bands. Considering that GOCI 
covers one of the most turbid world ocean regions (Shi and Wang, 2014) 
and does not contain the shortwave infrared (SWIR) bands for the 
effective atmospheric correction (Wang, 2007; Wang and Shi, 2007), an 
improved algorithm to iteratively adjust nLw(λ) at the two NIR bands 
(745 and 865 nm) was developed in MSL12 for GOCI data processing 
(Jiang and Wang, 2014; Wang et al., 2012). Therefore, we can properly 
account for the NIR reflectance contributions over turbid waters (Jiang 
and Wang, 2014; Wang et al., 2013a; Wang et al., 2012). In fact, GOCI 
data have been processed using the Jiang and Wang (2014) NIR algo-
rithm in MSL12. Other data processing components, including the NIR 
atmospheric correction algorithm (Gordon and Wang, 1994; IOCCG, 
2010), are the same for other satellite ocean color sensors, e.g., MODIS, 
VIIRS (Jiang and Wang, 2014; Wang et al., 2013a; Wang et al., 2013b). 
Results provide that GOCI-derived nLw(λ) and those from the in situ 
measurements are consistent (Wang et al., 2013a). Specifically, for this 

highly turbid region, the mean nLw(λ) ratios at 412–680 nm between 
GOCI-derived and in situ-measured are reasonable and show similar 
data quality compared to those from MODIS (Wang et al., 2013a). It is 
also noted that, due to the lack (or unavailable) of the in situ data in the 
region, we have carried out the GOCI-VIIRS ocean color data compari-
sons across years in the period (2012, 2016, and 2019), showing 
consistent results across these years. Therefore, GOCI-measured ocean 
property products can be used effectively for monitoring the regional 
ocean variability and studying various diurnal ocean processes. 

The same Kd(490) algorithm (Wang et al., 2009) in VIIRS, MODIS, 
and other satellite sensors has been implemented and used for the GOCI 
ocean color data processing (Wang et al., 2013a). In fact, the Kd(490) 
algorithm combines the empirical algorithm for open oceans (Mueller, 
2000) and the semi-analytical Kd(490) model for turbid coastal and 
inland waters (Wang et al., 2009). Specifically, the GOCI Kd(490) al-
gorithm uses GOCI-derived nLw(λ) at spectral bands of 490 and 555 nm 
for the open ocean empirical algorithm, and nLw(λ) at 490 and 660 nm 
for the turbid water model, with the two algorithms combined/blended 
(Wang et al., 2009) for deriving Kd(490) over the GOCI-measurement 
domain. 

In this work, we use GOCI and VIIRS observations for the entire 2019 
year in this region to analyze and evaluate the valid ocean color re-
trievals extracted from GOCI, compared to those from VIIRS. The nLw(λ) 
spectra and Kd(490) diurnal variabilities for various regions are assessed 
and quantified. As noted previously, the same Kd(490) algorithm (Wang 
et al., 2009) has been used for both GOCI and VIIRS. The analysis pro-
vides detailed characterization and quantification of some important 
benefits of geostationary satellites, compared to polar-orbiting obser-
vations. The diurnal variations of GOCI-derived nLw(λ) and Kd(490) from 
09:00–16:00 are characterized with standard deviation (STD) and the 
coefficient of variation (CV) for nLw(λ) (i.e., STD[nLw(λ)] and CV 
[nLw(λ)]) at 443, 555, and 660 nm, as well as Kd(490) (i.e., STD 
[Kd(490)] and CV[Kd(490)]). Using the GOCI observations in January, 
April, July, and October from 2011 to 2020, we compute the hourly 
climatology GOCI Kd(490) retrievals in eight shots from 09:00–16:00. 
We also chose GOCI observations on January 24, May 21, August 16, 
and November 15 in 2019 as examples to study the diurnal variability 
with seasonal dependence. 

3. Results 

3.1. Coverage of GOCI and VIIRS retrievals 

As an example, using the GOCI-derived nLw(555) on March 17, 2019, 
Fig. 1 shows the retrieval coverage for the entire GOCI domain at local 
times of 09:00–16:00 as shown in Fig. 1a–1h, respectively. Most of the 
unavailable GOCI retrievals in Fig. 1 were caused by cloud coverage. The 
change of cloud coverage in the GOCI measurement domain from 
09:00–16:00 was remarkable. At local times between 09:00 and 12:00, 
most parts of the Bohai Sea (BS), Yellow Sea (YS), East China Sea (ECS), 
and Sea of Japan (East Sea) were cloud free (Fig. 1a–1d). In contrast, 
most of these regions were cloud covered around 16:00, thereby 
showing no ocean color retrievals (Fig. 1h). It is noted that other unfa-
vorable conditions also cause the missing ocean color retrievals 
(Mikelsons and Wang, 2019), e.g., high sun glint contaminations, large 
solar-zenith angles (>70◦) (Mikelsons et al., 2020), straylight and cloud 
shadow contaminations (Jiang and Wang, 2013), etc. 

The cloud coverage changes in the GOCI eight shots between 09:00 
and 16:00 make GOCI observations to have more valid daily retrievals in 
comparison to a polar-orbiting satellite. Fig. 2a is the daily composite of 
nLw(555) from eight GOCI observations on March 17, 2019. In com-
parison to GOCI nLw(555) retrievals from the individual shot (e.g., 
Fig. 1e), the valid nLw(555) pixels were significantly increased from the 
GOCI daily composite nLw(555) image (Fig. 2a). Fig. 2b shows the 
nLw(551) image acquired from VIIRS on the same day. Unlike GOCI daily 
composite nLw(555) in Fig. 2a, there were no VIIRS daily nLw(551) 
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Fig. 1. GOCI-derived nLw(555) in the entire GOCI domain from different shots on March 17, 2019, at around local time noted (a)–(h) for 09:00–16:00.  

Fig. 2. (a) GOCI-derived daily composite of nLw(555) from eight shots between 09:00 and 16:00 on March 19, 2019, and (b) VIIRS-SNPP-derived nLw(551) on the 
same day. 
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retrievals in coastal oceans of the YS and ECS (Fig. 2b). In addition, there 
were much fewer valid nLw(551) in the open ocean from VIIRS in Fig. 2b, 
compared to those from GOCI-derived nLw(555) daily composite 
(Fig. 2a). 

Fig. 3 provides a quantitative evaluation of the coverage for valid 
GOCI retrievals in the entire domain for each GOCI shot from 
09:00–16:00 in 2019. Note that, at 15:00 (Fig. 3g) and 16:00 (Fig. 3h), 

there were sparse or even no GOCI ocean color data between late 
autumn and early spring due to cases associated with large solar-zenith 
angles (Mikelsons et al., 2020). This is particularly true for GOCI mea-
surements around 16:00. Ocean color retrievals are masked out for cases 
with solar-zenith angle > 70◦ due to associated large errors (Mikelsons 
et al., 2020). For all GOCI shots from 09:00–15:00, the valid GOCI ocean 
color retrievals are generally similar at ~20%, while there are 

Fig. 3. Coverage (%) of GOCI-derived ocean color retrievals in daily (Julian day) time series of 2019 for the shot of local time noted (a)–(h) for 09:00–16:00.  
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significantly lower retrievals of ~10% around 16:00. The seasonal 
variation of valid GOCI retrievals is with a low data coverage in the 
summer season, while it is high in spring and autumn seasons. This re-
flects the fact that the GOCI covered region usually has more cloud 
coverage in summer, compared to that in spring and autumn seasons. 

Table 1 provides statistical results of mean, median, and STD for 
ocean color data coverage (%) for each shot from 09:00–16:00 in 2019. 
In computing statistical results, data from the entire 2019 year in the 
region were used (i.e., Fig. 3). Results in Table 1 show that the number of 
retrievals in the region is generally quite stable from 09:00–14:00, 
around 21–23%. However, there is a noticeable drop at 15:00 (~19%), 
and particularly at 16:00 the number of retrievals (~12%) deceased 
significantly due to cases associated with large solar-zenith angles in late 
autumn, winter, and early spring (Fig. 3h). 

It is also interesting to note that, based on results in Table 1, the 
optimal coverage of ocean color retrievals in the region is around 
10:00–11:00 and 12:00–13:00, corresponding to the preferred morning 
and afternoon orbitals for satellite remote sensing. 

Fig. 4a provides a time series of the daily data coverage (%) in 2019 
from the GOCI measurements compared to those from VIIRS. The GOCI 
daily data coverage was about doubled in relation to a GOCI single shot. 
Indeed, GOCI daily composite data can provide significantly more valid 
ocean color retrievals in comparison to those from a polar-orbiting 
satellite. In 2019, the coverage of the valid GOCI daily composite data 
normally ranged between ~20% and ~80% (Fig. 4a). For VIIRS, how-
ever, the data coverage ranged between ~10% and ~50% (Fig. 4a). 

We note that for VIIRS, the data coverage in the summer season was 
generally below ~20%, which was significantly less than that in other 
seasons due to more clouds and substantially more cases with high sun 
glint contaminations (Mikelsons et al., 2020). This is demonstrated in 
Fig. 4b, which compares coverage of ocean color retrievals between 
GOCI at the 13:00 shot and VIIRS in the 2019 summer days. It is noted 
that GOCI measurements around 13:00 are the closest GOCI observa-
tions with VIIRS overpasses in the region. Results in Fig. 4b show that 
GOCI measurements at 13:00 usually have more retrievals than those 
from VIIRS, mainly because of the sun glint contamination issue for 
VIIRS. Indeed, results in Table 2 show that the mean GOCI daily 
coverage values are 44.90%, 44.89%, 51.96%, and 33.39% in spring, 
summer, fall, and winter, respectively, while the corresponding VIIRS 
values are 23.56%, 17.15%, 28.01%, and 18.55%, respectively. These 
seasonable coverage values can be compared with those of the GOCI 
single shot at 13:00 as 25.87%, 22.75%, 27.26%, and 16.50%, respec-
tively. Table 2 also provides statistical results of the GOCI single shot at 
10:00 (morning), which are comparable to those at 13:00 (afternoon). 
As shown in Table 2, the mean coverage of valid GOCI retrievals in the 
daily composite in 2019 was ~43.81% (with ~21.31% and ~23.06% for 
the single shot at 10:00 and 13:00, respectively), while it was ~21.77% 
from VIIRS. 

3.2. Regional ocean diurnal variability 

3.2.1. GOCI- and VIIRS-measured nLw(λ) and Kd(490) 
At NOAA, both GOCI and VIIRS data have been routinely processed 

using the same MSL12 ocean color data processing software (Wang 
et al., 2013a; Wang et al., 2013b). The GOCI products from MSL12 are 
generally consistent with the in situ measurements (Wang et al., 2013a; 
Wang et al., 2012), and VIIRS ocean color products have also been well 
calibrated (Sun and Wang, 2015; Wang et al., 2016) and validated 
(Barnes et al., 2019; Mikelsons et al., 2020; Wang et al., 2020). To 
further validate the 2019 GOCI data products used in this study, quan-
titative comparisons and evaluations were also conducted between 
VIIRS and the corresponding GOCI measurements. Results show that 
over the GOCI coverage area the ocean color data from GOCI and VIIRS 
are consistent. 

Fig. 5 provides an example of GOCI and VIIRS ocean color products 
on May 21, 2019. Results in Fig. 5 show that, in their spatial pattern and 
magnitude, GOCI-derived nLw(412), nLw(443), nLw(490), nLw(555), 
nLw(660), and Kd(490) (Fig. 5a–5f) at the time around 13:00 agree well 
with the corresponding VIIRS-measured nLw(410), nLw(443), nLw(486), 
nLw(551), nLw(671), and Kd(490) (Fig. 5g–5l), respectively. To have 
quantitative evaluations and characterizations of ocean properties, as 
well as GOCI and VIIRS ocean color data comparisons, four pseudo- 
stations as noted in Fig. 5a are defined, i.e., station A in the Subei 
Shoal region, station B in the offshore sediment plume in the ECS, station 
C in open oceans of the ECS, and station D in the BS region. The selection 
of these four stations can properly represent both coastal and offshore 
waters as well as open oceans in the BS, YS, and ECS regions. 

The MSL12-derived GOCI products were validated with the in situ 
measurements in the early 2010s (Wang et al., 2013a). To further 
quantify data accuracy and evaluate the capability of using GOCI data to 

Table 1 
Statistical results (mean, median, and STD) of ocean color data coverage in the 
GOCI domain for eight different shots in 2019.  

Shot Time Mean (%) Median (%) STD (%) 

09:00  21.31  19.31  11.64 
10:00  23.02  21.45  11.41 
11:00  23.53  21.48  11.14 
12:00  22.96  21.12  10.87 
13:00  23.06  21.34  10.94 
14:00  22.00  20.49  10.77 
15:00  19.33  16.13  11.31 
16:00  11.73  8.01  11.28  

Fig. 4. Comparisons of the daily coverage (%) of ocean color retrievals in the 
GOCI domain as a function of Julian day between measurements from GOCI 
and VIIRS for (a) GOCI daily composite over entire 2019 and (b) GOCI shot at 
13:00 for the 2019 summer days. 

M. Wang et al.                                                                                                                                                                                                                                  



International Journal of Applied Earth Observation and Geoinformation 122 (2023) 103404

6

characterize the regional diurnal variability, we compare GOCI-derived 
(at 13:00) and VIIRS-measured nLw(λ) spectra and Kd(490) in 2012, 
2016, and 2019 (across from early to recent years). Fig. 6a–6c provides 
scatter plot comparisons of GOCI- and VIIRS-derived nLw(λ) spectra, 
from 2012 (Fig. 6a), 2016 (Fig. 6b), and 2019 (Fig. 6c), at stations of A, 
B, C, and D (noted in Fig. 5a). Results show that GOCI- and VIIRS- 
derived nLw(λ) spectra are generally consistent and comparable. Some 
quantitative statistical comparisons (ratios in mean, median, and STD) 
are also noted in Fig. 6a–6c, as well as in Table 3, showing that in 2019 
the mean ratios of nLw(λ) between GOCI and VIIRS are 0.940, 0.925, 
0.964, 1.032, and 1.016 for GOCI spectral bands at 412, 443, 490, 555, 
and 660 nm, respectively, with an overall nLw(λ) ratio of 0.975 for all 
five bands (Fig. 6c and Table 3). The corresponding mean nLw(λ) ratios 
for the year 2012 are 1.070, 1.083, 1.037, 1.046, and 1.030, with an 
overall nLw(λ) ratio of 1.053 (Fig. 6a and Table 3). For the year 2016, 
these mean nLw(λ) ratios are 0.983, 0.989, 0.971, 1.016, and 1.019, with 
an overall nLw(λ) ratio of 0.995 (Fig. 6b and Table 3). It is noted that 
results in 2012 can be related to the early GOCI validation results using 
the in situ measurements (Wang et al., 2013a). Therefore, although 
there are some differences, MSL12-derived GOCI nLw(λ) spectra are 
generally reasonable and consistent with those from VIIRS across years 
2012–2019, with their mean differences for all nLw(λ) usually within 
~5–10%. 

Similarly, we have quantitatively compared MSL12-derived GOCI 

Kd(490) (at 13:00) with those from VIIRS-SNPP in 2012, 2016, and 2019 
(across different years of the GOCI mission). Fig. 6d shows scatter plot 
comparisons of the GOCI-derived Kd(490) (at 13:00) with those from 
VIIRS-SNPP at stations A, B, C, and D in 2012, 2016, and 2019. Statis-
tical results in Fig. 6d and Table 3 show that mean ratios between GOCI- 
and VIIRS-derived Kd(490) for 2012, 2016, and 2019 are 1.05, 1.037, 
and 0.964, respectively, with STD values of 0.195, 0.200, and 0.275, 
respectively. Therefore, Fig. 6d and Table 3 show that GOCI-derived 
Kd(490) are generally consistent with those from VIIRS and their mean 
differences are usually within ~5%. 

It should be noted that there are some slight differences at the band 
nominal center wavelengths between GOCI (412, 443, 490, 555, and 
660 nm) and VIIRS-SNPP (410, 443, 486, 551, and 671 nm). We have 
calculated the sensor spectral response function (SRF) weighted Ray-
leigh (air molecules) optical thickness (Wang, 1999) for GOCI and 
VIIRS-SNPP at the corresponding five spectral bands, and computed 
ratios of SRF-weighted Rayleigh optical thickness between GOCI and 
VIIRS-SNPP. The five corresponding ratios are 1.003, 1.008, 0.974, 
0.958, and 1.052 for the GOCI (VIIRS) spectral bands of 412 (410), 443 
(443), 490 (486), 555 (551), and 660 (671) nm, respectively. Therefore, 
some differences may be at the green and red bands. 

It is also noted that, in addition to several extensive validation efforts 
(Barnes et al., 2019; Mikelsons et al., 2020; Wang et al., 2020), VIIRS ocean 
color products are being routinely monitored and evaluated using various 

Table 2 
Statistical results (mean and STD) of valid retrievals for four seasons in 2019 and entire 2019 year from daily GOCI composite, GOCI 10:00 shot, GOCI 13:00 shot, and 
daily VIIRS.  

Season GOCI Mean & STD (%) VIIRS (%) 

Daily 10:00 Shot 13:00 Shot Daily 

Mean STD Mean STD Mean STD Mean STD 

Spring  44.90  25.75  25.75  13.79  25.87  13.67  23.56  11.50 
Summer  44.89  21.77  21.77  10.13  22.75  9.84  17.15  8.84 
Autumn  51.96  28.83  28.83  10.20  27.26  9.83  28.01  9.51 
Winter  33.39  15.86  15.86  5.91  16.50  5.91  18.55  6.36 
All Year  43.81  21.31  21.31  11.64  23.06  10.94  21.77  10.15  

Fig. 5. Comparison of the satellite ocean color retrievals on May 21, 2019, between GOCI at 13:00 and VIIRS for (a, g) nLw(412) and nLw(410), (b, h) nLw(443), (c, i) 
nLw(490) and nLw(486), (d, j) nLw(555) and nLw(551), (e, k) nLw(660) and nLw(671), and (f, l) Kd(490). Note that the pseudo stations A (33.55◦N, 121.79◦E) in the 
Subei Shoal of the YS, B (31.90◦N, 124.72◦E) in the ECS offshore plume, C (29.42◦N, 128.25◦E) in the open ocean of the ECS, and D (38.44◦N, 119.23◦E) in the BS are 
marked in panel a. 
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in situ data (https://www.star.nesdis.noaa.gov/socd/mecb/color/). 
Therefore, VIIRS ocean color data can be well used as references to eval-
uate GOCI ocean color products. Furthermore, we examined the monthly 
composite of GOCI nLw(λ) and Kd(490) products from 2011 to 2020, and 
there are no obvious long-term trends of these products (as also shown in 
Fig. 6 and Table 3). This provides further evidence that the GOCI sensor 
degradation over the 10-year period has been reasonably characterized, 
and the validation and assessment of the GOCI products in the early period 
of the GOCI mission (Wang et al., 2013a) still reasonably holds in 2019 
(Fig. 6 and Table 3). 

3.2.2. An example of the diurnal variability 
Using eight GOCI measurements from 09:00–16:00 on May 21, 2019, 

Fig. 7 shows the diurnal variation of GOCI-derived nLw(443) 

(Fig. 7a–7h), nLw(555) (Fig. 7i–7p), nLw(660) (Fig. 7q–7x), and Kd(490) 
(Fig. 7y–7ff). The diurnal variations in nLw(λ) spectra reflected the 
regional optical, biological, and biogeochemical processes and changes. 
The daily eight observations of ocean color properties were similar in 
both spatial pattern and magnitudes. However, differences among 
various GOCI shots were discernable. In highly turbid regions of the ECS 
and YS, extremely high nLw(660) > ~5 mW cm− 2 µm− 1 sr− 1 (Fig. 7q–7x) 
and Kd(490) > 3 m− 1 (Fig. 7y–7ff) gradually decreased from 09:00 
(Fig. 7q and 7y) to 15:00 (Fig. 7w and 7ee), and then increased around 
16:00 (Fig. 7x and 7ff). However, in the open ocean region, where 
nLw(660) values were usually small, differences among GOCI inter-shot 
measurements in ocean properties were trivial and unnoticeable. 

In comparison to qualitative evaluations in Fig. 7, diurnal variations 

Fig. 6. Scatter plot of GOCI-derived nLw(λ) (at 13:00) compared with those from VIIRS-SNPP at stations A, B, C, and D (marked in Fig. 5a) for years of (a) 2012, (b) 
2016, and (c) 2019. Plot d shows GOCI-derived Kd(490) (at 13:00) compared with those from VIIRS-SNPP at stations A, B, C, and D for years of 2012, 2016, and 2019. 
Statistical results in mean and median ratios (unitless), as well as ratio STD (unitless), between GOCI- and VIIRS-derived nLw(λ) (at the five spectral bands) and 
Kd(490) are provided in the plots (also shown in Table 3). 

Table 3 
Statistical results from scatter plots in Fig. 6 (mean, median, STD, and number of matchups N) of GOCI-derived (at 13:00) versus VIIRS-derived nLw(λ) and Kd(490) at 
stations A, B, C, and D (noted in Fig. 5a) for years 2012, 2016, and 2019.  

Parameter Statistical Results in nLw(λ) & Kd(490) Ratio (GOCI vs. VIIRS) 

2012 2016 2019 

Mean Median STD N Mean Median STD N Mean Median STD N 

nLw(412,410)  1.070  1.044  0.252 121  0.983  0.961  0.186 138  0.940  0.900  0.221 173 
nLw(443,443)  1.083  1.037  0.243 126  0.989  0.983  0.150 138  0.925  0.886  0.199 190 
nLw(490,486)  1.037  1.013  0.167 131  0.971  0.952  0.121 141  0.964  0.936  0.154 195 
nLw(555,551)  1.046  1.000  0.197 127  1.016  0.997  0.150 140  1.032  0.992  0.200 192 
nLw(660,671)  1.030  1.022  0.184 114  1.019  1.020  0.150 131  1.016  1.017  0.189 175 
All nLw(λ)  1.053  1.020  0.215 619  0.995  0.988  0.153 688  0.975  0.954  0.198 925 
Kd(490)  1.050  1.012  0.195 122  1.037  1.006  0.200 140  0.964  0.895  0.275 178  
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of these water properties are clearly shown for different ocean regions in 
Fig. 8. At station A (Fig. 8a and 8b), nLw(λ) generally dropped from 09:00 
to around 13:00–15:00. More significant diurnal variabilities could be 
found for nLw(λ) at 555, 660, and 680 nm. Indeed, nLw(660) showed the 
most significant changes from ~2.5–3.0 mW cm− 2 µm− 1 sr− 1 at 09:00 to 
~1.0–1.5 mW cm− 2 µm− 1 sr− 1 at 15:00. Between 15:00 and 16:00, 
nLw(660) jumped to ~3.0 mW cm− 2 µm− 1 sr− 1. Similarly, Kd(490) 
decreased from ~2.5 m− 1 at 09:00 to < ~1.0 m− 1 at 15:00, and then it 
increased to > ~3.0 m− 1 at 16:00. As expected, diurnal variations of 
nLw(λ) and Kd(490) were in phase with the change of the highly turbid 
water coverage as shown in Fig. 7. 

The sediment plume in the central ECS is an important feature due to 
strong vertical mixing, sediment re-suspension, and shallow water ba-
thymetry (Bi et al., 2011; Dong et al., 2011; Doxaran et al., 2014). Fig. 8c 
and 8d shows the diurnal variation in nLw(λ) at station B on May 21, 
2019. It is noted that scales in nLw(λ) for Fig. 8a and 8b, 8c and 8d, 8e 
and 8f, and 8g and 8h are different, representing the regional differences 
in ocean optical properties (Shi and Wang, 2014). In comparison to 
station A, nLw(λ) were relatively stable from 09:00–16:00. We note that 
the diurnal variation of nLw(λ) at station B was not same as that at station 
A (Fig. 8a and 8b), due to different water property (Shi and Wang, 
2014). At station C, the open ocean region (Fig. 8e and 8f), nLw(λ) show a 
typical optical feature for clear oceans with some diurnal variations. 
Kd(490) in the site were low at ~0.05 m− 1 between 09:00 and 16:00 
with little diurnal changes. In the BS at station D (Fig. 8g and 8h), 
diurnal variations of nLw(λ) at 555, 660, and 680 nm were a little more 
notable than those at the short-blue/blue bands of nLw(412) and 
nLw(443) (Fig. 8h), while Kd(490) at station D decreased from ~1.3 m− 1 

at 09:00 to < ~0.6 m− 1 at 16:00. The GOCI-derived nLw(λ) and Kd(490) 
at these four stations show that diurnal variations of ocean properties 

are both time-sensitive and regional-dependent. This implies that ocean 
properties are driven by a variety of atmosphere and ocean forcings, as 
well as their processes, such as winds, tides, currents, etc., and therefore, 
the capability of daily satellite multiple observations is a requisite to 
catch and monitor the diurnal variations for this highly dynamic coastal 
and near-shore ocean region. 

3.2.3. Statistical analysis 
The diurnal variations of GOCI-derived nLw(λ) and Kd(490) from 

09:00–16:00 are further characterized with STD[nLw(443)], STD 
[nLw(555)], STD[nLw(660)], and STD[Kd(490)] in Fig. 9a–9d, respec-
tively. In turbid regions of the YS and ECS, nLw(λ) and Kd(490) experi-
enced significant diurnal variability. Specifically, STD[nLw(660)] 
reached > ~1 mW cm− 2 µm− 1 sr− 1 and STD[Kd(490)] was also ~1 m− 1 

along the Subei Shore region. In the offshore region, STD[nLw(λ)] and 
STD[Kd(490)] were generally small (as expected), which were well 
represented in Fig. 9a–9d. It is also noted that the sediment plume off the 
ECS, the wiggling pattern of STD[nLw(λ)] and STD[Kd(490)] in 
Fig. 9a–9d, reflected the dynamics in the offshore sediment plume and 
the movement of sediment front from 09:00–16:00 on May 21, 2019. 
Some quantitative values (mean and median) of STD[nLw(λ)] and STD 
[Kd(490)] over the entire coverage region from Fig. 9a–9d are provided 
in Table 4. 

Furthermore, Fig. 9e–9h shows the coefficient of variation (CV) for 
nLw(λ) (i.e., CV[nLw(λ)]) at 443, 555, and 660 nm, and Kd(490) on May 
21, 2019, i.e., CV[nLw(443)] (Fig. 9e), CV[nLw(555)] (Fig. 9f), CV 
[nLw(660)] (Fig. 9g), and CV[Kd(490)] (Fig. 9h), respectively. CV values 
represent mostly relative changes in diurnal variations in these param-
eters. In a large part of the turbid coastal regions in the ECS, YS, and BS, 
CVs were below ~0.3 due to the enhanced mean values of nLw(λ) and 

Fig. 7. GOCI ocean color retrievals at local times from 09:00–16:00 on May 21, 2019, in the BS, YS, and ECS for (a–h) nLw(443), (i–p) nLw(555), (q–x) nLw(660), and 
(y–ff) Kd(490). 
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Kd(490). In the offshore regions, however, CVs were generally similar to 
those in the coastal regions for CV[nLw(555)] (Fig. 9f) in the range of 
~0.1–0.2. Values of CV[nLw(443)] (Fig. 9e) and CV[nLw(660)] (Fig. 9g) 
were ~0.6 in open oceans and offshore regions, while they were 
~0.1–0.2 in the coastal regions. Corresponding to Fig. 9e–9h, Table 4 

provides mean and median values of CV[nLw(λ)] and CV[Kd(490)] for 
GOCI measurements on May 21, 2019, over the entire coverage 
(Fig. 9e–9h). 

Fig. 8. Quantitative evaluations of the diurnal variation of GOCI-derived nLw(λ) spectra (a, c, e, and g) and the hourly variation of GOCI-derived nLw(λ) at the GOCI 
bands (b, d, f, and h) on May 21, 2019, from 09:00–16:00 at the location of (a and b) station A, (c and d) station B, (e and f) station C, and (g and h) station D. 
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3.2.4. Discussion about STDs and CVs 
The diurnal variabilities of nLw(λ) and Kd(490) represented with STD 

[nLw(λ) or Kd(490)] and CV[nLw(λ) or Kd(490)] contain both the real 
diurnal variability of nLw(λ) and Kd(490) signals and their uncertainties 
caused by the GOCI sensor calibration and MSL12 data processing sys-
tem. In fact, STD values show regional diurnal variations in their 
magnitude changes, while CVs provide diurnal variability in a relative 

sense. Therefore, for highly turbid coastal oceans, both STDs and CVs of 
nLw(555), nLw(660), and Kd(490) (i.e., water optical information at 
green/red bands and even at the NIR bands) are important for mea-
surements of diurnal variations. For open oceans, on the other hand, 
STDs and CVs of nLw(443) and nLw(555) (i.e., ocean optical information 
at short-blue/blue and green bands) are useful. 

To further get the sense of the regional diurnal variation with the 
statistical analysis, it is important to quantify STDs and CVs at several 
specific locations representing different water properties. Table 5 pro-
vides mean STDs and CVs for stations A, B, C, and D, which are noted in 
Fig. 5a. In computing these values, we have used 5×5 pixels at the lo-
cations and values of STD[nLw(λ) or Kd(490)] and CV[nLw(λ) or Kd(490)] 
are then calculated (Table 5). Results in Table 5 show that there are high 
diurnal variations at location A (highly turbid waters) with the highest 
STD[nLw(660)] and STD[Kd(490)] from the four sites. On the other 
hand, at the open ocean location C, STD[nLw(660)] and STD[Kd(490)] 
are the smallest among the four sites with noticeable STDs and CVs at the 
short-blue/blue bands, as well as high CVs at the green band. STDs and 
CVs for locations B and D have mixed values, i.e., there are moderately 

Fig. 9. Pixelwise daily STD and CV from GOCI eight shots on May 21, 2019, in the BS, YS, and ECS for (a, e) nLw(443), (b, f) nLw(555), (c, g) nLw(660), and (d, 
h) Kd(490). 

Table 4 
Statistical results of daily STD and CV of GOCI-derived nLw(λ) and Kd(490) from 
GOCI eight shots on May 21, 2019.  

Parameter STD-Mean* STD-Median* CV-Mean CV-Median 

nLw(412)  0.135  0.097  0.483  0.329 
nLw(443)  0.136  0.092  0.269  0.209 
nLw(490)  0.127  0.076  0.143  0.116 
nLw(555)  0.128  0.059  0.125  0.103 
nLw(660)  0.087  0.019  0.421  0.261 
Kd(490)  0.129  0.055  0.182  0.142 

*Unit: mW cm− 2 µm− 1 sr− 1 for nLw(λ) and m− 1 for Kd(490). 

Table 5 
Statistical results of daily STD and CV of GOCI-derived nLw(λ) and Kd(490) from GOCI eight shots at stations A, B, C, and D (noted in Fig. 5a) on May 21, 2019.  

Parameter STD* at Station CV at Station 

A B C D A B C D 

nLw(412)  0.241  0.156  0.165  0.068  0.130  0.147  0.127  0.057 
nLw(443)  0.290  0.226  0.132  0.070  0.105  0.158  0.121  0.040 
nLw(490)  0.285  0.310  0.104  0.094  0.074  0.147  0.122  0.034 
nLw(555)  0.294  0.301  0.049  0.187  0.058  0.128  0.157  0.055 
nLw(660)  0.502  0.100  0.022  0.178  0.211  0.221  0.253  0.174 
Kd(490)  0.426  0.059  0.013  0.271  0.205  0.210  0.264  0.259 

*Unit: mW cm− 2 µm− 1 sr− 1 for nLw(λ) and m− 1 for Kd(490). 
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high diurnal ocean variations in the regions. Therefore, these STDs and 
CVs provide quantitative measures for the regional diurnal variations. 

3.3. Diurnal variability with seasonal dependence 

3.3.1. A winter day example 
As an example presented in Figs. 7–9 and Tables 4 and 5 for the 

diurnal variabilities of nLw(λ) and Kd(490) on a spring day on May 21, 
2019, Figs. 10–12 further show the diurnal variabilities in other seasonal 
days on January 24, 2019 (winter), August 16, 2019 (summer), and 
November 15, 2019 (autumn), respectively. Note that there were limited 
satellite ocean color retrievals in the early morning (09:00) (a winter 
day in Fig. 10) and late afternoon (16:00) (winter and autumn days in 
Figs. 10 and 12), due to cases related to large solar-zenith angles. 

On January 24, 2019, the spatial patterns of nLw(λ) and Kd(490) from 
09:00–16:00 were generally similar in coastal regions (Fig. 10). Note 
that some significant missing data at 09:00, 15:00, and 16:00 were due 
to cases associated with large solar-zenith angles (Mikelsons et al., 
2020). Such cases can be identified from image comparisons with those 
from the nearby time shots, e.g., Fig. 10a to Fig. 10b and 10c or Fig. 10h 
to Fig. 10g and 10f. In the BS, gradually increasing cloud coverage was 
observed from 10:00 to 14:00. For a large portion of the YS, nLw(555) 
dropped noticeably from 10:00 to 14:00 (Fig. 10j–10n). For the 
nLw(660) distribution in Fig. 10q–10x, an area with nLw(660) > ~3 mW 
cm− 2 µm− 1 sr− 1 along the coastal region of the ECS shrank from 
09:00–14:00. On the other hand, nLw(660) in the offshore plume of the 
ECS were notably lower at 14:00 in the afternoon than those at about 
10:00 in the morning. Similarly, Kd(490) in the plume region were also 
observed to drop significantly from 10:00–15:00 (Fig. 10z–10ee). 

3.3.2. A summer day example 
Fig. 11 shows the diurnal variabilities on a summer day of August 16, 

2019. In comparison to nLw(λ) and Kd(490) in a winter day (Fig. 10) and 
a spring day (Fig. 7), the coastal region in the YS and ECS featured less 
turbid waters. For nLw(443) (Fig. 11a–11h) and nLw(555) (Fig. 11i–11p), 
the diurnal variations were less significant for both open oceans and 
coastal regions. Values of nLw(660) and Kd(490), as well as the coverage 
area of the enhanced nLw(660) and Kd(490), were less than those on the 
winter- and spring-day. This is consistent with the result from a previous 
study (Shi and Wang, 2014). Indeed, diurnal variations of nLw(660) 
(Fig. 11q–11x) and Kd(490) (Fig. 11y–11ff) along the coastal region of 
the YS and ECS were remarkable from 09:00–16:00. Specifically, the 
region with nLw(660) > ~5 mW cm− 2 µm− 1 sr− 1 accounted for a large 
portion of the Subei Shoal region in the YS at 09:00 (Fig. 11q). It 
gradually shrank to a smaller portion in the region at 14:00 (Fig. 11v). 
Similarly, the extremely turbid coastal region with Kd(490) > ~3 m− 1 

also decreased significantly from 09:00–14:00 in the YS 
(Fig. 11y–11dd). 

3.3.3. An autumn day example 
On the autumn day of November 15, 2019, GOCI-measured nLw(λ) 

and Kd(490) (Fig. 12) showed less diurnal variabilities than those in the 
other three season days (Figs. 7, 10, and 11). It is noted that, as shown in 
Fig. 12, there were few ocean color retrievals at 16:00 on that autumn 
day, primarily due to cases of high solar-zenith angles. For nLw(443) 
(Fig. 12a–12h) and nLw(555) (Fig. 12i–12p), both their spatial patterns 
and magnitudes were similar for the seven GOCI shots from 
09:00–15:00. However, some small diurnal changes could still be 
observed from the seven GOCI shots of nLw(660) (Fig. 12q–12w) and 
Kd(490) (Fig. 12y–12ee). From 09:00–12:00, the coverage of highly 

Fig. 10. GOCI ocean color retrievals at local times of 09:00–16:00 on January 24, 2019, in the BS, YS, and ECS for (a–h) nLw(443), (i–p) nLw(555), (q–x) nLw(660), 
and (y–ff) Kd(490). 
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turbid waters with nLw(660) > ~5 mW cm− 2 µm− 1 sr− 1 and Kd(490) >
~3 m− 1 decreased slightly in the coastal region along the YS and ECS. 
The size of the offshore plume in the ECS also contracted slightly be-
tween 09:00 and 12:00. Correspondingly, nLw(660) and Kd(490) values 
dropped in the offshore sediment plume and coastal turbid waters. After 
12:00, the coverage of highly turbid waters and the area of sediment 
plume were further expanded as shown in Fig. 12u–12w and 
Fig. 12cc–12ee. 

3.3.4. Quantitative evaluations and analyses 
Figs. 10–12 show variability of nLw(λ) and Kd(490) spatial distribu-

tions in different seasons in the BS, YS, and ECS. To further quantify the 
diurnal variability of nLw(λ) and Kd(490), GOCI measurements at sta-
tions A and B (marked in Fig. 5a) are analyzed. These two stations can 
adequately represent the near-shore and the offshore waters in the 
region. 

3.3.4.1. Evaluations at station A. On January 24, 2019, nLw(λ) spectra 
showed monotonous declines from 10:00–14:00 at location A (Fig. 13a). 
In fact, nLw(412), nLw(443), nLw(490), and nLw(555) increased slightly 
from 09:00–10:00 and then declined moderately from 10:00–14:00, 
while drops were more significant for nLw(660) and nLw(680) from 
09:00–15:00. Specifically for nLw(443), it was ~3.1 mW cm− 2 µm− 1 sr− 1 

at 09:00, increased to ~3.8 mW cm− 2 µm− 1 sr− 1 at 10:00, and then 
decreased to the lowest ~2.6 mW cm− 2 µm− 1 sr− 1 at 15:00 on that day. 
On the other hand, nLw(680) was ~5.8 mW cm− 2 µm− 1 sr− 1 at 09:00, 
became the lowest of ~1.9 mW cm− 2 µm− 1 sr− 1 at 15:00, and then 
increased to ~2.7 mW cm− 2 µm− 1 sr− 1 at 16:00. The change of nLw(λ) in 
these eight GOCI shots was consistent with nLw(λ) spatial distributions as 

shown in Fig. 7. In fact, the large drops of nLw(555), nLw(660), and 
nLw(680) reflected the effect of the front movement on the highly turbid 
waters. 

We note that the NIR nLw(745) at station A (Fig. 13a) were quite 
significant about 2.4, 2.4, 2.2, 1.6, 0.71, 0.36, 0.43, and 0.89 mW cm− 2 

µm− 1 sr− 1 at hourly from 09:00–16:00, respectively. This shows that 
oceans in the region were not black at the NIR bands, thus a regional- 
specific atmospheric correction algorithm is necessary to derive ocean 
color data accurately (Wang et al., 2013a; Wang et al., 2012). Corre-
spondingly, Fig. 13g shows that Kd(490) dropped from ~4.7 m− 1 at 
09:00 to the lowest daily value of ~1.4 m− 1 at 15:00, and then increased 
slightly to ~1.9 m− 1 at 16:00. It is expected that over such highly turbid 
waters the other ocean property products, e.g., SPM, inherent optical 
properties (IOPs), etc., also had the similar diurnal changes. 

On the summer day of August 16, 2019, GOCI-derived nLw(λ) spectra 
at station A showed moderate change from 09:00–16:00 (Fig. 13c). The 
peak nLw(λ) occurred at 09:00 for all GOCI bands, and the lowest nLw(λ) 
occurred between 13:00 and 14:00. For nLw(λ) at 412, 443, 490, and 
555 nm, the diurnal variations from 09:00–16:00 were less than ~1.0 
mW cm− 2 µm− 1 sr− 1. In comparison, nLw(660) and nLw(680) dropped 
from ~3.5 mW cm− 2 µm− 1 sr− 1 at 09:00 to ~1.5 mW cm− 2 µm− 1 sr− 1 at 
14:00. At station A, nLw(745) were in the range between ~0.2 and ~0.6 
mW cm− 2 µm− 1 sr− 1, which were much less than those during the winter 
season (but still significant). At this station, Kd(490) changed from ~3.0 
m− 1 at 09:00 to the lowest of ~1.5 m− 1 at 14:00, and increased to >
~2.5 m− 1 at 16:00 (Fig. 13g). The diurnal variability of Kd(490) agreed 
well with the change of Kd(490) spatial distribution from 09:00–16:00 
(Fig. 11y–11ff). 

On the autumn day of November 15, 2019, GOCI-measured nLw(λ) 
spectra at station A showed the least diurnal variability in the four daily 

Fig. 11. GOCI ocean color retrievals at local times of 09:00–16:00 on August 16, 2019, in the BS, YS, and ECS for (a–h) nLw(443), (i–p) nLw(555), (q–x) nLw(660), and 
(y–ff) Kd(490). 
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examples from four different seasons (Fig. 13e). Indeed, as shown in 
Fig. 13e, nLw(λ) at 412, 443, and 490 nm displayed little diurnal vari-
ation from 09:00–14:00 (relatively flat). However, the diurnal variation 
of nLw(λ) at GOCI red bands 660 and 680 nm were still discernable with 
nLw(660) and nLw(680) of ~3.4 and ~3.1 mW cm− 2 µm− 1 sr− 1 at 09:00, 
decreased to ~2.3 and ~2.0 mW cm− 2 µm− 1 sr− 1 at 12:00, and then 
increased to ~2.9 and ~2.6 mW cm− 2 µm− 1 sr− 1 at 15:00 (Fig. 13e). On 
November 15, 2019, the NIR nLw(745) were also significant as values 
changed from ~0.73 mW cm− 2 µm− 1 sr− 1 at 09:00 to ~0.38 mW cm− 2 

µm− 1 sr− 1 at 12:00, and then increased to ~0.51 mW cm− 2 µm− 1 sr− 1 at 
15:00. Correspondingly, Kd(490) was ~3.2 m− 1 at 09:00, it dropped to 
~2.0 m− 1 at 12:00, and then gradually increased to 2.7 m− 1 again at 
15:00 (Fig. 13g). It is also noted that the diurnal variabilities of nLw(λ) 
and Kd(490) at station A are representative for the China’s east coastal 
region. In fact, the diurnal variabilities of nLw(λ) and Kd(490) at station D 
in the BS are similar to those at station A, while the diurnal variability at 
station C is usually insignificant. 

3.3.4.2. Evaluations at station B. In comparison with results at station A, 
the diurnal variability of nLw(λ) and Kd(490) at station B (Fig. 13b, 13d, 
13f, and 13h) were less significant. In addition, the diurnal variabilities 
of nLw(λ) and Kd(490) between stations A and B were not in phase for the 
three days of GOCI observations. On January 24, 2019, the diurnal 
variabilities of nLw(λ) at all the GOCI bands were small with the biggest 
change at the two red bands (Fig. 13b). nLw(680) dropped by ~0.9 mW 
cm− 2 µm− 1 sr− 1 from ~4.0 mW cm− 2 µm− 1 sr− 1 at 09:00 to ~3.1 mW 
cm− 2 µm− 1 sr− 1 at 14:00 (Fig. 13b). In comparison, nLw(680) dropped 
from ~5.8 mW cm− 2 µm− 1 sr− 1 at 09:00 to ~1.9 mW cm− 2 µm− 1 sr− 1 at 
15:00 at station A on the same day. Similarly, Kd(490) only dropped 

from ~3.6 m− 1 to ~2.9 m− 1 at station B in the same time frame 
(Fig. 13h). 

On August 16, 2019, the water type at station B was typical clear 
open ocean with enhanced nLw(λ) at the blue bands (Fig. 13d). The 
biggest hourly nLw(λ) changes occurred between 09:00–11:00 as 
nLw(443) dropped from ~1.7 mW cm− 2 µm− 1 sr− 1 to ~0.7 mW cm− 2 

µm− 1 sr− 1 (Fig. 13d). In this period, Kd(490) increased from ~0.08 m− 1 

to ~0.11 m− 1 (Fig. 13h). However, from 12:00 to 16:00, the changes of 
nLw(λ) and Kd(490) were limited. Comparisons of the diurnal variabil-
ities of nLw(λ) and Kd(490) at these two stations (A and B) provide clear 
evidences for their differences both in magnitudes and their phases. 

On November 15, 2019, nLw(λ) and Kd(490) at station B show little 
variability at the short-blue/blue bands of 412 and 443 nm from 
09:00–15:00 (Fig. 13f). For the red band at 660 nm, nLw(660) dropped 
from ~1.9 mW cm− 2 µm− 1 sr− 1 at 09:00 to ~1.1 mW cm− 2 µm− 1 sr− 1 at 
14:00 (Fig. 13f), while Kd(490) decreased from ~1.7 m− 1 to ~0.7 m− 1, 
correspondingly (Fig. 13h). From 14:00 to 15:00, nLw(660) increased to 
~1.3 m− 1 and Kd(490) changed to ~1.2 m− 1 (Fig. 13f and 13 h). 

3.3.5. Characterize seasonal Kd(490) diurnal variability 
Figs. 7, 10, 11, and 12 show examples of the diurnal variability in 

nLw(λ) and Kd(490) from 09:00–16:00 in the four seasons in the region. 
To further characterize and quantify the seasonality difference of 
diurnal variability, we computed the hourly climatology Kd(490) from 
09:00–16:00 in January (winter), April (spring), July (summer), and 
October (autumn) using the GOCI observations from 2011–2020. Fig. 14 
shows that the seasonal change of diurnal variability in these four 
months is significant. In general, Kd(490) in the coastal regions of the BS, 
YS, and ECS are greatly enhanced in terms of Kd(490) magnitude and 

Fig. 12. GOCI ocean color retrievals at around local times of 09:00–16:00 on November 15, 2019, in the BS, YS, and ECS for (a–h) nLw(443), (i–p) nLw(555), (q–x) 
nLw(660), and (y–ff) Kd(490). 
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high Kd(490) coverage in January (Fig. 14a–14h), while it is signifi-
cantly reduced in the summer season (July) (Fig. 14q–14x). This reflects 
the seasonal variability of Kd(490) in the region (Shi and Wang, 2012, 
2014). It is also noted that at 09:00 (Fig. 14a) and 16:00 (Fig. 14h) in 
January, there are large areas without any valid Kd(490) data due to 

large solar-zenith angles (>70◦). 
In each season, the Kd(490) diurnal variability is also noticeable from 

09:00–16:00 although the variation is not as significant as the seasonal 
variability. In the BS, the area with Kd(490) > 3 m− 1 continuously drops 
from 10:00 until around 14:00–15:00 in the afternoon, and the area with 

Fig. 13. Diurnal variations of nLw(λ) at stations A and B in the three days (corresponding to three different seasons) on (a and b) January 24, 2019, (c and d) August 
16, 2019, and (e and f) November 15, 2019. Plots g and h show the diurnal variation of the corresponding Kd(490) at stations A and B on these three days. 
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Kd(490) > 3 m− 1 at 16:00 further expands around 14:00–15:00. A 
similar diurnal trend of Kd(490) in the BS can also be found in October 
(Fig. 14y–14ff). In the ECS, Kd(490) in the offshore sediment plume is 
the highest at 09:00 in all four seasons. Kd(490) gradually drops until 
around 14:00–15:00 and begins to increase at 16:00. An analogous 
diurnal trend of the enhanced Kd(490) can also be found in the four 
seasons, especially in January (Fig. 14a–14 h), April (Fig. 14i–14p), and 
October (Fig. 14y–14ff). 

Table 6 further quantifies the hourly climatology Kd(490) (mean 
values) from 09:00–16:00 at stations A, B, C, and D. Clearly, the 
climatology diurnal variability at these four stations is considerably 
different. At station A, the diurnal change in Kd(490) is significant, and 

the lowest Kd(490) occurs at around 13:00 for all the four seasons, while 
the peak Kd(490) is normally at ~09:00. However, for January, the peak 
Kd(490) is also at ~16:00. At station B, the magnitude of Kd(490) is 
lower than that at station A, even though the diurnal variation in 
Kd(490) is similar. In the open ocean at station C, Kd(490) values keep 
stable with little diurnal changes from 09:00–16:00 in all the four sea-
sons. At statin D in the BS, Kd(490) range between ~3.3 m− 1 and ~4.0 
m− 1 in January, while diurnal variations in Kd(490) are less significant 
for other three months. In particular, in summer time there is essentially 
no diurnal variation in Kd(490) at station D (with also significantly low 
Kd(490) values). Results in Fig. 14 and Table 6 suggest that the diurnal 
variation in Kd(490) is regional-dependent due to different physical, 

Fig. 14. Hourly GOCI-derived climatology in Kd(490) from the local time of 09:00–16:00 for the month (season) of (a–h) January (winter), (i–p) April (spring), (q–x) 
July (summer), and (y–ff) October (autumn). 

Table 6 
Mean Kd(490) at stations of A, B, C, and D (noted in Fig. 5a) from monthly climatology Kd(490) results in Fig. 14 for GOCI eight shots from 09:00–16:00 and for four 
months in January, April, July, and October.  

Month Station Mean Kd(490)* at Time 

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 

January A  4.35  4.16  3.94  3.89  3.87  3.96  4.13  4.48 
B —  3.49  3.34  3.27  3.30  3.43  3.53  3.93 
C  0.05  0.06  0.05  0.06  0.06  0.05  0.06  0.06 
D —  3.49  3.34  3.27  3.30  3.43  3.53  3.93 

April A  3.24  3.08  2.84  2.62  2.71  2.77  2.91  2.99 
B  1.85  1.69  1.67  1.57  1.52  1.50  1.52  1.59 
C  0.05  0.05  0.06  0.05  0.05  0.06  0.06  0.06 
D  1.85  1.69  1.67  1.57  1.52  1.50  1.52  1.59 

July A  0.75  0.72  0.64  0.62  0.56  0.55  0.59  0.60 
B  0.19  0.19  0.20  0.20  0.21  0.21  0.20  0.20 
C  0.05  0.05  0.05  0.05  0.05  0.05  0.05  0.05 
D  0.19  0.19  0.20  0.20  0.21  0.21  0.20  0.20 

October A  3.16  2.76  2.47  2.15  2.00  1.97  2.24  2.52 
B  1.56  1.34  1.25  1.19  1.12  1.08  1.11  1.19 
C  0.05  0.05  0.05  0.05  0.05  0.05  0.05  0.06 
D  1.56  1.34  1.25  1.19  1.12  1.08  1.11  1.19 

*Unit: m− 1 for Kd(490). 
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optical, biological, and biogeochemical water properties and their pro-
cesses. It should also be noted again that, except for station C in open 
oceans, seasonal variations in Kd(490) are usually much more significant 
than those of the diurnal changes in the region as shown in Fig. 14 and 
Table 6. 

4. Discussions and conclusion 

As one of the most dynamic and complicated waters in world oceans, 
the atmospheric and atmosphere-ocean interaction processes, and the 
ocean physical and biological processes are the major driving forces for 
the diurnal variability in the western Pacific region (He et al., 2013; 
Wang et al., 2013a; Wu et al., 2022). Seasonal variabilities of ocean 
properties are attributed to seasonal winds, ocean layer stratification, 
and ocean thermodynamics, as well as ocean bathymetry and river 
discharges. The spring-neap tidal effects (in a lunar cycle of 29.53 days) 
on the variations of GOCI-derived ocean color property is in the same 
order as the seasonal variations (Shi et al., 2011). 

At the ocean diurnal scale, it has already been found that the diurnal 
variation of the land-ocean breeze effect is significant (Chen et al., 
2016). In this study, we use hourly climatology Kd(490) from the GOCI 
measurements from 2011 to 2020 to further characterize the seasonality 
of the diurnal variability in the water turbidity. Although the Kd(490) 
diurnal variability in four seasons is generally less significant than their 
seasonal component, the Kd(490) diurnal variability is not negligible. It 
is noted that the land-ocean breeze effect, i.e., the diurnal change of 
wind as reported in Chen et al. (2016), may contribute to the clima-
tology Kd(490) diurnal variability shown in Fig. 14 and Table 6. 

There exist large tides and strong tidal currents in the broad conti-
nental shelf of the ECS (Bao et al., 2001; Larsen et al., 1985). The diurnal 
and semidiurnal internal tides show distinct variability along the ECS 
shelf (Wang et al., 2022). In the Hangzhou Bay region, it has been found 
that there was an increasing trend of SPM at the ebb tide with an in-
crease of ~3.96±0.31 mg/L/min mainly due to re-suspension of SPM 
particles driven by the tide change (Chen et al., 2021). In the region of 
the Hangzhou Bay and Yangtze River Estuary, the diurnal changes of 
SPM were also observed from VIIRS Day/Night measurements (Shi and 
Wang, 2018). All these studies suggest that diurnal ocean dynamics in 
the GOCI-covered region is strong, and polar-orbiting satellites may not 
be able to effectively monitor the diurnal variability in the marginal 
western Pacific oceans. Therefore, GOCI observations indeed provide 
important data to study the ocean optical, biological, and ecological 
processes more completely. 

To confirm GOCI ocean color data quality and due to unavailable of 
in situ data in recent years, the GOCI-measured nLw(λ) and Kd(490) are 
compared with those of VIIRS in 2012, 2016, and 2019, demonstrating 
generally consistent results (within ~5–10%). Therefore, using the 
GOCI-derived ocean color products in 2012 as a reference to relate to the 
Wang et al. (2013a) validation results, we show that GOCI-derived 
nLw(λ) and Kd(490) data are reasonable in 2019, and can be reliably 
used in the study. This also shows that in this period the GOCI sensor on 
orbital performance has been reasonably well characterized. 

We use GOCI measurements from 2019 and compare the availability 
of ocean color retrievals to the corresponding data coverage from VIIRS. 
The statistical results show that the daily coverage of valid retrievals 
increases from ~21.77% from VIIRS to ~43.81% from GOCI measure-
ments. For most of data in 2019, the daily valid GOCI retrievals increase 
by about a factor of two, compared with that from VIIRS. In addition, 
using the GOCI daily data as an example, we demonstrate that GOCI 
observations can provide significant improvement of the ocean color 
data coverage. Furthermore, it has also shown that the optimal ocean 
color data coverage in the region from satellite remote sensing is around 
10:00–11:00 and 12:00–13:00, corresponding to preferred morning and 
afternoon satellite orbitals. 

We have used STDs and CVs from the daily GOCI eight measurements 
to provide examples of quantifying ocean diurnal variations for various 

locations representing different water properties. Results show that, 
over turbid coastal waters, STD[nLw(λ)] and CV[nLw(λ)] at the green and 
red (even at the NIR) bands are useful, while for open oceans STD 
[nLw(λ)] and CV[nLw(λ)] at the short-blue/blue and green bands are 
important. STD[Kd(490)] and CV[Kd(490)] can also provide useful in-
formation and are generally consistent with results from STD[nLw(λ)] 
and CV[nLw(λ)]. Therefore, daily STD and CV measurements can provide 
quantitative information of the regional ocean/water diurnal variations. 

Some advantages of GOCI data, e.g., more cloud-free daily data and 
the capability of hourly monitoring of ocean variability, demonstrate 
that the GEO satellite observations for coastal oceans and inland lakes 
are important for addressing and understanding of various ocean/water 
processes associated with their diurnal variabilities. Therefore, using the 
GEO ocean color measurements, we can better monitor and study the 
regional ocean environmental changes over inshore and offshore waters, 
riverine estuaries of continental shelf, and various atmosphere-ocean 
processes. 
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