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Article 

Deriving Coastal Sea Surface Current by Integrating 
a Tide Model and Hourly Ocean Color Satellite Data 
Songyu Chen, Fang Shen *, Renhu Li, Yuan Zhang and Zhaoxin Li 

State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai, China
* Correspondence: fshen@sklec.ecnu.edu.cn

Abstract: Sea surface currents (SSC) play a pivotal role in material transport, energy exchange, 
and ecosystem dynamics in coastal marine environments. While traditional methods to obtain wide-
range SSC, such as satellite altimetry, often struggle with limited performance in coastal regions 
due to waveform contamination, deriving SSC from sequential ocean color data using the 
Maximum Cross Correlation (MCC) has emerged as a promising approach. In this study, an 
enhanced MCC method called the Tide-Restricted Maximum Cross Correlation (TRMCC) is 
proposed and implemented on hourly ocean color data obtained from the Geostationary Ocean 
Color Imager II (GOCI-II) to derive SSC in coastal seas and turbid estuaries. Cross-comparison 
over three years with buoy data, high-frequency radar, and numerical model products shows that 
the TRMCC is capable of obtaining high-resolution SSC with good accuracy in coastal and 
estuarine areas. Both large-scale ocean circulation patterns in seas and fine-scale surface current 
structures in estuaries can be effectively captured. The deriving accuracy, especially in coastal 
and estuarine areas, can be significantly improved by integrating tidal current data into the 
MCC workflow, and the influence of invalid data can be minimized by using a flexible 
reference window size and the Normalized Cross-Correlation in the Fourier Domain technique. 
Seasonal SSC structure in Bohai Sea and diurnal SSC variation in the Yangtze River Estuary 
were depicted via satellite method for the first time. Our study highlights the vast potential of the 
TRMCC to be able to improve understanding of current dynamics in complex coastal regions. 

Keywords: sea surface current; coastal waters; Yangtze river estuary; ocean color; GOCI-II 

1. Introduction

As a medium of material transportation, sea surface current (SSC) serves as a vital conduits for
the materials exchange within marine ecosystems [1]. It mediates the transfer of heat and moisture 
between the ocean and the atmosphere, thereby influencing weather patterns [2]. SSC also plays a 
critical role in coastal areas by shaping coastal landscapes [3], influencing larval dispersion [4], 
pollutant distribution [5], affecting maritime activities such as shipping and human engineering [6], 
and so forth. Accurately deriving SSC is crucial both for better understanding global climate change 
and optimizing coastal management strategies. 

Though traditional method, such as surface drifters [7] and Acoustic Doppler Current Profiler 
(ADCP) [8] provides reliable SSC measurements, their observation range is often limited. High-
frequency (HF) radars can effectively monitor coastal SSC by measuring backscattered radar signals 
[9,10], global HF radar network were established to improve coastal management [11], but its 
mapping area is still inadequate to monitor global coastline since its deployment and maintenance 
can be hard in remote and extreme environments [12]. Satellite altimetry has also been widely utilized 
to calculate wide-range ocean current base on geostrophic balance [13,14], however, it can only 
retrieve geostrophic current [15], while realistic ocean surface current was also affected by tidal 
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current, wind-driven current (Ekman current), Stokes drift and other ageostrophic components. 
Moreover, current retrieved from altimeter is rather unreliable due to the distortion and 
contamination in altimeter waveforms in coastal region [15–17]. 

The movement of ocean surface features such as Chlorophyll a (Chl-a), Total Suspended Matter 
(TSM) and Sea Surface Temperature (SST) can effectively indicate the SSC structure [18], making 
feature tracking an effective method to retrieve SSC with sequential thermal or ocean color images. 
Ever since Emery et al. [19] first applied the Maximum Cross Correlation (MCC) approach, which is 
commonly used in image registration and cloud motion detection, to advanced very high-resolution 
radiometer (AVHRR) images and extracted SSC in coastal ocean of Colombia, MCC has been widely 
used to retrieve SSC in various sea areas with different satellite images. Taniguchi et al. [20] derived 
the surface velocity in Lombok Strait using hourly Himawari-8 SST data. Liu et al. [12] investigated 
SSC in the California coast by merging MCC results from different surface tracers including SST, Chl-
a concentration and Remote Sensing Reflectance (𝑅௥௦). Yang et al. [21] derived SSC in the U.S. East 
and Gulf coasts by utilizing overlap area of Visible Infrared Imaging Radiometer (VIIRS) and 
compared SSC products generated by different tracer images. Ren et al. [22] applied MCC to X-band 
synthetic aperture radar (SAR) image to derive high resolution tidal current in Hangzhou Bay and 
Amrum Island. Apart from MCC, various other approaches have been implemented on sequential 
satellite images to obtain SSC, including optical flow [23,24], Doppler shift [25,26], inter-band time-
lag [27], displaced frame central difference equation [28], etc.  

During the process of feature tracking, inconsistencies in spatial resolution and band settings is 
inevitable for multi-sensor images. However, geostationary satellite can avoid these issues and stably 
generate consecutive images. Korean Geostationary Ocean Color Imager (GOCI) provides hourly 
images in the time range of UTC 0:00–7:00, making it one of the most commonly used sensors in SSC 
extraction. Yang et al. [29] analyzed the diurnal variation of SSC and the eddy structures in the west 
coast and East Sea of Korea, using GOCI-derived TSM and Chl-a as tracers for the MCC technique. 
Based on GOCI image, Jiang et al. [30] comprehensively tested different parameters for best 
performance of MCC in Bohai Sea, validation with ADCP, HF radar and numerical model both shows 
good results. Hu et al. [31] tested the Particle image velocimetry (PIV) method on GOCI-derived TSM 
and Chl-a to derive SSC in East China sea and Japan Sea, achieving solid performance especially in 
eddy area with strong rotational and deformation. Using five years of GOCI Level-2 (L2) products 
and optimal interpolation, Liu et al. [32] extracted SSC in entire GOCI’s observation range and 
analyzed annual and seasonal mean flows. 

The aforementioned studies mainly focus on sea areas where surface tracers have distinct 
gradient and stable structure. In shallow nearshore area such as the Yangtze River estuary (YRE) and 
Korean Coastal Sea (KCS), land boundaries are much more intricate, horizontal transport and vertical 
mixing are jointly influenced by river discharge, tidal current and wind, which lead to a more 
complex and dynamic current structure and surface tracers [33,34], causing obstacles in precise high-
resolution SSC estimation. However, due the tide-dominance characteristic in these areas [35,36], 
surface total current direction can be highly consistent with tidal current during the flooding and 
ebbing phases, when the tidal current magnitude is large [30,37].  

The objective of our study is to fill the gaps in SSC estimation in coastal and estuary areas, an 
improved MCC workflow, called the Tide Restricted Maximum Cross Correlation (TRMCC) is 
developed by integrating the FES2014 tide model and applied to GOCI-II ocean color data from 2021 
to 2023. Cross-comparisons are performed between SSC estimation results, buoy data, HF Radar and 
numerical model. High-resolution SSC structures in multiple regions are revealed. Our study 
provides new insight in SSC estimation in coastal areas via ocean color remote sensing. 

The structure of this article is organized as follows: Section 2 introduces the data used in this 
study. Section 3 explains the methodology of our research. Section 4 presents the SSC estimation 
performance over both long-term and short-term with cross-comparison to SSC data obtained from 
GOCI-II L2 product, numerical model product, HF Radar and buoy. TRMCC’s ability to reveal high-
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resolution SSC structures in turbid coastal areas at different time scale is also tested. Finally, 
discussions and conclusions are presented in Section 5.   

2. Materials and Methods 

2.1. Materials 

2.1.1. GOCI-II Data 

Sequential images with both high spatial resolution and short time interval are the cornerstone 
of retrieving SSC from ocean color data. GOCI-II (Geostationary Ocean Color Imager II) was mounted 
on Korean satellite GEO-KOMPSAT-2B that was launched in February 2020, it has a spatial resolution 
of 250 meters, and 12 bands in the visible and near-infrared range, covering most of the sea areas of 
Korea, Japan and China. It is capable of conducting 10 observations per day, from UTC 23:30 to 8:30, 
with an interval of 1 hour, perfect for the extraction of SSC. GOCI-II data can be obtained from Korea 
Ocean Satellite Center (KOSC) website (https://kosc.kiost.ac.kr/, accessed on 06 January 2024). Since 
a full scene of GOCI-II image consists of 12 sub-images obtained by step and stare method, data from 
two different slots were used in this study: Slot S007 that covers Korean Sea and Slot S010 that covers 
East China Seas (Figure 1a).  

 

Figure 1. (a) Area of interest (AOI) of this study. Orange and green square represents the observation range of 
GOCI- II data in two different slots (named by S010 and S007). White dashed line is the isobath in the AOI. 
Stars and red dashed border represent location of buoys and HF Radars. (b) Valid data time range of ocean 

color data (blue), Korean buoy (green) and Chinese buoy (orange). (c) Underground topography of the YRE, 
black solid line represents the location of Deep-Water Channel Project. 

For case in Korean Sea, previous studies have proved that Chl-a can be a suitable tracer in sea 
areas with relatively low turbidity such as California Coast and Korean Sea [29,31,38,39]. Therefore, 
GOCI-II L2 Chl-a product of slot S007 (green square in Figure 1a) was selected as tracer data to derive 
SSC in the sea area of Korean Peninsula. This product is generated based on L2 Atmospheric 
Corrected Rrs product using Ocean Color Index (OCI) algorithm [40]. Full data from 2021 to 2023 was 
used, adding up to a total of 10407 scenes. 
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For case in East China Seas, due to the shallow topography and abundant terrestrial sediment 
input from the Yangtze River and Yellow River, optical properties in East China Seas are strongly 
influenced by suspended sediment, creating obstacles for accurately deriving Chl-a [41,42]. 
Therefore, in these area, TSM has been widely used in SSC estimation [31,43–45]. However, in 
extremely turbid nearshore and estuary areas such as the YRE, the official atmospheric correction 
method of GOCI-II performs poorly, resulting in large blank area in ocean color product of slot S010. 
Therefore, high-quality Level 1B Top-of-Atmosphere Radiance product of slot S010 (orange square 
in Figure 1a) from 2021 to 2023 was manually filtered (Figure 1b), adding up to a total of 5445 scenes 
in 573 days. Rayleigh correction was performed with an atmospheric vector radiative transfer model 
[46,47]. Cloud areas were then masked based on an improved cloud masking method [48]. 
Atmospheric correction was performed with XGB-CW [49], a new atmospheric correction algorithm 
especially designed for highly turbid waters, which combines a coupled ocean-atmosphere model 
with the eXtreme Gradient Boosting (XGBoost). After Rrs was obtained, TSM was derived by a semi-
empirical radiative transfer model [50] and was selected as tracer data to derive SSC in the East China 
Sea areas. 

Moreover, GOCI-II official L2 SSC data products of slot S007 and S010 from 2021 to 2023 were 
also downloaded for cross comparison. These SSC data were developed by using L2 Chl-a product 
as tracer image, and a primitive MCC algorithm based on Barton et al [51] and Emery et al [19]. This 
product has gone through a quality control process using global mean ocean surface velocities 
calculated from 30 years of satellite-tracked surface drifter data. 

2.1.2. Buoy Data 

In order to exam the accuracy of retrieved SSC, hourly SSC data of 14 buoys from 2021 to 2023 
was collected to be seen as Ground Truth (GT), 8 of which are located in KCS (as shown in Figure 1a) 
and 6 of which are located in the YRE, China (as shown in Figure 1c). Korean buoys data which 
includes surface current speed and direction was downloaded from Korea Hydrographic and 
Oceanographic Agency website (http://www.khoa.go.kr/, accessed on 10 February 2024), 4 of them 
was located in outer sea (KG_0021, KG0024, KG0025, KG0028), and 4 of them was located in the 
coastal sea with lower water depth and more intricate land boundaries (TW_0069, TW_0079, 
TW_0080, TW_0081). Moreover, six buoys were deployed in the YRE, located in the North Channel, 
North Passage and South Passage (as shown in Figure 1c), capable of providing current speed and 
direction of vertical water column. In order to reduce noise, current data in the depth of 0 to 2 meters 
were averaged and seen as SSC. The available time range of 14 buoys can be seen in Figure 1b. 

2.1.3. High Frequency Radar Data 

Data of four High Frequency (HF) radar sites (as shown in Figure 1a) were also downloaded 
from Korea Hydrographic and Oceanographic Agency website (http://www.khoa.go.kr/, accessed on 
12 February 2024) to perform accuracy verification of retrieved SSC. These HF radar sites are located 
in different geographical environments (e.g., shallow coast, water bay, deep sea), with resolution 
ranging from 0.75 to 3 km, and operating frequency ranging from 13 to 25 MHz and band width 
ranging from 50 to 200 kHz [52]. Additionally, buoy KG_0024 is located in the observation range of 
HF radar site HF_0041, which makes it possible to make a cross comparison between SSC retrieved 
by different method. 

2.1.4. Numerical Model Data 

CMEMS (Copernicus Marine Environment Monitoring Service) products has been widely used 
to study coastal ocean dynamics [53,54]. In this study, SSC data from CMEMS product 
“GLOBAL_ANALYSISFORECAST_PHY_001_024” was used for cross comparison. The product is 
based on version 3.6 of NEMO (Nucleus for European Modelling of the Ocean) ocean model, coupled 
with new data assimilation method and observation data [55], and is capable of providing hourly 
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SSC with a resolution of 1/12°. This product is available at Copernicus Marine Data Store 
(https://data.marine.copernicus.eu/products, accessed on 06 February 2024). 

2.1.5. Tide Model 

In this study, Finite Element Solution (FES) tide model was utilized to simulate surface tidal 
current and tidal height. As the latest version of FES tide model, FES2014 has a higher horizontal 
resolution of 1/16°, a more accurate bathymetry and shoreline grid in shallow water areas, an 
expanded altimetry and tidal gauges assimilation database and more advanced data assimilation 
method [56]. FES2014 tide model can be downloaded from Archiving, Validation and Interpretation 
of Satellite Oceanographic (Aviso) website 
(https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html, accessed 
on 04 December 2023). Previous studies have pointed out that FES2014 provides a more reliable result 
than other ocean tide model in both East China Seas [57,58] and coastal sea of Korean Peninsula [59].  

2.2. Methods 

Considering above mentioned obstacles in SSC estimation and the notable contribution of tidal 
current in coastal sea, we proposed an improved MCC workflow called the Tide Restricted Maximum 
Cross Correlation (TRMCC). It is capable of producing high-resolution and high-accuracy SSC result 
especially in coastal sea area. The workflow diagram of the TRMCC can be seen in Figure 2, and its 
main improvements are as follows. 

 

Figure 2. Workflow diagram of TRMCC. Blue part represents the process of Tide-Restriction. Red part is the 
circulation to decide a reference window size by evaluating feature in the reference window. Green part is the 

Masked Normalized Cross-Correlation technique. 

2.2.1. Normalized Cross-correlation in Fourier Domain 

Invalid data in data window can greatly influence the SSC deriving result. In order to minimize 
the influence caused by land or cloud cover, a Masked Normalized Cross-Correlation (NCC) 
technique [60] was adopted to evaluate the cross correlation between reference window and 
suspected target window. This is an image registration method originally developed for medical 
imaging, by introducing masked area into the Fourier-Merlin algorithm, it can effectively avoid 
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influence caused by masked area, which in our case is invalid data caused by land and cloud cover. 
The NCC can be calculated as: 

𝑁𝐶𝐶 =  ௙షభ(ிభ⋅ிమ∗)ି೑షభ൫ಷభ⋅ಾమ∗ ൯⋅೑షభ൫ಾభ⋅ಷమ∗ ൯೑షభ൫ಾభ⋅ಾమ∗ ൯ඨ௙షభ൫௙(ௐభ⋅ௐభ)⋅ெమ∗൯ିቀ೑షభ൫ಷభ⋅ಾమ∗ ൯ቁమ೑షభ൫ಾభ⋅ಾమ∗ ൯  ⋅ඨ௙షభቀெభ ⋅௙൫ௐమᇲ⋅ௐమᇲ൯ቁିቀ೑షభ൫ಾభ⋅ಷమ∗ ൯ቁమ೑షభ൫ಾభ⋅ಾమ∗ ൯
, (1)

where NCC is the normalized cross-correlation, 𝑓 and 𝑓ିଵ represent Fourier and inverse Fourier 
transform, 𝑊ଵ  and 𝑊ଶ  is two image windows, 𝐹ଵ  and 𝐹ଶ  is the Fourier transformed image 
windows, 𝑀ଵ  and 𝑀ଶ  is the Fourier transformed mask of two image. More details can be seen in 
[60]. 

2.2.2. Restricted Angular Search Range 

In Coastal seas, tidal current can be the dominant current component rather than geostrophic 
current, wind-driven current and so on. Genuine current’s direction can be significantly affected by 
tidal current. As shown in the density plot (Figure 3) of over 630,000 data pair between simulated 
tidal current and genuine current observed by buoys, a clear pattern between tidal current magnitude 
(𝑉௧௜ௗ௘) and angular difference of genuine current and tidal current (ห𝜃௕௨௢௬ − 𝜃௧௜ௗ௘ห) can be concluded. 
The larger the 𝑉௧௜ௗ௘, the smaller the angular difference between genuine current and tidal current. 
63.3% of 𝑉௧௜ௗ௘ distributes in the range of 5 to 75 cm/s, while the angular difference distributes in the 
range of 0 to 30. Therefore, in this study, we defined a variable 𝜑 which stand for the angular 
difference between simulated tidal current direction and the genuine current direction and assume 𝜑  has a functional relationship with 𝑉௧௜ௗ௘  that can be expressed as a linear combination of 
exponential functions as follows: 𝜑 = 𝑎 ⋅ 𝑒௕⋅௩ +  𝑐 ⋅ 𝑒ௗ⋅௩ (2)

where 𝜑 is the angular difference, 𝑣 is the tidal current magnitude, a, b, c and d are undetermined 
coefficients. 

 

Figure 3. Scatter density plot between tidal current magnitude and angular difference of genuine current and 
tidal current. Red line indicates the curve of 𝜑 = 𝑓(𝑣). 

Based on vast number of data-pair between simulated tidal current and genuine current, four 
coefficients in Eq.(2) were obtained by using Gaussian Kernel Density Estimation (GKDE) to model 
the distribution of 𝜑 and 𝑉௧௜ௗ௘, and an optimization algorithm to ensure the resulting function can 
cover at least 99% of the data-pair while minimizing the angular difference. Finally, the functional 
relationship between 𝜑 and 𝑉௧௜ௗ௘ can be expressed as: 𝜑 = 9036.18 ⋅ 𝑒ି଴.ଵଽ⋅௩ +  168.24 ⋅ 𝑒ି଴.଴ଵସ⋅௩  (3)
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where 𝜑 is the angular difference, and 𝑣 is the tidal current magnitude. 
During the workflow of the TRMCC (as shown in Figure 4), tidal current magnitude (𝑉௧௜ௗ௘) and 

direction (𝜃௧௜ௗ௘) between the time range of two sequential images was generated by tide model, the 
mean value (𝑉௧పௗ௘തതതതതത and 𝜃௧పௗ௘തതതതതത) will be seen as the tidal current vector corresponding to the estimation 
time. 𝜑 was decided by 𝑉௧పௗ௘തതതതതത based on Eq.(3), and the angular restriction range can be defined as 
[𝜃௧పௗ௘തതതതതത − 𝜑 , 𝜃௧పௗ௘തതതതതത + 𝜑]. As shown in Figure 4, taking two Chl-a images from 8:30 to 9:30 (UTC+9) on 
April 25, 2021, as an example, suspected vector (gray arrow) that is outside the restriction range was 
discarded even though it has a higher NCC. 

 

Figure 4. Schematic illustration of angular restriction range, taking Chl-a images from 8:30 to 9:30 (UTC+9) on 
April 25, 2021, as an example. Vector and window border in green and gray represents search result after and 

before Tide-Restriction. 

2.2.3. Adaptive Reference Window Size 

In the workflow of conventional MCC approach, size of the Reference Window (𝑟𝑤) significantly 
influences the accuracy of SSC estimation and can be various depend on the research area. For 
example, previous study that apply MCC on GOCI data to derive SSC, 𝑟𝑤 varies from 10 to 22 km 
[29,32,39,45,61]. However, in coastal sea area such as the YRE, SSC shows a much finer structure and 
can be dissimilar even in an area of 10×10 km, not to mention the inner estuary where the width of 
the river channel can be less than 6 km. When implementing MCC on different areas, 𝑟𝑤 should be 
decided based on the feature scale and signal abundance of surface tracer, since an excessively large 
window size cannot reflect the fine structure of SSC [22]. 

Therefore, we bought in the coefficient of variation (𝑐𝑣) into the workflow (as shown in Figure 
2) to evaluate the signal abundance. 𝑐𝑣 of an image window can be computed as: 𝑐𝑣 = 𝑆𝐷𝑀𝑁 × 100%   (4)

where SD and MN are standard deviation and mean value of a window.  
With an initial 𝑟𝑤 of 15 pixels (3.75 km), if the 𝑐𝑣 is less than a threshold of 15% and the invalid 

data percentage is less than 20%, 𝑟𝑤 will be expanded for 2 pixels and repeat this process until 𝑐𝑣 
reaches the threshold or 𝑟𝑤 exceeds 61 pixels (15.25 km). After this cycle, an optimal 𝑟𝑤 can be 
decided ensuring a suitable amount tracer signal while assuring an acceptable invalid data 
percentage. 

2.2.4. Accuracy Evaluation Metrics 

Following previous research [28,62,63], Average Angular Error (AAE) and Average Magnitude 
Error (AME) were used to evaluate the performance of SSC estimation. AAE, AE, AME, and ME can 
be calculated as follow: 
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ሼ𝐴𝐴𝐸, 𝐴𝑀𝐸ሽ = ሼ𝐴𝐸തതതത, 𝑀𝐸തതതതതሽ = ቊ∆𝜃തതതത, ∆𝑉𝑉തതതതቋ = 1𝑁 ෎ ቊarccos ቆ 𝑣 ⋅ 𝑣௚௧|𝑣|ห𝑣௚௧หቇ , ห𝑣 − 𝑣௚௧หห𝑣௚௧ห ቋ௜,௝   (5)

where 𝑣 is the current vector that’s being evaluated, and 𝑣௚௧ is the ground truth (buoy) vector. 

3. Results 

3.1. Validation Using Buoy Data 

To thoroughly verify TRMCC’s in different sea area, SSC in 14 buoys’ location from 2021 to 2023 
was derived based on GOCI-II data. In order to demonstrate the effect of Tide-Restriction, a reference 
data group without the process of Tide-Restriction is also generated. The performance of Tide 
Restricted method (TRMCC), Unrestricted method and GOCI-II official method were shown in Table 
1 (8 Korean buoys) and Table 2 (6 Chinese buoys).  

Table 1. Comparison of different SSC results in Korean Coastal Sea in 3 years. 

In the offshore area of Korean Sea, though the accuracy of official SSC product is only slightly 
lower than our method, it yields only about one-third the amount of valid data of our method. 
Considering that both three results were based on the same L2 Chl-a data, it is possible that the 
production process of the SSC product can’t deal with invalid data caused by cloud cover. The 
difference between Tide Restricted method and Unrestricted method is very small, since 𝑉௧௜ௗ௘  in 
offshore area is relatively smaller than nearshore area. According to Eq.(3), 𝑉௧௜ௗ௘ need to be greater 
than 26.1 cm/s, or the 𝜑 will be over 180°, under this circumstance, the angular search range is still 
[0,360], which means the Tide-Restriction didn’t take effect. 

Table 2. Comparison of different SSC results in the YRE in 3 years. 

Buoy ID 
Tide Restricted Unrestricted 

AME AAE(°) Count AME AAE(°) Count 

ECNU_01 0.612 41.801 134 0.646 44.105 134 

ECNU_02 0.647 23.607 562 0.746 39.458 743 

ECNU_03 0.563 34.114 578 0.857 79.771 710 

ECNU_04 0.528 35.473 464 0.587 78.665 547 

ECNU_05 0.651 22.195 307 0.695 67.113 513 

ECNU_06 0.437 33.672 477 0.858 89.789 566 

Type Buoy ID 
Tide Restricted Unrestricted Official SSC Product 

AME AAE(°) Count AME AAE(°) Count AME AAE(°) Count 

Off 

Shore 

KG_0021 0.481 35.472 340 0.48 35.605 340 0.584 38.937 146 

KG_0024 0.429 39.562 1326 0.429 39.353 1329 0.528 55.835 361 

KG_0025 0.46 34.45 1340 0.46 34.512 1340 0.519 55.747 334 

KG_0028 0.571 33.56 960 0.573 34.764 964 0.504 53.879 396 

Mean/Sum 0.48525 35.761 3966 0.4855 36.0585 3973 0.53375 51.0995 1237 

Near 

Shore 

TW_0069 0.546 29.375 819 0.554 38.126 842 0.835 80.53 41 

TW_0079 0.394 26.072 1132 0.396 28.543 1144 0.806 75.479 37 

TW_0080 0.544 33.447 1056 0.534 40.52 1078 0.868 101.846 36 

TW_0081 0.409 33.347 1226 0.412 35.144 1235 0.795 101.245 54 

Mean/Sum 0.47325 30.5603 4233 0.474 35.5833 4299 0.826 89.775 168 
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Mean/Sum 0.573 31.810333 2522 0.7315 66.4835 3213 
Whereas in the nearshore area, the advantage of our method began to take shape. While official 

SSC product shows poor accuracy and few valid data count, Unrestricted results which utilize 
adaptive reference window size and masked 𝑁𝐶𝐶 technique achieved valid observation of 4299, 
with a good accuracy of 35.6° in angular error and relative magnitude error of 0.47. The AAE was 
further improved by 14.1% on average under the effect of Tide-Restriction, this improvement varies 
on the location of buoy, with a best improvement of 23.0% at TW_0069, and a least improvement of 
5.1% at TW_0081. However, the improvement in AME is relatively small.  

In the YRE where water is much shallower than that in the KCS, Tide-Restriction yielded huge 
improvement both in AME and AEE. On average, AME were improved by 21.7% and AAE were 
improved by 52.2%. This improvement is most obvious in ECNU_03 and ECNU_06, each are 
improved by 34.3% and 49.1% in AME, 57.2% and 62.5% in AAE, respectively. However, valid vector 
count was dropped by 21.5% on average, indicating a failure in finding a target vector that matches 
correlation limit while staying in the angular restriction range. Moreover, official SSC product 
completely loses its' effectiveness, with no valid data in the YRE, since the official atmospheric 
correction method hardly works in highly turbid water of the YRE, and the inability of official SSC 
extraction methods to deal with invalid data. 

3.2. Cross-Comparison of SSC Derived from Satellite, Numerical Model and HF Radar 

To further investigate SSC pattern in a larger spatial scale, mean SSC of CMEMS product and 
TRMCC results from 2021 to 2023 can be seen in Figure 5. Overall, both results show similar current 
structure. After Kuroshio (black arrow) arrive at the Jeju Island, it was divided into Yellow Sea Warm 
Current (YSWC, yellow arrow) and East Korea Warm Current (EKWC, red arrow). EKWC was 
bifurcated by Korean Strait (KS) and flow into the Sea of Japan. However, differences exist in 
distribution of SSC magnitude. CMEMS product shows a higher magnitude in EKWC than TRMCC 
results, while in YSWC and area of Changjiang (Yangtze) Diluted Water (CDW), TRMCC results 
shows a higher magnitude. 

 

Figure 5. Mean SCC obtained by CMEMS product (a) and TRMCC (b) from 2021 to 2023 in the sea area of 
Korean Peninsula, overlaying with average current magnitude. Arrow in black, red, blue and yellow border 
represents the Kuroshio, East Korea Warm Current, Korean Coastal Current and Yellow Sea Warm Current. 

KS: Korean Strait. JI: Jeju Island. CDW: Changjiang (Yangtze) Diluted Water. 
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In order to examine the differences between CMEMS product and TRMCC results, three 
representative buoys were selected, and their magnitude differences and the direction distribution 
can be seen in Figure 6. For buoy KG_0021 (115m in depth) located in outer sea, as shown in Figure 
6a,d, both results match the actual situation that SSC mainly flows to the north and northwest, while 
TRMCC results yields a relatively higher accuracy in magnitude. For buoy TW_0079 (25m in depth) 
located in the west coast of Korea, as shown in Figure 6a,e, SSC mainly flows to the southwest, both 
results slightly overestimated the flow in the northeast, but TRMCC results still shows a higher an 
accuracy in magnitude. However, for ECNU_05 (5m in depth) located in the shallow YRE, as shown 
in Figure 6c,f, CMEMS product shows a rather poor performance both in magnitude and direction. 
SSC in the YRE were confined by river channel and highly influenced by runoff and tidal current, 
resulting in a reciprocal flow pattern in west and east direction, TRMCC results correspond well with 
buoy data while preserving a relatively good accuracy in magnitude. 

 

Figure 6. (a-c) Distribution of magnitude differences between TRMCC results, CMEMS product and buoy data. 
(d-f) Distribution of velocity direction between TRMCC results, CMEMS product and buoy data. 

Furthermore, data from three HF Radar sites located in different water depth was selected to 
demonstrate TRMCC’s performance in costal sea and the influence caused by invalid data in 
sequential images. TRMCC results was resampled into corresponding resolution of HF Radar, and 
the results are presented in Figure 7. It can be seen that TRMCC results generally agrees well with 
SSC observed by HF Radar both in direction and velocity. However, extremely fine scale structure of 
SSC in coastal area can still be neglect, for example, in the northwest part of HF_0065 (Figure 7c) and 
the west part of HF_0070 (Figure 7e), where HF Radar depicts a more detailed current structure. 
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Moreover, since GOCI-II L2 Chl-a product was used as tracer image, invalid data exists in L2 product 
due to failure of atmospheric correction in turbid water (e.g., Type 1 in Figure 7a,b and Type 3 in 
Figure 7e,f) and cloud cover (e.g., Type 2 in Figure 7c,d). Though the TRMCC is able to ignore certain 
amount of invalid data by Masked NCC technique, information loss caused by huge blank area can 
still inevitably lead to a failure in the TRMCC process. 

 

Figure 7. SSC derived by HF Radar (left) and TRMCC (right) at 9:00 (UTC+9) in 24 Oct 2022, overlaying with 
the GOCI-II Chl-a product at 8:30 (left) and 9:30 (right). (a) HF_0063. (c) HF_0065. (e) HF_0070. Blue star 

represents the location of radar sites. SCC derived by TRMCC outside the observation range of HF Radar was 
removed for better visualization. 

To thoroughly investigate the performance of different SSC results, data from a buoy located in 
Korean Strait was regard as ground truth, SSC from HF Radar, CMEMS product and TRMCC results 
were resampled into resolution of 4 km, daily average SSC of different data can be seen in Figure 8a. 
In the northwest part where water depth is around 50 meters, three SSC data correspond well in 
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direction, with CMEMS product overestimated the velocity magnitude. However, in south part and 
area with high water depth, TRMCC results agrees well with CMEMS product that SSC mainly flows 
in a northeasterly direction, while HF Radar depicts a completely opposite direction. Furthermore, 
eastward and northward component of flow vector from 9:00 to 16:00 (UTC+9) in three different data 
was compared with buoy data. It can be seen in Figure 8b that though vector direction from CMEMS 
product agrees well with ground truth with AAE being 30.431°, it overestimated the velocity, 
resulting in a AME of 1.6. Vector derived by HF Radar and TRMCC, on the other hand, shows a better 
accuracy both in velocity and direction, with a AME of 0.326 and AAE of 22.229° for HF Radar, and 
even better results from TRMCC, with AME and AEE being 0.151 and 17.878°.  

 

Figure 8. (a) Average SSC in Korean Strait from 9:00 to 16:00 (UTC+9) on May 5, 2022. Green, black, blue and 
red vector represents current derived by buoy, HF Radar, TRMCC and CMEMS, respectively. SCC derived by 
TRMCC and CMEMS that are outside the observation range of HF Radar was removed for better visualization. 

(b) Comparison between HF Radar (black), TRMCC (blue), CMEMS (red) and ground truth (buoy). Solid 
triangle represents eastward component (u) and hollow triangle represents northward component (v). 

3.3. Fine-scale SSC Seasonal Variation in Bohai Sea 

As one of the biggest shelf seas in the world, East China Sea is known for its shallow water depth 
and abundant terrestrial sediment input, making it hard for altimeter and numerical model to retrieve 
SSC. However, sediment floating on the sea surface can also be a perfect tracer, facilitating the 
extraction of SSC by feature tracking.  

Taking Bohai Sea (BS) as an example, seasonal mean SSC was derived by the TRMCC based on 
TSM images from 2021 to 2023, and the result can be seen in Figure 9. Due to the dominance southeast 
and northwest wind in summer and winter, it can be seen that in Bohai Strait, SSC flows from Yellow 
Sea (YS) to BS in summer and the contrary in winter, with a mean velocity of around 30 cm/s. SSC 
around the Yellow River Estuary shows a consistent outward diffusion pattern in every season due 
to the runoff of Yellow River and converge into the Laizhou Bay in autumn under the influence of 
the north wind. The number of valid vectors reach up to around 500 for each season in the inner 
Bohai Sea where the water is rich in sediment. But the number is generally lower in summer due to 
a higher cloud cover rate. 
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Figure 9. Seasonal mean SSC from 2021 to 2023 in Bohai Sea, overlaying with valid vector data count. (a) 
Spring. (b) Summer. (c) Autumn. (d) Winter. 

3.4. Fine-scale SSC Diurnal Variation in Yangtze River Estuary 

Another example to show TRMCC’s ability to retrieve high-resolution SSC is given in Figure 10. 
Hydrological condition in the YRE is very complex under the joint influence of runoff, tidal current, 
wind and human activities [64], making it hard to accurately retrieve SSC. Since in-situ measurements 
methods such as buoy and ADCP has a limited observation range, previous research that studies SSC 
in the YRE generally utilize numerical model that requires reliable boundary condition and initial 
filed [65,66]. Therefore, by applying the TRMCC on GOCI-II TSM images, we retrieved SSC in the 
YRE via satellite images for the first time. Since the nature of the TRMCC is feature tracking, surface 
flow trajectories can be observed in Lagrange method rather than fix-point observation such as fixed-
buoy which is Euler method. Firstly, tidal height in the YRE was simulated by tide model and 
compared with tidal height observed by three tide-gauge station, the result can be seen in Figure 10b. 
The simulated tidal height agrees well with observed data, based on it, trajectories consist of nine 
consequential vectors in various location of the YRE are shown in Figure 10a. Each vector was colored 
in red (Flood Period) and blue (Ebb Period) according to local tidal phase, and SSC characteristic in 
the YRE can be vividly depicted.  

 

Figure 10. (a) SSC trajectories in YRE from 8:00 to 17:00 (UTC+8) on Jun 6, 2021. Color of trajectories represents 
the concurrent tidal phase, red and blue represents flood and ebb period, respectively. Stars represents location 

of tide-gauge stations. (b) Tidal height in the YRE on Jun 6, 2021. Black line represents average tidal height 
simulated by tide model, blue, red and green line represents tidal height measured by Sheshan, Chongming 
and Zhongjun tide-gauge station. Red and blue background represents the flood and ebb period decided by 

simulated tidal height. 
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It can be indicated in Figure 10a that SSC mainly shows a rotational flow style, with an elliptical 
trajectory in the outer estuary and gradually transformed into a reciprocal flow style. Moreover, since 
the observation time of GOCI-II have encompassed half of a tide period in the YRE, the responding 
mechanism between SSC and tide can also be interpreted based on these trajectories. In the inner 
estuary, during 8:00 to 11:00, north-westly current that flows into the YRE slowly decelerate and 
turning to south-east and flows to the outer sea, although tidal current already began ebbing in 9:00, 
it takes 2 hours of delay for the actual SSC to change its direction. From 11:00 to 15:00, south-eastly 
current gradually accelerate during ebb phase, and keeps accelerating from 15:00 to 17:00 when the 
tide began to rise. Overall, current in the estuary that is strongly influenced by runoff often postpones 
to response to the variation of tidal current, while in the outer estuary where the water is deeper, 
tidal variation mostly influence the current direction instead of velocity, in the whole observation 
period, current direction gradually changes from northwest to southeast.  

4. Discussion 

In this study, an improved MCC workflow called the TRMCC is proposed. By assimilating tidal 
current data, adaptive reference window size and Masked Normalized Cross-Correlation technique, 
TRMCC is able to retrieve high-resolution SSC in coastal sea area with a good accuracy, providing a 
new insight for SSC estimation in coastal area. The performance of the TRMCC was toughly 
examined by cross comparison with SSC data obtained by multiple methods in various spatial and 
temporal scale. On a long timescale, TRMCC remains a high accuracy in a total of 10,721 data pairs 
from 14 buoys located in Korean Seas and the YRE, with an average AME of 0.51 and AAE of 32.58° 
on average (Tables 1 and 2). Surface current system such as Kuroshio, East Korea Warm Current and 
Korean Coastal Current can be depicted with a higher accuracy than CMEMS product (Figures 5 and 
6), and the seasonal pattern of SSC were analyzed in Bohai Sea (Figure 9). On a short timescale, 
TRMCC is capable of revealing SSC trajectories in a shallow estuary like the YRE during GOCI-II’s 
observation time (Figure 10), SSC’s response to tidal current can also be analyzed by combining SSC 
results and simulated tidal height. In general, TRMCC exhibits a promising result in SSC estimation 
in coastal sea and estuary, but room for improvement still exists in various aspects. 

In the process of Tide-Restriction, equation to calculate angular difference 𝜑 using tidal current 
magnitude was determined by statistical analysis, ensuring that 99% of genuine current can be 
covered in angular restriction range. The results shows that Tide-Restriction significantly improves 
the accuracy of SSC estimation in coastal sea, especially in the tide-dominated YRE where AME was 
improved by 21.7% and AAE by 52.2% on average. Tidal current data were independently pre-
generated by FES2014 tide model, facilitating the process of the TRMCC workflow. However, though 
FES2014 has a proven accuracy in coastal sea due to its high horizontal resolution and fine shoreline 
grid, for estuaries with more complex land boundaries, error still exists in simulated tidal current. 
Therefore, in these areas, regional tidal model that can produce a more accurate tide data can be 
considered to replace FES2014 in the TRMCC workflow.  

Besides from SSC estimation methods, previous studies have showed that erroneous vectors 
exist in SSC derived and are possible to be identified and eliminated by applying additional filter 
methods such as reciprocal filter [51] and nearest neighbor filter [12,67]. Moreover, the performance 
of derived SSC can be further improved by applying optimization method such as optimal 
interpolation (OI) [32,68]. Since our research mainly focus on exploiting the potential of integrating 
tidal current into the process of SSC estimation, these filtering and reconstructing methods are not 
considered in this study. 

When it comes to the selection of tracer images, GOCI-II can be the perfect candidate for its 
temporal resolution of one-hour, spatial resolution of 250 meters and its capability to acquire 10 
images per day. But apart from GOCI-II, TRMCC’s application on other satellite images is not yet 
tested. Satellite with an even better temporal resolution such as Himawari-8 (20 minutes) and GF-4 
(up to 20 seconds) can further reduce the influence caused by vertical exchange and mixing of surface 
tracer, thus provides a better SSC estimation. Moreover, as a sensor running in the geostationary 
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orbit, GOCI-II’s observation range is limited to the western Pacific. In other regions, as long as two 
images have a short time interval, such as MODIS and VIIRS [12], Landsat 8 and Sentinel 2 [23], two 
different bands of Sentinel-2 that have inter-band time lag [27], can also be selected as tracer images. 
Furthermore, tracer images are not limited to ocean color data, SAR images [69], Sea Surface 
Temperature data [68] or any other surface parameters that can reflect the displacement of surface 
water can be a potential tracer. 

The SSC is an important physical property for understanding material exchange, biogeochemical 
processes and ocean-atmosphere interaction in estuaries and coastal areas. Conventional methods for 
deriving coastal SSC have their own limitation, such as in-situ observation methods like fixed-buoy 
and ADCP has a limited observation range, satellite altimeter are unreliable due to waveform 
contamination, and numerical model requires complex boundary condition and initial filed. Deriving 
SSC from sequential ocean color images offers a new approach that has lower computational costs 
and higher timeliness. Previous studies that utilize ocean color images such as Chl-a, TSM and Rrs 
obtained by GOCI, VIIRS and AVHRR, to derive SSC rarely involve estuary and coastal area, due to 
obstacles posed by intricate land boundaries and complex dynamic environments. 

5. Conclusions 

In this study, we propose an SSC estimation method called the TRMCC that can overcome the 
aforementioned obstacles and implemented it on ocean color data obtained from GOCI-II. Validation 
using in-situ current data obtained from 14 buoys located in different water areas from 2021 to 2023 
showed that TRMCC is capable of deriving high-accuracy SSC even in turbid coastal areas, with an 
average AME of 0.51 and an AAE of 32.58°. Additionally, it was shown that estimation accuracy can 
be significantly improved by integrating tidal current data into the MCC process. Cross-comparisons 
were made between TRMCC results, HF Radar observations, CMEMS numerical model products, 
and buoy observations, showing that both large-scale surface circulation patterns and fine-scale 
current structures can be extracted by TRMCC. Seasonal SSC structure in the Bohai Sea and diurnal 
SSC variation in the YRE were depicted via satellite methods for the first time. By combining hourly 
ocean color data from GOCI-II, TRMCC can provide new insights into studying sea surface currents 
in highly turbid water areas with intricate land boundaries, expanding our understanding of complex 
physical processes in these regions. 
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