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ABSTRACT

High-frequency images of the water diffuse attenuation coefficient at the wavelength of 490
nm (K4(490)) derived from the Korean Geostationary Ocean Color Imager (GOCI) provide a
unique opportunity to study diurnal variation of water turbidity in coastal regions of the Bohai
Sea, Yellow Sea, and East China Sea. However, there are many missing pixels in the original
GOCl-derived K4(490) images due to clouds and various other reasons. Data Interpolating
Empirical Orthogonal Function (DINEOF) is a method to reconstruct missing data in
geophysical datasets based on the Empirical Orthogonal Function (EOF). It utilizes both
temporal and spatial coherencies of data to infer a solution at the missing locations. In this study,
the DINEOF is applied to GOCI-derived Ku(490) data in the Yangtze River mouth and the
Yellow River mouth regions, and the DINEOF reconstructed K(490) data are used to fill in the
missing pixels. In fact, DINEOF has been used to fill in gaps in ocean color chlorophyll-a and
turbidity data from the Sea-viewing Wide Field-of-View Sensor (SeaWiFS), Moderate
Resolution Imaging Spectroradiometer (MODIS), and Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) in previous studies. Our GOCI validation results show that the bias between

the reconstructed data and the original K4(490) value is quite small (< ~5%). The standard
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deviation of the reconstructed/original ratio is ~0.25 and ~0.30 for the mouths in the Yangtze
River and Yellow River, respectively. In addition, GOCI high temporal resolution measurements
in K4(490) can capture sub-diurnal variation due to the tidal forcing. The spatial patterns and
temporal functions of the first three EOF modes are also examined. The first EOF mode
characterizes the general mean spatial distribution of the region, while the second and third EOF

modes represent the variations due to the tidal forcing in the region.
Keywords: GOCI, ocean color, EOF, DINEOF, K4(490), tide

1. Introduction

The Korean Geostationary Ocean Color Imager (GOCI) (Cho et al., 2010; Choi et al., 2012)
is the first geostationary ocean color satellite sensor which was launched on June 27, 2010.
GOCI covers an area of about 2500 x 2500 km? around the Korean Peninsula in the western
Pacific region, including the Bohai Sea (BS), Yellow Sea (YS), and East China Sea (ECS), with
the spatial resolution of 500 m (Choi, et al., 2012). GOCI scans the area eight times a day hourly
from local times of about 9:00 to 16:00. GOCI has six visible bands centered at the wavelengths
of 412, 443, 490, 555, 660, and 680 nm and two near-infrared (NIR) bands at wavelengths of 745
and 865 nm for atmospheric correction (Gordon and Wang, 1994; Wang et al., 2012). GOCI can
monitor the regional marine environment changes and provide a variety of ocean optical,
biological, and biogeochemical property products. Indeed, GOCI data can be used for various
applications such as short- and long-term ocean environment monitoring, disaster and ocean
hazard monitoring and prevention, ocean ecosystem and water quality evaluation and analysis, as
well as intelligence and national security applications (Cho, et al., 2010; Choi, et al., 2012;
Doxaran et al., 2014; Ryu et al., 2011; Wang et al., 2013a; Wang et al., 2014).

With highly temporal (hourly) measurements, GOCI has the capability to capture ocean
diurnal variations due to wind, tide, and other physical forcing. In fact, in the BS, YS, and ECS,
tidal forcing has a significant effect on the physical, biological, and suspended sediment

conditions, and consequently on ocean properties as well (Shi et al., 2011). The water diffuse
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attenuation coefficient at the wavelength 490 nm, K4(490) (or at the domain associated with
photosynthetically available radiation (PAR) K4(PAR)), is one of important satellite-derived
ocean color products (Lee et al., 2005; Morel et al., 2007; Son and Wang, 2015; Wang et al.,
2009a). Indeed, parameter K4(490) measures the water turbidity, and it is highly correlated to the
suspended sediment concentration in the water column over turbid waters (Son and Wang, 2012).
In fact, using in situ data measured from the Chesapeake Bay, Son and Wang (2012) developed a
linear algorithm to derive the suspended sediment concentration from satellite-measured K4(490)
in the region. Therefore, K4(490) can be also used as a surrogate for the suspended sediment
concentration in turbid estuaries and coastal regions, as well as for measuring water turbidity.
GOCI-measured high frequency K4(490) data (Wang, et al., 2013a) can be used to study the tidal
effect on the suspended sediment transport, especially diurnal variations in the region (Wang, et
al., 2014). It should be noted that ocean biological and biogeochemical products such as Ku(490)
and chlorophyll-a concentration are derived from satellite-measured normalized water-leaving
radiance spectra nL,(4) (Gordon, 2005; Morel and Gentili, 1996; Wang, 2006) after carrying out
atmospheric correction (Gordon and Wang, 1994; IOCCG, 2010; Wang, et al., 2012).

However, there are generally many missing pixels in GOCI-derived K4(490) images for
various reasons, mainly from cloud cover. It is useful to fill in the missing pixels before being
used for some applications. A complete Kqi(490) coverage describing details in spatial
distributions in the region is needed in order to understand some subtle ocean diurnal variations.
The Empirical Orthogonal Function (EOF) analysis is a method to determine a set of orthogonal
functions that characterizes the co-variability of time series for a set of grid points. It is often
used to study possible spatial modes (patterns) of variability and how they change with time.
Traditional EOF analysis operates on matrices and requires a complete array of data without gap
in the matrices. The Data Interpolating Empirical Orthogonal Functions (DINEOF) (Alvera-
Azcarate et al., 2005; Beckers and Rixen, 2003) is an EOF-based technique developed to
reconstruct missing data in geophysical datasets. It exploits the spatio-temporal coherency of the

data to infer a value at the missing location, and has been successfully applied in various
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applications (Alvera-Azcarate, et al., 2005; Alvera-Azcarate et al., 2015; Ganzedo et al., 2011; Li
and He, 2014; Mauri et al., 2007; Mauri et al., 2008; Nechad et al., 2011; Sirjacobs et al., 2011;
Volpe et al., 2012).

It should be noted that the GOCI-derived ocean color products might have higher
uncertainties for extremely turbid waters in the region due to the limitation using the NIR
atmospheric correction algorithm (Shi and Wang, 2014). In fact, Shi and Wang (2014) have
shown that for extremely turbid waters such as in the Hangzhou Bay during the winter season the
red nL,(1) data are saturated, and the NIR band data may have some limitations when used to
derive ocean color products. In particular, K4(490) data may have larger uncertainties because of
the saturation in red nL,(4) data that are used to drive K4(490) product. For these cases, the
shortwave infrared (SWIR)-based atmospheric correction (Wang, 2007; Wang and Shi, 2007) is
required for ocean color data processing. However, in the summer season, waters in the GOCI-
covered region are usually the least turbid (Shi and Wang, 2014) and the GOClI-derived ocean
color products are generally reasonable (Wang, et al., 2013a; Wang, et al., 2014).

In this study, the DINEOF method is applied to high temporal frequency GOCI-measured
K4(490) images in two coastal regions: the mouths of the Yangtze River and the Yellow River.
The Yellow River and the Yangtze River deliver large amounts of sediments from the land to the
ocean, and the annual sediment discharges for the two rivers are about 1.08 x 10°and 4.78 x 108
tons, respectively (Saito et al., 2001). River sediment plumes form near the river mouth areas,
and measurements of the sediment concentrations and their transport from the satellite are of
special interest of research. The spatial coverage of the two areas of interests is shown in Fig. 1a,
with enlarged GOCI-derived K4(490) images from the month of August (from 2011-2014) in the
mouths of the Yellow River (Fig. 1b) and Yangtze River (Fig. 1c). The mouths of the Yangtze
River and Yellow River are known as highly turbid coastal regions due to large amounts of
suspended sediment from the rivers (Shi and Wang, 2012; 2014; Zhang et al., 2010), and the
tidal current has a strong effect on the suspended sediment transportation (Shi, et al., 2011). The

DINEOF reconstructed non-gap GOCI-measured K4(490) images and their validation results are
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presented. The EOF modes that characterize the tidal effects on the suspended sediment
transportation in the region will also be discussed. It is noted that one of the main purposes for
this study is the effective gap filling from satellite-measured Kq4(490) imagery for various

applications.

2. Data and Methods

GOCI Level-1B data from March 2011 to November 2014 were obtained from the Korea
Institute of Ocean Science and Technology (KIOST), and they were processed into ocean color
products using the National Oceanic and Atmospheric Administration (NOAA) Multi-Sensor
Level-1 to Level-2 (MSL12) ocean color data processing system. MSL12 was developed for the
purpose of using a consistent and common data processing system to produce ocean color
products from multiple satellite ocean color sensors, i.e., common algorithms in the data
processing for all satellite ocean color sensors (Wang and Franz, 2000; Wang et al., 2002).
Specifically, NOAA-MSL12 is based on the SeaWiFS Data Analysis System (SeaDAS) version
4.6 with some important modifications and improvements. The improved MSL12 has been used
to extensively process ocean color data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on the satellite Aqua (Wang et al., 2009b), the Visible Infrared
Imaging Radiometer Suite (VIIRS) on the Suomi National Polar-orbiting Partnership (SNPP)
(Wang et al., 2013b), and GOCI (Wang, et al., 2013a; Wang, et al., 2012; Wang, et al., 2014).
Particularly, the SWIR-based atmospheric correction algorithm has been implemented in MSL12
and used for MODIS and VIIRS ocean color data processing in highly turbid coastal and inland
waters, particularly over the GOClI-covered highly turbid China east coastal region (Shi and
Wang, 2012; Wang et al., 2007). In addition, MSL12 is an official NOAA VIIRS ocean color
data processing system and has been used for routinely producing VIIRS global ocean color
products (including global daily, 8-day, monthly, and climatology images) since VIIRS launch in
October 2011 (Wang, et al., 2013b) (http://www.star.nesdis.noaa.gov/sod/mecb/color/).
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For the GOCI ocean color data processing, various parameters and lookup tables (LUTs),
e.g., Rayleigh radiance LUTs, atmospheric diffuse transmittance LUTs, spectral solar irradiance
data and ozone absorption coefficients, etc., have been generated and modified specifically to
correspond to the GOCI eight spectral bands (Wang, et al., 2013a; Wang, et al., 2012). It is noted
that these LUTs and various parameters were generated in the same way as those for MODIS-
Aqua and VIIRS using the GOCI spectral response function data. In addition, to accommodate
the requirement of the atmospheric correction for GOCI ocean color data processing, a regional
NIR-nL(4) model has been used for atmospheric correction for ocean color data processing in
the western Pacific region (Wang, et al., 2012). Based on the regional empirical relationship
between the NIR-nL,(1) and Ku(490), which is derived from long-term MODIS-Aqua
measurements (2002-2009) using the SWIR-based ocean color data processing, an iterative
scheme with the NIR-based atmospheric correction algorithm has been developed and has shown
good results (Wang, et al., 2013a). The details of the GOCI atmospheric correction and K(490)
algorithms, as well as some validation results, can be found in Wang et al. (2012) and Wang et
al. (2013a).

GOCl-derived K4(490), like most satellite derived geophysical data, are three dimensional in
nature: two-dimensional in space and one-dimensional in time. In this study, 61 consecutive days
(August 1-September 30, 2013) of GOCI-measured K«(490) data were selected for the two areas
of interest. In summer, daytime solar-zenith angles are smaller than those in winter, so that the
hourly GOCI images in the early morning and late afternoon can be used. With eight consecutive
images per day, there are 488 images for each of the two regions in 61 days, and it covers about
120 semidiurnal tide cycles and 4 spring-neap tide cycles, which are sufficient for studying the
variations of K4(490) in the region due to tidal forcing. The spatial dimension of each image
array is 400 x 350 pixels for the Yangtze River and 180 % 150 pixels for the Yellow River region
(Fig. 1). For the DINEOF analysis, the three-dimensional array is reorganized as a two-
dimensional array of space verses time (only ocean pixels are kept in the spatial dimension). As a

result, the size of the two-dimension array is 95085 x 488 and 18325 x 488 for the Yangtze
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River and Yellow River region, respectively. There are a total of 49.8% missing pixels for the
Yangtze River region, and 45.3% missing pixels for the Yellow River region. However, the
traditional EOF analysis can only be applied on a complete two-dimensional array without gap.
For any ocean grid, there is a time series of 488 pixels. If any one or more pixels are missing in
the time series of an ocean grid, we call it an incomplete grid. There are 82.0% and 95.6% of
incomplete ocean grids for the Yangtze River region and the Yellow River region, respectively.
The DINEOF method (Alvera-Azcarate, et al., 2005; Beckers and Rixen, 2003) is an EOF-
based technique, which identifies and utilizes dominant spatial and temporal patterns in
geophysical datasets to reconstruct missing data. The DINEOF procedure is summarized as
follows. The initial data are obtained by subtracting the mean value from the entire data set and
setting the missing data to zero. The EOF is then performed, and the missing data are replaced
with the initial guess by reconstruction using the spatial and temporal functions of only the first
EOF mode. The first EOF is recalculated iteratively using the previous best guess as the initial
value of the missing data for the subsequent iteration until convergence. This procedure is then
repeated with n (n = 1, 2, 3,...) EOF modes. At each step, a cross-validation method is used to
calculate the final optimum number of EOF modes to retain, so that the cross-validation error is
minimized. It is noted that not all EOF modes are used in the final reconstruction, and the noise
and the small-scale transient features in the high order EOF mode are removed from the
reconstructed data. More details about the DINEOF technique can be found in Beckers and Rixen

(2003) and Alvera-Azcarate et al. (2005).

3. Satellite Observations
3.1. DINEOF Reconstruction

The DINEOF method has been run independently on each of the two study regions. In the
analysis, a cross-validation method is used to estimate the error between the reconstructed data

and original true value in the GOCI K4(490) image, so that an optimal number of EOF modes are
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retained for data reconstruction. Table 1 summaries the number of EOF modes retained and the
total variance explained, as well as the dimension of the two study regions.

Twelve (12) and fifteen (15) EOF modes are retained to reconstruct GOCI-derived K4(490)
data for the Yangtze River and Yellow River region, respectively, and the missing/cloud pixels
in the original GOCI K4(490) images are filled with reconstructed data. We use the following
terminology for the three types of images: original image, reconstructed image, and filled image.
Original image is the image derived directly from GOCI measurements, which contain missing
data. Reconstructed image is calculated from the retained EOF modes using the DINEOF method
(Beckers and Rixen, 2003). In the reconstructed image, all K4(490) data are reconstructed on
every ocean pixel (including non-missing pixels). Reconstructed image has no-gap spatially,
however, there are some small differences between reconstructed and original data even for non-
missing pixels due to truncated EOF modes. The filled image is a combination of the original
image and the reconstructed image, i.e., missing pixels are filled with reconstructed data and
original data are kept for non-missing pixels.

As examples to demonstrate the capability of the DINEOF approach, Fig. 2 shows
comparisons of original images and filled images for the two study areas. In the original image
of the Yangtze River region (Fig. 2a), cloud covers most parts of the Yangtze River estuary and
Hangzhou Bay on August 10, 2013 at 09:16 local time (white in Fig. 2a), and these missing data
are filled with the DINEOF reconstructed values (Fig. 2b). With the spatio-temporal coherency
of the data, the DINEOF reconstruction using the first 12 modes works very well to fill the
missing pixels. The gap-free image in Fig. 2b provides a complete picture of K4(490) in the
region. The missing maximum K4(490) values are recovered, and the transition between the
reconstructed and original pixels are quite smooth. Similarly, for the Yellow River region, the
original K4(490) image on August 23, 2013 at 12:16 local time does not provide detailed features
near the Yellow River mouth, and there are lots of data missing in the open ocean (northeast of

the Yellow River mouth) (Fig. 2¢). In the filled image (Fig. 2d), the detailed structure of the
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Yellow River sediment plume is recovered, providing a complete spatial K4(490) distribution in

the region.

3.2. Validation of Reconstructed Data

To validate accuracy of the DINEOF data reconstruction method, a set of valid pixels are
intentionally treated as “missing pixels,” so that DINEOF-reconstructed data can be compared
with the original true data (directly from GOCI measurements). This is in addition to the
DINEOF internal cross-validation method, which is used to determine the optimal number of
EOF modes to retain for the data reconstruction. Before the DINEOF process, about 1%, 5%,
and 10% of valid (non-missing) pixels are on purposely removed from the original GOCI-
derived K4(490) images for both study regions. The locations of these validation pixels are
selected randomly using the random number generator in MatLab. After the DINEOF process,
these data are reconstructed and compared with data from the original K4(490) images. Figure 3
shows the density scatter plots of the reconstructed data versus the original data of the validation
pixels for three validation cases of each study region. Note that the maximum data number for
each case in Fig. 3 is indicated in each plot, e.g., 2.5 x 10* for Fig. 3a, and the density plot uses
the ratio to the maximum data number for each case. For the Yangtze River region, there are
total of 38000, 190000, and 380000 validation pixels for the 1%, 5%, and 10% validation cases,
respectively. The mean and standard deviation (STD) values of the “reconstructed to original
ratio” are 1.024 and 0.255 for the case of 1% validation pixels (Fig. 3a), 1.024 and 0.262 for the
case of 5% validation pixels (Fig. 3b), and 1.025 and 0.285 for the case of 10% validation pixels
(Fig. 3c), respectively. Results show that the performance of the DINEOF reconstruction in the
Yangtze River region is quite stable with different percentages of missing pixels, i.e., ratio of
~1.024 and STD of ~0.26. However, STD values increase with increase of missing data as
expected. Similarly, for the Yellow River region, there are total of 7200, 36000, and 72000
validation pixels for the 1%, 5%, and 10% validation cases, respectively. The mean and STD

values are 1.030 and 0.302 for the case of 1% validation pixels (Fig. 3d), 1.031 and 0.303 for the
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case of 5% validation pixels (Fig. 3e), and 1.041 and 0.527 for the case of 10% validation pixels
(Fig. 3f), respectively. Again, the mean values (bias errors) are quite stable, and STD values
increase with the increase of missing data, particularly for the 10% case. These comparisons
show that the reconstructed data by the DINEOF method are quite accurate and reliable.

In the above validation cases with randomly selected missing pixels, there is no complete
time series of pixels for validation. To validate a time series of the reconstructed data, a fixed
location is selected on the boundary of the sediment plume, where the temporal variations are
more significant, for each of the river mouth regions. The locations of the points are indicated in
Fig. 2a for the Yangtze River region (marked “A”) and Fig. 2b for the Yellow River region
(marked “B”). Figure 4 shows the comparison of time series of the reconstructed data (solid
lines) and the original data (circles) on a selected point for each region. The tidal water elevation
data (dotted lines) at the locations A and B calculated using the Oregon State University Tidal
Inversion Software (OTIS) (Egbert et al., 1994; Egbert and Erofeeva, 2002) are also plotted in
Fig. 4 for comparisons. For the Yangtze River dataset, both the original data and reconstructed
data show the diurnal variations. On August 6, 2013, as the tidal elevation increases from about
09:16 local time at the location A, K4;(490) decreases. The minimum K4(490) value occurs at
about 12:16 local time as the tide reaches its maximum, and due to the tidal effect, the timing of
the K4(490) minimum delays on each of the following days. This is because the region is
dominated by the M tide (Shi, et al., 2011), which has a period of 12 hours and 25.2 minutes.
Similarly, the minimum occurs at 13:16 local time on August 19, 2013 for the Yellow River
region, and it gradually delays on each of the following days. On August 23, 2013, the minimum
K4(490) occurs around 16:16 local time, which is also in phase with the period of the M; tide.
The correlation coefficients (R) between the reconstructed and original K4(490) data are 0.848
and 0.965 for the location A (in the Yangtze River) and the location B (in the Yellow River),
respectively. It is also noted that the DINEOF method removes some noises in the original data.
For example, in the time series on August 10, 2013 of the Yangtze River region (Fig. 4e), the

original data at 15:16 local time are obviously abnormal (probably due to the cloud
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contamination, e.g., stray light effect (Jiang and Wang, 2013)), and the DINEOF-reconstructed
data remove the noise through the truncation of EOF modes. The high orders of the EOF modes

are mostly contributed from the original data noise component.

3.3. Analysis of the Tidal Effect on the Suspended Sediment Transportation

GOClI-derived K4(490) data are closely related to suspended sediment concentration in the
water column (Son and Wang, 2012), and the spatial and temporal variations in K4(490) can be
used to study the suspended sediment transportation. Indeed, the suspended sediment
transportation of the study areas is under strong influence of tidal forcing (Shi, et al., 2011).
GOCI measurements provide day-time high-frequency hourly K4(490) images, which can be
used to study intra-tidal variations of suspended sediment concentration in the region.

Figure 5 shows eight filled K4(490) images of the Yangtze River mouth region on August 6,
2013. In general, K4(490) data are high near the coast in the Yangtze River estuary and
Hangzhou Bay (> 2.0 m™!), and low in the open ocean (< 2.0 m~!). The spatial pattern of high
K4(490) is very similar to the pattern of the Yangtze River plume (Li and Rong, 2012; Shi and
Wang, 2010), which indicates that the high K4(490) is due to suspended sediment from the river
discharge. The tidal current also transports the suspended sediments. On August 6, 2013, the
suspended sediments moved towards the coast from 09:16 to 12:16 local time (the flood tide),
and then away from the coast from 13:16 to 16:16 local time (the ebb tide). To show clearly the
movement of suspended sediments, a fixed location is marked as a black crosshair in Fig. 5, so
that the sediment movements relative to the fixed location can be investigated.

Figures 6 and 7 show the spatial patterns of the first three EOF modes for the Yangtze River
mouth region and the corresponding temporal functions for the first three modes, respectively.
Since a mean value of 2.070 m™! was subtracted from the K4(490) data prior to the EOF process,
the EOF modes shown are really anomalies. It is noted that the mean K.(490) value was
computed from the all available GOCI-derived K4(490) pixels in the analysis (i.e., a mean value

from all 488 images from both spatial and temporal data). In addition, each EOF mode is
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normalized by a so-called singular value, which measures the contribution of variance of each
mode to the total variance (Beckers and Rixen, 2003). Therefore, results in Figs. 6 and 7 only
depict the variation trend of each EOF mode in space and time, respectively. The first EOF mode
accounts for 89.23% of the total variance, and it basically characterizes the general spatial
distribution pattern in the region (Fig. 6a). The spatial distribution of the first EOF mode in
K4(490) shows higher values in the coastal area than those in open oceans (as expected), and
there is a sharp boundary which marks the limit of the river sediment plume near 122°E. Beyond
the sediment plume, the K4(490) value decreases significantly. The variations of the second and
third EOF modes are mainly confined along the boundary of the river plume (Figs. 6b and 6c¢),
and they account for about 3.36% and 1.53% of the total variance, respectively. The temporal
functions of the first three EOF modes (Fig. 7) all show the spring-neap tidal variations. The time
series of tidal water elevation data at the location A calculated from OTIS are plotted as the
background in Fig. 7. High values are found near the spring tides (August 7, 21, September 5,
and 19), and minimums occur near the neap tides (August 17 and 31, September 15 and 29). In
fact, the spring-neap tide cycle has about a 1-3 days lag behind moon phases (El-Sabh et al.,
1987). It has been reported that the spring-neap tide variation in the MODIS K4(490) data has a
2-3 days lag behind the moon phases in the western Pacific region, and it was attributed to two
reasons (Shi, et al., 2011). First, the effects of the seawater inertia and the friction against the
seabed can cause the lag of the spring-neap tides by 1-3 days; and second, the sediment
resuspension process in the water column due to grain size and settling velocity can also make a
difference on the timing of water properties (e.g., K«(490)) observed from the satellite.

In addition to the spring-neap cycle, the temporal EOF functions also show semi-diurnal
variations, especially during the periods of August 4-14 and September 16-25 in Fig. 7. To
demonstrate the semi-diurnal cycle more clearly, five days (August 6-10) of temporal functions
of the first three EOF modes are shown in Fig. 8. The temporal function of the second EOF mode
shows regular semi-diurnal variation (Fig. 8b). On the first day (August 6, 2013), the second

EOF mode function starts to decrease from 09:16 local time. The function reaches the minimum
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at 12:16 local time, and then starts to increase (Fig. 8b). From August 6 to 10, the occurrence of
the minimum gradually delays for about one hour on each day. On August 10, the minimum
occurs at 16:16 local time (Fig. 8b). The gradual delay of the minimum on each day shows that
the period of the variation in the temporal function of the second EOF mode is the same as that
of the M tide. The spatial pattern of the third EOF mode is similar to the second EOF mode
(Fig. 6¢). The temporal function of the third EOF mode also shows a semi-diurnal variation, but
in a different phase (Fig. 8c). The combination of the first three EOF modes characterizes the
tidal effect on the sediment transport in this region. In fact, the first three EOF modes can explain
about 94.12% of the total K4(490) variations in the region.

It is noted that the temporal function depicts the variation of an EOF mode of the region as a
whole. However, the observed and simulated co-tide and co-range charts of the semi-diurnal and
diurnal components (M2, S2, Ki, and O1) show that the tidal phase and tidal range are different
from location to location in the BS and ECS (Guo and Yanagi, 1998). Therefore, the diurnal
phase lag between the EOF temporal function and the location-based tidal elevation is also
different from location to location in the region.

It is interesting to note that, in the second and third EOF modes, the variation in the coastal
region north of Chongming Island (see Fig. 1c for the location) is out of phase with other regions
on the boundary of the river plume. In Fig. 5, it can be seen that there is a big bulge of river
sediment plume to the south of Chongming Island. But for the Yangtze River pathway north of
the island, the river sediment is only transported halfway, and there is no sediment plume
formed. In fact, the river sediment plume on the south is extended to the north around the island,
and reaches even to its north shore. It seems that there is a patch of clear ocean water just north
of Chongming Island, and on both its upstream and downstream sides are turbid river waters
with high sediment concentration. The second and third EOF modes (Figs. 6b and 6c)
characterize the interactions of the clear ocean water with turbid river waters on both sides. It can
be seen in the spatial pattern of the second EOF mode, to the north of Chongming Island, there is

a positive patch with a negative patch on both sides (Fig. 6b). When the temporal function of the
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second EOF mode increases, the K4(490) in the second EOF component increases in the positive
patch, but decreases in the negative patches. When the temporal function of the second EOF
mode decreases, the K4(490) in the second EOF component decreases in the positive patch, but
increases in the negative patches. The feature of the third EOF mode is similar, but on an
opposite phase (Fig. 6¢). The combination of the second and the third EOF modes depicts an
oscillation of the K4(490) near north of Chongming Island, and it would be interesting to use an
ocean model to simulate the interaction of fresh and ocean water under the tidal forcing as a
topic for the future study.

Similar to the Yangtze River case, there is a clear boundary of the river sediment plume near
the Yellow River mouth. Within the sediment plume, K4(490) is larger than 2.0 m™!, and K4(490)
significantly decreases outside of the plume (< ~1.0 m™). Figures 9 and 10 show the spatial
patterns of the first three EOF modes and the corresponding temporal functions in the Yellow
River mouth, respectively. As for the Yangtze River mouth EOF analysis, the EOF modes are
normalized by a set of singular values, and are K4(490) anomalies. The first EOF mode accounts
for 82.68% of the total K4(490) variance, and it characterizes the general spatial distribution in
K4(490) near the Yellow River mouth (Fig. 9a). The second and third EOF modes account for
6.18% and 2.60% of the total variance, respectively, and they characterize the variations of
K4(490) on the boundary of the Yellow River plume (Figs. 9b and 9c). While the Yangtze River
mouth is dominated by a regular semi-diurnal tidal cycle, the Yellow River mouth is mixed semi-
diurnal cycle. The tidal range in the Yellow River mouth is also much smaller than that in the
Yangtze River mouth. The temporal function of the second EOF mode shows a peak around
13:16 local time on the first day (August 19, 2013), and the occurrence of the peak has about
one-hour delay on each day due to the semidiurnal tide (Fig. 10b). The third EOF mode is similar
to the second mode, but with a lag in phase (Fig. 10c). Since the DINEOF processes are
performed separately on the Yellow River mouth and Yangtze River mouth, the order of the EOF
modes are not necessarily consistent between the two regions. In both regions, the first EOF

mode is the most dominate (~80-90%), and the second and third EOF modes are on the same
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order of significance (~1-7%) in the both regions. The relative importance of the second and
third modes only depends on the percentage of variance explained, and it could be different for
different regions. The combination of the second and the third modes characterizes the tidal
effect on the sediment transport in this region. The first three modes explain 91.46% of total

K4(490) variations in the region.

4. Discussions and Summary

High-frequency K4(490) images from GOCI provide a unique opportunity to study diurnal
variation of the water turbidity in the Yangtze River mouth and Yellow River mouth regions.
However, there are often missing pixels in the original GOCI-derived K4(490) images. In this
study, the DINEOF method is used to fill the missing pixels in K4(490) images, and is applied to
61 days (488 images in August and September of 2013) of GOCI-derived K4(490) data in the
Yangtze River mouth region and Yellow River mouth region. An optimal number of EOF modes
are retained for the data reconstruction, and missing pixels are filled with the reconstructed data.
It has been demonstrated that the DINEOF method has the capability to retrieve the detailed
structure of river suspended sediment plume in the two regions, and the transitions between the
“filled” and “‘original” pixels are also found to be very smooth.

To validate the data reconstruction, about 1%, 5%, and 10% of valid pixels in the original
datasets are intentionally treated as “missing pixels” for each of the two regions, so that the
reconstructed data can be compared with original “true values.” The validation results show that
the bias between the reconstructed data and the original value is generally small, and the average
of the reconstructed/original ratio is ~1.024 and ~1.035 for the Yangtze River mouth and Yellow
River mouth region, respectively. The STD values of the “reconstructed/original” ratio are
~0.260 and ~0.377 for the corresponding regions, increasing with the increase of “missing
pixels.” However, it should be noted that the original K4(490) images are noisy. The DINEOF
only keeps a limited (optimal) number of EOF modes for data reconstruction. The truncated EOF

modes (modes that are discarded and not used for reconstruction images) are mostly data noise
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or lower order transient physical processes, and thus are excluded during the DINEOF data
processing. This could also increase the STD of the reconstructed/original ratio.

The spatial and temporal functions of the first three EOF modes are examined. For both of
the two study regions, the first EOF mode characterizes the general mean distribution of the
water turbidity. The K4(490) value is high near the coast in the river sediment plume, and
decreases significantly outside of the plume. The second and third EOF modes characterize the
variation due to the tidal forcing, where the most significant changes occurs near the boundary of
the sediment plume. Spring-neap cycles are found in the temporal functions of the first three
EOF modes. In the temporal function of the second and the third EOF modes, the daily peak
value delays every day for about 50 minutes, which is in phase with the period of the M; tide.

The first three EOF modes explain more than 90% of variations for both study regions.
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Figure Captions

Figure 1. Location and GOClI-derived climatology K4(490) images (from the month of August
2011-2014) for the study regions: (a) area map of marginal seas on the China east coast, (b)

K4(490) image in the Yellow River mouth, and (c¢) K4(490) image in the Yangtze River mouth.

Figure 2. Examples of original K4(490) images (a and c) and filled K4(490) images (b and d).
Panels (a) and (b) are from the Yangtze River mouth region on August 10, 2013 at 09:00 local
time, and panels (c) and (d) are from the Yellow River mouth region on August 23, 2013 at

12:00 local time.

Figure 3. Scatter and density plots of the reconstructed versus original K4(490) values for the
Yangtze River mouth (panels a, b, and c), and the Yellow River mouth (panels d, e, and f).
Panels a and d have 1% validation pixels, panels b and e have 5% validation pixels, and panels c
and f have 10% validation pixels. The maximum numbers of pixels indicated for panels a, b, and
c are 2.5x10%, 1.2x10°, and 2.0x103, respectively. The maximum numbers of pixels indicated for

panels d, e, and f are 3.5x103, 1.6x10%, and 3.0x10%, respectively.

Figure 4. Time series (diurnal variation) of K4(490) for the original and reconstructed pixels, as
well as the tide elevation (scale noted in right), for the locations A and B marked in Fig. 2a and
2c, respectively, for the Yangtze River mouth for August 6-10, 2013 (a—e) and the Yellow River
mouth for August 19-23, 2013 (f—).

Figure 5. Example of eight filled consecutive K4(490) images at 09:00 to 16:00 local time hourly

(a—h) for the Yangtze River mouth region on August 6, 2013.

Figure 6. The spatial pattern functions of the first three EOF modes (a—c) in K4(490) for the

Yangtze River mouth region.

Figure 7. The temporal functions (black lines) of August and September 2013 correspond to the
first three EOF modes (a—c) as shown in Fig. 6. The background lines are tidal elevation data at

the location A in Fig. 2a calculated from the OTIS.
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Figure 8. Same as Fig. 7, but only shows the temporal functions of 5 days, August 6-10, 2013.

Figure 9. The spatial patterns of the first three EOF modes (a—c) in K«(490) for the Yellow River

mouth region.

Figure 10. The temporal functions corresponding to the first three EOF modes (a—c) as shown in

Fig. 9 for the Yellow River mouth region.
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Table 1. The latitude/longitude limits, spatial coverage, number of pixels, incomplete grid,

percentage of missing data, number of EOF modes retained, and variance explained by the

retained EOF modes.
Spatial . EOF Variance
Region Lat/Lon Limits Size (1)\;1;1111;):11; Ilggz?glye;e g; ltzsz?yg) Modes Explained
(pixels) ¢ ¢ Retained (%)
Yangtze o R
River 30 231'7 No 400x350 95085 82.0 49.8 12 98.66
121.5°-122.5°E
Mouth
Yellow R o
River 37'40_38'1 lj 180x150 18325 95.6 45.3 15 98.99
118.8°-119.5°E
Mouth




K«490) (m-1)

A
0.5 1.0 2.0 3.0






Reconstructed KA(490) (m-1)

. 3.0x10%4

% ® da

2 4 6
Original K(490) (m-1) Original K(490) (m-1) Original K(490) (m-1)

Ratio to the Maximum Pixel Number

B
0.0 0.2 04 0.6 0.8 1.0



(490) (m")

il

K

£ (490) (m)

K (490) )

K (490) (m’)

£ (490) (m)

9 16
E | | | | | | | E
[ Yangtze River, August 7, 2013 -
® 41

4 ]
g e 20
i - i

2 | S
i -1
i Reconstructed .
- (b) O Original | ~-------- Tide Elwationl .

0 | | | | | | ]

9 10 11 12 13 14 15 16
6 I | I I I | i 2
& Yangtze River, August 8, 2013 i

4 i

¢

2 L ;
. 1 -

Reconstructed .

| () O Original --------Tide Elevation]

0 | | | | | | 1 .2
9 10 11 12 13 14 15 16
5 | | | | | | | 2
- Yangtze River, August 9, 2013

4 L O X
i , O .0
o L O ]
i 4 -1
Reconstructed .
| (d) O Original | ~------- Tide Elcuatir::nl 7
0 | | | | | | 1 -2
9 10 11 12 13 14 15 16
E | | | | | | | E
Yangtze River, August 10, 20134
e T e 1 1
4 L e .
i ] 0
i 9
2 O ]
R 4 -1
| Reconstructed .
| (e) < Original | ===+~ Tide Elwaticml ]
0 | | | | | | 1 .2
9 10 11 12 13 14 15 16

Yangtze River, August 6, 2013

-
l\"\.

: I:\::l
ST
-

Ve N R O O B R
L

| Reconstructed
| (a) O Original | S 7 Elwatimnl
0 l | l [ | |
10 11 12 13 14 15

Local Time

Local Time

| | | | | | 2
Yellow River, August 19, 2013
41
10
= (2
4 -1
Reconstructed
(f) > Original | e Tide Elwati@nl
| | | | | | -2
g 10 11 12 13 14 15 16
| | | | | | 2
Yellow River, August 20, 2013
41
4 -1
Reconstructed
(9) C Original | e Tide Elﬂuati@nl
| | | | | | -2
9 10 11 12 13 14 15 16
| | | | | | E
Yellow River, August 21, 2013
41
4 -1
Reconstructed
{h} O Original | --------- Tide Elcuatianl
| | | | | | -2
10 11 12 13 14 15 16
| | | | | | 2
Yellow River, August 22, 2013
. 4 1
....................... &0
» w7 T_J [
4 -1
Reconstructed
(i) & Original | o= Tide Elwatir::nl
| | | | | | -2
9 10 11 12 13 14 15 16
| | | | | | 2
Yellow River, August 23, 2013
()
1
---------------------- 40
2
4 -1
Reconstructed
() < Qriginal | ~-o----- Tide Elwati@nl
| | | | | | -2
9 10 11 12 13 14 15 16

(W) uoeas|3 aplL (W) uomers |3 eplL (L) uogeAs |3 &Pl (L) UoEAs T &Pl

(L) uoieas |3 aplL






1

First Mode Second Mode Third Mode
[ | [ |
0.0 0.01 -0.015 A 0.015 -0.02 -0.01 0.0 0.01




FOF2

EOF3

0.20F 53
- =2
0.18— =
o | L A =
0.16;— L\'H\'\\\ y Nw\» k\ DA Rt 0 IS il fl”*»éo
[yt \ il e
01441 I \ 272
0.12F ‘ ‘ ‘ ‘ ‘ =
08/01 08/11 08,21 Momth/o[?o/ys;m s 09/10 09,20 09/30
02F ‘ =3
g =
T | Mt 3
) AU R R A | e
o.ot—szw\‘\, vy \fH E:;
—0.1E ‘ ‘ ‘ ‘ ‘ =3
08/01 08/11 08/21 ; th/o;s/;w s 09/10 09,20 09/30
on ay in
02E 33
O.E— —gz
- ] Y ] 2
0.0 E- ]l M” J\!V f / \ 1[ =
Tl i f SR MWM JIJ’JVTW
—01E =
—02E ‘ ‘ ‘ ‘ ‘ iy
08/01 08/11 08,21 08/31 09/10 09,20 09,30

Month/Day in 2013

Tide Elevation (m) Tide Elevation (m)

Elevation (m)

Tide



EOF2

EOF3

EOF1

0.20[C ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 7
- | | | | .
0.18 = | | | | -
- | | | | 7
O.WGT ° [ ‘ N [ .w ‘ b ]
, o ]
= N \ \ ! \ | 3
0.14— —
- | | | | 7
0.12LC ‘ | ‘ | ‘ | ‘ | ‘ ]
06-00 06—12 07-00 07-12 08-00 08-12 09-00 09-12 10-00 10-12  11-00
Day—hour in August 2013
0.06 F T T T T T T T T T ]
0.04 \ \ \ | ® =
0.02 : : o : ® : o —
0.00 = ° ‘ o ° .~. 3
E Y ° o | [ ) | N. | -
—-0.02 [ ] [ v [ \ ® [ [ =
—0.04 — b \ \ | \ —
-0.06 & ‘ | ‘ | ‘ | ‘ | ‘ =
06-00 06-12 07-00 07-12 08-00 08-12 09-00 09-12 10-00 10-12  11-00
Day—hour in August 2013
0.10F ‘ w ‘ ‘ : ; ; ‘ : -
- \ \ \ \ N -
0.05— | | Py | 0- | Py —
o ". | .*. | < [ | @ | Py =
0.00 = ° | ° | () | | =
c ® \ L4 \ o \ \ ]
—0.05— | | | | —
~0.10E ‘ ! ‘ ! ‘ ! ‘ ! ‘ E
06-00 06-12 07-00 07-12 08-00 08-12 09-00 09-12 10-00 10-12  11-00

Day—hour in August 2013



First Mode Second Mode Third Mode
[ O | [ | [ |
-0.01 0.01 0.03 -0.03 0.0 0.03 -0.03 0.0 0.03




EOF1

-0.0
-0.2

-0.4
—-0.6 ‘

EOF2

-0.0
-0.2

-0.4
—-0.6 ‘

FOF2

~ v NV Y Y

0.0 ‘

19-00 19-12 20-00 20-12 21-00 21-12 22-00 22-12 23-00 23-12 24-00
Day—hour in August 2013

0.2

0.1

0.4
0.2

Ho N s

‘..r

19-00 19-12 20-00 20-12 21-00 21-12 22-00 22-12 23-00 23-12 24-00
Day—hour in August 2013

0.4
0.2

(

)
e

19-00 19-12 20-00 20-12 21-00 21-12 22-00 22-12 23-00 23-12 24-00
Day—hour in August 2013

o






