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ABSTRACT

Sediment distribution within intertidal flats varies widely,
ranging from mud-dominant to sand-dominant, with extensive
seasonal changes. However, retrieving grain size information
from remotely sensed data is difficult because the optical re-
flectance of intertidal sediment is not a function of a single
parameter but varies according to water content, grain size,
topography, surface water, benthic algae, and halophytes. Among
these, grain size and water content are two important parame-
ters. The fact that intertidal sediments are always affected by
tide necessitates the development of a water-independent grain
size retrieval model. Mud and sand sediment are known to be
well distinguished under dry conditions in principal compo-
nent analysis (PCA) space but hardly distinguished under satu-
rated conditions. Here, we introduce a new grain size retrieval
model by removing the water-content dependency from optical
reflectance via a two-step PCA transform. To define the rela-
tionship between grain size, water content, and optical reflec-
tance, we prepared two different standard samples with different
grain sizes by wet sieving. By exploiting simplified reflectance
features of the standard samples, we established a two-step
PCA transform model. This grain-size retrieval model was ap-
plied to LANDSAT-8 images for sediment classification within
the Ganghwa tidal flats, South Korea. The results demonstrate
that discriminating between sand-dominant and mud-dominant
areas on the basis of the model is feasible. Seasonal changes of
sediment distribution within the tidal flats are well observed
from the results.

Paper submitted 05/27/16, revised 10/06/16, accepted 10/26/16 Author for
correspondence: Joong-Sun Won (e-mail: jswon@yonsei.ac.kr).

Department of Earth system Sciences, Yonsei University, Shinchon-dong,
Seodaemun-gu, Seoul, Korea.

I. INTRODUCTION

Grain size distributions of intertidal sediment are important
to ecological and organic matter and affect pollutant processes
(Cracknell, 1999; Rainey et al., 2000). Sedimentary facies of
intertidal sediment are affected by tidal energy, river flows,
topography, shoreline gradient, etc. Seasonal variations, climate
change, bioturbation, and human activities also influence sur-
face sediment distributions. Because a change of intertidal area
could substantially affect society, continuous monitoring of such
areas is necessary. However, intertidal regions are difficult to
access, and conventional mapping by pointwise field samples
is spatially unrepresentative because of errors introduced through
sediment sampling and subsequent interpolations (Tyler et al.,
1996). Instead, remote sensing with appropriate tactics is suit-
able for mapping intertidal flats. Satellite imagery provides large
ground coverage with frequent revisiting capabilities.

The optical reflectance of intertidal sediment can possibly
be utilized to classify intertidal grain size. However, measuring
grain size directly from optical reflectance is difficult because
the reflectance of intertidal sediments is a multi-parameter func-
tion that includes grain size, interstitial moisture content, surface
water, benthic algae, topography, etc. Examining these parame-
ters requires knowledge of the relationship between each factor
and spectral reflectance (Ryu et al., 2004). Thus, establishing
a simple classification model or tactics for retrieving grain size
of intertidal sediment solely from satellite data is difficult. Among
the aforementioned parameters, grain size and water content
(interstitial and surface water) play a key role in determining
the reflectance of a vegetation-free bare intertidal bottom sur-
face where the sediment grain size is diverse, such as the west
coast of Korea (Doerffer and Murphy, 1989; Ryu et al., 2004).
However, the intertidal sediment is always affected by tide;
therefore, a water-independent grain size retrieval model is needed.
Mud and sand sediment reflectance data can be distinguished
by principal component analysis (PCA) under dry conditions
(Rainey et al., 2000). However, distinguishing such data by sim-
ple PCA becomes difficult as the moisture content approaches
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saturation (Rainey et al., 2000), and very high moisture content
or saturation is particularly prevalent within intertidal flats.

Here, we introduce a new grain size retrieval model by re-
moving the water content dependency from optical reflectance
via a two-step PCA (or modified PCA) transform model. The
core idea is an axis rotation of the three-dimensional normal
PCA space (PC1, PC2, and PC3) until the water-content-
dependent axis becomes horizontal. After the contribution of
water content to the PCA components has been separated from
the other contributions, a model for grain size can be constructed.
The developed model is practically useful for space-borne re-
mote sensing because polar orbit satellites are usually operated
not by tide series (Moon-synchronous) but by Sun-synchronous
orbit. The model was established on the basis of reflectance
measured in a laboratory. We collected intertidal sediment sam-
ples from the Ganghwa tidal flats, South Korea, and measured
their water content, grain size, and optical reflectance. A sim-
plified model of the relationship between grain size, water
content, and optical reflectance was obtained from laboratory
measurements. Two-step PCA transform coefficients were then
calculated from the simplified model via axis rotation of the
PCA. The proposed method was applied to LANDSAT-8 im-
ages for intertidal sediment classification of the Ganghwa tidal
flats. The application results demonstrate a potential use of the
two-step PCA method (or modified PCA) for classification of
intertidal sediment and for the study of seasonal changes of
sediment distribution. This paper is organized as follows. Sec-
tion II describes the study area and the proposed method. The
core idea of the new method and details of processing are ad-
dressed. Section III provides the results obtained when the pro-
posed two-step PCA approach was applied to LANDSAT-8
images to demonstrate its effectiveness. Conclusions and dis-
cussion follow in Section IV.

II. STUDY AREA AND METHODOLOGY

1. Study Area

The tidal flats in the west coast of Korea are open-coast
tidal flats and have a macro-tidal environment with high tide
energy. The tidal current speed and wave influence vary season-
ally. Gyeonggi Bay is located on the central western coast of the
Korean Peninsula. It receives substantial sediment input from
the Han River (Choi and Dalrymple, 2004). The Ganghwa tidal
flats, our study area, also receive a large amount of sediment
input from the Han River through the Seokmo and Yeomha chan-
nels (Fig. 1). Tides are semidiurnal with a mean tidal range of
6.5 m (spring tide approximately of 8 m, neap tide approximately
of 4 m) with 25 instances of higher high water and lower high
water annually (Woo and Je, 2002). The southern part of the
tidal flats, approximately 86% of the Ganghwa tidal flats,
between the Yeomha and Seokmo channels is shown in Fig. 1.
The surface sedimentary facies are primarily mud flats in the
eastern part of the tidal flat, sand flats in the western part, and
mixed flats in between (Woo and Je, 2002). The tidal flat in
Yeocha-ri (see Fig. 1) consists of very fine sand to coarse silt
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Fig. 1. Location map and the LANDSAT-8 image of the study area; the

field survey and sampling line are denoted by green dots.

(3-4 @), and the fraction of sand increases in the offshore di-
rection. The sediment distribution of this area changes season-
ally. A general trend of seasonal variation is that the fraction
of mud is the largest in July and gradually becomes coarser
until the following spring (Baek, 2010).

2. Field Survey

Field surveys were conducted in the Yeocha-ri tidal flat on
19 November 2013, 30 May 2014, and 22 November 2014.
The field survey was chosen as close to the LANDSAT-8 image
acquisition date and time on the ebb tide. We collected inter-
tidal sediment samples from the study area and measured their
water content, grain size, and optical reflectance. Sampling for
laboratory measurement of reflectance as well as in situ reflec-
tance measurement at each sampling site was performed on 30
May 2014. The sampling line (Fig. 1) passes through both mud-
and sand-dominant areas, and the total length of the line is ap-
proximately 3.6 km.

A total of 60 sediment samples were collected, and their
water content, grain size, and optical reflectance were meas-
ured for validation. From the sediment samples of the Yeocha-ri
intertidal flat, two different standard samples were prepared as
per grain size (mud and sand) by wet sieving to obtain a sim-
plified model of the relationship between grain size, water
content, and optical reflectance. The water content and optical
reflectance of each sample were measured using an Ohaus
MBA45 and an ASD FieldSpec 3, respectively. To remove or-
ganic matter and carbonate, samples were treated with hy-
drogen peroxide and hydrochloric acid. Their grain size was
then measured using a Malvern Mastersizer 2000. The meas-
ured grain sizes of the samples used in this study are listed in
Table 1. Note that the site numbers in Table 1 correspond to
those in Figs. 8-11.
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Table 1. Grain sizes at each sampling site.
Nov. 2013 May 2014 Nov. 2014
Site no. Mud (vol %) Sand (vol %) Mud (vol %) Sand (vol %) Mud (vol %) Sand (vol %)

A02 60.69 39.29 53.24 46.76 57.03 42.95
A03 44.82 55.18 56.75 43.26 45.19 54.81
A04 40.04 59.95 4521 54.79 36.42 63.59
A05 25.17 74.83 45.10 54.89 27.09 72.90
A06 18.87 81.13 33.55 66.45 15.41 84.59
A07 14.72 85.27 33.24 66.76 21.71 78.29
A08 20.57 79.43 37.96 62.04 23.65 76.36
A09 19.36 80.64 38.00 62.00 27.36 72.63
Al10 45.56 54.43 36.75 63.25 30.86 69.14
All 24.79 75.21 22.71 77.29 14.77 85.23
Al2 19.04 80.95 31.99 68.01 15.28 84.72
Al3 9.77 90.23 - - - -

Al4 12.02 87.99 38.81 61.19 24.48 75.51
Al5 2.63 97.37 3.90 96.10 5.65 94.34
Al6 8.33 91.68 6.10 93.91 8.93 91.07
Al7 13.59 86.40 19.81 80.18 3.72 96.27
Al8 11.26 88.74 3.42 96.57 10.33 89.66
Al19 6.33 93.67 8.23 91.77 12.53 87.47
A20 29.79 70.22 8.84 91.16 24.88 75.13
A21 - - 0.00 100.00 2.53 97.47
A22 - - - - 8.46 91.54
A23 - - - - 12.40 87.60
A24 - - - - 11.65 88.36

Although we attempted to collect surface sediment samples
with thicknesses of a few centimeters, some differences are ob-
served between in situ measured reflectance (30 May 2014)
and laboratory-measured reflectance of sediment samples taken
from the same site. The reflectance values measured in the labo-
ratory are generally lower than those measured in situ. We assume
that this difference resulted from disturbance upon sampling.
Mixing and compaction of the sampled sediment might slightly
distort the natural water content.

3. Core Idea of Two-Step PCA

A lower water content results in a higher spectral contrast
between sand and mud in the PCA plane (Rainey et al., 2000).
Soil reflectance is well known to initially decrease with increas-
ing water content up to a certain amount and then increase with
a further increase in water content (Neema et al., 1987; Liu
et al., 2001) However, the positive relationship appears only
when soil moisture is oversaturated, which is realized under
surface water cover condition in intertidal flats. Thus, the sedi-
ment reflectance within intertidal flats can be reasonably as-
sumed to decrease with an increase in water content up to the
saturated condition. In this case, the spectral effect in relation
to grain size becomes clear at lower water contents when PCA
is applied to spectral reflectance. If an optical reflectance model
is independent of water content, then the model can be applied

to sediment classification. Normal PCA of sediment reflectance
does not usually provide water-independent components. How-
ever, a new principal component pair, of which one is highly
correlated with water content and the other is correlated with
grain size, can be derived. The core idea of the proposed method
is to apply three-dimensional axis rotation of the principal com-
ponent space until the water-content-independent axis is found.
We refer to this method as “two-step PCA” (or modified PCA)
because it consists of two processing steps—a normal PCA
transform and a subsequent axis rotation—to achieve modified
PCA components.

4. Laboratory Reflectance Measurements

Constructing a water-content-independent model requires
measurement of sediment reflectance under water-content-
controlled conditions in a laboratory. We conducted laboratory
reflectance measurements using the following procedure.

We first prepared two standard sediment samples (mud < 63
pm in grain size; sand > 63 um in grain size) to define the re-
lationship between water content and spectral reflectance with
respect to grain size (Folk, 1966). The grain size class in this
study follows the Wentworth grain size classification, which is
the most commonly used classification for sediments. The
canonical definition of sediment grain sizes generally follows
the grain size classification defined by Wentworth (1922). On
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conditions.

the basis of the Wentworth grain size classification, the grain
size of sand ranges from 63 pm to 2 mm, whereas that of silt
ranges from 3.9 um to 63 um. Thus, we chose 63 pm as the thres-
hold of discrimination between mud and sand surface types.

Second, each standard sample was placed in an 18 cm wide
and 0.8 cm thick round stainless steel tray. The tray was weighed
and painted with Krylon camouflage black paint to minimize
reflectance contamination. Distilled water was added until both
standard samples were oversaturated.

Third, spectral reflectance measurements of each sample were
conducted in the laboratory using an ASD FieldSpec 3 with a
dark box (Fig. 2). To simulate natural tidal flat surface con-
ditions, the standard samples were dried at room temperature.
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Fig. 4. Laboratory-measured spectral reflectance of the standard sam-

The spectral reflectance of a standard sample was measured
every 20-30 min until it reached the air-dry condition (Fig. 3).
The effects of solid aggregation of small particles were not
considered (Cooper and Mustard, 1999).

The laboratory-measured spectral reflectance of the standard
samples are shown in Figs. 4(a) and (b). The data were convolved
using the LANDSAT-8 Operational Land Imager (OLI) spectral
response function; the results are presented in Figs. 4(c) and (d).

ples of mud (a) and sand (b). Simulated spectral reflectance of
mud (c) and sand (d) through convolution of the laboratory
measured spectral reflectance (a) and (b) using LANDSAT-8
OLI spectral response functions.

LANDSAT-8 OLI bands 2-7 (Table 2) were used in the PCA.
To establish a reflectance model of grain size and water content,
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Table 2. Specification of LANDSAT-8 OLI spectral bands.

Band no. Band width (um) Ground resolution (m) Remarks
1 0.435-0.451 30 Coastal/Aerosol
2 0.452-0.512 30 Blue
3 0.533-0.590 30 Green
4 0.636-0.673 30 Red
5 0.851-0.879 30 NIR
6 1.566-1.651 30 SWIR-1
7 2.107-2.294 30 SWIR-2
8 0.503-0.676 15 Pan
9 1.363-1.384 30 Cirrus
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Fig.5. (Upper six plots) Reflectance of each LANDSAT-8 OLI band versus water content. (Lower) A linear reflectance model for LANDSAT-8 OLI

modelled by linear regression with respect to water content.
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Table 3. Two-step PCA coefficients for LANDSAT-8 OLI.

Modified PC1 Modified PC2
Band 2 -0.21679 -0.16975
Band 3 -0.26963 -0.62576
Band 4 -0.29142 -0.09064
Band 5 -0.32547 0.645932
Band 6 -0.55408 -0.27434
Band 7 -0.61842 0.280902

we fit these datasets using a linear regression for each band
(Fig. 5). We then applied this model for the range of water
content between 0 and 35% (weight %) because a water con-
tent greater than 35% represents the fully saturated condition
with surface water cover. The results in Fig. 5 demonstrate that
a simple linear model between optical reflectance and water
content can be applied.

5. Two-Step PCA Model

A normal PCA transform was first applied to the linearized
data (Fig. 5 lower) of the six simulated LANDSAT-8 OLI bands
(OLI bands 2-7) to obtain the coefficients of the two-step PCA
model. Fig. 6(a) presents a projection of PCA-transformed
data onto the PC1-PC2 plane. Note that the PC3 axis is normal
to the paper. In Fig. 6(a), the reflectance patterns and end-
members of mud and sand are well understood. The negative end-
members (left ends) of mud and sand represent the saturated
conditions, whereas the positive end-members (right ends) re-
present the dry conditions. As evident in Fig. 6(a), the reflec-
tance of mud and sand is a function of the water content (or
interstitial moisture content) as well as the grain size. Thus, using
normal PCA to classify surface sediment into mud and sand is
difficult; the two lines should be made independent of water
content. For reduction of the water-content dependency of the
PCA, the three axes (PC1, PC2, and PC3) are rotated until the
mud and sand lines become horizontal as in Fig. 6(b), which

presents the projection of PCA onto a new PC1'-PC2’ plane
after a series of axis rotations. The new PCA components
PC1’ and PC2’ are referred to as the modified PC1 and modi-
fied PC2, respectively. As evident in Fig. 6(b), the mud and
sand lines in the modified PCA plane are independent of water
content and they are well separated from each other by the
modified PC2 values. Thus, classifying surface sediment into
mud and sand according to the modified PC2 component is
now possible. The rotation angles for LANDSAT-8 OLI band
2 to band 7 were 307.5° and 179.8°. Finally, the coefficients
corresponding to the two-step PCA, including the normal PCA
and subsequent axis rotations, are listed in Table 3. Although
we provide only the two-step PCA coefficients for LANDSAT-8
OLI data, the same approach could be extended to any remote
sensing sensor similar to the OLI.

1. APPLICATION RESULTS

For performance evaluation and validation, we applied the es-
tablished model to LANDSAT-8 OLI images band 2 (blue) to band
7 (SWIR) acquired over the study area. Three LANDAT-8 OLI
images used in this study were acquired on 3 November 2013,
14 May 2014, and 6 November 2014, as close as possible to
the field survey dates and on the ebb-tide condition. These
images were corrected for atmosphere using ENVI FLAASH
with a U.S. standard model. The intertidal sediment is usually
oversaturated if the water content exceeds 35%. In this case,
the surface water layer is formed. The water-covered areas were
excluded as much possible by utilizing LANDSAT-8 OLI band
7 because the SWIR band is highly sensitive to water cover
(Figs. 4(a) and (b)). However, because of the limited ground reso-
lution (30 m), small-scaled features such as remnant surface
water or very small intertidal creeks were not fully excluded.

Figs. 7(a)-(c) display the sediment distribution maps of the
Ganghwa tidal flats retrieved by the proposed method. The red,
blue, and green areas indicate sand-dominated, mud-dominated,
and intermediate intertidal flats, respectively. The sedimentary
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season. The grain size at each sampling site refers to Table 1.

facies within the Ganghwa tidal flat are very well character-
ized and generally well matched with field surveys. First, the
pattern of sediment distribution is well correlated with field
observations. Around the Yeocha-ri tidal flat in which field
surveys were conducted, all results commonly show increas-
ing sand toward the offshore. As Woo and Je (2002) reported,
the surface sedimentary facies are primarily mud in the eastern
part of the tidal flat, sand-dominated in the western part, and

24. This feature is also observed in the results in Figs. 7(a) and (c).

Fig. 9(a), Fig. 10(a), and Fig. 11(a) are magnified images of
Figs. 7(a), (b), and (c), respectively, in which white dots de-
note the sampling sites. In winter (November 2013 and 2014),
the pattern and trend between the modified PC2 values and
measured grain size from ground truth are generally well cor-
related (Fig. 9(b) and Fig. 11(b)). The correlation coefficients
R2 for the two cases are 0.637 and 0.642, respectively (Fig.
9(c) and Fig. 11(c)). However, the relationship in summer
(May 2014) between the in situ samples and the image-based
estimation was not as good as that in winter. The correlation
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Fig. 9. (a) An enlarged grain size distribution image of Fig. 7(a) around

the field survey line in November 2013. (b) Result of the modi-
fied PC2 (M-PC2) and mud fraction measured from ground
truth data at sampling sites. (¢) Correlation between the esti-
mated M-PC2 and the ground truth mud fraction, with a cor-
relation coefficient R2 of 0.64.

coefficient R2 is only 0.08 (Fig. 10(c)). This poor correlation
can be explained by unfavorable atmospheric conditions in sum-
mer. Because the modified PC2 is highly sensitive, inaccurate
atmospheric correction contributes substantially to estimation
error. However, the variation patterns of mud content along
the survey line in Fig. 10(c) are well matched to each other.
Although the application results generally well demonstrate
the efficiency and performance of the proposed method, the
method faces some limitations that should be accounted for.
Although a bare bottom surface is assumed, the intertidal flat
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Fig. 10. (a) An enlarged grain size distribution image of Fig. 7(b) around
the field survey line in May 2014. (b) Result of the modified PC2
(M-PC2) and mud fraction measured from ground truth data at
sampling sites. (c¢) Correlation between the estimated M-PC2
and the ground truth mud fraction. The correlation coefficient
R2 is 0.08, which is much lower than that in winter, possibly
because of an inaccurate atmospheric correction under humid
conditions.

surface exhibits features other than grain size and water content,
and some of these features cannot be disregarded. First, a sig-
nificant amount of salt-marsh vegetation develops on some
parts of mudflats, for instance in the eastern side of the Ganghwa
tidal flats. Thus, this region violates the bare surface assump-
tion of the model, and the biomass would substantially contribute
to spectral reflectance. Furthermore, oyster farms are located
near site A13, where huge amounts of oyster shell distort the
spectral reflectance. This distortion resulted in misclassification
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Fig. 11. (a) An enlarged grain size distribution image of Fig. 7(c) around
the field survey line in November 2014. (b) Result of the modified
PC2 (M-PC2) and mud fraction measured from ground truth
data at sampling sites. (c) Correlation between the estimated M-PC2
and the ground truth mud fraction. The correlation coefficient
R2 is 0.642, which is similar to that obtained from the anniver-
sary data in November 2013 (Fig. 9).

of grain size as mud because of carbonate-enriched sediment.
We will further examine these particular areas in the near
future. Second, the surface topography is not quite flat, particu-
larly around tidal channels and creeks, which leads to an irregular
BRDF depending on the slope and attitude of the channel
banks. This effect must be accounted for in a future study. Third,
a normalization method should be developed between different
dated images. Fig. 12 shows application results for different
dates, which means the atmospheric, solar illumination, and tidal
conditions at the time of each OLI image acquisition differed.
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Fig. 12. (a) The locations of typical mixed (green) and sand (red) flats.
(b) Scatterplot of the modified PC2 versus PC1, which shows the
results from three images acquired at different dates and under
different environmental conditions. The two surface types are well
distinguished in all three results; however, the absolute values of
the modified PC2 differ according to acquisition date.

As evident in Fig. 12(b), the modified PC2 is very effective for
distinguishing between sand and mixed flats under different
conditions. However, the absolute values of the modified PC2
differ according to the acquisition date. The atmospheric cor-
rection is frequently not adequate for direct and quantitative
comparison between different atmospheric conditions. In ad-
dition, the reflectance at each pixel is substantially affected by
both solar and tidal conditions. The proposed method is limited
to distinguishing different surface types within a certain dated
image. Therefore, normalization of the resulting modified PC2
by that of a reference date is necessary, and a comparison of an
absolute PC2’ value between different dates is only relative to
the reference date. Thus, the development of an effective nor-
malization method between different dated images is necessary.
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Fourth, considerable percentages of remnant surface water often
exist within each ground resolution cell, which extends the al-
gorithm to accommodate a spectral reflectance pattern after cri-
tical moisture content, as discussed by Neema et al. (1987) and
Liu et al. (2001). Ryu et al. (2002) proposed a schematic model
associated with the spectral reflectance of the tidal flat in which
the remnant water scattered on the surface after exposure is
emphasized as an additional factor. However, accounting for
this effect on a pixel-by-pixel basis remains problematic. We
should consider the effects of not only bulk water content but
also residual surface water on the optical reflectance.

IV. CONCLUSIONS

A two-step PCA (or modified PCA) method was proposed
for classification of sediment within intertidal flats from re-
motely sensed optical reflectance data. The core idea was to build
new water-content-independent PCA components via three-
dimensional axis rotation of the original PCA axes. A great
advantage of the method lies in the fact that the model enables
classification of intertidal flat sediment into mud (< 63 pm in
grain size) and sand (> 63 um in grain size) solely on the basis
of optical reflectance, regardless of water content. The devel-
oped model was applied to LANDSAT-8 OLI images over the
Ganghwa tidal flats, South Korea; the results demonstrate the
effectiveness of the method in terms of grain size distribution
and seasonal change in sediment.

Although the proposed method is very useful for sediment
classification within intertidal flats, some limitations exist. First,
the method does not account surfaces other than bare sediment,
such as salt-marshes or other biomass. Second, it does not con-
sider topographic effects, which are particularly prevalent near
intertidal channels and creeks where the slope and attitude ab-
ruptly change. Third, it requires a normalization method for
quantitative comparison between different data. Fourth, the effect
of remnant surface water is not adequately accounted for be-
cause remnant surface water is frequently observed within in-
tertidal flats. The model also requires reliable atmospheric
correction because the modified PC2 component is very sensitive
to the atmospheric conditions. Although the proposed method
still requires further refinement, the application results clearly
demonstrate the potential of the approach for intertidal flat
surface sediment classification solely from remotely measured
optical reflectance data. In the near future, we will further ex-
tend the method to accommodate ocean color sensors on geo-
stationary satellites such as Geostationary Ocean Color Imager
(GOCI).
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