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Abstract The influence of relative sea level rise on
shoreface deposition helps to elucidate changes in beach
and nearshore geomorphology in response to different
forcing factors. In this study, two sets of sediment samples,
one from 1982 and one from 2004, from the Shuidong Bay
of South China were analyzed to determine the changes in
shoreface depositions. An EOF (Empirical orthogonal
function) method was used to examine how these deposi-
tions changed based on the relative sea level rise. The
results show that shoreface sediments of Shuidong Bay are
mainly composed of sand. Fine-grained sediments are
distributed in the lower shoreface/offshore area, and
coarse-grained sediments are mainly found in the upper
shoreface/nearshore area. Due to the altered hydrological
forcing caused by relative sea level rise, the sand fraction
in sediments increased from 84.7 % in 1982 to over 90 %
in 2004, and the clay and silt fractions decreased from
11.8 % in 1982 to 5.6 % in 2004. Grain-size parameters in
sediments in 2004 became coarser, slightly more well
sorted, less skewed and had lower kurtosis than those in
1982. In addition, the shoreface deposition of Shuidong in
1982 and 2004 is distinctly different: a polarized mode was
described by the first eigenfunctions, and a homogenized
mode was described by the second eigenfunctions. The
former means that the sediment components developed
towards the two opposite poles, undergoing both coarsen-
ing and refining processes. The second mode indicates that
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the secondary variation in sediment components was
mostly in the three intermediate-grained sand components.
In the future, the Shuidong Bay shoreface may be subjected
to even further erosion because of increases in the energy
of the environment resulting from rapid relative sea level
rise.
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EOF analysis - Shuidong Bay

Introduction

The shoreface, which is the zone of shoaling waves
between the breakpoint and the edge of the inner shelf
(Niedoroda et al. 1984), occurs in low to high latitude
coastal settings. Shoreface deposition varies widely
according to regional differences in wave climate and the
type of coastal sediment (Schwartz 1982), which is wholly
dominated by wave processes (Dalrymple et al. 1992). The
character of preserved shoreface sedimentary successions
is also determined by geology, tidal action, and relative
changes in sea level (e.g., regressive and transgressive)
(Riggs et al. 1995; Posamentier and Moris 2000; Dashtgard
et al. 2012).

Understanding the dynamics of shoreface deposition is
important for the design of shore-zone structures and the
placement of sand for beach nourishment (Schwartz and
Birkemeier 2004). Some studies indicate that physical
attributes across the sediment—water interface of the
shoreface vary systematically (Clifton et al. 1971; Sch-
wartz et al. 1981; Short 1984). Many studies suggest that
shoreface bedforms exhibit regular variation in response to
differences in flow conditions and sediment size (Allen
1984; Harms et al. 1982; Rubin 1987). Moreover,
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hydrodynamic interpretation and shoreface depositional
models have clearly shown that shore-normal zonation of
the faces occurs (Komar 1976; Clifton 2006). Shoreface
morphodynamic processes are also discussed in detail in
the literature (Schwartz 1982; Riggs et al. 1995; Schwartz
and Birkemeier 2004). However, the relative global sea
level rise that has been caused by global warming during
the last half of the 20th century is occurring much faster
than before (Michael and Harry 2009). Sea level rise is one
of the fundamental determinants of shoreline position
(Tamura et al. 2003) and induces or accelerates on-going
shore retreat because deeper water decreases wave refrac-
tion (Everts 1985). In addition to the coastal hydrody-
namics and morphological changes (Everts 1985; Tamura
et al. 2003; Sanders et al. 2010), the change in shoreface
deposition is one of the important consequences of sea
level rise. It is expected that rising sea levels will accelerate
beach and shoreface erosion (Slott et al. 2006; Jones et al.
2007; Schlacher et al. 2008). Unfortunately, the charac-
teristics of the shoreface deposition in response to relative
sea level rise are relatively poorly understood.

Therefore, the purpose of this study is to describe the
overall characteristics of bottom sediments in the shoreface
of Shuidong Bay, South China, and determine how depo-
sition patterns have changed and will continue to change
with relative sea level rise. To accomplish this, two sets of
sediment samples, one collected in 1982 and one collected
in 2004, from Shuidong Bay, were used to examine the
changes in the shoreface depositional environment over the
past two decades.

Physical setting

Shuidong Bay is located in the western part of the
Guangdong coast of South China (Fig. 1). There are two
tidal inlets in Shuidong Bay. Bohe beach, with a gently arc-
shaped configuration due to dominance of bedrock head-
lands, is located between the two inlets (Fig. 1) (Dai and Li
2008). Semidiurnal tides are dominant in this region, with a
tide range that varies from 1.75 (neap) to 2.6 m (spring)
(Chen 1991). The yearly residual current is in southwestern
direction along the coast and is mainly induced by tides.
However, in the offshore region, the residual current is
northeastward in the summer and southwestward in the
winter. The waves are mainly controlled by the monsoon,
as the dominant wave direction is from the southeast or
southwest greater than 82 % of the time (Chen 1996). The
average wave height is 0.68 m with a mean wave period of
3.4 's. Moreover, tropical cyclones (locally called
typhoons) can influence the Bay in the summer and autumn
with violent winds, waves and storm surges. The river
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inflow and its associated sediment are negligible due to
damming upstream of the Shuidong Bay.

Materials and methods

Two cruises to collect surficial sediment samples from
Shuidong Bay were carried out under fair-weather condi-
tions on November 21, 1982 and on November 30, 2004. A
total of 64 sediment samples in 1982 and 23 sediment
samples in 2004 were taken by a grab sampler from the top
5-10 cm of the shoreface (Fig. 1). The sample locations
were determined using a differential GPS system. In
addition, the 1:40,000 navigation charts of Shuidong Bay
from 1967 and 2007 were digitized in an ArcGis platform
and used for bathymetry data. The yearly average tide
gauge data from eight stations near the Bay were collected
from the Hydro-logic Yearbook of Guangdong Province.
The annual statistical descriptions of wave characters for
five stations were mainly collected from historical docu-
ments (Chen et al. 1999).

In the laboratory, each sample was treated with 30 %
hydrogen peroxide solution for 24-28 h to eliminate
organic materials, and then the analysis of each sediment
sample grain size (—1 to 8 ¢) was conducted by a sieving
method with one-phi intervals (Liu and Zarillo 1989). The
parameters of the mean grain size (u), sorting coefficients
(0), skewness (SK), and kurtosis (K) were calculated based
on the grain-size classes of each sample by the statistical
moment method (McManus 1988). In addition, the sedi-
ments were classified according to Folk’s methodology
(Folk et al. 1970), and the sediment components of all
samples were calculated according to the Udden-went-
worth grain-size classification scheme (Wentworth 1922).

Subsequently, an empirical orthogonal function analysis
(EOF) was used to diagnose spatial variation in the grain
size of shoreface sediments. EOF is a classical statistical
technique, which had been widely applied to problems in
meteorology, oceanography, geology, and sedimentology
(James and Justin 1998; Yoo and Kim 2004). The advan-
tages of the EOF are that any complex original data can be
completely described by a relatively small set of uncorre-
lated variables via linear transformation, and the new
variables are mutually orthogonal (Dai et al. 2008, 2010).
Here, the size distribution of sediment samples from the
EOF analysis is represented in the form of a matrix
S(x,®),,, of discrete size classes (Ramanamurty et al.
1986), where x represents the sampling station and @ is the
particle size class considered at 1 ¢ intervals from —1 to
8 ¢. Each element of this matrix is the sample with that
size class expressed as a percentage of the whole sample.
To study the changes in the content of the sediment
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Fig. 1 Sample locations,
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component, the data matrix S(x, @), . . was changed into an
anomaly matrix before EOF analysis. Therefore, the com-
putational procedures are as described below:

~

T
~
mxn

7 n
S(x, @) S(®)" + D aj(x)e; (@) (1)
=1
where ¢;(®) are the spatial eigenfunctions, a;(x) are the
corresponding temporal amplitude eigenfunctions, and 7 is
the number of eigenfunctions in the series. Therefore, the
particle size distribution of sediment samples in the study

area can be quantified by a set of eigenvalues; each

111°10'0"E

111°15'0"E

eigenvalue and its e;(®) define the importance of the
eigenfunction.

Results

Shoreface deposition characteristics

The distribution of the grain size of surface sediments
usually differs significantly between locations. Figure 2

indicates that the distribution of the mean grain size (i) in
1982 ranged from very fine (4 ¢) to very coarse sand (0 ¢)
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Fig. 2 Distribution of grain-
size parameters
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(Fig. 2). The relatively coarse fraction is located in the
nearshore/upper shoreface area around the Liantouling
headland, and the very fine fraction is distributed over the
southwestern offshore/lower shoreface areas. This means
that grain sizes become coarser from the low shoreface to
the upper shoreface in 1982, as they do in 2004. However,
though there was a similar distribution of the mean grain
size in 2004, the range for the medium grain size in 2004 is
wider than in 1982, from coarse silt (5 ¢) to very coarse
sand (0 ¢). A shift towards land in the finer sediments of
the lower shoreface from 1982 to 2004 was also observed
(Fig. 2a and b). The lower shoreface that had coarse grain-
size sediments in 1982, had relatively fine sediments in
2004. Moreover, it is notable that the coarse grain fraction
in 2004 was consistently higher than in 1982. The mean
sorting coefficient (o) for sediments in 1982 was 1.3, which
is larger than in 2004. This means that sediment sorting in
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2004 was better than in 1982. Skewness in 1982 was 1.0 on
average and ranged from 0.1 to 3.1. The skewness in 2004,
averaging 0.8 and ranging from 0.2 to 2.7 (Fig. 2), was
clearly lower than the skewness in 1982, as indicated by
the increase in the ratio of the coarser-grained fraction. The
(K) behaved similarly to the ¢. Taken altogether, sediment
in 2004 seems to be coarser, slightly better sorted, with a
lower positive skew (a smaller tail of finer particles) and
lower kurtosis than sediment in 1982.

The sand component accounted for more than 84 % of
the sample in 1982 and for 90 % in 2004 (Table 1). This
indicates that the sediment in the bay became coarser from
1982 to 2004. The related coarse components were con-
sistent with the increase in coarse sand (Fig. 3). However,
the mean clay component was 2.8 % in 1982, higher than
1.9 % in 2004, indicating decrease in clay and silt fractions
from 1982 to 2004 (Fig. 3). Therefore, the changes in the
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Table 1 Mean percentages of clay, silt, sand and gravel in 1982 and 2004

Dataset ~ Mean clay Mean silt content (%) Mean sand content (%) Mean gravel
name content (%) - - - - content (%)
Very Fine  Medium Coarse  Very fine Fine  Medium Coarse  Very coarse
fine silt  silt silt silt sand sand  sand sand sand
1982 2.8 11.8 84.7 0.8
0.9 0.7 32 7.0 39.7 21.5 15.5 4.3 3.6
2004 1.9 5.6 90.6 1.9
0.9 1.1 1.8 1.8 11.1 26.5 18.3 239 10.8

composition of sediment before and after 2004 imply a
coarsening process of the sedimentary environment, pos-
sibly due to changes in regional dynamic action.

Furthermore, based on Fig. 4, the surficial sediments of
Shuidong Bay can be divided into sand, silty sand and
muddy sand in 1982 and into sand, silty sand and sandy silt
in 2004 (Fig. 4a and b). The distribution of the sediments
in 1982 and 2004 within the triangle diagram clearly
reflects differences in both the particle size and specific
hydrodynamic energy conditions. Sediments in 2004 were
coarser than they were in 1982, indicating that dynamic
action of Shuidong Bay may have been more intense in
2004 than in 1982.

Shoreface deposition modes by EOF analysis

Table 2 shows that the valid results of EOF analysis are the
first two eigenvalues, which account for approximately
80 % of the total variation. This means that they represent
the vast majority of the meaningful information in the ori-
ginal anomaly datasets. The first eigenfunction for the eleven
components of sediment composition reflects most of the
variation of the anomaly matrix of the sediment datasets in
different sampling periods (Fig. 5). The values of the first
spatial eigenfunction of the sediment components in 1982
ranging from medium silt to very fine sand were negative,
with a minimum negative anomaly of —0.83 occurring in the
very fine sand component. The values of the remaining
components were positive, with a maximum positive
anomaly of 0.49 in the medium sand component (Fig. 5a).
Moreover, the positive anomaly of the fine-grained compo-
nents showed a slight decline. Therefore, the intermediate-
grained components of the sediment (from segment 4 to
segment 6) decreased, and the fine-grained components
(segment 1 to segment 3) and the coarse-grained components
(segment 7 to segment 11) of sediment were in anti-phase
variation.

The associated first temporal eigenfunction clearly
shows a regional differentiation in distribution, where the
negative values are located in the upper shoreface area, and
positive values are mainly found in the southeast in the
lower shoreface (Fig. 5b). Combined with the first spatial

eigenfunction, this finding suggests that the intermediate-
grained components in the upper shoreface area increased
with the decrease in both the fine-grained and coarse-
grained components. However, the fine-grained compo-
nents and the coarse-grained components increased in the
southeastern area of the lower shoreface. This is consistent
with the characteristics of spatial distribution of sediment
components as shown in Fig. 3. Moreover, it is notable that
negative values of the associated first temporal eigen-
function occurred more frequently than positive values and
that the sum of all values is negative. Therefore, for the
entire study area, the basic variability in sediment com-
ponents in 1982 could be mostly attributed to the higher
content of intermediate-grained components (from segment
4 to segment 6), followed by a reduced content of the
remaining sediment components, especially in the coarse-
grained ones (segment 7 to segment 10).

In comparison with 1982, the values of the first spatial
EOF of the fine-grained sediment materials in 2004
(including components from clay to fine sand) were negative
(Fig. 5¢). Among them, the curve (Fig. 5c) of the first spatial
eigenfunction of the first five components was relatively
stable with values of approximately —0.005. However, there
was a clear decrease from the coarse silt component to the fine
sand component, with the minimum value (—0.78) for the
fine sand component. In addition, the values of the first spatial
EOF of the remaining sediment components (segment § to
segment 11) were positive, with a maximum value of 0.5
located in the portion of the curve representing the coarse
sand component. This indicates that the primary changes in
sediment components occurred in the sand fractions and that
the anomaly variation of the fine-grained components (seg-
ment 1 to segment 7) and coarse-grained components (seg-
ment 8 to segment 11) was in anti-phase compared to those in
1982 (Fig. 5d). According to the first temporal EOF, in most
cases positive values were found in the lower shoreface area
and negative values in the upper shoreface area. The fre-
quency of positive values was higher than that of negative
values, and the sum of all values was positive. Therefore, the
trends of values of this temporal EOF indicate that the coarse-
grained components increased, accompanied by a further
decrease in the fine-grained components in 2004.
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Fig. 3 Spatial distribution of sediment components

Obviously, there was a coarsening process from 1982 to
2004. Furthermore, the first eigenfunctions in 2004 indicate
a decline in intermediate-grained components (from seg-
ment 4 to segment 7) and an especially sharp decrease in
the very fine sand component. Thereafter, the sediments
changed towards the two opposite poles, including both
coarsening and refining processes. In other words, com-
paring the first eigenfunction of the sediment components
in 1982 with the same value in 2004 shows polarized
deposition environments in Shuidong Bay.

The second eigenfunction for both datasets, accounting
for approximately 19 % of the total variation, reveals the
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secondary variation of the anomaly matrix of sediment
components (Table 2). As shown in Fig. 6a, negative
anomalies in 1982 only occurred in the fine sand (segment
6) and very fine sand (segment 7) components, with a
minimum of —0.91 occurring for very fine sand. The
remaining sediment components were characterized by
positive anomalies. Among them, the maximum positive
anomaly of 0.25 was observed in the medium sand com-
ponent, but the first four and the last components fluctuated
only slightly (<0.05). The spatial distribution (Fig. 6b) of
the associated second temporal eigenfunction was more
complex than that of the first spatial eigenfunction,
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Table 2 Eigenvalues and percent dominance of valid eigenfunctions

Sediment constituents (1982)

Sediment constituents (2004)

Mode Eigenvalue Percent Accumulative percent Mode Eigenvalue Percent Accumulative percent
dominance (%) dominance (%) dominance (%) dominance (%)

1 1,023.3 64.5 64.5 1 883.1 58 58

2 305.9 19.3 83.8 2 288.3 18.9 76.9
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Fig. 5 The first eigenfunction (a, ¢) and spatial distribution of the
first eigenfunction’s weightings (b, d). The numbers of transverse axis
of (a, ¢) represent sediment components: / clay, 2 very fine silt, 3 fine

indicating that the patches of negative values are usually
surrounded by areas with positive values. In addition, the
frequency of positive values was greater than that of

silt, 4 medium silt, 5 coarse silt, 6 very fine sand, 7 fine sand, 8
medium sand, 9 coarse sand, /0 very coarse sand, and // fine gravel

negative values, and the sums are positive. This implies
that the secondary changes in sediment components over
the entire study area are characterized by a decrease in the
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intermediate-grained components (from segment 6 to seg-
ment 7).

In 2004, the curve of the second spatial eigenfunction
for the sediment components from clay to very fine sand
changed little, followed by a sharp drop from very fine sand
to coarse sand components (from positive anomaly to
negative anomaly). It then climbed rapidly upward again
(from negative anomaly to positive anomaly). Taking the
spatial distribution and the results of the associated second
temporal eigenfunction together, the variation in deposi-
tional environment of Shuidong Bay in 2004 could be an
increase in fine to coarse sand sediment and a decrease in
the remaining components. Compared with 1982, in 2004,
the first six and the last two components of sediments
decreased, and the middle three sediment components
increased. This means that the sediments became more
homogeneous with a better sorting coefficient.

Discussion

The effects of wave action on shoreface deposition

It could be argued that the two cruises may not represent
fair-weather conditions because the sediment deposition
may have been affected by the occasional typhoons that

passed over the region during the study period. The sam-
pling depth in this study was 5-10 cm, which should be
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3 fine silt, 4 medium silt, 5 coarse silt, 6 very fine sand, 7 fine sand, 8
medium sand, 9 coarse sand, /0 very coarse sand, and /1 fine gravel

associated with a time-scale on the order of 1-10 years
(Gao and Collins 1992). This means that the distribution of
grain-size sediment reflects variation in dynamic processes
(Friedman 1979). Although the sediments of the shoreface
can be affected by occasional storm actions, they should
recover based on subsequent wave action.

Second, previous studies have indicated that with
increasing storm influence, sand beds can be deposited in
the lower shoreface and become increasingly prevalent
towards the landward-end of the upper shoreface. How-
ever, our study region shows no such effect, with both the
lower and upper wave-dominated shorefaces characterized
by intensely bioturbated silty and sandy mud that repre-
sents fair-weather deposition (Dashtgard et al. 2012).
Therefore, the variation in grain-size parameters in the
sediments of Shuidong Bay from 1982 to 2004 appears to
reflect fair-weather conditions.

In addition, in storm-affected shorefaces that are pre-
dominantly erosional, the grain sizes coarsen from the
lower to the upper shoreface (Roy et al. 1994). Such
variation in grain sizes from storm action was not found in
our data. Overall, the sediment samples collected in this
study area most likely represent fair-weather wave con-
ditions. Further studies could be carried out in relation to
shoreface successions with sedimentological and ichno-
logical analyses, which are better at distinguishing the
differences in sediment deposition from storm events and
fair weather.
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Relative sea level change of South China Sea in recent
decades

As shown in Fig. 7, the relative sea level of the South
China Sea has risen by 72 mm at a rate of 2.4 mm year '
over the past 30 years (1978-2007), which is slightly
higher than the worldwide average. Further analysis of the
relative sea level change was carried out at the main tide
gauge stations close to the study area (Fig. 8). Sea level
rise is observed along Guangdong coast, although there are
some differences in yearly fluctuations at different stations
(Fig. 8). According to a linear regression, the average
yearly rates vary from 1.1 to 3.8 mm year ' (Table 3).
Moreover, the data suggest that the average relative sea
level rise may have been faster along the Guangdong coast
over the last 30 years than it was previously, as indicated
by comparing the rise at the same station in the different
periods. This implies an intensified impact of sea level rise
on coastal zones, such as at the Zhapo station, which reg-
istered an average rise of 2.0 mm year ' from 1959 to
2010, but a rise of 2.3 mm year ' from 1980 to 2010.
These findings are consistent with previous research (Wu
et al. 2006; Shi et al. 2008). Hence, this data series is
appropriate to assess sea level rise along the south Chinese
coast, including the Shuidong Bay. The nearest tide station
to Shuidong Bay is Zhapo station, which has more than
50 years of tide level records. Here, it is assumed that the
sea level rise in Shuidong Bay is consistent with that at
Zhapo station. Therefore, the rate of sea level rise in the
bay is approximately 2.0 mm year™ ' and has accelerated in
the last 30 years. Higher sea level leads to landward
shifting of the wave break point. Generally, a 50 cm
increase in sea level could result in approximately a 500 m

landward migration of the wave break point if beach gra-
dient is less than 1 %o (Ji et al. 1993). The frequency and
intensity of waves breaking on the beach may therefore
increase, especially during storm surges. Therefore, a rising
sea level in Shuidong Bay could result in intense wave
action along the nearshore area, which could lead to beach
erosion and coarser sediments along the shoreface.

Changes in waves in response to relative sea level rise

The changes in sea level in South China Sea because of
global warming may also play a significant role in modi-
fying the local coastal sedimentary environment, which
may alter the regional hydrodynamic system and lead to
morphodynamic adjustments. Wave energy is directly
proportional to the square of the wave heights, and the
propagation velocity of wave energy is directly propor-
tional to the square root of water depth (Everts 1985).
Hence, when offshore water depth doubles, wave energy
increases four fold, and the propagation velocity of the
wave energy increases by 1.4 times. Therefore, the
resulting intensity of wave action increases 5.6 times.
Similarly, the wave energy is also directly proportional to
the wave period (Everts 1985). This implies that the longer
the wave period, the stronger the wave energy. As shown in
Table 4, both the average wave height and the wave peri-
ods of the main wave gauge stations located along the
South China coast have increased over the past several
decades. This suggests that the intensity of wave energy
has increased along the South China coast. For instance,
the average height of the remarkable wave height (mean of
the 10 highest waves) and the mean wave period at the
Shuidong station increased by 35 and 29 %, respectively,

Fig. 7 Relative sea level 120 T
change in the South China Sea
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Fig. 8 Trends in sea level at the ! ! ' T !
primary tide gauge stations
located in Guangdong, South _/__i\,v\ \/\/—
China Shanwei
Hongkong
10cm \ J{C\\'\*;F\;_ \/
Dawanshan
_ ' Wangqingxisha
3
2
%
1 1 1 1 1
1950 1960 1970 1980 1990 2000 2010
Year
Ee?;:is s;hli: \flesllr(ll% Stie)n g; 1(1)1fain Stations Latitude (N) Longitude (E) The observation Years RSL annual
tide gauge stations period (year) rate (mm a~')
Shanwei 22°46/ 115°22 1970-2009 39 +2.5
Hongkong 22°18 114°10' 1950-1996 46 +1.6
Dawanshan 21°56 113°43' 1984-2008 24 +3.8
Wangingxisha 22042/ 113°30 1953-1997 44 +2.2
Sanzao 22002 113°24 1965-1994 29 +1.1
Beijin 21°48' 112°01’ 1955-1994 39 +1.3
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Zhapo 21°35 111°49 1980-2010 30 +2.3
Nandu 20°52 110°11’ 1959-1994 35 +2.8

from 1984 to 2005 (Table 4). This result could entail a 4 %
increase in the wave energy in the region. Thereafter, the
sediment in the bay became coarser from 1982 to 2004, due
to the remarkable increase in wave energy. The samples
from 1982 were 84.7 % sand, which were significantly less
than the 90 % sand in the 2004 samples (Table 1). Simi-
larly, the mean clay component of 2.8 % in 1982 was
higher than the 1.9 % in 2004 (Table 1).

The associated maximum wave heights also increased
over the sampling period. Furthermore, the increase in
water depth due to sea level rise may have resulted in a
landward shift in the breaking point, raising the tidal level,
especially at high tide. Such a shift enhances the tidal
current velocity by reducing the bottom friction and
amplifies the effects of wave action and tidal currents on
the beach. Higher sea levels would also lead to more fre-
quent and intense storm surges. In summary, changes in
climate intensify the regional hydrodynamic condition of
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waves, tidal currents and storm surges, changing the sedi-
mentary environment from low energy to a relatively high
energy one over recent decades (1982-2004).

The spatial distribution of shoreface sediment has been
affected by these changes in the sedimentary environment.
Generally, high wave energy not only enlarges the wave
action of incipient motion of sediment particles, causing
deeper water sediments and shallow water coarser sedi-
ments to be resuspended and moved landward and seaward,
but also expands the range of the surf zone (Schwartz 1982;
Yang 1997) resulting in a more active sediment created by
wave-induced turbulence and convolution. Moreover, the
landward migration of the wave break point due to sea
level rise makes the original shallow water sediments
highly mobile, causing sediments in that area to be coarser
and more well sorted. In addition, the larger tidal range and
stronger tidal current velocity may lead to stronger bottom
shear stress on the seabed and consequent changes in
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Table 4 Statistics of average

. Stations Positions The observation The average wave The average The maximum
wave height (m) and wave period (year) height Hy,,¢ (m) wave period (s) wave height (m)
period (s) of main wave gauge
stations in different periods Zhelang  115°34' 22°34  1962-1971 0.93 3.6 75
located in Guangdong coast
1971-1990 1.40 4.2 9.5
2000-2009 1.50 44 9.0
Dawanshan  113°43' 21°56' 19841986 1.14 6.0 12.0
2001.4-2002.3  1.20 5.5 -
Zhapo 111°49" 21°35"  1959.9-1960.4  0.30 2.2 4.6
2008.1-2008.12  0.98 39 8.0
Shuidong 111°19" 21°24"  1984.1-1984.12 0.76 35 44
2005.1-2005.12  1.03 4.5 8.5
Naozhou 110°37' 20°51"  1960-1971 0.91 3.7 9.8
1996-2002 0.97 4.1 9.7
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Fig. 9 The response of coastal sections to sea level rise (Blue solid line indicates the coastal sections in 1967 and red solid line indicates ones

from 2007)

sediment transition and deposition. The increasing storm
surges in a warming climate carry enormous energy and
may also play an increasingly important role in sediment
transport. Under the effects of hydrodynamic interactions,
the shoreface sediments of Shuidong Bay in 2004 experi-
enced two significant changes: a polarization in sediment
size and a homogenization relative to the data from 1982
(the former was the more important effect).

Morphological changes in response to sea level rise

As shown in Fig. 9, the coastal profiles indicated that
accretion mainly occurred at a depth of approximately 2 m

and between 7 and 12 m (Fig. 9). The morphological
variations were consistent with the grain-size distributions
in sediments of the shoreface due to changes in sediment
transport process. With a relative rise in sea level along
South China, waves may arrive closer to the shore before
breaking and accelerate shoreline retreat. In addition, fine-
grained sediments were resuspended and moved seaward,
where the eroded sediment was deposited around at
approximately 2 m. Hence the grain size in sediments near
the shoreline was coarser, with medium grain sizes from
the previous 2 ¢ in 1982 to 1 ¢ in 2004 (Fig. 2a and b).
In addition, in the related deeper zone below 12 m,
fine-grained sediment could be moved landward and settle
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on the lower shoreface due to the coupling of sea level rise
and wave action (Bruun 1962). The medium grain size in
sediments of the lower shoreface ranged from 3 to 4 ¢ in
1982 and from 4 to 5 ¢ in 2004 (Fig. 2a and b). Moreover,
it is notable that the fine grain fraction (e.g., silt) of the
lower shoreface in 2004 increased compared to 1982
(Fig. 3). This could lead to accretion in the lower shoreface
at depths of 7-12 m due to fine-grained sediment getting
transported landward from related deeper zones.

Conclusions

This paper examined changes in shoreface deposition

based on sets of Shuidong Bay shoreface sediment samples

collected in 1982 and 2004, and on related hydrodynamic
data from South China. The main results can be summa-
rized as follows:

(1) Shoreface deposition in Shuidong Bay is mainly
composed of sand. There is an obvious increase in the
sand fraction, from 84 % in 1982 to more than 90 %
in 2004. There were also corresponding decreases in
fine-grained sediment, including clay and silt frac-
tions. Moreover, changes in the grain-size parameters
of the sediments suggested that shoreface deposition
in 2004 was coarser and slightly more well sorted and
had lower positive skewness and lower kurtosis than
those in 1982.

(2) Changes in the shoreface deposition showed two dis-
tinct modes in the two sampling years (1982-2004).
A polarized mode was described by the first
eigenfunctions, and a homogenized mode was
described by the second eigenfunctions. The former
means that the sediment components developed
towards the two opposite poles (<2 ¢ and >6 ¢),
undergoing both coarsening and refining processes.
The second mode indicates that the secondary
variation in sediment components was mostly in
the three intermediate-grained sand components
(0-3 ).

(3) A rise in relative sea level rise of approximately
2 mm year ' was observed in Shuidong Bay over the
past several decades. Higher sea levels alter the
regional hydrodynamic system by enhancing wave
energy, increasing of wave height and period and
magnifying tidal energy through higher tides of
greater current velocities. Due to sea level rise and
the associated changes in hydrodynamic forcing
factors, the wave break point may migrate landward
and result in more storm surges. Overall, the Shui-
dong Bay is exposed to a higher energy environment
than it was before.
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