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Frequent leveling data of beach profiles is collected from Nanwan Beach, which is characterized by a large seasonal
variation in wave climate. Variability of the bar crest position obtained from the data of measured profiles is examined
to quantify seasonal changes of the sandbar by empirical orthogonal function (EOF) analysis. The first eigenfunction
showed that a rhythmic bar is a common feature of the beach all year round. The second eigenfunction effectively
indicated that the two-dimensional variability of the bar behavior is of seasonal changes. The cross-shore bar move-
ment ranged —30~40 and —2~60 m in summer and in winter, respectively. The next two eigenfunctions represented
three-dimensional components of the bar behavior with a range of —21~21 and —30~21 m in summer and in winter,

respectively.

ADDITIONAL INDEX WORDS: Spatial and temporal variability, sandbar behavior, eigenfunction analysis.

INTRODUCTION

Sandbar systems are significant reservoirs of sand and pro-
vide a natural defense mechanism for the coastline against
erosion. The position and variability of these large-scale
coastal geomorphology cells have important implications for
short-time beach stability. Therefore, a quantitative investi-
gation of morphologic bar changes is necessary for proper
management of coastal resources, particularly in light of
widespread coastal retreat.

Morphologically, sand bars display both linear and rhyth-
mic features (GREENWOOD and DAVIDSON-ARNOTT, 1979a,
1979b; SHORT, 1975, 1979; Wright et al., 1979) that reflect
alongshore invariability (linear or two-dimensional [2-D])
characters and alongshore nonuniform (three-dimensional
[3-D]) characters (LiPPMANN and HoLMAN, 1990). As these
features exhibit the spatial and temporal variability of sand-
bar behavior, many coastal researchers have investigated the
change and formation of these characteristics (GREENWOOD
and DAVIDSON-ARNOTT, 1979a; MOORE, SULLIVAN, and AU-
BREY, 2003; SHORT, 1975, 1979; WRIGHT et al., 1979). Com-
monly, sandbars orient parallel to the shore and locate where
the water depth is less than 8 m, and alongshore multiple
sandbars are often found in the nearshore zone (RUESSINK
and TERWINDT, 2000). If more than one bar is rhythmic, the
outer bar has the larger rhythmic wave length (GREENWOOD
and DAVIDSON-ARNOTT, 1979a). Earlier, some authors had
devised conceptual equilibrium models for linear bar forma-
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tion on the basis of the plunging processes of incident waves
(KEULEGAN, 1948), the shoaling and breaking regions of in-
cident waves (GREENWOOD and DAVIDSON-ARNOTT, 1979a),
and the anti-node or nodal location of waves standing in the
cross-shore such as reflected incident waves (BOwEN, 1980;
CARTER, L1u, and MEI, 1973; LAU and TRAVIS, 1973; SHORT,
1975) or progressive edge waves (BOwWEN, 1980). Other equi-
librium models had also been proposed for the generation of
3-D or crescentic bar forms (BOwEN and INmAN, 1971; HoL-
MAN and BOwWEN, 1982). As sandbars provide natural protec-
tion by dissipating wave energy, it is important to make long-
term or short-term predictions of their behavior. With the
development of surveying techniques, presently, most re-
searchers investigate the bar behavior by means of digital
video cameras (HOLLAND et al., 1997; VAN ENCKEVORT and
RUESSINK, 2001a, 2001b, 2003). The digital video techniques
to survey sandbars depend on incident wave breaking. The
preferred wave breaking over the shallows of the bar, which
represent the bar crest, results in a sharp contrast between
the bar and the trough region (RUESSINK, VAN ENCKEVORT,
and AARNINKHOF, 2002). Therefore, it can be reasonable to
obtain the value of the bar position. However, the use of the
digital camera will be limited as follows: (1) a wave cannot
break over the site while the wave height is considerably
small; (2) a foggy day also influences the use of the digital
camera; (3) when a wave breaks over the bar crest, the spray
region is too big to distinguish the actual site of bar crest. In
such case, traditional surveying techniques such as leveling
may be better to identify the bar crest. Thus, to further un-
derstand sandbar behavior, data on the position of sandbars
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in this paper were collected by using a traditional leveling
technique. On the basis of the leveling of the beach profiles
in South China, the purpose of this paper is to quantify the
morphologic changes of these sandbars in different seasons
using empirical eigenfunction analysis (EOF), which has been
successfully used to describe variations in profile configura-
tion (BowMAN, 1981; MuNOz-PEREZ, MEDINA, and TEJEDOR,
2001; Wi1sNBERG and TERWINDT, 1995; WINANT, INMAN, and
NoRDSTOTORM, 1975). The advantage of EOF is that a set of
intercorrelated variables can be decomposed into a set of sta-
tistically independent variables. The new variables are linear
combinations of the original variables but mutually orthogo-
nal. Eigenanalysis separates the temporal and spatial depen-
dence of the data, representing data as a linear combination
of products of corresponding functions of time and space.
However, the result of bar behavior obtained by EOF analysis
is affected, as the bar position is difficult to survey in certain
natural conditions (i.e, foggy). Occasional missing estimates
of the bar position are interpolated in the following manner
(LipPMANN and HoLMAN, 1990):

Xy, t) = x(y,, £, + [£(2) — %(t, )] §)

where x(y, ¢;) is the bar crest position state at point i and
time j, #(¢,) denotes the longshore mean at time j. That is, the
interpolated value of x(y, ¢,) at a location is just sum of the
previous value x(y,, ¢; ;) at that location plus the changed val-
ue [%(t;) — %(¢;_,)] in the mean bar position over the time be-
tween adjacent samples.

After the above-mentioned values were obtained, they can
be added into following formula (WALLACE, 1972):

P

x(y, t) = 2 a,e(y) = a,es(y) + D ae,(y)  (2)
Jj=2

J=1

where e(y) are the spatial eigenfunctions and a/(¢) are the
corresponding amplitude temporal eigenfunctions. p is the
number of eigenfunctions in the series. A linear factor, e,(y),
represents the sample mean bar position, and the correspond-

Survey date (month)

Figure 2. Records of wave parameters from April 2001 to March 2002.

ing amplitude time series, a,(¢), expresses a quantified am-
plitude of the bar alongshore. The remaining spatial factors
of the second term in Equation (2) represent the 2-D and 3-D
bar structure and have a collective variance, V(¢), which is
defined by (LipPMANN and HoLMAN, 1990; WALLACE, 1972)

2
P

V@) = > [ atey)

y =2

3)

Therefore, the degree of cross-shore and longshore variability
of the bar crest can be quantified by Equation (3). It should
be noted that the series V(¢) in Equation (3) has been trun-
cated at p significant factors to reduce the effect of noise in
the analysis (WALLACE, 1972).

On the basis of the mentioned equations above, in the pres-
ent paper, the bar crest position data is restructured and
transformed by eigenfunction analysis.

REGIONAL SETTING

The studied region is in Nanwan Bay Beach (4 km length,
21°51’'N, 113°09'E), South China. The beach is tied between
bedrock headlands at Xia Shui-pai point and Feng Wei-zui
point (Figure 1). The bay bathymetric lines between the two
headland outcrops are parallel to the shoreline. The appear-
ance of the beach is gently arc-shaped. The morphology of
inshore and foreshore beach is linked with the nearshore wa-
ter circulation pattern, and the beach exhibits the full range
of morphologic states described for New South Wales beaches
by Wright et al. (1979). Moreover, alongshore multibar pat-
terns are common on the central zone of the beach, and ter-
race shoals occur on the eastern rockwall section of the beach.

Monsoons control the climate in this region (Dar1, L1, and
ZHANG, 2004). The wave climate is dominated by a highly
variable wind-wave climate superimposed on persistent
high-energy, south to southeasterly swell. Figure 2 contains
a summary of the basic wave parameters that have been col-
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Seasonal Changes of Sandbar Behavior in Nanwan Beach 1211

Table 1. Mean position of the bar crest.

Profile 1 2 3 4 5 6 7 8

Distance to the
stake (m)
(summer)

Distance to the
stake (m)
(winter)

106.14 95.59 98.83 94.73 84.73 86.58 84.86 96.61

105.89 126.89 127.75 122.33 149.46 149.75

lected from the buoy located ~40 km SE of the study site
(Figure 1). The mean wave height of 1 m usually occurs in
this region. The waves are S-SSW during May to September
and S-SE during October to March (YANG et al., 1995). The
late summer months are characterized by a more variable
wave pattern in which NE winds prevail. Thus, the wave and
wind conditions of March and July are typical of winter and
summer, respectively, in this region. Tides are semidiurnal
and vary in a range from neaps of 0.2 m to springs of 2.1 m.

DATA COLLECTION AND RESEARCH METHODS

Field data were collected during July 7 to August 24 (sum-
mer), 2001 and February 24 to March 28 (winter), 2002. The
daily topographic surveys were made by using the stake and
adoptive traditional leveling technique on the central section
of the beach located in an area exposed to the prevailing
southeasterly swell (EMERY, 1961). This section longitudi-
nally expanded 350 m, which was equally divided by a series
of eight shore-normal stake-signed profiles, and transversally
expanded about 200 m from the stake to the beachline with
a water depth of about 3 m. Meanwhile, survey data relate
to a common datum (Yellow Sea Height Datum in China).
Because of the need of the coastal engineering and several
typhoon actions in this zone in summer, all the stakes of the
beach were established again in winter at a location approx-
imately 200 m west from previous surveys.

In this study, a bar was treated as the perturbation to an
underlying smooth profile, and a value of the perturbation
position was obtained as x(y, ¢), where ¢ is time and y is the
perturbation longshore position of each profile. Occasional
missing estimates of the bar position occur in certain natural
conditions; the bar position is obtained by Equation (1) (Lipp-
MANN and HoLMAN, 1990).

The nearest perturbation position on each daily profile,
where the distance of its position is the shortest of all of the
perturbation positions of each profile to the shoreline, is cal-
culated by inputting data to the EOF analysis. The seasonal
behavior is characterized by Equations (2) and (3).

RESULTS AND DISCUSSION
Position and Occurrence Frequency of the Sandbars

The mean position alongshore is listed in Table 1 and
shown in Figure 3. In combination with the measured data
and field survey, differences of the main distribution of the
bar in summer and in winter show that: (1) as the wave fre-
quently broke over the nearshore region, most of the sand-
bars in summer distribute within the range from the shore-
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Figure 3. The mean position of the isobath 0 meter (S1) and the mean
position of the bar crest (S2) longshore in summer and winter.

line to about 100 m offshore, with the height of the bar crest
from —1 to 0 m. However, the bar in winter occurred over
100 m to the shoreline for the breaking position of the wave
is offshore, and the height of the bar crest is below —1 m. (2)
The occurrence frequency of the multiple bar in summer is
much higher than that in winter. (3) Clearly, the distribution
of the sandbars is seasonal, with the bar occupying the near-
shore region in summer and offshore region in winter. The
seasonal cycle phenomena were also observed in several pub-
lished works (AUBREY and Ross, 1985; BIRKEMIER, 1985).

Longshore Structure in Sandbar Crest Position

On the basis of the common datum, the mean isobath 0
meter (S1) and the mean bar crest position (S2) calculated in
summer and in winter are respectively shown in Figure 3.
Obviously, the mean bar crest position is reasonably parallel
to isobath 0 meter position and is located between a range of
80 m to 110 m offshore in summer, and of 100 m to 150 m
offshore in winter. It is seen in Figure 3 that various tenden-
cies of the bar position against isobath 0 meter position are
accordant both in summer and in winter. Therefore, the mean
bar crest position may have some relationship with the iso-
bath 0 meter position, as illustrated in Figure 4. The high
linear correlation (» = 0.8024 in summer and r = 0.5287 in
winter) represents the retreat and advance of the shoreline
closely related to the changes of the sandbar. This correlation
can be also evidenced by the t test that has been applied in
statistical analysis in geoscience (BARNETT, 1983; SoLow,
1987). The results also indicate that both cyclic behavior of
the bar and accretion/erosion of the beach were associated
with sediment transport (AUBREY and Ross, 1985).

Eigenfunction Analysis

The results of eigenfunction analysis from the bar crest po-
sition data are summarized in Table 2. The functions of
37, a(t)e(y) of Equation (2) are ranked according to the per-
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centages of the mean square value of the data. These per-
centages are accounted for by each function, and enable eval-
uation of the relative importance of each function in explain-
ing the observed bar variability (SHENOI, MURTY, and VEER-
AYYA, 1987). Since four functions in Table 2 account for more
than 98% of the total mean-square value, emphasis is placed
on them. To express the changes of the sandbar crest position
directly, the sample mean has not been removed from the
data set initially. Figures 5 and 6 show the decomposition of
the bar crest data into the first four orthogonal EOF's (Equa-
tion [2]). The high EOF's calculated by Equation (2) were de-
leted since high EOFs were generally associated with field
sampling errors (WINANT, INMAN, and NORDSTOTORM,
1975).

First Eigenfunction (Mean Position of the Bar Crest
Function)

The first eigenfunction accounts for 95.45% in summer and
96.88% in winter of the mean square value of the surface
fluctuations (Table 2). This eigenfunction shows the mean po-
sition of the bar crest and similarity in its shape for bar struc-
ture in different seasons (Figures 5 and 6). Both mean posi-
tion and similarity provide information on bar structure
alongshore. As far as the mean position of the bar crest is
concerned (Figure 3), the curves of e,(y) in Figure 5A and in
Figure 6A are not only similar in the mean position of the
bar crest, but approximately sinusoidal. In addition, by con-
trast with the first spatial eigenfunction of the bar crest in
winter, bar structure is more rhythmic and has more fre-

Table 2. Percentage of the mean-square value of the data explained by the
first four eigenfunctions and the percentage variance of the demeaned data
set accounted by the values in brackets.

Survey site  1st function 2nd function  3rd function  4th function

Bar position

in summer 95.47 1.29 (28.73) 1.03 (22.9) 0.821(18.2)
Bar position
in winter 96.88 1.39 (44.64) 0.59(19.11) 0.57 (18.24)
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Figure 5. Spatial and temporal dependence of the eigenfunctions of the
position of the bar crest data sets in summer.

quent changes in summer because of several typhoons affect-
ing this region (DAI et al, 2007). This shows that rhythmic
bar could be common bar morphology along Nanwan Beach
and especially tends to occur in response to the typhoon ac-
tion. In comparison with a picture taken on July 7, 2001 (Fig-
ure 7), it is interesting that the rhythmic bar becomes more
easy to observe in a picture taken after a typhoon on July 10,
2001 (Figure 8). However, the linear bar was relatively easy
to identify under all wave conditions in previous work by im-
age-processing technique (LtPPMANN and HorLman, 1990).
Their observations suggest that linear bars tend to occur ex-
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Figure 6. Spatial and temporal dependence of the eigenfunctions on the
position of the bar crest data sets in winter.
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-,

“outer bar (linear bar)

Figure 7. Longshore bar types (photo taken on 7 July 2001).

clusively during storm periods. As the breaking position of
the incident wave in the crest of a linear bar or in a rhythmic
bar may be identical, especially to the high-energy events,
these two bar types could not be distinguished from the pro-
cessed exposure images. Thus, rhythmic bar types could be
attributed into linear bars from high-energy events. The dif-
ferent type of bar observed in response to the typhoon action
between us and LiPPMANN and HoLMAN (1990) may result
from the different field sampling methods.

Second Eigenfunction

The second eigenfunction accounts for 1.29% and 1.39% of
the total bar variability in summer and winter respectively,
and also 28.73% and 44.64% of the residual variance from
the mean bar crest position function (Table 2). ey(y) is ap-
proximately linear in summer and light sinusoidal in winter,
clearly expressing the mean cross-shore location of the bar.
The corresponding a,(t) represents the time dependence of
the 2-D (linear) morphologic component, and can contain
some uncertain short-time cycles for the cross-shore move-
ment of the bar (Figures 5B and 6B). This phenomenon is
similar to the 2-year variability in bar position (LiPPMANN
and HoLMmAN, 1990). However, on the basis of Equation 3 (p

= 2), variability in bar position denotes cross-shore bar mi-
gration in summer, with a range of mean on-offshore bar
movement of —30~40 m, and variability of the bar in winter
represents cross-shore bar migration (44.64% variance asso-
ciated with the second eigenfunction), with a range of mean
on-offshore bar movement of —2~60 m. Obviously, combining
the above analysis with the measured wave data (Figure 2),
2-D variability of the bar is an unimportant component of the
total behavior changes of the bar in summer, which resulted
from an easily shifted wave incidence direction (Figure 9).
The cross-shore movement of the bar can dominate main be-
havior of the bar in winter because of prevailing ES wave
effecting the migration of the bar (Figure 10). Obviously, the
result corresponds to previous studies (GREENWOOD and Da-
VIDSON-ARNOTT, 1979a, 1979b; SHORT, 1979; SUNAMURA,
1988; WRIGHT et al, 1979; WRIGHT and SHORT, 1984) in
which cross-shore movement of the bar was associated with
the local wave condition. However, several of them had only
a focus on the prediction of the bar movement on the basis of
the evolved sequence of bar states, and they were to analyze
the position of the nearshore bar using only one single profile
or based primarily on visual observations. These methods
may indicate that the bar behavior was qualitatively char-
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Figure 8. Longshore bar types (photo taken on 10 July 2001).

.

A

rhythmic bar)

acterized. Although variability of bar was quantitatively ex-
pressed, the timescale was only limited to yearly intervals
(LrppMANN and HormAN, 1990). In the present paper, the
results present that movement of the bar could be quantified
and have a detailed span that varied with the changes of
wave climates in a seasonal timescale.

Remaining Eigenfunction

The next two EOF's represent 3-D variability in bar crest
position (L1PPMANN and HorLmaN, 1990) and account for
41.1% and 37.35% of the residual variance in summer and
winter, respectively (Table 2). The spatial configuration of the
two EOFs shows similar patterns in summer and in winter
(Figures 5 and 6). These patterns appear somewhat sinusoi-
dal, and contain the shift of different bar types. Field re-
search in the present paper indicates that rhythmic bar,
transverse bar, ridge-runnel, and longshore bar-trough often
occur simultaneously on Nanwan Beach and converted into
each other. For example, Figure 7 shows that both a rhythmic
bar (inner bar) and longshore bar-trough (outer bar) types

existed on the beach, but changed to a transverse bar type
on July 10, 2001 (Figure 8). Although previous studies dis-
cussed the equilibrium models of bar types and associated
cyclic sequential models, it was not mentioned that different
bar types can be simultaneous observed at the same time
(DA1, 2003). In addition, longshore variability associated with
the 3-D component in bar position in the present work was
calculated by means of Equation 3 (j = 3, p = 4). Therefore,
the resulting variance time series, V(¢), can express the evo-
lution of longshore variability. The obtained V(¢) may show
bar variability with a range of longshore bar migration with
its value of —21~21 m in summer and —30~21 m in winter,
respectively.

CONCLUSIONS

Using EOFs, the behavioral patterns of the sandbars in
different seasons were analyzed along the central zone of
Nanwan Beach, Hebao Island, South China. The results are
summarized as:

(1) The mean position of isobath 0 meter and the mean bar
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Figure 9. Frequency and incidence direction of the wave from June to
July, 2001.

position are closely correlated. Cyclical pattern in erosion
and accretion of the beach can be expressed by the retreat
and advance of the bar position.

(2) The first eigenfunction represents the mean bar position,
which has an obvious rhythmical variation. This function
accounts for more than 95% of the variability of the sand-
bar behavior in summer and in winter, respectively,
which demonstrate that the rhythmic bar type is the com-
mon bar form occurring both in summer and winter at
Nanwan Beach.

(3) The 2-D variability of the bar is represented by the sec-
ond eigenfunction. Cross-shore bar migration dominates
bar variability in winter, accounting for 44.64%, with a
range of —2~60 m. However, 2-D variability of the bar
migration plays a minor part of the bar behavior in sum-
mer, accounting for 28.73%, with a range of —30~41 m.

(4) The third and fourth eigenfunctions represent 3-D vari-
ability of the bar. It shows that longshore bar variability
in summer is dominant (accounting for 41.1%), and the
resulting time series indicate the bar migration with a
range of —21~21m. However, the same variable frequen-
cy as the 3-D variability of the bar (accounting for
37.35%) in winter has a range of —30~21m.
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