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ABSTRACT:

Coastal erosion is an issue of widespread concern. As one of the most important economic regions in China, the coast of the Yangtze
Delta has been showing a trend towards erosion with global warming and the increasing human activities in the catchment and its
estuary. Currently, most published studies about coastal erosion in the area focused on the causes and types of erosion. This paper
presents a Decision Support Framework (DSF) for the risk assessment of coastal erosion in consideration of the potential management
problems and challenges for economic development in the coastal zone of the Yangtze Delta. The framework consists of four major
components: integrated database, GIS-based risk assessment models, scenarios generator and visualization toolkit. Especially, we
developed a GIS-based risk assessment model for the muddy coasts of Yangtze Delta. An Analytic Hierarchy Process (AHP) method,
which is instrumental in combining computer intelligence and experts’ knowledge, was used to weight the variables of the model.
The assessment results show the validity of the approach. Accordingly, the DSF will make the specialized data and information
more accessible to managers, and has an extensive capability to facilitate communication and synergetic work between humans and
computers. In this way, it is expected to make manager make more scientific decision.

1 INTRODUCTION Zone Management (ICZM) early in 1990s, it has a very limited

application in coastal management (Van Kouwen et al., 2008).

Coastal erosion is an issue of widespread concern. Itis estimated ~ And most of the existing decision support related to coastal ero-
that at least 70% of the sandy beaches in the world is retreating sion was potentially underlain by the complete physical, socio-
at a rate of 0.5-1.0 m/year (Bird, 1985). Moreover, intensified economic datasets and the deterministic solutions. In fact, in
human activities and accelerated sea level rise will aggravate the many developing countries it is usually possible that some key
coastal erosion in the future century (Zhang et al., 2004). The parameters affecting model output are unavailable (Szlafsztein

coasts, especially of the deltas and megadeltas, which are recog- and Sterr, 2007), and the relevant research is still inadequate. In
nized as highly susceptible to human and natural impacts, will the case of Yangtze Delta, most current published studies about
be exposed to increasing risks (Nicholls et al., 2007). In China, coastal erosion were focused on the causes and types of erosion

coastal erosion is also ubiquitous in most coastal area (Sheng and ~ (Cai et al., 2009; Chen et al., 1988; Gao and Wang, 2008; Hori et
Zhu, 2002; Xia et al., 1993). Zuo et al. (2009) reported that most  al., 2002; Milliman et al., 1985; Yang et al., 2001, 2006). This pa-
of the coasts between the mouth of the Luan River and the city of per presents a decision support framework (DSF) for the risk as-
Qinhuangdao (northeast Bohai Sea, China) have been suffering sessment of coastal erosion in consideration of the potential man-
from extensive erosion with an average rate of 3.7 m/year during ~ agement problems and challenges for economic development in
1986-2000. The abandoned Huanghe delta has been subjected  the coastal zone of the Yangtze Delta.

to dramatic erosion since 1855 when the Huanghe River shifted Our primary goal is to develop a framework to provide the theo-
its channel (Zhang et al., 1998). As far as the Yangtze Delta is retical and methodological basis for the future practical applica-
concerned, the huge amount of sediment load from the Yangtze tion, further to bridge the gap between scientists and managers to
River contributed to the successive accretion of the Delta in the provide the intelligence basis for the scientific coastal manage-
past. However, contemporarily global warming and the construc- ment.

tion of large hydraulic engineering works in the catchment and
its estuary significantly decelerate the trend, and the delta degra-
dation has been observed since 2003 (Yang et al., 2007). Con-
sidering the combined influence of the planning dams and the
South-to-North Water Diversion Project, the anticipated coastal
erosion problem will be even worse.

Since the Yangtze Delta is one of the most important economic
regions in China, a long-term coastal spatial planning will be an
inevitable issue for the local governments. While, most coasts
in the Yangtze Delta are typically muddy that are characterized
by extremely complex land-sea interaction. In view of the com-
plexity and uncertainty of human and natural dimension under
the circumstances of global change, the need for integrating hu-
man and computer intelligence necessitates a Decision Support
Framework (DSF) for the risk assessment of coastal erosion. Al-
though decision support has been involved in Integrated Coastal

2 WHY NOT DECISION SUPPORT SYSTEM (DSS)?

The idea of DSS originated in the mid-1960s (Power, 2008), and
has been applied extensively in many fields. In comparison, its
application for coastal management is very limited (Wiggins, 2004).
The causes have been discussed by several literatures (cf. Jones
et al., 2002; Uran and Janssen, 2003; Van Kouwen et al., 2008;
Westmacott, 2001). We avoid the term DSS because of several
reasons as follows:

e Nowadays, the development of computer technology has made
that few computer systems of any significance haven’t some
functions of supporting decision making in some forms to
some extent (Alter, 2004). So DSS maybe a still popular but

*Corresponding author. obvious antiquated label.
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e The technological and administrative background is still lack
for the Yangtze Delta to develop DSS for coastal manage-
ment (Lau, 2005; Shi et al., 2001). China is a developing
country, and the Yangtze Delta is one of its economic cen-
ters. The local authorities mainly draw their attention on
the economic development. Scientific coastal management
implies to give up some economic considerations to some
extent. And the specific technological conditions need to be
improved further.

e Coastal erosion is a complex natural phenomenon, espe-
cially to muddy coast. Although the information technology
is quite advanced, decisions still have to mainly depend on
experienced specialists and managers. In the first instance,
we need to improve the computer system by incorporating
more sophisticated models. On the other hand, it is a gradual
process for human beings to understand nature. Although
a great number of researches have been conducted in the
Yangtze Delta over the past decades, our knowledge is very
limited as to the complexity of coastal erosion. So a tool or
platform is needed to facilitate the understanding the natural
and human-induced coastal behaviors. DSS, as a technical
artifact, can’t explicitly express these meanings.

Instead, we use “decision support framework” which has three
characteristics: (1) to provide reference data to promote the ef-
fectiveness of decision making; (2) to provide analysis models to
promote the efficiency of decision making; (3) to bridge the gap
between scientists and policy-makers by providing the scenario
and visualization tools, and eventually facilitate “coevolution” of
human and computer.

3 DECISION SUPPORT FRAMEWORK CHALLENGES
IN THE YANGTZE DELTA

The Yangtze Delta is formed mainly by riverine sediments from
the Yangtze River that depends on the river discharge and ocean
processes (Chen et al., 1959) (Figure 1). The coasts are mostly
muddy, along which the muddy tidal flat are extensively distributed
with varying width. The coastal development is influenced by
many factors, including the history of coastal evolution, ocean
dynamic, terrigenous materials, human activities, socio-economic
conditions, etc., so the coastal environment is very complex.

The Yangtze Delta is a tide-dominated coastal environment (Saito
et al.,, 2001). The mean annual water discharge of the Yangtze
River is 9.24x10'* m® that transports 4.80 x 10 tons of sedi-
ment to the sea (Yang et al., 2006). The water discharge has an
evident yearly and seasonal variation (Chen et al., 2001). The
annual tidal prism into the Yangtze estuary has a total volume
of 8.40 x 10" m®, which is an order of magnitude higher than
the water discharge (Chen et al., 1988). Along the coasts, the
semidiurnal tide is predominant with different tidal ranges. The
average tidal range is 1.5-1.7 m around the abandoned Yellow
River mouth and along the southern part of the North Jiangsu
coast (Zhou et al., 1994). And the mean tidal range is 2.7 m
near the Yangtze River mouth, and the maximum tidal range ap-
proaches 4.6 m (Shen et al., 1988).

The Yangtze Delta is one of the most important industrial and
agricultural areas in China where economic development is the
first priority of local governments. With 2% of the area and about
10% of the population of China, the region contributed to 26% of
national GDP in the first half of 2008 (http://www.ocn.com.
cn/reports/2006079changsanjiao.htm, in Chinese). Along
with the progress of urbanization and industrialization, more tidal
flats will be reclaimed in Yangtze Delta; as a result, vulnerable
coast environments will be further disturbed. Meanwhile, the
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delta is one of the most serious subsidence areas in China (Han et
al., 2008). During 2001-2006, the mean subsidence rate is 12.7
mm/year in Shanghai (Gong, 2008). Moreover, the fluvial sed-
iment to the coastal ocean will continually reduce as the large
hydraulic engineering works are brought on line in its catchment.
Additionally, the sea level is rising at a significant rate under the
influence of global warming (Shi et al., 2001). It is estimated
that the relative sea level rise from 1990 to 2050 will be 50 cm
in Shanghai Municipality, 20-30 cm in the coastal plain of North
Jiangsu and the northern bank of Hangzhou Bay, and the 100-
year storm surge level will increase by 38-44 cm when the sea
level reaches 50 cm (Shi et al., 2000). These will undoubtedly
increase the risk of coastal erosion in Yangtze Delta.
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Figure 1: Location of the Yangtze Delta

4 THE DECISION SUPPORT FRAMEWORK

The DSF consists of four major components: integrated database,
GIS-based risk assessment models, scenarios generator and visu-
alization toolkit. At first, it is necessary for us to provide defini-
tions of three concepts in order to the further description of the
DSF and discussion.

a) Visualization: a set of computer-generated static or ani-
mated, 2D or 3D character, graphics and image to depict
the properties and process of physical objects in some cer-
tain aspects, with the intention of visually communicating
some information to specified audiences.

b) Scenario: an expression of a subset of the complete param-
eters that can completely depict a complex system. Scenar-
ios are neither predictions nor forecasts, but rather attempt
to picture the situation under specified conditions, by this
way, to intuitively grasp the essence of events or phenom-
ena.

¢) Decision support framework: a conceptual structure com-
prising personnel and computer programs, in which man-
ager or decision-maker and computer programs interact to
make decisions and “coevolve”.

The three concepts are defined mainly based on the consideration
of highly complex, dynamic environment, where scientists fail to
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provide managers or decision-makers with effective information
what they need most (Tribbia and Moser, 2008). Therefore, vi-
sualization and scenario act as tools to help those without techni-
cal expertise understand the complex physical objects and update
their own knowledge. The framework contributes to combine the
strengths of both human intelligence and computer program, and
promote the evolution of either, and by which the framework will
improve with time. In following subsections we will discuss in
detail four components of DSF.

The integrated database provides a means of storage, manage-
ment and retrieval all relevant data, which support the risk assess-
ment of coastal erosion in the Yangtze Delta. It contains direct
indicators data (can be directly input to model as a parameter),
input data (for calculations of direct indicators) and auxiliary data
(to aid visualization and scenario). These data are represented re-
spectively in raster and vector format, and the involved data types
mainly have, administrative boundary, remote sensing image, ge-
omorphology and geology, elevation, bathymetry, shoreline, sedi-
ment transport, riverine discharge, tidal regime, wave climate, sea
level rise, subsidence, extreme historical events, Land Cover/Land
Use (LCLU), infrastructure, ecological hotspot, population den-
sity, etc.

GIS-based Risk Assessment Model is the core component of the
DSF. It mainly is used to quantify the risk level of coastal erosion
for the muddy coasts of the Yangtze Delta, and further serve as a
general framework for the case of muddy coasts where possible.
It will work mainly by the following steps: (i) to define homo-
geneous units; (ii) to identify the vulnerability indicators and to
evaluate vulnerability; (iii) to identify the impact indicators and
to evaluate hazard; (iv) to evaluate risk. All the calculations will
be done in GIS environment where ones are allowed to take ad-
vantage of its enhanced spatial analysis capabilities.

The scenario generator is used to generate the impact of coastal
erosion under varying conditions which maybe existent, hypo-
thetic, simulated or predicted. In chief, it assists users to under-
stand the coastal environment, define the vulnerability and impact
indicators, and determine weights. Especially, it can be instru-
mental to incorporate human knowledge and insight into decision
making processes. Before a given scenario is generated, several
other steps are needed. At first, we need to plan the scenarios,
such as worst case, best case or current case, etc., in terms of the
ideas in our mind. Then we input the required data or parameters
into relevant models to generate scenarios. Finally, we test dif-
ferent scenarios, and from which some knowledge is extracted.
Again, some prediction models about shoreline change and sea
level rise will be involved in the procedure. The visualization
toolkit in the next subsection will support the entire procedure.
Visualization toolkit will provide some basic visual forms. Spe-
cially, there are some aspects of functions that are worthwhile to
emphasize in the toolkit. Firstly, we endeavor to organically in-
tegrate specialized data and information on coastal erosion into
GIS. In fact, visualization technique and specialized computa-
tional model have been developing in separation. And recent re-
search indicates that GIS has been one of the most recognizable
tools for managers (Tribbia and Moser, 2008). Hence, the inte-
grated representation is feasible and necessary. It will provide in-
sight into the hidden pattern and trend for end users. The second
is to visualize the evolution process and trend of coastal elements
by predictive simulation models. The data about coastal ele-
ments, such as shoreline, tidal vegetation, reclamation, nearshore
sediment movement, etc., were captured at discrete time intervals
without intermediate details. The function allows us to under-
stand their complete evolution process to some extent. And the
third is to link coastal landscape and dynamic elements with Dig-
ital Elevation Model (DEM) by extensive texture and 3D model.
Some improved interpolation algorithms, like fractal Brownian
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motion (fBm), wavelet, etc., are used to enhance the accuracy and
visual effects of DEM. In addition, it is important to display the
uncertainty of data and results, for instance, historical shorelines
and predicted shorelines.

5 RISK ASSESSMENT OF COASTAL EROSION IN THE
YANGTZE DELTA

In this section, we will give the details of risk assessment for
our study area that based on the DSF, especially GIS-based risk
assessment model aforementioned. The study area comprises
the whole coasts of Shanghai and the partial coasts of Taicang,
Haimen and Qidong in Jiangsu province.

Risk assessment has varied definitions and is widely used in vari-
ous fields (Del Rio and Gracia, 2009; Eurosion, 2004; UN/ISDR,
2004). Usually, a whole risk assessment encompasses vulnera-
bility assessment and hazard assessment (UN/ISDR, 2004). The
former, which is often linked to the physical dimensions to de-
termine the area, probability and/or intensity of occurrence of a
hazard under specified conditions; the latter determines the dam-
age potential of a hazard, it is often related to the socio-economic
and human dimensions. Respectively, they depend on a set of
vulnerability indicators and impact indicators. The resulting risk
index (RI), as a single risk measurement, can be derived by com-
bining the two aspects.

According to the steps described above, some primary indicators,
which can represent the essential physical and socio-economic
characteristics of the specified coastal system, need to be first se-
lected to segment the shorelines into the relatively homogeneous
units. These primary indicators include administrative boundary,
population density, geological types, and coastal characteristics.
The full segmentation procedure requires an intersection opera-
tion of four different segmentation results related to these four
indicators, and finally products 40 segments for the whole shore-
lines of the study area.

The selections of vulnerability and impact indicators were fol-
lowed by some premises, including representativeness, indepen-
dence, availability and easy to use. Meanwhile, according the
specialists’ suggestions and some published literatures (Feng and
Xia, 2003; Li and Yang, 2001; Wang et al., 1999), the 10 vulner-
ability indicators were identified as:

- coastal elevation

- coastal slope

- average annual deposit volume
- shoreline change rates

- tidal range

- significant wave height

- relative sea level rise

- intertidal width

- intertidal vegetation type

- intertidal vegetation zone width;

and the 3 impact indicators were identified as:

- population density
- land use type

- ecological hotspots.
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Then both vulnerability and impact indicators were quantified or
classified as numerable variables. Based on field surveys, the
most recent seawall was interpreted from the Landsat TM images
of April 25, 2008, and a polyline feature class, as assessment
baseline, was produced in ArcGIS. Most of variables were calcu-
lated in a buffer zone of certain width, and these values were cor-
responding to each homogeneous unit. The variable of “coastal
elevation” represents the percentage of the total area with ele-
vation less than 2.4m above the mean sea level in a Skm wide
buffer zone landwards from the assessment baseline. The “coastal
slope” was calculated in a 2km wide buffer zone that 1km land-
wards and seawards, respectively, from the assessment baseline.
The widths of buffer zones for “average annual deposit volume”,
“significant wave height” and “relative sea level rise” are, respec-
tively, 2km, Skm and Skm seawards from the assessment base-
line. “Intertidal width” refers to average intertidal width from
assessment baseline to 2m isobaths. And the main land use type,
as the variable “land use type”, was identified from Landsat TM
images in 2km buffer zone landwards from the assessment base-
line. Vegetation data, which were interpreted from TM images
based on field surveys, represents the vegetation outside the sea-
walls.

Subaqueous topographic data and elevation data were obtained
from digitized nautical charts and 1:50,000 scale topographic map,
respectively. Landsat TM images of 1990 to 2008 were used to
extract shorelines. Global mean sea level data with 1/3 of a de-
gree resolution provided by AVISO is available at http://wuw.
aviso.oceanobs.com/en/news/ocean-indicators/mean-
sea-level/. Significant wave height was simulated by SWAN
wave model based on 11-year (1995-2005) monthly climatologi-
cal data set from NOAA/NESDIS/National Climatic Data Center
website (http://www.ncdc.noaa.gov/oa/rsad/seawinds.
html). Population density data were obtained from the Gridded
Population of the World version 3 (GPWv3) data set with 2.5 arc-
minutes resolution (CIESIN/FAO/CIAT, 2005).

Then, depending on the nature of each of these variables, they
were assigned ranks ranging from 1 to 5, with 1 representing min-
imum vulnerability/hazard and 5 representing maximum vulner-
ability/hazard.

Before evaluating the vulnerability and hazard, these variables
must be weighted based on their relative importance in deter-
mining the coastal erosion vulnerability and hazard. The aims
have two aspects: to avoid the underestimation or overestima-
tion of the contribution of any variable; and to incorporate the
specialists’ knowledge into the DSF. To assign the objective and
reliable weights for the variables, an Analytic Hierarchy Process
(AHP), has been extensively used in almost all the applications
related to Multiple Criteria Decision Making (MCDM) in the
last 20 years (Ho, 2008), was employed for the variables weight-
ings. According to the fundamental scale of absolute numbers
(Saaty, 2008), we derived the priority scales for each variable
based on the judgments of experts, and to construct the pair-
wise comparison matrix. For the 10 vulnerability indicators, the
derived weights were, respectively, 0.182, 0.182, 0.264, 0.104,
0.023, 0.023, 0.016, 0.119, 0.035 and 0.051 with a consistency
ratio of 0.037; and for the 3 impact indicators, they were, respec-
tively, 0.751, 0.178 and 0.070 with a consistency ratio of 0.025.
The Vulnerability Index (VI) was built by calculating the weighted
sum of the 10 variables (Eq. 1):

n
VG =Y wifiyi=1,2,nj=1,2-,m (1)
=1

where, VI; is the VI for the jth homogeneous unit; w; is the
weight for the ith vulnerability indicator; f;; is the scale for the
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sth vulnerability indicator in the jth homogeneous unit; m and
n are the number of the homogeneous units and the vulnerabil-
ity indicators, respectively. The calculation of Hazard Index (HI)
was analogous to Eq. 1. And furthermore, the Risk Index (RI)
was obtained by a simple weighted average of VI and HI. The
weights for VI and HI are, respectively, 0.75 and 0.25. Finally,
the RI was normalized as a percentage of O to 100 (Figure 2).
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Figure 2: Distribution of risk level for the study area

The results show that the mean of RIs is 45.5%. The values over
50% of RI appear in 17 shoreline segments, amounts to over 35%
of the total length of all shorelines in study area. The shoreline
segments with RIs being over 60% are mainly distributed in the
four districts of Baoshan, Pudong, Fengxian and Jinshan. Moder-
ate values of RI appear in the southern part of Qidong and Chong-
ming Island, most parts of Changxing Island, and the southern
part of Nanhui district. And the low values appear in Chongming
Dongtan, Jiuduansha, and the North Branch.

6 DISCUSSION AND CONCLUSIONS

As Tribbia and Moser (2008) reminded us, there exists a dis-
connection between science and practice in coastal management.
Currently, it is scientists and researchers in the institute who are
engaged in the study of coastal erosion, while the managers who
need to prepare the impact of coastal erosion. In order to as-
sure a scientific decision making, managers should adequately
understand the information about coastal erosion. There is urgent
need for a bridge between scientists and managers. The proposed
DSF partially meets the requirement. And it has some distinctive
characteristics. First of all, with GIS and the linear referencing
database system, the framework will be scalable that allows the
incorporation of a broad range of data and models when they are
available. This is especial suitable to the developing coastal area.
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Meanwhile, the scenario generator and visualization toolkit make
it possible that the communication and synergetic work between
humans and computers. But to implement the framework some
challenges still exist.

For the Yangtze Delta, data remains one of the biggest challenges.
Although a great deal of research has been focused on estuarine
and coastal environment for the past decades, the data have been
sporadically holding by individuals and communities. A well-
organized data collection and sharing mechanism is strongly sug-
gested. And the technique of capturing data is also problematic in
highly dynamic environments (Wright, 2009). Researchers must
rely on the appropriate sampling strategy to guarantee that the
inherent characteristic of dynamic elements can be faithfully pre-
served. Alternatively, some parameters can be retrieved from re-
mote sensing observations.

Additionally, some models are unavoidably involved in the DSF
presented in this paper. Especially, the results from determin-
istric models should be carefully considered because, as claimed
by Purvis et al. (2008), this kind of models mask the uncertainty
of the complex systems and the expert knowledge is excluded
from them. Dawson et al. (2009) also contested that probabilistic
methods should be adopted to predict coastal erosion. Indeed for
a given model, the validity of the result depends on many factors
(Szlafsztein and Sterr, 2007). It is the reason why the scenario
generator and the visualization toolkit are involved in the DSF in
this paper. The evolution and involvement of human knowledge
are indispensable in the decision making processes of complex
systems.

Under the influence of global warming, there may be more ur-
gent need to carry out the risk assessment of coastal erosion for
the Yangtze Delta than other coastal areas in China. This paper
presented a decision support framework (DSF) for the risk assess-
ment of coastal erosion in Yangtze Delta. It is worthwhile to men-
tion that we developed a GIS-based risk assessment model for the
muddy coasts of Yangtze Delta. And the AHP method, which
is instrumental in combining computer intelligence and experts’
knowledge, was used to weight variables. The assessment results
show the validity of the approach. But as described above, there
are still some challenges for the case of Yangtze Delta due to the
well-known reasons for developing areas. So there is still some
way to go before the proposed DSF can be put into practice. We
hope that our proposal can help local authorities understand the
potential of coastal erosion risk and take precautions in advance.
Finally, the proposed DSF, especially including the vulnerability
indicators and the impact indicators, is defined for the Yangtze
Delta in this paper. But, in view of its flexibility, it also available
for a wide range of muddy coastal area.
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