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Asia is the largest continent. It lies within an active tectonic zone and is subjected to active monsoons,
frequent tropical cyclones and huge rivers with abundant sediment loads. In this geographical setting,
several background factors influence coastal processes and evolution of the coasts of China. Tectonic activity
influences the distribution of river-borne sediments in the coastal zone leading to formation of wide strand
plains with thick wedges of Quaternary strata in the subsidence belts, and narrow strand plains with thin
Quaternary strata in the uplift belts. These factors essentially determine the distribution patterns of sandy
and muddy coasts, which differ in response to relative sea level (RSL) rise. Relative sea level rise, including
companents of global sea level rise, tectonic subsidence, ground subsidence and trend rise of river level, is
more important for local vulnerability assessment than global sea level rise. Coastal erosion is induced not
only by relative sea level rise but also by defiit of sediments delivered to the coast, Coastal wetland still
tends to regenerate around large delta areas where fine-grained river-borne sediments are abundant. Al-
though 12,000 km of dykes have been constructed along the Chinese coast and are reinforced and height-
ened periodically, superimposition of climatic extreme events, such as typhoons with a high storm surge
and heavy precipitation during spring tides in the flooding season, creates serious ceonomic and human
loss every year. Building of large reservoirs on major rivers leads to reduction in discharge and suspended
load, which can induce accelerated coastal erosion and reduction in wetland renewal, thereby exacerbating
vulnerability of the coastal zone. However, in comparison to the Asia-Pacific region, the Chinese coastal
zone is classified as a low vulnerability area based upon the vulnerability assessment indices of NICHOLLS
and DE La VEGA-LEINERT (2000),

ADDITIONAL INDEX WORDS: Vilnerability assessment, wetland renewal, fluvial sediment, tectonic ac-
ity

INTRODUCTION

The Chinese coastline is 32,000 km long, includ-
ing 18,000 km of mainland and 14,000 km of is-
land coast. The Chinese coastal zone has been
studied for many decades, and nationwide surveys
have been carried out twice, in the 1950s and
1980s. These studies produced abundant infor-
mation and probed the relationship between coast-
al processes and their consequences, either in the
overall Chinese coastal zone, or at a local scale
(REN, 1986; CHEN, 1995). Study of sea level rise
based upon tide-gauge records flourished in the
1980s along the Chinese coastal zone, from which
it was established that SL had been rising at a
rate of 1.4 + 0.3 mm/a for the past several de-
cades. Impacts of sea level rise and vulnerability
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assessment of the Chinese coastal zone has been
studied since the 1990s (REN, 1993; REN and Su,
1994; HaN et al, 1995; Du, 1997; Du and ZHANG,
2000). The Chinese Academy of Sciences carried
out an investigation of sea level rise impacts in
1993 and emphasized the importance of RSL rise
in regional coastal vulnerability assessment (REN
and Su, 1994). Based on predicted sea level rise of
30 cm, 65 cm, and 100 c¢m, the vulnerable areas
have been identified by applying these scenarios
to a topographical database on a scale of 1:
1,000,000. Potential flood-prone areas, human ca-
sualties and economic loss have been calculated
(Du, 1997; Du and ZHANG, 2000). The objectives
of this present paper are (1) to investigate the re-
lationship between vulnerability and the funda-
mental physical characteristics of the Chinese
coastal zone, and, (2) to study distinctive features
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Figure 1. The “warm pool” and its associated circulation and monsoons influencing the Asian coastal zone (after WaNG,

2000).

of the Chinese coastal zone in response to sea level
rise.

REGIONAL SETTING

The Chinese coastal zone is located between 17°
N to 40° N and 108° E to 124.5° E. A “cold pole”
and a “warm pool” co-exist on the Asian continent
and its surrounding oceans. The “cold pole” is lo-
cated in Siberia, northern Asia, with mean Janu-
ary temperature of about —50° C. The “warm pool”
with sea surface temperatures of 28-29° C, is lo-
cated in the southwestern Pacific Ocean and the
eastern India Ocean, and becomes a heat source
to generate Walker Circulation, and lateral and
transverse Asian monsoons (Figure 1) (YAN et al,
1992; WEBSTER ef al, 1998; WANG, 2000). This
drives the active monsoon and frequent tropical
cyclones in Asia, producing strong “energy flow”
between land and ocean. The strong cyclones land-
ing on the Asian coastal zone account for nearly
40% of the world’s total (Bao, 1991; AL, 1999;
YaNG and Si, 1999). The high Tibetan plateau
with active tectonic uplift (SUN, 1996) and strong
monsoons associated with high precipitation cause
huge rivers with abundant sediments, providing a
“material flow” from land to the sea (WANG, 1998).
Asia with its islands in the southwestern Pacific
contributes ~70% of the world’s total of river-
borne sediments to the ocean (MILLIMAN and
MeADE, 1988). Consequently, many large deltas,
such as the Indus, Ganges-Brahmaputra, Irriwad-

dy, Chao Phraya, Mekong, Red River, Pearl, Yang-
tze and Yellow River, have been formed. There are
19 deltas with an area more than 10,000 km? in
the world, 11 of which are located in Asia, and 9
deltas surround the Tibetan Plateau (COLEMAN
and WRIGHT, 1975).

Cenozoic NNE tectonic belts transect the Chi-
nese coastal zone, forming alternations of uplift
and subsidence provinces in the coastal zone. The
tectonic uplift and subsidence belts are distributed
from north to south: the North China Plain-Bohai
subsidence belt (I), the Liaodong-Shangdong uplift
belt (II), the northern Jiangsu-southern Yellow-
Sea subsidence belt (I11), and the South-China up-
lift belt (IV) (Figure 2). Fault basins are usually
formed in the uplift belts, such as the Zhujiang-
Delta basin and Hanjiang-Delta basin. Repeated

_ geodesic measurements along 7300 km of coastal

zone, carried out in the 1950s and 1980s, show
that uplift and subsidence are still active (HUANG,
1994).

The Chinese coastal zone is located in temper-
ate, subtropical and tropical climatic zones. About
75% of the tropical cyclones make landfall on the
south Chinese coast with subtropical and tropical
climate (L1u and WANG, 1991).

CHARACTERISTICS OF THE CHINESE
COASTAL ZONE
Main Economic Features

There are 14 administrative provinces, cities
(Shanghai and Tianjin) and special regions (Hong
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Figure 2. Tectonic subsidence and uplift belts: I: the North
China Plain-Bohai subsidence belt; II: the Liaodong-Shang-
dong uplift belt; I1I: the Northern Jiangsu-Southern Yellow
Sea subsidence bel the Southern China uplift belt; A:
the Hanjiang fault depression; B: the Zhujiang Delta fault
depression; the numerals 1, 2 . ... 12 are drill-hole numbers.
Percentages 75%, 15%, 10% represent the proportion of cy-
clones landing on the southern, eastern, and northern Chi-
nese coastal zones.

Kong and Macao) situated along the Chinese
coastline (Figure 3). Collectively they account for
an area of 1.6 million km? and a population of
527.6 million, representing 16.7% and 41.9% of the
Chinese totals, respectively (Table 1). Shanghai
and Tianjin with population of 14.74 million and
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Figure 3. Location of deltas on the Chinese coast. 1: Liache
Delta; 2: Present Yellow River Delta; 3: Abandoned Yellow
River Delta; 4: Yangtze Delta; 5 Qiantanjiang Estuary; 6:
Hanjiang Delta; 7: Zhujiang Delta.

11.01 million are considered to be mega-cities ac-
cording to NICHOLL's (1995) classification. Aver-
age population density of the 14 administrative
units is 321.6 persons/km? with a maximum of
20,000-80,000 persons/km? in the city center of
Shanghai (Znu, 1997; CNBS, 2000). GDP (gross
domestic product) of these administrative units,
including Taiwan, Hong Kong and Macao, is more

Table 1. Statistics of the 14 coastal administrative units in China (recalculated from Du (1997) and CNBS (2000)).

Percentage of

Mainland Islands Total National Total

Area (10° km?) 1.248 0.36 1.068 16.75
Population (10°) 4985 29.1 5276 419
Population density (persons/km?) 3216
GDP (10° US$) 596.83 438.33 1035.16 725
Vulnerable coastal area (10° km?) 143.9 9456.1 9600 15
Population of the vulnerable area (10°) 162.09 1097 1259.09 013
Population density in the vulnerable area

(persons/km?) 11265
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than 1.0 trillion US$ in 1999, accounting for 72.5%
of the Chinese total (CNBS, 2000). Clearly the
coastal zone is an economic-developed and popu-
lous area in China.

River-borne Sediment Distribution

There is an unequal distribution of river-borne
sediments to the Chinese coastal zone. Most of the
river-borne sediment is deposited in the tectonic
subsidence regions. Catchment areas of the rivers
flowing into the sea in the subsidence belts cover
3.24 X 10° km? while those of the uplift areas cover
0.94 % 10° km?. Suspended load transported by
rivers into the coastal zone of the subsidence belts
is more than 90% of the Chinese total. However,
subsidence coastlines extend along 3305 km, but
the uplift coasts possess 15,444 km. Each km of
coastline in the subsidence belts annually receives
on average 492.5 X 10° tons and that in the uplift
belts 6.8 % 10° tons (L et al, 1991). Therefore,
each km of coastline in the subsidence regions re-
ceives annually 72 times the average amount of
river sediment discharge compared to that in the
uplift belts.

The fault depressions in the uplift belts are also
pathways for rivers to flow to the sea. Fluvial sed-
iment discharges of the Zhujiang and Hanjiang
Rivers, two large rivers debouching to the sea
within a fault depression, account for more than
42% of those from the tectonic uplift belts to the
sea (HUANG et al,, 1982). Coastline length in the
fault depressions is ~5% of the uplift-belt’s total
and the other 95% of the coastline receives only
58% of fluvial sediments (L1, 1994). In all, more
than 95% of river-borne sediments are distributed
along the coastal zones of the subsidence belts and
the fault depressions of the uplift belts.

Type and Distribution of Chinese Coasts

The Chinese coastal zone is usually classified
into sandy, muddy and biological coasts (REN,
1986; CiEN, 1995). Sandy coast is located basical-
ly in the uplift belts (Figure 4) and is usually
straight or pocket-shaped associated with rocky
points. The beach sand comes mainly from adja-
cent erosion and local small rivers, and is fine- to
coarse-grained. Aeolian sand developed on sandy
coasts covers about 25,000 km? along the Chinese
coastal zone (L1, 1985; Wu et al, 1995). The coastal
aeolian sand dunes are usually 10-20 m high
reaching a maximum of 40 m. Migration of coastal
aeolian sand into adjacent farmland may result in

Figure 4. Distribution of the two basic sedimentary coastal
types, sandy and muddy coast. 1: Muddy coast; 2: Sandy
coast; 3: Catchment area of the rivers flowing into the sea
at the subsidence areas; 4: Catchment area of the rivers
flowing into the sea at the uplift areas; 5. Northern boundary
of the mangrove coast: 6. Northern boundary of the coral
reef.

serious natural hazards. However, some Chinese
coastal sand dune areas, such as the Changli Gold-
en Coast in Hebei Province, have become impor-
tant tourism destinations. The strand plain along
sand coasts is narrow, usually less than 1 km
wide, but where the strand plain is composed of
barrier and lagoon deposits, it may extend 4-8 km
inland, as occurs along the northwestern Shan-
dong Peninsula.

Muddy coastline of China is found along 4000
km, and can be categorized as embayment, open-
coast and estuarine types (REN, 1986; CHEN,
1995). The open-coast type is usually associated
with large river deltas. The estuarine type is pres-
ent in large estuaries and also usually faces the
open sea, so these two may be merged as the ‘open-
coast’ type. The open-coast type is distributed
mainly along the tectonic subsidence belts, except
for the Zhejiang and northern Fujian Provinces be-
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Table 2. Area of the major deltas in China.

Area
Delta (km?) Reference
Yellow River 5,400 CHENG, 1991
Yangtze 22,800 L, 1986
Zhujiang 10,000 ZHAO, et al,, 1999

longing to the tectonic uplift belt, where develop-
ment of open-coast mudflats is ascribed to the
great volume of sediments transported alongshore
from the Yangtze River mouth (Figure 4). The em-
bayment type of muddy coast is basically distrib-
uted in the tectonic uplift belts, particularly in the
southern Chinese coastal zone.

Mangrove and coral reefs form coasts of biolog-
ical origin and are distributed in the tropical and
subtropical regions of southern China. The man-
grove coast is found in the embayment type of
muddy coast, and coral reef is distributed along
rocky and sandy coasts with clean water. Thus,
mangrove and coral reel coasts are discontinuously
distributed along the southern Chinese coastal
zone. The northern limit for mangrove distribution
in China is located roughly at 28.4° N, and that
for coral reef is close to 23.5° N (ZHAO ef al,, 1999).

Wide Coastal Plains and Thick Quaternary Strata

Major coastal plains are associated with muddy
coast and formed by the Zhujiang, Yangtze and
modern and ancient Yellow River deltas. All of the
major coastal plains are located in the tectonic
subsidence belts or in the fault depressions of the
uplift belts. The area of presently large deltas adds
up to 4 X 104 km? (Table 2), but the area of coastal
plains formed by ancient deltas is much greater
than the total area of the present deltas. For in-
stance, the modern Yellow River delta is about
5400 km? in area, whereas the Northern China
Plain reaches 300,000 km? (HUANG, 1993).

The Quaternary strata vary in thickness be-
tween the coastal zones of subsidence and the up-
lift belts. The strata in the subsidence belts are
composed of mud and fine sand, and are 200-400
m thick with the lower part of terrestrial facies
and the upper part an intercalation of marine and
terrestrial facies (Figure 5). The strata in the up-
lft belts consist of fine-to-coarse sand with gravel,
and are 10-20 m thick with a maximum thickness
of 150 m. They are usually underlain by unconsol-
idated Tertiary deposits in the subsidence belts,
and by bedrock in the uplift belts. The Quaternary

strata in the Zhejiang coastal zone are an excep-
tion as they are composed of tens-of-meters thick
muddy deposits and underlain by bedrock.

RESPONSE TO SEA LEVEL RISE
Relative Sea Level Rise

The components of relative sea level rise in the
Chinese coastal zone comprise a combination of
global sea level rise, tectonic subsidence, ground
subsidence, and a trend of rise in river level owing
to delta progradation and/or engineering construc-
tion. During the last 70 years the average rate of
sea level rise was 1.4 * 0.3 mm/a, and that of RSL
rise was several em/a (Lu, 1994; Du, 1997). Clear-
ly, the rate of relative sea level rise is more im-
portant than that of global sea level rise for re-
gional vulnerability assessment.

Tectonic movements in the Chinese coastal zone
are generally at a rate of 1-3 mm/a (ZHANG, 1990;
Huang, 1994; Du, 1997; CHEN, 1998). A strong
earthquake might result in rapid, regional subsi-
dence. For example, the Tangshan Earthquake in
1976 caused part of the North China plain to sub-
side at an annual rate of 6 mm for seven years (Hu
et al, 1994). Conversely the tectonic uplift may
moderate or offset the effect of global sea level rise.
For instance, the tectonic uplift rate in southeast-
ern Shandong Peninsula is higher than the rate of
sea level rise, and a balance between them is es-
timated to be achieved in 2030 (Du, 1997).

Ground subsidence, one of the key factors con-
tributing to relative sea level rise, was first re-
ported in Shanghai in 1921. Economic develop-
ment and excessive groundwater withdrawal ac-
celerate ground subsidence. The average ground-
subsidence reached its maximum rate of 40-110
mm/yr from 1949 to 1965 when Shanghai under-
went rapid economic development after the civil
war (Table 3). Ground subsidence has been greatly
mitigated since a municipal policy of pumping wa-
ter back to balance the groundwater withdrawal
was strictly enforced from 1966 to 1992. However,
since 1992, ground subsidence has deteriorated
again because of inadequate strict administration
of the policy, and the booming construction of high
rise buildings and skyscrapers. Overall, the city
center of Shanghai subsided 2.63 m between 1921
and 1965 (L1u, 1994).

Thick Quaternary strata with fine-grained de-
posits provide favorable conditions for ground sub-
sidence phenomena in the Chinese coastal zone,
especially in the case of groundwater over-pump-
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ing. Ground subsidence has been experienced in
most of the Yangtze Delta area (Figure 6). The
North China plain is a potential region for suffer-
ing ground subsidence because of the similarity of
Quaternary strata with the Yangtze Delta (Fig-
ures 5 and 7). Since 1959, when ground subsidence
was first recognized, the city center of Tianjin sub-
sided 2.7 m by 1993 (JIN, 1994).

Table 3. Ground subsidence rates in the City of Shanghai
(L, 1994).

Ground Sul

(m
Period Average Max

1921-1948 24.0 42,0
1949-1956 40.0 96.0
1957-1961 1100 278.0
1962-1965 59.0 164.0
1966-1992 2.5 19.3
1993-1998 10.0-15.0

The trend of rising of river water level, triggered
by delta progradation, is exemplified in the Yellow
River delta where seabed slope is too gentle to sat-
isfy the gradient needed for delta propagation. The
river bed and water level has risen 2-3 m since
the 1920s owing to delta extension and deposition
in the channel bed (Figure 8). The trend of rising
river level is also found in the Yangtze Delta,
where it results from rapid delta progradation in
conjunction with reduced storage capacity of the
hydrological network owing to construction of
sluice gates on distributaries, and infilling of some
distributaries (Hu, 1998). The anthropogenic fac-
tors exacerbating the trend of rising river level
also occurs in the Zhujiang Delta (WaNG, 1994; L1,
1994).

Future relative sea level rise has been estimated
for the Zhujiang, Yangtze, and Yellow River deltas
from consideration of accelerated sea level rise and
assuming strict coastal zone management (Table
4). The estimated rates of relative sea level rise
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[image: image8.jpg]Figure 6. Geological hazards and potential geological haz-
ards related to the Quaternary stratigraphic framework in
the Yangtze Delta (after Li et al, 2000b). I: Main delta plain
with mouth bars; II: Strand plain in southern Yangtze Delta:
III: Lacunstrine plain in the southern delta; IV: Strand plain
composed of tidal sand bodies in the northern Yangtze Delta;
V: Lacunstrine plain in the northern delta; VI: Hill area; A:
Area of ground-subsidence and potential ground-subsidence
development; B: Area of development and potential devel-
opment of subsurface salt-water intrusion; C: Potential area
effected by polluted river water; D: Area potentially affected
by diapiric structures; BMT: Boundary of maximum trans-
gression.

vary for specific deltas, but are much higher than
the projected rates of global sea level rise by IPCC
(2001).

Coastal Wetland Renewal

Coastal wetland loss is one of the important con-
sequences of global sea level rise (TrTus, 1990;
COLEMAN et al., 1998; NICHOLLS et al, 1999). Chi-
nese coastal wetlands, frequently associated with
deltas, estuaries, lagoons and sheltered bays, cov-
er about 22 X 10° km? and their main geomorphic
expression is as tidal flats. The Chinese major del-
tas are growing seaward at a rate of 11-21 km?a
due to abundant sediment supply (Table 5). Wet-
land reclamation, including the construction of a
seawall around the mean high water level, has
been carried out for a thousand years in the Yang-
tze and the Zhujiang Deltas. An area of 786 km?
of wetlands in Shanghai, on the southern flank of
the Yangtze Delta, has been reclaimed during the
period 1950-1997, at an average rate of 16.7 km?
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Figure 7. Distribution of ground subsidence and subsurface
salt-water intrusion in the coastal zone of China.
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Figure 8. Annual average water level changes during
1919-1992 at the Luokou and the Lijin Hydrological Stations
in the Yellow River Delta under condition of water discharge
of 3000 m?/s (after PANG, 1994).
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Table 4. Projected RSL rise at the large Chinese deltas for
the years 2010 and 2050 (Rex and Su, 1994).

Delta 2010 2050
Zhujiang 15-30 cm 40-60 cm
Yangtze 50-70 cm
Yellow River 40-50 cm
0ld Yellow River 70-100 em

a, but the intertidal wetlands still retain almost
the same area today (CHEN and CHEN, 1998a;
LANG et al,, 1998). The reclaimed wetland in the
Zhujiang delta totalled 344 km? between 1966—
1996, at a rate of 11 km?a, but the intertidal wet-
land area remains the same as 30 years ago (Liu
et al, 1998). In a word, the Chinese muddy coast,
especially near the large river deltas, is character-
ized by coastal wetland renewal instead of wetland
loss.

Global warming, reservoir construction on the
major rivers (such as the Three-Gorges Dam on
the Yangtze River), transferal of water from one
river catchment to another (such as the south-to-
north water diversion projected to divert water
from the Yangtze to the Yellow River), and water
pumping for irrigation, lead to reduction of river
discharge and suspended load. For example, the
sediment load of the Yellow River became serious-
ly reduced in the 1990s, reaching only 34% of that
in the period from the 1950s to the 1970s. Since
1972, the river flow has been interrupted for tens
to hundreds of days each year at the delta, and the
interruption lasted 226 days in 1997 (Y and Lu,
1998). The suspended load will further be reduced
with construction of new large hydrological engi-
neering works, such as Xiaolangdi Reservoir, and
increasing abstraction for irrigation. It was esti-
mated that annual sediment supply of 245-300
million tonnes is a critical value to maintain the
Yellow River Delta from regression (L1, 1996; Liu
et al, 2001). If annual sediment supply is lower
than this, serious erosion is expected to result in
loss of coastal wetland and reduction of the deltaic
area.

The Shanghai municipal government proposed
to reclaim 400 km? of the intertidal flats by 2010,
at a rate of 40 km?a. This reclamation rate is
much higher than in previous decades. However,
the suspended load of the Yangtze River has re-
duced from 486 million tons/a in the 1960-80s to
344 million tons/a in the 1990s (YANG et al., 2001).
Completion of the Three-Gorges Dam will further
reduce the fluvial suspended load, and will decel-
erate the coastal wetland renewal. On the other
hand, wetland reclamation engineering will accel-
erate wetland renewal and deposit more fluvial
sediments in the Yangtze River mouth area. The
reduced fluvial sediment supply and the acceler-
ated wetland reclamation in the river mouth will
finally likely induce coastal erosion in the Zhejiang
and the northern Fujian coastal zone where mud-
dy sediments originate mainly from the Yangtze
River. Therefore, planning for reasonable and sus-
tainable wetland reclamation in the large deltas
should also take cognizance of the impact on ad-
jacent coastal environments.

Coastal Erosion

Coastal erosion is considered as one of the im-
portant impacts of sea level rise (Trrus, 1990;
NictoLLs and MIMURA, 1998). About 70% of Chi-
nese sandy and muddy coasts suffer from erosion
(X1a, 1993). However, serious erosion in the Chi-
nese coastal zone is usually the result of a deficit
of sediment supply rather than from sea level rise.
The abandoned Yellow River Delta in the northern
Jiangsu (Figure 3) is an example of muddy coastal
erosion. Here the coast retreated 20 km landward
and 1,400 km? of delta plain was lost after 1855
when the Yellow River switched from discharging
into the Yellow Sea in northern Jiangsu to the Bo-
hai Gulf in northwestern Shandong Province
(REN, 1986; WANG, 1996). The erosion rate ex-
ceeded 1,000 m/a immediately after the delta was
abandoned, and then gradually decreased (Table
6). The erosion was clearly related to discontinu-
ation of sediment supply from the Yellow River

Table 5. Rates of coastal progradation and wetland renewal in the major Chinese deltas.

Coastline Wetland
Progradation Renewal
Delta (m/a) (km?/a) Period Reference
Yellow River 160 21.26 18551984 QIAN, et al, 1993; ZENG, 1996
Yangtze 20-50 16.0 19501995 CHEN and CHEN, 1998
Zhujiang 11.0 1966-1996 Liv, et al,, 1998
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Table 6. Muddy coast of the abandoned Yellow River Delta
in Northern Jiangsu.

Coastline
Retreat Rate
Interval (m/a) Reference
18551988 147.0 ZHANG, 1984
1972-1975 83.0
1975-1980 46.6 CHEN, 1990
1980-1987 27.0

during the last 150 years. Coastal erosion in the
Diaokao abandoned sub-delta is a modern phe-
nomenon taking place in the contemporary delta
following the latest switch of the main distributary
of the Yellow River, and an area of 202 km? was
lost between 1985-1996.

Along the sandy coasts of Shandong Peninsula,
Liadong Peninsula and South China, coastline re-
treat has been reported at a rate of 1-3 m/a
(ZHUANG et al, 1989; Xia, 1993; WaNG and Wu,
1995, 1996; HuanG and Wu, 1997). The coastal
erosion is usually ascribed to deficiency of river-
borne sediment, beach sand mining, and sea level
rise (ZHUANG et al,, 1989; X1, 1993). Based on 20
years of systematic observations along 33 km of
coast along the southwestern Shandong Peninsu-
la, ZHUANG et al. (2000) concluded that 40% of
coastal erosion is in response to reduction of river-
borne sediment, 50% is due to mining beach sand,
and 10% is ascribed to sea level rise.

In summary, erosion along the Chinese muddy
and sandy coasts is the result primarily of sedi-
ment deficit rather than sea level rise. Future
coastal erosion rates cannot be predicted by the
existing models developed on the basis of an as-
sumption that sea level rise is a major cause of the
coastal erosion (L1 et al, 2000a).

The Bruun rule, demonstrating the relationship
between sea level rise and coastal erosion, was de-
veloped under assumptions of a 2-dimensional
equilibrium profile for sandy coasts (BRUUN, 1962;
DEaN, 1987), and has been widely used to predict
the coastal erosion caused by global sea level rise
in China and overseas (J1 et al, 1993; MIMURA,
1995; WaNG and Wu, 1995; CHEN and CHEN,
1998b; NisHiokA and Harasawa, 1998; HAqQ ef
al., 1999). Recently however, the Bruun rule has
been quantitatively re-evaluated, but only occa-
sionally was there coincidence of the calculated
erosion with the observed data (Dusors, 1992;
List et al, 1997). The predicted coastal erosion in
China by the Bruun rule is doubtful considering

that the major cause of coastal erosion is due to a
deficit of sediment supply rather than sea level
rise. Furthermore, some coasts, such as the south-
eastern Shandong coast where the tectonic uplift
rate exceeds the rate of sea level rise (Du, 1997);
the assumptions for application of the Bruun rule
are not met.

The Chinese muddy coast is to some extent re-
lated to the large deltas. Sediment surplus occurs
when the main distributary is located nearby, and
sediment deficit results when the main distribu-
tary migrates elsewhere. Regional coastal erosion
is mainly due to shift of the main distributary and
cannot be predicted by the Bruun rule. For in-
stance, the rate of sea level rise in the Yangtze
Delta is about 1.0-1.5 mm/a (CHEN, 1990; REN,
1993a), but the coastline prograded at a rate of
100-200 m/a, rather than retreated. The rate of
sea level rise is 1.5 mm/a in the Yellow River Delta
(REN, 1993a), and its active lobe usually extends
at a rate of more than 1 km/a, but the abandoned
lobe usually retreats at almost the same rate
(ZENG, 1996). In a word, the Bruun rule has lim-
ited application for prediction of coastal erosion of
the Chinese coast.

Coastal Flooding

Sea level rise exacerbates coastal flooding,
which arises not only from storm surges but also
from rivers. According to 30 years of data (1951—
1980), coastal flooding disasters from storm surges
occurred 10-20 times in various river basins of
South China, 10-15 times in those of East China
and 6-13 times in those of North China (Sm1,
1995). Coastal flooding by river overflow occurs
during heavy precipitation in the drainage areas,
such as the 1954 and 1991 heavy flooding in the
Yangtze Delta, and 1915 river flooding of the Zhu-
jiang Delta (SH1, 1995). Tropical cyclones impact-
ing on East and Southeast Asia account for 36% of
world's total, 34% of which attacked the Chinese
coastal zone. The Chinese coastal zone suffered
390 storm surges between 19491986, and most of
them made landfall on the South China coast, ac-
counting for 75% of the China’s total (Figure 2).
Storm surges are usually 1-2 m high, with a max-
imum of 5.94 m observed on the Nandu tide gauge
of Guangdong province (BAo, 1991). The most dan-
gerous situation occurs when a typhoon with a
large storm surge coincident with heavy precipi-
tation lands on a river delta during the spring tide
in a flood season, for example, the typhoon on Au-
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Table 7. Tropical cyclones affecting the Chinese coastal zone (after Re and Su, 1994; Huan, 2000; Li, et al., 2002).

Date Economic Loss
(yearfmonth) Typhoon Landfall Region Loss of Life (10° US$)
1694.06 Shanghai 100,000
1724 Jiangsu Province 70,000
1862 Zhujiang Delta 80,000
1922.08 Hanjiang Delta 70,000
1988.07 Warren Guangdong Province 100 133.0
1989.07 Hope Zhejiang Province 30 133.0
1989.09 Sarah Taiwan, Fujian Province 200 145.1
1992.09 Polly 8 provinces and cities 300 1209.2
1994.09 Luke Guangdong Province 1,216 19710
1996.09 Sally Zhujiang Delta 2055.6
1997.08 Winnie Zhejiang Province 254 6191.1

gust 18, 1997, in the Yangtze delta. Cyclones and
associated storm surges affecting the Chinese
coastal zone usually result in serious economic
losses and numerous fatalities (Table 7). The ma-
jor coastal flooding areas possess an elevation less
than 5 m, and are located in the coastal zones of
the subsidence belts and the fault depressions of
the uplift belts. They cover only 8.9% of the total
coastal administrative units, but most disasters
resulting from coastal flooding occurred in these
areas.

'VULNERABILITY ASSESSMENT AND
ADAPTATION TO SEA LEVEL RISE

Protection is the only real adaptation option for
the economically-developed and populous Chinese
coastal zone. Coastal engineering constructions
can be traced back to the Tang Dynasty, about a
thousand years ago, and flourished in the Min and
Qing Dynasties, about 300-500 years ago. Twelve
thousand km of coastline are protected by dykes
and dams of mainland China (Du, 1997). The sea-
walls constructed in different times and in differ-
ent regions can prevent a 1-in-10 year storm to a
1-in-1000 year storm, but most of them are con-
structed to protect the coasts from the 1-in-50 to
1-100 year storm surge plus a 10-grade wave (L1,
1993). High-level dykes are usually built along the
coasts of big cities and economically developed ar-
eas, such as in the Yangtze and the Zhujiang del-
tas, while low-level dykes are more typical in the
economically less developed areas, such as the Yel-
low River delta. The coastal protection structures
in China are constantly reinforced and heightened.
They play an important role in preventing damage
from storm events. For example, typhoon Polly (31
August to 3 September 1992) swept across 6 prov-

inces and two big cities, and resulted in economic
loss of 1.2 billion US$. Economic loss in Shanghai,
however, was only US$344,800, covering 0.28% of
the total loss, although Shanghai is naturally the
most vulnerable area in the Chinese coastal zone.
As shown in Figure 9, the city center of Shanghai
would be flooded by 2-3 m if the 1-in-1000 year
storm dyke (of elevation 6.9 m above Wuson Da-
tum) became breached during the typhoon.

Vulnerability of the Chinese coastal zone was
evaluated based upon natural factors such as rel-
ative sea level rise, elevation of the coastal zone,
frequency and density of storm surge, tidal range,
coastal erosion and accretion. Eight vulnerable ar-
eas were identified (REN, 1993b; HAN et al,, 1995).
Du (1997) first assessed the vulnerability of the
Chinese coastal zone, considering the existing en-
gineering protection construction as a very impor-
tant factor, and predicted the areas susceptible to
flooding by sea level rise of 30 cm, 65 cm and 100
em. Areas potentially flooded by sea level rise of
30 em differ greatly between existing protected
and unprotected situations in the Yangtze and the
Zhujiang deltas because of high-level dykes, but
they remain almost the same in the Yellow River
delta where there are only low-level dykes (Table
8). The predicted flooded areas under existing pro-
tected and unprotected conditions are almost the
same for potential sea level rises of 100 cm, assum-
ing protection structures are retained at the pre-
sent level.

Statistics from the 1990s show that almost every
year the Chinese coastal zone is subjected to ma-
rine disasters affecting tens of millions of people
and resulting in tens of million US$ economic loss.
However, the economic loss accounts for only
0.25% of the Chinese national GDP and 1.4% of
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Figure 9. Relative sea level rise and potential risk of storm surges in Shanghai City (Modified from Yan, 1992). MHWS:
Mean high water spring of the Huangpu Park Tide-Gauge at Shanghai City center; MTL: Mean tidal level of the Huangpu

Park Tide-Gauge; W.D: Wuson Datum.

the population. Coastal wetland loss is less than
3% of the Chinese total, although some kinds of
wetlands, such as mangrove forest, have been se-
riously reduced in size since the 1950s (LANG et
al, 1998; ZHAO et al,, 1999). Land loss in the Chi-
nese coastal zone is less than 1%. Impacts of sea
level rise of 65 cm and 100 cm have been predicted
and protection/adaptation costs are on average
0.008% and 0.017% of the Chinese GDP, respec-
tively (Du, 1997). According to the classification of
NicHoLLS and MiMURA (1998) and NICHOLLS and
DE LA VEGA-LEINERT (2000), the Chinese coastal
zone belongs to a low vulnerability class. Overall,
the Chinese coastal zone is of relatively low vul-
nerability for the Asia-Pacific region.

CONCLUSIONS

Abundant sediment supply and uneven distri-
bution of fluvial sediments controlled by tectonic
activity along the Chinese coastal zone are the key
factors determining the major differences in coast-

al geomorphology and Quaternary stratigraphy.
Muddy coasts, usually associated with wide strand
plains and thick fine-grained Quaternary strata,
are located mainly in the subsidence belts, and
within the fault depressions of the uplift belts with
abundant fluvial sediment supply from large riv-
ers. Sandy coasts, associated with narrow strand
plains and thin coarse-grained Quaternary strata
are basically located in the uplift belts. These geo-
morphic, stratigraphic and tectonic features deter-
mine the distinctive response of the coast to sea
level rise, and its vulnerability.

At a broad scale, the primary vulnerability of
the Chinese coastal zone viewed against a back-
ground of sea level rise, is a function of three fea-
tures: (i) coastal wetland renewal, (ii) coastal ero-
sion by deficit of sediment supply and deleterious
human activity, and (iii) considerable coastal en-
gineering protection against coastal flooding. Rel-
ative sea level rise, composed of global sea level
rise, tectonic subsidence, ground subsidence and a
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Table 8. Potential flooded area (km?) for sea level rise scenarios of 30 cm, 65 cm, and 100 cm, for the major vulnerable areas

of China (after Du, 1997).

Vulnerable Area Protection Situation 30 cm 65 em 100 em
Zhujiang Delta No protection 5546 5967 6543
Existing protection 1152 3457 620
Yangtze Delta and Jiangsu Coastal Plain No protection 54547 58663 61288
Existing protection 898 22242 52091
Yellow River Delta and North China Plain No protection 21255 23106 25428
Existing protection 21010 23100 25428
Total No protection 81348 87736 93259
Existing protection 23060 48799 84039

trend of rising river bed levels, is more important
for local and regional vulnerability assessment.
Protection structures are the only real adaptation
strategy for zones of intense economic develop-
ment of the populous Chinese coast. Although the
Chinese coastal zone is a low vulnerability area in
the Asian-Pacific region according to the SURVAS
assessment system (NICHOLLS and DE LA VEGA-
LEINERT, 2000), there is considerable economic
and human loss each year.
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