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Fig. 1. Envelope for Holocene seca-level data for general world ocean (mostly Atlantic) from
Milliman and Emery (1968). Superimposed are data from eastern Asia: solid dotes at upper
left: Korea, open circles: floor of Huanghai Sea (Emery et al.,

1971) and two rectangles-recent measurements by Chinese scientists for samples from borings
in the Bohai Bay (150m) and off Fukien (17m). -
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Fig. 2. Movement of land relative to sea level expressed in terms of mm change per year at
many shore stations of the western Pacific Ocean. Representative data in boxes are points for
mean annual sea level and a simple regression straight line based upon all points. Basic data are
from Lennon (1976—1978) and Institute of Oceanology, Academia Sinica, Qingdao.
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Fig. 3. Summary of mean annual rates of land movement relative. to sea level at all eight
stations of China and Hong Kong District, compared with changes for other regiohs of Fig.-
2 and for North Atlantic coasts south of Lat, 50°N along North America and Europe (from
Emery et al. in preparation). Wide line connects median rates in each region.
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Fig. 4. Cyclic variation in monthly mean sea levels at seven tidegauge stations in China
and one at Hong Kong District. Same sources as for Fig. 2.
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Fig. 5. Measurement sites, pcftincnt cities, major rivers, and distribution of lowlands (mostly
deltaic plains) are indicated for northern China. Lowlands are from chart by Academy of
Geological Sciences of China (1975). )
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Fig. 6. Annual mean sea levels (at Wusong and Tanggu), annual discharge of water (at
Datong and Lijin), and annual discharge of suspended sediment (at Hankow and Lijin) of

the rivers Changjiang and Huanghe, respectively. Regression lines for data points are based
upon identical years for all data of each river.
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Fig. 7.. Comparison of annual river water discharge with annual sea level and annual suspended
sediment discharge (From Fig. 6). Correlation coefficients of reggession lines are indicated, *
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SEA-LEVEL CHANGES IN THE WESTERN PACIFIC WITH
EMPHASIS ON CHINA*

K. 0. Emery
(Woods Hole Oceanographic Institution, U.S.4.)
and
You Fanghu

(Institute of Oceanology, Academia Sinica.)

Low sea levels during Pleistocene glacial stages have been investigated in many »

studies of the topography and sediments of the world’s continental shelves. Melting
of the glaciers was accompanied by a rise in sea level from perhaps 150 m below
the present level, a position that is indicated by the present depth of relict shore
sediments and fossils. Approximate depths and dates of rising sea level are provided
by radiocarbon dates of relict or subfossil shore mollusk shells and of peat deposits

" dredged or cored from the continental shelf. Former glacially-lowered sea levels off -

China are indicated by relict sediments®™, fossil mollusks™, and peat deposits™" on

the continental shelf, and cores on the coastal plain™*. A summary of available dates
and depths is given by Figure 1.

More precise than radiocarbon dates is the measurement of relative change of sea
level by means of tide-gauge records, from which mean monthly and mean annual sea
levels can be derived. Even though tide-gauge records may span only a few decades,
most of them reveal a general rise of sea level attributed to return of meltwater from
remaining Pleistocene glaciers. However, rather large differences are exhibited between
sites even a few tens of kilometers apart. These complications are due to rise of high-
latitude lands formerly downbowed by weight of glacial ice, to coastal down-warping
caused by weight of water returned to wide continental shelves, to compaction of thick
sediments in deltas because of weight of overburden and withdrawal of fluids, and to
tectonic activity associated with folding, faulting, and voleanism. Such factors are
especially significant after most of the meltwater had returned to the ocean, and sea
level approached its approximate present stand about 5000 years ago. At that stage,
differences in direction and rate of relative sealevel change indicate that the changes
are better viewed -as due to movement of the land relative to sea level ——the
viewpoint used in the following discussion.

REGIONAL PATTERNS OF RECENT RELATIVE SUBMERGENCE

Mean annual sea levels at coastal sites of the western Pacific Ocean are based upon
tide-gauge records mostly shorter than 40 years (Fig. 2). Only three stations (Manila,

* Contribution No. 4790 of the Woods Hole Oceanographic Institution; Contribution No. 625 from

. the Institute of Oceanology, Academia Siniea.

1) Zhao Songling, Sui Daosheng, and others whose reports are in preparation or in press.
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Sydney, and Port Adelaide) have records Ionger than 75 years, Data for each of the
65 stations having records longer than 20 years were plotted, analyzed, and fitted
with a least-squares regression line. In nearly all instances the correlation coefficient
of this line is higher than 0.50 a level of significance higher than 95%. Al tota,li
of 85% of the stations reveal subsidence of the land at rates indicated in Figure
3 by the slopes of the regression lines and noted by numbers placed along the shores.
Correlation coefficients for seven available tide-gauge stations of China and one for
Hong Kong are lower (regression lines for only three of the eight stations have
correlation coefficients higher than 0.50) probably because large annual ranges in sea
level result from flood discharges by the very large rivers of China. 7
The eight stations of China and Hong Kong denote a median relative subsidence
of about — 2.5 mm/year (Fig. 3). This is comparable with a median of — 3,0 mm/year
for 52 stations of North America and Burope that border the North Atlantic Ocean
south of Lat. 50°N (and thus essentially unaffected by former burdens of glacial ice).
A higher median of — 3.6 mm/year is for 38 stations in Japan (a very closely-spaced
net) and Philippines (where a large spread in rates probably reflects volcanie

~ activity). Low medians of — 0.5 mm/year are for ten stations of Asia north and south

of China and nine stations of Australia and Oceania, a tight group perhaps due to
tectonic stability of these regions. ‘
DATA OF TIDE-GAUGE RECORDS IN CHINA

Knowledge of the tides was developed in China independently from Europe, with
much - attention focused upon the tidal bore of the Qiantang River at Hangzhou as

early as 200 B.C. (Needham, 1959, p. 483—494). Correlation of the bore and of ordinary

tides with phases of the moon was recognized, and by 850 A.D. the world’s first tide
tables (by Lu Zou) were used to prediet the tide. By 1084 the delay constant
between transit of the moon past the local meridian and the peak of high tide was
defined by Shen Kua. However, the relatively slow rise or fall of relativél annual
sea level could not be determined without the use of recording tide gauges, which
began to be used less than 100 years ago. Even these records require statistical
analysis to extract information about changing relative levels of land and ocean
surface. The geveral meters of range between daily low and high tides is reduced: by
hourly averages to mean daily sea level, and this is further reduced to mean monthly
sea level and to mean annual sea level. Mean monthly sea levels plotted for the
entire year at the eight stations of China and Hong Kong have a range that decreases
from about 700 mm at the north to 250 mm at the south (Fig. 4). Results are rather
similar to those obtained by Pattullo et al.”” in their world study that contained fewer -
data for China. Peaks in sea level are progressively delayed from mid-July in the
north to October in the south the result of progressing dates of seasonal oscilla-
tion.

After the mean monthly sea levels are reduced to a series of mean annual sea
levels, a year-to-year variation remains that is a few per cent of the monthly variation
and a few tenthd of a per cent of the daily tidal range. Meade and Emery™™ found
by statistical analysis that 7 to 21% of the annual variation along the coast of eastern
United States is due to annual variations in river runoff. In comparison, 29 to 83%
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of the long-term change in sea level is due to secular rise. Beeause China is highly

dependent upon its large rivers and its broad low coastal plains (Fig. 5), an analysis
~of some of "the components of changing sea level was attempted here for northern
. China.

Data are available for water discharge of the two largest rivers, Changjiang
(Yangtze River) and Huanghe (yellow River). The Changjiang River is 5796km
Jong and is thd main navigable river of China. Continuous deposition of sediment at
" its mouth has produced a long record of shore and island changes™. The Huanghe
River, only slightly shorter at 5464 km, has undergone many course changes during
the past 4258 years™, having entered the Huanghai sea (Yellow Sea) at a point south-
east of the Shandong Peninsula between 1856 and 1938, and entered the Bohai Bay
northwest of the peninsula prior to 1856 and after 1938, Erosion is reported at the
former delta, and active deposition is prograding the present delta™. In faet, the
floor of the river has aggraded so much that now it is 3 to 10 m above the adjacent
flood plain, and the river is confined only by natural levees surmounted by artificial
ones. For the Changjiang River, discharge data for 1954—1976 are from Datung
(4bout 400 km from the mouth). Sea-level records for the same years are from Wusong
(near Shanghai and near the mouth), but they are for only the southern division of the
river that divides to pass around the island of Chongming Island. For the Huanghe
River, discharge data for 1950—1975 are from Lijin (about 40 km from the mouth),
but no tide-gauge station is near. Tide-gauge records from Tanggu about 150 km
northwest (Fig. 2) are available for 1951-—1978 The years for which matching data
exist for both sea level and river-water discharge limits the analysis to 1954--1976 for
the Changjiang River and 1951—1975 for the Huanghe River. These time spans are
. too short to permit the making of more than broad generalization.

Examination of data for sea levels and river-water discharge shows that high
values for both occurred in 1953—1954, 1964, and 1975 (Fig. 6), known to be years of
unusually high precipitation in the interior of China. Simple linear regression
analyses of the volume of water discharged by each river versus sea level near the mouth
yield correlation coefficients of 0.58 for the Changjiang River and 0.11 for the
Huanghe River. The poor correlation for the Huanghe River probably is due to the
large -distance between the river gauging station at Lijin and the tide gauge at
Tanggu, as well as to escape of most water eastward from the Huanghe mouth.
Incidentally, the sea levels at Qingdao correlate betfer with the river discharges of
* the Huanghe River than with those of the Changjiang River——0.27 versus 0.06——
again supporting the eoncept of eastward fiow of Huanghe River discharge™®. The
~ correlation coefficient of annual suspended sediment load with annual water discharge
for the Huanghe River is high (0.73—Fig. 7), perhaps because both were measured at
the same site, at Lijin. On the other hand, the sediment load for the Changjiang
River was measured at Hankow, and it has a correlation coefficient of 0.57 with the
water discharged measured at Hankow but only one of 0.35 at Datung (Fig. 7),
about 600 km downriver. During the two decades of these measurements 25% more
water was added to the Changjiang downriver from Hankow but only about 10%
more sediment, assuming no losses by irrigation or deposition en route,
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Multiple regression analyses were made for sea levels versus water discharges of
the two major rivers versus time in years. For the Changjiang the analysis indicates
that 53% of the sea level variations can be attributed to variations in water discharge,
11% to relative- subsidence of the land, and the remainder (36%) to other unspecified
causes probably wind, currents, and water temperature. The 53% due, to
variations in water discharge of the Changjiang River (fourth largest river in the
world) is reasonable and much higher than for the smaller rivers along the Atlantie
coast of the United States. For the Huanghe River, corresponding figures  are 3%,
3%, and 94%. These percentages are ridiculously low, corresponding with the low
correlation coefficient in Figure 7, probably because of -the distance of the Tanggu.
tide gauge from the mouth of the Huanghe River and the flow of discharged water

eastward away from Tanggu.

Regardless of the year-to-year variations in mean annual sea level, the regression
lines of Figure 2 show regional differences along the Chinha coast that range from
—11.5 mm/year of subsidence (Weizhou Island) to + 1.9 mm/year of emergence
(Hong Kong). Only Weizhou Island, Wusong (—2.6), and Tanggu (— 1.5) are on
thick deltas or deltaic plains. All other stations are in regions of bedrock and thus
are unaffected by compaction of underlying thick sediments; their rates range from
— 8.3 to + 1.9 mm/year. Reliable comparison of deltaic and non-deltaic subsidence
is prevented by the small number of stations, the wide range in direction and rate of
vertical movement, and the short time span for the tide-gauge records.

GENERAL PREDICTIONS AND RECOMMENDATIONS

The Holocene rise of sea level is known only in general outline as having risen
from about — 150 m to the present level in about 15,000 years (Fig. 1). If it had
risen at a uniform rate (which it certainly did not do), the rate would have been
10 mm/year, a more reasonable view of the rise (and one that generally is supported
by existing radiocarbon measurements of age versus present depth of datable shoreline .
materials) is that of an approximate sine curve. The maximum rate of rise following
such a curve would be 17 mm/year, and this corresponds well with the maximum
rate estimated from the general sea-level-rise curve (Fig. 1) drawn by Milliman and
Emery"™ and from those of other authors. During the past 5000 years the relative
rise of sea level was reduced to a mean of perhaps 1 mm/year on the basis of many
radiocarbon-depth measurements in salt marshes. This low long-term rate, however,
appears to have at least doubled during the few decades spanned by most tide-gauge
measurements of the world as though due to recently increased melting of glaciers
or to increased subsidence of land (less likely). In fact, an examination of recent
measurements indicates a possible acceleration in the rate of sea-level rigse"™.

A wmajor control over the temperature of the atmosphere appears to be the
‘“greenhouse’’ effect produced by carbon dioxide liberated by the burning of fossil
fuels and the making of cement. This carbon dioxide allows sunlight to pass but
retains much of the longerwavelength heat from back radiation. Measurements in-
dicate a slow increase in carbon dioxide from about 290 ppm in 1860 to 335 ppm at
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present™®* corresponding with the onset of the Industrial Revolution. Caleulations
by Manabe and Wetherald™, Mercer™ and Woodwell et al.” suggest that a doubling
of the carbon dioxide concentration may occur within about 50 years at the present rate
of increase in its production. This doubling would produce a warming at the poles
of the Earth of 6—8°C, enough to cause rapid melting of the unstable West
Antaretica ice sheet and a corresponding rise of sea level. Topographic evidence
indicates that this ice sheet may already be breaking up™’, and evidence exists of
previous fluctuations in its size and thickness™. A 5m rise of sea level will have
very important effects upon coastal cities of the world, and particularly upon the
densely populated and cultivated coastal regions ofl northern coastal China. In faet,
isostatic factors indicate that the rise over the Pacific Ocean will be higher than
the average rise™.

For these reasons it is suggested that scientists and government bureaus of China
seriously consider increased monitoring of sea-level changes corrected for river runoff
and land subsidence. An effort should be made to search for older records and to

- eatablish new stations particularly upon the active deltas of all major rivers. This
- iy not an easy task, but the importance of a major transgression of the coastal zone
of China by the ocean will have far-reaching effects especially if it is not anticipated.

Note: Appreciation is due the Academia Seniea and the U.S. National Academy of Sciences through
its Committee on Scholarly Communication with the People’s Republic of China for making possible a
trip to China by Emery during October 1979, The trip yielded opportunities for discussing the subject
of sea-level changes with many scientists, one of whom, You Fanghu, is co-author of this report. The
Ocean Industry Program of the Woods Hole Oceanographic Institution aided the completion of this
study.



