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ABSTRACT

The relationship between monthly sea-level data measured at stations located along the Chinese
coast and concurrent large-scale atmospheric forcing in the period 1960–1990 is examined. It
is found that sea-level varies quite coherently along the whole coast, despite the geographical
extension of the station set. A canonical correlation analysis between sea-level and sea-level
pressure (SLP) indicates that a great part of the sea-level variability can be explained by the
action of the wind stress on the ocean surface. The relationship between sea-level and sea-level
pressure is analyzed separately for the summer and winter half-years. In winter, one factor
affecting sea-level variability at all stations is the SLP contrast between the continent and the
Pacific Ocean, hence the intensity of the winter Monsoon circulation. Another factor that affects
coherently all stations is the intensity of the zonal circulation at mid-latitudes. In the summer
half year, on the other hand, the influence of SLP on sea-level is spatially less coherent: the
stations in the Yellow Sea are affected by a more localized circulation anomaly pattern, whereas
the rest of the stations is more directly connected to the intensity of the zonal circulation. Based
on this analysis, statistical models (different for summer and winter) to hindcast coastal sea-
level anomalies from the large-scale SLP field are formulated. These models have been tested
by fitting their internal parameters in a test period and reproducing reasonably the sea-level
evolution in an independent period. These statistical models are also used to estimate the
contribution of the changes of the atmospheric circulation on sea-level along the Chinese coast
in an altered climate. For this purpose the ouput of 150 year-long experiment with the coupled
ocean-atmosphere model ECHAM1-LSG has been analyzed, in which the atmospheric concen-
tration of greenhouse gases was continuously increased from 1940 until 2090, according to the
Scenario A projection of the Intergovermental Panel on Climate Change. In this experiment
the meridional (zonal ) circulation relevant for sea-level tends to become weaker (stronger) in
the winter half year and stronger (weaker) in summer. The estimated contribution of this
atmospheric circulation changes to coastal sea-level is of the order of a few centimeters at the
end of the integration, being in winter negative in the Yellow Sea and positive in the China Sea
with opposite signs in the summer half-year.

1. Introduction major concern for the climatologist to try to
estimate changes in coastal sea-level that may be
associated with an increase of greenhouse-gasSea level is one important environmental par-
forcing in the atmosphere in the future. For thisameter concerning coastal ecosystems, harbor
purpose climate models are the only tools tobuilding and seawater transport. It is therefore of
derive the details, in terms of spatial resolution
and magnitude, of the expected climate change.* Corresponding author.

E-mail: zorita@gkss.de These models have been used to estimate large-
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scale changes in sea-level due to changes in the to observed data sets. This statistical approach
has been already applied to coastal sea-level inoceanic circulation or the volume expansion of

sea-water (Mikolajewitz et al., 1990). The degree the Baltic Sea (Heyen et al., 1996) and at the

Japanese Islands (Cui et al., 1995).of confidence put in the results at large-scales is
growing (IPCC, 1996). It has to be noted that the validity of the

statistical model cannot be guaranteed in a per-However such models are limited in their spatial

resolution. Even if the grid, which is used for the turbed climate. The parameters of the model have
been fitted using the natural variability of thediscretization of the differential equations, is of

the order of several hundred kilometers a climate observed climate and it can be only expected that

this natural variability contains a great variety ofmodel does hardly offer useful information on that
nominally minimum spatial scale. The reason for atmospheric situations. The statistical model will

hopefully identified those situations that are relev-this failure lies in the inadequate representation

of subgrid-scale information, as the details of ant for coastal sea-level and be able to translate
changes in the frequency or intensity of this per-orography or the coastal configuration, an errone-

ous parametrization of the physical process that turbed atmospheric forcing into coastal sea-level

changes. Strictly, a statistical model is only validoccur at sub-grid scales, and in the disruption of
the nonlinear energy cascade at the lowest end of as long as the mean climate changes do not exceed

the level of the natural variability of the observedthe spectral resolution in the atmospheric models

(Von Storch, 1993). climate, which is the case for mean climate change
simulated by the present General CirculationFor these reasons, as recognized by the 1995

IPCC report, there exists a large uncertainty in Models. In some sense this problem is also present
in dynamical downscaling or the GCMs them-the estimation of the sea-level changes due to a

perturbed atmospheric circulation and its poten- selves, since the parametrizations that represent

local processes in these models have been empiric-tial influence on the modification of the waves,
tides and storm climates. Some attempts are now ally formulated using just present observations.

For the design of a reasonable statistical model,being made to estimate changes in sea-level at

local and regional scales by embedding high- some previous (physical ) reasoning about the
physical factors affecting coastal sea-level isresolution regional ocean models into large-scale

climate models (Kauker, personal communica- required. Three groups of processes may be

important in this respect: the geological processes,tion), the so called dynamical downscaling.
Meanwhile other methods, more flexible, such as the regional-scale dynamical processes and the

large-scale dynamical processes (Patullo et al.,statistical downscaling (Storch, 1993) have to be

used. Within the statistical downscaling frame- 1955; Lisitzin and Patullo, 1961; Gill and Niiler,
1973; Wyrtki, 1990). The geological processes arework, the response of a regional variable, in this

case coastal sea-level along the Chinese coast, to normally very slow (except in the case of earth-

quakes) and may be treated as linear, or evenlarge-scale climate forcing is described by a linear
model, the parameters of which are fitted using absent, on time scales of years or decades. If we

subtract the linear trends from the local sea-level,available observations. Once the model has been

set up, it can be used to reconstruct past variations these processes will efficiently be filtered out. The
volume expansion of sea water and the melting ofof the regional variable if large-scale observations

extending longer back into the past are available, glaciers due to possible global warming (Warric

and Orlemans, 1990), the changes in the baro-or to estimate possible regional changes under a
perturbed climate using the output of climate tropic mode of the large-scale ocean circulation,

as well as human water pumping activities fromchange experiments with coarse-resolution climate

models. The statistical models, therefore, try to the subsoil (Sahagian et al., 1994) are other large-
scale, and quite probably slow and linear, factorsmodel in one step the chain of causes and effects

that lead from the monthly mean large-scale circu- affecting coastal sea-level. If this effect has already
entered into play, it can be also filtered out bylation through the atmospheric transients and

wind-stress, waves, tides, rainfall, etc., to local sea- linear detrending the data set. More relevant in

this context are the regional scale processes, suchlevel anomalies. The local peculiarity are taken
into account by fitting their internal parameters the inverse barometric effect of more or less air
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pressing on the surface of the ocean, the steric Since the volume expansion coefficient of seawater
is approximately 2.5 ×10−4C−1 the expected sea-effect of the water column being more or less

dense (as a consequence of changing temperature level anomalies caused by the steric effect could

be also of the order of 20 mm. These figures areand the effects of the regional oceanic and atmo-
spheric circulations). More locally, for instance, just rough estimations of the relative order of

magnitude of the different factors. The sea-levelnear a river-mouth the streamflow will influence

the local tide gauge, specially for large rivers such anomalies actually observed are of course the
result of the interplay of all these factors, whichas the Yangtze. Of course, once the influence of

the local processes has been estimated, all these presumably depend on the local peculiarities of

each gauge station.effects, geological, large-scale and regional, have
to be added up for a complete estimation of
possible sea-level changes.

The accuracy with which these regional pro-
1.2. Selection of the large-scale forcing

cesses are simulated in present-day climate models
(with typical horizontal resolutions of 5°) varies For the formulation of a statistical downscaling

model we have to resort to large-scale variablesconsiderably. The inverse barotropic effect
depends only on the large-scale atmospheric pres- that satisfy two conditions: First, sufficiently long

homogeneous time series available to fit the modelsure and is therefore likely well simulated. The

steric effect depends on such regional effects as parameters with observed data are needed.
Second, the forcing must be well simulated bythe cloud cover or the availability of mixing

energy, which is less well described by atmospheric climate models. The latter condition limits the set
of candidates to large- scale or regional-scale fieldsmodels. The effects of local ocean currents, local

coast lines and streamflows are normally not (with a scale of a 1000 km or more), such as sea-

surface temperature, sea-level pressure or geo-included in such models.
potential height at some level. One has to be
aware, however, of the limitations of such a selec-

1.1. Possible factors aVecting Chinese coastal sea-
tion. The East Chinese coast is exposed to an

level variability at monthly time scales
important seasonal phenomenon, namely the East
Asian Monsoon and its associated intense rainfall.The Chinese coast is connected to a broad and

shallow land sill with an average water depth of It is known that the summer monsoon always
appears first in East Asia, usually in the middle ofonly about 20 m and the typical magnitude of sea-

level variations at monthly time scales is of the May, before the Monsoon development over the

Bay of Bengal during late May and over theorder of 50–100 mm. One important factor for
sea-level variability is obviously the effect of wind- western coast of the Indian subcontinent in early

June. In East Asia the earliest onset line occurs instress, either by direct pile-up of water, anomalous

Ekman transport, or through the dynamical equi- the northern South China Sea, and extends to the
western Pacific east of Taiwan and south of Japan.librium with the Coriolis force acting on currents.

Since this effect depends strongly on the coastal The onset date progresses northward and north-

westward. By mid-June the East Asia Monsoon istopography and momentum flux to the ocean, its
magnitude is difficult to estimate. The magnitude characterized by the abrupt intensification of rain-

fall along the Yangtze river, then extending intoof the inverse barometer effect has been found to

be nearly the equilibrium response of sea water to Japan. The rain-belt moves abruptly into north
China in mid-July (Tao and Chen, 1987). Aboutatmospheric pressure (Wunsch and Stammer,

1997), namely 1 cm~1 mb. Typical anomalies of 80% of the total annual precipitation in China

occurs following this mean Monsoon evolution.monthly atmospheric pressure are of the order of
2 mb, so that the inverse barometer effect could However, the interannual variability is very

large (Lau et al., 1988). Therefore it is expectedin principle cause sea-level anomalies of 20 mm.
Anther factor is the volume expansion of water that the Monsoon may exert some influence on

the coastal sea-level variability. The reverse situ-caused by temperature variations. The monthly

variability of the water temperature anomalies in ation, i.e., years with anomalously low rainfall
should be associated with lower than normalthe mixed layer is typically of the order of 1°C.
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coastal sea-level, at least in the stations located in
the basin of large rivers.

It cannot be expected that coarse-resolution

climate models simulate properly a phenomenon
as complex as the Monsoon, where the atmo-
spheric circulation, SSTs, topography, and precip-

itation interact with complicated and not
completely understood feed-backs. Statistical
models will be able in principle to describe only

in a crude way the relationships between SLP and
SST in one side, and rainfall and sea-level on the
other side. Therefore, the downscaling results of

the GCM simulations in the Monsoon season
should be considered with more care.

This paper is organized as follows: in Section 2

the observational data set used in this study are
described. In Section 3 the strategy for the formu-
lation of the statistical model is presented. In Fig. 1. Positions of the gauge stations used in this study.

The Yellow and Yangtze rivers are also schematicallySection 4 the results of the Canonical Correlation
shown.Analysis between coastal sea-level and sea-level

pressure and sea-surface temperature is analyzed
and the validity of the resulting statistical model Table 1. Names of the gauge stations used in this
is tested. In Section 5 the downscaling model is paper
applied to interpret the output of a climate change

Stationexperiment, thus estimating the contribution to
number Station name Longitude Latitudefuture coastal sea-level changes by these forcing

fields. The paper is closed with concluding remarks
1 Yulin 109.51 18.21

in Section 6. 2 Zhapo 111.83 21.58
3 Huangpu 113.45 23.1
4 Shantou 116.73 23.33
5 Dongshan 117.50 23.78
6 Xiamen 118.06 24.452. Data
7 Sansha 120.16 26.96
8 Kanmen 121.26 28.08

In this study, we examine monthly mean values
9 Wusong 121.50 31.38

of sea-level along the Chinese coast, of sea surface 10 Lianyungan 119.45 34.73
temperature and of sea-level air-pressure data in 11 Qingdaodagang 120.3 36.08

12 Weihai 122.16 37.50the West Pacific and South China Sea and of sea-
13 Yantai 121.38 37.53level air-pressure data over China.
14 Longkou 120.16 37.65

$ The local sea-level data at 19 stations along
15 Tanggu 117.91 38.93

the Chinese coast for the period January 1960
16 Qinuangdao 119.61 39.91

through December 1990 have been compiled by 17 Huludau 120.98 40.71
the Marine Scientific and Technological Data 18 Yingkou 122.13 40.61
Center at partial coastal stations run by State 19 Lushun 121.25 38.8

Oceanic Administration in China. The positions

of the 19 tide gauges are given in Fig. 1 together
with their names in Table 1. (NCAR) in Boulder, USA, are available for the

time interval January 1960 until December 1990.$ Fields of monthly sea-level pressure over
China (15°N–55°N latitude, 70°E–140°E longit- $ For some testing calculations rainfall data

were also used. These data were prepared asude, see for instance Fig. 3) were available on a

5°×5° grid. Such fields, which have been prepared monthly means gridded field (2.5° longitude ×3.5°
latitude over East China (20°N–45°N,by the National Center For Atmospheric Research
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99.5°E–125°E)) by the UK Department of forcing follows closely the one described by Cui
Environment for the time interval January et al. (1995) for the Japanese Islands and Heyen
1960–December 1990. et al. (1996) for the Baltic Sea. A detailed technical

The data have been processed in the following description has been given by Bretherton et al.
steps. (1992). Therefore, only a brief summary is given

$ The Chinese coast is tectonically active. Since here. The anomalies of the large-scale (gridded)
1950 trends of coastal sea-level with different signs forcing L(t) and the response of the local variable
have been reported along the Chinese coast R(t) are decomposed in a series of patterns:
(Wang, 1986). The coast near Wusong and
Lianyungang rises at a rate of about 5.4 mm/year.
But the coast in Jiangsu and Sandong Provinces
is rather stable and the coast in other regions

L(t)= ∑
n

i=1
a
i
(t) pi ,

R(t)= ∑
n

i=1
b
i
(t)qi ,

(1)
sinks with a rate from 8.1 to 10.5 mm/year. It is
noticeable that the coast of Tanggu sinks at a rate
of up to 46 mm/year after the earthquake in 1976

where pi and qi are time independent spatialin Tangsan (Wang, 1986). These rates are estim-
patterns and a

i
(t) and b

i
(t) are time series thatated mainly from the sea-level data itself so that

can be defined to have standard deviation equalwe cannot correct the sea-level data with these
to 1. We use canonical correlation analysis (CCA)estimates to ‘‘clean’’ the data from tectonic influ-
to find the optimal decomposition of both fields.ences. It seems reasonable to assume that these
The result of CCA are time series a1 (t) and b1 (t)slow tectonic processes that are not directly related

to climate, as well as others such as land subsid- with show the highest correlation. The following
ence by local hydrocarbon mining activities, can pair a2 (t) and b2 (t) shows the highest correlation
be filtered out from the sea-level data by sub- with the additional constraint that they are uncor-
tracting the long-term linear trend. However the related with a1 ( t) and b1 (t), respectively. The
typical observed trends are small compared to the patterns pi and qi are called the canonical patterns,
natural monthly variability. Fig. 2 shows the raw the associated time series a

i
(t) and b

i
(t) are the

monthly sea-level at station 12 (Weihai, the time canonical time series, and the correlation between
series of which can be considered as typical ). Since them are called the canonical correlations. Based
the linear trend can also contain the influence of on this analysis an optimized regression equation
low-frequency climate variability, the climate time linking the canonical time series can be formu-
series were also detrended for a consistent statist- lated. The estimation of the anomalies of the local
ical analysis. variables conditional on a given large-scale for-

$ The anomalies of all data were calculated by cing, as observed from another period or simulated
subtracting the long-term annual cycle. by a GCM, is performed by calculating the new

amplitude of the time series a
i
(t) in the forcing

and estimating the time series b
i
(t) through the3. Formulation of the statistical model

regression equation. The physical magnitude of

the local anomalies can be finally estimated byThe methodology to specify the statistical model
linking coastal sea-level and large-scale climate eq. (1).

Fig. 2. Undetrended time series of monthly sea-level anomalies at station 12 (Weihai).
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4. Canonical correlation of sea-level pressure into the Chinese coast. The advection of cold air
masses from the continent and the subsequentand coastal sea-level
cooling of the Yellow Sea may also contribute,

but both effects are difficult to separate in thisThe canonical correlation analysis of sea-level
variations at the 19 Chinese stations and the sea- region.

The second SLP pattern shows negative anom-level pressure anomalies over East Asia China has

been performed separately for the winter and alies in the Northwest of China and positive
anomalies over much of south and central China.summer seasons. The selection of the months

belonging to each of the half years is based on the The geostrophic wind anomalies associated with

this SLP pattern are directed from the continentimportance of the Monsoonal circulation in the
area. As explained in the introduction rainfall to the Pacific Ocean. The sea-level pattern is

positive almost everywhere, except in the stationsassociated with the East Asian Monsoon starts in

May in the South and can be considered to be in the Yellow Sea. The most plausible physical
explanation for this second pair is the inversefinished in August–September in the north.

Therefore, we have defined the summer season as barometer effect. Although there exists dynamical

components associated with this effect, at thesethe months May through September, and the
winter season as the remaining months. time scales the relationship between the local SLP

and sea-level is quite approximately 1 mb~1 cmIn both cases the statistical analysis between

sea-level and sea-surface temperature (SST) in the (Wunsch and Stammer, 1997), which agrees reas-
onably well with the second pair in Fig. 3. Otherwestern Pacific yielded no clear association, and

was weaker that those found between sea-level possible mechanisms, such as the steric effect,
would yield relationship between SLP and sea-and atmospheric sea-level pressure (SLP). This is

consistent with the known fact that the physical level of the opposite sign as the ones represented

by this second canonical pattern. For instance, theconnection between both fields, SST and SLP at
mid-latitudes, is due to the active role of the SLP pattern is associated with cold air-mass

advection from the continent, which should reduceatmospheric anomalies in generating SST anomal-

ies (by air-temperature advection, especially in the sea-level in the Yellow Sea.
The validity of the statistical relationship identi-wintertime, and by Ekman pumping) (Lau, 1997).

For these reasons the associations between SST fied by the CCA has been tested by performing

the analysis with the data from the periodand sea-level were not investigated further, since
it was assumed that the possible relationships 1960–1975 and by trying to reconstruct the sea-

level anomalies using the SLP observations in thebetween SST and sea-level through the steric effect

would be overshadowed by the direct influence of period 1976–1990, as explained in the previous
Section. The resulting sea-level anomalies in thethe atmosphere on sea-level.
winter season for three representative stations

(stations 5, 8 and 12 in Fig. 1) are shown in Fig. 4.
4.1. W inter half year: October through April

One can see that the agreement between recon-
structed sea-level anomalies and the observationsIn winter, two pairs of patterns which are

strongly connected (correlations of 0.71 and 0.50), improves for the three stations ( linear correlations
of 0.42, 0.40 and 0.52, respectively). This resultsand that represent about 35% and 20% of the

total sea-level variance can be identified (Fig. 3). supports the initial hypothesis that to a great

extent the sea-level variability along the wholeThe first pattern describes SLP anomalies that are
associated with anomalies of the geostrophic wind coast is caused by the direct influence of the

atmosphere on the sea-surface.blowing along the Chinese coast. The coastal sea-

level anomalies related to this pattern are negative
in the stations located within the Yellow-Sea basin

4.2. Summer half year: May through September
(Fig. 1) and positive in the rest, exposed to the
open ocean. The association between both pat- A similar canonical correlation analysis has

been performed for the summer months (April–terns is physically consistent with water being

flushed out from the Yellow Sea by the anomalous September). The SLP canonical patterns obtained
in the summer season (not shown) are differentwind stress and an enhanced Ekman transport
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Fig. 3. The two leading canonical correlation pairs of SLP (hPa) and sea-level anomalies (mm) in the winter season
(October–April ). The correlation between the corresponding time series is 0.71 and 0.50, respectively. The variance
explained by the sea-level patterns is 33% and 19%, respectively. Dashed contours are negative.

from those in the winter season, as the typical To further investigate the reasons for this low

explained variance, the canonical correlation ana-circulation patterns are also different. The first
SLP pattern has a north-south dipole structure lysis was performed in half of the period available

(1960–1975) and the sea-level anomalies in thewith a high pressure cell sitting over the Yellow

Sea and low pressure over the South-Western remaining period (1976–1990) were reconstructed
from the SLP observations. The results for thePacific off the Chinese coast. The associated geo-

strophic circulation anomaly is oriented zonally. stations 5, 8 and 12 are shown in Fig. 5. It can be
seen that whereas the reconstructed sea-levelThe second SLP pattern represents a weaker

west-east dipole with associated meridional geo- anomalies agree reasonably well in stations 5

(south, linear correlation of 0.38) and in station 8strophic circulation anomalies. The sea-level vari-
ance explained is 25% and 12%, respectively. (intermediate, linear correlation of 0.48), the sea-
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Fig. 4. Observed (solid) and reconstructed (dashed) monthly sea-level anomalies in stations 5, 8, 12 (Fig. 1) in winter
(October–April ). The reconstruction is based on the simultaneously-observed SLP anomalies and the statistical
model based on the Canonical Coprrelation Analysis. r denotes the linear correlation betwwen observations and
reconstruction.

level reconstruction is very poor in the north However, the EOF analysis of YS sea-level indi-

cates that just one single mode is able to describe(station 12, linear correlation of 0.16). Also the
reconstructed level of variability is much smaller about 50% of variance, having the same sign over

all YS stations. Due to the particular character-than in the observations. This suggests that in the

summer season, the patterns of the atmospheric istics of the coastline it may be possible that the
SLP pattern that forces the sea-level is not con-circulation relevant for coastal sea-level may be

considerably different in the Yellow Sea than in tained in the leading EOFs of SLP in this area.

To further investigate this hypothesis, the regres-the rest of the Chinese Coast.
Therefore, the stations were divided into 2 sion pattern of the first YS sea-level principal

component and the SLP field was calculatedgroups, the Yellow Sea group (group YS, stations

10–19) and the rest (group R) and the analysis (Fig. 7). The SLP describes in fact geostrophic
circulation anomalies that should be connected towas repeated for two groups separately. The CCA

analysis for the group R identifies just one pair of a flushing out of water into the Yellow Sea. This

associated SLP pattern is effectively not containedpattern, shown in Fig. 6. The SLP pattern has a
dipole structure with negative anomalies over the in the subspace spanned by the leading SLP EOFs

and actually projects strongly in one of the higherWestern Pacific and positive anomalies over the

Yellow Sea. The coastal sea-level anomalies in the order EOF patterns (not shown). This fact may
shed some doubts about the physical significanceChina Sea are all positive. This relationship can

be reasonably explained by anomalous Ekman of this associated SLP pattern and therefore onto
the SLP-sea-level relationship in the Yellow Sea.upwelling under the low-pressure cell. The CCA

of coastal sea-level in the Yellow Sea and SLP is To ascertain the physical significance, we have

calculated the regression pattern between the YSnot able to identify any pair of patterns in the
summer months that are significantly correlated. sea-level principal component and rainfall in
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Fig. 5. Observed (solid) and reconstructed (dashed) monthly sea-level anomalies in stations 5, 8, 12 (Fig. 1) in
summer (May–September). The reconstruction is based on the simultaneously-observed SLP anomalies and the
Canonical Correlation Analysis for all stations simultaneously. r denotes the linear correlation between observations
and reconstruction.

Fig. 6. The leading canonical correlation pair of SLP (hPa) and sea-level anomalies (mm) in the Southern stations
in the summer season (May–September). The correlation between the corresponding time series is 0.72 and the
variance explained by the sea-level pattern is 45%. Dashed contours are negative.
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pressure cell sitting at the west coast inhibits the
rainfall. This supports the physical existence of
the SLP pattern in Fig. 7 as forcing for the YS

sea-level in summer.
The statistical model describing the connection

between SLP and coastal sea-level is then separ-

ately formulated for the YS stations and for the
R stations. For the R group, the canonical SLP
of Fig. 6 is taken, while for the Yellow Sea the

associated SLP pattern of Fig. 7 is used. To test
the model the same calculations as described in
this Subsection have been performed for the sub-Fig. 7. The SLP regression pattern in the summer season
period 1960–1975, and the corresponding SLP(May–September) based on the first principal component

of Yellow Sea coastal sea-level. Units are hPa. Dashed and sea-level patterns have been calculated. The
contours are negative. model is then used to reconstruct the sea-level

anomalies in summer for the subsequent subperiod
1976–1990. The results for the three representativeChina in the summer season. Our reasoning is
stations is shown in Fig. 9.that if the associated SLP pattern of Fig. 7 bears

The agreement between reconstructed anda real physical significance, it should also have a
observed sea-level anomalies is better that beforefingerprint not only in the YS sea-level, from
for all three representative stations ( linear correla-which it was derived, but also in the rainfall
tion coefficients of 0.47, 0.55 and 0.35, respectively).anomalies. This fingerprint should then also

It is concluded that the agreement betweenappear in the rainfall regression pattern, which is
observed and reconstructed sea-level anomalies inshown in Fig. 8.
winter and summer, shown in Figs. 4 and 9 lendsThe rainfall regression pattern describes weak
support to the use of these statistical models topositive anomalies in most parts of Central China
estimate future sea-level changes caused by slowand South China and negative anomalies along
changes of the atmospheric circulation due toalmost the whole East coast and in the Yellow
anthropogenic greenhouse-gas forcing.Sea. One can see that the rainfall regression pat-

tern and the SLP regression pattern in Fig. 7 are
reasonably physically connected: in summer time

5. Estimation of coastal sea-level changesthe geostrophic wind anomalies should bring
under future anthropogenic greenhousemoist air masses into the continent, while the high
gas forcing

The statistical relationship between SLP and
coastal sea-level can be used not only to recon-
struct past variation of sea-level but also to estim-

ate future changes under different greenhouse
forcing scenarios. For this purpose the changes of
the atmospheric circulation simulated by a

General Circulation Model (GCM) can be used
as input for the statistical model.

In this section one integration with the

ECHAM1-LSG coupled climate is analyzed. The
ECHAM1 atmospheric model is a spectral model

with an equivalent horizontal resolution of about
5.6° and 19 levels in the vertical. The LSG ocean

Fig. 8. The rainfall anomalies regression pattern in the
model has an effective horizontal resolution ofsummer season (May–September) based on the first prin-
about 4.2° and 11 levels. In this integration thecipal component of Yellow Sea coastal sea-level. Contour

interval is 5 mm/month. Dashed contours are negative. observed concentration of atmospheric green-
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Fig. 9. As in Fig. 5, but based on a separate statistical model for the Yellow Sea stations and the rest of Chinese
stations. r denotes the linear correlation betwwen observations and reconstruction.

house gases between 1940 and 1985 was prescribed series were seasonally averaged). The trends in all
four cases are clearer from roughly the year 2050as observed. From 1986 onwards the model was

forced by greenhouse gas concentrations accord- onwards, where the effects of the additional green-

house gas forcing should be more apparent.ing to the Scenario A of the Intergovernmental
Panel on Climate Change (IPCC, 1990), which Concerning the winter SLP patterns, the ampli-

tude of the 1st (2nd) SLP pattern (Fig. 3) tendscorresponds roughly to a yearly increase of 1.3%

of the effective CO2 concentration. The effective to become more negative (positive) at the end of
the integration, which means that the SLP contrastCO2 concentration is therefore doubled at year

2035 of the integration with respect to the concen- between the Asian continent and the Pacific Ocean

tends to become weaker, leading to weaker wintertration in year 1985. Additional details over this
coupled climate model can be found in Cubasch Monsoon circulation. On the other hand the zonal

circulation, represented by the second canonicalet al. (1992) and of this transient experiment in

Cubasch et al. (1995). pattern becomes more active in winter. In the
summer season, the leading canonical patternThe SLP anomalies from this experiment were

calculated by subtracting the simulated mean (Fig. 6) becomes stronger, which means that the

westerlies over China in this season are weakened.annual cycle for the same period in which the
statistical model was fitted, namely 1960–1975. In Contrary to this, the more local pattern associated

with the sea-level variability in the Yellow Seathis way the systematic errors of the climate model

are subtracted out. gets stronger in the last decades of the integration,
leading in this area to a more meridional (north-The SLP patterns on which the two seasonal

statistical models are based evolve differently in erly) atmospheric circulation.
It may be therefore concluded that in the futurethe Scenario A integration. This is shown in

Fig. 10, where the amplitudes of these patterns climate simulated by the ECHAM1-LSG model

the atmospheric circulation over China will tendalong the period of integration is depicted (to
underline the low-frequency evolution the time to be more zonal in the winter season and more
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Fig. 10. Seasonal amplitude of the different SLP patterns in the Scenario A integration. The SLP anomalies are
referred to the simulated mean annual cycle in the period 1960–1975. The winter patterns are the canonical SLP
patterns in Fig. 3. The summer pattern 1 is the canonical SLP pattern in Fig. 6 and the summer pattern 2 is the
regression pattern in Fig. 7.

meridional in the summer season. However, the the estimated future changes are in general small,

although one has to be aware that the changesprojected changes in the intensity of these SLP
patterns does not exceed the level of the internal originated in global thermal expansion of water

and possible melting of glaciers have to be addedvariability of the climate model (Fig. 10).

Otherwise, the validity of the statistical model in up to those estimated by this statistical model,
which are caused essentially by the action of wind-the future climate could have been clearly

questioned. stress. Also of interest is the fact that the trends

that are observed at the end of the integration mayThe estimated changes in sea-level at the three
representative stations 5, 8 and 12 (Fig. 1) along be of different signs for the winter and summer

seasons, and for the stations located in the northernthe Chinese coast are shown in Fig. 11. These

estimations are obtained by applying the seasonal or southern stations. In winter the changes of sea-
level seem to be negative in the South and positivestatistical models to the SLP Scenario A integra-

tion, separately for the winter and summer seasons. in the Yellow Sea. In summer, on the other hand,
the changes tend to be exactly opposite. This isIn order to show more clearly the long-term trends

only the respective seasonal means are depicted in due to the fact that the atmospheric circulation

changes that are relevant for the coastal sea-levelthis figure, although these time series have been
generated on a monthly basis. It can be seen that also tend to be opposite in summer with respect to
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Fig. 11. Estimated coastal sea-level changes along stations 5, 8 and 12 based on the statistical model linking SLP
and sea-level and the SLP simulated by the ECHAM1-LSG coupled model forced by IPCC Scenario A greenhouse
gas concentrations.
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the winter, as explained above. The sea-level in the centimeters), and that the sign of the changes is
opposite in winter and summer, and for the Chinastations located in intermediate positions are near

zero on the long term. Sea and for the Yellow Sea. This fact should be

important in order to analyze long time series of
coastal sea-level, either in this part of the world

6. Conclusions
or elsewhere, to try to detect anthropogenic cli-

mate impact on sea-level. If our conclusions are
The relationships between the large-scale atmo-

confirmed the sea-level data should be seasonally
spheric circulation and coastal sea-level along the

stratified before undertaking such an analysis.
Chinese coast have been statistically analyzed. We

The IPCC 1995 estimation of mean global sea-
have found that a great part of the sea-level

level change under the Scenario A assumptions is
variability may be explained generally by the

49 cm (IPCC, 1996), including the effects of water
intensities of the meridional and zonal atmo-

expansion, glacier melting and changes of the
spheric circulation over East Asia, although the

oceanic circulation. On the other hand the effect
optimal atmospheric patterns connected to sea-

of changes in the intensity of local processes, such
level variability are different for the summer and

as storms, currents, waves, etc. is much more
winter half years.

uncertain. If the results of the coupled climate
The physical mechanism that explains these stat-

model can be trusted, the contribution of the
istical relationships involve the direct piling up of

atmospheric circulation through wind-stress will
sea-water in the Yellow Sea and larger-scale Ekman

probably not be more important than the men-
pumping along the rest of the Chinese coast. The

tioned factors along the Chinese coast.
relationship of sea-level and SST is always weak,

so that we conclude that the steric effect plays a
minor role in the coastal sea-level variability.
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