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Abstract The sea level derived from TOPEX/Poseidon (T/P) altimetry data shows prominent long term trend and inter-annual
variability. The global mean sea level rising rate during 1993-2003 was 2.9mma™. The T/P sea level trend maps the geographical
variability. In the Northern Hemisphere (15°—64°N), the sea level rise is very fast at the mid-latitude (20°—40°N) but much slower at
the high-latitude, for example, only 0.5mma’ in the latitude band 40°~50°N. In the Southern Hemisphere, the sea level shows high
rising rate both in mid-latitude and high-latitude areas, for example, 5.1 mma’ in the band 40°—50°S. The global thermosteric sea
level (TSL) derived from Ishii temperature data was rising during 1993-2003 at a rate of 1.2mma’' and accounted for more than 40%
of the global T/P sea level rise. The contributions of the TSL distribution are not spatially uniform; for instance, the percentage is 67%
for the Northern Hemisphere and only 29% for the Southern Hemisphere (15°-64°S) and the maximum thermosteric contribution
appears in the Pacific Ocean, which contributes more than 60% of the global TSL. The sea level change trend in tropical ocean is
mainly caused by the thermosteric effect, which is different from the case of seasonal variability in this area. The TSL variability
dominates the T/P sea level rise in the North Atlantic, but it is small in other areas, and shows negative trend at the high-latitude area
(40°=60°N, and 50°—60°S). The global TSL during 1945-2003 showed obvious rising trend with the rate of about 0.3 mma™' and
striking inter-annual and decadal variability with period of 20 years. In the past 60 years, the Atlantic TSL was rising continuously
and remarkably, contributing 38% to the global TSL rising. The TSL in the Pacific and Indian Ocean rose with significant in-
ter-annual and decadal variability. The first EOF mode of the global TSL from Ishii temperature data was the ENSO mode in which
the time series of the first mode showed steady rising trend. Among the three oceans, the first mode of the Pacific TSL presented the
ENSO mode; there was relatively steady rising trend in the Atlantic Ocean, and no dominant mode in the Indian Ocean.
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contributor to the sea level rise was thermal expansion,
about 0.3-0.7mma’' when averaged over the 20th century;

1 Introduction melting of mountain glaciers and ice caps contributed

The global sea level rose with the rate of 1-2mma’
during the past 50-100 years (Church ef al., 2001). Leuli-
ette et al. (2004) analysed the T/P and Jason altimeter
data during 1993-2003 and obtained the global mean sea
level rising rate (2.8+0.4)mma’’. Cabanes ef al. (2001a)
studied the inter-annual variability of the sea level on
both the global and the basin scales with T/P data, which
indicated that the tropical Pacific Ocean (30°S—30°N) was
the main contributor to the quick rise of the global sea
level in the spring of 1997 and the sea level rise was in
good correlation with an increase of SST, especially for
the period 1997-1999.

As pointed out in the IPCC third assessment report,
according to the results of Atmosphere-Ocean General
Circulation models (AOGCMs), the most important
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0.2-0.4mma’'; the ice melting of the Greenland and the
Antarctic ice sheet contributed —0.2-0.6 mma™ (Church
etal.,2001).

For the period 1955-2003, the thermal expansion of the
0-700 m layer of the world ocean contributed approxi-
mately 0.3mma’ to the global sea level rise (Antonov
et al., 2005). About half of this rise was due to the Atlan-
tic Ocean warming and one third came from the warming
of the Pacific Ocean. For the period of available T/P al-
timetry data (1993-2003), the linear rise of the thermo-
steric sea level was 1.2mma’ in upper ocean (0~700m),
60% of which was due to the rise in the Pacific Ocean.
Chen et al. (2000) pointed out the observed seasonal sea
level was mainly affected by the steric sea level at mid-
latitude. The thermal effect accounted for 86% and 73%
of the seasonal variability in the Northern and Southern
Hemisphere, respectively (Zuo et al., 2009). Lombard
et al. (2005a) found that the inter-annual variability was
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dominated by ENSO, PDO, and NAO. The regional steric
sea-level change trends were not stationary on a century
time scale, showing a typical lifetime on the order of a
decade (Ishii et al., 2006; Antonov et al., 2005).

In this paper, the global sea level trend and inter-annual
sea level variability are studied and we focus on the spa-
tial patterns of the sea level change in different basins and
the geographical distribution of thermosteric effect con-
tribution to the sea level change. Finally, the TSL princi-
pal modes in different basins are presented for the past 60
years.

2 Data

The monthly mean sea level anomaly data (1993-2003)
of T/P and Jason-1 satellite altimeter provided by the
Austin Center for Space Research (UT/SCR) of the Uni-
versity of Texas, with the spatial resolution of 1°x1°, are
used in this study. The data have been corrected with me-
dia and instrument corrections (ionosphere, dry and wet
troposphere, and electromagnetic bias) and geophysical
correction (tidal and inverted barometer) before analysis.

The Ishii data set consists of monthly 1°x1° gridded
temperature data at 16 levels in the upper 700 m of the
ocean during 1945-2003, and its version 6.1 is the his-
torical objective analysis of subsurface temperature and
salinity field provided by Japan Meteorological Agency.
The analysis is based on the World Ocean Database
(WODO05), the global temperature and salinity in the
tropical Pacific from IRD (L'institut de recherche pour le
développement, France) and the sea surface temperature
from Centennial in situ Observation Based Estimates
(COBE). ARGO profiling buoy data have also been used
in the last several years. The XBT depth bias correction is
applied in the current version (Ishii ef al., 2006). The Ishii
data spatial coverage is nearly global within 89.5°S—
89.5°N, 0.5°—359.5°E. Lombard et al. (2005b) computed
the thermosteric sea level change using two global tem-
perature data sets of Levitus and Ishii respectively, and
found that the Ishii sea level was lower than the Levitus
sea level after 1990. However, the two data sets showed
good coincidence over 1950-1990, both in terms of ther-
mosteric sea level trends and global mean. The IPCC
fourth assessment report (Bindoff et al., 2007) cited the
result from the Ishii data.

In this paper, the thermosteric effect represents the sea
level variation caused by the thermal expansion. The
thermosteric sea level is calculated from vertically inte-
grating the temperature anomalies in Ishii data at each
time step and each grid spacing as explained in detail in
Yan et al. (2007).

3 Sea Level Rise and Thermosteric Effect
During 1993-2003

Previous studies with tide gauge record and T/P altim-
etry data showed global or regional sea level rise in the
20th century (Cabanse ef al., 2001b; Church et al., 2001,
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Ishii et al., 2006; Zuo et al., 2009). This paper will focus
on the T/P sea level and TSL variation in different regions
and over different time scales. Two aspects of the prob-
lem are discussed: secular change in different regions
(global, ocean basins and latitude bands) and spatial dis-
tribution of T/P sea level and TSL variations from 1993 to
2003 together with the thermosteric effect contributions
in the variation.

3.1 Secular Change in Different Regions
3.1.1 Global

The global mean T/P sea level (64°S—64°N) shows
prominent rising trend with the rising rate of 2.9 mma’
(Fig.1), showing good agreement with Leuliette et al.
(2004). The trends of the mean T/P sea level in the three
selected regions at latitude bands of 15°-64°S, 15°—64°N
and 15°S—15°N, are shown in Fig.2. The T/P sea level rises
rapidly in the Southern Hemisphere (15°-64°S), at a rate
of 3.9 mma’, which contributes 58% to the mean sea
level rise for the three selected areas (Fig.2c), while the
rising is relatively slow in the North Hemisphere
(15°—64°N) and low latitude area (15°S—15°N), at a rate of
about 2.0mma’. The T/P mean sea level at the low lati-
tude area (15°S—15°N) shows a strong inter-annual varia-
tion, especially during the 1997/1998 El Nifio event.
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Fig.1 Annual variation of the global mean T/P sea level
(dashed) and the thermosteric sea level (solid).
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Fig.2 Annual variation of the T/P sea level (dashed), the
TSL (solid) in the Northern Hemisphere (upper), the
low-latitude area (middle) and the Southern Hemisphere
(bottom).

The global TSL shows obvious rising trend (Fig.1), at a
rate of 1.2mma’’, which accounts for the 42% rise of the
T/P sea level. The TSL rise by 1.5mma’, at the latitude
band of 15°~64°N is the fastest, while the rising rates in
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the low-latitude area and the Southern Hemisphere are
almost the same, about 1.l mma". The contribution of
regional TSL to T/P sea level rise maps extinctively the
geographical variability. The contribution of the TSL
trend to the T/P sea level rise is 67% at the northern mid-
latitude, showing good correlation between these two
kinds of the sea level, while it is only 29% at the southern
mid-latitude. In the tropical ocean (30°S—30°N), the rate
of TSL rise is 1.1mma’, accounting for 53% of the T/P
sea level rise (Fig.2). The thermosteric effect is the main
contributor to the sea level rise, which represents a quite
different case for the seasonal variability.

3.1.2 Three oceans

The T/P sea level shows an obvious rising trend for all
ocean basins (Fig.3), especially in the South Hemispheres,
e.g. 47mma’ in the South Pacific, and also larger than
40mma’ in the South Atlantic and the South Indian
Ocean. But the rising rate is relatively small, about 2.0
mma’ in the North Hemispheres with significant sea-
sonal variability. Among the three oceans, the biggest
contributor to global sea level rise appears in the Pacific,
about 52%, which is related with its vast area.

The nonuniform distribution of the TSL rise exists in

the different basins (Fig.3). The Pacific TSL rise is the
largest, about 1.5 mma’', and accounts more than 60% for
the global TSL rise. The TSL rising rate is approximately
1.0mma for the Atlantic and the Indian Ocean. On basin
scale, the rise of mean TSL of the Northern Atlantic is
most remarkable, while it is less so in the tropical Atlantic.
The Pacific presents a different case, where the TSL rise
in the tropical Pacific is larger than that in the Northern
Pacific (Table 1, Fig.3).

The contribution of the TSL rise to the T/P sea level
rise in the Pacific Ocean is the largest among the three
oceans (50%); the percentage is over 30% for both the
Atlantic Ocean and the Indian Ocean. For the Pacific
Ocean, the TSL contribution to the T/P sea level rise de-
rived from Ishii data is 71% in the tropical area, while it
is negative in the North Pacific. For the Atlantic Ocean,
the contribution is very small in the tropical area, while
thermosteric effect is the major contributor in the North-
ern Atlantic, about 113%. For the three southern basins,
especially the Southern Atlantic, the thermosteric effect
contributes little to the T/P sea level rise. The intense in-
ter-annual sea level variation around 1997/1998 for the
tropical Indian ocean is mainly the result from the ther-
mosteric effect (Nerem et al., 1999).

Table 1 Sea level trend and the contribution of TSL in different ocean regions

T/P Sea level TSL derived from Ishii data
Regions Area percentage
Tren(_il Variance Tren(_il Variance Ishii/(T/P) (%) (%)
(mma) (mma)

0°-10°N 1.8 6.4 1.0 8.4 55 10
10°-20°N 2.3 7.6 2.2 17.1 97 9
20°-30°N 2.6 6.9 1.4 8.8 54 8
30°—40°N 42 8.9 2.1 104 50 6
40°-50°N 0.5 0.8 -0.7 —2.6 146 4
50°—60°N —0.7 -0.7 1.4 3.5 205 3
0°-10°S 1.9 6.8 0.9 7.5 47 10
10°-20°S 2.8 9.9 1.1 9.0 39 10
20°-30°S 32 10.5 1.4 10.9 44 9
30°-40°S 43 14.6 2.3 18.6 54 10
40°-50°S 5.1 16.6 1.0 7.4 19 9
50°—-60°S 35 9.3 —0.1 —0.8 —4 8
Atlantic 2.9 24.8 1.0 21.0 35 25
North Atlantic 23 4.6 2.6 12.5 113 6
Tropical Atlantic 2.4 9.7 0.4 4.0 17 12
South Atlantic 4.1 10.5 0.7 4.6 17 8
Indian 3.0 21.3 1.1 19.2 38 20
Tropical Indian 24 10.3 1.3 13.2 54 13
South Indian 4.1 10.8 0.9 5.7 22 8
Pacific 3.0 51.9 1.5 61.0 50 50
North Pacific 1.7 4.7 —0.0 —0.1 1 8
Tropical Pacific 2.6 27.0 1.9 45.5 71 29
South Pacific 4.7 20.2 1.5 15.7 33 12
15°-64°N 2.2 20.1 1.5 32.0 67 26
15°S-15°N 2.1 22.1 1.1 27.9 53 30
15°-64°S 3.9 57.8 1.1 40.1 29 44
30°—-64°N 2.0 9.7 1.1 13.4 57 14
30°S-30°N 24 48.1 1.3 61.7 54 57
30°-64°S 42 422 1.0 24.9 24 29
45°S—45°N 2.9 82.0 1.5 96.0 50 80
Global Ocean (64°S—64°N) 2.9 100 1.2 100 42 100
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Fig.3 Annual variation of the mean T/P sea level (dashed) and the TSL (solid) in the South/North Pacific, the
South/North Atlantic, the South Indian Ocean, the tropical Pacific, the tropical Atlantic, the tropical Indian Ocean, the

Pacific, the Atlantic and the Indian Ocean.

3.1.3 Different latitude bands

The T/P sea level change in each 10° latitude band is
shown in Fig.4. The T/P sea level rises at the high- and
mid-latitude in the Southern Hemisphere, about 5.1 mma
in the band of 40°-50°S (Fig.4a). For the Northern Hemi-
sphere, it is larger at the mid-latitude band of 30°—40°N,
while smaller at the high latitude (0.5 mma™ in 40°-
50°N) and negative in 50°—60°N. An evident rising trend
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exists at low latitude (20°S—-20°N), with a large in-
ter-annual range of about 40mma in 0°~10°S and 10°—
20°N.

There exist large differences among the TSL variation
at different latitude bands (Fig.4). The TSL rises faster at
mid-latitude of the two hemispheres, while it rises slower,
even descends, in the tropical and the high-latitude areas;
for example, it shows negative trend at the latitude bands
of 50°—60°S and 40°-50°N.
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Fig.4 Variation of the T/P sea level (dashed) and the TSL (solid) obtained from Ishii data for every 10° latitude band.

The TSL rise contributes differently to the T/P sea level
rise at the different latitude bands. The thermosteric effect
is an important contributor to the T/P sea level rise, and
both are in good correlation at the mid-latitude of the
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Northern Hemisphere. In the band of 20°-30°N, the
thermosteric effect contribution derived from Ishii data is
54% while it is negative at high latitudes, such as 40°-
50°N and 50°—60°N. At the southern mid-latitude, the T/P
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sea level rises faster than the thermosteric sea level. Their
correlation becomes poor at the southern high latitudes. In
consideration of the inter-annual variability at low lati-
tude oceans, the correlation between the T/P sea level and
the TSL is good. Their inter-annual amplitudes during the
1997/1998 ENSO event were close, especially in the
bands of 0°—10°S and 10°-20°N, which suggested that the
TSL change influences significantly the sea level change
at low latitudes.

3.2 Spatial Distribution
3.2.1 T/P sea level trend

The T/P sea level trend mapped the obvious geo-
graphical variability during 1993-2003 (Fig.5a). Impor-
tant regional difference is visible over this time span.
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Some regions, the rate of the T/P sea level rise amounts
to almost ten times the global mean. The larger rising rate
occurs somewhere in the west Pacific, for example, the
western tropical Pacific with the central rate of 12.0mma’,
being up to five times the global mean. And the sea level
rising is remarkable in a narrow band of Kuroshio exten-
sion area which stretches from the east of Japan to the
central North Pacific, with the central rate of 16.0mma.
Another sea level rising center lies around Australia and
New Zealand in the southwestern Pacific, with the central
rate of 14.0mma’. Meanwhile, the sea level is descending
in the eastern Pacific, with the central rate of ~10.0mma™.
The Indian and the Atlantic Ocean are alike, for the sea
level rises in the whole basins except the northwestern
Indian Ocean and some regions in the western and the
central North Atlantic.
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Fig.5 a. Geographical distribution of T/P sea level trend during 1993-2003. b. Geographical distribution of TSL trend de-

rived from Ishii data during 1993-2003.

3.2.2 Thermosteric sea level trend and its
contribution

The spatial distribution of the TSL trend during 1993—
2003 derived from Ishii data is shown in Fig.5b. It is
found that the spatial distribution of the TSL trend is in
good agreement with that of the T/P sea level in the Pa-
cific, Indian and North Atlantic with the same geographi-
cal distribution and magnitude of the maximum rates,
except in the Southern Atlantic and the high latitude area.
It indicates that the thermosteric effect plays an important
role with the contemporaneous T/P sea level change.

In the tropical and southern Atlantic, the T/P sea level
rises while the TSL drops, but they both have a rising
maximum in the southwestern Atlantic. At the southern
high latitudes, especially south to 50°S, there are distinct
differences between the T/P trend and the TSL rise. The
southern oceans warming was also found in observed
SST (Cabanse et al., 2001a), which was higher than
elsewhere in the world oceans. Gille (2002) analyzed the
temperature data recorded by Autonomous Lagrangian
Circulation Explorer float between depths 700 and 1100m
and suggested that mid-depth temperature in the Southern
Ocean had been rising strikingly between the 1950s and
the 1980s. Thus the sea level rise in the Southern Ocean
during the T/P satellite observation period could be due to
thermal expansion of seawater. The T/P sea level rise, the
TSL trend and its contribution in different regions are

shown in Table 1.

In the global oceans (64°S—64°N), the correlation coef-
ficient between the T/P sea level rise and the TSL rise is
0.62; however, it is 0.71 in the oceans north of 30°S.

4. Thermosteric Sea Level Variation in the
Past 60 Years

4.1 Secular Change

Secular change of the thermosteric sea level is calcu-
lated with 0—700m Ishii data in the past 60 years (1945—
2003).

4.1.1 Global

The global TSL rose remarkably from 1945 to 2003
(Fig.6), when significant fluctuations on decadal time
scales were superimposed on it. The global TSL rose by
the rate of 0.3mma’!, which was almost the same as the
results from ocean general circulation models (Church
et al., 2001). But the trend was not monotonic: the TSL
rose slowly before 1967 but rapidly during 1967-1975
with the rate of about 2.0mma™, and began to descend
from 1980 to a minimum value in 1986. Since 1986, the
TSL had been rising with a rate close to that of the period
1967-1975.

The TSL in the Northern Hemisphere showed note-
worthy rising trend with a rate of 0.5mma’', associated

a) Springer
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with significant decadal variability (Fig.7). The rising rate
of the northern TSL was almost 1.6 times of that in the
Southern Hemisphere. The contribution of the northern
TSL to the global mean TSL was less than that of the
Southern Hemisphere because of the larger area of the
southern oceans.

—
(=

(ﬂgn}

Global (64°S—64°N)

A o & =

[
_—
o oo
T

Thermosteric sea level

—
o

1945 I 19I55 I 19I65 I 19I'a"5 I 19I85 I 19I95 I 2005
Year

Fig.6 Annual variation of the global mean TSL derived

from Ishii data during 1945-2003.
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Fig.7 TSL variation in the Northern Hemisphere (upper),
tropical area (middle) and Southern Hemisphere (bottom)
during 1945-2003.

The TSL in the tropical area showed weaker rising
trend but significant inter-annual variability that might be
associated with ENSO events (Lombard et al., 2005a).
There was a peak around 1977-1979 associated with the
1977/78 ENSO event.

4.1.2 Three oceans

The TSL variations in the past 60 years were calculated
for the South /North Pacific, the South/North Atlantic, the
South Indian, the tropical Pacific, the tropical Atlantic,
and the tropical Indian; the variations in the latitude band
64°S—64°N in the Pacific, Atlantic and Indian ocean were
also calculated (Fig.8).

The Atlantic TSL kept rising over the past 60 years
with little inter-annual and decadal fluctuation, but it was
rising in the Pacific and the Indian Ocean associated with
striking inter-annual and decadal variabilities. In the Pa-
cific Ocean, the TSL trend was similar to that of the
global mean TSL, both of which rose rapidly in the be-
ginning of the 1970s and mid-1980s. In the Indian Ocean,
it had been rising rapidly since 1960s. While the case was
a little different in the Atlantic Ocean, where the TSL kept
rising from the 1950s to the beginning of the 1990s with
a constant rate, but thereafter it began to rise rapidly.

The Atlantic TSL rose the fastest among the three
oceans during the past 60 years. The rising rate was 0.5
mma’ in the Atlantic Ocean, which accounts for 38% of
the global mean TSL rise (Table 2). According to Levitus
et al. (2005), the heat content was changing mainly in the
upper 1000m layer in the Atlantic Ocean, but occurred
only above 300m in the Pacific and Indian Ocean. There-
fore, the contribution of the Atlantic Ocean to the global
TSL variation should be larger. The TSL rising in the Pa-
cific and Indian Ocean was smaller, with a rate of about
0.2mma’', but with significant inter-annual variability.
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Fig.8 TSL variation in the different regions.
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For the northern regions, there’s significant decadal
variability of the TSL in the North Pacific and North At-
lantic. From the beginning of the 19705 to the end of the
1980s, the TSL in the North Pacific descended promi-
nently, but began to rise since 1987, and rose by nearly 30
mm in the next 5 years. The TSL in the North Atlantic
descended from 1955 to the later 1980s, and turned to be
rising again from 1987 to 2003 with a rate of 2.0mma’.
During 1955-2003, the TSL in the North Pacific de-
scended while it rose at the rate of 0.7mma in the North
Atlantic.

The TSL variation in the tropical regions was similar to
that of the whole ocean basins, which suggested the TSL
variation in the tropical regions was the main contributor to

that of the whole ocean. In the tropical Pacific and Indian
oceans, the TSL showed a noteworthy decadal variability,
and was associated with a relatively small rising rate.
However, a fast rising was found in the tropical Atlantic,
with a slower rate after the 1980s and an insignificant de-
cadal variability. The area of the tropical Atlantic Ocean
is 12% of the global ocean area (Table 2), but its TSL
variation contributed 21% to the global TSL variation.

The TSL of the South Atlantic was also rising, but the
rate was much smaller than elsewhere in the Atlantic
Ocean. The TSL in the South Pacific showed a smaller
rising rate and a weaker decadal variability than those in
the tropical Pacific. However, in the South Indian, the
TSL rose much faster than that in the tropical Indian.

Table 2 Linear trend of TSL and the ratios in different regions

TSL (1945-2003)

Basin Area percentage (%)
Trend (mma™) Percentage (%)

Pacific 0.2 34 49.5

North Pacific 0.0 1 7.8

Tropical Pacific 0.2 24 29.4

South Pacific 0.2 9 12.3

Indian 0.2 18 20.4

Tropical Indian 0.2 10 12.5

South Indian 0.3 8 7.7

Atlantic 0.4 38 252

North Atlantic 0.5 11 5.8

Tropical Atlantic 0.4 21 11.5

South Atlantic 0.2 7 7.9

15°N-64°N 0.4 39 26.1

15°S-15°N 0.2 22 30.3

15°S-64°S 0.2 40 43.6

30°S-64°S 0.2 12 14.2

30°S-30°N 0.3 63 56.5

30°N-64°N 0.2 25 29.4

45°S-45°N 0.3 92 79.6

Global ocean (64°S—64°N) 0.3 100 100.0
4.1.3 Spatial distribution i

The spatial distribution of the TSL trend during 1945— 60°N{ ¢ - z

2003 was dramatically inhomogeneous with intense re- . s - H
gional characteristics (Fig.9), which was obviously differ- 30" SN _ 3
ent from that during 1993-2003 (Fig.5). The thermosteric 0°- 4 ]g,gs
sea level indicated a zonal dipole in the tropical Pacific v 4 0.125
Ocean associated with ENSO event, descending in the west 0 8123
with a minimum in the warm pool and rising fast in the 60°5. 22
east. In the northern Pacific, the TSL trend showed the spa- e
tial pattern associated with the Pacific Decadal Oscillation s e e oy ow g

(PDO). In the North Atlantic, thermosteric sea level ex-
hibited a meridional dipole associated with the North At-
lantic Oscillation (NAO), ascending fast in the Gulf Stream
and its extension area but descending in the subpolar re-
gion. A zonal descending located near the tropical Indian.
In some regions (e.g. the mid-latitude of the North At-
lantic), the TSL rising rate could reach 5.0mma', about
10 times the global mean. The thermosteric sea level was
strikingly correlated with the ocean current circulation
such as the western boundary current (the Gulf Stream
and Kuroshio) and the Antarctic Circumpolar Current.

Fig.9 Distribution of the TSL trend derived from Ishii
data during 1945-2003.

As in the above analysis on the similar spatial distribu-
tion of the T/P sea level trend and the TSL trend during
1993-2003, the secular change of the two kinds of sea
level trend presented a similar spatial pattern. The mech-
anism of the regional characteristics is still not clear, but
it might be associated with the dynamic processes in the
ocean, especially the horizontal and vertical redistribution

a) Springer
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of heat through ocean-atmosphere interaction and ther-  trend and varied significantly with time; it might be super-

mohaline circulation. imposed to decadal variability in the past 60 years. The
oscillation of the dipoles in the tropical Pacific, North Pa-

4.1.4 Different time period cific and North Atlantic also changed with time (Fig.10).
The thermosteric sea level exhibited strikingly secular The global mean TSL trend for different time span was

i | ISyl
332117139 5 -1 0 1 5 9 1317 21 33

Fig.10 Distribution of the ten-year smoothed linear trend of global TSL.
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1 next 10 years.
0.8
206} 4.2 Spatial-Temporal Variation of the Thermosteric
E 04f Sea Level
o2} 4.2.1 Global
§ 0 The Empirical Orthogonal Function (EOF) method was
Foa2f applied to the 1°x1° gridded TSL. The spatial distribution
0.4} of the first mode of the global TSL was similar to the
0.6 S S S spatial distribution of the trend (Fig.12a). The seasonal
1945 1955 1965 YLGS.S 1985 19952005 and decadal variations associated with ENSO were dom-
Fig.11 Ten-year smoothed linear trend of global TSL. inant in the first mode, which correlated well with ENSO

index, the absolute coefficient being larger than 0.8 (Fig.
calculated with an area-weighting function (Fig.10). The  12b).
time series of the global TSL trend in different time span In order to eliminate the influence from the tropical
presented a fluctuation with the period of about 20 years ~ ENSO events, the TSL variation over the tropical Pacific
(Fig.11) and the peak appeared during the span of 1993—  was removed from the EOF decomposition. The secular
2003. The most prominent trend of the global mean TSL ~ change of first EOF temporal mode showed an abrupt
occurred around 1970, followed by a rapid descent in the  increase in the mid-1980s (Fig.13).

0.4 2
60N € — TSL first mode
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Fig.12 a. The first mode of the TSL derived from Ishii data (24%). b. The time series of first mode of the TSL (solid)
and the SOI index (dashed).
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Fig.13 a. The first EOF mode of global TSL (except for the tropical Pacific Ocean). b. Annual variation of the first EOF
temporal mode of global TSL (excluding the tropical Pacific).

the Pacific TSL presents the ENSO mode. The Atlantic
first mode shows a long-term rise, which is similar to the

Separated EOF analyses for the Pacific, Atlantic and  case of the global first EOF temporal mode (excluding the
Indian Ocean were made in order to examine the detailed  tropical Pacific). It indicates that the present rise of the
variation in the three basins. Their spatial-temporal varia-  global TSL is related with the Atlantic warming. There’s
tions were not illustrated in the following for the com-  no leading mode in the Indian TSL variation as compared
pactness of this paper. The variance contribution of the  with the results of contemporaneous 49-year Levitus data
first 5 modes in the eight regions and the correlation coef-  (1955-2003). The variance contributions of first two
ficients between the first EOF temporal modes and inter-  modes of the Indian TSL variation were 22.2% and 19.1%.
annual or decadal oscillation indices (e.g. ENSO, PDO  The correlation coefficient between the temporal EOF2
and NAO) are listed in Table 3 and Table 4 respectively. and SOI (Southern Oscillation Index) was —0.72, which

For the three oceans, the first EOF temporal mode of  would indicate that ENSO events might affect the TSL

4.2.2 Different oceans
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variation in the Indian Ocean.

For the north basins, the spatial pattern of first TSL
mode in the North Pacific showed a dipole-like pattern as
the PDO pattern. Although the correlation coefficient
between the first temporal mode in the North Atlantic
Ocean (20°-80°N) and the NAO index was relatively
small (Table 4), the thermosteric sea level showed the

correlated variations on a decadal time scale. The first
TSL mode descended from 1950 to 1970 and rose from
1970 to 2003, which was similar to the variation of NAO
index. In addition, both the temporal EOF1 and NAO
index exhibited a 5-10 year oscillation with the peak ap-
pearing around 1970. In the tropical Pacific, the correlation
coefficient between the temporal EOF1 and SOI was —0.88.

Table 3 The variance contributions of the first 5 modes in different ocean regions

Area EOF1 EOF2 EOF3 EOF4 EOF5

Atlantic 334 12.9 6.9 6.2 4.6
Indian 222 19.1 8.2 6.5 5.9
Pacific 329 17.1 8.2 5.4 4.9
Tropical Pacific 38.8 18.4 8.4 5.7 3.8
North Pacific 254 15.2 12.5 9.1 5.7
North Atlantic 36.8 15.6 7.4 5.8 4.6
Global Ocean

(excluding Tropical Pacific ) 231 95 74 6.3 36
Global Ocean 24.3 14.0 11.3 5.3 4.4

Table 4 The correlation coefficients between the TSL temporal modes and corresponding indices

Temporal mode and corresponding index

Correlation coefficient

Global Ocean EOF1 and SOI

North Pacific EOF1 and PDO index
North Atlantic EOF1 and NAO index
Pacific EOF1 and SOI

Tropical Pacific EOF1 and SOI
Atlantic EOF1 and NAO index
Indian EOF2 and SOI

-0.88
0.70
0.47

-0.88

-0.88
0.48

—-0.72

5 Conclusion and Discussion

5.1 Sea Level Trend and Thermosteric Contribution
During 1993-2003

5.1.1 T/P Sea level trend

The T/P sea level shows prominent trends besides the
seasonal variability. The rising rate of the global mean
sea level was 2.9mma™ during 1993-2003. The T/P sea
level trend maps the geographical variability and presents
intense regional difference, the rising rate being 3.9, 2.2
and 2.1 mma’' at the latitude bands of 15°—64°S, 15°—
64°N and 15°S—15°N, respectively. The mean sea level
presents prominent rising trends for the three ocean ba-
sins.

In the Southern Pacific, the rising rate of the T/P sea
level is 4.7 mma’; it is over 4.0mma’ in the South-
ern Atlantic and the Southern Indian Ocean. The rising
rates in the basins of the Northern Hemisphere and the
tropical ocean are 2.0mma™', which is a little smaller than
that in the Southern Hemisphere where the latter was su-
perimposed on the prominent annual cycle. The rising
rate of the North Pacific is the smallest among the eight
regions (1.7 mma™). In the Southern Hemisphere, the
rising trend is larger at the mid- and high-latitude area,
about 5.1 mma at the latitude band 40°—50°S. In the
Northern Hemisphere, it rises faster at the mid-latitude
area (30°—40°N), while is rises slowly at the high-latitude
area, about 0.5mma’ at 40°—50°N, and even descends at
50°—60°N.

a) Springer

5.1.2 Thermosteric sea level trend and its contribu-
tion to T/P sea level

The rising rate of the global TSL was 1.2mma’" during
1993-2003. The thermosteric sea level in the North At-
lantic is rising very fast, while there is a nearly nonlinear
trend in the tropical Atlantic. The Pacific TSL rises fast,
but it does not rise in the same manner as that in the At-
lantic. In the Southern Hemisphere, the thermosteric sea
levels present an intense and homogenous rising trend in
the three ocean basins. The TSL at the mid-latitude area
in the two hemispheres shows a striking rising trend, but
it is small at the low- and high-latitude area, even de-
scending in some regions (50°-60°S and 40°-50°N).

The global mean TSL trend contributes more than 40%
to the global mean T/P sea level rise, but there is a sig-
nificant difference between the trends for the Northern
and the Southern Hemispheres. Since the large rising
trend in the southern basins can not be explained only by
the thermal expansion, for relevant observations in the
south oceans are sparse. Among the three oceans, the
thermosteric effect contribution to the sea level rise is the
largest in the Pacific Ocean, 50%, derived from Ishii data.
In tropical areas, especially in the tropical Pacific, the T/P
sea level rise is mainly caused by the TSL rise, which is
quite different from the case of the seasonal sea level
variability in this area. In the North Pacific, the ther-
mosteric effect contributes a small portion to the T/P sea
level rise, while it is an important contributor in the North
Atlantic. In the south regions, the thermosteric effect con-
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tributes the smallest in the Atlantic Ocean.

At mid-latitude of the Northern Hemisphere, the sea
level rise is mainly caused by the thermosteric effect,
while this effect is small at the southern mid-latitude. For
high-latitude areas (40°—60°N and 50°-60°S), the ther-
mosteric contribution to sea level rise is negative.

5.2 Thermosteric Sea Level Variation in the Past 60
Years

5.2.1 Secular trend

The global mean TSL in the past 60 years (1955-2003)
showed an obvious positive trend, the TSL rising rate for
the upper 0—700m derived from Ishii data was about 0.3
mm a’'. Moreover, the thermosteric sea level presented
striking inter-annual and decadal variability.

In the past 60 years, the thermosteric sea level in the
Atlantic Ocean was continuously rising and its contribu-
tion to the rising of the global TSL was the largest among
the three world oceans, i.e. more than 38%. The ther-
mosteric sea level in the Pacific and Indian Ocean was
rising, but the variation was dominated by inter-annual
and decadal variability. The thermosteric effect at the
low-latitude area (30°S—30°N) was the most important
contributor to the global mean TSL rise.

5.2.2 Decadal and inter-decadal variability

The variability of the global mean TSL in the past 60
years showed an obvious fluctuation of 20 years (Section
4.1.4) and the spatial distribution of its linear trend showed
a nonuniform pattern. This prominent regional difference
changed with time, which presented a decadal variability.

The EOF decomposition is applied to the thermosteric
sea level derived from the Ishii temperature data in the
past 60 years. It is suggested that the first mode of the
global TSL is ENSO mode. The first temporal mode
shows the relatively steady rising trend in the global
oceans except in the tropical Pacific. Among the three
oceans, the first mode of the Pacific TSL is the ENSO
mode. The first temporal mode in the Atlantic Ocean
shows relatively steady rising trend. There is no dominant
mode in the Indian TSL variation and the ENSO event
may play a role in its thermosteric sea level variation.

Acknowledgements

This study is supported by the National Basic Research
Program of China (No. 2007CB411807), the NSFC pro-
ject (Nos. 40976006 and 40906002), the National Key
Technology R&D Program (No. 2007BAC03A06-06) and
the project of Key Laboratory of Coastal Disasters and
Defence (No. 200802). The Ishii data are from the Re-
search Data Archive (RDA) which is maintained by the
Computational and Information Systems Laboratory (CISL)
at the National Center for Atmospheric Research (NCAR).
We also appreciate the effective work of the editors and
reviewers.

References

Antonov, J. L., Levitus, S., and Boyer, T. P., 2005. Thermosteric
sea level rise, 1955-2003. Geophys. Res. Lett., 32: L12602.
doi: 10.1029/2005GL023112.

Bindoff, N. L., Willebrand, J., Artale, V., Cazenave, A.,
Gregory, J. M., Gulev, S., et al., 2007. Observations: Oceanic
climate change and sea level. In: Climate Change 2007: the
Physical Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Solomon, S., et al., eds., Cambridge
University Press, Cambridge, United Kingdom and New York,
NY, USA.

Cabanes, C., Cazenave, A., and Le Provost, C., 2001a. Sea level
change from Topex-Poseidon altimetry for 1993-1999 and
possible warming of the southern oceans. Geophys. Res. Lett.,
28: 9-12.

Cabanes, C., Cazenave, A., and Le Provost, C., 2001b. Sea level
rise during past 40 years determined from satellite and in situ
observations. Science. 294: 840-842.

Chen, J. L., Shum, C. K., Wilson, C. R., Chambers, D. P., and
Tapley, B. D., 2000. Seasonal sea level change from Topex/
Poseidon observation and thermal contribution. J. Geod., 73:
638-647.

Church, J. A, Gregory, J. M., Huybrechts, P., Kuhn, M., Lam-
beck, K., Nhuan, M. T., et al., 2001. Changes in sea level. In:
Climate Change 2001: The Scientific Basis, Contribution of
Working Group I to the Third Assessment Report of the Inter-
governmental Panel on Climate Change. Houghton, J. T., et
al., eds., Cambridge University Press, Cambridge, 881pp.

Gille, S., 2002. Warming of the southern ocean since the 1950s.
Science, 295: 1275-1277.

Ishii, M., Kimoto, M., Sakamoto, K., and Iwasaki, S., 2006.
Steric sea level changes estimated from historical ocean sub-
surface temperature and salinity analyses. J. Oceanogr., 62
(2): 155-170.

Leuliette, E., Nerem, R. S., and Mitchum, G. T., 2004. Calibra-
tion of Topex/Poseidon and Jason altimeter data to construct a
continuous record of mean sea level change. Mar. Geod., 27:
79-94.

Levitus, S., Antonov, J. I., and Boyer, T. P., 2005. Warming of
the world ocean, 1955-2003. Geophys. Res. Lett., 32: L02604.

Lombard, A., Cazenave, A., DoMinh, K., Cabanes, C., and
Nerem, R. S., 2005b. Thermosteric sea level rise for the past
50 year; comparison with tide gauges and inference on water
mass contribute. Glob. Planet. Chang., 48: 303-312.

Lombard, A., Cazenave, A., Le Traon, P.-Y., and Ishii, M.,
2005a. Contribution of thermal expansion to present-day
sea-level change revisited. Glob. Planet. Chang., 47: 1-16.

Nerem, R. S., Chambers, D. P., Leuliette, E. W., Mitchum, G. T.,
and Giese, B. S., 1999. Variations in global mean sea level
associated with the 1997-1998 ENSO event: Implications for
measuring long term sea level change. Geophys. Res. Lett., 26
(19): 3005-3008. doi: 10.1029/1999GL002311.

Yan, M., Zuo, J. C., Du, L., Li, L., and Li, P. L., 2007. Sea Level
Variation/change and steric Contributions in the East China
Sea. ISOPE-2007 Conference, Lisbon, 2377-2382.

Zuo, J. C., Zhang, J. L., Du, L., Li, P. L., and Li, L., 2009.
Global sea level change and thermal contribution. J. Ocean
Univ. Chin., 8 (1), 1-8. doi: 10.1007/s11802-009-0001-4.

(Edited by Xie Jun)

a) Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


