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Abstract
The characteristics of sea-level change in the China Sea and its vicinity are studied by combining TOPEX/Poseidon (T/P),

Jason-1, Jason-2, and Jason-3 altimeter data. First, the sea-surface height is computed by using monthly data via collinear

adjustment, regional selection, and crossover adjustment. The sea-level anomaly (SLA) from October 1992 to July 2017 is

calculated based on the difference that is obtained by the value derived from the inverse distance weighting method to

interpolate the CNES_CLS15 model value at a normal point. By analyzing the satellite data at the same time in orbit, three

mean bias groups over the China Sea and its vicinity are obtained: the difference between T/P and Jason-1 is - 11.76 cm,

the difference between Jason-1 and Jason-2 is 9.6 cm, and the difference between Jason-2 and Jason-3 is 2.42 cm. To

establish an SLA series for 25 years in the study area, the SLAs are corrected. Mean rate of sea-level rise of the Bohai Sea,

Yellow Sea, East China Sea, and South China Sea of 4.87 mm/a, 2.68 mm/a, 2.88 mm/a, and 4.67 mm/a, respectively, is

found by analyzing the series of SLAs.

Keywords Satellite altimetry � China Sea � Sea-level anomaly � Rising rate

Introduction

The global climate has warmed in recent years, and this

warming has caused a decrease in the extent of the polar

ice sheets coincident with an increase in the sea level.

Numerous disasters such as coastal erosion, saltwater

intrusion, and flooding, all of which seriously threaten

living environments and the safety of life and property

worldwide, occur as a result of this sea-level rise (Bindoff

et al. 2007). As a country with a coastline stretching

18,000 km, China’s developed areas are mainly located

throughout coastal regions. In recent years, an increasing

number of studies have shown that the sea level along the

coast of China has been rising under the background of a

global sea-level increase (Wang et al. 2014; Zhang and

Fang 2015). Therefore, it is necessary to strengthen

research on sea-level changes over the China Sea and its

vicinity.

Sea-surface height data obtained from tidal data have

higher accuracies and longer time series (Douglas 2001).

For example, Wu and others computed the average sea-

level rise rate over 50 years with tidal data from the China

Sea and its vicinity to be 1.3 ± 0.25 mm/a and determined

the best fitting prediction method for the rate of sea-level

rise (Wu et al. 2003). In addition, Chen and other scholars

studied the seasonal variations and long-term trends in the

sea level over the China Sea by using tidal data at 50 tide

stations and determined an increasing sea-level rise rate in

the China Sea which was 2.3 mm/a (Chen et al. 2008).

However, traditional marine observation methods, such as

coastal tide stations and ship measurements, have numer-

ous disadvantages, including high costs, uneven
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measurement distributions, and long measurement periods.

In contrast, satellite altimetry technology can be used to

acquire large-scale observations of ocean information

within a short time; therefore, satellite altimetry constitutes

one of the most important methods used to study sea-level

variations.

Since the first radar altimetry satellite Skylab was

launched in 1973, large amounts of satellite altimeter data

have been employed to research global sea-level change

and the applications of other aspects related to marine

science (Wang et al. 2004). For example, urban and others

conducted research on global sea-level change using data

from numerous sources; by combining altimeter data from

the Geodynamics Experimental Ocean Satellite-3 (GEOS-

3), SEASAT, GEOSAT, European Remote Sensing-1

(ERS-1), TOPEX/Poseidon (T/P), and ERS-2 satellites,

they reported that the global rate of sea-level rise reached

3.3 ± 1.3 mm/a (Urban 2000). By analyzing altimetry

data, another investigation indicated that sea-level change

exhibits regional characteristics, that thermal expansion

contributes substantially to sea-level rise, and that the

global sea-level growth rate was 2.5 mm/a (Cazenave et al.

2003). Furthermore, Li and others established a uniform

sea-surface height by using satellite altimeter data that had

been calibrated with tidal station data and found that a

global mean sea-level rise rate was 3.12 ± 0.4 mm/a over

a period of approximately 18 years from 1993 to 2011 (Li

et al. 2012). Research on sea-level changes throughout and

surrounding the China Sea has been mainly accomplished

by Chinese scientists. For example, a study conducted by

Zhan and other scholars reported a signal with a period of

540 d in the South China Sea and East China Sea, and they

found that mean sea-level rise rates for the East China Sea,

Yellow Sea, and South China Sea were 4.61 ± 0.35 mm/a,

4.01 ± 0.49 mm/a, and 3.68 ± 0.41 mm/a, respectively

(Zhan et al. 2008). Moreover, Sun and others reported that

the sea-level rise rate in the vicinity of the China Sea was

higher than the global rate (Sun et al. 2013). In addition,

Guo and others studied the main cycle of sea-level change

by using wavelet analysis and showed that El Niño and La

Niña events have stronger effects on sea-level variations

over the South China Sea than any other sea (Guo et al.

2015).

Jason-3 launched in 2016, and its orbit is identical to that

of Jason-2 during its first few months of operation, and

about 80 s apart from each other. In addition to T/P, Jason-

1, and Jason-2, Jason-3 has provided 25 years of data with

which to study sea-level changes, thereby ensuring the

continuity of data. Jason-3 is the successor to the Jason-2

satellite; however, although these two satellites travel at a

certain distance along almost identical orbits, there are

some differences between their observations. Lauret and

others found that the global bias between Jason-2 and Jason-

3 was 2.99 cm (Lauret et al. 2017) and that the same group

of satellites had different bias values in different sea areas.

Accordingly, this article analyzes the biases between T/P

and Jason-1, Jason-1 and Jason-2, and Jason-2 and Jason-3.

Based on multigeneration satellite altimetry data from

October 1992 to July 2017 and using the mean sea-surface

MSS_CNES_CLS15 sea-level model, sea-level anomalies

(SLAs) time series over the China Sea and its vicinity were

established to study sea-level changes throughout various

areas of the China Sea over the past 25 years.

Data Selection and Processing

Data Selection

The study area in this paper is composed of offshore China

and its vicinity with an eastern longitude ranging from 105�
to 135� and a latitude ranging from 0� to 45� (105�E–
135�E, 0�N–45�N), as shown in Fig. 1. The satellite

altimetry data employed herein are pretransitional geo-

physical data records (GDR) from the T/P, Jason-1, Jason-

2, and Jason-3 satellites from October 1992 to July 2017

obtained from the French Space Center (CNES), and

details regarding the data from these satellites are shown in

Table 1. The MSS_CNES_CLS15 sea-level model utilized

in this study is provided by the CNES and is recognized as

a highly precise global sea-level model.

Fig. 1 Research area and tracks of satellites
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Data Processing

The GDR obtained from the T/P, Jason-1, Jason-2, and

Jason-3 satellites are all characterized by low-quality data

due to land, sea ice, and other factors; therefore, the orig-

inal data were filtered to eliminate undesirable compo-

nents. According to the editorial guidelines provided by

CNES, land components, sea-ice targets, and contaminated

data were removed first. Moreover, to obtain higher-quality

altimetry data, it is necessary to correct for errors such as

sea state deviations, atmospheric reverse pressures, and

atmospheric refraction; thus, geophysical correction mod-

els described in the literature (Bronner et al. 2016; Dumont

et al. 2017a, b) were employed to provide corrections for

the data from the four satellites. Then, the data were pro-

cessed by month.

One observation pass with the largest amount of valid

data was selected as the reference pass from the same pass

of multiple cycles as the reference pass, where each

observation point along the reference pass is a normal

point. Radial orbit errors and system errors in addition to

the effects of temporal variations in repeated orbital period

altimetric data were reduced based on collinear and

crossover adjustments (Jiang et al. 2002). The sea-surface

height of a normal point was obtained by the inverse dis-

tance weighting method. All SLA values of the normal

points can be computed by using sea-surface height data

along the normal point track minus the values calculated by

interpolating the mean normal points within the sea-level

model; however, due to the uneven distribution of survey

points, the SLA values need to be weighted by the latitude

(Ma 2014). The SLA time series for each month are shown

in Fig. 2.

Results and Analysis

Data Analysis of Tandem Stages

The mean SLA time series of the China Seas based on the

T/P, Jason-1, Jason-2 and Jason-3 altimetric data are shown

in Fig. 2, from which it is evident that the SLA time series

at the boundaries between the adjacent observation periods

of two satellites do not exactly coincide. For example, in

July 2002, the SLA obtained by using T/P satellite data was

- 1.76 cm, while the SLA obtained by using Jason-1 data

was 10.39 cm. Jason-1 follows the orbit of T/P almost

identically with a separation of approximately 55 s; how-

ever, there are some differences in their measurements due

to instrument errors and other factors. Therefore, the

obtained SLA time series also have a certain deviation,

which needs to be corrected. Similarly, the differences

between Jason-1 and Jason-2 are very large, and there is

also a certain deviation between Jason-2 and Jason-3.

Therefore, these biases must be corrected. Accordingly, the

data between T/P and Jason-1, Jason-1 and Jason-2, and

Jason-2 and Jason-3 in their tandem stages (T/P cycles

344–363 correspond to Jason-1 cycles 001–020, Jason-1

cycles 240–259 correspond to Jason-2 cycles 001–020, and

Jason-2 cycles 281–300 correspond to Jason-3 cycles

001–020) can be used to determine the biases between the

SLA time series of adjacent satellites.

The following process is performed on the data between

adjacent satellites in tandem stages. First, the SLA of each

cycle was calculated based on the crossover adjustment and

then averaged spatially. Second, the difference between

satellites was computed based on the SLA difference

between each cycle. Figure 3 shows the SLA between

adjacent satellites in tandem stages before and after cor-

rection in the study areas. In addition, Table 2 shows the

statistics regarding the differences between the four satel-

lites before and after applying bias corrections.

The three left-hand graphs in Fig. 3 demonstrate that the

SLA time series between T/P and Jason-1, Jason-1 and

Jason-2, and Jason-2 and Jason-3 in their tandem stages

possess obvious regularities. The data trends obtained by

adjacent satellites in their tandem stages are exactly iden-

tical, and the differences between adjacent satellites fluc-

tuate smoothly around a certain value. The differences

between T/P and Jason-1 and between Jason-1 and Jason-2

are larger than that between Jason-2 and Jason-3. The

difference between the maximum and minimum SLA

between T/P and Jason-1 is 2.6 cm, that between Jason-1

and Jason-2 is 3.0 cm, and that between Jason-2 and Jason-

3 is 1.4 cm. The observations from Jason-1 and Jason-2

fluctuate the most, while those from Jason-2 and Jason-3

fluctuate the least.

The three right-hand graphs in Fig. 3 demonstrate that

the average difference is greatly reduced and the data

continuity is greatly improved after correcting the biases.

According to Table 2, prior to unifying the data, the mean

difference in the SLA over 19 cycles determined between

T/P and Jason-1 was - 11.76 cm; after unification, the

average difference dropped to - 4.7 9 10-8 cm. Simi-

larly, the pre-unified average difference over 19 cycles

Table 1 Altimetric data used to establish the SLA series

Altimetric data Time span Cycle

T/P 1992.10–2002.7 2–363

Jason-1 2002.1–2008.12 1–256

Jason-2 2008.7–2016.5 1–303

Jason-3 2016.2–2017.7 1–53

Journal of the Indian Society of Remote Sensing (December 2018) 46(12):1939–1947 1941

123



between Jason-1 and Jason-2 was 9.60 cm; after the data

were unified, however, the average difference between

these two satellites was reduced to 2.1 9 10-8 cm. The

same difference between Jason-2 and Jason-3 was reduced

from 2.42 cm to 9.4 9 10-17 cm.

The T/P satellite was used as a benchmark herein to

apply a system bias correction to the Jason-1, Jason-2, and

Jason-3 altimetric data; accordingly, the system errors were

greatly reduced, and the data continuity was enhanced. In

this paper, the SLA time series observed by Jason-1, Jason-

2, and Jason-3 are consistent with those observed by T/P.

The added correction necessary for the data from Jason-1

was - 11.76 cm, that for Jason-2 was - 2.16 cm, and that

for Jason-3 was 0.26 cm. The global differences between

T/P and Jason-1 and between Jason-1 and Jason-2 com-

puted by Beckley et al. (2010) were - 8.34 cm and

13.14 cm, respectively; furthermore, their study reported

great differences in terms of these biases caused by vari-

ability among the research areas. Subsequently, Guo et al.

(2015) found that the differences between T/P and Jason-1

and between Jason-1 and Jason-2 were - 9.72 cm and

11.03 cm, respectively; certain differences in the results

were attributed to error corrections or to the data process-

ing scheme. Moreover, Sun et al. (2013) found that the

SLA difference between Jason-1 and Jason-2 was

- 7.33 cm, which is quite different from the difference of

9.60 cm calculated in this paper. This discrepancy is

attributed to the fact that updated Jason-2 GDR-E data

were used in this paper, whereas Jason-2 GDR-D data were

used by Sun et al. (2013). The main changes between the

previous GDR-D and the new GDR-E standards are

updated geopotential models accounting for interannual

variability, orbit parameterization, and orbits better refer-

enced to the center of mass of the total Earth system.

The SLA time series in the tandem stages of each

satellite pair were obtained after collinear and crossover

adjustments, after which they were gridded. The mean SLA

differences during the formation flight phase were obtained

by computing the difference in the gridded SLA time series

between adjacent satellites, and the results are shown in

Fig. 4.

The three panels in Fig. 4 illustrate that the differences

in the SLA vary among the different areas of the China

Seas. Figure 4a reveals that the SLA differences between

T/P and Jason-1 in the study area are generally negative; in

addition, the differences are larger in coastal areas and in

the north, whereas the differences in the middle of the

China Sea are smaller than those in the south. Furthermore,

Fig. 4b shows that the SLA differences between Jason-1

and Jason-2 are positive overall; the differences throughout

the northern coastal areas are negative, and the differences

in the southern sea area are distributed evenly. Figure 4c

shows that the SLA differences between Jason-2 and Jason-

3 are small throughout the study region, although the dif-

ferences in the north are relatively large, and the distribu-

tion of differences in the other areas is relatively uniform.

These findings confirm that the biases are attributable to

differences among the geographical locations. It is there-

fore necessary to calculate a bias value for each area of the

China Seas to improve the accuracy of the data. The

Fig. 2 Mean SLA time series of

the China Seas
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approximate ranges of each sea area are as follows: Bohai

Sea (117.5�–122�E, 37�–41�N), Yellow Sea (119�–126�E,
33�–37�N), East China Sea (120�–127�E, 23�–33�N), and

South China Sea (110�–119�E, 14�–23�N). Table 3 shows

the mean differences in the different sea areas.

Fig. 3 Comparisons of the SLA time series among the four satellites

in their tandem stages before and after correcting for deviations.

a The SLA time series between T/P and Jason-1 in their tandem

stages before and after correcting for deviations. b The SLA time

series between Jason-1 and Jason-2 in their tandem stages before and

after correcting for deviations. c The SLA time series between Jason-

2 and Jason-3 in their tandem stages before and after correcting for

deviations

Journal of the Indian Society of Remote Sensing (December 2018) 46(12):1939–1947 1943

123



Table 3 reveals great variability in the biases between

the pairs of satellites over different sea areas. The SLA

difference between T/P and Jason-1 in the Bohai Sea is

- 9.57 cm, which is somewhat smaller than that for the

overall study area (with an approximate 2-cm difference).

Consequently, using the SLA difference for the entire study

area would reduce the accuracy of the results. A large

difference is also observed when comparing the biases

between Jason-1 and Jason-2 in different areas with those

for the study area. The difference between Jason-2 and

Jason-3 is closer to the entire study area. In the Yellow Sea,

the difference between the Jason-1 and Jason-2 satellites is

quite different from that over the study area; in addition,

the differences between T/P and Jason-1 and between

Jason-2 and Jason-3 over the Yellow Sea are not as dif-

ferent from the entire study area. In the East China Sea, the

SLA difference between the T/P and Jason-1 satellites

differs from that in the entire study area by approximately

1 cm, and the differences between Jason-1 and Jason-2 and

between Jason-2 and Jason-3 are very similar to those over

the study area. In the South China Sea, the SLA differences

have the highest degree of agreement with the differences

over the study area, whereas the differences between the

T/P and Jason-1 satellites are quite different in each sea

area. Because the Bohai Sea is surrounded by land on three

sides, the measured sea level therein is different the sea

levels of other sea areas. The differences between the pairs

of satellites are also greater with regard to the standard

deviation in each sea area, especially in the Bohai Sea. The

differences between Jason-1 and Jason-2 increase from

north to south, and the Jason-2 and Jason-3 differences

differ slightly in each sea area. The system error can be

reduced by calculating the bias between each pair of

Table 2 Statistics of the

differences among the four

satellites before and after bias

corrections. Units: cm

Difference Differences after bias corrections

SLA(T/P)–SLA(Jason-1) - 11.76 - 4.7 9 10-8

SLA(Jason-1)–SLA(Jason-2) 9.60 2.1 9 10-8

SLA(Jason-2)–SLA(Jason-3) 2.42 9.4 9 10-17

Fig. 4 SLA differences during the formation flight phase. a Mean SLA differences in the tandem stages between T/P and Jason-1. b Mean SLA

differences in the tandem stages between Jason-1 and Jason-2. c Mean SLA differences in the tandem stages between Jason-2 and Jason-3

Table 3 Statistics of the mean

differences in different sea

areas. Units: cm

T/P–Jason-1 Jason-1–Jason-2 Jason-2–Jason-3

Average difference SD Average difference SD Average difference SD

Bohai Sea - 9.57 10.73 8.42 5.20 2.94 1.94

Yellow Sea - 12.32 2.47 9.78 2.86 2.65 1.16

East China Sea - 12.72 2.96 10.00 2.40 2.80 0.84

South China Sea - 11.64 2.84 11.49 2.05 2.19 0.78

Study area - 11.76 0.87 9.60 1.20 2.42 0.36
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satellites in different sea areas, thereby making the results

more continuous and accurate.

Sea-level Anomaly (SLA) Analysis

The SLA for the overall study area was corrected by cor-

recting the biases and implementing linear fitting, as shown

in Fig. 5. The sea-level rise rate for the study area was

3.96 mm/a. Moreover, the rate of sea-level increase along

the coast of the China Sea (4.64 mm/a) was similar to that

obtained by Guo et al. (2015).

Figure 5 clearly shows that the SLA in the study area

exhibits an upward trend, and there is an obvious periodic

variation pattern: The sea level decreases after the sea level

rises in the summer and autumn and drops in the winter and

spring. Since October 1992, the sea level has demonstrated

a cyclical upward trend. In September 1997, the sea level

dropped rapidly, and the SLA was the lowest in February

1998. This trend had a close relationship with the El Niño

phenomenon from 1997 to 1998; then, it rapidly increased

again. From 1999 to 2001, the sea level gradually

increased. From 2002 to 2004, the overall trend showed

upward characteristics, but the trend decreased relative to

that from 1999 to 2001. The sea-level trend began to

recover in 2005, and a rise occurred after a decline again in

2010. The sea level decreased from 2014 to 2016 and then

began to rise again in 2017. In addition to the effects of

tides, gravitational forces, and other factors, sea-level

fluctuations are also greatly affected by large climate

changes, such as those in 1997–1998, 2002–2003,

2004–2005, 2006–2007, 2009–2010, and 2014–2015, when

El Niño phenomena occurred globally. Accordingly, the

sea level has been affected to varying degrees, especially

when a large El Niño phenomenon occurred from 1997 to

1998.

The Southern Oscillation Index (SOI) can effectively

reflect the activity of the El Niño phenomenon. If the value

of the SOI is consistently negative, there will be an El Niño

phenomenon that year; if the value is consistently positive,

there will be a La Niña event that year (Trenberth 1984). A

comparison of the SOI index with the changes in the sea

level is shown in Fig. 5, which clearly shows that the sea-

level change trend is consistent with the change trend in the

SOI index; in addition, the correlation coefficient between

the SLA and SOI index is 0.32. Thus, there is a certain

correlation between the changes in the sea level and El

Niño phenomena.

The SLA of each sea area throughout the China Seas

was obtained by using the SLA for the entire study area,

after which the SLA was corrected by using the bias values

in Table 3. Finally, the SLA time series for the various

areas of the China Seas were obtained and analyzed. Least

squares linear fitting was performed, and then, the SLA

time series were compared with the SOI index, as shown in

Fig. 6. Different sea areas have different SLA time series

and rates of sea-level rise, which may be due to differences

among the geographical locations, regional climate, and

other factors. The mean rates of sea-level rise in the Bohai

Sea, Yellow Sea, East China Sea, and South China Sea

were 4.87 mm/a, 2.68 mm/a, 2.88 mm/a, and 4.67 mm/a,

respectively.

Figure 6a shows that the greatest fluctuations in the SLA

occurred in the Bohai Sea, where the difference between

the maximum and minimum values was 96.35 cm. This is

attributed to the geographical position of the Bohai Sea:

The latitude of the Bohai Sea is higher than those of the

Fig. 5 Mean SLA time series of

China seas after bias corrections
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other sea areas, and it is surrounded by land on three sides.

In addition, seasonal changes in the Bohai Sea are even

more pronounced than those in other sea areas, and the

seasonal variations in the SLA are larger. During the period

from 1997 to 1999, during which an El Niño occurred, the

SLA did not significantly change, indicating that the El

Niño event had little impact on the Bohai Sea. From

October 1992 to July 2002, the SLA of the T/P phase

fluctuated largely, and the regularity was not obvious.

Afterward, the SLA increased as a whole, and there was a

sharp rise after a decline from 2006 to 2007.

The latitudes of the Yellow Sea and Bohai Sea are

similar, and both seas exhibit relatively obvious seasonal

changes. As seen in Fig. 6b, there was no obvious regu-

larity in the periodicity of the T/P satellite data from the

Yellow Sea region. In 1995, the SLA changed smoothly.

The minimum SLA occurred in February 1996, and there

were no significant changes from 1997 to 1999. In 2001,

there was a significant increase and decrease, and the lar-

gest change, which occurred in 2006, was 44.13 cm.

Figure 6c shows that the interannual variations in the

East China Sea region were more obvious. The SLA

showed a steady upward trend overall. From 1992 to 1995,

the SLA fluctuated greatly, and there was a significant

increasing after decreasing in 2002.

Figure 6d shows that the change trend in the South

China Sea and the change trend in the study area were the

most consistent. The impact of El Niño phenomena was

greater from 1997 to 1999. Moreover, the South China Sea

had the smallest SLA fluctuations compared with the other

sea areas; the difference between the maximum and min-

imum values in the South China Sea was 28.16 cm.

The correlation coefficients between the SOI and SLA in

the Bohai Sea, Yellow Sea, East China Sea, and South

China Sea were - 0.10, - 0.14, - 0.03, and 0.23,

respectively. Evidently, there is a certain correlation

between El Niño and the SLA in the South China Sea. El

Niño also has a certain impact on the SLA in the South

China Sea, while it has smaller impacts on the other sea

areas.

Fig. 6 Mean SLA time series for the China Seas after bias corrections. a The mean SLA time series for the Bohai Sea. b The mean SLA time

series for the Yellow Sea. c The mean SLA time series for the East China Sea. d The mean SLA time series for the South China Sea
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Conclusion

In this paper, 25 years of altimetry data from the T/P,

Jason-1, Jason-2, and Jason-3 observation satellites from

October 1992 to July 2017 were used to analyze the SLA

time series in the China Sea and its vicinity. The conclu-

sions drawn from these data are as follows:

1. There are certain biases among the T/P series satellites

that need to be corrected by using the data in tandem

stages. The difference between T/P and Jason-1 was

- 11.76 cm, while that between Jason-1 and Jason-2

was 9.6 cm and that between Jason-2 and Jason-3 was

2.42 cm.

2. The SLA of the China Sea and its vicinity is

increasing, and the various areas are characterized by

different sea-level rise rates. The 25-year SLA time

series were linearly fitted; the corresponding mean sea-

level rise rates in the Bohai Sea, Yellow Sea, East

China Sea, and South China Sea were 4.87 mm/a,

2.68 mm/a, 2.88 mm/a, and 4.67 mm/a, respectively.

The sea-level rise rates (from high to low) are as

follows: Bohai Sea, South China Sea, East China Sea,

and Yellow Sea.
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