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a b s t r a c t

The present study proposes a reconstruction of regionally consistent sea level anomalies in the Pearl
River Delta (PRD) over the period 1959e2011. Spatial empirical orthogonal functions (EOFs) derived from
satellite altimetry dataset and the corresponding time series of tide gauge records were combined to
generate regional sea level anomalies. Based on these datasets, regionally consistent sea level anomalies
(RCSLA) are reconstructed using a dimension-reducing method known as principal components analysis.
The results show that the accuracy of reconstruction is sensitive to the number of the available tide gauge
records, however no significantly effect of the length of the records is observed. The results also indicate
that the EOF reconstruction method addresses issues such as the relatively short-term coverage of sat-
ellite altimetry data and the sparse and discontinuous nature of tide gauge records, demonstrating the
applicability of this technique in investigation of long-term sea level change. Both river flow and El Niño
event have considerable impacts on sea level variability in the PRD.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Sea level is a critical indicator of global climate change, and
regional relative sea level is of particular importance in coastal
regions with high population density and assets (Parker, 1991;
Nerem et al., 2006; Pendleton et al., 2011; Weiss et al., 2011).
Accordingly, considerable effort has been devoted to understanding
such sea level variations (Nicholls and Cazenave, 2010; Boateng,
2012; Woodroffe and Murray-Wallace, 2012; Hallegatte et al.,
2013; Yin et al., 2013). Sea level change is not uniform but varies
globally in both rate and amplitude, and some regional sea level
changes may be several times larger than the global mean value
owing to the effects of local factors (Ryan and Noble, 2007; Karim
and Mimura, 2008; Marcos et al., 2012). Therefore, improved un-
derstanding of trends in regional sea level variability is essential,
both for future sea level projection and for coastal planning and
management (Parkinson and McCue, 2011; Bosello et al., 2012).

Three primary datasets are typically used to estimate sea level
variability: tide gauge records, satellite altimetry data, and model
data. Models provide more detailed information than observational
data in relation to the factors that force long-term sea level change
(Chust et al., 2010). However, most advanced models conduct only
large-scale (e.g., global) simulations (Penduff et al., 2010;
VijayaVenkataRaman et al., 2012), and the application of global
models to small-scale study areas results in considerable uncer-
tainty. Observational data from both tide gauges and satellite
altimetry are more accurate than model data. Tide gauge datasets
represent the longest records of sea surface height relative to
coastal benchmarks and have beven used extensively in studies of
regional sea level variability (Woodworth and Player, 2003;
Barbosa and Silva, 2009; Parker, 2013). Nevertheless, tide gauges
provide temporally heterogeneous cover and suffer from sparse
spatial distributions. By their nature, they are restricted to coast-
lines and open ocean islands; thus, they cannot adequately repre-
sent the open oceans (Holgate and Woodworth, 2004). Since the
launch of the TOPEX/Poseidon (T/P) satellite in 1992, which was
followed by its successors Jason-1 and Jason-2, sea level has been
monitored accurately through satellite altimetry with nearly global
coverage and short revisit times (Stanev and Peneva, 2001). How-
ever, the major disadvantage of satellite altimetry data is its short-
term nature: even the longest continuous record from T/P spans no
more than 21 years (Dean and Houston, 2013). Moreover, critical
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questions remain regarding the interpretation of such short-term
datasets in the context of long-term climate variations. Therefore,
recent efforts have focused primarily on exploiting the particular
advantages of both tide gauge and altimetry datasets, using a
combination of the two in the investigation of long-term sea level
change (Church et al., 2006; Calafat et al., 2009; Gomez-Enri et al.,
2012).

Most previous studies have adopted approaches using empirical
orthogonal functions (EOFs) computed from short-term satellite
datawith global coverage to interpolate long time series of spatially
sparse observations (Smith et al., 1996). For example, Chambers
et al. (2002) first employed an EOF reconstruction to identify the
response of global sea level variability to climate signals such as the
El NiñoeSouthern Oscillation (ENSO) and the Pacific Decadal
Oscillation. Subsequently, other attempts have been made to
reconstruct sea level height, often comparing the accuracy of re-
constructions using data from different sources (e.g., models and
tide gauges) or adopting different methods (e.g., EOF and CSEOF)
(Calafat and Jorda, 2011; Meyssignac et al., 2011; Hamlington et al.,
2012). Though many advances have been made over the past 10
years, issues such as assigning weightings to tide gauges for uneven
distributions and the effects of the length of tide gauge records on
reconstruction accuracy have yet to be addressed. Accordingly,
establishment of a reconstruction method at the regional scale and
investigation of the factors affecting reconstruction accuracy are
necessary.

The Pearl River Delta (PRD), which is located in southern China
and abuts the northern coast of the Pacific, is a low-lying area
through which the Pearl River flows into the South China Sea
(Huang et al., 2004). The threat of sea level rise is increasing in the
region because of the low-lying nature of the land, the increasing
population and assets, and the effects of climate change (Hallegatte
et al., 2013). Therefore, many studies have been conducted to
measure sea level change in the PRD using either models or ob-
servations and at both large and small scales (Ren, 1993; Ding et al.,
2001; Huang et al., 2004; Feng et al., 2012; Zuo et al., 2013). Ac-
curate estimation of the sea level variations in the PRD region has
been impeded by the complex forcing factors, discontinuities in
tide gauge records (Huang et al., 2001), and the relatively short-
term coverage provided by satellite altimetry data. In particular,
previous studies were typically undertaken using either tide gauge
records or satellite altimetry data separately or have simply
compared estimates obtained using the two datasets. To date, no
Fig. 1. Location of tide gauges u
previous study has combined these two datasets to overcome at
least some of the obstacles to accurate assessment of sea level
change.

To address this, the present study attempts to reconstruct
regional sea level anomalies (RSLA) during 1959e2011 by
combining tide gauge records with satellite altimetry data using
the EOF method and the least-squares procedure. A principal
components analysis (PCA) of RSLA was conducted to form a
sequence of regionally consistent sea level anomalies (RCSLA). This
technique allows examination of regional sea level variability in the
PRD and may provide potential for investigation of sea level
changes in other regions.

2. Datasets and methods

2.1. Tide gauge records

The PRD is bounded by high mountainous zones to the east and
west, where the vertical crustal motion is different from that of the
plain area. To avoid the effects of this crustal motion, the gently
sloping plain (20e24�N, 110e118�E; Fig. 1) was selected as the
study area. The tide gauge dataset consists of 17 monthly mean sea
level series obtained from two sources. The longest record usedwas
the Zhapo tide gauge record (spanning 1959e2011), which was
collected from the Permanent Service for Mean Sea Level (PSMSL),
with the Revised Local Reference monthly values normalized to a
constant local datum. A further 16 monthly records were provided
by the Guangdong Hydrology Bureau. In the present study, all data
were adjusted to the reference sea level of the Yellow Sea (1985e
present) tide gauge zero. All 17 tide gauges are listed in Table 1, and
their locations are illustrated in Fig. 1.

Quality control was performed to check these tide gauge re-
cords. First, small gaps in the records (1e2 months) were filled
using cubic spline interpolation. Second, the effects of river-runoff
which is the main local factor of sea level in the PRD were calcu-
lated and removed using a correlation function established be-
tween river flow and tide gauge data. Finally, all the tide gauge
records were submitted to correlation analysis for inter-station
consistency check (Unnikrishnan and Shankar, 2007; Raicich,
2008). The strong relationships were found between pairs of the
tide gauge, 75% of the correlation coefficients were greater than 0.7
(98% of themwere larger than 0.5), at a significance level of 0.01. All
the records passed the check.
sed in the reconstruction.



Table 1
Summary of tide gauge stations used for sea level reconstruction over 1959e2011.

NO. Tide gauge Lat. Lon. Data valid period Length (year)

1 Huangpu (HP) 23�060N 113�280E 1959e1988 2006e2011 36
2 Nansha (NS) 22�440N 113�340E 1963e1988 2001e2005 2007e2011 36
3 Hengmen (HMa) 22�350N 113�310E 1959e1988 2001e2005 2007e2011 40
4 Xipaotai (XP) 22�130N 113�180E 1959e1965 1974e1988 2001e2005 2007e2011 32
5 Denglongshan (DL) 22�140N 113�240E 1961e1988 2001e2005 2007e2011 38
6 Wanqingshaxi (WQ) 22�390N 113�330E 1961e1988 2001e2005 2007e2011 38
7 Huangjin (HJ) 22�080N 113�170E 1965e1988 2001e2005 2007e2011 34
8 Huangchong (HC) 22�180N 113�040E 1961e1988 28
9 Dahengqin (DH) 22�050N 113�290E 1979e1988 2001e2005 2007e2011 20
10 Mayu (MY) 23�200N 116�450E 1966e1988 2006e2011 29
11 Beijingang (BJ) 21�480N 112�010E 1965e1988 2006e2011 30
12 Chiwan (CW) 22�280N 113�530E 1966e1988 2006e2011 29
13 Gangkou (GK) 22�340N 114�540E 1974e1987 2006e2011 19
14 Nandu (ND) 20�520N 110�100E 1964e1987 2006e2011 29
15 Haimen (HMb) 23�120N 116�370E 1965e1987 2006e2011 28
16 Sanzhao (SZ) 22�020N 113�240E 1967e1986 2001e2005 2007e2011 31
17 Zhapo (ZP) 21�350N 111�500E 1959e2011 53
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To reconstruct past sea level variability as completely as
possible, signals on different timescales (e.g., annual cycles, long-
term trends) are typically retained in sea level series. As the pre-
sent study is concerned only with changes in sea level (rather than
absolute sea level), the average sea level height was removed from
each tide gauge record and the residual anomalies were used.

2.2. Satellite altimetry dataset

A merged and gridded product of MSLA (Maps of Sea Level
Anomaly) produced by AVISO (www.aviso.oceanobs.com) based on
T/P, Jason 1, ERS-1/2 and ENVISAT data was used to determine the
spatial patterns of sea level change. Combing data from different
missions significantly improved estimations of mesoscale signals
(Pascual et al., 2006). The altimeter sea surface heights (SSH)
measurements have biases and errors that can be very different
among missions, and merging multi-satellite altimeter missions
requires homogeneous and cross-calibrated SSH data sets (AVISO,
2013). Therefore the most recent corrections, models and refer-
ences recommended for altimeter products were applied to the
data sets, any residual orbit error (Le Traon and Ogor, 1998), or long
wavelength error (Le Traon et al., 1998) were removed, as well as
large scale biases and discrepancies between various data flows. To
extract SLA, a 7-year (1993e1999) mean profile representing the
static geoid was subtracted from SSH. Then an optimal interpola-
tion method was applied to the along-track data to obtain the grid
SLA. The specific processing of along-track data from the altimetry
missions into gridded fields of SLA was described by Le Traon et al.
(2003). The MSLA was calculated every 7 days on a 1/3� � 1/3�

Mercator grid, the error estimated by AVISO was about 1e2 cm
(Niedzielski and Mizinski, 2013). To ensure the temporal consis-
tency with the monthly tide gauge records, weekly maps were
statistically downscaled to monthly value. Indeed, intrinsic diffi-
culties affect the corrections applied to the altimeter data within a
certain distance of the coastal region (w10 km) (e.g., wet tropo-
spheric component, tidal component), many advanced correction
and optimal interpretation methods have been developed for it
(Mitchum, 2000; Pascual et al., 2006; Bouffard et al., 2011; Escudier
et al., 2013). Merging data from multiple missions improved the
estimation accuracy of sea level in coastal areas (Ducet et al., 2000;
Pascual et al., 2006). MSLA is able to resolve variability on scales as
small as 35 km (Ducet et al., 2000; Willis et al., 2004; Siedler et al.,
2006), can be a valuable tool to study the sea level variability near
the coast (Parker, 1991), several studies have therefore used MSLA
data to detect and estimate sea level change (e.g., Isern-Fontanet
et al., 2003; Bi et al., 2011; Niedzielski and Mizinski, 2013). In this
study we extracted the monthly gridded MSLA spanning 20e24�N
and 110e118�E (264 grids) from the global MSLA during 01/1993e
12/2011 (19 years) for the reconstruction.
2.3. Reconstruction method

The method used to reconstruct past regional sea level in the
PRD is based on the EOF decomposition and PCA described previ-
ously by Smith et al. (1996) and Xie et al. (2012), respectively. The
method is based on a critical hypothesis that the spatial covariance
vectors (also known as EOFs) which represent the dominant spatial
patterns of sea level variability deduced from satellite altimetry
data are stationary during 1993e2011 in PRD, so that they can be
extended to the entire reconstruction period, i.e., 1959e2011.

The first step of the reconstruction involves calculating EOFs
from satellite altimetry SLA grid P(x, t), where x represents a given
set of grid points and t is time. Then,

Pðx; tÞ ¼
XM
m¼1

ZmðxÞLmðtÞ: (1)

Here, Zm represents the EOFs, Lm represents the related time
series of the amplitudes for each time step and M is the number of
spatial vectors. Both the EOFs and timeweightings are orthonormal
and the temporal functions were normalized as follows:

XT
t¼1

LiðtÞLjðtÞ ¼
�
0 isj
1 i ¼ j

; (2)

and

XX
x¼1

ZiðxÞZjðxÞ ¼
�
0 isj
li i ¼ j

: (3)

Here, X and T are the maximum values of x and t, respectively,
and l is the eigenvalue. The eigenvalues explain the variance
associated with each mode and were arranged in descending order.
The lower order eigenvectors with the largest eigenvalues explain
most of the variance and represent the dominant spatial patterns of
the signal. The higher order eigenvectors contain smaller spatial
scales and are increasingly affected by noise. For SLA reconstruc-
tion, a subset of the eigenvectors, k, that explained the maximum
variance with the minimum noise was used.

http://www.aviso.oceanobs.com
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The second step is fitting the EOFs to the longer spatially
correlated tide gauge data to obtain the corresponding amplitudes
over 1959e2011. The reconstruction RSLA(x, v), where v represents
a time index, was computed by multiplying the EOFs to the time
series of amplitudes as follows:

RSLAðx; vÞ ¼
Xk
m¼1

ZmðxÞTmðvÞ; (4)

where Zm represents the EOFs of satellite altimetry SLA and Tm
represents the time series of the amplitudes from spatially corre-
lated tide gauge recordsQ(x, v). The values of x in Q(x, v) and RSLA(x,
v) correspond to those in P(x, t). Not all stations could be matched
accurately to corresponding spatial grid points for the tide gauge
records Q(x, v); therefore, the tide gauges were assigned to the
nearest altimetry grid points, letting d(X) ¼ 1 when a corresponding
relationship was found and letting d(X)¼ 0 otherwise. Often, several
tide gauges were associated with one spatial grid point; in such
cases, the available tide gauge records were averaged to produce a
single time series. The unknown temporal weights, Tm, were
computed by a least-squares procedure, and the function E2 was
defined at each time by

E2ðvÞ ¼
XN
x¼1

½Qðx; vÞ � RSLAðx; vÞ�2dðxÞ; (5)

where E2(v) is the error between the reconstruction and the asso-
ciated tide gauge records over the entire region at time v. By
minimizing E2 for each Tm, the best fit of the spatial eigenvectors to
a given set of data at each time step was obtained. Then, Eq. (4) was
Fig. 2. Comparison of spatial patterns over two periods 1993e2002 and 2002e2011. The firs
(c) for the first decade and 81.2% (d), 7% (e), and 3% (f) for the last decade, respectively.
substituted into Eq. (5) and differentiated with respect to Tm to
compute the least-squares best fit:

vE2ðvÞ
vTmðvÞ ¼ 0: (6)

Then, a set of linear equations was obtained as follows:

Xk
n¼1

"
TmðvÞ

XX
x¼1

ZnðxÞZmðxÞdðxÞ
#

¼
XX
x¼1

Qðx; vÞZmðxÞdðxÞ; (7)

where m ¼ 1, 2.k represents the first k spatial eigenvectors for
reconstruction. Tm was computed for each time step.

The third step is the reconstruction of RSLA. The temporal
weights, Tm, were substituted back into Eq. (4) to complete the
reconstruction for the period 01/1959e12/2011.

Finally, the RCSLA dataset, a temporal series of SLAwith uniform
spatial attributes, was obtained by reconstructing the spatial rela-
tionship of the RSLA using PCA. The PCA method can extract the
important information frommany series and express it using fewer
principal components (PCs) (Preisendorfer and Mobley, 1988;
Cazenave et al., 2002; Barbosa et al., 2005). According to Xie et al.
(2012), the components of RSLA, y, can be expressed by PCA as
follows:

y ¼
Xp
k¼1

akfk; (8)

where p represents the number of the PCs, f represents a given PC,
and a is the associated coefficient.
t three EOFs of each dataset explaining the largest variance of 79% (a), 6.6% (b), and 2.8%
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When p equals the number of spatial grid points, all of the com-
ponents are used in reconstruction and Eq. (8) represents the com-
plete information for the series. Usually, thefirst fewcomponents can
extract the dominant attributes effectively with lower noise levels
than would typically be obtained using all PCs. A weighted average
was produced according to the variance contribution rates of thefirst
few components and then obtained the final synthetic RCSLA.

3. Results and discussion

3.1. EOF analysis

To test the consistency of the spatial patterns of sea level vari-
ability in the PRD, the satellite altimetry SLA was split into two
parts: the first decade, spanning the period 1993e2002; and a later
decade spanning the period 2002e2011. Then, spatial SLA patterns
for each period, derived by EOF analysis, were compared. The first
three EOFs of each dataset are illustrated in Fig. 2 and explain 79%,
6.6%, and 2.8% of the variance for the first decade and 81.2%, 7%, and
3% of the variance for the last decade, respectively. The correlation
coefficients (R) between the corresponding EOFs of the two data-
sets, (a) and (d), (b) and (e), and (c) and (f) are 95%, 97%, and 84%,
respectively. These high correlations imply that the dominant
spatial patterns for the period 1993e2002 closely resemble those
for 2002e2011. The results indicate that the first three EOFs
represent the dominant spatial structure of sea level change in the
PRD and are stable. This good agreement supports the use of the
EOFs calculated from satellite altimetry SLA for the period 1993e
2011 in the reconstruction for 1959e2011.

An EOF decomposition of the satellite altimetry data for 1993e
2011 was conducted; the dominant EOFs and their correlated time
series (with normalized amplitude) are shown in Fig. 3. The
Fig. 3. First three EOFs of satellite altimetry and the corresponding time series. a), b) and c)
respectively.
decomposition has a fast convergence rate and the first three
modes explain up to 90% of the variance and can abstract the
dominant characteristics of the sea level variability. The first EOF
explains the majority of the variance (Fig. 3(a), 79.9%) and repre-
sents the annual cycle, as shown in Fig. 3(d). Each grid point ex-
hibits the same sign (here taken as positive), implying that the
annual variability occurred in the same direction (i.e., increases or
decreases); this can be considered the dominant characteristic of
sea level variability in the PRD. Moreover, the corresponding time
series exhibits a positive trend, with a linear increase of 4.5 mm/yr
over the period 1993e2011; this is consistent with the rate esti-
mated for the South China Sea for the period 1993e2006
(3.5 � 0.9 mm/yr) (Rong et al., 2009). The second EOF, which is
characterized by inter-annual variation, exhibits a negative phase
in the mouth of the Pearl River but a positive phase in the north-
eastern and southwestern parts of the coastline. This pattern
demonstrates the strong relationship between sea level, river flow
and the backwaters around the mouth of the Pearl River. No such
effects were evident in the patterns of sea level variability along the
coastline. The third EOF primarily demonstrates the seasonal sea
level variability. The evidences of El Niño effects on sea level vari-
ation can be observed in all three EOFs. Compared to other years
(1993e1996 and 1998e2011), the lowest local maximum is found
in the corresponding time series of the first EOF in 1997, when the
strongest EI Nino event in the 20th century began. Time series of
other two EOFs both exhibit obvious abnormal fluctuations during
1997e1998, the highest local maximums are found during that
period, respectively. The above analysis are consistent with Ho et al.
(2000) who conducted an EOF analysis to study the variation of sea
level in the South China Sea and Nerem et al. (1999) who found the
global sea level showed a 20 mm rise and then subsequent fall
during 1997e1998.
are EOF1, EOF2 and EOF3, respectively, d), e) and f) are the corresponding time series,
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3.2. Reconstruction of RCSLA

The number of EOFs used is crucial to the reconstruction: using
too few EOFs could result in a lack of information regarding the
original sea level variability, whereas using too many could induce
additional noise. Calafat and Jorda (2011) selected EOFs from 1 to 20
for reconstruction and demonstrated that optimum reconstruction
could be achieved using three to four EOFs.We tested the first 2 to 8
EOFs for the reconstruction. The results show that when more than
three EOFs were selected, a significant overfitting was occurred.
Therefore, the first three EOFs were selected for the PRD SLA
reconstruction.

The RSLA were obtained for the period 1959e2011 using EOF
decomposition and a least-squares approach. Then PCA was used
for dimensionality reduction by expressing the sea level variability
in the linear combination of all the reconstructed grid points in
RSLA. The first PC explains 62.61% of the total variance and usually
represents the dominant pattern of sea level change. The second
and third components explain 27.46% and 9.93%, respectively, of the
variance. The PCA decomposition has a fast convergence rate and
the total contribution of the first three PCs is as much as 99%; thus,
using these PCs for RCSLA reconstruction should express the
characteristics of RSLA fully. A weighted average was calculated for
the PCs and formed a RCSLA series, as shown in Fig. 4.

A decrease in the magnitude of the RCSLA variability can be
observed between 1989 and 2005. This could be related to a
reduction in the number of available tide gauges between 1989 and
2005. When all the tide gauges were assigned to fit to the corre-
sponding grids in the reconstruction, several tide gauge records
were averaged into one, especially for tide gauges near the mouth
of the river (e.g., WQ, NS, DL, XP) which have a higher density than
those located along coast (e.g., ND, ZP, GK). Finally there were no
more than 4 records covering the period of 1989e2005, the least
number in the whole reconstruction period. Nevertheless, as we
were interested in the long term sea level change in this study, this
decrease can have little impact when the high frequency fluctua-
tions (e.g. within 3 years) were removed to get stable estimates of
the rate of sea level change (Fenoglio-Marc, 2002; Prandi et al.,
2009; Marcos et al., 2012).

3.3. Validation of RSLA

To evaluate the accuracy of the RSLA dataset, it was compared
with the SLA of the nearest tide gauges, averaging tide gauge re-
cords when more than one tide gauge correlated with a given grid
Fig. 4. Regionally consistent sea level anom
point. The error statistics calculated are presented in Table 2
(Calafat and Jorda, 2011; Cheng et al., 2012). All of the re-
constructions exhibit good estimation performance, with Root
Mean Square Error (RMSE) < 0.058 m and coefficient of deter-
mination (R2) > 0.75. All RMSEs (R2 values) were in the range of
0.0159e0.0573 m (0.758e0.992), with the lowest error (R2 value)
found at the Nandu (Gangkou) tide gauge and the highest at the
Gangkou (Nandu) tide gauge. Thus, the Gangkou tide gauge ex-
hibits the highest RMSE and lowest R2 value, possibly owing to its
shortest time series. Zhapo tide gauge is the standard ocean tide
gauge in Global Sea Level Observing System (GLOSS), with the
longest record covering the whole reconstruction period. Fig. 5
shows the scatter diagram of comparison between the SLAs
from Zhapo tide gauge and the nearest gridded reconstruction.
From this figure we can see a strong relationship between the
observed records and reconstruction value, the correlation coef-
ficient is up to 0.965 and the trend line approximately coincides
with that of y ¼ x. The comparison represents an encouraging
reconstruction result (RMSE ¼ 0.0279 m, R2 ¼ 0.947). The good
overall estimation performance, as indicated by the low RMSE
(average 0.042 m) and high R2 value (average 0.878), implies that
the reconstruction using EOF decomposition and the least-squares
method is applicable for the PRD. Moreover, the results suggest
that the method significantly outperforms the multivariate
regression approach used by Cheng et al. (2012) who reported the
lowest RMSE was 0.05 m, and the reduced optimal interpolation
method used by Becker et al. (2012) who obtained some correla-
tion coefficients between 0.5 and 0.7 and Calafat and Jorda (2011)
who represented RMSE could be larger than 0.1 m in some re-
gion), respectively.

Table 2 also presents the lengths of the compared records: the
Zhapo (Gangkou) tide gauge has the longest (shortest) record with
636 (240) samples. A further 8 corresponding records have around
300 samples each, on average. However, differences in the number
of samples are not thought to affect the accuracy of the recon-
struction. Although the Gangkou tide gauge has both the shortest
record and the poorest accuracy, the Zhapo tide gauge exhibits
moderate estimation performance (based on RMSE and R2) despite
having the longest record and the Nandu tide gauge exhibits the
best performance (RMSE ¼ 0.0159 m) despite using only 360
samples for the reconstruction. Moreover, the number of samples
from the Nandu tide gauge can be considered representative of all
tide gauges. Thus, the accuracy of reconstruction is not correlated
obviously with the length of tide gauge records. This is encour-
aging, because it indicates that successful reconstruction could be
alies reconstructed by PCA in the PRD.



Table 2
Error statistics of reconstructed sea level anomalies.

Number of the
grid points

Name of the
tide gauges

Length of
the records

RMSE(m) R2

1 ZP 636 0.0279 0.9470
2 ND 360 0.0159 0.9924
3 HP 384 0.0312 0.9291
4 HMb/MY 360 0.0489 0.8373
5 GK 240 0.0573 0.7581
6 CW 348 0.0433 0.8477
7 BG 360 0.0562 0.7968
8 HC 300 0.0225 0.7604
9 WQ/HMa/NS 384 0.0291 0.9306
10 DL/XP 384 0.0358 0.9140
11 SZ/DH/HG 360 0.0527 0.7970
Total 4116 0.0423 0.8781
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conducted for the coastal area even if only discontinuous or short
time series were used.

3.4. Sources of uncertainty

There are three main sources of uncertainty in this reconstruc-
tion. First, the method assumes that the leading spatial structures
are stationary in time, i.e., that the dominant EOFs of the period
1993e2011 are not very different from those of 1959e2011. It can
be proved that in 20 years the variability is stable, but it may be
different in a longer period owing to the decadal cycle of sea level
change (Latif and Barnett, 1994). Second, the small number of
available tide gauge records may cause errors. The number varied
each time step due to the nature of the tide gauges, when it was less
than 4, a decrease of magnitude in the reconstructed SLA occurred.
This may also be related to the distribution of tide gauge. The
approach overcomes the sparse and uneven distribution of the tide
gauge, whether it can accurately rebuild the signals in the region
where there is no any tide gauge nearby is a question need to be
investigated further. Finally, the limited number of EOFs used in the
reconstruction may result in errors. Only main EOFs were selected
implies that the method represents the main variations of sea level,
cannot capture the completely attributes. Some small structures
may be lost as they tend to be represented by higher order EOFs
(not used in the reconstruction).
Fig. 5. Scatter diagram of comparison between the SLAs from Zhapo tide gauge and
the nearest gridded reconstruction.
3.5. Analysis of sea level variability in the PRD

To estimate the long term trend of the sea level variability, a
running averagewas computed with a one-year window to remove
high frequency signals from the RCSLA (Fenoglio-Marc, 2002). A
linear trend of 3.72 mm/yr was obtained from the remainder, as
shown in Fig. 6. According to the ICE5-G (VM2) (Peltier, 2004), the
Giacial Isostatic Adjustment (GIA) correction in this region was
about �0.36 mm/yr. It implies that the relative sea level increases
on the rate of 4.08 mm/yr during 1959e2011 in the PRD. Different
results were obtained for sea level variability depending on the tide
gauges used, the record lengths available, and themethods adopted
in the investigation. The IPCC Fourth Assessment Report described
global mean increases in sea level with trends of 1.8 � 0.5 mm/yr
and 3.1 � 0.7 mm/yr for the periods 1961e2003 and 1993e2003,
respectively (IPCC, 2007). Sea level change in the PRD over the
period 1959e1988 may have been around 3.1 mm/yr (without GIA
correction)(Yang et al., 1998). According to a 2010 report investi-
gating sea level in China, the sea level around Guangdong Province
has been rising at the speed of 2.5 mm/yr over the past 30 years
(State Ocean Administration, 2011), and this is expected to increase
to 2.6e4.3 mm/yr by 2040 (State Ocean Administration, 2013).
Thus, the result presented here, which indicates sea level rise in the
PRD with a linear trend of 4.08 mm/yr for the period 1959e2011, is
broadly consistent with those of previous studies (You et al., 2012).
Minor differences in estimates of sea level rise may have arisen
from the use of more traditional methods in previous studies (e.g.,
the use of simple averaging techniques) in contrast to the PCA-
based reconstruction adopted here, which analyzes the dominant
spatial structures of sea level at the regional scale and can represent
regional characteristics comprehensively.

4. Conclusions

To overcome the obstacles like the sparse of the tide gauge re-
cords and the short term coverage of satellite altimetry data, sea
level anomalies of the PRD were reconstructed by combining the
two datasets for the accurate long term trend estimation. EOF
decomposition and the least-squares method were applied to
create the RCSLA datasets for the period 1959e2011, with the same
temporal resolution as satellite altimetry data and the same length
as tide gauge records.

The comparison of spatial patterns from two parts of the sat-
ellite altimetry dataset produces high correlations, providing con-
fidence in the hypothesis that the spatial structures of SLA can be
used for the whole reconstruction period. Low RMSE and high R2
Fig. 6. Linear trend of sea level rise from RCSLA during 1959e2011. A 12-month
running average has been applied.
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value indicated the reconstruction shows a good performance,
demonstrating the applicability of the method in regional sea level
estimation. The results presented here also demonstrate that the
accuracy of the reconstruction is not particularly sensitive to the
length of the tide gauge records; therefore, even short and
discontinuous records should be useful in the estimation of long-
term sea level variability. The reconstruction addresses issues
such as the relatively short term coverage of satellite altimetry data
and the poor spatial resolution of the tide gauge records, implying
the improvements of this method in the accurate estimation of long
term regional sea level change.

The results from the reconstructed datasets show that the
regional sea level has increased at a rate of 4.08 mm/yr over the
period 1959e2011, and the annual and inter-annual cycles are the
dominant variabilities in the PRD. The results also reveal that the
spatial structures of sea level change are not uniform, the different
patterns of variability in the river mouth and the coastline are the
effects of the local factor river offs. The impacts of El Niño event can
be observed in the main spatial structures of the sea level change.
Some uncertainties in the reconstruction are largely owing to the
discontinuous nature of the tide gauge records and so on.
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