
Consistency of long sea-level time series in the northern coast of Spain

M. Marcos, D. Gomis, and S. Monserrat
Grup d’Oceanografia Interdisciplinar, Instituto Mediterraneo de Estudios Avanzados (UIB-CSIC), Mallorca, Spain
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[1] Sea-level time series recorded at three stations of the northern Spanish coast
(Santander, Coruña, and Vigo) are examined with the aim of obtaining reliable
interdecadal trends. The records are about 6 decades long, and their consistency is checked
by means of an Empirical Orthogonal Function (EOF) analysis. Major benefits of the
analysis are the detection of undocumented changes of sea-level reference and the filling
of data gaps. For the last decade, the consistency of the trends is also checked against
shorter, collocated and nearby records. Results indicate that during the second half of the
twentieth century, sea level has been rising at a rate of 2.12, 2.51, and 2.91 mm/yr in
Santander, Coruña, and Vigo, respectively. Meteorologically induced trends are evaluated
from the output of a sea-level numerical model forced by a re-analysis of 44 years of
atmospheric data. Results are �0.44, �0.27, and �0.21 mm/yr, respectively, indicating
that in the study region the meteorological forcing acts in the sense of slightly slowing the
sea-level rise. On the other hand, sea-level records and the North Atlantic mean
temperature exhibit a similar interannual evolution, which points to the thermosteric effect
as responsible for the positive trends. Regarding the difference between stations, about a
third of it can be attributed to spatial differences in the meteorological forcing. The
remaining contribution is attributed to spatial differences in the increase of the ocean heat
contents, as suggested by the analysis of SST series during the last decade.
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1. Introduction

[2] In recent decades, considerable efforts have been
devoted to estimate long-term sea-level trends [e.g.,
Douglas, 1991; Cabanes et al., 2001; Church et al., 2001].
The importance of sea-level variations lies in their impact on
ecosystems and habitability in coastal regions, where most of
the Earth’s population live [Nicholls and Leatherman, 1994].
Global sea-level changes are also directly related to climate
change and its social and economical implications. Therefore
the knowledge of sea-level trends and their causes is crucial
for the design of possible mitigation activities.
[3] Sea-level variations have traditionally been measured

by tide gauges located at coastal regions and islands.
Available longest records date from the middle of the
nineteenth century, although most of the series around the
world are less than 60 years long [Woodworth and Player,
2003]. The quality of a tide gauge sea-level record depends
on many factors. Observations have to be consistent and
independent of the maintenance, change, or repair of the

instrument during the entire deployment period. Further-
more, sea-level variations must be coherent among neigh-
boring sites. An accurate vertical reference for the
instrument is also of key importance for the estimation of
long-term variations. Finally, the presence of large data gaps
can eventually mask the actual behavior of the variations.
[4] Nowadays it is commonly accepted that global sea

level has been rising at a rate of 1.5–2.0 mm/yr during the
last century. As an example, Peltier [2001a] obtained a
mean rate of 1.84 mm/yr, with a standard deviation of
0.35 mm/yr. The spatial distribution of sea-level rise
presents some regional differences [Douglas, 2001; Peltier,
2001a]: The average trend has been estimated as 2.19 mm/yr
in theWesternAtlantic Ocean, 1.74mm/yr in the Pacific coast
of North America, 1.31 mm/yr in theWesternMediterranean,
and 1.21 mm/yr in the North Eastern Atlantic. Regarding the
origin of sea-level rise, thermal expansion of the oceans has
been claimed to be a significant contribution to sea-level rise,
at least during the last 50 years [Levitus et al., 2000], and it is
predicted to continue during the next 50–100 years [Church
et al., 2001]. Antonov et al. [2002] estimated the contribution
of the thermal expansion in 0.55 mm/yr. This result is
confirmed by the work of Miller and Douglas [2004],
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who pointed out that the dominant contribution is the
mass increase primarily due to the melting of continental
ice.
[5] During the last decade, satellite altimeters have be-

come an important, additional source of sea-level observa-
tions [Parker et al., 1992]. Major advantages of satellite
data are the global coverage and the coherence of the
observation set. This has allowed the characterization of
the spatial pattern of sea-level variations and the estimation
of trends at a decadal scale. Cabanes et al. [2001], for
instance, inferred a global sea-level rise of 3.2 ± 0.2 mm/yr
from TOPEX/Poseidon data spanning the period 1993–
1998, and Nerem [1999] obtained 3.1 ± 1.3 mm/yr for the
period 1993–1999. Both works attribute this increase with
respect to secular trends to the thermosteric contribution.
Willis et al. [2003] have indicated that thermal expansion
explains about 60% of the observed sea-level rate. There-
fore the contribution due to a mass increase remains the
same as for recent decades (approximately 1.5 mm/yr).
[6] In this context of sea-level trend estimations, the first

aim of this work is to examine the consistency of three sea-
level series recorded during the last 60 years in the northern
Spanish coast. Although other stations with a few decades
of data do exist in the region, the three series analyzed here
are the ones that a priori better fulfill the requirements for a
reliable estimate of interdecadal trends [Douglas, 1997].
[7] In a preliminary check, the last decade of the series

will be compared with more recent, collocated records. The
study of the long-term consistency will be undertaken in the
light of an Empirical Orthogonal Function (EOF) analysis.
In addition to separating the main patterns of oscillation, the
EOF methodology will be revealed as a useful tool to
identify possible errors and to fill the data gaps of the
records. Although it cannot be pretended that the applied
corrections are able to exactly recover the true series, they
will be shown to be crucial for the computation of reliable
sea-level trends.
[8] Once the consistency of the series is considered as

satisfactory, we will focus on identifying the origin of the
obtained sea-level trends, as well as on explaining their
spatial variability. First, the effect of local land uplift or
subsidence must be removed, in order to obtain absolute
sea-level trends. Unfortunately, there is a lack of informa-
tion on local vertical movements at tide gauge stations. GPS
campaigns are scarce in the study region, and the installa-
tion of permanent GPS stations has become a usual practice
only in recent years (they are nowadays highly recommen-
ded for any study aimed at the computation of sea-level
trends). Owing to the absence of clear evidences of intense
local tectonics, the only correction applied here will be the
glacial isostatic adjustment caused by the cycle of glaciation
and deglaciation of the past 900,000 years. In particular, we
will use the values of the post-glacial rebound (PGR)
provided by the ICE4G model [Peltier, 2001b] at places
with long sea-level time series. Douglas [1991] presented
results for several regions around the world and confirmed a
significant improvement in the consistency of computed
trends after being corrected with the PGR values.
[9] Particular attention will be devoted to the meteoro-

logical forcing, as a major source of variability. The length
of the records is of key importance to ensure that annual
oscillations and short interannual variability are filtered out

from estimated sea-level trends. Decadal modes are more
difficult to deal with, and therefore their influence on
interdecadal trends must be carefully evaluated. In the study
region, the most important source of decadal variability is
the North Atlantic Oscillation (NAO). Wakelin et al. [2003]
used data from the period 1955–2000 to demonstrate that
sea level and the NAO index are significantly correlated
over the northwest European continental shelf. This corre-
lation varies from negative values to the south (in northern
Spain and Portugal) to positive values to the north (mainly
in the Baltic Sea), with absolute values up to 0.8 for winter-
mean sea level. Also, Woolf et al. [2003] pointed out the
strong influence of the NAO in the study region. They
computed the sensitivity of sea level to the NAO index and
demonstrated that in southern Europe, sea level is lower
during NAO-positive years. Values for the northern Spanish
coast during the period 1992–2001 range between �20 and
�60 mm/unit NAO index.
[10] In this work, the meteorological contribution to

interdecadal sea-level trends will be quantified based on
the output of a sea-level numerical model forced by a re-
analysis of 44 years of atmospheric data. These results were
obtained in the framework of the HIPOCAS project
[Guedes Soares et al., 2002], which will be briefly de-
scribed later on. More qualitative comparisons between sea-
level records and the winter NAO index will also be made,
in order to explain the spatial and temporal variability of sea
level.
[11] Once the meteorological forcing is determined and

removed from sea-level trends, the remaining trend must be
attributed to changes in the ocean volume (primarily due to
warming) and/or to changes in the total ocean mass (pri-
marily due to the melting of continental ice). At a regional
scale, sea-level trends can also be affected by changes in the
coastal circulation. Here we will qualitatively check the first
contribution by comparing the sea-level records with the
evolution of the North Atlantic mean temperature derived
by Levitus et al. [2000]. Regarding the spatial pattern,
Garcı́a-Lafuente et al. [2004] established a linear correla-
tion between remotely sensed sea surface temperature (SST)
and dynamic height anomaly. The aim was to relate a
continuously and globally sampled indicator of thermosteric
effects (SST) with a more faithful (but more sparsely
sampled) indicator of the thermosteric contribution (dynamic
height). Unfortunately, SST has only been routinely available
during the last decade, and therefore the estimation of
spatially dependent temperature trends will be restricted to
this period.
[12] The referred contents are presented as follows. In

section 2 we describe the data set and obtain a first
estimation of sea-level trends from the raw records. We
also carry out a preliminary quality check based on the
comparison of the long series with shorter, collocated
records. These preliminary results will point out the need
for a more detailed consistency analysis, which is presented
in section 3. This includes the description of the EOF
methodology, as well as the corrections applied onto the
raw series as a consequence of the analysis (detection of
reference jumps and filling of data gaps). The estimation of
decadal and interdecadal trends from the corrected records
is presented in section 4, paying special attention to the
sensitivity of results with respect to the length of the series.
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In section 5 we focus on identifying the different physical
contributions to sea-level trends. Finally, conclusions are
outlined in section 6.

2. Data Set and Preliminary Checks

2.1. Data Set

[13] Three tide gauge stations located in the northern
coast of Spain and operated by the Instituto Español de
Oceanografı́a (hereinafter IEO) have been recording sea-
level variations since 1943. The stations are Santander,
Coruña, and Vigo, and their PSMSL (Permanent Service
for Mean Sea Level) codes are 200/011, 200/030 and
200/041, respectively (see Figure 1 for their location).
The three tide gauges are mechanical float models in-
stalled in a well connected to open sea through a small
hole, in order to filter high-frequency oscillations.
[14] The initial data sets were hourly sea-level series

spanning the 58-year period of 1943–2001. As usual for
such long time series, the three records have several gaps,
some of them particularly long. For example, the Santander
record has gaps of up to 90, 54, and 43 days long; in
Coruña, the longest gap is 70 days long; and Vigo has a few
gaps of more than 90 days. The percentages of empty or
noncomplete days are 4.1% for Santander, 2.4% for Coruña,
and 1.8% for Vigo, which is quite acceptable for the
computation of reliable trends.
[15] More recently, six additional sea-level stations have

been deployed by Puertos del Estado (hereinafter PdE) in the
northern Spanish coast (see their location in Figure 1). They
are Bilbao (since 1992, PSMSL code 200/006), Santander
(since 1992, PSMSL code 200/013), Gijón (since 1997,
PSMSL code 200/022), Coruña (since 1992, PSMSL code
200/032), Villagarcı́a (since 1997, PSMSL code 200/036),
andVigo (since 1992, PSMSL code 200/042). Although these
records are useless for the computation of interdecadal trends,
they will be useful to check the consistency of the long IEO
records during the last decade.
[16] The instruments deployed by PdE are ‘‘Sonar Re-

search Development’’ (SRD) water level monitor gauges
that give the distance from the transducer to the water
surface by measuring the time elapsed between transmission

and reception of an acoustic pulse. The actual sampling
frequency of acoustic gauges is very high, but mean values
are computed and saved with a sampling interval of 5 min.
Also, these series present some data gaps, the longest one
being 190 days in the Coruña record. The percentage of
empty or noncomplete days (i.e., those with more than 1 hour
of missing data) ranges from 1% in Santander to 17% in
Coruña.
[17] The meteorological contribution to interdecadal

sea-level trends has been quantified basing on the results
of the HIPOCAS project [Guedes Soares et al., 2002]. A
major product of that project was the downscaling (by
means of the atmospheric model REMO applied over
different European regions) of the historical reanalysis of
44 years (1958–2001) of atmospheric fields carried out
by the Climate Diagnostics Centre (CDC-NOAA-CIRES).
The obtained sea-level atmospheric pressure matches
quite well the observations (correlation r > 0.96; RMS
errors between 1.15 and 2.16 mb). Differences between
hindcast and measured winds are larger, though in the
Gulf of Biscay, correlations are still high (r � 0.85–0.90,
rms � 2 m/s). Wind and sea surface pressure data were
used, also in the frame of HIPOCAS project, to force a
barotropic version of the HAMburg Shelf Circulation
Model (HAMSOM [Álvarez-Fanjul et al., 1997]) over
the domain 30�N to 47�N and �12�E to 35�E, which
includes the Mediterranean Sea and the eastern sector of
the North Atlantic Ocean. This version of the code is
routinely operated by Puertos del Estado as part of the
Nivmar sea-level forecast system [Álvarez-Fanjul et al.,
2001]. The comparison between HAMSOM computed
and observed residuals is very satisfactory (r � 0.87 to
0.82; RMS errors between 5.2 and 6.4 cm).

2.2. Preliminary Estimation of Sea-Level Trends

[18] All the original time series were submitted to a daily
average, neglecting noncomplete days. A first estimation
of the linear trends computed for the IEO series yielded
2.06 mm/yr for Santander, 1.46 mm/yr for Coruña, and
2.62 mm/yr for Vigo (see Table 1). These records have also
been routinely analyzed by the PSMSL, but for different
periods of the series. This explains the marked dispersion of

Figure 1. Map of the study region with the location of the IEO (black dots) and PdE (shaded dots) tide
gauge stations.
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results: �0.25 mm/yr for a 36-year period of the Santander
record, 4.14 mm/yr for a 42-year period of the Coruña record,
and 2.68 mm/yr for a 55-year period of the Vigo record.
[19] The confidence of the computed trends was evaluated

bymeans of a bootstrapmethod [Efron and Tibshirani, 1993].
This method assumes that each time series is just a sample of
an unknown distribution of probability. If the distribution was
known, mean values and errors could be calculated. The
bootstrap method is intended to estimate this distribution by
resampling the time series in the followingway: If the original
record consists of ‘‘m’’ data pairs of the form [time, sea level],
a new sample is constructed by selecting in a random way
‘‘m’’ pairs allowing repetition. The difference between the
original series and the new sample is that some pairs of the
first are repeated in the second and, therefore, some original
pairs are not included in the new sample. A large number of
samples (e.g., 103) can be obtained and each sample can be
analyzed in the same way as the original time series, which
results in a distribution of linear trends. The mean value and
standard deviation (or the interval including some per-
centage) of the trend distribution give an estimate for the
reliability of the trend computed from the original time
series.
[20] For the analyzed stations, mean values given by the

bootstrap method differed in less than 0.01 mm/yr from
those computed for the actual time series. The standard
deviations of the distributions were 0.053, 0.050, and
0.052 mm/yr for Santander, Coruña, and Vigo, respec-
tively. The interval containing 90% of the trend distribu-
tion was about ±0.085 mm/yr for the three series. It then
follows that the differences between the three station
trends are by far larger than their statistical uncertainty.
[21] A first correction to the obtained relative sea-level

trends comes from the effect of the postglacial rebound
(PGR). The values given by the ICE4G model [Peltier,
2001b] are �0.27, �0.13, and �0.22 mm/yr in
Santander, Coruña, and Vigo, respectively, the negative
values implying land emergence (see Table 1). This
correction does not cancel out the differences between
the three stations, since the PGR-corrected sea-level
trends become 2.33, 1.59, and 2.84 mm/yr, respectively.
An easy explanation would be to attribute these differ-
ences to the spatial variability of interdecadal trends, but
they seem rather large given the short distance between
the stations. In the next sections we will search for the
reasons of this lack of consistency.

2.3. Preliminary Quality Check Against Recent
Collocated Records

[22] Of the six PdE tide gauges deployed along the
northern Spanish coast during the 1990s, only those
deployed before 1993 will be used in this section (i.e.,
Bilbao, Santander, Coruña, and Vigo). Decadal trends were
computed for both the PdE series and the piece of the IEO
records spanning the same period. Results are listed in
Table 1, together with the PGR correction and the
statistical uncertainty given by the bootstrap method.
The first feature worth noting is that the statistical
uncertainty of these short series is more than 1 order of
magnitude greater than for the long series, as the 90%
confidence intervals range between 1.3 and 1.6 mm/yr.
The reason is the shortness of the records, which is
further handicapped by the presence of data gaps.
[23] When comparing collocated stations, the trends of

the PdE and IEO Coruña records differ by 1.30 mm/yr,
which is consistent with the statistical uncertainty. More-
over, the monthly averages of both series showed a good
agreement for the whole period. For the Vigo records, the
trend difference goes up to 2.83 mm/yr. Although this value
is still compatible with the statistical uncertainty, it is close
to the limit, and therefore the records were submitted to a
closer examination. Monthly averages showed a good
agreement between both records until the end of 2000,
but significant differences were found within 2001. A direct
comparison with nearby records did not allow determination
of which of the two records is the anomalous one. This
problem will be addressed in the next section by means of
an EOF analysis.
[24] Finally, the difference between the two Santander

trends can by no means be attributed to the statistical
uncertainty. A close examination of the IEO Santander
record revealed a generalized anomalous behavior from
1996 onward (which had, in fact, been noticed in advance
by IEO). We therefore decided to replace the suspicious
piece of the IEO record with the PdE record. The coupling
was carried out based on the common period of simulta-
neous good data (1993–1995), during which the bias
between both records was below 1 cm.

3. Empirical Orthogonal Function Analysis

[25] Empirical Orthogonal Function (EOF) analysis is a
standard tool for the characterization of multidimensional

Table 1. Observed and PGR-Corrected Sea-Level Trends Computed for the Raw IEO (Interdecadal and

Decadal) and PdE (Decadal) Seriesa

Station
Post-Glacial
Rebound

1943–2001 1993–2001

Relative Sea-
Level Trend

PGR-Corrected Sea-
Level Trend

Relative Sea-
Level Trend

PGR-Corrected
Sea-Level Trend

IEO-Santander �0.27 2.06 ± 0.09 2.33 10.40 ± 1.46 10.67
IEO-Coruña �0.13 1.46 ± 0.09 1.59 2.80 ± 1.53 2.93
IEO-Vigo �0.22 2.62 ± 0.09 2.84 0.51 ± 1.44 0.73
PdE-Bilbao �0.33 5.95 ± 1.40 6.28
PdE-Santander �0.27 5.62 ± 1.32 5.89
PdE-Coruña �0.13 1.50 ± 1.61 1.63
PdE-Vigo �0.22 3.34 ± 1.56 3.56

aPGR values provided by ICE4G model of Peltier [2001b] are also presented (negative values indicate land ascent). The
uncertainty refers to the 90% confidence interval yielded by the bootstrap method. All values are in mm/yr.
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data series (see Appendix A for some details on the
technique). Here it was applied to the daily time series
recorded at Santander, Coruña, and Vigo for the entire
period 1943–2001. In the following we first describe the
spatial pattern of sea-level variability and then focus on two
relevant applications of the EOF methodology: the detection
of undocumented changes in the sea-level reference
(‘‘jumps’’ hereinafter), and the filling of data gaps of the
series.

3.1. Spatial Pattern of Sea-Level Variability

[26] The eigenvectors resulting from the EOF decompo-
sition are represented in Figure 2a. The leading EOF has a
rather homogeneous spatial pattern, with values slightly
increasing westward. It describes the large-scale variations
along the entire coast and accounts for 86.6% of the total
variability. Because of the relatively short distance between
stations, this mode can hardly be related to a single physical
forcing. Different meteorological forcings, the annual ther-
mosteric cycle, and low-frequency tidal constituents can all
contribute to the variability accounted for by this.
[27] The second EOF accounts for 9.5% of the variability

and changes sign between Coruña and Santander (closer to
the first than to the second). That is, oscillations associated
with this mode have opposite phase in the Atlantic shores
and in the Gulf of Biscay, being slightly larger in the second
region than in the first. Finally, the third EOF accounts for
just 3.5% of the variance and changes sign between stations,
which suggests that it represents rather local phenomena.
[28] In order to test the consistency of the modes, the

EOF analysis was also applied to the shorter PdE time series
recorded at Bilbao, Santander, Gijón, Coruña, Villagarcı́a,
and Vigo, during the period 1997–2001. Figure 2b shows
the spatial distribution of the three leading EOFs. They
account for 84.9%, 9.2%, and 3.1% of the variance,
respectively, values that are all very close to those obtained
for the long IEO time series. Also, the spatial variability is
very similar, although the larger number of stations adds
some more detail to the patterns. Again, the first mode is
nearly constant, with values slightly increasing toward the
west. The second EOF reveals that the phase change
between the Atlantic and the Gulf of Biscay takes places
between Coruña and Gijón. The third mode shows again
different behaviors for the Atlantic stations, whereas the
three stations located within the Gulf of Biscay (Bilbao,
Santander, and Gijón) are more similar. These results
indicate that the patterns of the two leading EOFs remain
fairly constant in time and do not significantly depend on
the number of stations involved in the computations.

3.2. A First Application of the EOF Analysis:
Detection of Reference Jumps

[29] Any reliable estimation of long-term sea-level trend
needs a previous data check for eventual changes in the
reference level of the instruments. These are usually asso-
ciated with the maintenance or substitution of a tide gauge
and can have a significant impact on the computed trends.
In order to detect possible jumps in the sea-level series, the
EOF analysis can be used in the following way.
[30] First, the three records were divided into six 10-year

periods (except the first one, which covered from 1943 to
1950, and the last one, which covered from 1990 to

2001). Each of these intervals was then examined as
follows: (1) Eigenvectors were computed using all the other
intervals as input data, and (2) each of the three station
records was then ‘‘predicted’’ using the two leading EOFs
and the other two records of the same interval. The reason
for using only two EOFs is that it produced slightly better
results than using three (as revealed by a test presented in
the next section), which is a further indication that the third
EOF reflects local phenomena that cannot be extrapolated
from one station to the others. Moreover, the two leading
EOFs obtained for the different time intervals were very
similar, and therefore no discontinuity between intervals
was observed in the predictions.
[31] For each station, the prediction was plotted against

actual observations and compared. The basis for the detec-
tion of jumps is as follows: If, within a given interval, there
were a jump in one of the stations, the prediction for that
station would not reproduce it. The reason is that predic-
tions are obtained from eigenvectors computed using no
data from the wrong interval, and from the other station
records of the same interval, which are assumed to be
correct. As a consequence, the presence of a jump in the
original record should show up as a jump in the differences
between data and prediction. Moreover, a jump at a given
station would also contaminate the prediction for the other
stations within the analyzed interval, resulting in jumps of
opposite sign in the differences between data and prediction.
Finally, a jump could even contaminate the EOFs used to
predict the other 10-year intervals, though to a lesser extent,
since only one out of five intervals would have such an

Figure 2. Components of the eigenvectors computed for
(a) the long IEO series (1943–2001) NS (b) the shorter PdE
series (for the period 1997–2001).
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anomaly. This procedure obviously assumes that jumps are
the exception, not the rule. Otherwise, all eigenvector sets
could be contaminated and the identification of jumps
would become almost impossible.
[32] In practice, even the detection of a single jump is not

straightforward from the raw difference records, due to the
presence of high-frequency oscillations. For a better detec-
tion, both the observed and predicted records were submit-
ted to a 10-year moving average prior to the comparison.
Results are shown in Figure 3; the most apparent feature is a
jump in the differences of the three stations between 1955
and 1965 (right panels), which suggests the presence of a
jump in one of the stations during these years. This
coincides with a marked increase in sea level observed at
the three stations (left panels). However, while in Santander
and Vigo the increase is about 7 cm, it is 3 cm in Coruña.
Moreover, the sign of the jump in the difference record of
Coruña is opposite to those observed in Santander and Vigo.
All these features are consistent with the existence of a jump
in the reference of sea level recorded in Coruña.
[33] When examining the Coruña record, a single data

gap of 70 days starting in June 1963 was detected between
1955 and 1965. Because this interruption was a likely
candidate for the jump, we compared observations and
prediction during a period before (year 1945) and after
(year 1980) the hypothesized jump (Figure 4). For both
periods, actual sea-level variations are fairly well repro-
duced by the prediction. However, while for the period
before 1963 the prediction is clearly a few centimeters

below the observations, for the period after 1963 both
records are very similar. This feature (also apparent in
Figure 3) suggests that the piece of record to be corrected
is that obtained before 1963.
[34] The magnitude of the vertical jump was estimated as

the one minimizing the differences between the EOF
prediction and observations. This required a few iterations,

Figure 3. (left) Ten-year moving average of observed (black line) and EOF predicted (shaded line) sea
level for the IEO long series. (right) Differences between the (averaged) observed and predicted records.

Figure 4. Comparison between observed (black lines) and
EOF predicted (shaded lines) sea level for 2 years of the
Coruña record: 1945 (before the detected reference jump)
and 1980 (after the jump).
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since for each attempted correction the whole procedure
(including the computation of EOFs) had to be repeated.
Best results were obtained subtracting 4 cm from the whole
period before the 1963 gap of the Coruña record. Results are
shown in Figure 5: no clear jump is observed in the
difference records, which now oscillate around zero within
a maximum range of ±2 cm. This value can actually be
taken as a lower limit for a jump to be detected (for the
particular case of the three series studied in this work). The
spatial patterns obtained for the new EOFs were very
similar to those of Figure 2a, meaning that the time-
averaged sea-level behavior of each station relative to the
others was not significantly affected by the jump.

3.3. A Second Application of the EOF Analysis:
Filling the Gaps of Time Series

[35] Data gaps can have a significant impact on the
computation of trends, especially if records are relatively
short (as are the PdE records). After the correction of the
Coruña record described above and before proceeding to fill
the data gaps of the series, the capabilities of the method
were tested in the following way. For a given station, a
piece of record was withdrawn and considered for all effects
as a data gap. The artificial gap was then predicted (or
‘filled’) following the procedure described above. Finally,
the prediction for the artificial data gap was compared with
the withdrawn observations.
[36] This experiment was carried out for each of the long

series, taking 1-year-long artificial gaps. Best results were
obtained using two EOFs, for which the bias/standard
deviation of the differences between data and predictions

were 2.32/4.66 cm for Santander, �1.29/2.92 cm for
Coruña, and 0.40/4.09 cm for Vigo. The fact that both the
bias and the standard deviation are higher for Santander
indicates that this station is submitted to somewhat distinct
forcings with respect to Coruña and Vigo. The gaps of all
IEO records were then filled using predictions based on two
EOFs. The method was also applied to the PdE records
spanning the last decade.
[37] The technique for filling data gaps was also useful

for re-examining the differences between the two collocated
records in Vigo. Monthly mean values of both records were
now compared to the (monthly averaged) EOF prediction
for years 2000 and 2001. Figure 6 shows that, as reported in
section 2.3, the two records are rather similar except for year
2001. In particular, both closely follow the EOF predictions
plotted for year 2000. During 2001, the IEO record departs
significantly from the prediction. The presence of data gaps
in the PdE record does not allow a full comparison, but the
existing months show good agreement between observa-
tions and prediction. This points to the IEO record as the
anomalous one, and therefore we decided to substitute year
2001 of the original IEO record with its EOF prediction
(i.e., we considered year 2001 as a one-year data gap).

4. Estimation of Trends From the
Corrected Series

[38] Interdecadal trends were recomputed for the corrected
records (Table 2). After filling the gaps (including year 2001),
the value obtained for Vigo shifted from 2.63 to 2.69 mm/yr.
For Santander, the substitution of the 1996–2001 piece of the

Figure 5. As for Figure 3, but using the corrected Coruña record.
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IEO record (responsible for the anomalously high trend of the
last decade) by the PdE record resulted in a slightly smaller
interdecadal trend: from 2.06 mm/yr to 1.91 mm/yr. Filling
the data gaps provided an additional small correction, the final
trend being 1.85 mm/yr.
[39] In contrast to these small changes, the trend obtained

for the Coruña record after the correction of the jump was
almost 1mm/yr larger than for the original series: from 1.46 to
2.40 mm/yr (2.38 mm/yr after filling the data gaps). The first
obvious consequence is that the maximum difference be-
tween stations reduces from 1.16 to 0.84 mm/yr (0.79 mm/yr
after the PGR correction). The new difference is still signif-
icantly larger than statistical errors, but the spatial pattern of
the trend is now more consistent: The long IEO corrected
series shows higher values for Atlantic stations than in the
Gulf of Biscay, in agreement with the shape of the leading
EOF (Figure 2a).
[40] The values obtained for these IEO stations are larger

than previous results obtained by other authors [Douglas,

2001; Peltier, 2001a] at relatively close locations of the
northeast Atlantic Ocean: 1.04 mm/yr in Brest (Britanny,
France), 1.45 mm/yr in Newlyn (Great Britain), 1.89 mm/yr
in Cascais (western coast of Portugal), and 1.70 mm/yr in
Lagos (southern coast of Portugal). All the reported values
are PGR-corrected. A possible reason for the differences is
the distinct length of the records. While the IEO records
cover the second half of the twentieth century, the length of
the other reported series is of the order of 80 years, covering
from the first decades of the twentieth century to the
beginning of the 1990 decade. It is therefore important to
estimate the sensitivity of trends with respect to the length
of the records.
[41] In order to investigate the decadal variability of sea

level, we computed the trend of the 10-year periods cen-
tered on every year of the entire record (except for years
before 1948 and after 1996, which are not central to a whole
decade of data). Results reveal a marked variability, with
values ranging from �15 to +15 mm/yr in Santander, from

Figure 6. Monthly averaged sea level in Vigo for (top) the IEO record and (bottom) the PdE record.
Black solid lines correspond to actual observations, and shaded dashed lines correspond to EOF
predictions.

Table 2. Observed and PGR-Corrected Sea-Level Trends Computed for the Corrected IEO (Interdecadal and

Decadal) and PdE (Decadal) Seriesa

Station
Post-Glacial
Rebound

1943–2001 1993–2001

Relative Sea-
Level Trend

PGR-Corrected
Sea-Level Trend

Relative Sea-
Level Trend

PGR-Corrected
Sea-Level Trend

IEO-Santander �0.27 1.85 ± 0.09 2.12 — —
IEO-Coruña �0.13 2.38 ± 0.09 2.51 3.78 ± 1.40 3.91
IEO-Vigo �0.22 2.69 ± 0.09 2.91 3.30 ± 1.40 3.52
PdE-Bilbao �0.33 5.75 ± 1.31 6.08
PdE-Santander �0.27 5.59 ± 1.32 5.86
PdE-Coruña �0.13 3.94 ± 1.38 4.07
PdE-Vigo �0.22 2.65 ± 1.41 2.87

aPGR values provided by ICE4G model of Peltier [2001b] are also presented (negative values indicate land ascent).The
uncertainty refers to the 90% confidence interval yielded by the bootstrap method. All values are in mm/yr.
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�5 to +20 mm/yr in Vigo, and from �5 to +15 mm/yr in
Coruña (Figure 7a). It is worth noting, for instance, that
decadal trends computed just before and around 1990 are
clearly negative. This means that the significant sea-level
rise observed during the 1990s actually followed a sea-level
lowering that occurred during the 1980s. The overall result
of the 2 decades is nevertheless positive: Sea level is
presently higher than ever before, as shown in Figure 5.
Summarizing, Figure 7a indicates the extent to which the
computation of decadal trends can be misleading with
respect to longer-term trends. Instead, it does not provide
clear evidence for an acceleration of sea-level rise during
the second half of the century.
[42] In a further attempt at estimating the sensitivity of

trends with respect to the length of the records, we also
computed the linear trend for the periods between each year
and the end of the records (2001), starting in 1991 in order
to cover at least 10 years of data. Figure 7b shows that
trends get more or less stable when at least 40 years of data
are used. Because the records are only 58 years long, it is
not easy to extrapolate the trends backward, but at first
sight, there is no clear evidence that they would approach
the lower values reported above for secular trends. Com-
puting Figure 7b the other way round (trends corresponding
to periods between the beginning of the records and each
year, not shown) revealed that the inclusion of the last
decade does not result in a significant increase of interde-
cadal trends. Instead, further analysis indicated that the
decade with a stronger impact is the 1960s, owing to the
sharp sea-level increase observed in all records (see
Figure 5). This increase, combined with the smaller
trends registered during the first half of the twentieth
century, would be mainly responsible for the differences
with respect to secular trends obtained by other authors
(though some small contribution due to the spatial vari-
ability of sea-level rise also cannot be discarded).
[43] Because the main source for decadal variability in

the region is the NAO, we compared the annual winter-
mean sea level (averaged from December to March) of each
series with the winter NAO index (Figure 8). The latter was

Figure 7. (a) Time evolution of decadal trends for the IEO
time series. Values correspond to the linear trend of 10-year
periods centered on each year (years before 1948 and after
1996 are not represented because they are not central to a
whole decade of data). (b) Trends computed for the period
between each year and the end of the records (2001). The
last value is for 1991 in order to cover at least 10 years of
data.

Figure 8. Winter mean (December–March) sea level at the three IEO stations (discontinuous lines) and
the winter NAO index with sign changed (solid line).
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derived by the Climate Research Unit of the University of
West Anglia, from sea-level atmospheric pressure measured
in Iceland and Gibraltar (http://www.cru.uea.ac.uk/cru/data/
nao.htm). It is worth noting here that the study region is
within the influence of the positive atmospheric pressure
anomaly, so that a positive/negative NAO index implies
higher-/lower-than-average atmospheric pressure over the
region and, under the simple inverse barometer response
assumption, lower-/higher-than average sea level.
[44] The plot shows a good visual coherence between

winter-mean sea level and NAO index at a decadal scale,
though it is not as good on an annual basis (correlations
between each series and the NAO index are �0.36 for
Santander, �0.43 for Coruña, and �0.37 for Vigo). In
particular, it is worth noting that in 1989 the NAO index
reaches the highest value (>3) of the second half of the
twentieth century, whereas in 1996 it reaches the lowest
value (<�2). This period coincides with a winter-mean sea-
level rise that ranges from about 25 cm in Santander to more
than 30 cm in Vigo (Figure 8). Conversely, from 1996 to
2000 the NAO index rises again, which translates in a
winter-mean sea-level decrease that ranges from about 18 cm
in Santander to about 28 cm inVigo. This is in agreement with
the results ofWoolf et al. [2003], who found thatVigo is one of
the European stations with a stronger response to the NAO
index. These authors quantified the response of Atlantic
stations in 40–60 mm/NAO index, whereas for stations
within the Gulf of Biscay the values were of the order of
20–40 mm/NAO index. However, these values are not
comparable to those inferred here, as they were obtained
from a smoothedNAO index (apart from corresponding to the
period 1977–2001).
[45] Trends were also computed for the filled PdE records

and for the piece of the IEO records spanning the same
period (except for Santander; see Table 2). Collocated
records are now significantly more coherent than the raw
records: They differ by 0.16 mm/yr in Coruña and by 0.65
in Vigo (for the latter, the decadal trend shifted from 0.51 to
3.30 mm/yr after the correction of year 2001). Moreover,
the corrected trends show a well-defined spatial pattern
along the northern Spanish coast: Absolute values are about
3 mm/yr in Vigo, 4 mm/yr in Coruña, almost 6 mm/yr in
Santander, and more than 6 mm/yr in Bilbao. This pattern is
opposite to that found for the interdecadal trends, which
were higher for Atlantic stations than for the Gulf of Biscay
(also shown in Table 2). Instead, it is in agreement with the
results obtained for the last decade by other authors. For

instance, Woolf et al. [2003] analyzed satellite altimetry data
spanning a similar period (1992–2001) and found sea-level
trends of about 1 mm/yr in Vigo and 3 mm/yr in Bilbao.

5. Different Physical Contributions to
Interdecadal Trends

[46] The contribution of the meteorological forcing to
sea-level trends was quantified using the HIPOCAS-HAM-
SOM model. This goes beyond a simple inverted barometer
response, since atmospheric pressure and wind are both
included explicitly as forcing terms in the equations of
motion. Meteorologically induced sea-level trends were first
estimated in the vicinity of the long sea-level series for the
44 years (1958–2001) covered by the HAMSON reanaly-
sis. Although this period does not exactly match the one
covered by sea-level records, it is expected to give a
reasonable estimate of the meteorological contribution dur-
ing the second half of the twentieth century.
[47] Results show negative trends in the vicinity of the

three stations (see Table 3). Since the meteorological
contribution is significantly smaller than the total variability
of sea level (and both series have approximately the same
length), the statistical errors associated with the meteoro-
logical contribution would be smaller than the 0.09 mm/yr
obtained for the observed series and therefore would not
play a meaningful role in the interpretation of results.
Negative trends indicate that meteorology would be acting
in the sense of reducing sea-level rise in the region. This is
consistent with the slightly positive trend of the winter NAO
index during the second half of the twentieth century (see
Figure 8), although this result must be considered cautiously
as the contribution of the other seasons are not included in
the winter NAO trend.
[48] The spatial pattern of meteorologically induced

trends is in agreement with the pattern of sea-level: smaller
values correspond to Santander (�0.44 mm/yr), followed by
Coruña (�0.27 mm/yr) and Vigo (�0.21 mm/yr). In fact,
Figure 8 by itself suggests that winter sea-level trends
resemble the pattern of total trends (higher for Atlantic
stations than within the Gulf of Biscay). When the meteo-
rological contribution is subtracted, the differences between
station sea-level trends is reduced from 0.79 to 0.56 mm/yr.
That is, the differential meteorological trend accounts for
about a third of the sea-level trend differences.
[49] The meteorological contribution was also estimated

for the period 1993–2001 (Table 3). Conversely to inter-

Table 3. PGR-Corrected Sea-Level Trends Computed for the Corrected IEO (Interdecadal and Decadal) and

PdE (Decadal) Seriesa

Station

1943–2001 1993–2001

PGR-Corrected
Sea-Level Trend

Meteorological
Trendb

PGR-Corrected
Sea-Level Trend

Meteorological
Trend

SST
Trend

IEO-Santander 2.12 �0.44 . . . 0.73 0.0656
IEO-Coruña 2.51 �0.27 3.91 0.97 0.0193
IEO-Vigo 2.91 �0.21 3.52 1.55 0.0055
PdE-Bilbao 6.08 0.73 0.0707
PdE-Santander 5.86 0.73 0.0656
PdE-Coruña 4.07 0.97 0.0193
PdE-Vigo 2.87 1.55 0.0055

aThe meteorological trends have been evaluated from the HIPOCAS data set, and the temperature trends of the last decade
have been obtained from the analysis of SST images. All values are in mm/yr except the temperature trends, which are in �C/yr.

bThe meteorological trends have been evaluated for the period 1958–2001.
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decadal meteorologically induced trends, results are positive
for all stations, which is in agreement with the overall NAO
negative trend of the last decade (Figure 8). Instead, the
spatial pattern is in the same sense than meteorologically
induced interdecadal trends: higher for Atlantic stations
(1.55 mm/yr in Vigo) than for stations located within the
Gulf of Biscay (0.73 mm/yr in Bilbao and Santander). This
is again in agreement with Woolf et al.’s [2003] statement
that Atlantic stations respond to the NAO variability better
than the other stations.
[50] The spatial pattern of the last decade sea-level trends

(higher in the Gulf of Biscay than in the Atlantic coast) is
opposite to that of sea-level interdecadal trends and, there-
fore, also opposite to meteorologically induced trends.
Since the winter-mean sea-level evolution follows the same
pattern as the meteorological forcing (Figure 8), it then
follows that the nonmeteorological contribution must play a
key role during the other seasons. Also, of course, its spatial
pattern must be opposite to the winter effects of atmospheric
pressure and wind.
[51] Once the meteorological contribution is removed, the

remaining sea-level trends range from slightly more than
1 mm/yr in Vigo to more than 5 mm/yr in Santander and
Bilbao. Therefore, although the meteorological forcing
explains a significant part of the interannual sea-level
variability, it is only 10 to 20% of (and in opposite sense
to) the long-term sea-level rise (Table 3). The dominant
processes must therefore be the water volume expansion
derived from an increase of the heat content of the ocean
[Levitus et al., 2000] and/or mass changes due to melting
of the continental ice [Miller and Douglas, 2004]. In
order to check the first contribution, the mean North
Atlantic temperature derived by Levitus et al. [2000] for
the second half of the twentieth century was compared
with the 10-year mean sea level shown in Figure 5. The
comparison (Figure 9) shows clear similarities but also
discrepancies. The most apparent difference is the time
lag between the sharp increases observed in both signals.
The increase in temperature is actually a worldwide
feature [see Levitus et al., 2000] that started by the
middle 1950s. However, while the three sea-level records
reach local maxima by the late 1960s, the mean North
Atlantic temperature continues increasing until the late
1970s. This indicates that the increase of the heat con-
tents would have occurred earlier in the study region than
in other regions of the North Atlantic Ocean.
[52] Assuming that the described thermosteric effect

explains an important part of the observed sea-level rise,
the question then arises as to whether the differences
between stations can also be attributed to spatial differences
in the temperature increase or, instead, are due to changes in
the coastal circulation or to unaccounted effects such as
local tectonics. The first hypothesis can hardly be checked
for the long records, since historical temperature data sets
are too poor to discriminate between such close locations.
However, some attempt can be made for the last decade,
during which satellite SST data were available.
[53] We followed Garcı́a-Lafuente et al. [2004], who

compared SST data with collocated dynamic height obser-
vations for the period 1993–2001. Despite the fact that
dynamic height is more representative of the water volume
than SST, observations are too sparse in space and time to

infer a reliable location-dependent interannual variability.
However, Garcı́a-Lafuente et al. [2004] found a direct
correlation between the annual cycles of SST and dynamic
height, which suggests that the first can be used as an
indicator of the ocean heat contents in the region. Monthly
mean SST was then averaged over small (20 � 20 km2)
areas in the vicinity of each station and decadal trends were
computed from the resulting series. Results show a clear
spatial pattern that agrees with that obtained for sea level
(see Table 3). Namely, SST trends range from about
0.005�C/yr in Vigo to more than 0.070�C/yr in Bilbao
(for the same period, the increase in the North Atlantic
mean temperature is about 0.006�C/yr, according to Levitus
et al. [2000]). It then follows that, at least for the last
decade, the station differences between sea-level trends
could be mostly explained in terms of spatial differences
in the evolution of the ocean temperature.

6. Conclusions

[54] The consistency study applied to tide-gauge data has
been crucial for the determination of reliable sea-level
trends. The EOF analysis has allowed the detection and
correction of a jump of 4 cm in the reference level of the
Coruña record that distorted the interdecadal trend at that
station. Also, data gaps were filled, though for the long
series they only had a minor impact on the computed trends.
Comparison with shorter (less than 1 decade) collocated and
nearby records has also contributed to improving the
consistency of the records.
[55] Trends computed from the corrected records have

revealed a net sea-level rise (observed rise corrected for the
PGR) of 2.12 mm/yr in Santander, 2.51 mm/yr in Coruña,
and 2.91 mm/yr in Vigo during the period 1943–2001. The
90% confidence interval of these results has been estimated
in about 0.09 mm/yr by means of a bootstrap method.
Trends are on average 1 mm/yr larger than those computed
from series recorded in nearby locations and covering most
of the twentieth century. This has been interpreted in terms

Figure 9. Ten-year moving average of sea level recorded
at the three IEO stations (discontinuous lines) and mean
temperature of the North Atlantic ocean compiled by
Levitus et al. [2000] (solid line). (The latter was obtained
from the digitization of the plot published on the web site
http://www.sciencemag.org/feature/data/1046907.shl).
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of an enhanced sea-level rise during the second half of the
twentieth century with respect to the first half.
[56] Regarding the physical mechanisms that are re-

sponsible for the observed sea-level rise, a similar evo-
lution has been found between the North Atlantic mean
temperature (derived by Levitus et al. [2000]) and sea-
level observations. The increase of the ocean heat content
has therefore been pointed out as responsible for part of
the observed sea-level rise, in agreement with Levitus et
al. [2000] and Church et al. [2001]. Since the impact of
the ocean warming on sea-level rise was not quantified,
other mechanisms such as the ocean mass increase may
also have contributed to the observed trends. Instead, the
meteorological contribution shows negative trends at the
three stations. That is, the meteorological forcing would
act in the sense of slightly slowing the sea-level rise due
to the thermosteric contribution.
[57] The spatial pattern of meteorologically induced

trends is in the same sense as the pattern of PGR-corrected
sea-level trends (higher for Atlantic stations that in the Gulf
of Biscay). More precisely, the differential meteorological
forcing accounts for about a third of the differences between
station PGR-corrected sea-level trends. The remaining dif-
ferences are likely due to the spatial variability of the
observed long-term increase in the ocean heat contents.
However, this has only been proved for the last decade, so
that an eventual contribution from local changes in the
coastal circulation cannot be discarded.
[58] The high sea-level trends obtained for the last decade

suggests an acceleration of the local long-term sea-level
rise. However, some caution is necessary to interpret the
origin of this possible acceleration because meteorologically
induced trends are positive, a fact that is in agreement with
the overall NAO negative trend of the last decade. If the
meteorological contribution is removed from the PGR-
corrected sea-level trend in order to highlight the thermo-
steric and ice-melting contributions, the trends of the long
and last-decade series are brought closer. Even so, trends in
the easternmost stations (Bilbao, Santander) are noticeably
higher than the values computed for the long period, which
could be a consequence of an enhanced seawater heating in
this area during this decade. The relatively large SST trends
near these stations (Table 3) would support this hypothesis.
Curiously, the spatial pattern of PGR-corrected sea-level
trends is opposite to that of the meteorological contribution
during the last decade, while spatial pattern of SST trends in
the vicinity of the tide gauge stations is in the same sense as
that observed for sea level. This indicates that the thermo-
steric contribution not only would be a major responsible
for the observed sea-level rise, but also could explain the
differences between the different station sea-level trends.

Appendix A

[59] A major result of EOF analysis is the decomposition
of the series in orthogonal modes based on the criterion of
maximum variability. First, the eigenvectors and eigenval-
ues of the (real, symmetric) covariance matrix were com-
puted. The eigenvectors have one component for each series
and provide the spatial pattern of the mode. The variance
fraction accounted for by each mode is given by the ratio of
the corresponding eigenvalue relative to the sum of all of

them (which is itself equal to the trace of the covariance
matrix).
[60] Hence each record can be decomposed in terms of the

eigenvectors and their corresponding temporal amplitudes,

h x; tð Þ ¼
XN

i¼1

Ai tð ÞEi xð Þ; ðA1Þ

where h is the sea-level elevation measured at location x and
time t, Ai(t) is the temporal amplitude of the ith mode, and
Ei(x) is the x component of the ith eigenvector. N is equal to
the number of records. Only the time periods with valid data
at all the records can be used to compute the covariance
matrix. For these periods, the mode amplitudes Ai(t) can be
easily computed as the scalar product between the vector of
sea-level observations at time t (one component for each
station) and the i-eigenvector.
[61] However, once the eigenvectors have been deter-

mined, the leading amplitudes can also be estimated for time
periods for which only a subset of M stations out of the total
number N is available. A first way would be imposing the
condition that the prediction given by the leading M EOFs
matches the M existing observations. This leads to a linear
equation system in M unknowns that can be easily solved.
However, Haney et al. [1995] suggest fitting the amplitudes
in a sequential way: First, the amplitude of the leading EOF
is computed imposing that the difference between the
prediction provided by this mode and the M observations
is minimized. For subsequent modes, the minimization is
applied to the difference between the prediction of each
mode and the residual signal resulting from subtracting
the predictions of previous modes to observations. Unlike
the previous method, this one allows fit of the whole set
of N amplitudes. Sea level can then be obtained at every
station by means of (1), and in particular at the N-M sites
that were not used for the amplitude determination.
[62] The physics underlying this concept is that the large-

scale pattern accounted for by the leading modes (described
in section 3.1) can be determined from a subset of records
and then propagated to the others with a differential factor
given by the component of the eigenvector at each particular
site. This cannot be extended to the last modes, which
usually account for local phenomena, and therefore only a
limited number of them are usually considered to ‘‘predict’’
the signal at sites with missing data.
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