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Abstract: With the development of satellite observation technology, higher resolution and shorter return
cycle have also placed higher demands on satellite data processing. The non-tide high-frequency
barotropic oscillation in the marginal sea produces large aliasing errors in satellite altimeter
observations. In previous studies, the satellite altimeter aliasing correction generally relied on
a few bottom pressure data or the model data. Here, we employed the high-frequency tide gauge
data to extract the altimeter non-tide aliasing correction in the west Mediterranean Sea. The spatial
average method and EOF analysis method were adopted to track the high-frequency oscillation
signals from 15 tide gauge records (TGs), and then were used to correct the aliasing errors in the
Jason-1 and Envisat observations. The results showed that the EOF analysis method is better than
the spatial average method in the altimeter data correction. After EOF correction, 90% of correlation
(COR) between TG and sea level of Jason-1 has increased ~5%, and ~3% increase for the Envisat sea
level; for the spatial average correction method, only ~70% of Jason-1 and Envisat data at the TGs
location has about 2% increase in correlation. The EOF correction reduced the average percentage of
error variance (PEL) by ~30%, while the spatial average correction increased the average percentage
of PEL by ~20%. After correction by the EOF method, the altimeter observations are more consistent
with the distribution of strong currents and eddies in the west Mediterranean Sea. The results prove
that the proposed EOF method is more effective and accurate for the non-tide aliasing correction.
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1. Introduction

Satellite altimeter can only monitor phenomena with periods longer than twice of the satellite
period (i.e., Nyquist frequency) [1]. The gridded datasets of satellite altimeter are merged from the
along-track data. In order to study ocean events at a different time and space scales, efforts are made
to improve the accuracy of the altimeter along-track data [2,3] and the mapping method [4]. However,
due to the limitation of the sampling frequency, the existence of non-tide high-frequency barotropic
motions in the ocean can lead to indistinguishable signal errors in satellite altimeter observations, called
aliasing. These high-frequency non-tide signals with the period from 2.5 days to twice the satellite
repeat cycle (2Ts) have an irregular nature in terms of scale, intensity, and geographical distribution.
Quinn and Ponte [5] illustrated the problem in the modeling of non-tidal sea level variations by
comparing two different baroclinic ocean models with pressure gauges. They found that there are
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very large differences in the high-frequency bands, and the large high-frequency barotropic signals
from pressure records may cause significant aliased errors in monthly altimetry sea level observations.
In the semi-enclosed sea, this aliasing errors in altimetry observation may typically be double that
of open oceans due to the influence of their boundaries and lower accuracy in high-frequency signal
corrections [6–8]. Xu et al. [8] and Li and Xu [9] demonstrated that the high-frequency barotropic
motions in the Japan Sea is uniform in the basin, named common mode. It has caused aliasing errors in
altimeter observations and may increase as the data merge. Moreover, they can affect the observation
of mesoscale eddies and long-period signal analysis.

Previous studies generally relied on the high time resolution in situ data or model data to extract
the high-frequency motions for the aliasing error correction. The high time resolution BP data and
the tide gauges (TGs) data were used to extract the basin-wide high-frequency motion through the
spatial average method [8–10]. This method is based on the assumption that local high-frequency
signals that can be offset by averaging. It is only suitable for absolutely uniform high-frequency motion
in space, because the large inconsistency of local high-frequency signals in space may corrupt the
altimeter measurements, rather than correction. Li and Xu [9] shown that, compared with TGs data, the
bottom pressure (BP) measurements located in the middle of the Japan Sea can obtain better correction
results, while TGs may not be consistent at the edge of the basin. In this study, we propose to use
the Empirical Orthogonal Function (EOF) analysis method to identify and quantify the dominating
part of the spatial and temporal variability for the aliasing error correction [11]. The EOF has been
widely used in climatology, meteorology, and oceanography [11–13]. Fukumori et al. [14] investigated
the high-frequency motion in the Mediterranean Sea by the EOF method from the altimeter data and
model data. They found that high-frequency (less than 70 day−1) basin-wide barotropic oscillations
account for ~50% of altimeter sea level root mean square (RMS) amplitude [8]. The altimeter cannot
reveal ocean events whose timescale is less than two times of the altimetry cycle period (Ts), such as
the threshold for the Jason-1 and Envisat is 20 and 70 days (Nyquist period), respectively. Over the
past decade, satellite observations or models have been used to study the basin-scale signals in the
Mediterranean Sea [6,14–16]. However, the influence of basin-scale aliasing in gridded products from
multi-altimeter missions is still unclear.

In this study, we evaluate the effect of two types of methods in the altimetry aliasing error
correction in the west Mediterranean Sea (Figure 1). Jason-1 and Envisat observations are used in this
study. Jason-1 and Envisat have 10 and 35 days of repeating cycles, respectively, and repeating cycles
of most altimeter satellites are somewhere in between. This assessment focuses on the de-aliasing
impact of the altimetry gridded products using TGs records (Figure 2). Compared with the rare BP
data records, the TGs data has more longer records and easier to obtain, which has a large potential for
the study of the aliasing error corrected by the altimeter. In addition, the dynamics mechanism of the
nonlinear aliasing will be these non-tide high-frequency signals are also discussed.
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Figure 1. Map of main surface currents and eddies in the west Mediterranean Sea. Dashed arrows
represent summer circulation, plain arrows represent winter circulation. 1© Western Alborán gyre;
2© Ligurian-Provençal current; 3© Lions Gyre; 4© Thyrrhenian cyclonic circulation with summer

weakening and eastern anticyclone; 5© Algerian current and eddies; 6© Atlantic Ionian stream.
Figure referenced from Pinardi and Masetti [17].

Figure 2. Locations of tide gauge (red squares) in the west Mediterranean Sea and the map of Envisat
track (black square line) and Jason-1 track (gray square line).

2. Materials and Methods

2.1. TG Data and Pre-Processing

The TG sea level records of the west Mediterranean Sea were obtained from the GESLA-2
(Global Extreme Sea Level Analysis, version 2) dataset [18]. This dataset collected 1355 records
and 39,151 station-years of tide gauge data from 30 source agencies on a global scale with hourly or
higher (e.g., 6- or 15-min) time resolution, and it was also distributed by the British Oceanographic
Data Centre (BODC). The dataset with higher-frequency are not necessary better, primarily because
the faster sampling has a challenge in the data recording and verification. In the Mediterranean Sea,
there are 57 tide gauge stations of the GESLA-2 covering the period from 1992 to 2012 (respond to
the satellite). Only about 30% of the stations have a complete time series. In order to avoid the error
caused by the multiple time resolutions and obtain TG data more suitable to aliasing error correction,
the higher time resolution TGs data were sampled to 1 hour resolution by one-dimensional linear
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interpolation of two adjacent records. We selected TG data according to following criteria; first, the
good TGs data accounted for more than 80% of the total records for the entire study period (Record
Pct.); second, the selected TG stations should be evenly distributed throughout the research area and
far away from straits (like the Gibraltar Strait) to avoid the influence of strong local signals or other
signals. We finally selected 15 TG stations, which accounted for at least 80% of the complete time series
from 2003 to 2006 and evenly distributed in the west Mediterranean Sea (wMED). Figure 2 shows the
geographic location of the selected tide gauge stations (red squares) over the basin. More detailed
information of these tide gauge stations is listed in Table 1.

As follow the procedure of Xu et al. [8], two known high-frequency signals were removed from the
TG data before the common mode was extracted. One is the high frequency sea level variability caused
by atmospheric pressure, i.e., inverse barometer correction (IBC). The other is the tidal oscillations,
because aliasing error associated with the ocean tides could be a major source of systematic error
in altimeter sea-level measurements [1,19–21]. We used the sea level pressure field data from the
Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis dataset (ERA-Interim) for IBC.
The pressure data has a spatial resolution of 0.25◦ × 0.25◦ and 6 h time resolution [22]. They were
spatial-temporally interpolated to obtain 10 m atmospheric pressure data (Po) time series corresponding
to sea level time series at each TG site. The IBC is defined by Dorandeu and Le Traon [23], as shown
below (Equation (1)),

IBC = −1/ρg(Po − Pre f ) (1)

where Pre f is the mean pressure (reference pressure) over the west Mediterranean Sea at a given time,
ρ is the sea water density, and g is gravity. In a semi-enclosed margin sea, Pre f is equal to the mean
pressure over the basin; thus, only local adjustment to spatial variations of the pressure occurs [6].

On the other hand, the tidal oscillations slatide also have a significant aliased onto periods ranging
from twice of the satellite cycle period (2Ts) to ∞ in the altimeter observation, particularly the
8 most significant tide constituents (M2, K1, S2, O1, P1, N2, K2, Q2) [19]. The eight most significant
tide constituents in 15 TGs have been removed using the harmonic analysis method [24]. It allows
for unevenly distributed temporal sampling in the sea level records. Other high-frequency signals
constituents (higher than 2.5 days −1, such as other tides, waves and wind effect) were reduced with
2.5 days of low-pass filtering. Therefore, the impact of tide and atmospheric pressure in each TG site
can be largely offset, as shown in Figure 3a.

Table 1. Information of selected tide gauge stations. The last column indicates the percentage (Pct.) of
high-frequency motion signals standard deviation (Std.).

No. St. Name Longitude Latitude Record Pct. Std. [cm] Pct. of Std. ( f > 20−1)

1 IBIZA 1.45 38.91 97.0% 11.11 38.46%
2 VALENCIA −0.33 39.46 99.6% 10.98 39.06%
3 BARCELONA 2.16 41.34 98.9% 11.43 43.28%
4 SETE-SETE 3.70 43.40 98.9% 13.49 47.85%
5 MARSEILLE 5.35 43.28 98.6% 11.49 43.17%
6 MONACO_PORT 7.42 43.73 100.0% 11.04 34.47%
7 GENOVA 8.93 44.41 96.1% 11.57 35.35%
8 LIVORNO 10.30 43.55 100.0% 12.51 35.43%
9 CIVITAVECCHIA 11.79 42.09 99.7% 11.58 30.20%

10 SALERNO 14.77 40.67 100.0% 13.17 26.13%
11 PALERMO 13.37 38.12 100.0% 12.21 24.46%
12 AJACCIO_ASPRETTO 8.76 41.92 84.5% 11.93 33.80%
13 PORTO_TORRES 8.40 40.84 99.0% 11.44 31.67%
14 CARLOFORTE 8.31 39.15 100.0% 11.26 32.77%
15 CAGLIARI 9.11 39.21 99.0% 12.21 28.00%
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2.2. Altimeter Data and Mapping Method

The responding SLA data used in this study was obtained from the Jason-1 and Envisat datasets
described by AVISO (AVISO 1992), and it is freely available from http://www.aviso.altimetry.fr.
The period of this study extended with the Level-3 SLA along-track datasets from 2003 to 2006,
corresponding to cycles 36 to 146 for Jason-1 on its 10-day orbit, and cycles 12 to 43 for Envisat on its
35-day orbit. All of them have been corrected for the tide, dynamic atmospheric corrections (DAC)
and long wavelength errors [4,25,26]. The altimeter data DAC combines high frequency bands (lower
20 days−1, such as atmospheric pressure and wind effect) from the MOG2D-G model results, and
the low frequency bands (higher 20 days−1) from the IBC (Equation (1)) [26,27]. However, only the
atmospheric induced currents are taken into account in this dynamic atmospheric corrections [27].
Therefore, it does not include common mode signals caused by net mass conversion in semi-enclosed
sea and it needs to be corrected in the altimeter observation [9].

Figure 2 shows the distribution of Jason-1 (black line) and Envisat (gray line) ground-tracks.
The spacing between the ground-tracks is of approximately 200 km for the 10-day repeat cycle of
Jason-1 and 60 km for the 35-day repeat cycle satellites of Envisat. To reduce the measurement
noise, the original along-track SLA was filtered with a 40 km cut-off low-pass Lanczos filter and
sub-sampled with distance of 14 km [26,28]. Alias errors only appear in the mapped data. In this
study, the space-time sub-optimal interpolation method was applied to obtain the two dimension (2D)
SLA field data to do further analysis [4,29]. The 3-year Jason-1 and Envisat along-track SLA data and
corrected data will be interpolated into a daily regular 0.25◦ × 0.25◦ grid data. The value of a filed SLA
(ξest) at a point (i, j) will be calculated below,

ξest(x) =
n

∑
i=1

n

∑
j=1

A−1
i,j Cx,jΦobsi (2)

with Φobsj = Φi + εi, i = 1, 2, . . . , n, the items of Φi and εi is the true value and measurement error,
respectively. Here, A is the covariance matrix for the satellite observations (along-track Jason-1
and Envisat data), and C is the covariance vector for the satellite observations. Both of them are
a constant factor in Equation (2) and can be estimated: Atj = 〈Φobsi Φobsj〉 = 〈ΦiΦj〉 +

〈
εiε j
〉

and

Cxi =
〈

ξ(x)Φobsi

〉
= 〈ξ(x)Φi〉, the co-location error variance e2 is calculated by

e2 = Cxx −
n

∑
i=1

n

∑
j=1

CxiCxjA−1
ij (3)

It stands for the percentage of signal variance. Then, the space-time correlation C(r, t) of the SLA
field was calculated by

C(r, t) =
[

1 + ar +
1
6
(ar)2 − 1

6
(ar)3

]
exp(−ar) exp

(
− t2

T2

)
(4)

where r is distance, t is time, the item of L = 3.34/a is the spatial correlation radius (spatial scale), and T
is the time correlation radius (time scale). To calculate the 2D SLA, we defined the above parameters as
T = 30 days and L = 100 km, which is related to the scale of mesoscale and sub-mesoscale circulation
in the Mediterranean Sea [16,30].

2.3. EOF Analysis Method

The Empirical Orthogonal Function (EOF) method was employed as a new method to obtain
the high-frequency common mode signals in the data analysis in the west Mediterranean. The EOF
method was first proposed by Lorenz [31] and has been widely applied to the research of meteorology,
climatology, and oceanography [11,12,32,33]. It is based on a decomposition of a spatial-temporal

http:// www.aviso.altimetry.fr


Remote Sens. 2020, 12, 2157 6 of 13

variation field (here sea level anomaly from TGs) into a linear combination of a series of temporal and
spatial orthogonal modes, also known as EOFs, computed from the eigenvalues and eigenvectors of
the covariance matrix formed from the time series of the girded dataset. For the EOF analysis, we can
report the temporal and spatial variability of the SLA series using just a few EOFs. Each EOF associated
with the temporal amplitudes, which described the evolution of the EOF with time (simply PCs),
it also used to physical interpretation. The EOFs were ordered with the variance of the original data,
so that the first EOF contains the largest amount of common information in space, and the subsequent
EOFs retain the local geographical signals. In the western Mediterranean, the first EOF appears to
be uniform oscillation in space (common mode) [8,14]. Thus, we treat the large-scale high-frequency
signal of the first EOF, as the common mode.

To perform the EOF analysis, the TGs dataset has been processed as following: the time mean
was subtracted to remove the differences caused by different geographical locations and treated it
as a one-dimensional vector. We formed a matrix F of dimension n columns by p rows, where n is
the number of TGs (15 in our study) and p is the number of records with 1 hour time resolution of
3 years. By the way, the covariance matrix of F is defined as R and the eigenvalue problem can be
solved [12,31],

R = F′F

R = CΛC′
(5)

where F′ means the transposed matrix of F, Λ is a diagonal matrix containing the eigenvalues λ of
R and where each column ci of C is the eigenvector corresponding to the λi eigenvalue. Each of the
eigenvectors ci is an EOF. The EOF1 will be the ci with the highest λi, i.e., the highest value of explained
variance. Based on the eigenvectors ci (EOFj), we can calculate the spatial pattern at any location
(EOFxy) by radial basis functions (Rbf) interpolation method. PCj represents the time evolution of each
EOFj and can be calculated by PCj = F× cj.

Therefore, time series of common mode amplitude information at any place can be constructed
by the product of EOFxy and PC1. The high-frequency common mode signals will be obtained by
band-pass filtering from 2.5 days to 2Ts. Then, the filtered common model signals were interpolated
and subtracted from the along-track data. Therefore, the non-tide common mode signals were removed
from along-track data before mapping.

2.4. Validation by TG

Aliasing is an effect that causes high-frequency signals to become indistinguishable with
low-frequency when sampled. Without corrections, the high-frequency common mode signals can
lead to aliasing errors in satellite mapped data [1,21]. If the high-frequency common mode signals
are successfully suppressed from the Jason-1 or Envisat along-track data by the spatial average
method or EOF analysis method, the 2D SLA product will be improved. We compared low-frequency
( f < 1/2T−1

s )) variability of the mapped SLA with the corresponding TG sea level variability at each
TG location before and after corrections, and obtained their correlations (COR). The percentage of error
variance of low-pass filtered (with cutoff period 2Ts) mapped SLA data (PEL) is defined below [9].

PEL = var(SLA− TG)/var(TG) (6)

The high COR and the less PEL indicates the best correction effect.

3. Results

3.1. Common Mode

The time series of the de-tide and de-pressure sea level variability is described in Figure 3a to
provide a good first look at the SLA spatial variability in the west Mediterranean Sea. It shows nearly
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consistent variations through 3 years, even though the mooring sites span in a different location
(around 1200 km). This result indicates that TG signals are nearly uniform throughout the west
Mediterranean Sea. Figure 3b shows that the TGs signals have revealed the high-frequency variations
of the common mode signal at the period (T) between 3.5 to 27 days and the spectrum peak occurs at
0.003 cycles per hour (T ≈14 days). All of these high-frequency motion signals (20−1 < f < 2.5−1day)
account for ~34.94% of the total change (Table 1). Such large energetic fluctuations can be explained by
the unbalance of the mass exchange between the Atlantic and the Mediterranean Sea, which can lead to
a high-frequency rise and fall through the west Mediterranean Sea as a whole [34]. It can contaminate
the altimeter observations.

Figure 3. The left panel (a) shows the sea level anomaly (SLA) records after the de-tide and
de-pressure processed at (TG-1): IBIZA, (TG-6): MONACO_PORT, (TG-11): PALERMO, and (TG-13):
PORTO_TORRES. (b) The power spectral density (PSD) of the 4 TGs site.

3.2. Non-Linear SLA Variations

To extract the high-frequency large-scale fluctuations, the EOF analysis method was applied to
the TGs-derived SLA over the wMWD to show up the time series of spatial-temporal fluctuations
mapped by TGs in another way. Figure 4 shows the first two dominant components (EOF1 and
EOF2) of the EOF analysis results, which the 0.25◦ × 0.25◦ spatial patterns were calculated by the
Rbf interpolation method. In the 15 EOFs, the first five modes can account for about 90.03% of TGs
SLA variances and the EOF1 (Figure 4a) accounts for about 67.9% of the total variance, explaining
the spatial characteristic of the common mode signals. Only EOF1 has a spatial pattern that has the
same sign throughout the wMED, it is consistent with the essential characteristics of the common
mode (Figure 4a). The spatial pattern of EOF1 is not absolute uniform: the maximum (0.34) signal
occurs in the Gulf of Lions and the minimal is in the Tyrrhenian Sea (0.17) and Ligurian Sea (0.20).
This is understandable because the amplitude in the spatial pattern is modulated by the local shape
and depth in the wMED, such as the strong currents in the Gulf of Lions and zonal wind stress
immediately to the west of the straits [7,35,36]. The EOF2 explains 9.9% of the total variance and
clearly shows an asymmetric oscillation like a “seesaw” with the axis of the two islands (Corsica and
Sardinia). This phenomenon may be related to the island in the middle of wMED as discussed by
Fukumori et al. [14].

The related temporal variation of EOF1 and EOF2 are shown in Figure 4c (PC1) and Figure 4d (PC2)
respectively. They explaining the temporal features of large-scale fluctuations in the SLA. Time series
of the PC1 has a standard deviation (Std.) of 0.26, and 0.10 for the PC2. Although the spatial pattern of
EOF1 has the sign, the difference of SLA between the west and east of the research area still reaches
around 0.1 m in EOF1, but in the spatial average method this value is 0. This illustrates an advantage
the EOF analysis method over the spatial average method in the altimeter correction.
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Figure 4. (a) The first EOFs of TGs sea level variability across the west Mediterranean Sea and
(c) respond temporal amplitude. (b) The second EOFs of TGs sea level variability across the west
Mediterranean Sea and (d) respond temporal amplitude. They accounted for 67.9% and 9.9% of
non-tidal and non-atmospheric pressure corrected sea level variance within the basin, respectively.
Colors denote the value of EOF spatial pattern. The black dot represents the location of TG sites.

3.3. De-Aliasing of Jason1 and Envisat Data

We corrected the aliasing of the high-frequency common mode in Jason-1 and Envisat altimeter
along-track SLA data in the wMED using the spatial average method and EOF analysis method.
They calculated by the mean spatial TGs and EOF1, respectively, and band-pass filtered them with
a window of 2.5-2Ts days to correct altimetry SLA. In order to compare the two types of corrected
method, the uncorrected and corrected Jason-1 and Envisat low-frequency variability of SLA grid
data were interpolated to the position of TGs and compared with TGs data. The calculated PEL and
COR results of two altimeters low-pass SLA data in two different correction methods with the 15 TGs
(Figure 2) are listed in Table 2. In the EOF analysis method (EOF Corr.), 90% of the Jason-1 data at the
TGs location has about 5% increase in COR, and ~3% increase for the Envisat data. Moreover, the mean
PEL of Jason-1 reduced from 22.00% to 15.98%, and in Envisat reduced from 23.59% to 17.73%; these
reductions accounted for about 30% of the total PEL. This result means that the EOF analysis method
can improve the the low-frequency signal accuracy of SLA data in the wMED. In the spatial average
correction method (Mean Corr.), only about 70% of Jason-1 and Envisat data at the TGs location has
about 2% increase in COR. The remaining 30% of the data is reduced by about 3%. Moreover, the mean
PEL in the Jason-1 and Envisat increased 4.10% and 3.53%, respectively, which increased PEL by
about 20%. This indicates the PEL became worse after correction by averaging method. Both methods
have an improvement for the TGs in the middle of the wMED (TGs No.1 and No.12–15) because the
common mode in these places are less affected by the island and current. However, for the TG-4, TG-5,
TG-8, TG-9, and TG-10, the SLA corrected by the TGs spatial average method may become worse.
This might be related to the spatial pattern of EOF1 (Figure 4a), where the value of the EOF1 in the
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west and east of the wMED differs from mean EOF1 about ±0.1 and this difference can lead to errors
in the spatial average method correction. The results indicate that the EOF method is better than the
spatial average method for the common mode correction.

Table 2. The PEL and COR of the difference between the long period (2Ts low-pass) satellite altimeter
SLAs and TG at 15 TG sites. The SLA were corrected with the spatial average method (Mean Corr.) or
EOF analysis method (EOF Corr.).

TG Information COR/PEL TG-Jason1 20d lowpass TG-Envisat 70d lowpass

No. St. Name Lon Lat (%) Original EOF Corr. Mean Corr. Original EOF Corr. Mean Corr.

1 IBIZA 1.45 38.91 COR 87.83 89.24 88.51 90.14 90.88 90.57
PEL 18.77 14.04 17.58 13.34 14.03 13.4

2 VALENCIA −0.33 39.46 COR 76.43 80.47 78.66 61.05 64.76 65.17
PEL 26.03 14.27 29.56 33.16 20.92 38.17

3 BARCELONA 2.16 41.34 COR 83.93 85.78 84.26 85.71 87.13 86.52
PEL 22.33 14.79 28.64 21.76 15.45 28.1

4 SETE−SETE 3.70 43.40 COR 79.33 83.68 73.68 80.37 83.74 78.40
PEL 22.05 15.91 30.03 21.47 13.36 29.51

5 MARSEILLE 5.35 43.28 COR 84.37 86.49 85.16 73.77 74.35 73.78
PEL 16.85 13.06 22.53 19.07 16.04 20.13

6 MONACO_PORT 7.42 43.73 COR 79.68 83.78 80.39 70.93 73.23 70.29
PEL 21.38 17.4 20.25 29.02 20.68 29.14

7 GENOVA 8.93 44.41 COR 62.13 66.91 68.86 69.77 67.91 64.98
PEL 25.54 17.77 27.48 26.58 20.46 28.51

8 LIVORNO 10.30 43.55 COR 82.00 83.83 76.75 73.03 75.60 70.98
PEL 16.12 10.27 25.92 19.66 12.28 28.57

9 CIVITAVECCHIA 11.79 42.09 COR 65.01 67.97 62.83 74.71 77.78 70.34
PEL 24.64 17.2 31.62 20.56 14.89 29.94

10 SALERNO 14.77 40.67 COR 50.90 58.25 48.93 48.85 50.37 46.86
PEL 30.89 18.77 40.57 33.1 17.37 42.86

11 PALERMO 13.37 38.12 COR 83.24 88.69 80.32 72.74 71.18 64.26
PEL 26.1 19.93 29.75 29.06 20.43 35.59

12 AJACCIO_ASP... 8.76 41.92 COR 88.37 89.99 88.49 87.31 87.50 87.01
PEL 19.03 15.59 22.05 25.02 23.26 27.93

13 PORTO_TORRES 8.40 40.84 COR 88.96 87.75 86.92 78.35 80.17 81.85
PEL 20.87 22.45 19.02 21.32 17.39 17.28

14 CARLOFORTE 8.31 39.15 COR 85.60 88.69 88.87 86.75 87.61 88.05
PEL 19.19 16.24 21.05 21.63 19.79 20.14

15 CAGLIARI 9.11 39.21 COR 84.98 85.70 85.26 72.05 75.39 75.09
PEL 20.14 18.06 21.37 19.04 19.56 17.49

3.4. Difference in Correction Method

Figure 5a gives three examples of the 2.5 to 70 days band-pass filtered results of the common
mode from the EOF1 at TG-4, TG-9, and TG-14. Comparing these three examples, significant changes
of the common mode can be seen in spatial; the TG-14, in the middle of the wMED, has a standard
deviation of 0.6 cm, which is lower than the standard deviation values of TG-4 (1.2 cm) and TG-9
(1.3 cm). The PSD of the spatial mean of EOF1 is in concordance with the spatial average result
(Figure 5b). However, the spatial mean is neglecting local or regional information. Figure 5c,d shows
why the EOF method has obtained better correction results. Their differences can reach about 3 cm.
The difference between the EOF analysis method and spatial average method is larger in the regions
where the eddies or the current are abundant (Figure 5c,d), such as Western Alborán grey, Thyrrhenian
cyclonic circulation, and the Lions Gyre (see Figure 1).
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Figure 5. (a) A [2.5, 70] day band-pass filtered common mode calculated by the EOF1 at TG-4, TG-9 and
TG-14. (b) The variance-preserving spectra of a [2.5, 70] day band-pass filtered common mode from the
TGs by spatial average method (black line) and mean EOFs (red line). (c,d) The mean differences (color
bar) of corrected SLA produced by spatial average method and EOF analysis method at Jason-1 and
Envisat along-track data, respectively. The black dots stand for the location of TG sites.

4. Discussion

The altimeter SLA measurements have usually neglected the effect of the energetic non-tide
high-frequency common mode signals in the marginal sea causing a significant aliasing errors in the
gridded multiple altimeters SLA products. These aliasing errors will produce artificial mesoscale
signals and even affect the interpretation of long-term oceanic/meteorological events [8,10]. As argued
by Fukumori et al. [14], the non-tide, basin-wide and non-pressure-driven common mode signals
have a period of 10 days to several years in the Mediterranean, and their amplitude can reach 10 cm.
It suggests the urgent need of aliasing errors correction for the altimetry data.

We demonstrated an approach for tracking the common mode signals using the high-frequency
TGs data to de-alias altimeter observations. This method consists of two main parts, the first step
is based on the EOF method to extract the first mode (EOF1×PC1) as the common mode signals.
The second step is to remove the sub-sample high-frequency common mode (2.5 days< T < 2Ts) from
the altimeter along-track data. It is worked in the spacial and temporal for all altimeter along-track
observations. In the west Mediterranean sea, the spatial characteristics of common mode signals
are not absolute uniform, as shown in Figure 4a. This difference also proven in the energy of the
fluctuations in Figure 3b. Therefore, the simple spatial average method [8,9] would introduce extra
error in the altimeter correction.

The spatial variability of common mode signals may be related to the island in the middle
of west Mediterranean, which delays the propagation of high-frequency signals to the entire basin
(Figure1) [7,15,35]. In the EOF analysis method, although only 15 TGs were used to the correction
(Figure 2), more than 90% long period SLAs COR from Jason-1 and Envisat increase about 5% and 3%,
respectively (Table 2), and better than the traditional spatial average method [9]. The EOF method
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was the most effective one in strong current areas. When the comparison was based on the PEL,
the contaminate in the spatial average method is more pronounced, the percentage of PEL increased
about 20%, especially in both sides of the basin. It is suggesting that the aliasing correction is space
sensitive.

Comparing the corrected SLAs (Figure 5c,d), the difference between the two methods is more
obvious in the Envisat correction. This is because the Envisat has a longer repeat cycle and more
tracks [34]. It makes the aliasing in the Envisat more pronounce and the difference of the correction
in the neighbor tracks more obvious. Meanwhile, it also reflects that this aliasing correction is
time-sensitive. Therefore, our approach might provide new insights to correct the high-frequency
barotropic signal errors in the altimeter data before mapping.

Although the corrected results seem to be good for the Jason-1 and Envisat gridded products,
there are still some shortcomings in EOF method. One is that the extraction quality of the common
mode signal is affected by the local signal, especially in the basin where there are islands, strong
currents or near the sea strait [11,31]. They may impede the common signal transmission to the
entire sea. For example, in the Japan Sea, the basin model caused by the shape of the basin can
lead to a large difference in SLA between the north and south waters [37]. Even the EOF analysis
method can overcome the shortcomings of space impact, the shape of the basin border, shallow water
effect, and the processing errors in the TGs data, which need to be noted in the further analysis.
Moreover, the accuracy of the EOF analysis method relies on the spatial distribution of TGs data. EOF
analysis is classified as a multivariate statistical technique and it is difficult to distinguish different
physical signals [11]. Despite these shortcomings, the PEL even increased after the correction by
averaging method. It suggests that averaging method is not suitable for aliasing error correction in
the wMED. The EOF analysis method described here can capture the common mode from the TGs
data, and demonstrated the potential in altimeter data calibration. Therefore, the EOF method is the
only method that can correct the aliasing errors of altimetry observations using TG data. This is of
great practical significance because TG data is abundant and easily available in the global ocean. In the
future, we will try to estimate the effect of different physical signals on the aliasing errors.

5. Conclusions

In this article, we have proposed a new effective method to extract the high-frequency barotropic
signals in the wMED from TGs data to better correct the aliasing errors in the altimeter observations.
We also analyzed the advantages and disadvantages of our method and compared with traditional
methods in the altimeter along-track data correction using the wide distribution of 1 h TGs data. In the
future, the long-term records and the wide distribution of 1 hour TGs data could be a reliable proxy
for removing much common mode from past altimeter observations in the enclosed marginal seas.
Moreover, the results of frequency analysis can be used to study the forces of the high-frequency basin
fluctuation, such as wind, atmospheric pressure, and mass flux. This might improve our understanding
of the ocean or meteorological simulate.
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