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(DGFI-TUM), Miinchen, Germany The TICON (TIdal CONstants) dataset contains harmonic constants of 40 tidal con-
stituents computed for 1,145 tide gauges distributed globally. The tidal estimations
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squares-based harmonic analysis on the single time series. A preliminary screening

containing more than 70% of valid measurements were processed, that correspond
to 89.7% of the total 1,276 original public GESLA records. The results are stored
in a text file, and include additional information on the position of the stations, the
starting and ending years of the analysed record, the estimated error of the fit, a code
that corresponds to the source of the record and additional information on the single
time series. In ocean tide models, data from in situ stations are used for validation
purposes, and TICON is a useful and easy-to-handle data set that allows the users to
select the records according to different criteria most suitable for their purposes. The
data are provided with DOI identification in the PANGAEA repository.
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INTRODUCTION

1 |

Tide gauges have been a fundamental element in sea-level
analysis since the nineteenth century, and continue to rep-
resent a complementary, yet necessary tool to evaluate
oceanographic models (e.g. Higginson et al., 2015, satel-
lite data (Passaro et al., 2018; Volkov and Pujol, 2012),
and to perform instrumental calibration of satellite mis-
sions (Chambers et al., 1998; Wunsch, 1986). Tide gauges
are regularly exploited in ocean tide models for data as-
similation and performance assessment. In Stammer et al.
(2014), the tidal harmonic constants were derived from tide
gauge time series and were used to estimate the accuracy
of the so-called modern tide models in terms of statistical
differences. Further examples of such practice can be eas-
ily found in the literature, for example, Ray (2013), Lago
et al. (2017), Cheng and Andersen (2011), Carrere et al.
(2012). Most of the in situ data used in the aforementioned
papers are located in both open oceans and shallow wa-
ters. However, the growing concern for our coasts encour-
aged tide modelling research towards improved solutions
in the latter areas Ray et al. (2011), and as a consequence,
the need for larger data sets of coastal in situ information
Cazenave and Nerem (2004) and Restano et al. (2018). The
TIdal CONstants (TICON) data set was created with this
purpose, and specifically to provide the users with a sim-
ple tool that helps in tide model validation at the coast.
TICON contains information on the harmonic constants of
40 tidal constituents, computed for 1,445 tide gauge sta-
tions. The constants are the result of a least squares har-
monic analysis performed on time series belonging to the
Global Extreme Sea Level Analysis (GESLA) data bank
(Woodworth et al., 2017). GESLA was chosen as a basis
for TICON not only because of its higher frequency (1 hr or
faster) sampling which is suitable for tidal analysis but also
because it provides a comprehensive set of sea level re-
cords located on a global scale. Also, its public distribution
together with the release of harmonized and user-friendly
record files, both facilitate the usage of the data. Indeed,
even though tide gauge data are often available via a di-
rect download, their temporal resolution can be lower than
hours or have a monthly frequency, like in the case of the
Permanent Service For Mean Sea Level (PSMSL, Holgate
etal.,2013). Higher frequency data are also available to the
public, but they generally require a formal request which
entails a certain waiting time. TICON is characterized by
a simple file format that helps the users to select the re-
cords according to their needs. For each tide gauge station,
estimates of the tidal constants are provided together with
additional information such as the location of the station or
the time period of the tidal estimation. The dataset is freely
available to public, and it is registered with a digital ob-
ject identifier on the PANGAEA platform. In the following

pages, the TICON data set will be introduced. In Section 3
the source data set GESLA is illustrated. Section 4 explains
the method used to build TICON. The file format is de-
scribed in Section 5. The work is summarized in Section 6.

2 | INPUT DATA

The latest version of GESLA contains 1,355 harmonized
records, collected among 30 different sources such as na-
tional authorities, research institutions and international
projects. An exhaustive description of the different data-
sets involved, together with the corresponding source ref-
erence, can be found in (Woodworth ef al., 2017). A total of
1,276 of these records are publicly available and were used
to build the TICON data set. The remaining 77 ‘private’
records were not used, as the intention of the authors was
to guarantee a free and direct access to the data. GESLA
public stations have a quasi-global extent, with a higher
data coverage in the Northern Hemisphere, in particular:
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FIGURE 4 Overview of missing data in GESLA records after
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North America, Europe and Japan. Apart from the sparse
number in the open ocean — which is related to the presence
of islands — unfortunately almost no station can be found in
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FIGURE 5 Percentage of missing data plotted against the time
series length. The maximum gap length is colour coded. The plot
shows the records after the removal of flagged data at each end of their

time series

regions such as at high latitudes or at the coast of the Indian
Subcontinent.

A preliminary screening was performed on all records to
analyse the average duration of the measurements and the
distribution of the temporal gaps. We have observed that the
records span from a minimum of 150 days, to a maximum
of 168.6 years, having a median length of 22.2 years and a
general distribution shown in Figure 1.

GESLA contains quality information in terms of flagged
observations. The flags characterize the quality and the
possible usage of the individual measurements. Only mea-
surements assigned as "correct" or "interpolated value"
were selected as valid. In addition, data gaps due to miss-
ing physical observations can occur. After flagging, 417
records have missing data less than 2% of the total number
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TABLE 1

Lat [°]

48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
48.1250
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Part of the TICON dataset for the station of Port Angeles, Washington, USA. EP2, MI2, NI2 and LM2 correspond to
constituents &,, u,, v, and 4, respectively

Lon [°]

236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600
236.5600

Constituent
symbol
SA
SSA
MM
MSF
MF
MTM
MSQ
201
Ql
O1
M1
P1

S1
K1

J1
001
EP2
2N2
MI2
N2
NI2
MA2
M2
MB2
MKS
LM2
L2
T2
S2
R2
K2
M3
S3
N4
MN4
M4
MS4
S4
M6
M8

Amplitude [cm]

10.612
1.896
2.024
0.596
1.298
0.460
0.128
0.804
6.649

38.670
2.145

20.848
2.062

66.796
3.402
2.499
0.665
1.462
2.754

11.756
2.100
1.101

51.586
0.823
0.324
0.616
1.124
0.814

14.611
0.275
2.843
0.138
0.043
0.156
0.711
1.463
0.858
0.197
1.510
0.026

Phase lag [°]

3.834
220.888
197.866
216.913
164.147
183.835
180.800
231.874
232.570
241.412
347.220
259.529

33.524
261.405
284.364
304.029
200.423
248.399
233.646
280.099
287.739
145.594
307.293

57.938
169.525

54.276

29.774
335.278
326.503
327.092
333.255
341.120
108.247

28.526

63.974

96.914
112.900
114.431
198.201
153.469

Oam [cm]

0.003
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.002
0.010
0.000
0.006
0.001
0.018
0.001
0.001
0.000
0.000
0.001
0.003
0.001
0.000
0.014
0.000
0.000
0.000
0.000
0.000
0.004
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

opn [°]
0.001
0.004
0.004
0.013
0.005
0.017
0.062
0.009
0.001
0.000
0.001
0.000
0.004
0.000
0.002
0.002
0.012
0.005
0.003
0.001
0.004
0.007
0.000
0.010
0.022
0.013
0.007
0.010
0.001
0.029
0.003
0.058
0.185
0.051
0.011
0.005
0.009
0.040
0.005
0.300
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Observations Maximum
Missing data [%] analysed gap [d] First observation Last observation Record source
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc

28.01 210,913 3408.25 01/08/1979 31/12/2012 gesla.uhslc
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of observations, 624 records contain missing data between
2% and 25%, 170 records between 25% and 50%, and only
65 records have gaps above 50% (Figure 2). Because of the
different nature of these temporal gaps, their lengths may
also vary, ranging between a few samples (in general some
hours) and years.

3 | DATA PRODUCTION METHOD

3.1 | Pre-processing

An automatic programme was set up to compute tidal con-
stants for all the records. The script performs a first selec-
tion of records suitable for least squares harmonic analysis,
that is: the period of the observations of each record must
be larger than 1 year. The choice of this minimum dura-
tion is based on the Rayleigh criterion for tidal constituent
separation (Pugh and Woodworth (2014)). The time se-
ries length is measured after rejecting individual observa-
tions for unsuitable flags. This is done because temporal
gaps due to flagging may occur at time series extremes,
shortening their extent. In Figure 3 a comparison of the
length of the time series before and after flagging rejec-
tion is shown. Five hundred and thirteen files show no dif-
ference after flagging, 625 are reduced up to 1 year and
138 records are shorter by more than 1 year. Two extreme
cases occur for the Canadian stations of Port Hardy and
New Westminster, whose time series, despite a reduction
of 10 and 19 years after flagging, are still, respectively,
50.7 and 45.7 years long. Forty-four records — which cor-
respond to 3.45% of the public GESLA dataset — do not
reach the minimum time span required and are discarded
from the tidal analysis and the final data set. A second se-
lection is made in relation to the amount of missing data
within each record. The distribution of missing data for a
time series longer than 1 year is shown in Figure 4. After
removing flagged values at record extremes, the amount of
missing data for more than 500 records is below 3%. In the
scatter plot of Figure 5 the percentage of missing data is
plotted against the time series length. The maximum length
of temporal gaps is represented by the marker colour. In
general, records below 50 years duration do not show large
gaps, and in the majority of cases missing data are below
30%. Few long records are characterized by extensive tem-
poral gaps that exceed 20 years, which may cause a loss
of data larger than 40%. The authors attempt to perform
least squares for the longest time series possible, in order to
use the full original records. For this reason, a threshold of
70% of valid observations was set, above which the records
are processed for their full length. This criterion is used to
compute tidal harmonics for the full time series, reducing
the risk of processing records with highly scattered obser-
vations. A similar method was used by Ruiz-Etcheverry et

al. (2015) to sort and compare the annual and semi-annual
signal of tide gauge observations against satellite data). In
total, 1,145 records were processed with this condition,
while 87 were excluded from the data set. The overall num-
ber of discarded records (due to short time series or miss-
ing observations) is 131, that corresponds to 10.3% of the
full GESLA data set. In Figure 6 the locations of the final
TICON data are shown.

3.2 | Leastsquares and error estimation

The 40 tidal constituents are derived using the least squares
method. The choice of the number of constituents was mainly
based on the purpose of this data set, which is to evaluate
ocean tide models. Generally, the modern tide models in-
clude no more than 15 tidal constituents; however, there are
exceptions such as FES2014 model, that provides 34 con-
stituents Carrere et al. (2015). Thus, providing the 40 most
important constituents should be sufficient for an adequate
model evaluation.

The least squares approach is often preferred over
the spectral analysis because it allows to perform the
tidal estimation on incomplete time series (Ponchaut et
al., 2001). A matrix system was set up following equa-
tion 4 in Piccioni et al. (2018), with which the in-phase
and quadrature coefficients (here called H=A; cos P, and
G =A;sin P;) — and consequently the amplitude and phase
lag — are computed:

SLA,=Zy+a-t;+ Z (Ak cos Py, - f;, cos (8, +uy,)
k=1

with Z, the mean sea level, a the trend of the time series, ¢
the time at observation i, n the number of tidal constituents
which are defined by the amplitude A, the phase lag P,, 6,
the astronomical arguments, and f; and u, the nodal cor-
rections for the amplitude and phase lag respectively. The
values of the nodal corrections and the Doodson extended
numbers needed to compute the astronomical arguments
are taken from International Hydrographic Organization
(2006), while the expressions for the astronomical argu-
ments are from Tamura (1987). The amplitude and phase
lag are assigned a statistical error based on the standard
error of the regression (Heij et al., 2004) and the error prop-
agation principles (Taylor, 1997). In detail, the errors for
the amplitude and phase lag are described by the formulae:

[y2.2 22
H6H+GO'G

Oam =~ — (2)

VH?+G?
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\/G*o%+H?c?, 3)

=TT o2

where o, and o; are the standard errors of H and G, and are re-
lated to the number of observations analysed (because of the df
in the standard error of the regression), and therefore for longer
time series smaller errors may be computed.

Finally, the results are merged and saved in a user-friendly
text file, together with supplementary information relevant to
the tide gauge station and the time series (Data S1).

4 | DATA SET LOCATION AND
FORMAT

TICON is stored in the PANGAEA public repository as a text/
ASCII format, and it is freely available for any research pur-
pose. The data set is a single file that contains the harmonic
constants of 40 tidal constituents and their related errors. An
example of part of the TICON file is shown in Table 1 for
the station of Port Angeles, Washington, USA. The file has a
tab-separated column structure and the columns display infor-
mation on: left to right you have latitude and longitude (with
domain 0-360) of the station's location, constituent's name,
amplitude of the tidal constituent in cm, phase lag (Greenwich
lag) of the tidal constituent in degrees, percentage of missing
data within the time series analysed, number of observations
used for the least squares estimation, length in days of the
largest gap found in the record, date of the first and the last
observation, and a code that corresponds to the source of the
record. The constituents are sorted in ascending order, accord-
ing to their frequency. The user manual contains also a valida-
tion session, in which TICON constants are compared to the
Finite Element Solution 2014 (FES2014) global tide model
(Carrere et al., 2015). Additional comparisons are shown be-
tween two or more ‘duplicate’ records, that is, records at the
same location coming from different GESLA-2 sources. For
major details about the file structure and usage, the authors
suggest to read the user manual provided in PANGAEA.

5 | SUMMARY

This article describes the TICON data set, which contains in-
formation on tidal harmonic constants of 40 constituents for
1,145 tide gauge stations located worldwide. The constants
were computed from the time series provided in the GESLA
project, and were selected according to the lengths of the
individual records and the percentage of missing data. The
final results are stored in a single text file enabling a simple
record selection according to the user's needs. TICON will
find applications in the sea level and ocean tide community,

NLES
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as it represents a directly accessible validation dataset of easy
to handle. With this paper the authors want to highlight the
importance of a freely available, harmonized data set and ex-
press the wish that more and more data centres will make
records available for a unified dataset in a near future.
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