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Abstract—We use tide gauge data spanning from 2005 to 2023

in the Geosciences Laboratory at Lanzarote (Canary Islands, Spain)

to perform a detailed analysis of the local short and long-term

changes not previously examined in this area. Sea level is affected

by the spatial and temporal climate variability on annual to decadal

time scales. Consequently, the analysis of the linear trends of sea

level can be difficult even when long time series are available. To

achieve this objective, we investigate multi-year (from 3 to

10 years) and decadal variations of sea level through its connection

with climate indexes such as the sea surface temperature, the

sunspots or the North Atlantic Oscillation (NAO). First, we apply

the standard corrections for the ocean tides, the atmospheric

dynamics and the interannual and seasonal variability of the

observed time series. Second, we study the sea level changes at

multi-year to decadal scales by applying the maximal overlap

discrete wavelet transform for the decomposition of the sea level

signal. Furthermore, the correlations between the sea level and

complementary data (sea water temperature, sunspot number and

NAO Index) are investigated by means of the cross-wavelet and

wavelet coherence methods. Finally, we perform a linear regression

analysis of the sea level changes with the sea water temperature,

including periodic components, to model the observed sea level

data. Jointly with the tide gauge data, the sea level is monitored

using a GNSS permanent station co-located with the tide gauge

site. The study of both time series (sea level and vertical ground

displacement), after removal of the previously modelled tidal and

non-tidal components, provides the long-term linear trend for the

complete period, from 2005 to 2023: an increase of

0.33 ± 0.06 cm/yr for the sea level and an increase of about

0.016 ± 0.003 cm/yr for GNSS-vertical displacement.

Keywords: Sea level, ground deformation, tidal and non-tidal

components, multi-resolution analysis, wavelet coherence, Canary

Islands.

1. Introduction

Regional sea level changes can be quite different

from the global mean owing to different oceanic,

atmospheric and climatic conditions (Marrero-

Betancort et al., 2022). The regional variability of the

sea level is the result of a sum of processes working

on different space (up to thousands of kilometres) and

time scales (from hours to decades). Some of the

processes can be well determined as they occur

periodically at well-known frequencies, such as the

ocean tides. Other intermediate and long-term sea-

level changes are influenced by temperature or

atmospheric pressure variations (among others), that

induce non-periodic signals of varying amplitude and

duration. Therefore, it becomes necessary to investi-

gate the possible correlations between sea level and

meteorological forcing and climate indices at differ-

ent time scales. Furthermore, sea level and climate

indices can be affected by the solar variability at a

wide range of time scales. In particular, the 11 year

Schwabe (or sunspot) cycle, is present in the sea

surface temperature (SST) but its response is not

uniform (Yamakawa et al., 2016).

Thus, to estimate long-term trends in series con-

taining considerably non-stationary interannual and

decadal variability it is appropriate to analyse sea

level records using time–frequency methods (Erol,

2011; Li, 2008).
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Surface deformations measured in the vicinity of

the coast can be indicative of changes in the observed

sea level. Indeed, land subsidence can accelerate sea

level rise in coastal regions, and results in socio-
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economic consequences. GNSS (Global Navigation

Satellite System) stations are widely used to monitor

surface deformations, and if co-located in the vicinity

of tide gauge sites can detect vertical land motion that

can be removed from the relative variation of the sea

level to provide an absolute estimate of the sea level

change in the study area (Hwang et al., 2016;

Wöppelmann & Marcos, 2016). In active volcanic

areas near to the coastline, sea level observations can

also be carried out to assess vertical movements of

the ground linked to volcanic signals. In fact,

apparent changes in sea level can be produced by

ground uplift or subsidence associated with volcano

dynamics. In this context, sea level control acts as an

important indicator for volcano monitoring systems

(Berrino et al., 1998; Corrado et al., 1981; Tammaro

et al., 2021).

In this paper, we investigate the use of the multi

resolution analysis based in the maximal overlap

discrete wavelet (MRA-MODWT) to identify com-

ponents that could be susceptible to be subtracted

from the sea level time series (if we are able to relate

them with a meteorological o climatic context) to

allow a better assessment of the sea level change.

Grinsted et al. (2004) showed how cross-wavelet

transform and the wavelet coherence methods can be

applied to non-stationary geophysical time series to

deal with localized intermittent periodicities by esti-

mating the correlation of the time series in the time–

frequency domain. Song et al. (2023) used wavelet

coherence and partial wavelet coherence to establish

a relationship between monthly mean sea level and

up to 15 climate indexes on various time scales (in-

fluencing factors such as CO2 concentration, sea ice

area, and sunspots) in different regions of the world,

including the north Atlantic Ocean. Also, Kirikkaleli

and Sowah (2021) employ wavelet analysis to

investigate links between global average temperature

anomalies and global sea level.

In the Canary Islands, the tidal regime is pre-

dominately semidiurnal, with amplitudes ranging

from 0.58 to 0.84 m for the dominant M2 constituent,

which increases from south to north (Gómez et al.,

2015). The Canary Islands, at a latitude near 288 N,

lie on the coastal transitional zone between the

northwest African upwelling region and the open

ocean waters of the subtropical gyre (see, for instance

Fig. 1 in Siemer et al., 2021 and Fig. 1b in Marrero-

Betancort et al., 2022); this is the so called ‘‘Canary

Current’’. In this area climate patterns as the North

Atlantic Oscillation (NAO) have impacts on the

ocean dynamics at scales of interannual to decadal

variability, resulting in non-stationary sea level

changes and trends (Zhu et al., 2023). Garcı́a-

Lafuente et al. (2004) investigated the contribution of

different components to the annual cycle of the sea

level at different harbours of the Canary Islands.

They observed that the annual cycles are aligned with

the SST ones, but amplitudes differ from one island

to another, which is interpreted as the local response

to large-scale seasonal changes of the Canary Cur-

rent. Marrero-Betancort et al. (2022) also studied

correlations between sea level observations and the

SST in the Canary region focussing on seasonal intra-

annual and annual components.

In this work, we applied various analysis methods

to the sea level time series from the tide gauge

located in Jameos del Agua (JA) site (/ = 298.16 N,

k = 138.43 W), to the northeast of Lanzarote, Canary

Islands archipelago (Fig. 1a). The tide gauge is

installed in a lake that results from the intersection of

the lava tube of La Corona volcano with the ocean

(Fig. 1b; 1c). The lava tube emerges from the vol-

cano, spans 6 km until it reaches the coastline and

enters the ocean for approximately 1.8 km. The only

direct connection between the lava tube and the ocean

is a small hole situated at 750 m offshore the coast-

line. The indirect connection between them occurs

through cracks, fissures and the porosity of the vol-

canic rocks (Martinez Garcı́a et al., 2016). The

instruments located in this lake form part of the

Geosciences Laboratory of Lanzarote, which is

bFigure. 1

a Location of Lanzarote Island in the Canary archipelago (Spain).

The inset shows the location of Jameos del Agua (JA) site at the

northeast of the island. The bathymetry is taken from GEBCO

database. b Google Earth image showing the location of JA site in

the lava tube (yellow line) of the La Corona volcano, within the

facilities of the Geosciences Laboratory of Lanzarote. The orange

circle points the centre of the grid cell with SST data. c Profile view

of the final part of the lava tube (red square in b) showing the

location of the tide gauge and GNSS station (LACV) at JA site

(modified from Martı́nez-Garcı́a et al., 2016)
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devoted to investigate the geodynamic activity in

Lanzarote Island and to promote geodetic and geo-

physical researches to study active areas of the Earth.

Monitoring of sea level is one of the research

objectives of the laboratory (Arnoso et al., 2024;

Vieira et al., 1991). The data sets used in our study

span almost 18 years, from 28/07/2005 to 21/05/

2023. Previous work devoted to the study of the

ocean tides in Lanzarote can be found in Benavent

et al. (2012). The main goal of the present work aims

to explain the sea level variations observed in JA at

multi-year to decadal time scales to improve the non-

tidal corrections in the sea level time series. The

ground level is monitored using a GNSS permanent

station located just above the tide gauge position

(Garcı́a-Cañada & Sevilla, 2005). The study of cor-

relations between sea level and vertical GNSS

displacement time series may also be used to identify

possible volcano-tectonic signals as this laboratory is

situated in an active area (Arnoso et al., 2024). In this

way, Tammaro et al. (2021) investigated the

oscillations of relative sea level through the analysis

of decadal tide gauge records collected in the Gulfs of

Pozzuoli and Napoli (Southern Italy). Other than a

high-resolution model of the sea tides, they success-

fully extracted from the tide gauge records the

volcano-tectonic signal (vertical ground displace-

ment) in the resurgent Campi Flegrei caldera.

2. Data Description and Preprocessing

2.1. Sea Level Series

We used the sea level variations recorded in

Jameos del Agua (JA) site (Fig. 1), from July 2005 to

May 2023. The tide gauge used in this study is a high

precision pressure sensor, SAIV A/S TD301R, co-

operated by the Institute of Geosciences (IGEO,

CSIC-UCM) and the Geodesy Research Group of the

University Complutense of Madrid (GRG-UCM).

The gauge is installed in a lake situated within a

volcanic tube, as a result of the intersection with the

Figure. 2
a Observed sea level at JA site (Lanzarote), for the period 2005–2023. b Extended range for 2021 year showing the observed tides. c The

observed sea level of a) after tidal removal. The blue lines indicate the period from February 20 to May 20, 2022. d Zoom over the last three

years of c). e Dynamic atmospheric correction (DAC) applied to the observed sea level data

M. Benavent et al. Pure Appl. Geophys.



ocean on its path from La Corona volcano to the coast

(Fig. 1b). Actually, the tube has several sections

along its path from the volcano to the sea: a dry

section, a partially flooded section and a submerged

section (Fig. 1b, c). The lava tube has also several

openings, some of them are skylights as a result of

collapses in the roof of the tube. In local language, a

skylight is named as jameo, which means a cavity in

the ground (Carracedo et al., 2003). Several under-

water speleological expeditions showed that the

submerged section of the tube extends from the

current coastline out the sea for about 1800 m. Sea

water penetrates at least 600 m inland into the lava

tube forming lakes through direct and indirect

communication between the sea and the lava tube.

The former occurs through a small hole in the

submerged tube, 750 m offshore, and the latter from

fissures, cracks and the porosity of the volcanic rocks

(Martı́nez Garcı́a et al., 2016). The ocean tides

observed in the lakes showed sea tide elevations up to

1 m at the inner point furthest from the coastline

(Arnoso, et al., 2001).

The raw tide gauge records require a careful

quality control and data processing, carried out in

four main stages: (a) visual inspection for a first-order

quality control; (b) de-tiding and Dynamic Atmo-

spheric Correction; (c) non-seasonal daily solution;

(d) monthly averaging.

2.1.1 Quality Control

A standardized sea level quality control was applied

to the raw data to check for bad data. In the first four

years, there are up to 50% of missing data mainly

produced by power supply failures. The longest gap

for this period lasted about six months (2006/07/26 to

2007/01/23). From 2009 to 2019 missing data were

reduced to 12%, and from 2020 to 2023 the data

missing was less than 1%. Figure 2a shows the

observed tide gauge data at JA, where the lake level

range is of 2.47 m for the period of study. Figure 2b

zooms year 2021 to highlight the diurnal tidal range.

In the following, a more detailed quality control

based on outlier detection and tidal analysis is

performed. Furthermore, with the aim of performing

an additional validation of the sea level time series at

JA site, comparisons with three tide gauge stations

located in different islands of the Canary archipelago

were made (Supplementary Information).

2.1.2 De-tiding and Dynamic Atmospheric

Correction (DAC)

Sea level data were analysed to filter out the tides and

other high frequency oscillations. Data were pro-

cessed using the VAV software (Venedikov et al.,

2003, 2005), which uses least squares harmonic

analysis to estimate the tidal parameters (amplitudes

and phases). This software allows the calculation of

the sea water temperature effect on the tidal data by

applying a regression approach in the time–frequency

domain. Furthermore, an automatic iterative process

allows the detection of outliers through comparison

of the residuals with a fixed threshold level of

significance (2.5 times the standard deviation). Our

analysis process ended after five iterations and the

3.4% of the hourly data were removed. This analysis

guarantees the good quality of the data used in

subsequent processing. Lanzarote has a predomi-

nantly semidiurnal tidal regime, with a shape factor

of F = 0.1. The amplitudes for the M2 and O1 tidal

waves obtained in the harmonic analyses were

60.14 ± 0.02 cm and 4.20 ± 0.01 cm, respectively.

The estimated tidal phases have not been given

because they depend on the lag induced by the lava

tube and, therefore, they are not representative of the

tidal phases in the coast.

Figure 2c shows the hourly sea level residuals

after removing the tides from July 2005 to May 2023.

We call this residual hourly non-tidal residual. The

linear trends calculated at this stage show a decrease

of 2.60 cm/yr rate, from 2005 to the beginning of

2009, whereas for 2009 to 2021 it increases at a rate

of 1.92 cm/yr. It is worth to mention the abnormal

behaviour in the time series for the period comprised

between February to May, 2022 (Fig. 2d), with a

decrease of at most 15 cm, which could be amplified

due to local conditions of the observing site in the

lava tube.

For time scales of several days, most of the sea

level variability becomes from the atmospheric

forcing. The high frequency signal due to atmo-

spheric effects (pressure and wind for periods shorter

than 20 days) and the low frequencies of the inverted

Peculiar Variations and Long-term Changes



barometer have been corrected from the hourly non-

tidal residual using the DAC model (Carrère & Liard,

2003; Carrère et al., 2016) as per Oelsmann et al.

(2024). The model, produced by CLS (Collecte

Localisation Satellites, Toulouse, France) and dis-

tributed by Aviso ? (https://www.aviso.altimetry.fr),

is provided every 6 h over a global grid with spatial

resolution of 0.25� 9 0.25� (28 km 9 28 km). In

this study, DAC data were interpolated to the tide

gauge location by using the nearest grid point method

and resampling linearly to construct an hourly time

series for the 2005–2023 period (Fig. 2). We call the

resulting time series hourly non-tidal residual DAC

corrected.

2.1.3 Non-seasonal Daily Solution

We filtered out the remaining high frequency energy

by applying a 119-point convolution filter (Blomfield,

1976), to calculate daily values of sea level from the

hourly non-tidal residual DAC corrected. Subse-

quently, we applied a multivariate linear least

squares adjustment to remove annual and semi-

annual components of the seasonal sea level cycle,

resulting:

y2 tð Þ ¼ y1 tð Þ � Â1 cos x1tð Þ � Â2 sin x1tð Þ
� Â3 cos x2tð Þ � Â4 sin x2tð Þ ð1Þ

where y1ðtÞ denotes the filtered daily values, x1 and

x2 are the annual and semi-annual frequencies,

respectively, and the bA1, bA2, bA3 and bA4 denote the

estimated coefficients in the linear fit.

It should be noted that annual and semi-annual

components were not removed in the tidal analysis

procedure as these frequencies have, in addition to

the tide, an important meteorological contribution.

Therefore, we include these components to be

removed after the DAC correction and the daily

filtering. The estimated amplitudes of semi-annual

and annual component were found 1.70 ± 0.09 cm

and 0.84 ± 0.08 cm, respectively.

2.1.4 Monthly Averages

The average monthly time series were calculated by

the following procedure:

Figure. 3
Deseasoned monthly averages for sea level at JA site a, sea surface temperature outside the lava tube b and water temperature in the lake

within the lava tube c. The grey area highlights the last three years of records

M. Benavent et al. Pure Appl. Geophys.
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1) For each month, we calculated the simple

average from the non-seasonal daily solution given

by (1) and denoted as mðtÞ � mij, where subindex

correspond to i th month of the year and j th year of

the time series (j = 1, …N).

2) The computation of the common monthly

component or mean annual cycle was carried out by

means of stacking, that is, by averaging for each

month of the year, i, over the whole time series:

mi ¼
PN

j¼1mij

N
ð2Þ

3) Finally, the common component is subtracted

to the corresponding value to get average monthly sea

level anomalies:

y3 tij

� �

¼ mij � mi ð3Þ

Hereafter we refer to this result as ‘deseasoned

sea level monthly average’.

2.2. Sea Water Temperature

We consider two different data sets of water

temperature: the first one, Water Temperature at

Jameos del Agua (WTJA), corresponding to in situ

temperature in the lake. The second one, Sea Surface

Temperature data (SST), outside the lava tube (in the

open ocean), was obtained from the Hadley Centre

Sea Ice and Sea Surface Temperature data set (Online

document Met Office, Hadley Centre, HadISST

1.1. 2006; Rayner et al., 2003). SST data are binned

products, with a resolution of 18, generated from a

blend of in-situ and adjusted satellite measurements.

We used monthly means at the centre of the grid cell

closer to JA site (coordinates 13.58 W, 29.58 N, see

Fig. 1). This cell lies just on the border of the oceanic

area of the North Atlantic subtropical gyre and the

coastal upwelling zone.

From July 2005 to May 2023, the average value of

in-situ seawater temperature is about 18.9 ± 0.1 8C,

and the one of SST is about 20.8 ± 1.8 8C, respec-

tively. For both cases, WTJA and SST, the mean

Figure. 4
a Monthly mean values of total sunspot number, from 1950 to 2024. b For the same time period as in a), the NAO Index time series. The grey

area highlights the common period with the sea level data used in this work (July 2005 to May 2023)

Peculiar Variations and Long-term Changes



Figure. 5
a GNSS-vertical displacement (black line) processed without non-tidal loading correction. The red line shows the variations of the NTOL

displacement at LACV station derived from ECCO2 model. b Monthly GNSS-vertical displacement series with NOTL corrected

M. Benavent et al. Pure Appl. Geophys.



annual cycle has been removed from the monthly

averages, following the same procedure explained for

sea level data in Sect. 2.1.4. We call them deseasoned

WTJA and SST monthly averages (Fig. 3),

respectively.

2.3. Sunspot Number

We use the sunspot number (SPN) to study the

solar influence on sea level. This value is the only

direct record available for studying the solar vari-

ability on solar cycle timescales as well as the long-

term influence of the Sun on the Earth’s environment

(Clette et al., 2014). In particular, monthly data are

calculated from arithmetic means of the daily total

sunspots number over all days each month, being the

daily total relative sunspots number R calculated as

(e.g., Veronig et al., 2021):

R ¼ NS � 10Ng ð4Þ

NS being the total number of sunspots and Ng the

number of sunspots groups.

The SPN data are retrieved from the Solar

Influences Data Analysis Center of the Royal Obser-

vatory of Belgium (https://www.sidc.be/SILSO/

home). Figure 4 shows the monthly sunspot number

for the period 1950–2023 to show its long-term

variability.

2.4. North Atlantic Oscillation

In the northern hemisphere one of the most

important atmospheric modes of variability, under-

stood these as spatial patterns and its fluctuations

across different time scales (see e.g., Hernández

et al., 2020; Lombard et al., 2005), is the North

Atlantic Oscillation (NAO). NAO represents a large-

scale atmospheric circulation pattern that can cause

changes of a few centimetres in sea level at annual

time scales in some areas (Tsimplis et al., 2013).

Several authors have studied the time scale variability

of the nonstationary NAO behaviour. For example,

Fritier et al. (2012) emphasized the * 18-year scales

of variability characterizing the period covering 1970

to 2000 or the inter-annual variability of * 6-year

characterizing the late 1980s to early 2000.

We used the NAO Index, which is defined as the

normalized pressure difference between Azores and

Iceland, to study its possible long-term relationship

with the observed sea level at JA site. The monthly

time series of the NAO index were obtained from the

Climate Prediction Center of the National Weather

Service (NOAA, https://www.cpc.ncep.noaa.gov/

products/precip/CWlink/pna/nao.shtml). We used all

data available, from 01/1950 to 05/2023 (Fig. 4).

2.5. GNSS-Vertical Displacement

The sea level measured at JA site is relative to a

land-based benchmark that is locally tied to a

permanent GNSS station named LACV, which is

located just above the tide gauge site, in the roof of

the lava tube (Fig. 1c; Fig. 5). LACV station (man-

aged by CSIC-UCM and GRG-UCM) has been

operating since 1999 and takes part of a small GNSS

network spanning the island of Lanzarote to study

ground deformations and to understand the active

tectonics of the island (Riccardi et al., 2018). GNSS

data refer to the same period as the sea level records

(2005– 2023). We used the Canadian Spatial Refer-

ence System Precise Point Positioning (CSRS-PPP)

online service of the Natural Resources of Canada

(https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/

tools-outils/ppp.php) to provide the daily solutions of

the vertical displacement. The CSRS-PPP service

computes the standard Precise Point absolute Posi-

tioning (PPP) for GNSS measurements prior to 2018.

By means of this processing the observables (P-code

and phase shift) are modelled by forming double

differences of a linear free ionospheric combination.

For data collected from 2018 onwards, the PPP pro-

cessing technique is modified to include a reliable

integer ambiguity resolution (PPP-AR, Banville,

2020). Both methods, PPP and PPP-AR, use accurate

satellite orbit and clock information from the IGS

GPS service, absolute calibration models for antenna

phase centre variation and include corrections for

other geophysical effects such as earth tides, ocean

tide loading and pole tide (IERS Conventions, 2010).

The daily GPS positions are referred to the IGS20/

ITRF2020 (https://igs.org/news/igs20/).

As for the case of sea level, seasonal and annual

fluctuations were removed from the daily GNSS-
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vertical displacements time series to accurately

estimate long-term linear trends. It has been shown

that most of this type of observed oscillations on

GNSS series can be explained by non-tidal ocean

loading effects (NTOL) that have not been corrected

during the GNSS data processing (Williams & Penna,

2011; Zerbini et al., 2004).

The NTOL is due to variations in the ocean

bottom pressure by the sea surface height variability

and by density variations in the water columns (van

Dam et al., 1997). The vertical displacement pro-

duced by NTOL effect can be computed by

convolving an ocean global bottom pressure model

with the Green’s functions for a given earth’s model.

In this study, we used the NTOL surface displace-

ment series estimated from the ECCO2 (Estimating

the Circulation and Climate of the Ocean Phase II,

Menemenlis et al., 2008) model, which is distributed

by the EOST Loading Service (http://loading.u-

strasbg.fr/index.php) with a spatial resolution of

0.258 for 24 h sampling intervals.

After correcting NTOL from daily displacements,

we removed annual and semi-annual components by

least squares fitting, similarly to Eq. (1), and sub-

tracted a mean annual cycle to get monthly averages,

in an equivalent way as Eqs. (2) and (3). Figure 5b

shows this final corrected time series.

3. Methods

3.1. Multi-Resolution Analysis Based

on the Maximal Overlap Discrete Wavelet

Transformation

We applied the Multi-Resolution Analysis based

on the Maximal Overlap Discrete Wavelet Transfor-

mation (MRA-MODWT) to study other non-tidal

signals and non-stationary components at different

frequencies in the time series (sea level, sea temper-

ature, sunspot and NAO index).

The multi-resolution analysis (MRA) consists of

an additive decomposition of the signal into different

scales of variations using a suitable wavelet trans-

formation, while preserving the location of the

distinct features (zero phase property). That is, the

signal X ¼ ðX0; . . .;XN�1ÞT
(a vector column

containing the N observations of the time series) is

expressed as the sum of J ? 1 new series or levels,

each of which related to variations at a certain scale

(Percival & Mofjeld, 1997)

X ¼
X

J

j¼1

eDj þ eSJ ð5Þ

For each j ¼ 1; . . .; J; eDj represents a time series,

called jth level detail, describing variations at suc-

cessive dyadic scales sj. eSJ is a signal describing the

low-frequency variation, changes over the scale sJþ1

or higher, called smooth or approximation level.

As wavelet transformation technique we used the

Maximal Overlap Discrete Wavelet Transformation

(MODWT). Thus, appropriate high and low pass

filters split the frequency spectrum of the original

signal into wavelet and scaling coefficients, by

circular convolution within the Fourier domain (Rizvi

et al., 2024; Whitcher et al., 2000). The main

advantages of the MODWT are the translation-

invariance and the zero-phase properties.

Hereafter the MRA-MODWT method is briefly

summarized. Let be L, with L�N, the length of base

filter (j ¼ 1Þ from a wavelet family:

– eh1 ¼ eh1;0; . . .; eh1;L�1; 0; . . .; 0
� �T

denote the

namely rescaled wavelet filter coefficients, with
eh1;k ¼ 0 for L� k �N, and eh1;k obtained by

renormalizing the Discrete Fourier Transformation

(DFT) filter hj;k of the wavelet family:
ehj;k ¼ hj;k=2j=2.

The corresponding scaling filter coefficients, eg1 ¼
eg1;0; . . .; eg1;L�1; 0; . . .; 0

� �T
are:

eg1;k ¼ ð�1Þkþ1
eh1;L�1�k ð6Þ

– For n ¼ 0; . . .;N � 1, the DFT of eh1 is given by:

eH1;n ¼
X
N�1

k¼0

eh1;ke
�i2pk

N ð7Þ

and, similarly, eG1;n denotes the DFT of eg1.

Thus, the wavelet filters ehj and egj for the scales

sj ¼ 2j�1 and 2sJ ¼ 2J , respectively, are defined as

the inverse DFT:
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eHj;n ¼ eH1;2j�1nmodN

Y

j�2

l¼0

eG1;2lnmodN ð8Þ

eGJ;n ¼
Y
J�1

l¼0

eG1;2lnmodN ð9Þ

for n ¼ 0; . . .;N � 1.

Then, the MODW wavelet and scaling vectors are

constructed from the vn ¼ v0; . . .; vN�1ð ÞT
DFT of X

calculating:

– For j ¼ 1; . . .; J, the coefficients column vector of

length N, fW j, as the inverse DFT of { eHj;nvn}

associated with scale changes of sj. The jth filter

coefficient has width Lj ¼ 2 j � 1
� �

L � 1ð Þ þ 1.

– The coefficients vector eV J as the inverse DFT of

{ eGJ;nvn}, associated with scale changes of 2 sj or

higher.

In practice, the jth wavelet and scaling filter

coefficients are calculated from the scaling coeffi-

cients of level j -1, using an iterative algorithm (see,

for example, Appendix A in Percival & Mofjeld,

1997).

Finally, the elements of eDj and eSJ in Eq. (5) are

obtained by filtering fW j directly with ehj and with egJ,

respectively. It can be shown that MODWT is energy

conserving (Percival & Walden, 2000)

kXk2 ¼
X
J

j¼1

kfWjk
2
þ keVJk

2 ð10Þ

although kXk2 6¼
PJ

j¼1 keDjk
2 þ keSJk

2
the value

kfW jk
2

can be considered as the contribution to the

square norm of X of variations associated with scale

sj and, equivalently, keV Jk
2

the contribution due to

changes at scales 2 sj and higher. Thus kXk2
is

referred as the energy of the time series, and kfW jk
2

and keV Jk
2

as the relative energy for the j and J

levels, respectively.

3.2. Cross-Wavelet Transformation and Wavelet

Coherence

The cross-wavelet transform of two time series

provides areas with high common power and the

relative phase in time–frequency space of the series.

Denoting by Wx
n and Wy

n the continuous wavelet

transform for each time series, xn and yn (n = 0,1, ...

N–1), the cross-wavelet transform is formally defined

as (Grinsted et al., 2004; Torrence & Compo, 1998)

Wxy
n ðsÞ ¼ Wx

nðsÞWy�
n ðsÞ ð11Þ

s being the wavelet scale and the (*) denoting com-

plex conjugate.

As Wxy
n ðsÞ is a complex number, it is possible to

calculate the cross-wavelet power as Wxy
n ðsÞ

�

�

�

� and the

relative phase of the series in the time–frequency

space from its complex argument arg Wxy
n

� �

.

Subsequently, a measurement of how coherent is

the cross-wavelet transform in the time–frequency

space is provided by the wavelet coherence. The

squared wavelet coherence is defined as the square of

the cross-spectrum normalized by the individual

wavelet spectrum of each signal (Grinsted et al.,

2004)

R2
nðsÞ ¼

s�1 Wxy
n ðsÞ

� ��

�

�

�

2

s�1 Wx
nðsÞ

�

�

�

�

2
D E

s�1 Wy
nðsÞ

�

�

�

�

2
D E ð12Þ

The angular brackets denote a smoothing opera-

tor, in both time and scale, and the factor s-1 is

introduced to convert to an energy density. The

wavelet coherence defined in this way takes values in

the range [0,1].

The smoothing is carried out by convolution with

a function depending on both the selected wavelet

and the scale. For example, for the Morlet wavelet

that we use in this paper, time smoothing is given by

Gaussian function and the scale smoothing is a

boxcar filter with a scale decorrelation length empir-

ically determined of 0.6 (Torrence & Webster, 1999).

The phase coherence, which provides information

about the possible delay in the relationship between

the time series, is defined as:

/nðsÞ ¼ tan�1 Im s�1 Wxy
n ðsÞ

� �� �

Re s�1 Wxy
n ðsÞh ið Þ ð13Þ

Re() and Im() being the real and imaginary parts

of the cross-wavelet transform, respectively.

Since the time series are of finite length, errors

occur in the wavelet power spectrum at the beginning

and end of the series, and the larger the value of s, the

larger the error. Thus, a namely cone of influence is

introduced to delimit the regions of the wavelet
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spectrum in which edge effects become more impor-

tant. Finally, the significance level of the wavelet

coherence can be estimated using Monte Carlo

methods. Details on both the cone of influence

calculation and the estimation of significance levels

are given in Grinsted et al. (2004).

4. Results

4.1. MRA-MODWT Signal Decomposition

We applied the MRA-MODWT method described

in Sect. 3.1 for the component separation of the

signal into different frequency bands. For all series

(sea level and complementary data: WTJA, SST, SPN

and NAO Index) we adopted the Symlet wavelet

family, circular boundary conditions, and the largest

level was selected such as J � log2N (Cornish et al.,

2006). Other suitable wavelets families were inves-

tigated for the different time series (such as

Daubechies, Coiflets and Fejér-Korovkin wavelets).

The small time-scale level decomposition had similar

features, whereas the larger time-scale part using a

Symlet looks smoother than the others. We choose

the Symlet wavelet family (with sym4 filter of length

8) to ensure the smooth decomposed results. Thus, we

decomposed the series in a smooth component and 11

levels (L1 to L11) for daily series and 6 levels (L1 to

L6) for monthly ones.

The calculations for the MRA-MODWT were

carried out with the Signal Multiresolution Analyzer

App of MATLAB software (The MathWorks Inc.,

2023). Figure 6 shows the non-seasonal daily resid-

ual, given by the Eq. (1), together with the smooth

component and the last 4 levels obtained thorough the

component separation, for the period 2005 to 2023.

Figure. 6
a Non-seasonal daily sea level residual (black line) and the smooth component obtained from the level decomposition of the signal. b Level

decomposition L8 to L11 of the series, which comprises the periods ranging from 0.7 to 10.1 years

Table 1

Energy values of the non-seasonal daily solution in Eq. (1).

Decomposition up to level 11 and the smooth component

Level Period (years) Relative energy (%)

MODWT Coefficient

L1 0.0055 - 0.011 0.39

L2 0.0106 - 0.0227 0.52

L3 0.0212 - 0.0454 1.97

L4 0.0424 - 0.0909 1.67

L5 0.0848 - 0.1820 1.66

L6 0.170 - 0.363 1.37

L7 0.339 - 0.726 1.02

L8 0.678 - 1.450 1.40

L9 1.36 - 2.89 1.10

L10 2.71 - 5.87 0.82

L11 5.53 - 10.10 3.49

Smooth 13.6 - Inf 83.58
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Table 1 lists the energy values of the decomposed

levels, and the following can be highlighted:

– The smooth component, which represents low

frequency variations higher than 13.6 years, com-

prises the 83.6% of the total energy of the signal.

Within this level, part of a cyclic signal of 18 to

19 years periodicity was found.

– The level L11, with a 3.5% of the total energy,

could show a signal with a period of about 9 to

9.5 years.

– The levels L6 to L10 correspond to frequencies

ranging from 2 months to 5.5 years, comprising

5.7% of the total energy.

– The levels L5 to L1 correspond to frequencies from

2 days to 2 months, comprising 6.1% of the total

energy.

It should be mentioned that monthly series are

appropriate to analyse the signals included in the

levels L1 to L10, as seasonal signals were already

corrected. Similarly, Fig. 7 shows the deseasoned sea

level monthly average given in Eq. (3), together with

the smooth component and the six-level decomposi-

tion of the signal. The following can be noted

(see Table 2):

– The smooth component could recover half cycle

(valley-pick) of a signal of 18–19 years periodic-

ity. In this case, the energy of the signal

representing the frequency variations higher than

12.7 years is of 67.3%.

– The level L6, having a 13.9% of the total energy,

could recover two cycles of a signal with a period

of about 9 to 9.5 years.

The deseasoned sea level monthly average, where

the seasonal cycle has been removed from the time

series used, allowed us to focus more clearly on the

following frequency bands:

– From * 1.4 to 5.4 years (levels L4 and L5), with

a 6.8% of the total energy of the signal, it reveals

Figure. 7
a Monthly sea level residual (deseasoned monthly average, black line) and the smooth component (red line) obtained from the level

decomposition of the signal. b Level decomposition (L1 to L6) of the series. The corresponding periods are given in Table 2

Table 2

Energy values of the sea level (deseasoned monthly average)

decomposition up to level 6 and the smooth component

Level Period (years) Relative energy (%)

MODWT Coefficient

L1 0.167 – 0.333 4.52

L2 0.321 – 0.691 3.47

L3 0.645 – 1.38 3.99

L4 1.29 – 2.74 3.65

L5 2.57 – 5.39 3.22

L6 5.19 – 10.1 13.87

Smooth 12.7—Inf 67.28
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dominant periods of about 1.8 to 2 years and 2.5 to

3.5 years.

– From * 2 days to 1.4 years (levels L1, L2 and

L3), with a 12.0% of the total energy of the signal,

it reveals dominant periods of about 3, 5 and

9 months.

We also repeated the same procedure to decom-

pose the deseasoned sea water temperature monthly

average series in the lake (WTJA) and in the open

ocean (SST), the SPN and the NAO Index into 6

levels and a smooth component.

Figures 8 and 9 show the results for the WTJA

and SST, respectively, together with the smooth

component and the level L6. In both cases, the

figures also show the last four decomposition levels

(L2 to L5) obtained through the component

Figure. 8
a Deseasoned water temperature monthly average inside the lava tube (black line), the smooth component (red line) and the level L6 (dark

blue line) obtained from the level decomposition of the signal. b Level decomposition (L2 to L5) of the series corresponding to the periods

given in Table 3

Figure. 9
a Deseasoned water temperature monthly average outside the lava tube (black line), the smooth component (red line) and L6 level (dark blue

line) obtained from the level decomposition of the signal. b Level decomposition (L2 to L5) of the series corresponding to the periods given in

Table 3
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separation. Table 3 lists the energy values of the

decomposed levels, and it can be noted that:

– The levels L5 and L6 show signals with dominant

periods of about 5 to 5.5 years and 3 to 3.5 years,

respectively. These bands comprise 59.5% and

18.7% of the total energy for WTJA and SST,

respectively.

– For L4 level, the energy reaches values of 11.2%

for WTJA and up to 30.5% for SST, with dominant

signals of 1.8 to 2 years period.

– For L2 to L3 levels, the WTJA and SST decom-

position recover remarkable signals with periods of

about 5 to 8 months.

Figure 10 shows the SPN signal decomposition

together with the smooth component and the L6 level.

A dominant signal with a period of approximately

9.7 years is found at L6. This figure also shows the

last four decomposition levels (L2 to L5) obtained

through the component separation. Table 4 lists the

energy values of the decomposed levels.

As we mentioned in Sect. 2.4, NAO Index can

exhibit a remarkable component of 18.5 years. Since

long series of NAO Index data are available, we

decomposed two series: from 2005 to 2023 and from

1950 to 2023. Table 4 lists the energy values of the

decomposed levels obtained for both periods. Most

relevant differences appear for the levels L1 to L3,

which correspond to periodicities ranging from 2 to

8 months. For the levels L4 to L6 and the smooth

component, the energy is similar for the two periods

of time analysed. Figure 11 displays the original

series of NAO Index and its decomposition for the

level 6 and the smooth component (that comprises the

6% of the total energy), which we are particularly

interested in.

Table 3

Deseasoned WTJA and SST monthly average decomposition up to

level 6 and the smooth component

Relative energy (%)

MODWT Coefficient

Level Period (years) WTJA SST

L1 0.167 – 0.333 1.31 10.35

L2 0.321 – 0.691 2.72 14.68

L3 0.645 – 1.38 6.57 22.76

L4 1.29 – 2.74 11.23 30.49

L5 2.57 – 5.39 20.25 12.04

L6 5.19 – 10.1 39.25 6.63

Smooth 12.7—Inf 18.67 3.03

Figure. 10
a Deseasoned SPN monthly average (black line), the smooth component (dark blue line) and L6 level (red line) obtained from the signal

decomposition. b Level decomposition (L2 to L5) of the SPN corresponding to the periods given in Table 4
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4.2. Time–Frequency Wavelet Analysis

We compared the sea level and the complemen-

tary data-series (WTJA, SST, SPN and NAO Index)

through the calculation of cross-wavelet transforma-

tion and wavelet coherence, as it is explained in

Sect. 3.2. The cross-wavelet transform allows to

examine regions in time–frequency domain, sharing

a large energy and/or with substantial phase relation-

ship to suggest some causality between the series. We

can consider the wavelet coherence as a correlation

coefficient localized in the time–frequency space.

Following Grinsted et al. (2004), we considered

the Morlet wavelet as the mother wavelet with a scale

resolution of 10 scales per octave, because it provides

a good balance between time and frequency when

locating common features. The correlations between

the sea level (deseasoned monthly average) and water

temperature WTJA and SST by cross-wavelet and

coherence analysis (Fig. 12) point out different

periods of intra-annual variability (4–8 months) and

inter-annual variability (approximately 2 and

2.5 years), from 2005 to 2017.

Although the WTJA and SST temperature series

have different scales, both show a high correlation in

the period of time analysed. The cross-wavelet

transformation and wavelet coherence are shown in

Figure S2.

The correlation analysis for sea level (deseasoned

monthly average) and SPN shows, in the middle of

the time scale, a statistically significant correlation

from the of approximately 5.5-year variability scale.

However, this low-frequency scale of variability must

be interpreted with caution, as part of it falls out the

cone of influence. The length of the sea level time

series does not allow to establish correlation with

NAO Index for the 18-year variability scale.

Arrows in Fig. 12 indicate the relative phase

relationship between the time series. Arrows pointing

right mean that both signals are in-phase (0 delay)

while to the left signals have an anti-phase relation-

ship (1/2 cycle delay). If arrows point down means 1/

4 cycle lag between both signals. Thus, the significant

sections of the cross-wavelet and coherence between

the sea level (deseasoned monthly average) and

WTJA and SPN series are in-phase for periods of

2.7 years. The coherence between the sea level and

SST series are in-phase or present some phase shift,

for periods of 1.3 to 2 years. Anyway, the phase is

consistent and slowly varying. The significant sec-

tions of the wavelet coherence between sea level and

NAO Index series, although are not in-phase or out-

of-phase, present a consistent and slow varying phase

for periods from 8 months to 2.7 years. For periods

of 1.3 to 2 years, outside the areas with significant

power the of series sea level and NAO Index are out-

of-phase.

4.3. Further Modelling of Sea Level: A Regression

Approach With Sea Water Temperature

With the information obtained in previous section,

we reanalysed the original sea level data, after

removing the effect of tides and DAC (this is the

hourly non-tidal residual DAC corrected in Sect. 2.1).

Then, we used the following regression approach

(Arnoso et al., 2011; Ducarme et al., 2006; Venedi-

kov et al., 2006):

y tð Þ ¼ A tð Þ þ E tð Þ þ PðtÞ ð15Þ

The term A(t) contains periods of 90 and

140 days, 2 and 2.5 years (intra-annual and inter-

annual scales detected in the sea level, WTJA, SST

and NAO Index decomposition). The term E(t) is a

Table 4

SPN and NAO Index time series decomposition up to level 6 and

the smooth component. For NAO Index, two series of different

length were decomposed: 18 years (2005–2023) and 73 years

(1950–2023)

Relative energy (%) MODWT Coefficient

Level Period

(years)

SPN NAO

(2005–2023)

NAO

(1950–2023)

L1 0.167–0.333 10.35 31.17 38.44

L2 0.321 –

0.691

14.68 21.61 25.66

L3 0.645 – 1.38 22.76 25.31 18.05

L4 1.29 – 2.74 30.49 11.58 8.21

L5 2.57 – 5.39 12.04 4.48 4.37

L6 5.19 – 10.1 6.63 1.24 1.42

Smooth 12.7—Inf 3.03 4.81 3.86
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component induced by the sea water temperature T as

follows:

E tð Þ ¼ R � T tð Þ � Tmð Þ ð16Þ

R being the unknown regression coefficient and

Tm the mean value of the water temperature in the

lake. E(t) is introduced to model the components

detected with the wavelet coherence at several time-

frequencies scales. The last term P(t) is a polynomial

of power 6, modelled as P tð Þ ¼
P6

k¼1cktk, and

introduced here to improve the adjustment of

A(t) and E(t).

Figure 13 shows the hourly time series compo-

nent, E(t). This term resulted from annual and

biannual periods, and two longer ones of about

5.5 years and 9.5 years (which corresponds, approx-

imately, to the sunspot cycle) as well as higher

frequencies. E(t) also validates the results obtained

from wavelet coherence analysis for the sea level,

water temperature and sunspot, as it was retrieved in

Sect. 4.2. Therefore, we corrected the hourly non-

tidal residual DAC corrected time series from the

estimated A(t) and E(t) components. Subsequently,

the non-seasonal daily solutions and monthly aver-

ages were calculated, as described in Sect. 2.

Figure. 11
a Deseasoned NAO Index monthly average and the smooth component (red line) and L6 level (dark blue line) obtained from the

decomposition of the signal. b The smooth component and L6 level components obtained from NAO series for 1950–2023 (black line) and

from 2005–2023 (red line). c Level decomposition (L2 to L5) of the NAO corresponding to the periods given in Table 4
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We applied all the corrections to the sea level

time series based on the standard tidal corrections and

the coherence study with the atmospheric and climate

indexes. The resulting monthly residual (Fig. 14) still

exhibits a component that could be part of a signal of

about 18.5 years (the red curve is the smooth

bFigure. 12

Cross-wavelet and wavelet coherence analysis diagrams, for the

time interval 2005 to 2023, for the sea level and WTJA a, SST b,

SPN c and NAO Index d. Solid black lines represent the 95%

confidence limit. All series correspond to deseasoned monthly

averages

Figure. 13
a Hourly component E(t) induced by the sea water temperature T as given by Eq. (16). b Monthly averages of the component E(t) (black line)

and the total SPN (red line)

Figure. 14
a Deseasoned sea level monthly average with A(t) and E(t) components removed (black line) and its smooth component (red line). b Sea level

residual in a) after the correction of the smooth component. The linear trend showed (red line) is calculated for the period July 2005 to May

2023
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component determined by MRA-MODWT). The

length of the time series does not allow to establish

statistical correlations with other observables. How-

ever, from visual inspection, one can retrieve that it is

close to the NAO Index smooth component for the

same period of analysis (see Fig. 11). Furthermore,

this period of about 18.5 year is close to the lunar

nodal cycle, produced by the varying declination of

the Moon over a period of 18.61 years. According to

Pugh and Woodworth (2014) this is the main tidal

force on decadal timescales and results in small

variations of yearly averaged sea level (1–2 cm). Bult

et al. (2024) unveiled that the lunar nodal cycle also

has an influence on the temperature and salinity, and

as a result on the steric sea level changes along the

western European coast.

Consequently, we considered appropriate to sub-

tract the smooth component (red line in Fig. 14a) to

the sea level to get the final sea level residuals

(Fig. 14b), which represent the sea level variations

corrected for all the effects that could be identified.

The calculation of the long-term linear trend provided

an increase of 0.33 ± 0.06 cm/yr. This is in accor-

dance with the values found for the sea level trend on

a global scale (Elneel et al., 2024; Marrero-Betancort

et al., 2022) and, in particular, in the Canary Islands

region (Vargas-Yáñez et al., 2023).

5. Discussion

The considerable length and quality of the sea

level records and the availability of complementary

data from the JA site in Lanzarote Island, allows

identifying components related with atmospheric and

climatic effects. Therefore, we looked for new

strategies to identify and model these components, so

that they be accurately removed from the observa-

tions and subsequently achieving precise values of

the long-term linear trends.

After applying standard tide (contribution of

diurnal and semi-diurnal harmonic constituents of

Figure. 15
Final sea level residual and GNSS-vertical displacement with NTOL correction applied. For the period July 2005 – May 2023, linear trends

are 0.016 ± 0.003 cm/yr and of 0.33 ± 0.06 cm/yr for the GNSS-vertical displacements and the sea level residual, respectively. In October

2016 a significant ground uplift of about 0.3 cm can be observed (green line)
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189 cm) and seasonal non-tidal corrections to the

observed sea level in JA, we performed a level

decomposition of the monthly residuals through

MRA-MODWT. We also applied a similar decom-

position of the sea water temperature, the sunspot

number and the NAO Index. As a result:

– We found levels containing a significant contribu-

tion to the total energy of sea level and water

temperature signals (see Tables 2 and 3). On the

one hand, levels with dominant components of

about 2–2.5 year (L4 to L5 levels) and, on the

other hand, levels with components of about 5 to

8 months (L1 to L3 levels). This fact implies that

sea level (deseasoned monthly average) still

retained a significant intra-annual and inter-annual

contributions that could be correlated with the sea

water temperature.

– The last level of the decomposition of the sea level

series, L6 (see Table 2), contains a signal with a

specific period of about 9 to 10 years. This

component is relevant as it could be related to a

similar component (period of approximately

9.7 years and at the L6 level) of the sunspot signal

decomposition.

We applied the cross-wavelet transform and

wavelet coherence approaches to corroborate the

correlation found between the sea level and the

complementary data obtained with the MRA-

MODWT modelling. We subsequently used such

information to model the sea level observation

including a linear regression of the effect of sea water

temperature. The main outcomes are the following:

– We obtained correlation between the final sea level

residuals and sea water temperature and NAO

Index for periods of 3 and 5–6 months, and 2 and

2.5 years (Fig. 12). This variability originates from

seasonal warming and atmospheric pressure and

wind (Biguino et al., 2024; Tsimplis et al., 2013).

We included those periodic components as A(t) in

Eq. (15) and, as result, the estimated contribution

is of 5.9 cm.

– We found a significant correlation between sea

level and sunspots for a period of about 5.5 and

9.5 years. For these periods, correlation between

solar activity and surface air temperature can be

established (Le Mouël et al., 2020). It is therefore

reasonable to assume that cyclic warming has

effects on inter-annual variability of sea level

observations. Estimation of these components

through the term E(t) in Eq. (16) amounts 6.5 cm.

o After removing A(t) and E(t), filtering sub-daily

frequencies (e.g. wind, surges, high frequency

tides) and suppressing of annual and semi-

annual components (with an estimated contribu-

tion of 0.53 cm and 1.62 cm, respectively), the

range of the residual sea level becomes 54.7 cm.

This value is reduced to 37.9 cm when we

compute the deseasoned monthly averages.

– Finally, we catch a glimpse on a smooth compo-

nent of about 18.5 years in the sea level

decomposition. However, due to the length of the

available time series we cannot establish statisti-

cally significant correlation with other observables.

After modelling of the smooth component of NAO

Index and compare it with the sea level one

(Figs. 11 and 14a) it appears that this effect

contributes to sea level variations, in addition to

the long-period astronomical tide (Pugh & Wood-

worth, 2014). Therefore, we removed the smooth

component from the sea level records to further

estimate its trend. The range of the final sea level

residual is 26.9 cm. However, further long-term

observations become necessary for assessing this

component.

The sea level measured at the JA site is relative to

a fixed, land-based benchmark locally tied to the

GNSS station LACV (Fig. 5). This station is

designed to control the stability of the benchmark,

providing information on vertical land movements

that could cause the variations of the sea-level.

Therefore, we analysed the GNSS-vertical compo-

nent to decipher any earth’s surface deformation that

can induce a particular variation in the observed sea

level series. Results show that the effect of non-tidal

loading on the GNSS-vertical component is sub-

stantial and causes a downward trend of this

component (black curve in Fig. 5). We found a value

of -0.020 cm/yr for the complete series and, once

the NTOL effect is removed, it turns out to be about

0.016 cm/yr. With regard to the long-term linear

Peculiar Variations and Long-term Changes



trends in the GNSS series, it is worth noting two

specific periods. The first one comprises the period

from July 2005 to October 2016 and the second one

covers from October 2016 to May 2023. For these

periods we obtained the values -0.005 ± 0.006 cm/

yr and -0.01 ± 0.01 cm/yr, which denote an almost

unnoticeable displacement. However, a remarkable

ground uplift of about 0.3 cm was found from

October, 2016 to January, 2017 (Fig. 15). Besides,

the series of GNSS-vertical displacement and final

sea level residual shows a good time correlation

(Figure S3), so that a vertical land displacement

implies a response in the observed sea level at JA site.

6. Conclusions

We used 18 years of sea level and complementary

data observed in Lanzarote Island to understand the

non-stationary and long-term linear variations of the

observed sea level. The quality control carried out in

the tidal analysis, the detection of anomalous data and

the methodology used make the quality of the series

observed in the JA lake to be suitable for sea level

studies. Moreover, considering the peculiarity of JA

site, the result obtained becomes comparable to those

from other sea level series in the Canary Islands

region. The application of different analysis tech-

niques allowed us to highlight different periodic

components in the tide gauge signals. Furthermore,

the joint analysis of sea level changes with several

ancillary data (sea water temperature, sunspot num-

ber, NAO Index) paved the way to hypothesise a

possible origin or to detect possible forcing of the

observed components. The main outcomes suggest

that the intra and inter-annual variations of the sea

level could be related to changes in the sea water

temperature. A decadal variation of 9.5 years found is

related to the solar cycle (Schwabe cycle). An almost

inter-decadal variation was found and could be rela-

ted to long period tides (the 18.5 year Lunar nodal

cycle) and effects associated to NAO Index, although

the data length does not allow to determine their

contribution. Clearly, if the smooth component of the

sea level decomposition is not removed the computed

linear trend results strongly influenced by this com-

ponent. Understanding this long-term variability is

pivotal because it could improve our capability to

detect possible acceleration in local sea-level rise due

to global warming. Thus, with these considerations,

the sea level trend estimated for the JA lake is

0.33 ± 0.06 cm/yr for the period 2005–2023, which

is in agreement with other studies for the Canary

Islands.

Regarding the earth’s surface displacement anal-

ysed through the GNSS-vertical component of the

reference station LACV, we have not found any

remarkable linear variation for the period 2005 to

2016. From October 2016 to January 2017, we

detected an uplift of 0.3 cm, although there is no

induced effect in the sea level series for this short

time period. Since January 2017, GNSS series does

not exhibit a noticeable surface deformation, whereas

the sea level trend after the smooth component of the

sea level decomposition is removed presents a

remarkable increase of 1 cm/yr.

Finally, our study of non-stationary components

may help to identify more accurately non-linear

trends of the sea level observed in Lanzarote Island.

This is important for studies related to sea level

connection to climate changes taking into account its

complex temporal patterns, and also that its beha-

viour is not spatially uniform. This fact highlights the

importance of maintaining long-term GNSS series

simultaneously with sea level records.
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Le Mouël, J. L., Lopes, F., & Courtillot, V. (2020). Characteristic

time scales of decadal to centennial changes in global surface

temperatures over the past 150 years. Earth and Space Science.

https://doi.org/10.1029/2019EA000671

Li, Q. (2008). Periodicity and hemispheric phase relationship in

high-latitude solar activity. Solar Physics, 249, 135–145.

Lombard, A., Cazenave, A., Le Traon, P. Y., & Ishii, M. (2005).

Contribution of thermal expansion to present-day sea-level

change revisited. Global and Planetary Change, 47, 1–16.

Marrero-Betancort, N., Marcello, J., Rodrı́guez-Esparragón, D., &

Hernández-León, S. (2022). Sea level change in the canary

current system during the satellite era. Journal of Marine Science

and Engineering, 10, 936. https://doi.org/10.3390/jmse10070936

Martinez Garcı́a, A., Gonzalez, B. C., Núñez, J., Wilkens, H.,
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71–86.

Whitcher, B., Guttorp, P., & Percival, D. B. (2000). Wavelet

analysis of covariance with application to atmospheric time

series. Journal of Geophysical Research: Atmospheres,

105(D11), 14941–14962.

Williams, S. D. P., & Penna, N. T. (2011). Non-tidal ocean loading

effects on geodetic GPS heights. Geophysical Research Letters.

https://doi.org/10.1029/2011GL046940
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