
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Peigen Lin,
Shanghai Jiao Tong University, China

REVIEWED BY

Junyi Li,
Guangdong Ocean University, China
Shengli Chen,
Tsinghua University, China

*CORRESPONDENCE

Zhaoyun Chen

chenzy@stu.edu.cn

RECEIVED 26 October 2023
ACCEPTED 15 February 2024

PUBLISHED 01 March 2024

CITATION

Zong X, Zhou J, Yang M, Zhang S, Deng F,
Lian Q, Zhou W and Chen Z (2024) Nodal
modulation of M2 and N2 tides along the
Norwegian coast.
Front. Mar. Sci. 11:1328171.
doi: 10.3389/fmars.2024.1328171

COPYRIGHT

© 2024 Zong, Zhou, Yang, Zhang, Deng, Lian,
Zhou and Chen. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 01 March 2024

DOI 10.3389/fmars.2024.1328171
Nodal modulation of M2 and N2
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Marine Sciences, Shantou University, Shantou, China, 2Southern Marine Science and Engineering
Guangdong Laboratory (Guangzhou), Guangzhou, China, 3Equipment Public Service Center, South
China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China
It is crucial to assess the nodal modulation for tides in high-latitude coast areas

within the context of global warming. In this paper, five stations (Maloy, Rorvik,

Andenes, Vardo, and Honningsvag) along the Norwegian coast are selected to

analyze the nodal modulation using the S_TIDE toolbox, which is developed from

the enhanced harmonic analysis method. Three criterions are proposed to

determine the optimal number of independent points (IPs), a parameter in

S_TIDE toolbox, and the decision steps are elaborated in detail. The optimal

number of IPs is evaluated by comparing the primary and the hindcasts tidal

amplitudes. The amplitudes of 18.61-year cycle and 4.42-year cycle show

noticeable temporal and spatial variations, which can be attributed to the

changes of sea levels, local topography, and the active and robust mesoscale

activity in the Norwegian Sea. Moreover, the temporal and spatial variations in

nodal modulation are quantitatively demonstrated at the Rorvik and Vardo

stations, highlighting the importance of nodal modulation in assessing tides

over interdecadal periods.
KEYWORDS

nodal modulation, enhanced harmonic analysis, mesoscale eddy, Norwegian Sea, sea
level change
1 Introduction

Greenhouse gas emissions from human activities have imposed numerous adverse

impacts on both society and the environment (Kerr, 2007). In the coming decades, regions

closer to the equator are expected to see reduced crop yields due to more frequent and

severe droughts (Lu et al., 2019). Conversely, areas farther from the equator are likely to

experience warmer and wetter climate changes (Milly et al., 2002), potentially leading to

increased flooding events and higher sea levels in high latitudes, posing a dramatical threat

to coastal residents (Nicholls, 2004). Therefore, it is crucial to focus on sea level fluctuations

in high-latitude coastal areas. The melting of sea ice in the Arctic Ocean is happening at an

alarming rate due to global warming (Kumar et al., 2020). This has led to a reduction in the

reflection of solar radiation, an increase in the absorption of solar radiation, an influx of
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freshwater, and a decrease in salinity. Collectively, these changes are

contributing to variations in sea level.

The Norwegian Sea, a marginal sea of the Arctic Ocean, plays a

vital role in generating dense water and sustaining the Atlantic

Meridional Overturning Circulation (AMOC, Oka and Hasumi,

2006). Variations in the Norwegian Sea have the potential to harm

the AMOC and even the entire Great Ocean Conveyor Belt. As a result,

researchers have been particularly interested in sea level variations in

the Norwegian Sea (Idžanović et al., 2019; Kristensen et al., 2023).

These variations occur on both interannual and interdecadal scales

(Ezer et al., 2016) and exhibit differences in spatial distribution (Richter

et al., 2012). Thermal expansion and melting land ice are the most

prominent contributors to sea level variations, typically spanning from

several decades to several centuries (Frederikse et al., 2016). Other

factors, such as the Arctic Oscillation (Oka and Hasumi, 2006),

temperature and salinity fluctuations usually follow seasonal and

annual cycles (Mangini et al., 2022), and changes in the regional

marine environment, including oceanmass alterations and wind stress-

driven ocean circulation (Henry et al., 2012), also play vital roles in

influencing sea levels, ranging from several years to several decades.

In the Arctic Ocean, tides play an important role and interact with

the sea ice. Tides have been observed to reduce the volume of sea ice

(Luneva et al., 2015), while the movement of the ice beneath the water’s

surface affects the tides (St-Laurent et al., 2008). The creation and

melting of sea ice constitute a crucial seasonal cycle in the Arctic seas,

leading to seasonal fluctuations in sea level, as detected through

synthetic aperture radar altimetry (Bij de Vaate et al., 2021). These

seasonal variations in sea level impact coastal tides (Devlin et al., 2017).

Understanding the seasonal changes in tidal patterns is essential for

accurately predicting fluctuations in tidal sea levels (Kulikov et al.,

2018) and for adjusting satellite data (Müller et al., 2014). However, the

changing tides have been attributed to global warming, which has

caused a reduction in sea ice and a rise in sea levels. This has resulted in

alterations to the seasonal nature of tides (Kleptsova and Pietrzak,

2018) and striking increases in high tide levels (Idier et al., 2017).

The seasonal tidal variations have received considerable attention,

as well as the sea level variations in the Norwegian Sea (Contributions
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to sea level variability along the Norwegian coast for 1960–2010; Sea-

level variability and change along the Norwegian coast between 2003

and 2018 from satellite altimetry, tide gauges, and hydrography), but

comprehensive exploration on long-term tidal variations remains

limited. Nodal modulation, a critical factor in long-term tidal

changes, can lead to high water level fluctuations of up to 30 cm

(Peng et al., 2019). In traditional equilibrium tide theory, nodal cycle is

often viewed as constant correction values for amplitudes and phases

(Feng et al., 2015). However, this approach is not applicable over some

continental shelves, particularly in coastal regions, due to shallow water

tides and complex coastal geometries (Hagen et al., 2021). Fortunately,

researchers have acknowledged this challenge, leading to the

development of an effective method known as enhanced harmonic

analysis (EHA, Jin et al., 2018). The nodal cycle is treated varying with

time in the EHAmethod, and themethod has been applied successfully

to explore the temporal changes of nodal modulation in the gulfs of

Maine and Tonkin (Pan et al., 2019; Zong et al., 2021; Pan et al., 2022).

In this paper, we employ the EHA method to investigate the

main tidal constituents using five tidal gauges along the Norwegian

coast. The objective of this study is to reveal the temporal varied

nodal amplitudes of these tides. The paper is organized as follows:

study region, data, and method are described in Section 2. Section 3

provides a detailed account of the data processing process by the

EHA method, as well as the cycles of 18.61 years and 4.42 years for

M2, N2, and 2N2 tides. Section 4 presents the discussion, followed by

the summary of our research findings in Section 5.

2 Materials and methods

2.1 Data

The Norwegian Sea, situated between the North Sea and the

Greenland Sea, holds considerable geographical significance as a

marginal sea within the North Atlantic Ocean. Along the Norwegian

coast, five tidal gauge stations, Maloy, Rorvik, Andenes, Honningsvag,

and Vardo are selected in this study (Figure 1).

The hourly water level records for these five gauges are sourced

from the University of Hawaii Sea Level Center (https://
FIGURE 1

Bathymetry for the continental shelf in the Norwegian Sea and locations for the five tidal gauge stations.
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uhslc.soest.hawaii.edu/). Additionally, Norwegian sea surface height

(SSH) data is obtained from the Simple Ocean Data Assimilation

(SODA) (https://climatedataguide.ucar.edu/climate-data/soda-simple-

ocean-data-assimilation). The spatial resolution of this data is 0.5°

x0.5°. Time records from 1980 to 2015, and timestep is monthly.

The hourly water level records are segmented into annual time

frames, with each interval undergoing independent harmonic

analysis using the T_TIDE toolbox (Pawlowicz et al., 2002).

Throughout the data processing, any gaps in the original data are

replaced with NaN values. If the missing data within a yearly time

frame exceeds 25%, the corresponding window is marked as a NaN

value. Therefore, a few months of data is abandoned in the five

stations. More detailed information about the five gauges and their

respective water level records can be found in Table 1.

The timespan indicates the start and end dates of the data used

in the study, excluding any missing data. The “Abandoned Length

(Month)” term denotes the number of months that are excluded

from the initial data set due to missing data within these months. At

the Vardo station, 436 months of data are excluded due to a

substantial data gap before 1984. This missing data hinders the

study of tidal nodal modulation. Consequently, this study chooses

to analyze the data after 1984 at this station. Utilizing the T_TIDE

toolbox, the amplitudes of eight tidal constituents (M2, S2, K1, O1,

N2, P1, 2N2, MO3) at five stations are calculated. The averaged

amplitudes of these tidal components throughout the entire study

period are presented in Table 2.

Among the eight primary tidal constituents, their amplitudes

vary across different stations, with the maximum amplitude recorded
Frontiers in Marine Science 03
at the Vardo station and the minimum at the Honningsvag station.

The main tidal constituents observed at all five tidal stations are M2,

S2, and N2, and the M2 tide constitutes the largest proportion.
2.2 Methods

The conventional harmonic and extreme analysis always obscure

the 18.61-, 8.85-, and 4.42-year cycles and dedicated techniques are

required for their identification (Eliot, 2010). The EHA method is

proposed to investigate the temporal variations in internal tides (Jin

et al., 2018). Here, we use it to analyze tidal variations in the 18.61-,

8.85-, and 4.42-year cycles along the Norwegian coast.

Traditionally, based on the least-squares method, the amplitude

or phase for a tidal constituent can be estimated by:

P(t) = A0 + A1t + a cos
2p
c0

t

� �
+ b sin

2p
c0

t

� �
, (1)

where P(t) represents the tidal amplitude or phase corresponding to

a specific moment in time, A0 is a constant, and A1 represents the

linear trend. c0 indicates the period value, which is measured in

years. a and b represent amplitudes of the cosine and sine functions

of the cycle. Based on the fitting Equation (1), the amplitude and

phase of the cycle can be expressed as:

H =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + b2

p

G = arctan (b=a):
(2)
TABLE 1 Information for the five tide gauges.

Stations Location (°) Initial Timespan
Abandoned Length

(Month)
Final Selected Timespan

Maloy 61.933N 5.117E 1986.4-2014.12 9 1987.1-2014.12

Rorvik 64.867N 11.25E 1969.8-2018.12 5 1970.1-2018.12

Andenes 69.317N 16.15E 1991.10-2018.12 3 1992.1-2018.12

Vardo 70.333N 31.1E 1947.9-2022.12 436 1984.1-2022.12

Honningsvag 70.983N 25.983E 1988.6-2014.12 7 1989.1-2014.12
TABLE 2 Average amplitudes (mm) of the eight main tidal constituents at five tide gauge stations.

Main Tidal Constituents
Stations

Maloy Rorvik Andenes Vardo Honningsvag

M2 598.78 821.61 693.78 1037.89 934.08

S2 197.61 271.05 224.01 285.01 260.36

K1 45.20 65.81 57.84 116.74 85.28

O1 42.64 38.99 34.84 23.90 26.05

N2 120.14 165.47 142.82 227.72 202.94

P1 13.48 21.54 17.70 34.74 26.37

2N2 18.71 25.90 24.32 48.43 34.32

MO3 2.69 3.75 1.65 2.70 0.75
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The EHA method considers the amplitude and phase to be

time-varying under the influence of these cycles. Thus, the

amplitudes and phases of each tidal component can be obtained:

P(t) = A0 + A1t + ac0 (t) cos
2p
c0

t

� �
+ bc0 (t) sin

2p
c0

t

� �
, (3)

and the temporal amplitude and phase:

Hc0(t) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac0(t)

2 + bc0(t)
2

p
Gc0(t) = arctan (bc0(t)=ac0(t)),

(4)

where ac0(t) and bc0(t) represent the temporal amplitudes of the cosine

and sine functions corresponding to the cycle c0. Hc0(t) and Gc0(t) are

the time-varying amplitude and phase corresponding to the cycle c0.

The amplitude and phase determined by Equation (2) are constant,

whereas they are temporally varying as calculated by Equation (4).

Equation (3) is solved using an independent point scheme. In

plain terms, the independent point scheme selects certain points

within the time cycle, called independent points (IPs), and

interpolates for the complete time cycle using values on IPs (See

Equation (5)). We choose the value of the i-th IP as the independent

parameters (denoted as ac0,i, bc0,i), and the values of other points

can be obtained through interpolation between IPs. Therefore, ac0
(t) and bc0(t) can be represented as:

ac0 (t) =om
i=1wco,t,i � aco,i

bc0 (t) =om
i=1wco,t,i � bco,i,

(5)

where m represents the number of IPs, and wc0, t, i represents the

weighted coefficient of the i-th independent point at time t

corresponding to the cycle co. Considering the smoothness and

small error of the curve obtained by cubic spline interpolation, this

method is applied to interpolation. According to the EHA method, a

MATLAB toolbox named S_TIDE was developed (Pan et al., 2018).

The number of IPs is an important parameter in S_TIDE. Different IP

numbers represent oscillations over various time scales.

Considering the data timespans (Table 1), the analysis for the

18.61-year cycle is only conducted at the Rorvik and Vardo stations.

At these two stations, we process the M2, S2, N2, and 2N2 constituents

with periods of 18.61 years and 8.85 years. Preliminary data analysis

indicates that the S2 and 2N2 tides showed low sensitivity to these

cycles, while the M2 and N2 tides are markedly influenced by the

18.61-year cycle. Meanwhile, due to the relatively short data duration

at the Andenes, Honningsvag, and Maloy stations, we focus on

processing the M2, N2, and 2N2 tides for 4.42-year cycle at these

three stations. Preliminary results highlight noteworthy sensitivity of

the 2N2 tide to the 4.42-year cycle at these stations. This research

delves into the long-term modulations associated with these three

tidal constituents using the EHA method.
3 Results

3.1 The determination of IPs

A parameter must be decided before extracting time-varying

lunar cycles in the S_TIDE toolbox. The parameter is the number of
Frontiers in Marine Science 04
IPs, which profoundly affects the accuracy of results (Pan et al.,

2018). Overmuch IPs can result in overfitting, while too few IPs may

lead to a higher root mean square error (RMSE). Therefore,

determining the appropriate IP number is important. Three

criteria are employed to determine the IP number: signal-to-noise

ratio (SNR), the RMSE between hindcasts obtained by the S_TIDE

and the original dataset, and a 95% confidence interval.

Firstly, this study imposes constraints on the SNR.

Conventional research considered an SNR greater than two to be

reliable (Matte et al., 2013), but more rigorous criteria are

introduced in this study. This study not only demands an SNR

greater than two but also emphasizes that the SNR should ideally

exhibit a declining trend. Secondly, by comparing the RMSE, the

degree of result deviation from the observations can be determined.

A smaller RMSE indicates superior outcomes. Thirdly, the shorter

the 95% confidence interval the more accurate results. When other

conditions are reasonably met, evaluating the length of the 95%

confidence interval facilitates a more informed selection. By

consideration of the SNR requirement, a comprehensive

assessment of RMSE and the 95% confidence interval allows for

the optimal determination of IPs.

As an example, we present a detailed procedure for determining

the number of IPs for the 4.42-year cycle of the 2N2 tide at the

Andenes station. Table 3 provides the SNR, RMSE, and 95%

confidence interval with different numbers of IPs.

The SNRs meeting the criteria correspond to the IP numbers 5,

8, and 12. Then, the RMSE and the length of the 95% confidence

interval must be thoroughly evaluated. Observing Table 3, it is

noted that when the number of IP is set to 8, the corresponding

RMSE is smaller than that with a number 5, with a slightly longer
TABLE 3 The SNR, RMSE, and length of 95% confidence interval with
different numbers of IPs at Andenes station.

IP number SNR RMSE
95%

confidence
interval

2 7.33 0.92 0.29

3 7.95 0.85 0.28

4 7.46 0.79 0.30

5 7.17 0.75 0.31

6 7.34 0.65 0.32

7 5.46 0.66 0.42

8 4.34 0.59 0.54

9 4.54 0.47 0.76

10 4.26 0.42 1.16

11 3.67 0.32 1.48

12 3.17 0.29 2.19

13 1.40 0.29 3.28

14 2.17 0.27 4.78

15 1.68 0.27 6.84
The SNRs that meet the criteria are indicated in bold letters.
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confidence interval. When the number of IP is set to 12, the RMSE

decreases again, but the length of the confidence interval markedly

increases. Taking the number of IP = 2 as a benchmark, there is an

18.6% decrease in RMSE and a 7.9% increase in the confidence

interval when the number is set to 5. With IP of 8, the RMSE

decreases by 35.9%, and the confidence interval length expands by

86.9%. When the number of 12 is employed, the RMSE diminishes

by 67.9%, but the confidence interval length increases by 653.4%,

and overfitting appears. Thus, the number of IPs set to 5 is the

optimal choice overall. Using the same methodology and following

the same steps, the optimal number of IPs for the 18.61-year cycle of

M2 and N2 tides, and the 4.42-year cycle of 2N2 tide at five stations

are determined, and they are listed in Table 4.

Using the best-fit IPs, the S_TIDE toolbox generates hindcast

amplitudes for M2, N2, and 2N2 tides. These hindcast values are

then compared with observations to validate the chosen of IPs

number. The results show a strong agreement between the hindcast

amplitudes and observations (Figures 2, 3), barring a few extreme

values possibly influenced by weather conditions or tidal resonance

(Talke and Jay, 2020). This indicates that the optimal IPs identified
Frontiers in Marine Science 05
through the aforementioned methodology are reasonable

and appropriate.
3.2 18.61-year cycle and 4.42-year cycle

Using the optimal number of IPs, the S_TIDE toolbox extracts

time-varying cycles for the M2, N2, and 2N2 tides at the five stations,

as shown in Figure 4. Spatial variations in the fluctuations caused by

these cycles are observed among the stations. For the 18.61-year

cycle, the effects are more pronounced at the Rorvik station for the

M2 tide (Figure 4A) and the opposite for N2 tide at both stations

(Figure 4B). The nodal amplitudes of M2 and N2 exhibit a similar

variation trend, initially increasing, then decreasing, and finally

increasing again. As a whole, the trends of these two tides are

increasing with different rates at both stations. The M2 shows a

larger rate at the Rorvik station, while the N2 has a larger rate at the

Vardo station.

During the study period, the variation amplitude reaches up to

32 mm for the M2 tide at the Rorvik station and 9.5 mm for the N2

tide at Vardo stations. The traditional viewpoint of the M2 nodal

cycle’s amplitude being 3.73% of the tidal amplitude (Müller, 2011)

is challenged, as the ratio ranges between 1.72% to 5.63% at Rorvik

station and 3.25% to 4.70% at Vardo station. This suggests that

nodal amplitude has prominent spatial and temporal variations,

and considering it as a constant is insufficient, highlighting the

importance of nodal modulation in evaluating long-term water

level trends.

Compared to the amplitudes of nodal cycle, the 4.42-year cycle

exhibits slight variations in amplitudes. The maximum amplitudes

of the 4.42-year cycle are observed at the Honningsvag station,

while they are minimal at the Maloy station. This aligns with the

mean amplitudes of 2N2 tide at the three stations (shown in

Table 2). For the 2N2 tide, the amplitudes of the 4.42-year cycle
TABLE 4 The optimal numbers of IPs for the 18.61-year cycle of M2 and
N2 tides, and the 4.42-year cycle of 2N2 tide at five stations.

Stations
18.61-year
cycle of
M2 tide

18.61-year
cycle of
N2 tide

4.42-year
cycle of
2N2 tide

Maloy – – 4

Rorvik 5 4 –

Andenes – – 5

Vardo 7 7 –

Honningsvag – – 5
A B

DC

FIGURE 2

The primary amplitudes (red dots) and the hindcasts amplitudes by the S_TIDE (black lines) of M2 (A, B) and N2 (C, D) tides at Rorvik and Vardo
stations with optimal IPs for the 18.61-year cycle.
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A

B

C

FIGURE 3

The primary amplitudes (red dots) and the hindcasts amplitudes by the S_TIDE (black lines) of 2N2 at Andenes (A), Honningsvag (B), and Maloy
stations (C) with optimal IPs for the 4.42-year cycle.
A

B

C

FIGURE 4

The 18.61-year cycle amplitudes (mm) of M2 tide (A) and N2 tide (B) at Rorvik and Vardo, and 4.42-year cycle amplitudes (mm) of 2N2 tide at
Andenes, Honningsvag, and Maloy (C).
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show an increasing linear trend at the Honningsvag station, while

they are very slightly decreasing at the other two stations.

Figure 5 displays the 95% confidence intervals for the 18.61-year

cycle of the M2 and N2 tides at the Rorvik and Vardo stations, and

Figure 6 presents intervals for the 4.42-year cycle of the 2N2 tide at

the Andenes, Honningsvag, and Maloy stations. These intervals are

relatively small and all of them exhibit temporal modulations,

confirming the effectiveness of the EHA method in extracting

temporal amplitudes for those long-term cycles.
Frontiers in Marine Science 07
4 Discussion

4.1 The time series of sea levels

As illustrated in Figure 4, the nodal amplitudes ofM2 andN2, along

with the 4.42-year cycle’s amplitude of 2N2, display noticeable spatial

and temporal variations across these stations. Previous studies have

indicated that the tidal variation is influenced by sea level changes

(Santamaria-Aguilar et al., 2017), and high tide levels are proportional
FIGURE 6

Amplitudes for the 4.42-year cycle of 2N2 tide and their 95% confidence intervals at the Andenes (A), Honningsvag (B), and Maloy stations (C).
The shading represents the 95% confidence interval.
A B

DC

FIGURE 5

Nodal amplitudes and their 95% confidence intervals of M2 (A, B) and N2 (C, D) tides at the Vardo and Rorvik stations. The shading represents the
95% confidence interval.
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to sea level rise (Idier et al., 2017). In Figure 7, the time series of sea

levels and their linear trends are presented. These sea levels exhibit

intricate temporal fluctuations, with all showing an increasing linear

trend except for the Honningsvag station. The increasing trends of

nodal amplitudes of M2 and N2 correspond to the linear trends of sea

levels at the two stations. However, they are opposite for the trends of

the 4.42-year cycle’s amplitude of 2N2 with the linear trends of sea

levels at the other three stations. The increasing trend of the 4.42-year

cycle’s amplitude corresponds to the decreasing linear trend of sea

levels at the Honningsvag station. Conversely, the decreasing trends of

the 4.42-year cycle’s amplitude correspond to the increasing linear

trend of sea levels at the Andenes andMaloy stations. This suggests that

the lunar cycles are influenced by sea levels, while being sensitive to the

specific tidal constituent and local topography.
4.2 Topography

The transition between ocean tides and the continental shelf and

coastline occurs through resonance, which is influenced by the shape

of the coast and the depth of the coastal waters (Woodworth et al.,

2019). Irregularities in the seafloor terrain cause tidal waves to scatter

and refract during propagation, thereby influencing the distribution

of tidal amplitudes. In shallow coastal regions, the coastline forms

intricate shapes, potentially leading to crucial impacts on sea level

variations (Woodworth et al., 2019). Sea level fluctuations across

different stations are closely connected to local topography.

When comparing the tidal amplitudes listed in Table 2, it is evident

that the Vardo station has the largest amplitudes for the three primary

tidal constituents (M2, S2, N2), while theMaloy station has the smallest.

This trend appears to follow the longitudes of the stations, with one

exception at the Rorvik station where the amplitudes for the three main

tidal constituents are larger compared to the Andenes station, even
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may be due to the topography (Woodworth et al., 2019). The Andenes

station faces the open ocean, while the Rorvik station is located in a

narrow strait (Figure 8). It is important to note that the response of

tidal amplitudes to seafloor terrain and coastline varies depending on

the tidal constituents. For example, the O1 amplitudes show an

opposite trend in variation compared to the M2 amplitudes among

the five stations. Therefore, the tidal amplitudes are influenced by both

the seafloor terrain in the offshore and the coastline, and the responses

of tides are specific to certain tidal constituents.
4.3 Mesoscale activity

Using the SODA data, Figure 9A illustrates the climatic

distribution of SSH above the geoid. The SSH exhibits prominent

variations, with denser isolines in offshore water, indicating heightened

large circulation and mesoscale activities. Monthly SSH anomaly is

calculated from 1980 to 2015, and they almost all show prevalent

mesoscale activities, giving the SSH anomaly in May 1992 as an

example (Figure 9B). A previous study identified interconnected

eddies in the Norwegian Sea, propagating northward and generating

anticyclonic eddies through compression against the coastline (Ikeda

et al., 1989). Altimetry and ocean color data from the satellite were used

to investigate anticyclonic eddies in the Norwegian Sea, and a coupled

physical-primary production ocean model provided three-dimensional

information on the structure and properties of these eddies (Hansen

et al., 2010). These active mesoscale eddies play a vital role in sea level

variations, even contributing to extreme sea-level events (Firing and

Merrifield, 2004). Therefore, the impact of mesoscale activity on sea

level fluctuations deserves careful consideration.

The spatial- and 10 days-averaged SSH anomaly time series data,

from July 12, 2010, to December 21, 2021, and its trend are shown
FIGURE 7

Year-averaged time series of sea levels and its trends at the five gauge stations (m). Please note that the sea levels and their trends at the Maloy and
Rorvik stations are represented on the blue axis, while those at Andenes and Honningsvag stations are on the green axis.
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FIGURE 9

(A) Climatic distribution of SSH (cm) in the Norwegian Sea, (B) SSH anomaly (cm) in the Norwegian Sea in May 1992.
A B

FIGURE 8

Topography around the Andenes (A) and Rorvik (B) stations.
FIGURE 10

Time series of spatial- and 10 days-averaged SSH anomalies in the study region (blue line, 0-40°E, 60-75°N) and its trend (red line).
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in Figure 10, sourced from the Aviso (https://tds.aviso.altimetry.fr/). It

reveals complex temporal fluctuations, with the SSH anomaly increasing

at a rate of 6.5 mm/year over the entire time series, indicating an

enhanced trend of mesoscale activity in the Norwegian Sea. Essentially,

this indicates that mesoscale activities persist consistently, and their

intensity is on the rise in the Norwegian Sea. These active and robust

mesoscale activities conspicuously impact sea level variations and can

even lead to extreme sea-level events (Firing and Merrifield, 2004),

thereby altering the tides and lunar cycles of tides.
5 Conclusions

In this study, five tidal gauge stations (Maloy, Rorvik, Andenes,

Vardo, and Honningsvag) have been chosen to investigate the nodal

modulation of M2 and N2 tides along the Norwegian coast. Unlike

the traditional tidal harmonic analysis method, the EHA method

considers the amplitudes and phases of nodal cycles as temporally

variable. Nodal modulation has been proven to markedly impact sea

levels, particularly in high-latitude coastal regions in the face of

global warming (Peng et al., 2019). This paper implements the

S_TIDE toolbox, developed from the EHA method, to obtain the

temporal nodal amplitudes and confirms its effectiveness by

comparing hindcast results with primary data.

The tidal gauge station data are decomposed into eight tidal

constituents using T_TIDE toolbox, and three tides, M2, N2, and

2N2, are selected through the preliminary data processing. Due to

the length of the primary data, the 18.61-year cycle of M2 and N2

tides is explored at Rorvik and Vardo stations, while the 4.42-year

cycle of 2N2 tide is analyzed at other three stations. The amplitudes

of 18.61-year cycle of M2 and N2 exhibit an increasing trend,

aligning with the trends of sea levels at the Rorvik and Vardo

stations. The amplitudes of 4.42-year cycle of 2N2 show an

increasing trend at the Honningsvag station, while they are

decreasing at the other two stations. These trends are opposite

with trends of sea levels at the three stations. The amplitudes of the

two cycles show noticeable spatial and temporal variations among

the five stations, which can be attributed to the changes of sea levels,

local topography, and the active and robust mesoscale activities.

The ratio of the M2 nodal cycle’s amplitude to the M2 mean

amplitude ranges from 1.72% to 5.63% at Rorvik station and from

3.25% to 4.70% at Vardo station. This shows that treating the nodal

cycle’s amplitude as a constant is inadequate. Nodal modulation

exhibits temporal and spatial variations, which must be taken into

account when evaluating tidal variations over interdecadal periods.
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