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 A B S T R A C T

The generation and propagation sites of internal tides in the Mediterranean Sea are mapped through a 
comprehensive high-resolution numerical study. Two ocean general circulation models are used for this: NEMO 
v3.6, and ICON-O, both hydrostatic ocean models based on primitive equations with Boussinesq approximation, 
where NEMO is a regional Mediterranean Sea model with an Atlantic box, and ICON a global model. Internal 
tides are widespread in the Mediterranean Sea. The primary generation sites: the Gibraltar Strait, Sicily 
Strait/Malta Bank, and Hellenic Arc, are mapped through analysis of the tidal barotropic to baroclinic energy 
conversion. Semidiurnal internal tides can propagate for hundreds of kilometres from these generation sites into 
the Algerian Sea, Tyrrhenian Sea, and Ionian Sea respectively. Diurnal internal tides remain trapped along the 
bathymetry, and are generated in the central Mediterranean Sea and southeastern coasts of the basin. The total 
energy used for internal tide generation in the Mediterranean Sea is 3.31 GW in NEMO and 1.52 GW in ICON. 
Wavelengths of the first baroclinic modes of the M2 tide are calculated in various regions of the Mediterranean 
Sea where internal tides propagate, comparing model outputs to a theory-based calculation. The models are 
also validated and intercompared to investigate the differences between them in their representation of internal 
tides.
1. Introduction

Internal, or baroclinic, tides are internal waves at tidal frequencies, 
which are generated when barotropic tides interact with topography in 
the ocean, often at shelf breaks (Baines, 1982; Kelly and Lermusiaux, 
2016), ocean ridges (Merrifield et al., 2001; Niwa and Hibiya, 2001), 
and in narrow straits (Morozov et al., 2002; Buijsman et al., 2014). 
These waves can dissipate close to their generation sites in the case 
of high mode internal tides, or propagate away for up to thousands 
of kilometres, in the case of low-mode, superinertial waves (Arbic, 
2022). Internal tides are responsible for around 1.0 TW of energy 
dissipation in the global ocean (Egbert and Ray, 2003; Morozov, 2018), 
meaning that understanding their sites of generation, propagation, and 
energy dissipation is of great importance when detailing the energy 
budget of the global ocean. Internal tides also contribute to deep 
ocean mixing (Munk and Wunsch, 1998), so they need to be correctly 
represented in numerical ocean general circulation models.

In many modern ocean general circulation models, the dissipation 
of energy from internal tides is represented with a parameterisation of 
tidal mixing, commonly that of St. Laurent et al. (2002). However, these 
parameterisations only represent a fraction of the total internal tidal 
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energy dissipation, in particular that of high-mode internal tides which 
dissipate at their generation sites. The remaining energy, which relates 
to the low modes of superinertial internal tides, is propagated away 
and often missed by such parameterisations. Since the critical latitude 
for diurnal internal tides is 30◦, in the Mediterranean Sea, due to its 
latitude range of 30◦N–46◦N, diurnal internal tides remain trapped 
along the bathymetry, while semidiurnal internal tides are supercritical 
and are able to freely propagate away from their generation sites, 
so both the dissipation of internal tidal kinetic energy close to the 
generation site and wave propagation over long distances need to be 
considered in the model’s mixing parameterisations.

In most of the Mediterranean Sea, the amplitude of barotropic tides 
is lower than in many other regions of the global ocean, except at the 
Gibraltar Strait, Gulf of Gabes, and the North Adriatic Sea (Tsimplis 
et al., 1995; McDonagh et al., 2024). However, regional studies within 
the Mediterranean Sea such as Morozov et al. (2002), Oddo et al. 
(2023), and Alford et al. (2012) have indicated that strong internal tide 
generation occurs in several regions of the Mediterranean Sea, notwith-
standing the low amplitude barotropic tidal energy. Additionally, these 
works suggest that a basin-wide study is needed, which is currently 
lacking in the literature.
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Fig. 1. Map of NEMO model domain with model bathymetry in coloured contours. Key regions from previous literature for internal tides studies are highlighted 
in red boxes, and further regions of study in this work are in blue boxes (see Section 4.3 and supplementary material).
The Gibraltar Strait is a region in which internal tides are studied in 
more detail, through both observational and modelling methods. Mo-
rozov et al. (2002) finds that semidiurnal vertical oscillations due to 
internal tide generation at the Camarinal Sill have amplitudes exceed-
ing 200 m, and that this energy causes turbulent mixing in the Gibraltar 
Strait. Internal tides in the Gibraltar Strait contribute to the bottom 
pressure (Candela et al., 1990), and propagate in both directions from 
the Camarinal Sill (Lafuente et al., 2000).

Studies such as Gasparini et al. (2004) and Oddo et al. (2023) 
investigate internal tides in the central Mediterranean Sea, finding that 
internal tides are generated over the complex topography in both the 
Sicily Strait (Gasparini et al., 2004), and Malta Bank (Oddo et al., 
2023), affecting the dynamics in both regions. The Messina Strait is 
another region of internal tide generation (Bignami and Salusti, 1990; 
Morozov, 2018), although many general circulation models, including 
those used in this study, do not resolve the Messina Strait, which is 3 km 
wide at the narrowest point. Other observational studies have been car-
ried out in the Aegean Sea such as Alford et al. (2012), where Doppler 
current profiles are used to identify propagating semidiurnal internal 
tides, and in the Mid-Adriatic (Mihanović et al., 2009), where potential 
trapped diurnal internal waves around islands are found. These studies 
have shown that internal tides are generated at several sites in the 
Mediterranean Sea, but research has often been limited by spatial and 
temporal availability of observational data, which comes mostly from 
cruises, and limited-area models. The propagation of internal tides in 
the whole Mediterranean Sea has not previously been investigated. A 
summary of the previously studied regions of internal tides within the 
Mediterranean is shown in Fig.  1.

In other regions of the ocean, and for the global ocean in its en-
tirety, numerical studies prove to be valuable in understanding internal 
tides. Studies including Arbic (2022), Müller et al. (2012), Shriver 
et al. (2012), and Li et al. (2015, 2017) demonstrate the value of 
using a high-resolution general circulation ocean model to investigate 
internal tides in the global ocean. This is done through identifying 
the characteristics of the internal tides and diagnosing the generation 
and propagation of internal tides. Additionally, analysis of internal tide 
wavelengths and vertical structure modes are used to understand the 
limitations of the numerical models. Basin- wide studies of oceans and 
seas such as Niwa and Hibiya (2001) in the Pacific Ocean, and Kelly 
and Lermusiaux (2016) in the Atlantic Ocean show the crucial role 
of topography in the generation of internal tides. These investigations 
demonstrate how this phenomenon integrates into the larger frame-
work of internal tidal energy dynamics, including its interactions with 
major ocean currents like the Gulf Stream. Internal tides also inter-
act with mesoscale eddies, as discussed in Dunphy and Lamb (2014) 
and Guo et al. (2023), where eddies change the phase speeds and cause 
refraction of internal tides.

In this study, we carry out an analysis of numerical simulations 
to understand the dynamics of internal tides in the Mediterranean 
2 
Table 1
Tidal constituent components forced in the NEMO model used for this work, 
with their respective periods and astronomical descriptions.
 Tidal component Period (hours) Description  
 M2 12.421 Principal lunar semidiurnal  
 tidal constituent  
 S2 12.000 Principal solar semidiurnal  
 tidal constituent  
 K1 23.934 Lunisolar diurnal tidal  
 constituent  
 N2 12.658 Larger lunar elliptic semidiurnal 
 tidal constituent  
 P1 24.066 Solar diurnal tidal  
 constituent  
 Q1 26.868 Larger lunar elliptic diurnal  
 tidal constituent  
 K2 11.967 Lunisolar semidiurnal tidal  
 constituent  

Sea, with particular emphasis on finding generation sites, regions of 
semidiurnal internal tidal propagation, and the vertical modes of in-
ternal tides. Two ocean general circulation models are used, each with 
hourly outputs over a one-month period. Section 2 details the modelling 
framework and the spectral analysis used throughout the work, in Sec-
tion 3 the models are validated and intercompared, Section 4 contains 
results and discussion from the model outputs, and Section 5 provides 
a conclusion. Further details on the spectral analysis are available in 
Appendix  A while more information on the Sturm–Liouville eigenvalue 
problem is in Appendix  B. Supplementary results are in Appendix  C and 
results for additional regions are in the supplementary material.

2. Model configurations

2.1. NEMO

The implementation of version 3.6 of the general circulation ocean 
model NEMO (Madec et al., 1998) in the Mediterranean Sea is used, 
based on the operational models described in Clementi et al. (2021) 
and Coppini et al. (2023); the NEMO model domain is shown in Fig. 
1. This NEMO configuration has a horizontal resolution of 1

24
◦
, and 

141 uneven z* vertical layers with partial steps at the bottom. Lateral 
open boundary conditions are used in the Atlantic Ocean, coming from 
the Copernicus Marine Service global forecast and analysis (Galloudec 
et al., 2022), and in the Dardanelles Strait from a Marmara Sea box 
model (Maderich et al., 2015).

The Atlantic Ocean boundary includes tidal components and equi-
librium tidal forcing is imposed as a surface forcing with eight tidal 
components (M2, S2, K1, O1, N2, Q1, K2, P1) from TPXO9 (Egbert and 
Erofeeva, 2002), which are described in Table  1.
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Table 2
Comparison of some key features of the NEMO and ICON implementations used in this work.
 Model component NEMO ICON  
 Region Mediterranean Sea with 

Atlantic Box
Global  

 Grid Rectangular 
latitude-longitude

Icosahedral  

 Horizontal resolution 1
24

◦ (3.8 km) R2B9 (around 5 km)  
 Vertical resolution 141 z* levels with partial 

cells
128 z* levels without 
partial cells

 

 Time step 120 s (baroclinic), 2 s 
(barotropic)

s  

 Tides 8 tidal equilibrium tidal 
forcing components (M2, 
S2, K1, O1, N2, Q1, K2, 
P1) in the momentum and 
at the Atlantic lateral 
boundary

Full lunisolar tidal 
potential

 

 Secondary tidal processes None Topographic wave drag 
and self attraction and 
loading

 

 Rivers 39 rivers from climatology 4 Mediterranean rivers 
from climatology

 

 Bathymetry GEBCO (30") SRTM30 (30")  
 Vertical mixing scheme TKE TKE  
 Lateral diffusivity 
coefficient

1.2 × 108 m2s−1 0 (switched off)  

 Lateral viscosity coefficient 2.0 × 108  m4s−1 2.7 × 10−2  m2s−1, scaled 
with the grid size to the 
fourth power

 

 Time step 120 s 120 s  
The atmospheric forcing for the one-month period in 2022 anal-
ysed in this work starts from the six-hourly temporal resolution Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) analyses 
for surface atmospheric variables, which are used by bulk formulae 
from Pettenuzzo et al. (2010) to calculate water, momentum, and heat 
fluxes. Furthermore, monthly mean climatologies for the 39 rivers in 
the Mediterranean Sea with the largest water flux are included at 
the surface layer. These are from Fakete et al. (1999) for the Ebro, 
Nile, Po, and Rhône rivers, Raicich (1996) for the Vjosë and Seman 
rivers, Demiraj et al. (1996) for the Buna and Bojana rivers, and Deliv-
erable of Perseus (2012) for the remaining 32 rivers. Initial conditions 
of temperature and salinity are from the 2005–2012 winter climatology 
of Boyer et al. (2013), and the model was integrated from January 
2015, so has an extensive spin-up period.

The model bathymetry is provided by GEBCO Bathymetric Com-
pilation Group 2014 (2014) at 30-arc-second resolution, bilinearly 
interpolated onto the model grid, with some additional changes in 
several locations. Firstly, two points in the Bay of Biscay are closed 
and several points along the Croatian coastline are modified for sta-
bility purposes, to avoid spurious tidal generation around complex 
bathymetry. These modifications follow Clementi et al. (2021). Further-
more, several points in the Gibraltar Strait are modified to improve 
the mass transport values and avoid spurious vertical mixing in the 
Gibraltar Strait region. These changes are made according to Mc-
Donagh (2024). Vertical mixing in the model configuration uses a 
turbulent kinetic energy (TKE) closure scheme, which is again tuned 
following McDonagh (2024).

2.2. ICON-O

To provide a robust numerical analysis of internal tides in the 
Mediterranean Sea, a second dataset, derived from a global scale im-
plementation of the ICON-O (Korn et al., 2022) primitive equations 
general circulation model, is used.

ICON-O uses an icosahedral grid, which splits the Earth’s surface ini-
tially into twenty equilateral triangles and then bisects these triangles 
further for higher resolution simulations, resulting in so- called R2Bn
resolutions, where n is the number of times that the original icosahe-
dron is bisected (Giorgetta et al., 2018). The simulation of ICON-O used 
3 
in this work has a resolution of R2B9, meaning that the initial grid 
is divided nine further times, which is approximately equivalent to a 
horizontal resolution of 5 km when interpolated onto a regular latitude-
longitude grid. This resolution is slightly lower than, but comparable 
to, NEMO’s 1

24
◦ horizontal resolution in the Mediterranean Sea. ICON-

O has 128 z* vertical levels without partial cells at the bottom, and 
uses the SRTM30 bathymetry (Becker et al., 2009) interpolated onto 
the model grid. Narrow straits (Gibraltar, Dardanelles, and Bosphorus 
in the Mediterranean/Black Sea region) are manually checked to ensure 
that they are open, but no further modifications are made. The Black 
and Marmara seas are included in the ICON-O model, so no boundary 
condition is required at the Dardanelles Strait.

The world’s fifty largest rivers are included in the configuration
(Gates et al., 1993), including four that flow into the Mediterranean 
Sea: the Ebro, Nile, Po, and Rhône. These use flux values from the daily 
climatology by Röske (2006). Atmospheric forcing is from ERA5 (Hers-
bach et al., 2023) with a temporal frequency of one hour, at a resolution 
of 14

◦
, interpolated onto the model grid.

Tides are included in ICON-O via a lunisolar gravitational term in 
the momentum equation, which is the horizontal component of the 
difference between the gravitational forces of the Sun and Moon and 
the centrifugal force due to the rotation of the Earth (Logemann et al., 
2021). Therefore ICON-O includes all tidal components. The accuracy 
of tides in ICON at lower resolutions (R2B6 to R2B8) is assessed in von 
Storch et al. (2023).

Vertical mixing in ICON uses a TKE scheme also based on Gaspar 
et al. (1990) and has a similar configuration to NEMO for this pa-
rameterisation. The model uses further parameterisations of secondary 
tidal processes: topographic wave drag, and self-attraction and loading, 
which are not included in the NEMO configuration. Some of the key 
differences between the two model configurations are summarised in 
Table  2.

One month (March 2022) of data is analysed for each model, with 
hourly outputs of three-dimensional currents, temperature, salinity, 
Brunt-Väisälä frequency, and two-dimensional sea surface height.

3. Model validation and intercomparison

Before the analysis of the internal tide generation and propagation, 
a validation and intercomparison of the models is shown, with a focus 
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on the dynamics which affect internal tides, namely the barotropic 
tides, the ocean’s vertical profile, and the model bathymetry. The core 
parts of the models are already validated in Clementi et al. (2021) 
and Coppini et al. (2023) for the NEMO model configuration and von 
Storch et al. (2023) for ICON, so in this section we focus on the 
aforementioned processes which are most relevant to this work.

3.1. Barotropic tides

The tidal amplitudes and phases are calculated through a har-
monic analysis of sea surface height and first compared to data from 
TPXO9 (Egbert and Ray, 2003). It should be noted that one month of 
data is a short time period for a robust validation and comparison with 
data from TPXO9 and tide gauges, but can still be useful for the purpose 
of model intercomparison. Amplitudes and phases of the principal 
semidiurnal and diurnal tidal components (M2 and K1), and the vector 
difference between each experiment and TPXO9, are shown in Figs.  2
and 3. This analysis compares the two models with data from TPXO9 
bilinearly interpolated onto the model grid. For the analysed month, 
placements of the maximum amplitudes and amphidromic points are 
broadly similar in both the experiments within the Mediterranean Sea 
in the M2 component. However, it is clear that the models do not 
always correctly capture the tidal amplitude in some key locations for 
internal tide generation.

In the ICON implementation, the Alboran Sea and Sicily Strait 
regions have particularly large differences from TPXO9 for the M2 
component (Fig.  2e.), and in the K1 component, the difference is largest 
in the western Mediterranean Sea. In the NEMO experiment, the overes-
timation of the K1 amplitude is limited to the north Adriatic Sea, where 
K1 is already typically large. The NEMO experiment represents the M2 
component well, with underestimation of tidal amplitude limited to a 
few regions. The amphidromic points of the models and TPXO9 are 
similarly positioned in the M2 component (Fig.  2f. and g.), but are less 
coherent in K1 (Fig.  3f. and g.), where NEMO captures the Sicily Strait 
amphidromic point, but ICON does not, and both models are notably 
different from TPXO9 in the Eastern Mediterranean Sea, missing the 
phase contour lines in the western basin.

Another validation method for the barotropic tides in the Mediter-
ranean Sea is to utilise the basin’s array of tide gauges. This provides a 
strong source of truth compared to the TPXO9 model, but not all areas 
of the basin are well-covered by these datasets. Fig.  4 shows a map of 
the available tide gauges in the Mediterranean Sea in March 2022 and 
a bar chart where tidal amplitude and phase are compared to the array 
of tide gauges over the whole Mediterranean Sea. In general, NEMO 
has lower RMSEs at a basin scale, in most tidal components for both 
amplitude only and the amplitude-phase combination. The exception to 
this is the P1 component. In the two components of the most interest 
in this study, M2 and K1, NEMO outperforms ICON when comparing 
to tide gauge data.

3.2. Ocean vertical profiles

An important measure when analysing internal tides is the ocean 
stratification, given that it is expected that models with a more strat-
ified ocean are more likely to produce stronger internal tides. The 
energy per unit volume in a propagating internal tide at the semidiurnal 
frequency, 𝐸𝑓  according to Baines (1982) and Green et al. (2010), is: 

𝐸𝑓 = 0.5𝜌0(𝑢′2 +𝑤′2 +𝑁2𝜂2) (1)

where 𝜌0 is the constant reference density, 𝑢′ and 𝑤′ are perturbation 
velocities in the horizontal and vertical directions respectively, 𝑁 is 
the Brunt-Väisälä frequency, and 𝜂 is the displacement of a streamline 
of the internal wave field, 𝜓 , which is itself defined by 𝑢𝑖 = −𝜓𝑧, 
𝑤𝑖 = −𝜓𝑥 (Baines, 1982).

However, since the Brunt-Väisälä frequency is calculated within the 
model time step, it is not comparable to the time-mean Brunt-Väisälä 
4 
frequency from an observational dataset or climatology. Considering 
this, and given that the Brunt-Väisälä frequency profiles are based 
on equation of state formulae of temperature and salinity, here we 
show comparisons of the temperature and salinity profiles for the 
Mediterranean Sea in the models and two observational datasets. These 
datasets are the World Ocean Database (Mishonov et al., 2024) and 
CORA (Copernicus Marine Service, 2024). The World Ocean Database 
observations are interpolated onto a global 1/4◦ grid, and the data 
from March 2015–2022 is used, as it is the closest climatology to the 
time period of the model outputs. The CORA dataset is on a 1/2◦ grid, 
but has monthly outputs, so we use the data from March 2022. These 
datasets are bilinearly interpolated onto the model grids when bias 
and root mean square error are calculated. Following this, the squared 
Brunt-Väisälä frequency profiles of the two models are intercompared, 
both for the Mediterranean Sea and the regions defined in Fig.  1.

Fig.  5 shows the temperature and salinity profiles, biases and root 
mean square errors of the two models compared to the two obser-
vational datasets described above. The first 1500 m are shown since 
this is the depth limit of the WODB dataset. The salinity profiles 
(Fig.  5d.-f.) are very clear in that NEMO is far closer to both of the 
observational datasets than ICON. The largest RMSE of NEMO is at 
the surface when compared with the WODB dataset, and it does not 
exceed 0.3 PSU as a basin mean, with the bias tending towards zero at 
deeper levels. However, in ICON, a bias of −2 PSU is exceeded at the 
surface when compared to either observational dataset. It is clear that 
ICON underestimates the salinity in the Mediterranean Sea, potentially 
since it is not well-tuned for this high-salinity basin, unlike the NEMO 
configuration which was developed specifically for the Mediterranean 
Sea. The accuracy of the temperature profiles are dependent on the 
observational dataset used: ICON is closer to the WODB dataset while 
NEMO is closer to CORA, in terms of bias. The profiles are also depth-
dependent, where the NEMO-WODB comparison has the highest RMSE 
of the four profiles in the first 500 m, overestimating temperature in the 
upper and intermediate layers, and has the lowest RMSE in the deeper 
layers. The RMSE of ICON, especially when compared to CORA, is more 
consistent throughout the profile. These differences are likely due to 
the relative strengths and weaknesses of the two selected observational 
datasets: the WODB uses eight years of March data, so it could miss any 
extremes that were specific to March 2022, while CORA has a lower 
resolution, so can fail to capture mesoscale features such as eddies that 
affect temperature in the upper layers and any deep water formation 
events that can change the profile, especially during winter months. 
Profiles of the squared Brunt-Väisälä frequency are shown in Appendix 
C.

3.3. Bathymetry

The generation of internal tides is sensitive to changes in bathymetry
since internal tides are generated along the topography. The model 
bathymetry, as described in Table  2, comes from different sources 
in each experiment, and although they have the same resolution (30 
arc-seconds), they are interpolated differently in each model due to 
the differing model grids. These bathymetry variations, although they 
are usually small, impact the generation regions of internal tides, and 
therefore their kinetic energy and direction of propagation. In most of 
the domain, the bathymetry is similar in both models, and a comparison 
of the entire basin is available in Appendix  C. However, some of the 
differences in internal tide generation and propagation between the 
two models is connected to the different topography in some of the 
key internal tide generation regions, as is shown in Fig.  6. In the 
narrowest part of the Gibraltar Strait, the most important region in 
the Mediterranean Sea for internal tide generation, the bathymetry is 
deeper in the NEMO implementation than it is in that of ICON. This is 
likely to affect the generation of internal tides and their propagation 
throughout the western Mediterranean basin. Another key bathymetry 
difference is in the Malta Bank (Fig.  6h): in the ICON implementation 
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Fig. 2. Amplitude and phase of the M2 tidal component in a. TPXO9, b. NEMO, and c. ICON for March 2022, the amplitude difference between TPXO9 and d. 
NEMO and e. ICON, and the phase contours of TPXO9 compared to f. NEMO and g. ICON. The phase contours are 30◦ apart.
the bathymetry is steeper and placed differently in comparison to 
the NEMO experiment, and the Ionian Sea is deeper while the Sicily 
Strait passage is shallower in the ICON experiment compared to that 
of NEMO. Finally, the deeper Ionian Sea also affects the Hellenic Arc 
region (Fig.  6i).

4. Results and discussion

4.1. Internal tide generation

Internal tide generation can be quantified in terms of 𝐶, the con-
version from barotropic tidal energy to internal tide energy (Kang and 
Fringer, 2012; Müller, 2013; Niwa and Hibiya, 2014; Li and von Storch, 
2020), defined as: 

𝐶 = ∫

𝜂

−𝐷
𝑔𝜌′𝑊 𝑑𝑧 (2)

where 𝜌′ is the density perturbation associated with an internal tide, 
𝑊  is the tidal vertical velocity, 𝜂 is the sea surface height, and 𝐷 is the 
depth of the ocean. 𝑊  is obtained from: 
𝑊 (𝑧) = −∇(𝐷 + 𝑧)𝑈 = 𝑈 ⋅ ∇𝐷 + (𝐷 + 𝑧) ⋅ ∇𝑈 (3)

where 𝑈 is the barotropic horizontal tidal velocity, derived from a 
harmonic analysis of the horizontal currents, based on the method 
of Foreman et al. (2009).

To derive 𝜌′ associated with an internal tide, the full density is 
decomposed into: 
𝜌(𝑥, 𝑦, 𝑧, 𝑡) = 𝜌 + 𝜌 (𝑥, 𝑦, 𝑧) + 𝜌∗(𝑥, 𝑦, 𝑧, 𝑡) (4)
0 𝑏

5 
where 𝜌0 is a constant reference density, and 𝜌𝑏 is the background time-
mean density at each grid point, so that 𝜌0 + 𝜌𝑏 is the total background 
mean density. A harmonic analysis on the time-varying component, 
𝜌∗, is carried out to obtain the density perturbation 𝜌′ associated with 
internal tides at each tidal frequency.

Once 𝐶 is calculated using the values of 𝑢, 𝑣, and 𝜌′ for each of the 
eight tidal components included in the experiments, it is summed to 
find a total value for 𝐶. Positive values of 𝐶 indicate the generation 
of internal tides by barotropic tides. Fig.  7 shows a map of 𝐶 for the 
Mediterranean Sea in the two experiments. These maps confirm and 
quantify the generation sites of internal tides.

Barotropic to baroclinic energy conversion for internal tide genera-
tion takes place in a wide variety of regions, but most notably in the 
Gibraltar Strait/Alboran Sea, the Algerian Sea, the Tyrrhenian Sea, the 
Sicily Strait/Malta Bank, the Ionian Sea, and in NEMO, the eastern and 
north-western Mediterranean Sea in general. Looking at these regions 
more closely in Fig.  8, we can see that the narrow and steep Gibraltar 
Strait (Fig.  8a, d) is a major generator of baroclinic tidal energy, where 
tidal velocity is high. The Hellenic Arc (Fig.  8c, f) is the next most 
significant region for generation of internal wave kinetic energy, with 
large values of 𝐶 particularly widespread in the NEMO experiment. The 
narrow passage in the Sicily Strait and the steep slope in the Malta 
Bank (Fig.  8b, e) also have large values of 𝐶. The higher values of 𝐶
in NEMO in the Malta Bank come from the stronger baroclinic K1, as 
K1 is the predominant internal tide component in this region (Oddo 
et al., 2023). This is in combination with the modified bathymetry 
gradient of the Malta Bank in NEMO compared to ICON (Fig.  6h), which 
affects internal tide generation at this site. The region-averaged value 
of 𝐶 in Fig.  1 regions is positive for both models with larger values 



B. McDonagh et al. Progress in Oceanography 241 (2026) 103647 
Fig. 3. Amplitude and phase of the K1 tidal component in a. TPXO9, b. NEMO, and c. ICON for March 2022, the amplitude difference between TPXO9 and d. 
NEMO and e. ICON, and the phase contours of TPXO9 compared to f. NEMO and g. ICON. The phase contours are 30◦ apart.
for NEMO. It is also valuable to compare the generation of internal 
tides between diurnal and semidiurnal components, since we know that 
semidiurnal internal tides can propagate freely in the Mediterranean 
Sea while diurnal internal tides remain trapped along the bathymetry, 
due to their respective critical latitudes. Figures equivalent to Figs.  7
and 8 split into the diurnal and semidiurnal components can be found 
in Appendix  C, where it is clear that the differences between NEMO 
and ICON arise in the diurnal tidal components, while the semidiurnal 
components have similar internal tide generation in both models.

It should be noted that there are some negative values for 𝐶. This is 
a spurious result that occurs when internal tides generated at a given 
site interfere with internal tides generated elsewhere, causing 𝜌′ and 
𝑊  to become out of phase and leading to negative values of 𝐶. The 
interference could be stronger in a closed basin than in open ocean (as 
was analysed in other studies such as Li and von Storch (2020)), due to 
internal tides reflected at the coasts. We can further quantify internal 
tide generation by taking an area-weighted sum over each of the 
regions, although the caveats mentioned above should be considered. 
To account for the problem of negative values due to interference, only 
points with positive values are included in the calculation. The area-
summed values of the regions in Fig.  8 are in Table  3, giving an estimate 
of the total energy for internal tide generation in the Mediterranean 
Sea: 3.31 GW in NEMO and 1.52 GW in ICON. The value for the total 
𝐶 in the global ocean is 1.7 TW according to Müller (2013). The lower 
value in ICON is due to the smaller generation of diurnal internal 
tides in the model compared to NEMO, while semidiurnal internal tide 
generation is similar in both models. This is likely related to differences 
in the barotropic tides in the models, where semidiurnal tidal amplitude 
and phase are similar in NEMO and ICON, while the K1 tides are less 
alike (see Section 3).
6 
Table 3
Area-summed values for 𝐶 for the Mediterranean Sea and within the regions 
of Fig.  8, in W. Semidiurnal and diurnal components are shown separately and 
combined.
 NEMO (W) ICON (W)  
 Mediterranean Sea 3.31 × 109 1.52 × 109 
 Mediterranean Sea (semidiurnal) 0.88 × 109 0.90 × 109 
 Mediterranean Sea (diurnal) 2.43 × 109 0.61 × 109 
 Gibraltar Strait 3.39 × 107 3.11 × 107 
 Gibraltar Strait (semidiurnal) 2.04 × 107 2.02 × 107 
 Gibraltar Strait (diurnal) 1.34 × 107 1.09 × 107 
 Sicily Strait/Malta Bank 3.67 × 108 7.45 × 107 
 Sicily Strait/Malta Bank (semidiurnal) 4.81 × 107 3.31 × 107 
 Sicily Strait/Malta Bank (diurnal) 3.19 × 108 4.14 × 107 
 Hellenic Arc 1.38 × 109 7.04 × 108 
 Hellenic Arc (semidiurnal) 3.61 × 108 4.32 × 108 
 Hellenic Arc (diurnal) 1.02 × 109 2.73 × 108 

4.2. Internal tide propagation

A point-by-point harmonic analysis of the three-dimensional hor-
izontal currents over the 744 h of the model run is carried out in 
order to isolate tidal currents for each component, using software based 
on Foreman et al. (2009). From this, a vertical mean is removed to 
calculate the baroclinic component of this as the internal tide kinetic 
energy for a single layer.

Maps of vertical mean baroclinic kinetic energy of the M2 and K1 
tidal components in the NEMO and ICON experiments are shown in Fig. 
9.



B. McDonagh et al. Progress in Oceanography 241 (2026) 103647 
Fig. 4. Map of Mediterranean Sea tide gauges (a) and root mean square misfits of model tides compared to tide gauges (b) for the amplitude and phase of eight 
tidal components in March 2022. NEMO is in blue and ICON is in orange.
Fig. 5. Vertical profiles for the Mediterranean Sea of a. temperature and d. salinity, for two models: NEMO (blue), ICON (red), and two observational datasets: 
WODB (Mishonov et al. (2024), green), and CORA (Copernicus Marine Service (2024), orange), with biases (b., e.) and root mean square errors (c., f.) of the 
models compared to both observational datasets, where the solid lines compare the models to the WODB and the dashed lines show the comparison with CORA.
The vertical mean baroclinic kinetic energy of the M2 component is 
similar in the two model implementations. The regions with the highest 
baroclinic kinetic energy through the water column are similar to those 
identified in previous work, e.g. Morozov et al. (2002); Gasparini et al. 
(2004); Alford et al. (2012): the Gibraltar Strait, Sicily Channel, and 
7 
Aegean Sea. Moreover, this analysis highlights sites of internal tide gen-
eration or propagation that were not mentioned in previous literature: 
the northern Adriatic Sea, the Tyrrhenian Sea and the Cretan Passage. 
The K1 tidal component has a different distribution of baroclinic kinetic 
energy in the two models, with particularly high kinetic energy in 
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Fig. 6. Model bathymetry in key regions for internal tide generation: Gibraltar Strait/Alboran Sea (a, d, g), Sicily Strait/Malta Bank (b, e, h), and Hellenic Arc 
(c, f, i), for NEMO (a, b, c), ICON (d, e, f), and the difference between models, ICON - NEMO (g, h, i).
Fig. 7. Maps of the barotropic to baroclinic energy conversion term (𝐶) in the Mediterranean Sea, for a. NEMO, and b. ICON.
NEMO in the southern Adriatic Sea and the Malta Bank (as discussed 
in Oddo et al., 2023), as well as along the African coast in the south-east 
of the basin. The K1 baroclinic kinetic energy is larger in NEMO than 
in the ICON experiment but it appears in broadly similar regions in the 
two models.

Fig.  10 shows the baroclinic M2 currents at the vertical level closest 
to 150 m in each model. In both models, the propagation of internal 
tides is visible in the western Mediterranean inflowing current inside 
the Gibraltar Strait. This current typically flows from the Gibraltar 
Strait along the north African coast at depths of 0–150 m, which has 
particularly clear tidal beams in the baroclinic zonal velocity (Figs. 
10a and b). The waves are also seen in the Tyrrhenian Sea, and in 
several regions of the eastern Mediterranean, most notably to the west 
8 
of Crete. There are some key differences between the two experiments: 
the NEMO experiment shows higher kinetic energy in the south-western 
Mediterranean whereas the ICON experiment has more kinetic energy 
in the Tyrrhenian Sea, but the regions showing propagating waves and 
tidal beams are similar in the two models.

These waves at the M2 frequency are also visible at deeper layers: 
Figs.  C.6 and C.7 show the baroclinic M2 currents at 300 m and 1000 m, 
from which we see the kinetic energy is lower at deeper levels, but tidal 
beams are still present until around 1000 m, particularly in the Hellenic 
Arc region where the deep Ionian Sea meets the shallow Aegean Sea, 
explaining the wave propagation in the Ionian Sea.

Spectra of the baroclinic horizontal currents throughout the water 
column are plotted at several key points. These are the centres of the 
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Fig. 8. Maps of the barotropic to baroclinic energy conversion term (𝐶) in key regions of the Mediterranean Sea: the Gibraltar Strait/Alboran Sea (a. NEMO, 
and d. ICON), the Sicily Strait/Malta Bank (b. NEMO, and e. ICON), and the Hellenic Arc region (c. NEMO, and f. ICON).
regions in Fig.  1, as well as in four further regions, which appear 
to have internal tide propagation in the maps of Fig.  10. These are 
the Algerian Sea (37.70◦N, 5.23◦E), the Tyrrhenian Sea (39.73◦N, 
11.50◦E), and two points in the Ionian Sea (35.90◦N, 20.46◦E and 
33.50◦N, 19.48◦E), which are the centre points of regions shown in 
Fig.  1. Three of these eight spectra are shown in Fig.  11: the Gibraltar 
Strait, Sicily Strait, and northern Ionian Sea, while the others can be 
found in Appendix D.

In the Gibraltar Strait (Fig.  11a-d), we see high values of energy den-
sity at both diurnal and semidiurnal frequencies throughout the water 
column in both models and for both along-strait (zonal) and cross-strait 
(meridional) currents. In the Sicily Strait (Fig.  11e-h), the bottom-
trapped diurnal internal tide is more prominent, while there is only a 
small peak of semidiurnal baroclinic energy density demonstrating that 
the M2 internal tide is relatively important in the western basin, while 
K1 is more prominent in the central Mediterranean Sea. Contrastingly, 
in the Ionian Sea (Figs.  11i-l), energy density from the currents depends 
strongly on depth: the upper layers have energy distributed across 
many frequencies, while the internal frequency has its peak in deeper 
layers. As discussed in McDonagh et al. (2024), this region shows some 
interaction between the diurnal internal tide and near-inertial waves, 
particularly in NEMO, where the near-inertial peaks stretch towards the 
diurnal frequency. This analysis of the baroclinic kinetic energy further 
confirms that the wave-wave interactions seen in McDonagh et al. 
(2024) refer to interactions between internal tides and near-inertial 
waves.

4.3. Internal tide wavelengths

Typical wavelengths of the first two modes of the M2 internal tide 
in the global ocean are 100–160 km and 45–80 km according to Li 
et al. (2015), while Ray and Zaron (2016) finds that these values are 
around 100–170 km and 50–80 km for the first two modes respectively. 
Others find that open-ocean internal tide wavelengths can be at least 
200 km (Wunsch, 1975; Carter et al., 2012), while at the coast around 
100 km is a reasonable value (Carter et al., 2012). Several regions 
are chosen for wavenumber analysis, following propagation paths of 
the M2 internal tide seen in Fig.  10. Fig.  1 includes a map of these 
new analysis regions. Wavenumber spectra of the tidal baroclinic ve-
locity of the M2 component is calculated along these paths using the 
periodogram as described in Appendix  A. The data used to calculate 
the periodogram is from the harmonic analysis of baroclinic currents 
for each tidal component, along the length of the paths of the blue 
highlighted boxes in Fig.  1. Several parallel lines (five for the Algerian 
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Table 4
Wavelengths of the first baroclinic mode of the M2 internal tide in the regions 
from Figs. 1 and 12, calculated by solving the Sturm–Liouville eigenvalue 
problem.
 Region NEMO (km) ICON (km) 
 Algerian Sea (Fig.  12a–c) 71.6 54.7  
 Tyrrhenian Sea (Fig.  12d–f) 57.5 45.8  
 Ionian Sea (north) (Fig.  12g–i) 52.0 43.3  
 Ionian Sea (south) (Fig.  12j–l) 53.3 41.3  

Sea, ten for the other regions) are averaged after the periodogram is 
calculated for each line.

The wavenumber spectra for the M2 component along each of these 
paths are in Fig.  12, with additional data from a similar NEMO config-
uration without tides (the non-tidal configuration used in McDonagh 
et al., 2024). In Fig.  12, the largest density peak in the Tyrrhenian and 
northern Ionian seas are at wavelengths greater than 200 km. These can 
be attributed to seiches in the Mediterranean Sea, which include modes 
at frequencies close to that of the M2 tidal component, at 11.4 h and 
12 h (Schwab and Rao, 1983; Lozano and Candela, 1995), which are 
known to interact with tides (McDonagh et al., 2024). The peak most 
relevant to internal tides is at around 50–100 km and is visible in the 
Algerian Sea and Ionian Sea, in both experiments but most prominently 
NEMO. This is the first vertical mode of the M2 internal tide. A second 
mode also appears in Fig.  12b and e, at a higher wavenumber than the 
first, close to 50 km.

These results from model outputs are also compared to theoretical 
values for the first mode of the M2 internal tide in the same regions, 
calculated by solving the Sturm–Liouville eigenvalue problem, assum-
ing a flat bottom within each region at its area-weighted mean depth. 
Table  4 shows these results for both models. In most of the regions 
analysed, these calculated wavelengths are well-matched with those 
in the spectra. It also helps us to differentiate between the peaks due 
to internal tides in Fig.  12 and other peaks which are arising from 
other phenomena at frequencies close to that of the M2 tide, such 
as seiches. We argue now that the longer wavelength peaks in the 
Tyrrhenian and Ionian Seas are not due to tides but to seiches that 
are at similar frequencies. The calculated wavelengths in Table  4 are 
shorter in ICON than in NEMO in all four analysed regions. This can 
be attributed to the Brunt-Väisälä frequency differences between the 
models: in the critical depths for internal tides of around 100–1000 m, 
NEMO is more stratified than ICON in these regions of interest (see 
Appendix  C), which has a relation with the wavelength according to 



B. McDonagh et al. Progress in Oceanography 241 (2026) 103647 
Fig. 9. Vertical mean baroclinic kinetic energy in the Mediterranean Sea during March 2022, for the M2 component in a. NEMO and b. ICON and for the K1 
component in c. NEMO and d. ICON.
the equations in Appendix  B, where more details on the Sturm–Liouville 
eigenvalue problem and its associated assumptions can be found.

5. Conclusions

For the first time, internal tides in the Mediterranean Sea are 
mapped in the whole basin (Figs.  7–10). Three major generation sites 
are found: firstly, the Gibraltar Strait and Alboran Sea, secondly, the 
Sicily Strait and Malta Bank in the central Mediterranean Sea, and 
finally, the Hellenic Arc, as well as several minor generation sites in 
the Eastern Mediterranean more broadly, and the Tyrrhenian Sea. Both 
diurnal and semidiurnal internal tides are analysed, with a particular 
focus on the M2 and K1 components. The two components have varying 
importance in different regions, with M2 being more prominent in the 
Western Mediterranean Sea and Cretan Passage, and K1 being most 
important in the central and southeastern parts of the basin. Semidi-
urnal internal tides propagate for up to hundreds of kilometres in the 
10 
Mediterranean Sea, both in the eastern and western basins, particularly 
in the Algerian Sea, Tyrrhenian Sea, and Ionian Sea, which respectively 
propagate from the three key generation sites listed above. The first 
modes of the M2 internal tide are resolved by the numerical models 
and have wavelengths comparable to Li et al. (2015) in the NEMO 
experiment, whereas the ICON-O simulation has shorter wavelengths 
than suggested by the literature in several regions, which is likely 
due to differences in the stratification profiles of the two models, 
particularly at the Gibraltar Strait, since the Algerian Sea wavelengths 
are particularly different in the two models.

The two numerical experiments have similar generation sites and 
propagation regions for internal tides, but the specific wavelengths, the 
propagation directions, and the propagation distances vary between the 
two experiments. Some reasons for this include differences in stratifi-
cation, model bathymetry, and the representation of barotropic tides, 
as well as differing configurations of key regions such as the Gibraltar 
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Fig. 10. Maps of baroclinic M2 current amplitude at the closest vertical level to 150 m for a. zonal velocity component in NEMO, b. zonal velocity component 
in ICON, c. meridional velocity component in NEMO, d. meridional velocity component in ICON, e. kinetic energy in NEMO, and f. kinetic energy in ICON.
Strait between the two model implementations. The barotropic tidal 
amplitudes and phases provided by the NEMO and ICON experiments 
are compared to a global barotropic model used as a Ref. (Egbert and 
Ray, 2003) in Section 3. However, further validation using data from 
cruises in some isolated regions, such as that of Oddo et al. (2023), 
could be used to better understand which model has a more correct 
representation of internal tides through direct observations.
11 
This work was a first step in mapping internal tides throughout 
the Mediterranean basin using a high-resolution numerical model. Next 
steps for the study of internal tides in the Mediterranean Sea could 
include an analysis of interactions with other mesoscale phenomena, 
particularly near-inertial waves, as was briefly discussed in McDonagh 
et al. (2024) as well as in this work, and the interaction between 
internal tides and mesoscale eddies, which are a key feature in the 
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Fig. 11. Spectra of zonal (u) and meridional (v) currents at three points: the Gibraltar Strait (35.98◦N, 5.48◦W) (a–d), Sicily Strait (37.19◦N, 11.98◦E) (e–h), and 
Ionian Sea (35.73◦N, 20.44◦E) (i–l), evaluated from NEMO (left) and ICON (right) model simulations through the vertical column. Dashed black lines represent 
the tidal frequencies included in NEMO and the green line indicates the inertial frequency at the latitude of the point. m. Depth-mean spectra of each of the 
above panels.
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Fig. 12. Wavenumber energy density spectra of M2 baroclinic currents for four regions (as in Fig.  1): a–c. Zonal velocity, Algerian Sea (37.70◦N, 0.48◦W–9.98◦E), 
NEMO (without tides), NEMO and ICON, d–f. Meridional velocity, Tyrrhenian Sea (37.98–41.48◦N, 11.50◦E), NEMO (without tides), NEMO and ICON, g–i. Zonal 
velocity, Ionian Sea (north) (35.90◦N, 17.98–22.94◦E), NEMO (without tides), NEMO and ICON, j–l. Zonal velocity, Ionian Sea (south) (33.50◦N, 15.98-22.98◦E), 
NEMO (without tides), NEMO and ICON, m. depth-averaged spectra for all regions.
Mediterranean Sea circulation. Another phenomenon of interest would 
be any interaction between internal tides and seiches, which are im-
portant in the Mediterranean Sea dynamics. It is possible that internal 
tides could be generated in other regions of steep topography such as 
small islands and seamounts, and narrow straits such as the Messina 
Strait, which are not properly resolved by the model implementations 
used in this work. A regional study of the central Mediterranean Seas 
with sub-kilometre scale horizontal resolution would be a particularly 
useful step in understanding the internal tides in this region. Moreover, 
the Gibraltar Strait, although resolved in both of the models used in 
this work, generally needs a horizontal resolution of at least 500 m 
to properly resolve its physics (Sannino et al., 2009). Future studies 
should consider the use of sub-kilometre scale models, nested models, 
or unstructured grid models to better understand the internal wave field 
in this small and complex region.
13 
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Appendix A. Spectral analysis

In this work, spectra are calculated to analyse the frequencies and 
wavelengths at which internal tides are generated and propagated at a 
variety of temporal and spatial scales. In the following sections, each 
type of spectrum is briefly defined.

A.1. Spectrum calculation

For all spectra, a periodogram is used as an estimate of the spec-
trum. The main advantages of using the periodogram over other esti-
mators of a spectrum is that a periodogram is asymptotically unbiased, 
and estimates at adjacent frequencies are almost uncorrelated. The 
periodogram is calculated as follows:
14 
For a timeseries 𝑥1,… , 𝑥𝑇 , where 𝑥𝑡, 𝑡 = 1,… , 𝑇  is periodic and can 
be expanded in terms of sine and cosine functions, 𝑥𝑡 is; 

𝑥𝑡 = 𝑎0 +
𝑞
∑

𝑗=1
(𝑎𝑗 cos(2𝜋𝜔𝑗 𝑡) + 𝑏𝑗 sin(2𝜋𝜔𝑗 𝑡)), 𝜔𝑗 =

𝑗
𝑇
, 𝑗 = 1,… , 𝑞, 𝑞 = 𝑇 ∗

2
(A.1)

where 𝑇 ∗ is the largest integer within 𝑇 ∕2, and 

𝑎0 =
1
𝑇

𝑇
∑

𝑡=1
𝑥𝑡 (A.2)

𝑎𝑗 =
2
𝑇

𝑇
∑

𝑡=1
𝑥𝑡 cos(2𝜋𝜔𝑗 𝑡) (A.3)

𝑏𝑗 =
2
𝑇

𝑇
∑

𝑡=1
𝑥𝑡 sin(2𝜋𝜔𝑗 𝑡) (A.4)

The periodogram at the frequency 𝜔𝑗 is then: 

𝐼𝑇𝑗 =
𝑇
4
(𝑎2𝑗 + 𝑏

2
𝑗 ), 𝑗 =

𝑇 ∗ − 1
2

,… , 𝑇
∗

2
. (A.5)

This periodogram is used to estimate power spectra from timeseries 
at single points in the ocean.

A.2. Wavenumber spectrum

In addition to spectra in frequency space, wavenumber spectra are 
calculated to find the wavelengths of the internal tides. These spectra 
Fig. C.1. Root mean square error of model tidal amplitude and phase (a) and amplitude-only (b) for eight tidal components compared to TPXO9 in the 
Mediterranean Sea for March 2022. NEMO is in blue and ICON is in orange.
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Fig. C.2. Vertical profiles of the squared Brunt-Väisälä frequency for the NEMO simulation (blue) and the ICON simulation (red), for a. the Mediterranean Sea, and 
the regions shown in Fig.  1. These are b. the Gibraltar Strait (35.7–36.3◦N, 6.0–5.3◦ W), c. Sicily Strait (36.5–38.0◦N, 11.0–13.0◦E), d. Malta Bank (35.0–37.0◦N, 
13.0–16.0◦E), e. Algerian Sea (37.70◦N, 0.48–9.98◦E), f. Tyrrhenian Sea (38.98–41.48◦N, 11.50◦E), g. Ionian Sea (north) (35.90◦N, 17.98-22.94◦E), and h. Ionian 
Sea (south) (33.50◦N, 15.98–22.98◦E). Note that the axes are not the same in each sub-plot, which are cropped to the relevant depth scales and N2 ranges.
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Fig. C.3. Model bathymetry for a. NEMO, b. ICON, and c. Difference (ICON - NEMO).
are calculated in wavenumber space, along a length of physical space 
at a specific time, rather than in frequency space using a time series 
of data. The periodogram is also used for this calculation, replacing 
the frequency 𝜔𝑗 with the wavenumber 𝑘𝑗 and the time period 𝑇  with 
wavelength 𝜆. A harmonic analysis of currents for each tidal component 
is used to calculate the periodogram, to analyse the wavelengths at tidal 
frequencies.

Appendix B. The Sturm–Liouville eigenvalue problem

Solutions to the Sturm–Liouville eigenvalue problem allow us to 
calculate the wavelengths of internal tides to compare to the low mode 
internal tide wavelengths found through wavenumber analysis (see 
Section 3.3) and confirm that the peaks found through wavenumber 
analysis are indeed due to internal tides. The Sturm–Liouville problem 
uses the squared Brunt-Väisälä frequency from the model outputs, 
interpolated onto a regular vertical grid with a 1 m resolution. The 
eigenvalue problem is defined as: 
1
𝑁2

𝑑2

𝑑𝑧2
𝑤𝑚(𝑧) = −𝑣𝑚𝑤𝑚, 𝑚 = 1, 2,… (B.1)

where 𝑧 represents the vertical axis, 𝑁2 is the squared Brunt-Väisälä 
frequency, 𝑤𝑚 is the eigenvector, and 𝑣𝑚 is the eigenvalue of the 
𝑚th vertical mode. The eigenvalues are then used to calculate the 
wavelength of the internal tide, 𝐿𝑚 by: 

𝐿𝑚 = 1
√

𝑣𝑚(𝜔2 − 𝑓 2)
(B.2)

where 𝜔 is the frequency of the internal tide, and 𝑓 is the Coriolis 
parameter.

There are several assumptions that are made when using this 
method to calculate the wavelength of internal tides, primarily that a 
flat bottom is assumed. Due to the high resolution of the models used in 
this work, this assumption is significant and is a caveat to this analysis. 
Moreover, we also neglect any possible variations in stratification and 
internal tide wavelength within a selected region, which is likely to 
have varying importance depending on the region and the depth.
16 
Appendix C. Additional analysis

Some supplementary figures which are referred to in Section 4 are 
displayed here.

C.1. Model validation

In addition to the validation of tides compared to tide gauges (Fig. 
4), here we show an equivalent figure comparing each tidal component 
to TPXO9 data. The root mean square differences between the models 
and TPXO9, for both amplitude and phase of all eight tidal components 
included in the NEMO implementation, are shown in Fig.  C.1. As is the 
case for the comparison with tide gauges, most tidal components have a 
lower RMSE in NEMO compared to ICON. The exceptions to this are the 
P1 component, in both amplitude and phase, and the amplitude-only 
RMSE in the S2 component. In the two components of the most interest 
in this study, M2 and K1, NEMO outperforms ICON when comparing 
to TPXO9.

The stratification of the ocean is known to affect the propagation 
of internal tides, where a more stratified ocean allows for greater 
propagation. Following the comparison of temperature and salinity 
profiles (Fig.  5), the profiles of the squared Brunt-Väisälä frequency are 
shown in Fig.  C.2. Beginning with the basin-mean profile (Fig.  C.2a.), 
ICON has higher stratification than NEMO through most of the profile, 
most notably in the first 200 m and below 1000 m. The shape of the 
two profiles also differs: the profile from the ICON simulation has a 
second peak at around 1750 m, while the NEMO experiment profile 
only has a subsurface peak. A Mediterranean Sea observed profile such 
as those in Cuypers et al. (2012) typically looks more like that of the 
NEMO experiment, with only one peak close to the surface, whereas the 
ICON experiment’s profile has a double peak which appears more like 
a typical Atlantic Ocean profile such as those from Emery et al. (1984). 
This could cause a higher or overestimated propagation of internal 
tides in ICON when compared to NEMO since ICON is more stratified 
in several key regions for internal tide propagation. However, at the 
depths between 200–1000 m, NEMO has a higher stratification. These 
are among the depths where much of the internal tide propagation 
occurs (see the Results section), so the difference is notable here even 
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Fig. C.4. Maps of the barotropic to baroclinic energy conversion term (𝐶) in the Mediterranean Sea, split into semidiurnal (M2, S2, K2, and N2; a. NEMO and 
b. ICON) and diurnal (K1, O1, P1, and Q1; c. NEMO and d. ICON) components.
though it is relatively small compared to the differences between the 
profiles below 1000 m.

The basin mean profile is not representative of all of the regions 
of interest in this study, as is clear from Fig.  C.2b.-h.. In the Gibraltar 
Strait, ICON is missing the deeper levels entirely: it is not well-tuned for 
this region so the bathymetry is not well-resolved. In the upper layers, 
NEMO has higher stratification than ICON, meaning that the incoming 
tides from the Atlantic Ocean may propagate further into the western 
Mediterranean Sea as an internal tide. NEMO is also more stratified 
than ICON in the upper 1000 m in the Algerian and Tyrrhenian Seas. 
In the Sicily-Malta region, both profiles are very similar in the upper 
200 m, and ICON becomes more unstable compared to NEMO in the 
200–1200 m layer. Below 2000 m, ICON becomes more stratified again, 
but at this depth, there is not much space for internal tides to propagate 
over long distances due to the steep bathymetry in this region, so these 
depths are unlikely to be relevant for internal tide propagation in the 
Mediterranean Sea. In the Eastern Mediterranean, NEMO is an order of 
17 
magnitude more stratified in the intermediate layers to 1200 m than 
ICON, again indicating that internal tides are more likely to propagate 
here in NEMO than in ICON. At around 2000 m in the Ionian Sea, as 
well as in the Tyrrhenian Sea, we see the aforementioned second peak 
in ICON which does not appear in NEMO.

Bathymetry is a major indicator for internal tide generation sites, 
and the bathymetry of key regions is already shown in Fig.  6. The 
bathymetry over the entire model domain is shown in Fig.  C.3.

C.2. Internal tide generation by tidal component

Figs.  7 and 8 show the internal tide generation rate, 𝐶, for all tidal 
components. It is also valuable to compare the generation of internal 
tides between diurnal and semidiurnal components, since we know that 
semidiurnal internal tides can propagate freely in the Mediterranean 
Sea while diurnal internal tides remain trapped along the bathymetry, 
due to their respective critical latitudes. Fig.  C.4 shows the maps from 
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Fig. C.5. Maps of the barotropic to baroclinic energy conversion term (𝐶) in key regions of the Mediterranean Sea: the Gibraltar Strait/Alboran Sea (a.-d.), 
the Sicily Strait/Malta Bank region (e.-h.), and the Hellenic Arc (i.-l.). Each of these has a panel for NEMO-semidiurnal (a., e., i.), ICON-semidiurnal (b., f., j.), 
NEMO-diurnal (c., g., k.) and ICON-diurnal (d., h., l.).
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Fig. C.6. Maps of baroclinic M2 current amplitude at the closest vertical level to 300 m for a. zonal velocity component in NEMO, b. zonal velocity component 
in ICON, c. kinetic energy in NEMO, and d. kinetic energy in ICON.
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Fig. C.7. Maps of baroclinic M2 current amplitude at the closest vertical level to 1000 m for a. zonal velocity component in NEMO, b. zonal velocity component 
in ICON, c. kinetic energy in NEMO, and d. kinetic energy in ICON.
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Fig.  7 split into diurnal and semidiurnal components, and in Fig.  C.5, 
a component-split version of Fig.  8 is presented. The regions with high 
values of 𝐶 are similar for the semidiurnal components in the two 
experiments, with the key generation sites in the Gibraltar Strait and 
Hellenic Arc prominent in both models, while the diurnal components 
are much more widespread in the Eastern Mediterranean in NEMO than 
they are in ICON: we argue that the diurnal internal tide generation 
is the primary reason for the model differences. In NEMO, internal 
tide generation occurs over large swathes of the Eastern Mediterranean, 
with a strong generation site at the Malta Bank, as expected from Oddo 
et al. (2023).

C.3. Kinetic energy and propagation of internal tides

Figs.  C.6 and C.7 demonstrate the propagation of internal tides 
in the intermediate and deeper levels of the Mediterranean Sea, in 
addition to the 150 m layer shown in 10. It is clear that the long-
distance propagation of internal tides continues beyond 300 m and 
reduces at around 1000 m. At this level, the Sicily Strait is closed 
and the east and western basins are smaller in size, which allows 
for less propagation than in the intermediate layers. The Hellenic Arc 
generation site is an exception to this: tidal beams propagating from 
here into the deep Ionian Sea are still visible at 1000 m.

Appendix D. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.pocean.2025.103647.

Data availability

The datasets used for this analysis can be found at https://doi.org/
10.5281/zenodo.17949665.
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