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Abstract. In contrast to deep water waves, shallow water waves are influenced by bottom topography, which has consequences
for the propagation of wave energy as well as for the energy and momentum exchange between the waves and the mean flow.
The ERA-Interim reanalysis is used to assess the fraction of wave energy associated with shallow water waves in coastal
regions in Europe. We show maps of the distribution of this fraction as well as time series statistics from 8 selected stations.
There is a strong seasonal dependence and high values are typically associated with winter storms, indicating that shallow
water wave effects can occasionally be important even in the deeper parts of the shelf seas otherwise dominated by deep water

waves.

1 Introduction

The purpose of this brief note is to present some aspects of ocean surface waves related to bottom topography. If the wavelength
is small compared to the local water depth, the waves are unaffected by the presence of the sea floor and the wave energy balance
is dominated by input from wind, dissipation by wave breaking and white capping, and nonlinear wave-wave interactions. If
the wavelength is large compared to the local water depth, the situation is quite different and the wave energy propagation will
directly depend on the bottom topography, with implications for dissipation and sediment transport in the bottom boundary
layer, wave-mean flow interactions through wave radiation stresses, modification to the nonlinear wave-wave interactions, and
so on (e.g., Komen et al., 1994; Smith, 2006).

The main aim of this study is to identify in which coastal regions in Europe shallow water wave effects may be important
and to quantify the fraction of wave energy associated with ocean waves that can “feel” the bottom. As such, this note differs
from previous studies that focus on the wave climate, employing either hindcasts (e.g., Gorman et al., 2003; Dodet et al.,
2010; Reistad et al., 2011; Aarnes et al., 2012), reanalyses (e.g., Dee et al., 2011; Reguero et al., 2012) or climate projections
(e.g., Wang et al., 2004; Hemer et al., 2013) to assess average and/or extreme values of typical wave parameters on regional
or global scales. Typical wave conditions can be classified according to the shape of the two-dimensional wave spectrum
(e.g., Boukhanovsky et al., 2007), utilizing the fact that the waves will often be a combination of remotely forced swell and
locally generated wind waves. In coastal regions, a significant proportion of the wave energy may be associated with waves

on intermediate depth, and at any specific location this proportion will vary in time due to variations in the local and remote
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forcing of the waves. It should be emphasized that we do not make a clear distinction here between intermediate and shallow
water waves, for which the wavelength is much larger than the local depth. Our analysis is based on separating the wave spectra
into high and low frequency parts using a prescribed, depth-dependent frequency threshold.

The outline of this paper is as follows: In Sec. 2 we introduce the analysis methods and reanalysis data, while in Sec. 3 we

present the results. A brief discussion and some concluding remarks are given in Sec. 4.

2 Concept and methods

The analysis is quite simple: we divide the wave spectrum into high and low frequency parts, using prescribed values of the
ratio n between the wave group and phase velocities to identify the frequency that separates the two parts. The wave energy in
the low frequency part is divided by the total wave energy, and maps and time series statistics of this ratio are presented. Since
wave dispersion depends on the local water depth in shallow waters, the frequency limit for any given n will vary in space. The

data are obtained from the wave model component of the ERA-Interim reanalysis (Dee et al., 2011).
2.1 Wave dispersion

The dispersion relation for surface gravity waves is
w? = gktanhkh. (1)

Here w is the wave angular frequency, g is the acceleration due to gravity, k is the wave number, and / is the water depth. The
phase velocity ¢ in the direction of wave propagation is ¢ = w/k. The group velocity is given by ¢, = dw/dk, and using (1) we

have
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The ratio n between the group and the phase velocity is thus a function of the local water depth and the wave number. The
limiting cases are for deep water (kh — oo), when n = 1/2, and for shallow water (kh — 0), when n = 1 and the waves are
non-dispersive. If n > 1/2, the waves are thus to some extent influenced by the bottom. In the present study we will consider
n-values of 0.55, 0.65, 0.75 and 0.85. We will classify the waves according to their frequency f = w/27, and for any given
value of n the corresponding frequency f;, can be obtained from (1) and (2). To investigate the “shallow-waterness” of a certain
location we compute the ratio of energy of the waves that feel the bottom to the total energy:
2 [ Fafde
T < Fdfdo’

where F'(f,0) is the directional wave spectrum obtained from the reanalysis data.

3)

n

2.2 ERA-Interim wave spectra

ERA-Interim (ERA-I) is a global coupled atmosphere-wave-ocean reanalysis starting in 1979 (Dee et al., 2011). An irregular

latitude-longitude grid ensures relative constancy in atmospheric grid resolution towards the poles. T255 is the Gaussian grid
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Name Latitude | Longitude | Depth [m]
LF3] 61.20 2.30 181
62069 48.29 -4.97 137
62023 51.40 -7.90 103
AUK 56.39 2.05 79
LF5U 56.50 3.21 60
K13 53.20 3.22 29
EURO 51.99 3.27 28
BSHO3 54.00 8.12 20

Table 1. List of stations.

with a spacing of the order 80 km, but atmospheric parameters are also made available (following bi-linear interpolation) on a
0.75x0.75 degree regular lat-lon grid. The model and data assimilation scheme of the reanalysis are based on Cycle 3112 of the
Integrated Forecast System (IFS). The wave model WAM is coupled to the atmospheric part of the IFS through the exchange of
the Charnock parameter. See Janssen (1989, 1991, 2004) for details of the coupling and Dee et al. (2011) for an overview of the
ERA-Interim reanalysis. The resolution of the wave model model component is 1.0° on the Equator but the resolution is kept
approximately constant globally through the use of a quasi-regular latitude-longitude grid where grid points are progressively
removed toward the poles (Janssen, 2004). The spectral range from 0.035 to 0.55 Hz is spanned with 30 logarithmically spaced
frequency bands. The angular resolution is 15° (24 bins). Full two-dimensional spectra are archived every six hours on the
native grid. The ERA-I WAM implementation incorporates shallow-water effects important in areas like the southern North
Sea (Komen et al., 1994). ERA-I also uses a subgrid scheme to represent the downstream impact of unresolved islands (Bidlot,
2012).

2.3 Stations

In addition to presenting maps of the ratio r,,, we analyse eight stations in some detail using the six-hourly time series from
ERA-I. The station names, positions and depths are listed in Table 1, and the positions are also shown in Fig. 1. These stations
correspond to locations with wave observations, and we have focused on the European Northwest Shelf Sea where shallow
water waves are most prominent. Three stations southwest of Ireland and the UK, and in the northern North Sea are exposed
to long swell from the North Atlantic (62023, 62069 and LF3J), and all these stations are in relatively deep water (103 m, 137
m, and 181 m, respectively). Two stations are in intermediate depths in the middle of the North Sea (AUK and LF5U), while

the rest are in the shallow southern part of the North Sea.
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3 Results

We first investigate the spatial distribution of n. For this purpose we use monthly averages of the wave spectra. We then
investigate the temporal variation of n at the eight stations defined in Sec. 2.3, presenting monthly median values as well as the
5th, 25th, 75th and 95th percentiles. Finally, we plot n-values against mean period and significant wave height to investigate

the variation of n with wave steepness.
3.1 Spatial distribution

Values of r,, are typically highest in the period December-March and Fig. 2 shows maps of the average values of r,, for January
for the period 1979-2012. Unsurprisingly, the highest values are found in shallow waters, including the North Sea, southwest
of Ireland and UK, south of Spitsbergen, in the eastern part of the Barents Sea, and in the central Mediterranean. The monthly

average 1, ratios become, by necessity, smaller for increasing n, and is for n = 0.85 vanishingly small everywhere.
3.2 Seasonal dependence

Figures 3-4 show monthly values of significant wave height (H), mean period (7;,2), and r, for the eight stations listed
in Table 1. The data are presented as median values and the 5th, 25th, 75th and 95th percentiles for the period 2003-2013.
Significant wave height and mean periods are highest in the winter months, and the spread is also larger. The values of r,, are
quite small for the three stations with largest depth, but we also see e.g. values of r( g5 reaching 15% at station 62023 (103 m
depth). Notably the r( g5 values are lower for the shallower AUK station (79 m depth), which is explained by this station being

sheltered from the long swell originating in the North Atlantic. The r,, values are consistently lower in the summer months.
3.3 Dependence on wave steepness

Finally we investigate if high r,, values are associated with a particular sea state, and Figs. 5-6 show scatter plots of all the data
points in a H/T,,,» diagram. We only consider n = 0.55. For the deepest station LF3]J there are only a few cases with relatively
high rg 55 values (to put this in context: there are over 16000 data points altogether). For the rest of the stations it is clear that
r0.55 1s primarily correlated with the mean period, and not with the significant wave height, and high values can be found both
for high and low waves. There is a lower limit to the mean period that increases with the wave height, however, hence the

average value of r( 55 in general increases with H.

4 Conclusions

Data from the wave model component of the ERA-Interim reanalysis have been used to quantify the “shallow-waterness” of
the wave climate in coastal regions in Europe. The “shallow-waterness” is here defined as the ratio r,, of wave energy of the

components that are influenced by the bottom compared to the total wave energy. As can be expected, the ratios are largest
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during winter and on the European Northwest Shelf. Eight stations over that area have therefore been investigated in more
detail.

This work has a bearing on coupled wave-ocean modeling systems, for example, shallow water wave-induced radiation
stresses give rise to barotropic forcing terms that can play a role for storm surge modeling. With the exception of the shallowest
parts of the shelf seas, the “shallow-waterness” is on average quite small, but occasional high values of r,, can be found in
intermediate water depths (~ 100 m). Destructive storm surge events are typically caused by intense winter storms with high
waves, and our results suggest that in such situations shallow water effects can be important even at great distances from the
coast. The “shallow-waterness” is primarily correlated with the mean period and can be found for both high and low waves,

but shallow water effects become increasingly important for higher waves since these are associated with longer mean periods.
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Figure 1. Map of station positions. Depths less than 300 meters are indicated in gray.
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Figure 2. Average values of r9.55,70.65,70.75,70.85 in January for the period 1979-2012.
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Figure 3. Monthly values of significant wave height, mean period, and r,, values for n = 0.55, 0.65, 0.75 and 0.85 at stations LF3J, 62029,
62023 and AUK. Median values are given by red and blue lines; 25th to 75th percentiles are shown as dark gray; 5th to 95th percentiles are
shown as ligth gray.
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Figure 6. As Fig. 5, but for stations LF5U, K13, EURO and BSHO03.
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