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Abstract A detailed climatology of wind sea and swell waves
in the Nordic Seas (North Sea, Norwegian Sea, and Barents
Sea), based on the high-resolution reanalysis NORA10, de-
veloped by the Norwegian Meteorological Institute, is pre-
sented. The higher resolution of the wind forcing fields, and
the wave model (10 km in both cases), along with the inclu-
sion of the bottom effect, allowed a better description of the
wind sea and swell features, compared to previous global
studies. The spatial patterns of the swell-dominated regional
wave fields are shown to be different from the open ocean, due

to coastal geometry, fetch dimensions, and island sheltering.
Nevertheless, swell waves are still more prevalent and carry
more energy in the Nordic Seas, with the exception of the
North Sea. The influence of the North Atlantic Oscillation on
the winter regional wind sea and swell patterns is also pre-
sented. The analysis of the decadal trends of wind sea and
swell heights during the NORA10 period (1958–2001) shows
that the long-term trends of the total significant wave height
(SWH) in the Nordic Seas are mostly due to swell and to the
wave propagation effect.

Keywords Wind sea . Swell .Wave climate . Air-sea
interaction .Wave age . NORA10 . Nordic Seas . North
Atlantic Oscillation

1 Introduction

Ocean surface gravity waves, also called wind waves, are the
most obvious air-sea interaction phenomena at the interface
between the atmosphere and the ocean. Wind waves (hence-
forth, simply called waves) account for most of the energy
carried by all waves at the ocean surface (Kinsman 1965).
Waves also have a significant impact on offshore and coastal
infrastructures, ship design and routing, beach erosion and
sediment transport, for example, and are an important element
in extreme events, like storm surges and flooding in coastal
areas. There are two types of waves at the ocean surface: wind
sea and swell. Wind sea waves (also called young or growing
waves) are waves under the influence of local winds. As
waves propagate away from their generation area, or when
their phase speed overcomes the local wind speed, they are
called swell. Swell waves can propagate thousands of kilome-
ters across entire ocean basins (Snodgrass et al. 1966; Alves
2006), with energy e-folding scales exceeding 20,000 km
(Ardhuin et al. 2009).
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The most common parameters used to characterize sea
states are the significant wave height (SWH) and the mean
wave period (MWP). But these two parameters provide a
limited description of the wave field. They are calculated by
integrating the wave spectra, and two wave fields with the
same SWH and MWP may still be very different in detail, in
the sense that they can be more or less dominated by one type
of waves; a mixed sea state of wind sea and swell waves can
have the same SWH and MWP as a younger sea state with a
very strong prevalence of wind sea waves almost without swell
(Holthuijsen 2007; Semedo et al. 2011a). For this reason, a
more detailed investigation and qualitative analysis is needed
to correctly define the wave field characteristics and climate of
a certain area. The way to pursue this analysis is by studying
the wind sea and swell parameters separately (Guedes Soares
1984): SWH andMWP, but alsomeanwave direction (MWD).

The qualitative analysis of ocean surface waves has been
the focus of several recent global studies, from the wave
climate community (Chen et al. 2002; Gulev and Grigorieva
2006; Semedo et al. 2011a; Fan et al. 2014), but also from the
air-sea interaction community (Smedman et al. 2009;
Högström et al. 2009, 2013; Hanley et al. 2010; Semedo
et al. 2009; Nilsson et al. 2012; Rutgersson et al. 2012;
Belcher et al. 2012). The reason for this interest lies mostly
in the fact that waves have an impact on the lower atmosphere,
and that the air-sea coupling is different depending on the
wave regime, be it wind sea or swell dominated (Cavaleri et al.
2012).Wavesmodulate the exchange ofmomentum, heat, and
mass across the air-sea interface (Janssen 2012; Janssen et al.
2013), and this modulation is different and dependent on the
prevalence of one type of waves: wind sea or swell (Högström
et al. 2009; Semedo et al. 2009). During the wave growth
process, the momentum flux is directed downward, and the
wave impact on the atmosphere is restricted to a very shallow
layer, of the order of 1 m. When the ocean surface is domi-
nated by swell, particularly during light winds, waves dissi-
pate energy to the atmosphere as they propagate (Ardhuin and
Jenkins 2006). In this situation, the net momentum flux can
reverse its direction, from downward to upward. It has been
observed that in certain conditions, due to this momentum flux
reversal, waves “accelerate” the wind in the first meters above
the water, producing a jet-like feature, and introducing a
departure from the logarithmic wind profile. These “wave
driven” wind speed departures reduce the wind shear and,
consequently, the mechanical production of turbulence
(Smedman et al. 1999; Sullivan et al. 2008) and are responsi-
ble for the collapsing of the lower atmosphere turbulence
structure (Högström et al. 2009).

The best way to produce reliable wave climate statistics
would be to rely on buoy observations. However, and in spite
of their accuracy, in situ wave measurements still have several
problems, since they are found disproportionately near the
coasts of industrialized countries, mostly in the northern

hemisphere. The wave observations time series also suffer
from inhomogeneities due to changes in instrument type and
location (see Bidlot et al. 2002), and, most notably, their very
sparse geographical distribution and data gaps do not allow
their use for wave climate studies in large areas. Remote
sensing wave measurements are an alternative, but the length
of the time series, as well as the poor temporal resolution of
the polar-orbiting satellites, are problems that still limit its use
for accurate wave climate studies. On the other hand, spectral
partitioning is the best way to isolate wind sea and swell
characteristics (Gerling 1992; Hanson and Phillips 2001),
and, up to the moment, long enough and sufficiently accurate
spectral descriptions of the wave field are only available from
wave model hindcasts and reanalyses.

Recently, several global long-term wave climate studies,
using wave hindcasts or reanalyses, were published in the
literature (Chawla et al. 2012; Stopa and Cheung 2014; Fan
et al. 2012), but only one had a particular focus on wind sea
and swell waves climate: Semedo et al. (2011a), whom, using
ERA-40 reanalysis data (Uppala and Coauthors 2005; Sterl
and Caires 2005), presented a detailed global climatology of
both wave regimes (wind sea and swell). They have shown
that the global ocean is dominated by swell waves: that they
carry most of the energy at the ocean surface, and that the
probability of having swell dominated wave fields is substan-
tially higher than the probability of having wind sea dominat-
ed fields. This is true even for the mid to high latitudes, along
the extratropical storm tracks, where the wind speed and the
relative weight of the wind sea part of the wave spectra are
highest. Chen et al. (2002), and later Jiang and Chen (2013),
using shorter time series of blended remote sensing and wave
model data, also reached similar conclusions regarding the
swell prevalence in the open ocean.

Global reanalyses do not resolve mesoscale dynamics nor
do they come close to modeling coastal wind and wave
features. In regional areas, coastal and other mesoscale effects
on the wind regimes compete with larger scale forcings, but
also fetches are variable and depend on the wind direction.
Bottom topography also adds additional complexity. For these
reasons, the wind sea and swell regimes in coastal waters and
in marginal seas are expected to be substantially different (and
dynamic) when compared to open-ocean areas. Model reso-
lution, therefore, is an important issue in modeling regional
wind sea and swell features.

Some (few) long-term regional wave climate studies using
downscaled wave hindcasts were recently pursued (e.g.,Weisse
and Günther 2007; Pilar et al. 2008; Lionello and Galati 2008;
Lucas et al. 2011; Tuomi et al. 2011; Bosserelle et al. 2011), but
none studied the wind sea and swell waves separately. In fact, to
our knowledge, no regional wave climate study has looked at
the qualitative analysis of wind sea and swell waves.

The goal of this study is to present a detailed climatology of
wind sea and swell characteristics in the North Sea, Norwegian
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Sea, Greenland Sea, and Barents Sea (henceforth called for
convenience “the Nordic Seas”), based on the high-resolution
Norwegian reanalysis at 10 km (NORA10, Reistad et al. 2011).
The NORA 10 is a regional dynamical downscaling of the
ERA-40 reanalysis (Uppala and Coauthors 2005), comprising
both atmospheric and wave parameters, where considerable
improvements in the mean and upper percentiles of wind speed
and SWHwere achieved, as well as improvements in theMWP
(Reistad et al. 2011). The regional distribution of the wind sea
and swell SWH and MWD parameters from NORA10, and
how they combine in the total SWH and MWP, are presented.
The long-term trends of SWH and its wind sea and swell
components in these semi-enclosed seas are also analyzed.

The paper is outlined as follows. The NORA10 reanalysis
is described in section 2. Section 3 presents the climatology of
the regional wind sea and swell characteristics. The long-term
variability of wind sea and swell heights in the Nordic Seas
and how they combine in the overall SWH variability are
presented in section 4. The paper ends with concluding re-
marks and suggestions for further research in section 5.

2 Data and analysis methodology

2.1 NORA10

A reanalysis is a rerun of the past, with the goal of overcoming
inhomogeneities due to model and data assimilation changes,
using as many observations available as possible. The best
available model and data assimilation schemes, now kept
unchanged in time during the integration, are used to repeat
the analysis procedure. Inhomogeneities still prevail, unfortu-
nately, due to uneven data coverage and changes in observa-
tion systems (Uppala 1997; Sterl 2004). We distinguish be-
tween reanalyses, which incorporate data assimilation, and
wave hindcasts, which are model-only exercises without data
assimilation. NORA10 is a high-resolution regional down-
scaling of the ERA-40 reanalysis (Uppala and Coauthors
2005) produced by the Norwegian Meteorological Institute
(Reistad et al. 2011). It is a hybrid between a reanalysis and a
hindcast in the sense that the wave model (WAM) has no data
assimilation and thus relies solely on the wind forcing and the
boundary conditions, while the atmospheric model has been
initialized from the ERA-40 reanalysis and as such is a down-
scaled reanalysis (but with no additional data assimilation).

In NORA10, no coupled model system is used, as was in
ERA-40 (Bidlot 2001), and the atmospheric and wave down-
scalings were done separately. First, the atmospheric reanaly-
sis was produced with the hydrostatic High-Resolution Lim-
ited-Area Model (HIRLAM; Undén and Coauthors 2002) at
10–11-km resolution (HIRLAM10), with 40 vertical levels,
more densely spaced near the surface. The model domain was
set up as a rotated spherical grid (Reistad et al. 2011). The

HIRLAMmodel was forced at the boundaries with temperature,
wind, specific humidity, and cloud water, at all vertical levels,
plus surface pressure, with a 6-hourly temporal resolution. Sea
surface temperature was interpolated from ERA-40. The wave
hindcast was then produced by forcing the wave model WAM
(cycle 4; WAMDI Group 1988; Komen et al. 1994) with
HIRLAM10 winds on the same domain as the atmospheric
model domain. The inner 10–11-km resolution wave model
domain was nested in a larger 50-km resolution domain that
generated boundary conditions (see Breivik et al. 2009 for details
on the nesting). The outer domain was forced with ERA-40
winds. Ice coverage information was passed to the wave model
from HIRLAM10 three times per month. Both outer and inner
domains were integrated with the bottom friction mode on.

The results of NORA10 show a significant improvement of
coastal and open-ocean winds, and therefore, also a significant
improvement of the downscaled wave fields. Further details
and results on the performance of NORA10 are presented by
Reistad et al. (2011), while Aarnes et al. (2012) and Breivik
et al. (2013) analyze the tail behavior and the estimated return
values derived from NORA10.

In NORA10, all atmospheric and wave parameters are
archived on the native rotated latitude-longitude grid. The
temporal resolution of the archive is 3 h. ERA-40 covers a
period from September 1957 to August 2002. NORA10 has
been extended beyond August 2002 using operation analyses
from the ECMWF as boundary and initial conditions allowing
for a longer data time series. Here, we use only the NORA10
period coincident with ERA-40, and from those, only the
1958–2001 period, allowing some degree of comparison with
the results of Semedo et al. (2011a).

2.2 Wave parameters and spectral separation

The wavemodelWAMoutputs two-dimensional wave energy
spectra F f ; θð Þ at each grid point by integrating the so called
wave energy balance equation (Holthuijsen 2007), where f
and θ are the wave frequency and propagating direction,
respectively. From the F f ; θð Þ spectra, several integrated
wave parameters can be obtained. In the present study, the
SWH andMWD from the total (Hs; θmÞ , wind sea Hw

s ; θ
w
m

� �
,

and swell Hs
s; θ

s
m

� �
wave fields, respectively, are used. Be-

sides, the wave fields the NORA10 10-m wind speed U 10ð Þ
and direction φð Þ are also used here. The SWH (Munk 1944)
is defined as SWH ¼ Hs ¼ 4:04

ffiffiffiffiffiffi
m0

p
, where m0 is the

zeroth spectral moment, defined as

m0 ¼ ∬ f 0F f ; θð Þdfdθ; ð1Þ

and the MWD is defined as θm=atan(SF/CF), where

SF ¼ ∬sin θð ÞF f ; θð Þdfdθ and ð2aÞ
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CF ¼ ∬cos θð ÞF f ; θð Þdfdθ ð2bÞ

In the wave model WAM, the wind sea and swell param-
eters are obtained by integrating the high and low frequency
parts of the wave spectra, respectively. The spectral

partitioning is obtained through a separation frequency bf ,
with a corresponding wave phase speed defined as

bc ¼ 33:6� u*cos θ−φð Þ; ð3Þ

where u� is the friction velocity. See Bidlot (2001) and
Semedo et al. (2011a) for further details on the WAM wind
sea and swell separation scheme.

The NORA10 wind and wave parameters were processed
for seasonal means, following the World Meteorological So-
ciety seasonal partition: December-January-February (DJF),
March-April-May (MAM), June-July-August (JJA), and
September-October-November (SON). Here, we look only at
the extreme seasons DJF and JJA (boreal winter and summer,
respectively), in spite of some remarks in the text concerning
the intermediate seasons MAM and SON.

3 The Nordic Seas wind sea and swell climates

3.1 Regional wind sea and swell-significant wave heights

The seasonal maps of the DJF and JJA U 10 and φ (arrows)
climatological means are shown in Fig. 1. The wind direction
arrows are not scaled with the wind speed background field.
The mean φ (as the total, wind sea, and swell mean wave
directions θm; θ

w
m , and θsm , respectively) was computed by

averaging its zonal and meridional components separately.
The climatological amplitude of the near surface wind

speed in the Nordic Seas between DJF and JJA, which is
characteristical of the North Atlantic sub-basin (see Sterl and
Caires 2005 and Semedo et al. 2011a), is noticeable in Fig. 1,
although less pronounced than in the open ocean. During
winter, theU 10 is higher than 11 ms−1 in almost all the Nordic
Seas, including in the North Sea, and higher than 12 ms−1

south of Iceland. In the summer, the climatological mean U 10

is lower (less than 7 ms−1 in most of the area of interest), with
a maximum (around 9 ms−1) also south of Iceland. The
Norwegian Sea is the preferred track of the extratropical
storms in the North Atlantic (Chang et al. 2002; Bengtsson
et al. 2006), and that can be seen in the southern areas of the
domain, between Iceland and Scotland, where wind speeds
are highest. In the South of Iceland, the surface winds are
predominantly south-westerly, as part of the North Atlantic

Westerlies, turning slightly counterclockwise as they enter the
Norwegian Sea, both in DJF and JJA. This backing of the
wind direction is part of the flow around of the Icelandic Low
and is more noticeable in JJA. North of about 68° N, also in
both seasons, the winds blow from the northeast, as part of the
northern hemisphere Polar Easterlies. The convergence of the
Westerlies with the Polar Easterlies (at the surface), marking
the climatological Polar Front in this area, can be seen in both
seasons, taking place slightly more North in JJA. Mesoscale
features (not noticeable in ERA-40 winds; Sterl and Caires
2005; Semedo et al. 2011a) can be identified in the Barents
Sea in both seasons, and along the western coast of Norway in
JJA (most probably sea breezes). A slight increase in U 10 in
the Nordic Seas in DJF and JJA is noticeable when compared
to ERA-40 (see Semedo et al. 2011a), confirming the results
of Reistad et al. (2011), where the improvement of the surface
wind speeds quality in NORA10 is shown.

Figure 2 displays the seasonal maps ofHs; Hs
s , andH

w
s (as

well as of θm; θ
w
m , and θsm , represented as arrows) climato-

logical means for DJF and JJA. The most striking feature is
the comparison of the magnitudes of Hs

s and Hw
s fields, in

both seasons. While in the open ocean, Hs
s is considerably

higher thanHw
s , as shown by Semedo et al. (2011a); this is not

necessarily the case in smaller and constrained areas like the
Nordic Seas, where the fetches are limited and swell waves do
not have enough space to propagate away from their genera-
tion area. In DJF, the mean Hs

s and Hw
s are comparable, with

the swell waves propagating into the Norwegian Sea, away
from the Hs climatological maximum located south of Ice-
land. In both seasons, in the south of Iceland, Hs

s is slightly
higher than Hw

s (around 3 m and 2.5 m in DJF, and around
1.5 m and 1 m in JJA, for Hs

s , and Hw
s , respectively). That

does not happen in the North Sea, where wind sea waves are
higher than swell waves in DJF (around 2m and less than 1 m,
respectively), and about the same height in JJA (around
0.8 m). In that marginal sea, due to its shape, but also to the
sheltering effect of Great Britain, theHs

s climatological means
are almost the same in DJF and JJA, regardless of the seasonal
wave heights amplitude differences in the open ocean and in
the Norwegian Sea. In the northern part of the Norwegian Sea
and in the Barents Sea, the mean Hs

s is also practically the
same in winter and summer. That is not the case for Hw

s .
Swells are slightly higher than wind seas in DJF in the north-
ern part of the Norwegian Sea (around 2.5 m and 2.1 m,
respectively), but lower in most parts of the Barents Sea due
to the orientation of the fetch and to the sheltering effect of the
Scandinavian Peninsula. The swell and wind sea mean direc-
tions are also very different in that area in both seasons, with
the θwm clearly reflecting westerlies and polar easterlies, while
θsm follows the propagation pattern into the Norwegian Sea
from southwest. In JJA, the Hs

s climatological mean is higher
than the Hw

s one in that area (north Norwegian Sea and
Barents Sea), reflecting the low wind speeds at the surface
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shown in Fig. 1. As can be seen, the sheltering effect and the
orientation of the fetch, compared to the coast lines and to the
wind direction, are of great importance in the definition of the
swell and wind sea wave climates in the Nordic Seas. This
situation is different in the open ocean, where fetches are most
of the times “infinite”, waves can propagate freely, and the
mean Hs

s is most of the times higher than the mean Hw
s

(Semedo et al. 2011a; Jiang and Chen 2013; Fan et al. 2014).
Maps of the DJF mean Hs; Hs

s , and Hw
s 99 % percentiles

(computed separately for each season and then averaged) are
shown in Fig. 3. The 99 % percentiles for JJA are not shown
because the extremes analysis was not relevant. Although the
winter Nordic Seas wave field can be said, to a good degree, to
be dominated by swell waves (since, as seen in Fig. 2, Hs

s

> Hw
s in most areas), that is clearly not the case for the

extreme wave heights, where the total wave field is dominated
by local wind sea waves. In an area south of Iceland, extend-
ing east towards the Faroe Islands, 1 % of the waves have a
significant wave height of 11 m or higher. In almost the whole
Norwegian Sea, that value is slightly lower, but close to 10 m.
While the DJF mean 99 % percentile of Hw

s is comparable to
the Hs pattern, although slightly more constrained, particu-
larly in the highest wave heights area south of Iceland, the
extreme Hs

s values are lower (less than 6 m and lower than
that in the northern part of the domain). For the reasons
mentioned above, the 99 % percentiles of Hs

s and Hw
s in

the sheltered North Sea are different from the “open” Norwe-
gian Sea, since there, the relative differences between the
extreme wind sea and swell wave heights are even higher.

3.2 Regional wind sea and swell dominances

The predominance of one type of waves to the other can also
be accessed through the wave age parameter. The wave age
parameter was developed along with the sheltering hypotheses
of Jeffreys (1924, 1925) to designate the characteristic wave
phase speed normalized by a measure of the wind speed at a
certain height, which latter was convened to be at 10m height,
and express the relative speed between the peak wave and the

wind at a certain height, (cp=U 10 , where cp is the peak wave
phase speed). From the wave age parameter, the development
of the sea state is characterized as dominated by wind sea if
cp=U 10 < 1:2 , or as dominated by swell if cp=U10 > 1:2 ,
according to the Pierson and Moskowitz spectrum (Pierson
and Moskowitz 1964; Smith et al. 1992; Alves et al. 2003).

The characterization of the wave field by the wave age
parameter implies that most of the wave energy has to be
contained around the peak wave in the wave spectrum, which
might not always be the case, particularly under the influence
of heavy storms, where the spectrum width can be large and
the wave energy be spread through a wider frequency band.
Also, given the complexity of the wave field, the classification
of the sea state into either swell or wind sea dominated can be
seen as simplistic. Nevertheless, the wave age parameter gives
a statistically meaningful qualitative description of the sea
surface (Semedo et al. 2011a, b). Also, the wave age param-
eter has been largely used in different aspects of the air-sea
interaction theory (Csanady 2003), namely in practical model-
ing solutions of wave-atmosphere coupled model systems
(e.g., Lionello et al. 1998; Janssen et al. 2002; Rutgerson
et al. 2010, 2012), where the feedback of the waves to the
winds is modeled via a wave age dependent Charnock param-
eter (Charnock 1955, 1958).

To avoid the smoothing of the peaks of the wave age, we do
not look at its means, but follow instead a probabilistic (fre-
quency of occurrence) approach in assessing the wave field
characteristics in terms of the wave type prevalence. To quan-
tify the frequency of occurrence of the swell-dominated wave
fields in the Nordic Seas, the parameter Ps ¼ Ns=N is com-
puted for each grid point, where Ns is the number of swell-
dominated events (i.e., the number of times where cp=U 10

> 1:2Þ , and N is the total number of events. Following the
approach of Chen et al. (2002) and Semedo et al. (2011a), the
probabilistic parameter can also be defined as Ps ¼ P

cp=U 10 > 1:2
� �

, i.e., the probability (P ) of having a swell-
dominated wave field. The probability of having a wind sea
dominated wave field (not shown) can therefore be defined as
Pw ¼ 1� Ps ¼ P cp=U 10 < 1:2

� �
.

a) b)

Fig. 1 Seasonal averages of U10(m s−1) and φ (°) for a DJF and b JJA. The arrows are not scaled with the background fields
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In Semedo et al. (2011a), it was shown that in the open
ocean, even in the main wave generation areas along the
extratropical storms tracks, swell-dominated wave fields are
predominant, with frequencies of occurrence higher than 75%
in most areas, and close to 100 % in the tropical band. Due to
lower resolution, the details of the swell predominance in the
Nordic Seas (and in other coastal or semi-enclosed areas) were
not very clear in Semedo et al. (2011a, their Fig. 6.), although
showing in most cases frequencies of occurrence of swell-
dominated wave fields of the order of 75 % in the winter and
higher than 85 % in the summer. The DJF and JJA spatial
distributions of Ps , here presented with additional detail, can
be seen in Fig. 4. In both seasons, the frequencies of occur-
rence of swell-dominated wave fields have higher values in
the Norwegian Sea, compared to other areas of the domain.

Lower predominance of swell waves can be seen in the North
and Barents Seas, which can roughly be linked to the wind
speed and to the wind sea and swell wave heights pattern
shown in Figs. 1 and 2, respectively, and to the fetch length in
those areas. In the Norwegian Sea, the values of Ps are around
70–75 % in winter, and in JJA, these values increase to 85–
90 %. In the North Sea, the probability of having a swell-
dominated wave field is considerably lower: around 30–35 %
in winter, and close to 60 % in summer. In the Greenland and
North Seas and in Barents Sea near Svalbard, mostly in DJF,
the values of Ps are low (∼10–20 %). This can be explained
by the sea ice effect, which was not accounted for in the
computation of Ps . In some (most) winters of the 1958–
2001 period, these areas were covered with ice and are looked
at as “land”, considerably lowering the probability of having

a) b)

c) d)

e) f)

Fig. 2 Seasonal averages of Hs(m) for a DJF and b JJA, of HS
S(m) for c

DJF and d JJA, and of HS
W(m) for e DJF and f JJA, as well as θm (°), θsm

(°), and θsm (°) for the corresponding seasons. The arrows are not scaled

with the background fields, and the color scales vary between the DJF
and JJA panels
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swell waves in the area, since we are computing the frequency
of occurrence for the whole period. The sea ice poses specific
challenges to wave climate studies in high latitudes (Tuomi
et al. 2011) that are not considered here, since this is out of the
scope of this study, and by taking it into account, it would
mask the results in the open sea areas.

According to the wave growth theory,U 10 andHs follow a
monotonic relationship at the growing (wind sea) state
(Holthuijsen 2007) up to the fully developed spectrum or
saturation level. The equilibrium between wind and waves
can be seen as an asymptotic state where the wave spectrum is

fully developed, and from then on, the shape of the spectrum
and the peak frequency are only changing slowly in time. The
wave age can therefore also be seen as a measurement of this
equilibrium state at its asymptotic values cp=U10 ¼ 1:2

(Pierson and Moskowitz 1964; Alves et al. 2003). The prob-
ability (frequency of occurrence) of having a fully developed
sea state in the area of interest, i.e., P cp=U10 ¼ 1:2� 0:025

� �
,

has been computed (not shown) and it is very low (∼4–5 %,
although slightly higher in DJF in the Northern Sea). This
means that the Nordic Seas are most of the time in a state of
non-equilibrium, i.e., waves are either growing or propagating
away from their generating area.

Figure 5 shows the DJF scatter diagrams of U 10 and Hs

for five positions (closest grid point to in situ wave height
observations sites at three of these positions) represented in
the map in the same figure. The U10 and Hs follow the
empirical relation between significant wave height and wind
speed from Pierson and Moskowitz (1964), further corrected
by Alves et al. (2003), where

Hs ¼ 0:02U 10
2: ð4Þ

The color density in the scatter plots depicts the data
density normalized by the maximum values, and the overlaid
curves in red correspond to the fully developed sea states
represented by Eq. 4. The fully developed line can be seen
as a separation between the wind sea and swell sea states, in a
sense that values below (above) the line represent wind sea
(swell) dominated sea states, i.e., with wave ages lower
(higher) than 1.2. The high level of scattering showing a
departure from the red curves indicates the non-equilibrium
state mentioned above. This high scattering can be partially
explained by the wind regime in these areas, where frontal
weather with different tracks generating high waves alternates
with high pressure systems with calm winds. Nevertheless,
this ocean feature is common in the world ocean, where fully
developed sea states with an equilibrium between the waves
and atmosphere (winds) are also uncommon (Semedo 2010).
A more careful look shows that in winter in the North Sea
(NS-62123), the scattering is somehow lower and that more
growing wind seas take place, compared to the other posi-
tions. A different situation occurs at the open-ocean positions
(NA and NW1-64045), located along the Norwegian Sea axis,
where storms and swell propagate preferably (see Figs. 1 and
2). There, the scattering is higher than in the North Sea, and
now, the swell predominance is also higher, with a higher
density of points above the equilibrium line. A transition
situation occurs at the position NW2-63103, between the
Shetland Islands and main land Norway, with a slight increase
in the wind sea occurrences, compared to the open ocean, and
less scattering. An additional position (BS) between the North
Norwegian Sea and the Barents Sea was chosen. The situation
is not substantially different from the two open-ocean

a)

b)

c)

Fig. 3 Seasonal averages of the DJF 99 % percentile of a Hs(m), b of
HS
S(m), and c of HS

W(m)
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positions, since this position is also located along the swell
propagation axis, and there, as seen in Fig. 4, even in the
winter, swell prevails. Therefore, the highest concentration of
points in the scatter diagram is also above the equilibrium line
in the swell part.

Figure 2 showed that Hs
s > Hw

s in the Norwegian and
Greenland Seas, and Hs

s≈H
w
s in the North and Barents Seas,

regardless of the seasons (in DJF and JJA, as shown, but also
in MAM and SON, not shown), with the exception of JJA in
the North Sea, where Hs

s < Hw
s . The differences between the

wind sea and swell significant wave heights are, nevertheless,
lower in the Nordic Seas than in the open ocean. On the other
hand, swell waves, as seen in Figs. 4 and 5, are dominant or
more prevalent most of the time (Ps > 50% ) in most of the
Nordic Seas area in DJF and JJA (as in the intermediate
seasons, not shown). Nevertheless, we need to know which
type of waves carries more energy in the area. To assess the
relative spectral weight of the two types of waves in the
Nordic Seas, as in Semedo et al. (2011a) for the global ocean,
the swell and wind sea energy densities per unit area (in Jm−2)
were computed: Es ¼ ρgms

0 and Ew ¼ ρgmw
0 , where ρ is the

water density, g is the acceleration of gravity, andms
o and mw

o

are the swell and wind sea zeroth moments, respectively.
Figure 6 shows the DJF and JJA maps of the regional spatial
distribution of the swell spectral energy proportion (weight) to
the total wave energy at the surface (Es=E , where E is the
total wave spectral energy). The wind sea spectral energy
proportion defined as Ew=E ¼ 1� ðEs=E ) is not shown here.
It is clear that, as in the open ocean, swell waves carry most of
the energy at the sea surface in the Nordic Seas, with spectral
weights of 65 % and higher in the Norwegian Sea and most of
the Greenland and Barents Seas, in DJF. In JJA these values
are even higher, as expected, and swell waves carry 85–90 %
of the energy at the surface in the same area, with the excep-
tion of lower swell energy content areas south of Iceland and
in the south part of the Barents Sea. The higher resolution of
NORA10, compared to ERA-40, allows the analysis of the
swell spectral energy in the North Sea, where lower (higher)
values of swell (wind sea) energy weight can be seen in the

winter (55–60 %). In summer, swell waves carry 65–70 % of
the wave energy.

3.3 Large scale atmospheric forcing

The relationship between the climatological variability of
wave heights and large scale atmospheric patterns, normally
represented by atmospheric indices, has been the subject of
several studies. These studies have been pursuit in the North
Atlantic (e.g., Bacon and Carter 1991, 1993; Bauer 2001;
Wang and Swail 2001; Woolf et al. 2002) and in other ocean
basins (e.g., Bromirski et al. 2005; Hemer et al. 2010, in the
Pacific Ocean and in the Southern Hemisphere, respectively),
mostly with the goal of trying to understand changes in the
wave climate as a response to changes in the atmospheric
circulation. Here, we present the relationship between Hs;

Hs
s , and Hw

s and the large scale atmospheric circulation
pattern as represented by the North Atlantic Oscillation
(NAO) that largely explains the extratropical atmospheric
circulation in the North Atlantic sub-basin, particularly in
the winter (Luo et al. 2011). The NAO is a measure of the
North Atlantic meridional air pressure gradient and of the
strength of the prevailing westerly winds, based on the sea-
level pressure difference between the Azores High and the
Iceland Low (Hurrell 1995). The NAO has a strong influence
on the surface marine climate (Hurrell 1996), particularly in
the European/Atlantic sector, and is often referred to as a
seesaw of the atmospheric sea-level pressure between the
Arctic and subtropical Atlantic (Hurrell 1995). Both phases
of the NAO (positive and negative) are related to the intensity
and location of the North Atlantic jet stream and to the
extratropical storm tracks and strength (Visbeck et al. 2001).
A positive phase of the NAO corresponds to stronger-than-
average westerly winds over the mid latitudes and to storm
paths more to the north-eastward, towards the northern part of
the North Atlantic, into the Norwegian Sea. A negative phase
corresponds to weaker westerly winds, with the storm tracks
more south-eastward, towards the southwest Europe, into the
Iberian Peninsula (Hoskins and Hodges 2002).

a) b)

Fig. 4 Seasonal regional distribution of the swell prevalence (Ps ; dimensionless) for a DJF and b JJA
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Figure 7 shows the DJF correlation maps (r -correlation
coefficient) between Hs; Hs

s , and Hw
s and the NAO index,

where additional detail from the higher resolution of the
NORA10 wave data is provided. The correlations in JJA are
not shown because they are not relevant, since the effect of the
NAO on the North Atlantic sub-basin wave field is mostly a
winter phenomena (Bauer 2001). During summer, particularly
close to the coast, mesoscale wind features, like sea breezes or
coastal low-level jets (Ranjha et al. 2013; Soares et al. 2014),
for example, are more relevant in the definition of the regional
wave climate characteristics, since the Westerlies and the

extratropical storms are weaker (see Fig. 1 above and Fig. 1
in Semedo et al. 2011a). The correlation values between Hs

and the NAO are high (r≈0:8 ) near the west coast of Ireland,
and relatively high (r≳0:7 ) in a large area towards the Nor-
wegian Sea, but lower again in the North Sea (r≲0:5 ), where
the sheltering effect of Great Britain is noticeable. The corre-
lation is also low in the Barents Sea (r≲0:3 ). The correlation
patterns between Hs

s and Hw
s and the NAO are different, and

the propagation effect of swell and the local generation of
wind sea waves are clear. The correlation coefficient of swell
waves and the NAO is ∼0.7 in a larger area of the domain,

a) b)

d)

e)

f)

c)

Fig. 5 Scatter diagrams of U10(ms−1) and Hs (m) for positions a NS-
62132 (56.50N; 02.09E), b NA (53.20N; 15.00W), c NW1-64045
(59.00N; 11.50W), d NW2-63103 (61.10N; 01.10E), and e BS

(71.50N; 19.00E) for DJF, and f map with the previous positions. The
overlaid red lines represent the Pierson and Moskowitz relation between
U10 and Hs for fully developed seas shown in Eq. 4
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between the British Islands and Iceland, and into the Norwe-
gian Sea, with a considerably lower correlation in the North
Sea due to a strong sheltering effect. The correlation coeffi-
cients between the Hw

s and the NAO are lower, with a peak
area south of Iceland (r≈0:55 ), where the Westerlies blow
strongest in DJF (see Fig. 1). The wind sea waves are practi-
cally uncorrelated with the NAO in the north part of the
Norwegian Sea, reaching values close to zero in the Barents
Sea. The higher correlation values of the swell wave heights
with the NAO in the north part of the Norwegian Sea and in
the Barents Seas (not seen in ERA-40 due to the coarser
resolution; Semedo et al. 2011a), along with the sheltering
effect in the North Sea, can be seen as an indicator of waves
generated more south that propagated north-westward. Since
the NAO is strongly related to the strength of the zonal
atmospheric flow and to the extratropical storm tracks in the
North Atlantic sub-basin (Hurrell 1996), the impact of its
positive and negative phases, separately, on the winter Hs;

Hs
s , andH

w
s climates in the Nordic Seas are investigated. The

total, swell, and wind sea significant wave heights patterns are
investigated using the phase of the NAO index as the separa-
tion criterion between the northeast and southeast orientation
of the storm tracks. The winter Hs; Hs

s , and Hw
s climatolog-

ical means were computed separately for positive and negative
NAO events (NAO+ and NAO−, respectively). The DJF Hs;

Hs
s , and Hw

s NAO+ and NAO− climatological means are
shown in Fig. 8. The differences between the effects of the
positive and negative NAO regimes, and of the different
atmospheric circulation patterns they entail, on the wave
heights in the North Eastern Atlantic wave patterns are clear.

From the DJF mean NAO+ Hs; Hs
s , and Hw

s patterns, it
can be seen that there is an overall positive departure from the
correspondent winter climatological means shown in Fig. 2.
The impact of higher wind speeds and (more pole-ward) storm
tracks with longer fetches, characteristic of the positive NAO
index regime, gives rise to higher mean Hs (∼1 m higher
south of Iceland), with small changes in the sheltered North
Sea and east Barents Sea. Changes in the meanHs

s can also be
seen, even in the North Sea, due to the more northern storm

a) b)

Fig. 6 Seasonal regional distribution of the swell energy weight (dimensionless) for a DJF and b JJA

a)

b)

c)

Fig. 7 Seasonal correlations (dimensionless) of the DJF a Hs with NAO,
b Hs

s with NAO, and c Hs
w with NAO
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tracks and to the intrusion of swell waves in that sea. The
changes in the DJF mean NAO+ mean Hw

s are more pro-
nounced (in percentage), with higher locally generated wave
heights south of Iceland (∼1 m higher, corresponding to about
25 %), but also in the northern part of the Norwegian Sea with
an increase from 30 to 40 %, which can also be justified with
the more pole-ward storm tracks. The DJF mean NAO− Hs;

Hs
s , and Hw

s patterns are not totally symmetric to the ones
shown for the NAO+ regime. Wind speeds are now lower in
the area of interest, but in this situation, storms are tracking
more to the southeast, giving rise to changes in the wave
heights but also in the sea state patterns compared to the
DJF climatological mean showed above. A general decrease
of wave heights and a westward shift (to the outside of the
domain) of the wave heights maxima (in all three analyzed

parameters) can be seen. The mean Hs are lower in the entire
domain, including in the North Sea. The changes in the mean
Hs

s pattern along the Norwegian Sea axis, although not very
high, show that there is now a lower intrusion of swell waves
in that sea. The DJF NAO− mean Hw

s also shows lower
locally generated wave heights, compatible with lower wind
speeds in this area during the negative phase of the NAO,
although the decrease (in percentage), compared to the total
DJF mean, is not as high as the increase in the Hw

s NAO+

regime.
The swell dominance of the wave field (Ps pattern) for the

NAO+ and the NAO− regimes (not shown) is also different,
revealing a lower (higher) occurrence of swell-dominated
wave fields in the Nordic Seas in the positive (negative)
NAO regime, compared to the total Ps as shown in Fig. 4.

a) b)

c) d)

e) f)

Fig. 8 Seasonal averages of Hs(m) for the aNAO
+ and bNAO− regimes, of Hs

s (m) for the cNAO+ and bNAO− regimes, and of Hs
w (m ) for the eNAO+

and f NAO− regimes. The color scales vary between the panels
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4 Long-term variability analysis

Wave observations (in situ, visual and remote sensing), re-
analysis and hindcasts have shown that wave heights in the
North Atlantic sub-basin have increased during the last 25–
30 years of the twentieth century (see e.g., WASA Group
1998; Wang and Swail 2001; Vikebø et al. 2003, and Gulev
andGrigorieva 2004), as part of a global positive wave heights
trend (Sterl and Caires 2005; Hemer et al. 2010). This global
wave height increase, since the early 1970s, can be linked to
an increase in the globalU10 (Sterl and Caires 2005; Semedo
et al. 2013), although, due to the wave propagation effect, that
linkmight not be exactly true everywhere. The increase inU 10

in the North Atlantic sub-basin, particularly during winter, has
been linked to an increase in the strength of the North Atlantic
Westerlies, partially explained by an increase in the NAO
index (WASA Group 1998). Since the area of interest in this
study covers the preferred storm path in the North Atlantic,
with the longest axis (fetch) along that path, the long-term
winter variability of Hs

s , and Hw
s are investigated separately,

to assess how they combine to influence the long-term trends
of the Hs in the Nordic Seas.

Maps of the Hs; Hs
s , and Hw

s DJF linear trends for the
NORA10 period in the Nordic Seas are shown in Fig. 9. The
linear trends in JJA are not shown because they are close to
zero and are not statistically significant. The decadal trends of
Hs

s show that the largest winter upward changes from 1958 to
2001 occurred in the Norwegian Sea, with height increases of
the order of 10 cm decade−1 or more. The swell height
changes in the area southwest of Iceland, where the winter
climatological wave height maxima is located, are negligible,
and a decrease (around 3 cm decade−1) in swell heights took
place in the western part of the North Sea. As seen above, in
this area, swell waves are, to a certain extent, not so high or are
less prevalent during winter (see Figs. 2 and 4 above), due to
the sheltering effect and to the short fetch of the predominant
southwestern wind direction. The winter decadal trends pat-
tern of Hw

s is different from the swell one, and a consistent
increase in wind sea wave heights can be seen throughout the
Nordic Seas (with the exception of marginal decreases in the
Barents Sea), that are well correlated with very similar U 10

decadal trends (not shown). The highest positive trends are
located southwest of Iceland (>12 cm decade−1), west of
Ireland, Scotland, and Norway. A generalized increase of
wind sea heights (7–8 cm decade−1) also occurred in the North
Sea. The total decadal variation of the winter Hs , as a
combination of the long-term variations of Hs

s , and Hw
s ,

show that the increase was higher (∼15 cm decade−1) west
of Ireland and Scotland, mostly due to wind seas (therefore, to
the local wind speed increase), and along the west coast of
Norway, here mostly due to the swell propagation effect. The
winterHs increased about 7–8 cm decade−1 in the North Sea,
also mostly due to increases in wind sea waves. The spatial

patterns of the Hs
s and Hw

s linear trends are less consistent
with each other in the Nordic seas than in the open ocean for
the North Atlantic sub-basin. A possible explanation for this
difference, as pointed out by Gulev and Grigorieva (2006) and
Semedo et al. (2011a), is that the swell propagation effect
towards the northeast, away from the areas of highest wind
sea changes, results in a pattern of shifted swell heights
variability in the central and north Norwegian Sea.

Figure 10 displays the DJF time series of the seasonally
averaged values of Hs; Hs

s , and Hw
s for the five positions

showed above on the map in Fig. 5, and also in Fig. 9 (for

a)

b)

c)

Fig. 9 Linear trends (cm decade−1) in DJF of aHs (m), bHs
s , and cH

w
s .

Positions as in Fig. 5, with inverted triangles (dots) representing positions
with (without) in situ observations
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convenience, allowing a spatial comparison between the five
positions). The DJF NAO index time series is also shown in
Fig. 10. The linear trends of Hs; Hs

s , and Hw
s at these five

positions are also shown. Although the scope of the present
study is not the validation of the NORA10 wave data (that has
been done by Reistad et al. 2011), buoy observations of Hs

are overlaid in the time series shown in Fig. 10 (only in three
of these positions, and for which the buoy code is in the
position label; see Fig. 5). The good agreement between
measured and modeled DJF Hs gives us confidence in the
ability of NORA10 to simulate realistic decadal trends.

The linear trends in Fig. 10 were computed for three
different periods: for the whole NORA10 period (1958–
2001), and for two partial periods, from 1958 to 1970 and
from 1971 to 2001 (henceforth called period 1 and period 2,
respectively), when generalized decreases and increases of
wave heights, respectively, occurred in the North Atlantic
sub-basin (Bauer et al. 1997; WASA Group 1998; Bauer
2001). The mean winter NAO index, and the correspondent
linear trends for 1958–2001 and for periods 1 and 2, is also
shown. The statistically significant yearly Hs; Hs

s , and Hw
s

winter trends (nominal and in %), for the three periods, are

a) b)

c) d)

e) f)

Fig. 10 Time series (black lines) of the mean DJF Hs (full lines with
squares), Hs

s (dashed lines with triangles), and Hw
s (dotted lines with

stars), for positions a NS-62132, b NA, c NW1-64045, d NW2-63103,
and e BS (geographic positions in the map and caption in Fig. 5), and f
time series of the DJF NAO index. Hs , Hs

s , and Hw
s linear trends for

1958–2001 (black full, dashed, and dotted lines, respectively), 1958–
1970 (blue full, dashed, and dotted lines, respectively), and 1971–2001
(red full, dashed, and dotted lines, respectively). NAO index linear trends
for 1958–2001 (black full line), for 1958–1970 (blue full line), and for 1971–
2001 (red full line). Buoy observations (Hs ; DJF means) as green dots
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shown in Table 1. With the exception of the position in the
North Sea, the mean winter Hs

s is always higher than the Hw
s

one, as expected, regarding what was shown above. At all
positions, with the exception of NS-62138, the mean winter
Hs decreased from 1958 to 1970, and from then on, it
increased consistently until 2001.

TheHs winter trend in the North Sea is 0.95 % yr−1 for the
all period, during which the DJF mean Hs increased by
10.8 cm. This increase is driven totally by Hw

s , which has
increased by 1.1 % yr−1 (12.7 cm), while swell wave heights
remained practically unchanged from 1958 to 2001. Similar
trends can be seen for period 1 in NS-62138, although in this
case,Hs

s actually decreased (slightly) during periods 1. At NA
(west of Ireland), the Hs winter trend is also positive for the
whole period (0.95 % yr−1, corresponding to an increase of
23.9 cm), although during period 1, the mean winter Hs

actually decreased (4.47 % yr−1, −49.2 cm in total), due to
the combined effect of negative trends of wind sea and swell
waves. In period 2, the Hs; Hs

s , and Hw
s trends at NA are all

positive. Slightly further north, at the NW1-64045 and NW2-
63103 positions, the trends are similar, although more defined
in the former, where in the full period Hs increased
1.33 % yr−1 (55.9 cm), with similar positive trends for Hs

s ,
and Hw

s (0.82 and 0.89 % yr−1, corresponding to a total
increase of 34.5 and 37.3 cm, respectively). During period 1,
the Hs; Hs

s , and Hw
s trends at NW1-64045 are all negative,

following similar trends as at the NA position in open ocean.
In the same period, the trends at NW2-63103 are slightly more
complex, since the sheltering effect from the British Isles and

the Shetland Isles influences the swell propagation and the
fetch dimensions (see prevailing winter wind direction and
swell and wind sea mean directions above in Figs. 1 and 2,
respectively). At this position, the mean winter Hs and Hs

s

decreased by 7.8 and 24.5 cm, respectively (−0.7 and
−2.23 % yr−1, respectively) during the whole period, while
Hw

s actually increased 10.8 cm (0.98 % yr−1). During period
2 at both NW1-64045 and NW2-63103, the trends are positive
for the total, swell, and wind sea significant wave heights. The
trends at these positions, with the exception of the one in the
North Sea, coincide with an increasing NAO index period
from 2059 to 2001, and with a decreasing (increasing) NAO
index in period 1 (period 2).

At the BS position entering the Barents Sea, at the north
edge of the domain, positive trends of the mean winter Hs ,
during the full period occurred. The decrease in the winter
mean Hs during period 1 was the largest of the five positions
(6.29 % yr−1, corresponding to a decrease of almost 70 cm).
During period 2, the winter mean Hs increased by 11.9 cm
(0.4 % yr−1) due to remotely generated waves (Hs

s increased
by 19.0 cm, at 0.63 % yr−1), since the wind sea wave heights
decreased 6.4 cm (−0.21 % yr−1).

5 Summary and conclusions

A qualitative analysis of the wave field in the Nordic Seas,
from the high-resolution regional reanalysis NORA10, has
been presented. The analysis is done for wind sea and swell

Table 1 Total (in cm) and yearly
(in % inside the curly brackets)
long-term variability of the DJF
Hs Hs

s and Hw
s for the periods

1958–1970 and 1971–2001 and
for the all period (1958–2001)

a Significant at the 99 % level
b Significant at the 95 % level
c Significant at the 90 % level

1958–1970 cm (%)

Hs Hs
s Hw

s

NS-62132 10.8(0.98)a −2.1(−0.19)c 12.7(1.16)b

NA −49.2(−4.47)a −43.5(−3.96)a −21.1(−1.92)a

NW1-64045 −61.2(−5.56)a −30.9(−2.81)a −55.8(−5.07)a

NW2-63103 −7.8(−0.70)a −24.5(−2.23)b 10.8(−0.98)a

BS −69.2(−6.29)a −37.4(−3.40)a −50.0(−4.54)a

1971–2001 cm (%)

NS-62132 33.4(1.11)a 7.6(0.25)a 32.8(1.09)a

NA 11.1(0.37)a 8.4(0.28)a 11.8(0.39)a

NW1-64045 12.6(0.42)a 17.8(0.59)a −4.9(−0.16)b

NW2-63103 20.7(0.69)a 22.1(0.74)b 7.2(0.24)b

BS 11.9(0.40)a 19.0(0.63)b −6.4(−0.21)b

1958–2001 cm (%)

NS-62132 39.9(0.95)a 0.3(0.01)b 46.8(1.11)a

NA 23.9(0.57)a 19.2(0.46)a 14.3(0.34)c

NW1-64045 55.9(1.33)a 34.5(0.82)a 37.3(0.89)a

NW2-63103 48.2(1.15)a 27.2(0.65)a 38.7(0.92)a

BS 40.3(0.96)a 46.4(1.10)a 5.4(0.13)b
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waves separately, based on the premise that the simple study
of SWH and MWP give a limited description of the sea state,
and therefore, a more detailed investigation from a qualitative
stand point is needed to correctly define the wave field char-
acteristics and climate of a certain area. The higher resolution
of the NORA10 (winds and waves), along with the bottom
friction effect, allowed a better description of the wind sea and
swell features in the Nordic Seas, compared to previous global
studies, e.g., the one from Semedo et al. (2011a). Finer reso-
lution resolves local and stronger winds better, as well as the
impact of the coastline on the wind field, leading to a better
representation of the waves (as shown in Reistad et al. 2011),
and therefore to a better representation of the regional wind
sea and swell fields.

The long-term variability of the wind sea and swell signif-
icant wave heights were investigate separately to assess how
they combine to influence the long-term trends of the SWH in
the Nordic Seas. The influence of the large scale atmospheric
circulation patterns, represented by the NAO index on the
wind sea and swell regional climates has also been
investigated.

It has been shown that the wind sea and swell characteris-
tics in the Nordic Seas are different from the open ocean,
where the mean Hs

s , is clearly higher than the mean Hw
s .

This is not exactly the case in the Nordic Seas, mainly in the
North and Barents Seas, where swell waves are less predom-
inant and Hs

s is comparable or lower than Hw
s . This occurs

due to the sheltering effect and to the orientation of the fetch in
relation to the coast lines and to the mean wind direction. The
coastal geometry, compared to the prevailing wave and wind
propagating directions, plays a very important role in the
definition of the wind sea and swell climates in the Nordic
Seas. In the growing process, waves require sufficient time
and room for the wind to act on the ocean surface, and for the
waves to propagate away for their generation area. Here, we
have shown that when the fetch is limited or when sheltering
occurs, wave heights are lower and the swell (wind sea)
prevalence is lower (higher). That is the case (mainly) in the
North Sea during winter, where the mean Hw

s can be higher
than the Hs

s one. Nevertheless, swell waves are clearly more
prevalent in most areas of the Nordic Seas and carry most of
the energy at the ocean surface, although less than in the open
ocean. That is not the case during extreme wave heights
events, since in this situation, when the ocean surface is under
severe stormy weather and high wind speeds are present, the
climatological mean Hw

s is higher than the mean Hs
s .

The impact of storm tracks and strength of the zonal flow
(represented in the present study by the NAO index) on the
wave fields were investigated. The DJF Hs; Hs

s , and Hw
s

climatological means were computed for the corresponding
NAO+ and NAO− periods from 1958 to 2001, and the influ-
ence of the storm track patterns in the Nordic Sea wave
climate was shown to be clear, not only on the SWH

magnitude, but also on the relation between the wind sea
and swell heights. On the one hand, during NAO+ events,
when the Westerlies are stronger and storms track more north-
erly, the mean winter Hs is higher in the Nordic seas, and the
Hs

s and Hw
s are comparable in most areas but not in the north

Norwegian Sea and in the Barents sea, due to swell propaga-
tion. On the other hand, during NAO− events, winds in the
Nordic Seas are weaker as storms propagate more southward.
Hence, the mean Hs

s is higher than the Hw
s one in almost all

parts of the Nordic Seas, and swell waves are more prevalent
(not shown) and carry more energy (not shown).

Large changes in the wintertime atmospheric circulation
over the North Atlantic during the NORA10 period (Hurrell
and Van Loon 1997; Weisse et al. 2005) had an impact on the
wave heights, mostly in the eastern North Atlantic mid to high
latitudes (Bacon and Carter 1991, 1993). From the early 1940s
until the early 1970s, the NAO index exhibited a downward
trend, which can be seen (from 1958 onwards) on Fig. 10.
After ∼1971 until the end of the 20th century, a sharp reversal
has occurred, and the NAO index increased, and remained
mostly positive, with highly-positive values after 1980. The
decadal trends of the wintertime Hs shown in Fig. 9, and
particularly in four of the five positions in Fig. 10 (the excep-
tion being NS-62132 in the North Sea) follow the mean winter
NAO phase trends, clearly suggesting that the decrease
(increase) in period 1 (period 2) are strongly related to the
large scale atmospheric circulation pattern. The way Hs

s , and
Hw

s combine in defining theHs long-term trends reveal that in
the open ocean, the increases/decreases can be attributed
mostly to swell and to the wave propagation effect. That is
not the case in the North Sea, where the limited fetch effect
plays a significant role.

ERA-40 suffers from inhomogeneities, mostly due to
changes in observing systems used in the assimilated obser-
vations. Four distinctive periods are identified in Sterl and
Caires (2005). Although these periods are not coincident with
periods 1 and 2 mentioned in section 4, the possibility that
inhomogeneities have propagated to NORA10 and are re-
sponsible for the abrupt change of the wave heights between
these periods should not be ruled out. Nevertheless, the agree-
ment between Hs and the NAO trends is striking, supporting
the conclusion that these trends are related to the large scale
atmospheric circulation. The assessment of the propagation of
the ERA-40 inhomogeneities into the NORA10 and how they
might affect wave heights decadal trends is beyond the scope
of the present study, but should be investigated in future
research. An additional matter that can be further investigated
is the effect of finer resolution of wind fields on the wind sea
and swell representations.

Waves play a significant role on the global climate system
and have been included in many assessments of climate,
including the latest Intergovernmental Panel on Climate
Change (IPCC) fifth assessment report (AR5; IPCC 2013).

Ocean Dynamics



Although several global dynamic wave climate projections
towards the end of the twenty-first century (e.g., Dobrynin
et al. 2012; Fan et al. 2013; Hemer et al. 2013; Semedo et al.
2013) have been published in the scientific literature, a more
detailed qualitative look on the impact of climate change on
regional wind sea and swell climates needs to be pursuit.
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