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Abstract—The study focuses on investigating significant wave height, including both mean and extreme val-
ues, in the North Atlantic in winter during the period from 1979 to 2010. We perform a 32-year wind wave
hindcast for the North Atlantic using a spectral ocean wave model (WaveWatch III) and a high-resolution
nonhydrostatic atmospheric model (WRF-ARW), which provides the wind forcing function. Analysis of the
32-year hindcast of wave characteristics in the North Atlantic reveals stronger mean and extreme waves sim-
ulated with high resolution modeling systems and identifies significant downward trends in the mean signif-
icant wave height in the subpolar North Atlantic. Such trends were not found in the wave characteristics from
ERA-Interim reanalysis. At the same time, the 32-year hindcast did not confirm the statistically significance
of strong positive trends in the central Atlantic diagnosed by ERA-Interim reanalysis; differences between the
reanalysis and hindcast are discussed.

DOI: 10.1134/S0001437016030140

INTRODUCTION
Reliable information about wind-generated waves

and their variability over the North Atlantic region is
essential due to the need for accurate wave data in the
planning of marine operations and building offshore
and coastal structures. At the same time, the North
Atlantic is characterized by a relatively large number of
highly intensive storms in comparison to other ocean
basins [10, 11]. The climatology of wind waves is very
important for understanding general climate changes
in processes in ocean–atmosphere interaction pro-
cesses. Wind waves integrate atmospheric characteris-
tics, so they are an important indicator of the state of
the lower atmosphere and its interaction with the
ocean [12]. Wind waves play an important role in mix-
ing of the upper ocean, so their dynamics and interan-
nual variability also show changes in ocean structure.

To estimate the mean and extreme wave character-
istics of the entire ocean basin, it should be covered
with high-resolution data. Though there are many dif-
ferent types of wave data in the North Atlantic in com-
parison with other parts of the World Ocean, the spa-
tial density of these data is insufficient [11] for com-
prehensive analysis of the wind wave climate,
especially the wave dynamics and extreme characteris-
tics. The most effective approach is reconstruction of
wave fields using numerical modeling based on the
proper boundary conditions, model forcing, and opti-
mal configuration of experiments.

Much research has been devoted to numerical wave
modeling of the North Atlantic Basin with the objec-
tive of obtaining the interannual variability of the wave
climate and wave dynamics [9, 14, 22, 26, 27]. This
research. However, they consider only relatively small
coastal areas, or low spatial resolution and use reanal-
ysis forcing fields in the wave models. Here we use a
wave model with a high-resolution grid in conjunction
with a high-resolution nonhydrostatic atmospheric
model. The spatial domain covers the entire North
Atlantic basin from 20° to 70° N and from 80° to 0° W.

METHODS
Wave Model

The spatial and temporal resolution of the initial
(wind) fields is one of the key components that affects
the quality of the output fields in wave modeling,
because numerical schemes are very sensitive to the
resolution and quality of the initial fields. All spectral
wave models also have different parametrization
schemes that determine such main wave processes as
energy input and dissipation, nonlinear wave interac-
tions, depth-induced breaking, wave–bottom interac-
tions, bottom scattering, and interaction with currents
and ice. In this study, we use the third-generation
spectral wave model WaveWatch (WW3) v. 4.18, which
is based on the energy balance equation. It has been
actively developed by many research groups, predom-
inately by the United States’s National Oceanic and
Atmospheric Administration (NOAA). This model is1 The article was translated by the authors.
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applicable both for operational use and long-term
numerical simulations [23].

In order to choose the most optimal parametriza-
tion schemes of the main wave processes, a number of
sensitivity tests were run. One of the most important
parts of every wave model is the block responsible for
energy input and dissipation, so after a number of tests
we used the scheme developed by the Babanin group
(Babanin, Young, Donelan, Rogers, Zieger) [3–5,
20]). This scheme includes swell dissipation, which is
important for numerical simulations in a large area.
The parametrized nonlinear wave interaction DIA
(discrete interaction approximation) scheme [24] is
widely used in practical wave modeling because of its
sufficient computational economy. In the present
study, we used an evolution of this scheme—GMD
(generalized multiple DIA), which is one of the
unique features of the latest version of the WaveWatch
III model. The wave model was run on a spherical reg-
ular grid with a global horizontal resolution of 0.2°
(~20–25 km) and a spectral resolution of 40 frequen-
cies and 36 directions, with a global time step 900 s and
output records every hour. This configuration is the
most optimal balance between the quality of output
fields and requirements on computational resources
for long-term numerical simulations.

Initial and Boundary Conditions
Conventional atmospheric forcing for wave models

comes from reanalysis data; however, they usually
have a relatively low spatial resolution. They also tend
to be produced by hydrostatic atmospheric models,
where geostrophic adjustment dominates over non-
geostrophic effects. This prevents the correct descrip-
tion of vertical atmospheric motion. To avoid this
effect, we use a regional version of the high-resolution
nonhydrostatic atmospheric model Weather Research
and Forecasting (WRF) with the Advanced Research
core [21, 25] to produce the initial wind fields for the
wave model. Ocean boundaries in the wave model are
open, so we neglect swell coming to the southern
boundary of the computational domain; this aspect
should be considered more carefully in future studies.

In order to choose the number of the most optimal
parametrization schemes for grid and subgrid pro-
cesses, sensitivity tests for the atmospheric model were
run as well as for the wave model. The final configura-
tion of the atmospheric model consists of many parts:
the MYNN2 scheme for planetary boundary layer
parametrization [18]; the Eta model scheme for the
surface layer [7]; the CAM scheme for radiation f luxes
[8]; an updated Kain–Fritsch scheme for convective
processes [15, 16]; the WSM3 scheme for microphys-
ics [13], the Noah land surface model [17]. Boundary
conditions for the WRF model were produced by
ERA-Interim atmospheric reanalysis. The spatial res-
olution of the WRF model was 15 km with 30 vertical
layers, output every 6 h.

Verification of the Model
The results of the wave model were verified by

comparison with buoys of NOAA National Data Buoy
Center (NDBC) [19] and two-dimensional fields from
the ERA-Interim wave reanalysis [6], which has the
main parameters of the sea state on a 1 degree hori-
zontal resolution grid every 6 h. The table presents the
results of comparison of both ERA-Interim wave
reanalysis and WW3 model with ten NDBC buoys (for
January 2000, time step 6 h).

Figure 1 shows the time series of significant wave
height in buoy 44009 according to buoy data, ERA-
Interim wave reanalysis, and wave model results for
January 2000.

The following errors were computed for reanalysis
and model verification [2].

Root mean square error:

(1)

Relative root mean square error:

(2)

Arithmetic error:

(3)
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WW3 model and ERA-Interim verification versus NDBC
buoys (for significant wave heights)

Buoy no.

Errors

δ Hs, m
ERAi/WW3

α Hs, m
ERAi/WW3

ρ Hs, %
ERAi/WW3

41002 0.43/0.72 0.13/0.3 20/–11
41004 0.47/0.47 0.22/0.25 –4 /–10
41010 0.35/0.6 0.14/0.3 –5/–16
44004 0.63/1.01 0.17/0.31 –1/–18
44005 0.42/0.74 0.15/0.32 –5/–17
44007 0.72/0.68 0.50/0.38 17 /–16
44008 0.63/0.98 0.17/0.30 –2/–13
44009 0.59/0.67 0.23/0.35 –12/–10
44011 0.50/0.73 0.15/0.28 –2/–15
44014 0.37/0.74 0.16/0.32 –6/8
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Observational data are assimilated in the ERA-
Interim reanalysis algorithm, so, naturally, matching
between buoys and reanalysis is better than the same
for the WW3 model. However, general correspon-
dence between buoys and models is acceptable. At the
same time, the WW3 resolution makes it possible to
resolve structures unavailable for reanalysis and to
perform more particular research of extreme charac-
teristics (Fig. 1).

The results of comparison between two-dimen-
sional fields from the ERA-Interim and WW3 model
will be discussed below with the main results.

MAIN RESULTS
Wind wave fields in the North Atlantic for the

period from 1979 to 2010 in wintertime were recon-
structed using the WW3 model in conjunction with the
WRF atmospheric model with a spatial resolution of
0.2° and output every hour. The output data arrays
consist of the main wind wave characteristics: signifi-
cant wave height (including swell), mean wave and

peak directions, mean direction of energy transfer,
mean absolute and relative wave periods, normalized
width of the wave spectrum, and other parameters.
For now, we analyzed mean significant wave heights
and their interannual variability for every point in the
computational domain. The linear trends of these
characteristics, including their statistical significance,
were estimated.

In general, WW3 waves show good agreement with
the ERA-Interim data (Fig. 2). The highest mean sig-
nificant waves are associated with the Icelandic Low
and are about 5 m according to both databases.

Analysis of the spatial distribution of trends in
mean significant wave heights also shows good agree-
ment, but the areas of statistical significance (by Stu-
dent’s t-test with a significance level of 90%) are quite
different (Fig. 3, upper panel; lining is used for areas
with statistical significant trends). According to ERA-
Interim reanalysis, there is a large area with positive
trends in significant wave height (up to 3 cm/yr). WW3
reveals these positive trends too, but they are consid-

Fig. 2. Climate mean significant wave heights at every point in period of 1979–2010 (January). 
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ered statistically insignificant. However, there are
downward trends in the eastern part of the subtropical
Atlantic. For both ERA-Interim reanalysis and WRF
(which has the ERA-Interim boundary conditions),
wind fields show the same areas with positive trends in
the middle of the North Atlantic (~3 cm/s per year) and
negative in the subtropical region (~3 cm/s per year).

Extreme wave characteristics (we considered waves
of the highest tenth percentile to be extreme Hs90) at
every grid point, and their statistically significant
trends were analyzed (Fig. 4). 

Maximum extreme waves are 7.1 m for reanalysis
and 7.64 m for the WW3 model; the maximum
extreme wind speed is 18.9 m/s for the ERA-Interim
reanalysis and 22.12 m/s for the WRF model. Despite
the fact that the absolute values of mean waves are not
that different, the extreme wave fields in the WW3
model (Fig. 4, upper right panel) have a more detailed
structure with local areas with extremes near the east-
ern Greenland coast, which is revealed by the North
Atlantic Wave Atlas [1]. In general, extreme waves
obtained with the WW3 model are about 10% higher in
the subpolar Atlantic than for the reanalysis.

The significant trends of the spatial distribution of
extreme waves are inconsistent with the reanalysis
(Fig. 4, lower panel), as in the case of the mean char-
acteristics. There is an area with positive trends in the
central Atlantic according to the reanalysis (~3 cm/yr).
In model experiments with the WRF wind, there is an
area with a negative trend (~2 cm/yr) in the Labrador
Sea, which is not revealed by the reanalysis. Ice fields
were not assimilated into the wave model in the pres-
ent experiments, so these results should be considered
carefully, but at the same time they agree with the
study [22].

The regional temporal evolution of anomalies in
the occurrence of different significant wave heights
were analyzed for the entire period (not presented
here). This diagnostic was implemented for the area
with positive trends in the central Atlantic (45°–55° N,
40°–50° W). The temporal evolution of anomalies in
wind waves has a similar structure for both databases;
however, there are significant differences in high
waves. There is an increasing number of high waves in
1982, 1990 and 2003, which correlates with the North
Atlantic Oscillation (NAO).

Fig. 3. Interannual variability of SWH (upper panel) and 10-m wind speed (lower panel) according to ERA-Interim reanalysis
(left side) and WW3 + WRF modeling (right side) in period of 1979–2010 (January); lining is used for area of significant trends. 
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In summary, a long-term numerical experiment
was performed over the North Atlantic region for the
last three decades; the output of the hindcast consists
of basic wind and wave characteristics. A high-resolu-
tion atmospheric model in conjunction with a high
resolution-wave model gives the highest extremes of
wind and waves (up to 10% in some regions) in the
subpolar Atlantic. Interannual variability characteris-
tics revealed by the reanalysis and high-resolution
modeling show some inconsistences. In the WW3
model, the results have no significant trends in the
central Atlantic, but there is a negative trend in signif-
icant wave heights in the subpolar regions to south of
Greenland and in the eastern subtropics. Strong nega-
tive trends in the Labrador Sea should be analyzed
more properly after assimilating ice fields.
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