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Abstract wind field ensembles from six CMIP5 models force wave model time slices of the northeast
Atlantic over the last three decades of the 20th and the 21st centuries. The future wave climate is investigat-
ed by considering the RCP4.5 and RCP8.5 emission scenarios. The CMIP5 model selection is based on their
ability to reconstruct the present (1971-2000) extratropical cyclone activity, but increased spatial resolution
has also been emphasized. In total, the study comprises 35 wave model integrations, each about 30 years
long, in total more than 1000 years. Here annual statistics of significant wave height are analyzed, including
mean parameters and upper percentiles. There is general agreement among all models considered that the
mean significant wave height is expected to decrease by the end of the 21st century. This signal is statisti-
cally significant also for higher percentiles, but less evident for annual maxima. The RCP8.5 scenario yields
the strongest reduction in wave height. The exception to this is the north western part of the Norwegian
Sea and the Barents Sea, where receding ice cover gives longer fetch and higher waves. The upper percen-
tiles are reduced less than the mean wave height, suggesting that the future wave climate has higher vari-
ance than the historical period.

1. Introduction

Wind-generated surface waves are increasingly seen as an essential variable in climate prediction [Hemer
et al., 2012], both as an important modulator of the air-sea exchange [Cavaleri et al., 2012; Fan and Griffies,
2014; Breivik et al., 2015] and for its importance to marine and coastal safety, e.g., by coastal erosion, flood-
ing, offshore, and shipping design. However, with a few exceptions [Fan and Griffies, 2014; Li et al., 2016],
coupled climate models do not yet incorporate wave models. So in order to obtain future wave climate sta-
tistics, a standalone wave model integration forced by projected surface winds is needed [Hemer et al.,
2013; Hemer and Trenham, 2016], or some statistical approach utilizing already existing output parameters
as a predictor for waves [Wang et al., 2014]. Either way, the wave data will rely heavily on the performance
of the parent climate model.

The Coupled Model Intercomparisons Project Phase 5 (CMIP5) comprises climate models that form the sci-
entific basis for the Fifth Assessment Report on Climate Change (AR5) of the Intergovernmental Panel on Cli-
mate Change (IPCC) [Stocker et al., 2014]. By defining a standardized set of experiments, CMIP5 provides a
framework for comparing and evaluating climate models. In total, four different scenarios are adopted in
AR5, also known as Representative Concentration Pathways (RCPs). The RCPs represent possible future
greenhouse gas concentration trajectories, where the associated number, i.e., RCP2.6, RCP4.5, RCP6.0, and
RCP8.5, reflects the expected radiative forcing near the tropopause [W/m?] comparing the year 2100
against the preindustrial era. In general, each RCP is linked with a likely climate scenario, where some of the
more confident predictions are presented in the IPCC AR5 Synthesis Report [Pachauri et al., 2014]. Typically,
these are related to global warming, regional increases/decreases in precipitation, retreating sea ice cover
in the Arctic, and sea level rise. Despite a fair level of agreement among the majority of CMIP5 models
regarding such key aspects, projections of other climate variables are more uncertain. In terms of future
wave climate, the IPCC AR5 is inconclusive due to a reported “knowledge gap” in the current understanding
[Barros et al., 2014]. This is well illustrated by Wang et al. [2015], who performed an analysis of variance on
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significant wave height data obtained with a statistical model utilizing CMIP5-winds from a 20-model
ensemble. They found that the intermodel variability was significant globally and about 10 times larger
than the difference between scenarios RCP4.5 and 8.5. Other notable global studies include Dobrynin et al.
[2012], Semedo et al. [2012], Fan et al. [2013], Mori et al. [2013], Hemer et al. [2013], Wang et al. [2014], Fan
et al. [2014], Hemer and Trenham [2016], and Shimura et al. [2015a]. Regional studies on higher resolution
have also recently appeared for the Arctic Ocean [Khon et al., 2014], the Atlantic Ocean [Grabemann et al.,
2015; Perez et al., 2015; Martinez-Asensio et al., 2016; Gallagher et al., 2016], the Pacific [Erikson et al., 2015;
Shimura et al., 2015b,2016], and the Mediterranean [Casas-Prat and Sierra, 2013].

In order to quantify model uncertainties associated with future wave climate projections, we here consider
a range of CMIP5 models. Ideally, the ensemble should be a selection of models that faithfully reconstruct
past wave climate, i.e., capturing any changes brought about by emissions respective to the preindustrial
era, but still expected to vary within the range of natural variability. However, since such an evaluation can
only be done dfter forcing a wave model with surface winds from the climate model in question, we have
instead chosen to assess the climate model performance on their ability to recreate past wind and storm
track climate.

The wave climate of the midlatitudes is closely related to the extratropical cyclone activity. A teleconnection
pattern like the North Atlantic Oscillation (NAO) [Hurrell, 1995], represented by the NAO-index, exhibits a
correlation coefficient of 0.9 against mean wintertime significant wave height west of the British Isles [Shi-
mura et al., 2013]. Unlike the swell-dominated Tropics, waves in the northeast Atlantic are strongly correlat-
ed with the local wind speed, and even more so than in the midlatitudes of the Southern Hemisphere
[Stopa et al., 2013]. This implies that any projected changes in the future wave climate are closely linked to
the individual climate model’s ability to represent realistic extratropical cyclone activity, in terms of tracks,
intensity, and number.

Climate models remain relatively coarse compared to numerical weather prediction (NWP) models and are
limited in their ability to model the intensity and evolution of extratropical storms. However, Zappa et al.
[2013a] show that CMIP5 models have improved performance over CMIP3 in terms of storm tracks, in partic-
ular in the North Atlantic where the northeastward tilt of the storm tracks is better captured, i.e., the exten-
sion of low pressure tracks from South of Greenland into the Norwegian Sea. Even so, the majority of CMIP5
models continue to push too many cyclones toward Europe rather than into the Norwegian Sea. The aver-
age cyclone intensity is also too weak, which is a particular concern when the emphasis is on extremes [Brei-
vik et al., 2014]. Nevertheless, some of the better resolved models show better agreement with observed
storm tracks and low pressure intensity [Zappa et al., 2013a], adding confidence to the current study, where
models of higher spatial resolution have been given preference. In a related study by Perez et al. [2014], the
performance of CMIP3 versus CMIP5 models is evaluated using a synoptic classification routine. Based on
sea level pressure (1950-1999) from the NCEP/NCAR Reanalysis | [Kalnay et al., 1996], the 100 most promi-
nent weather types are distinguished using a combination of principal component analysis and k-means
clustering analysis. By conducting the same analysis based on climate models over the same historical peri-
od, the relative frequencies of weather types are evaluated. In general, the analysis reveals that the best
CMIP5 models perform better than the earlier CMIP3 models, but that performance varies with season. Perez
et al. [2014] further stress the importance of using ensembles or multimodel ensembles to better represent
the uncertainty associated with future climate projections.

In this study, we use near-surface (10 m) winds obtained from six CMIP5 models to force the wave model
WAM [Komen et al., 1994] over the historical period 1971-2000 and a future period (2071-2100) on a
domain covering the northeast Atlantic. The paper is organized as follows. First, the model setup and the
forcing data are presented in section 2. In section 3, the different wave model simulations are compared
against a high-resolution wave hindcast, NORA10 [Reistad et al., 2011], and thereafter used to investigate
future projected changes in significant wave height. Section 5 offers concluding remarks.

2. Model Integrations

We use the wave model WAM [Group, 1988; Komen et al., 1994], Cycle 4. The model is run with a directional
resolution of 15° and 25 frequencies, spanning the frequency domain 0.0420-0.4137 Hz with logarithmic
10% increments. The model is set up on a rotated spherical grid with approximately 50 km resolution,
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covering the northeast Atlantic,
Table 1. The CMIP5-Models Used in the Study, Providing Near-Surface Winds

(3 Hourly) and Sea Ice Concentration (Updated Monthly) for the WAM50 Simulations® see Figure 3. This is identical to the
Reselluif coarser (outer) domain described
Model (Lon/Lat) Period Member Period Member by Reistad et al. [2011]. Boundaries
EC-Earth 1.125° X 1.125°  1971-2000  2/9/12  2071-2100  2/9/12 are closed, with no swell entering
HadGEM2-ES 1.875° X 1.25°  1970-1999 2 2081-2099 1 the model domain, with paramet-
IPSL-CM5A-MR ~ 25° X 125°  1971-1999  1/2/3  2071-2099 1 . .
GFDL-CM3 25°%20°  1970-1999 1 2071-2100 1 ric, wind-dependent spectra [Has-
MIROC5 1.4° X 1.4° 1971-1999  1/2/3/4/5 2070-2099  1/2/3 selmann et al, 1973] applied on
MRI-CGCM3 1.125° X 1.125°  1971-2000 12 2071-2100 1

the boundaries. This deteriorates

“Each model is represented by their horizontal resolution, the extracted historical/ the model performance near the
future period, and the corresponding member numbering available at the ESGF data-
base at the time of the study.

boundaries but has limited impact
elsewhere as the model domain
covers the majority of North Atlan-
tic Open Ocean influenced by extratropical cyclones. The wave model is run with a 15 min time step. Winds
are updated every 3 hours and linearly interpolated in time. Ice cover is updated monthly and kept constant
over the month.

The wave model integrations are forced by near-surface (10 m) winds and confined by the sea ice concen-
tration, both parameters that are available from climate models in CMIP5. Besides a historical period, two
future greenhouse gas concentration scenarios, or Representative Concentration Pathways (RCPs) [Taylor
et al., 2012], have been studied, namely RCP4.5 and RCP8.5. The six selected models are listed in Table 1. All
data have been retrieved from the Earth System Grid Federation (ESGF) database, with the exception of EC-
Earth, which was made accessible by the Swedish Meteorological and Hydrological Institute (K. Wyser, per-
sonal communication, 2015). Only models providing 3-hourly winds were considered and models with rela-
tively high spatial resolution were preferred. The number of extracted ensemble members per model varies
somewhat depending on availability at ESGF. The forcing fields were interpolated bilinearly to the WAM
50 km model domain, hereafter referred to as WAM50. Altogether, the historical and future wave model
integrations amount to about 1000 simulated years.

3. Model Evaluation

To evaluate the WAMS50/CMIP5 integrations, the historical runs were compared against NORA10, a high-
resolution atmospheric downscaling of ERA-40 and wave hindcast [Reistad et al., 2011; Uppala et al., 2005].
See also Aarnes et al. [2012], Furevik and Haakenstad [2012], and Breivik et al. [2013]. Figure 1 displays the
deviation in mean Hs between NORA10 (1971-2000) and the six WAM50/CMIP5 ensembles covering the his-
torical periods listed in Table 1. Blue colors indicate a negative bias relative to NORA10, while red represents
a positive bias. Maximum ice extent from each model ensemble and NORA10 is marked by black and dark
red lines, respectively. Overall, the most conflicting results are obtained with IPSL-CM5A-MR, which is exces-
sively low [Dufresne et al., 2013], and MRI-CGCM3, which is too high relative to NORA10 in ice-free areas. In
addition, both models portray an unrealistic maximum ice extent. HadGEM2-ES and GFDL-CM3 perform bet-
ter but are still low, especially in coastal areas. EC-Earth and MIROC5 show the best agreement with the
NORA10 hindcast. Although both models show slightly elevated wave heights in the western part of the
model domain, this is mainly an artifact of the poorer performance of NORA10 near the western boundaries,
an area where the hindcast is biased low due to the influence of the ERA-40 boundary [Aarnes et al., 2012].
MIROC5 appears somewhat more influenced by land, illustrated by the reduced mean wave conditions near
the coast and in the Baltic Sea. Otherwise, both models are mainly within 0.2 m of NORA10.

A similar comparison of the mean annual maximum H;s is presented in Figure 2. The result is more or less in
line with the findings made above. EC-Earth captures the extremes slightly better than the other models,
but HadGEM2-ES is also quite good. MIROC5 is now showing the best compliance near the coast, in contro-
versy to Figure 1, and too high levels in the open ocean. This general elevated state of the extremes, com-
pared to the means, may indicate an excessive spread in the wind climate simulated by MIROC5. IPSL-
CM5A-MR and MRI-CGCM3 exhibit substantial biases relative to NORAT0. Common to all models is an
expanded maximum ice extent.
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Figure 1. Discrepancy in mean significant wave height (m) between the WAM50/CMIP5 integrations (1971-2000) and NORA10
(1971-2000). The maximum ice extent is marked by the black and dark red lines, representing the different WAM50/CMIP5 ensembles and
NORA10, respectively. (a—f) Correspond to the models listed in Table 1.

4, Future Projections

We now combine all WAM50/CMIP5 simulations in one model ensemble, where each model is given equal
weight by first averaging the ensemble members for each model. Since each CMIP5 model produces differ-
ent mean wave conditions (see Figure 3), the data are first normalized against that model’s historical climate
before merging the data sets. The analysis has been conducted as follows. First, annual statistics from each
model member have been extracted, i.e, mean, 90 percentile (p90), 99 percentile (p99), and annual maxima.
Second, an annual ensemble mean per model is constructed from the annual statistics. In this way, each
model is represented by the number of nonoverlapping years and thus independent of the number of
ensemble members. All runs, with the exception of HadGEM2-ES, cover ~30 years over the historical and
future period, respectively. Since HadGEM2-ES only covers the period 2081-2099, the model is weighted
slightly less in the model ensemble. Third, all annual data are normalized by the corresponding mean
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Figure 2. Discrepancy in mean annual maximum significant wave height (m) between the WAM50/CMIP5 historical integrations
(1971-2000) and NORA10 (1971-2000). The maximum ice extent is marked by black and dark red lines, representing the different WAM50/
CMIP5 ensembles and NORA10, respectively. (a—f) Correspond to the models listed in Table 1.

statistics from the historical period and the respective model. In other words, all annual data, historical and
future, are represented by the anomalies relative to each model’s historical climate, i.e.,

Tt THst 100, (1

where H, represents an annual statistic (mean, p90, p99, and annual max) of significant wave height based
on each model, averaged across all members available per year (t) over the historical or future period,
respectively. Hyis; represents the mean of the annual statistic over the historical period per model.

When averaging the annual anomalies associated with each scenario, the expected future change is
obtained. In order to establish whether the estimated changes are statistically significant, we have con-
ducted a two-sample t test between the historical and future annual anomalies, at a significance level of
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Figure 3. Change in significant wave height between the periods 2071-2100 and 1971-2000 given as a percentage relative to the historical period. Wave model integrations are forced
with winds from six CMIP5 models under two climate scenarios, (a, d, g, and j) RCP4.5 and (b, e, h, and k) RCP8.5, see also Table 1. Here each WAM50/CMIP5 is represented by the ensem-
ble mean, i.e,, each model is weighted equally (except HadGEM2-ES which is based on a truncated future period). Colored areas have significant differences (alpha = 5%). Figures 3a and
3b reveal that RCP8.5 sees a greater decrease in long-term mean significant wave height, except in the areas that were previously ice-covered during winter. This is also the case for
upper percentiles (compare Figures 3d and 3e for the 90th percentile and Figures 3g and 3h for the 99th percentile). The annual maxima maps (Figures 3j and 3k) show that RCP4.5 has
virtually no reduction compared to the historical period while RCP8.5 shows significant reduction. Standardized quantile-quantile plots of historical versus future climate for the two
scenarios in a location in the North Atlantic (marked with a red or blue dot in the maps) are shown for (c) annual mean values, (f) annual 90th percentiles, (i) annual 99th percentiles, and
(I) annual maxima. The overall mean value is marked with a dot. The annual mean is found to go down under both scenarios, but more so for RCP8.5 (Figures 3a and 3b). However, the
variance goes up (see Figure 3c), and again more so for RCP8.5. This makes the wave field more variable even though the mean values appear to go down. This impression is confirmed
by the figures (Figures 3f and 3i) for the annual upper percentiles and annual maxima (Figure 3l).
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5%. Figure 3 shows the RCP4.5 (left) and RCP8.5 scenarios (right). The projected changes in H over the peri-
od 2071-2100 relative to the period 1971-2000 is presented (from the top) by the mean, p90, p99, and
annual maximum. It is evident that the annual mean wave height is projected to decrease over the majority
of the northeast Atlantic (colored areas have statistically significant changes) while increasing wave condi-
tions are expected to the north due to a retreating marginal ice zone (MIZ)—a direct result of global warm-
ing [Thomson and Rogers, 2014; Khon et al., 2014]. Higher percentiles see smaller changes under both
scenarios. For RCP4.5, almost no significant change is detected for the annual maximum. This suggests that
decreasing mean wave conditions does not necessarily lead to decreasing extremes. Simply put, the vari-
ance may go up while the mean is reduced, leading to lower annual mean wave height and higher
extremes. This is clearly seen in Figures 3¢, 3f, 3i, and 3l where the slope of the quantile-quantile plots indi-
cates higher future variance.

To compare integrations forced with winds from climate models with differing biases and levels of model
activity (variance), we standardize the climate projections against the historical period,

He—Hyist

_ 2
std(Hepist) @

where H, st represents H, over the historical period only. This transforms annual maxima into annual Z-
scores, where each entry represents the number of standard deviations away from the historical mean
(here using the sample mean and sample standard deviation as en estimator for the true population equiva-
lent). In the following, we consider extremes with a recurrence rate of once every 10 or 20 years, i.e., annual
probability of nonexceedance 1-10"" and 1-20"", or equivalently the 90 and 95 percentile (hereafter
referred to as p90 and p95) of the annual maxima data. As each model is represented by ~30 annual entries
within each period, estimates of the p90 and p95 will be approximated by the interpolated value of the
third and fourth highest entry and the second highest entry (assuming the plotting position P=(m—0.5)/N
[Makkonen, 2006], where m being the rank and N being the total number of entries), respectively. In this
way, the 10 and 20 year return value estimates are obtained without resorting to any extreme value models.
In Figure 4, we present the discrepancy in p90 and p95 Z-scores between the historical period and the two
RCP scenarios, here represented by the median Z-score from the six models at each grid box. In addition,
grid boxes where five out of six models agree on sign, i.e., indicating either an increase or a decrease in the
future climate, is marked by a black dot (every second grid box). It is shown that the RCP4.5 scenario is pro-
jecting an increase in return value estimates within the central parts of the North Atlantic, west of the British
Isles. For the 10 year return, the increase is mainly within one standard deviation of the historical climate,
while the 20 year return exceeds one standard deviation over a larger area. Similarly, the analysis indicates
an increase in the southern coastal areas of Norway, again, with a stronger increase for the longer return
period. Areas to the north where the increase exceeds one standard deviation are mainly an effect of the
retreating ice cover. Overall, the RCP8.5 shows a slightly less organized result but exhibits a somewhat
stronger retreat in ice cover with a corresponding increase in wave height (not visible as historical ice extent
masks future open areas).

5. Conclusions

In this study, wave model simulations covering the northeast Atlantic have been conducted using 3-hourly
near-surface winds obtained from six CMIP5 models. The model ensemble covers the time slices 1971-2000
and 2071-2100, where the latter is based on two climate scenarios, RCP4.5 and RCP8.5. By comparing the
simulated historical wave climate against NORA10, we find that the six CMIP5 models provide quite differ-
ent forcings. On the basis of mean significant wave height in the historical period, EC-Earth is found to per-
form best. This is in line with Perez et al. [2014] who found EC-Earth to be the one among our six which
most faithfully reproduced spatial patterns in sea level pressure variability in the northeast Atlantic. This is
also in line with what is found by Zappa et al. [2013a], where the CMIP5 models are evaluated in terms of
extratropical cyclone activity.

A “well-behaving” historical climate integration does not guarantee its future behavior. For instance, differ-
ent radiative forcing may introduce different model behavior. Conversely, bias in the historical period
should not automatically disqualify a model as it may still be able to reproduce relative changes with time.
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Figure 4. Standardized difference in extreme significant wave height between periods 2071-2100 and the historical period 1971-2000.
(a, b) The 10 year return values for scenarios RCP4.5 and 8.5, respectively. As each model integration represents about 30 years, the

10 year return value falls between the third and fourth-highest entries, or the 90th percentile of the entire period. (c, d) The 20 year return
values for RCP4.5 and RCP8.5, respectively (which will fall close to the second-highest entry in a 30 year series, or approximately the 95th
percentile of the entire 30 year period). Hatching indicates regions where five out of six models agree on the sign of the difference. The
results are more patchy than the annual 99th percentiles shown in Figures 3j and 3k, but the pattern is the same, with RCP4.5 revealing
slightly higher return values than RCP8.5.

Therefore, in this study, all six models are put together in a model ensemble where each individual model is
weighted equally, independent of the model performance relative to NORA10, and standardized relative to
the historical climate of each model.

From the future model ensemble, we find a decrease in significant wave height in the northeast Atlantic by
the end of the 21st century. This decrease is most prominent under the RCP8.5 scenario, similar to that pre-
sented by Dobrynin et al. [2012], and probably linked to the enhanced warming of the Arctic [Overland
et al., 2014], which reduces the temperature gradient between the Arctic and extratropical regions and fur-
ther reduce baroclinic instability and cyclogenesis [Seiler and Zwiers, 2015]. Although the RCP4.5 will pro-
mote the same effects, it will be weaker as the Arctic region is not expected to experience the same
warming. Both scenarios indicate the largest changes in significant wave height near the mean, while the
tendency is weaker going into the upper tail of the distribution. In particular, RCP4.5 shows little or no sig-
nificant changes in annual maxima. This feature, based on RCP4.5, is confirmed by Zappa et al. [2013b],
where it is shown that the projected mean wind intensity related to extratropical cyclones is decreasing,
while the average wind intensity related to the strongest extratropical cyclones remains mostly unchanged
in the North Atlantic. In contrast, the RCP8.5 shows a significant decrease in annual maxima. This is in line
with Seiler and Zwiers [2015], who reported an average decrease of 17% in future Atlantic explosive extra-
tropical cyclone frequency. Beyond the annual maximum, i.e., extremes corresponding to return periods of
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10 and 20 years, the results are more patchy geographically. Still, for RCP4.5, we find an increase west of the
British Isles, where at least five out of six models agree on sign. Locally, these extremes are approximately
one standard deviation higher in the future climate. A similar, but weaker increase is found in the southern
coastal areas of Norway. Again, changes based on RCP8.5 are more moderate and the signal is less orga-
nized, which suggests an unaltered future extreme wave climate.

This study shows that in the central North Atlantic, the mean significant wave height can be expected to
decrease by between ~6% (RCP4.5) and ~10% (RCP8.5), relative to the reference period (1971-2000), by
the end of the century. The North Sea exhibits a decrease of 2-4% in the western part, otherwise nonsignifi-
cant changes. This is in line with Sterl et al. [2015] and Winter et al. [2013]. The eastern Norwegian Sea also
shows a decrease of 2-4% near Haltenbanken, otherwise nonsignificant changes, while the western Norwe-
gian Sea and the Barents Sea see increasing wave heights caused by the retreating marginal ice zone. For
the annual maxima, only RCP8.5 shows significant changes compared to the historical period, with a 6-
8% decrease in the central North Atlantic.
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