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ABSTRACT
Wind-generated waves at the sea surface are of outstanding importance for both their practical relevance in
many aspects, such as coastal erosion, protection, or safety of navigation, and for their scientific relevance in
modifying fluxes at the air–sea interface. So far, long-term changes in ocean wave climate have been studied
mostly from a regional perspective with global dynamical studies emerging only recently. Here a global wave
climate study is presented, in which a global wave model [Wave Ocean Model (WAM)] is driven by atmospheric
forcing from a global climate model (ECHAM5) for present-day and potential future climate conditions represented by the Intergovernmental Panel for Climate Change (IPCC) A1B emission scenario. It is found that
changes in mean and extreme wave climate toward the end of the twenty-first century are small to moderate,
with the largest signals being a poleward shift in the annual mean and extreme significant wave heights in the
midlatitudes of both hemispheres, more pronounced in the Southern Hemisphere and most likely associated
with a corresponding shift in midlatitude storm tracks. These changes are broadly consistent with results from
the few studies available so far. The projected changes in the mean wave periods, associated with the changes in
the wave climate in the middle to high latitudes, are also shown, revealing a moderate increase in the equatorial
eastern side of the ocean basins. This study presents a step forward toward a larger ensemble of global wave
climate projections required to better assess robustness and uncertainty of potential future wave climate change.

1. Introduction
The twentieth century climate exhibited a clear warming trend, be it in the atmosphere or in the oceans. There
is a broad scientific consensus that this warming is caused
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by the enhanced atmospheric greenhouse gases concentration, particularly carbon dioxide, due to anthropogenic
emissions. The climate will continue to warm at least
until the end of the twenty-first century, due to the inertia of the Earth climate system but also due to additional greenhouse gases emissions (Solomon et al. 2007).
This paper deals with the impact of a warmer climate on
the global wind waves climate.
Wind-generated waves (referred to simply as ‘‘waves’’
here) at the sea surface play a major role in many engineering and environmental issues, both in the open
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ocean and coastal zones, providing a significant contribution to coastal sea level extremes and subsequent
flooding. They are also a key factor in determining rates
of coastal erosion and sediment budgets. At open sea,
they represent a major hazard for any offshore operation or structure or to maritime transportation and
shipping activity. Changes in wave climate are therefore of central importance for almost all aspects of
coastal and offshore activities. From a scientific perspective, waves represent a key process, in the climate
system, modifying the exchange of momentum, heat,
and mass across the air–sea interface (e.g., Sullivan et al.
2008; Smedman et al. 2009; H€
ogstr€
om et al. 2009; Semedo
et al. 2009; Nilsson et al. 2012; Cavaleri et al. 2012).
Changes in wave climate may change the pattern of such
fluxes in a long-term perspective, and its study is therefore
paramount.
Despite their outstanding relevance in the climate
system, systematic approaches in studying long-term
wave climate changes from a global perspective are
rather limited. Analyses of recent and ongoing changes
rely mostly on observations from voluntary observing
ships (VOS) with known biases (e.g., Gulev et al. 2003;
Gulev and Grigorieva 2004) or on global wave datasets
produced within wave reanalysis (e.g., Caires et al. 2004;
Sterl and Caires 2005; Caires and Sterl 2005; Caires et al.
2005; Semedo et al. 2011; Chawla et al. 2011, 2013).
Satellite altimetry combined with wave model hindcasts (e.g., Young 1999; Chen et al. 2002) or only remote sensing data (Young et al. 2011) have also been used
for present-day global wave climate studies. Nevertheless recent changes in the global wave climate received
only minimal attention in the Intergovernmental Panel
for Climate Change (IPCC) Fourth Assessment Report
(AR4; Solomon et al. 2007) and were mostly based on
VOS observations. Future global wave climate projections also received little attention in the IPCC AR4
and were only based on statistical projections.
The great majority of the future wave climate projections presently available in the literature were provided
at regional scales (e.g., WASA Group 1998; Kaas et al.
2001, Debernhard et al. 2002; Grabemann and Weisse
2008; Debernhard and Roed 2008; Zacharioudaki et al.
2011). The intercomparison between different regional
studies remains limited because of different regional
domains, periods, models, and scenarios used. Most of
these studies have ignored the effect of remotely generated swell, as mentioned by Lowe et al. (2009), due to the
lack of global or large-scale wave climate simulations.
As shown by Semedo et al. (2011), corroborating previous findings by Chen et al. (2002) and Gulev and
Grigorieva (2006), the global wave field is strongly dominated by swell waves. They have also found that the wave
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climate variability is also dominated by changes in swell
waves carrying the effect of changes in surface winds into
large areas. Therefore, any conclusions on the regional
wave climate projections drawn from model results that
have excluded large-scale wave patterns should be used
with caution (Zacharioudaki et al. 2011).
On a global scale, up until recently, future wave climate
studies were only available from statistical approaches
(e.g., Wang et al. 2004; Wang and Swail 2006a,b). Largescale changes in future ocean wave climate emerging
from these studies are mostly consistent with midlatitude
storm tracks changes, more pronounced in the Southern
Hemisphere (Wang and Swail 2006a). Compared to wave
climate projections using dynamical models, statistical
approaches are computationally less demanding and may
be used to sample a larger range of emission and climate
model uncertainties but may encounter difficulties in reproducing the observed wave field in regions where wind
and waves are not in equilibrium: that is, in swell dominated zones, which are in fact predominant (Hanley et al.
2010; Semedo et al. 2011). Because of computational
constraints, dynamical approaches were unavailable on
a global scale up until recently. Mori et al. (2010) presented the first dynamical global wave climate projection. They ran the Simulating Waves Nearshore (SWAN)
wave model (Booij et al. 1999) for three different time
slices: present, near-future, and future conditions at the
end of the twenty-first century. The wave model domain
was of nearly global extent (808S–808N) using a 1.258
spatial grid size. The model was driven with near-surface
marine wind fields obtained from a high-resolution
(T959L60; Kitoh et al. 2009) global climate model (GCM)
run under the A1B emission scenario. Apart from smallscale regional changes Mori et al. (2010) described a
large-scale pattern of wave climate change that mostly
resembles a poleward shift of midlatitude storm tracks,
particularly in the Southern Hemisphere, broadly consistent with the results obtained from the previous statistical approaches (Wang et al. 2004; Wang and Swail
2006a,b).
The lack of coherent global ocean wave climate projections was recently acknowledged by the Coordinated
Ocean Wave Climate Projection (COWCLIP) project
workshop, supported by the World Climate Research
Program (WCRP) and the Joint Technical Commission
for Oceanography and Marine Meteorology (JCOMM)
of the World Meteorological Organization (WMO) and
the Intergovernmental Oceanographic Commission (IOC)
of the United Nations Educational, Scientific and Cultural Organization (UNESCO). The key recommendation from this workshop was the development of an ocean
wave climate community, fostering the coordination of
global wave climate projections for intercomparison
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between international research groups, to understand
uncertainties within the community ensemble (Hemer
et al. 2012).
Bengtsson et al. (2009) carried out a time-slice climate
projection experiment using a high-resolution (T213,
63km) configuration of the Max Plank Institute (MPI)
ECHAM5 atmosphere GCM (Roeckner et al. 2003), for
two 32-yr periods (at the end of the twentieth and twentyfirst centuries) for the IPCC A1B scenario. Their goal was
to assess the changes in the track, intensity, and frequency
of extratropical storms in a warmer climate. They have
concluded that the high resolution of the experiment
allowed for better resolved extratropical storms, and
their main findings were that in a warmer climate extratropical cyclones will not necessarily get more intense but
a poleward shift of the storm tracks, particularly in the
Southern Hemisphere, is to be expected, with corresponding changes in the surface marine winds pattern.
The investigation of the effect of these changes on the
late twenty-first century global wave climate is the main
goal of the present study. The ECHAM5 near-surface
winds are used to force the Wave Ocean Model (WAM;
WAMDI Group 1988) in both periods. The twentiethcentury period will be referred to as the control run. The
wave fields from the control run are compared to the 40-yr
European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005;
Sterl and Caires 2005) and Interim ECMWF Re-Analysis
(ERA-Interim; Dee et al. 2011) wave reanalyses and
validated against long-term quality controlled in situ
buoy wave height observations. The dynamically based
global wave climate projections in this study are part of
the COWCLIP ensemble effort (Hemer et al. 2013).
The paper continues in section 2, where the wave
model, the experiment, and the wave and atmospheric
data used here are briefly described. Subsequently, in
section 3 the results of the control run wave model integration are compared and validated against reanalyzes
and observations for present-day conditions. The results
of the climate change experiment are presented in section 4. In section 5, the results are summarized and the
concluding remarks along with suggestions for further
research are presented.

2. Models, data, and experiment
a. Atmospheric climate data
The wave model integrations in the present study were
driven with near-surface marine wind fields at 10-m
height U10. These U10 winds were derived from the global
time-slice climate simulation of Bengtsson et al. (2009),
where a T213 version of the MPI ECHAM5 atmosphere
GCM was used, corresponding to a spatial horizontal grid
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resolution of about 63 km (with 31 vertical levels). The
experiment was based on the IPCC A1B greenhouse
gas emission scenario, which is usually referred to as a
‘‘medium–high emissions’’ scenario. The GCM was used
to simulate the climate of two 32-yr periods, representative of the end of the twentieth (1959–90) and twenty-first
(1969–2100) centuries. Comparisons of the present climate run with observations and reanalysis (ERA-40 and
ERA-Interim) showed the capability of the ECHAM5
model T213 runs to produce realistic results, particularly
of the properties of the extratropical cyclones, both
qualitatively and quantitatively, with considerable gains
due to the increased resolution (Bengtsson et al. 2009).
The experiments and their results in terms of windstorm
statistics, as well as additional details on the ECHAM5
setup, are described in detail in Bengtsson et al. (2006,
2007, 2009).
The near-surface marine wind fields were provided by
the GCM every 6 h; for driving the wave model these
wind fields were bilinearly interpolated in space to match
the wave model grid (see below) and they were kept
constant in time over a period of 6 h until the next wind
field from the climate model was available. Additionally,
sea ice conditions obtained from the same ECHAM5
simulations were provided to the wave model and updated every 24 h.

b. Wave model
The ocean wave model WAM cycle 4.5.3 is used in this
study. WAM cycle 4.5.3 is an update of the WAM cycle
4 wave model described in Komen et al. (1994) and
G€
unther et al. (1992). In WAM cycle 4.5.3 the basic
parameterizations and numerical schemes of WAM cycle
4 are kept, but the source function integration scheme
developed by Hersbach and Janssen (1999) and the
model updates described in Bidlot et al. (2007) are incorporated. Other major changes introduced in the
model update are mostly of technical nature. The wave
model experiments described below were performed on
a regular nearly global latitude–longitude grid, covering
a latitude range of 788S–808N and using a fixed spatial
grid size of 0.58. The spectral domain was discretized into
25 logarithmically spaced frequency bins, ranging from
0.041 to 0.411 Hz, corresponding to wavelengths of about
10–950 m. Wave propagating directions were represented
using a resolution of 158. The model was run in shallow
water mode, taking shoaling and wave energy dissipation
at the sea floor into account. The 1-minute gridded elevations/bathymetry for the world (ETOPO1) bathymetry
data (NGDC 2010), at 1-min (;0.0168) resolution, was
used.
The wave model experiments were performed using
integration time steps of 5 and 10 min, for the advection
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and the source functions, respectively. For the whole
experiment the wave spectra obtained at each model
grid point were stored every 6 h. These spectra were
stored mainly for use as boundary conditions for future
regional wave climate projection studies. Additionally,
29 wave parameters derived from different forms of
integrating the wave spectra were stored (see Table A1
in the appendix). The wave model was integrated for the
same time slices as the ECHAM5 experiment periods
mentioned above. The twentieth-century 1959–90 period, representative of present-day conditions, serves as
the control run against which late-twenty-first-century
(2069–2100) future changes in wave climate are assessed.
The twentieth- and the twenty-first-century future climate projections will hereafter be mentioned for convenience as PC20 and FC21, respectively.

c. Validation data: Reanalyses and buoy data
The wave model capability to represent the present
wave climate is assessed by comparing the PC20 against
the ECMWF ERA-40 and ERA-Interim wave reanalyses.
Both ERA-40 and ERA-Interim are reanalyses of meteorological observations, with the former covering the
period from September 1957 to August 2002 (here we use
only the period from 1958 to 2001) and the latter covering
the period from 1 January 1979 onward and continuing to
be extended in near–real time (here we use the period
from 1979 to 2011). Besides atmospheric variables, both
reanalyses also include wave parameters, generated by
a two-way coupled atmosphere–wave model systems,
where wind fields and other atmospheric parameters that
influence wave growth are passed to the wave model,
which returns information about the impact of the sea
state on surface roughness via the Charnok parameter
(Janssen 1991, 2004). The wave model used in both coupled model systems was also the WAM model.
ERA-40 is a second-generation reanalysis and the first
to use a two-way coupled atmosphere–wave model system, with a three-dimensional variational data assimilation (3DVAR) scheme. The ERA-40 wave data consist
of 6-hourly global fields with a 1.58 3 1.58 grid resolution. Sterl and Caires (2005) produced a statistically
corrected dataset of the ERA-40 significant wave height
Hs (CERA-40). The PC20 Hs global fields are compared
to the CERA-40. Additional details about ERA-40 wave
reanalysis are given by Sterl and Caires (2005), Caires
and Sterl (2005), and Caires et al. (2005). Details about
comparisons of the ERA-40 against similar reanalysis
products are given by Caires et al. (2004).
ERA-Interim is the most recent ECMWF reanalysis.
It is based on a slightly different atmospheric model than
the one used in ERA-40 and uses a two-way coupled
atmosphere–wave model system as well. It also consists
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FIG. 1. Buoy position. The red dots represent the Northern
Hemisphere buoys, and the blue crosses represent the two Southern
Hemisphere buoys.

of 6-hourly global fields with a 18 3 18 grid resolution.
The wave model WAM also received some improvements, including a revised formulation of the ocean
wave dissipation scheme, and the introduction of a new
scheme to parameterize unresolved bathymetry (Bidlot
et al. 2007). A four-dimensional variational data assimilation (4DVAR) scheme was used in ERA-Interim.
The two-dimensional spectra include 30 wave frequencies
and 24 direction bins (higher than ERA-40: 25 frequencies and 12 directions). The PC20 Hs and the ECHAM5
U10 winds (just wind speed) global fields are compared
to the equivalent ERA-Interim parameters. Additional
details about the ERA-Interim reanalyses are given by
Dee and Uppala (2009) and Dee et al. (2011).
The PC20 Hs are also validated against more than
50 in situ buoy and platform wave observations. These
data were quality controlled at the ECMWF, as part of
the ongoing verification of the forecasting performance
of operational wave models with buoy data (Bidlot et al.
2002). From all the buoy data available since 1979 only
buoys positioned in relatively deep waters were selected,
and from these only the ones with at least a 10-yr-long
time series. The exceptions were the only two buoys in
the Southern Hemisphere, which have 9- and 8-yr-long
records. The buoy data were time averaged and collocated with PC20 data following the same procedure as
in Bidlot et al. (2002). Figure 1 shows the position of the
buoys used in the validation (see Table A2 in the appendix for further details on the buoys).
In the PC20 and ECHAM5 comparisons with the
reanalyses and validation against buoy observations the
time constraint is ignored. Since the ECHAM5 integration and the wave model WAM runs were not subject
to data assimilation, they are considered as representative of the present-day climatological mean atmospheric
and wave climates, respectively, regardless of the time
period. Hence, the comparisons were made between the
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PC20/ECHAM5 (1979–90) and the CERA-40 (1958–
2001) and the ERA-Interim (1979–2010) reanalyses. The
same applies for the buoy validation, whereas in this case
the buoy time series length is shorter.

3. Validation of the wave climate in the reference
period
The normalized differences between the long-term
averages of the annual mean Hs and of the annual mean
Hs 95% percentile, derived from PC20 and CERA-40
and from PC20 and ERA-Interim (PC20 minus reanalysis
normalized by the reanalysis), are shown in Figs. 2a–d. In
most extratropical areas the PC20 mean Hs values are
within 5%–15% (20–25 cm) of CERA-40 (Fig. 2a). In the
North Atlantic the differences between PC20 and
CERA-40 are lower (less than 5%; ;15 cm), and in the
tropics, especially in the Pacific Ocean, they are higher
(around 25%–30% and higher than that along the
equator and the west coast of Central America). The
seasonal differences [for December–February (DJF) and
June—August (JJA); not shown] are of the same order of
magnitude, although less pronounced in the equatorial
areas in the boreal winter. This fact is most probably due
to the lower swell significant wave heights in the lower
latitudes in JJA (Semedo et al. 2011) and to the northward migration of the swell front (Young 1999; Semedo
et al. 2011), particularly in the Pacific Ocean.
The annual mean 95% percentile Hs values of PC20
are also higher than the CERA-40 ones (Fig. 2b). The
highest differences are not only confined to the low and
tropical latitudes but are also present in the midlatitudes
of the North Pacific subbasin. The CERA-40 Hs fields
are a statistically corrected product (with in situ buoy
observations), but, on the other hand, this reanalysis
is known to underforecast extreme waves, most probably due to an underforecast of high surface wind speeds
(P. Janssen 2004, personal communication; as in Sterl
and Caires 2005). Although that might be an explanation
for the differences found between PC20 and CERA-40,
the first conclusion to be drawn is that the former probably overforecasts wave heights, particularly in the low
latitudes.
Figures 2c,d show the differences between the annual
PC20 means and the annual ERA-Interim means of the
Hs and the Hs 95% percentiles. The difference patterns
are similar to those for CERA-40 but have smaller
amplitudes in the low and tropical latitudes, particularly
in the Atlantic Ocean. In the Pacific Ocean, also in the
low and tropical latitudes, the behavior of PC20 is similar,
although showing lower differences along the coast of
Central America. Recent analysis has shown that ERAInterim compares better with buoy and remote sensing

FIG. 2. Normalized differences (in %) between the annual Hs
means and the annual Hs 95% percentile means (a),(b) of PC20 and
CERA-40 and (c),(d) of PC20 and ERA-Interim. PC20 minus reanalysis is normalized by the reanalysis.
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observations than the statistically corrected CERA-40
(J. Bidlot 2012, personal communication). The reasons
are, most probably, better reanalyzed U10 winds but also
the improvements in the WAM model (Bidlot et al. 2007;
Dee et al. 2011; Bidlot 2012). The DJF and JJA differences (not shown) between the PC20 and the ERAInterim Hs and 95% percentiles are similar to the ones
with CERA-40 but, in line with the annual differences,
less pronounced.
The normalized differences between the long-term
averages of the annual mean wave period Tm1 from
PC20 and ERA-Interim were also computed (not shown).
The mean periods used here are the mean periods
from the first moment (for further details, see Bidlot
2001; Semedo et al. 2011). As for Hs the PC20 has a
tendency to overestimate the mean wave Tm1, more in
the Southern Hemisphere. These differences are less
than 7%, with exception of the North Atlantic and southern Indian trade winds, where the differences can be
higher than 10%.
Figures 3a,b show the differences between the annual
means of the ECHAM5 and ERA-Interim U10 and U10
95% percentile. The color scale in Fig. 3 is different than
the one used in Fig. 2, and can also vary between subsequent figures below. Since CERA-40 has only Hs
fields, this comparison was only done for ERA-Interim.
As can be seen, the differences between PC20 and ERAInterim U10 annual means (Fig. 3a) lie mostly between
210% and 20%, being positive, in 78% of the global
ocean. The PC20 near-surface wind speeds are lower than
the ERA-Interim ones along the equator in all ocean
basins, particularly in the Atlantic Ocean. The differences
in the middle to high latitudes are smaller (usually 0%–
5%) and higher (;10% or less) along the trade winds.
The difference for the U10 95% percentiles are similar,
but with higher amplitudes in the western area of the
Pacific Ocean and in the Southern Ocean. The patterns
of the DJF and JJA seasonal differences (not shown) for
both mean U10 and mean U10 95% percentiles are not
much different.
Figure 4 displays the magnitude of the Hs interannual
variability bias of PC20 in relation to ERA-Interim, by
comparing the variances of the yearly mean values of
PC20 (s2PC ) and ERA-Interim (s2ER ). A binary logarithm
was applied to the dimensionless ratio r 5 s2PC /s2ER because of the large range of values. The magnitude of the
Hs PC20 variance, while spatially variable, has a global
mean comparable to ERA-Interim [when log2(r) ’ 0 /
r ’ 1] in most of the global ocean. The variance is underestimated where log2(r) , 0 and overestimated where
log2(r) . 0]. The variability bias of the PC20 Hs annual
field shows an adequate representation of the interannual
cycle, with values of the magnitude of interannual variance
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FIG. 3. Normalized differences (in %) between (a) the annual
U10 means and (b) the annual U10 95% percentile means of PC20
and ERA-Interim. PC20 minus reanalysis is normalized by the
reanalysis.

of PC20 close or of the same order of magnitude of
ERA-Interim.
Figure 5 shows the time series of the globally averaged
CERA-40, ERA-Interim, and PC20 yearly mean Hs,
normalized by their mean value. The yearly means are
computed between 758N and 758S, and a latitudinal
correction is applied (cosine of the latitude). These time
series are presented here to give a synthesized picture of
the interannual variability of the three datasets and of
how the PC20 long-term Hs trend compares with the two
reanalysis. In terms of long-term trend the PC20 behavior does not show any particular disagreement with
the two reanalyses. In 1975, CERA-40 shows a pronounced deep, already noted by Sterl and Caires (2005),
whereas in the PC20 simulation does not show such large
variations during the all run. During the period when the
three datasets overlap (1979–90), the agreement between
them in terms of trends is clear.
The results of the validation of the PC20 mean Hs
annual values against long-term buoy observations are
shown in Figs. 6a,b. The scatterplot in Fig. 6a compares
the Hs buoy observations with the PC20 Hs values and
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FIG. 4. Variability bias (dimensionless) between the PC20 and
ERA-Interim yearly variances: log2 (s2PC /s2ER ).

with the Hs ERA-Interim values. A generalized overestimation of PC20 is present in the highest waves (on
the order of 10–20 cm), with an overall root-mean-square
difference (RMSD) of 0.39 m and a positive bias of
0.16 m, while the reanalysis RMSD is 0.16 m and has
a slightly negative bias of 20.02 m. For lower Hs values
the overestimation is lower but still present. On the other
hand, ERA-Interim slightly underestimates the observed
Hs values, although it is more coherent and closer to the
observations. The probability density functions (pdf) of
the buoy observations, and the PC20 and the ERAInterim Hs values are shown in Fig. 6b. The pdf profiles
are rather similar, with the exceptions being the underestimation of both PC20 and ERA-Interim in the
lower (;1 m) Hs values and the overestimation of PC20
for the highest waves, confirming what was shown in the
scatterplot.
The validation and comparison of the PC20 Hs against
observations and reanalyses, respectively, showed that
the control run has a tendency to overforecast wave
heights. This is more pronounced in some areas, like
in the lower latitudes of the Pacific Ocean and in the
Southern Ocean. In the lower latitudes, where swell waves
prevail, particularly in the eastern areas of the ocean

basins (Young 1999; Semedo et al. 2011), the climatological mean wave heights are low compared to higher
latitudes. There, in spite of the large Hs differences in
percentage, the magnitude of the differences is relatively small when compared to middle or high latitudes,
where extratropical storms and strong winds prevail
and the mean Hs values are substantially higher. These
higher PC20 Hs values in the lower latitudes can be
explained by the overforecast of the control run along
the Southern Ocean (less than 10% compared to the
reanalyses; see Fig. 2), with these waves propagating
northward as swell and contributing to higher waves
between ;208N and 208S.
The agreement between the control run PC20 Hs and
the reanalyzes and the buoy observations shows that the
WAM model, forced by the ECHAM5 U10 winds, produces realistic results of the global wave climate at end
of the twentieth century. These results follow from the
good agreement of the ECHAM5 U10 winds, already
noted by Bengtsson et al. (2009). This gives us the confidence in the ability of the model to simulate a realistic
climate change signal.

4. Climate and climate change signals
a. Climate of the reference period
The long-term climatological annual mean Hs for
present-day conditions shows pronounced maxima in the
midlatitudes of both hemispheres associated with the
midlatitude storm tracks (Fig. 7a). The wave heights are
highest in the Indian sector of the Southern Ocean,
southwest of Australia, where the climatological annual
mean maxima reaches values higher than 5 m. Wave
heights are, on average, lower in the tropical and subtropical regions and in sheltered fetch limited areas, such
as the South China Sea and the Indonesian Archipelago,
the Mediterranean and the Baltic Seas, or the Gulf of
Mexico. From a seasonal perspective (not shown), averaged wave heights are higher in the midlatitudes during

FIG. 5. Time series of the yearly mean globally averaged Hs (m) for ERA-Interim (full gray
line), CERA-40 (dashed gray line), and PC20 (full black line), normalized by their mean value.
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Therefore, the waves in the open ocean are always composed of locally generated waves and waves that were
generated elsewhere and propagated as swell (Semedo
et al. 2011).
The global wave height field resembles the global wind
climatology. On average, near-surface marine wind
speeds and their extremes are most pronounced in the
midlatitudes with a seasonal climatological maxima
occurring during the winter in each hemisphere (not
shown). Although there is a connection between the climatological changes in the wind speed and the changes in
the ocean surface waves, that connection is not necessarily direct due to the propagating effect of waves. For
that reason, changes in the extratropical storms in the
midlatitudes, in terms of wind speed and wind direction,
will affect the wave climate, for example, in the low latitudes, where the wind climate does not necessarily show
any changes.
The energy carried by waves at the ocean surface is
a function of wave periods and wave heights, to the first
and second order, respectively (see, e.g., Semedo et al.
2011). As waves propagate away from their generation
area as swell, their height decreases and their period
increases. Therefore, the climatological maxima of the
mean wave periods and mean wave heights maxima do
not coincide. Wave periods are climatologically longer
in swell dominated regions in the low to tropical latitudes
in the eastern side of the ocean basins (the so-called swell
pools; Chen et al. 2002; Semedo et al. 2011).

b. Changes in wind and wave climate toward the end
of the twenty-first century

FIG. 6. Scatterplots of (a) Hs (m) for PC20 (black circles) and
ERA-Interim (red crosses) against buoys observations and (b) Hs (m)
pdf from buoy observations (dashed black line), PC20 (full line), and
ERA-Interim (dashed red line).

the respective winter season in each hemisphere, with
the Northern Hemisphere displaying a higher seasonal
amplitude compared to the Southern Hemisphere. The
mean Hs 95% percentile spatial pattern (not shown) is
similar to the annual mean Hs one, showing mean extreme values at the climatological maxima in the midlatitude storm tracks in both hemispheres exceeding 6 m.
But waves propagate away from their generation areas as
swell, crossing entire ocean basins throughout thousands
of kilometers (Alves 2006) along great circle paths.

The annual mean Hs for the present day (PC20), and
the normalized difference between future and present
climates (FC21 minus PC20 normalized by PC20) can be
seen in Figs. 7a,b. The significance of the projected future changes (at 95% significant level) is assessed using
a standard t test for difference in means. The projected
changes of the global annual Hs climate, due to global
warming, as reproduced by the IPCC A1B scenario, show
a well-defined statistically significant increase of the wave
heights in the Southern Ocean in the middle to high latitudes (poleward from around 408S) covering the whole
Southern Ocean storm belt. This increase, higher than
10%, is more pronounced in the Pacific and Atlantic
sectors of the Southern Ocean (;15%), with increases
of absolute annual mean Hs on the order of 0.6–0.7 m.
Closer to the Antarctic coasts the increase in the mean
Hs is more pronounced, particularly in the Weddell and
Ross Seas. This can be explained by the retraction of
the sea ice, so that in FC21, in these seas, there will be
waves where in PC20 there was ice. The same applies to
the Northern Hemisphere, in the east coast of Greenland
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FIG. 7. (a) PC20 Hs (m) annual mean and (b) projected changes for the 2069–2100 annual
mean Hs (m): FC21 minus PC20 normalized by PC20 (in %). Regions where the projected
changes are statistically significant (at 95% confidence level) are marked with dots.

and at the Chukchi Sea, and in the Arctic Ocean. In the
high latitudes of the Northern Hemisphere, there is also
a statistically significant increase (close to 10%) in the
annual mean Hs, in the North Atlantic, in the Norwegian
Sea, and in the Bering Sea, in the North Pacific. These
increases are accompanied by a generalized decrease in
the wave heights in the Northern Hemisphere low and
middle latitudes, particularly in the North Atlantic subbasin (more than minus 10%) off the U.S. East Coast.
Along the swell pools, in the Pacific and Atlantic Oceans,
a small statistically significant projected increase of the

wave heights (less than 10%, corresponding to an increase on the order of 0.12 m) can also be found.
The present-day (PC20) seasonal (DJF and JJA) mean
Hs for and the correspondent normalized differences are
shown in Figs. 8a–d. In the boreal winter (Fig. 8b) there is
a general decrease in the projected future wave heights.
This decrease is more pronounced in the North Pacific
subbasin (more than minus 10%), in an area extending
from the east coast of Japan to the midlatitude central
subbasin. A statistically significance projected increase in
the wave heights can nevertheless be found in the higher
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FIG. 8. PC20 Hs (m) (a) DJF and (c) JJA means and (b) DJF and
(d) JJA seasonal projected changes for the 2069–2100 annual mean
Hs (m): FC21 minus PC20 normalized by PC20 (in %). Regions
where the projected changes are statistically significant (at 95%
confidence level) are marked with dots.
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latitudes of both hemispheres. This increase is more
pronounced (i.e., covering a larger area) in the Southern
Hemisphere, particularly in the Atlantic sector of the
Southern Ocean, east of the Antarctic Peninsula (higher
than 10%). For JJA (Fig. 8d) wave heights are still projected to decrease in the North Atlantic subbasin (more
than minus 10%) and in a band between 308 and 508S in
the Indian and Pacific Oceans. In most of the Pacific
Ocean and South Atlantic subbasin wave heights are
projected to increase. Wave heights are also projected to
increase in the mid to high latitudes of the Southern
Hemisphere (10%–15% and close to 20% in some areas).
Around Antarctica strong increases, up to 30%, are
found, which are partially be related to the vanishing sea
ice cover, as mentioned above.
Figures 9a–i show the north–south cross sections of
the zonally averaged annual and seasonal mean Hs fields
in each ocean basin. For convenience, the Southern
Ocean sectors are considered as part of the respective
Indian, Pacific, and Atlantic Oceans. This figure shows
the poleward shift of the climatological mean Hs maxima
in the midlatitudes in both hemispheres that is projected
to occur at the end of the twenty-first century. In this
figure, it is also possible to evaluate the increase or decrease of the future annual and seasonal mean wave
heights with latitude, compared to the present time Hs
climate. In the Southern Hemisphere the poleward shift
of the projected future annual and seasonal Hs maxima is
clearly visible in the three ocean basins, in line with the
results from Figs. 7b and 8b,d. Along with the poleward
shift, the mean wave heights in the midlatitudes in the
Southern Hemisphere also increase in FC21 in all oceans,
particularly in JJA in the Indian Ocean, with an increase
of more than 0.5 m. In the Northern Hemisphere midlatitudes the situation is more complex. There is poleward
shift at the annual mean climatological Hs maxima in
the North Pacific and a slight decrease of annual and
DJF wave heights at the climatological maxima. In the
North Atlantic subbasin, the decrease of the annual and
seasonal mean wave heights maxima is more pronounced,
practically without any latitudinal shift. At higher latitudes, an increase in the wave heights is projected to
occur. In the tropical and low latitudes the latitudinal
variation of the mean Hs is small or negligible in the
annual fields, with the exception of a slight decrease in the
wave heights between 158 and 458N in the North Pacific
and North Atlantic subbasins. That is not the case in DJF,
where the projected future mean wave heights decrease,
particularly in the Pacific Ocean. In JJA, on the other
hand, a slight increase is to be expected.
Quantile–quantile (Q-Q) plots, comparing the present
and future percentiles of the annual and seasonal wave
heights, are shown in Figs. 10a–i. The annual and seasonal
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FIG. 9. Meridional cross sections of the zonally averaged annual, DJF, and JJA Hs (m) fields, for PC20 (dashed black line) and FC21
(black line), separated for each ocean basin: annual values in the (a) Indian, (b) Pacific, and (c) Atlantic Oceans; DJF values in the
(d) Indian, (e) Pacific, and (f) Atlantic Oceans; and JJA values in the (g) Indian, (h) Pacific, and (i) Atlantic Oceans. The dotted–dashed
line in all the panels represents the difference between FC21 and PC20. The vertical full (dashed) line represents the latitudinal position of
the FC21 (PC20) Northern and Southern Hemispheres Hs (m) climatological mean maxima.

percentiles are computed globally for the latitude range
of 708S–708N, and for the latitude bands in the middle to
high latitudes, from 358S/N to 708S/N, in order to capture
the wave heights variation in the extratropical storms
areas. The axis range varies between the figure panels.
The annual mean global percentiles (Fig. 10a) show a
light but consistent increase of the FC21 wave heights.

The DJF global percentiles (Fig. 9b), on the other
hand, show a well-defined global decrease, while in JJA
(Fig. 10c) a consistent increase in the global wave heights
is to be expected. A consistent decrease in the annual and
seasonal Hs percentiles of FC21, in the Northern Hemisphere middle to high latitudes is shown in Figs. 10d,e. To
a certain extent the opposite can be seen in Figs. 10g–i for
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FIG. 10. Quantile–quantile comparisons of present and future (a),(d),(g) annual; (b),(e),(h) DJF; and (c),(f),(i) JJA Hs (m) global [(a)–(c)
708S–708N] and regional [(d)–(f) 358–708N and (g)–(i) 708–358S]. The legend in (a) applies to the all the panels.

the Southern Hemisphere, where the annual mean Hs
percentiles (Fig. 10g) show an increase of the wave
heights, particularly for the highest waves in the upper
percentiles (90%–99%). In DJF (Fig. 10h) there is a slight
increase in the wave heights shown in the lower percentiles of FC21 but a decrease in the extreme wave heights.
In JJA (Fig. 10i), a consistent increase in all percentiles is
found for the Southern Ocean storm belt.
The waves generated along the Southern Ocean storm
belt have a considerable impact on the global wave climate due to swell propagation (Alves 2006). While the

exact quantification of the relative weight of the Southern
Ocean swell in the global wave climate remains an open
issue, Sterl and Caires (2005) have demonstrated its importance on the variability of the global mean Hs. The
increase of the projected future mean wave heights in the
Southern Ocean and the south poleward shift of the climatological maxima, seen in the previous figures, can
have an impact on the global mean wave periods, due to
the increase of the wave heights at the generation area, on
the one hand, and on the other hand due to a longer
propagation distance to the equator.
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FIG. 11. As in Fig. 7, but for Tm1 (s).

The impact of the projected changes in wave heights
and the poleward displacement of the mean Hs climatological maxima (shown above) on the mean wave periods
can be seen in Figs. 11 and 12. The present-day annual
mean Tm1, and the normalized difference between future
and present climates can be seen in Figs. 11a,b. The pattern of changes of the annual mean Tm1 climate (Fig. 11b)
shows large areas of statistically significant projected increase of the mean wave periods (higher than 5%), mostly
in the Southern Hemisphere and in the Pacific Ocean,
along the west coast of the American continent, but also
in the east equatorial areas of the Indian and Atlantic
Oceans (at the swell pools). In the higher latitudes of
the Northern Hemisphere, in the Bering and Norwegian
Seas, some increase of the annual mean Tm1 (less than
5%) is also to be expected. The large projected increase
of the annual mean Tm1 values in the high latitudes, in the
east coast of Greenland, in the Arctic Ocean, and close to
Antarctica can be explained by ice retraction, as mentioned above for the Hs projections.
The projected changes in the DJF mean Tm1 (Fig. 12b)
show statistically significant decreases (2%–3% and about
5% in some areas) mostly in the Northern Hemisphere.
Some increases are to be expected in the Atlantic sector

FIG. 12. As in Fig. 8, but for Tm1 (s).

of the Southern Ocean and in the swell pools (5% or less).
On the contrary, the projected changes in the mean JJA
Tm1 (Fig. 12d) show a general increase in the future mean
periods, with well-defined areas of statistically significant
increases of mean periods in the Southern Hemisphere
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FIG. 13. As in Fig. 7, but for U10 (m s21).

(higher than 5% south of 308S, reaching 10% in the high
latitudes) and in the equatorial eastern side of the Pacific
and Atlantic Oceans. It appears that the projected changes
in the Southern Ocean wave heights in JJA shown above
in Fig. 8d are responsible for the annual increase seen in
Fig. 12d. As mentioned above, due to swell propagation,
the connection between changes in the wind speed and
changes in the ocean surface waves are not necessarily
direct. Figures 13a,b shows the annual mean U10 from
ECHAM5 for the present day and the normalized difference between future and present climates.
The projected changes in the annual mean U10 shown
in Fig. 13b reveal statistically significant increases of the
mean surface wind speed on the order of 10% or more
(higher than 1 m s21) in the Southern Ocean Storm belt.
The changes in the Southern Ocean are linked to the
poleward shift of the annual climatological U10 maxima
and to the increase of the wind speed at the maxima in
the Indian, Pacific, and Atlantic sectors of the Southern
Ocean (seen in Figs. 15a–c; as in Fig. 9 but for U10). These
changes do not have a correspondence in the midlatitudes
of the Northern Hemisphere, where instead the annual
mean U10 in the future will mostly decrease, with a poleward shift only noticeable in the North Pacific subbasin

VOLUME 26

(Fig. 15b). The changes in the wind speed in the mid to
high latitudes lead to the projected changes of the annual mean Hs seen in Figs. 7b and 9a–c. In the low
latitudes the situation is more complex, and the projected increases in the annual mean U10 along the trade
winds paths, statistically significant mostly in the Pacific
Ocean (Figs. 13b, 15b), do not have a direct correspondence to the projected changes in the annual mean Hs
there (see Figs. 7b, 9b).
In boreal winter the projected changes in the mean
U10 (Figs. 14b, 15d–f) are, to a certain extent, similar to
the annual projected changes: well-defined statistically
significant increases in wind speed in the Southern
Ocean and along the Southern Hemisphere trade winds
and decreases in the North Pacific and North Atlantic.
These changes are nevertheless more pronounced in the
Southern Ocean, particularly in the South Pacific and
South Atlantic trade winds path (Figs. 15e,f). A poleward
shift of the climatological maxima is projected to occur in
both hemispheres in DJF. In JJA the statistically significant projected changes in the mean U10 (Figs. 14d,c) are
highest in an area south of Australia and New Zealand
(15%–20%, corresponding to around 2 m s21), extending
to the Tasman Sea, and along the Southern Hemisphere
trade winds path, in the Indian, Pacific, and Atlantic
Oceans. In the Northern Hemisphere, a decrease in the
wind speed is projected to occur, mainly in the North
Atlantic subbasin. These changes in the mean U10 during
the austral winter can also be seen in Figs. 15g–i, where
the projected poleward shift in the Southern Ocean but
particularly the wind speed increase in the Indian Ocean
Sector are clear. The projected decrease in the mean wind
speed in the Northern Hemisphere midlatitudes in JJA,
seen in Figs. 15g–i, show no significant shift in the position
of the climatological maxima. The climatological wind
speed maxima in the North Pacific subbasin is at the trade
winds path (Fig. 15h), and an equatorward shift of this
maxima, along with a decrease of the wind speed, is
projected to occur.

5. Summary of results and conclusions
Changes in wave climate toward the end of the twentyfirst century were analyzed from a global simulation with
a dynamical wave model, driven by present-day and potential future atmospheric conditions under the IPCC
A1B greenhouse gas emission scenario. The results of the
comparisons and validation of the control run Hs, with
reanalyses and buoy observations, respectively (Figs. 2–6),
provided the necessary confidence in the wave model
WAM ability to reproduce the global wave climate in the
twenty-first century. These results follow from the quality
of the ECHAM5 U10 winds, shown to have a good
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FIG. 14. As in Fig. 8, but for U10 (m s21).

agreement with the ERA-Interim reanalysis (Fig. 6), in
line with what was shown by Bengtsson et al. (2009).
Because of global warming, the annual and seasonal
mean Hs are projected to have increased and decreased
over large areas of the global ocean by the end of the
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twenty-first century. At lower latitudes a decrease is
predominant, while at higher latitudes, especially in the
Southern Hemisphere, an increase is found (Figs. 7b,
9a–c). The projected increase in the annual global extreme wave heights has been shown to be very small
(Fig. 10a). The seasonal projected future mean Hs revealed a general decrease of the wave heights in DJF
(Figs. 8b, 9d–f), with the exception of the Southern
Ocean, where an increase is to be expected, and a general
increase in JJA (Figs. 8b, 9h,i), with the exception of the
North Atlantic subbasin, where a moderate decrease of
the wave heights was shown to be expected. The projected increase of the mean and extreme wave heights in
the austral winter (Figs. 10c–i) was shown to be particularly intense along the Southern Ocean storm belt.
Figure 16 shows the time series of the globally averaged PC20 and FC21 yearly mean Hs. The yearly means
are computed between 758N to 758S, and a latitudinal
correction is applied (cosine of the latitude). The horizontal lines represent the global present-day and projected global mean wave heights for the respective 32-yr
periods. The comparison between these means (2.08 m
for PC20 and 2.13 m for FC21) shows an overall 5-cm
(2.4%) projected increase of the global wave heights for
the end of the twenty-first century. This increase is supported mainly by the ‘‘all year round’’ increase of the
wave heights in the Southern Ocean storm belt, which is
related to the projected changes in surface winds there.
The projected changes in the mean and seasonal surface
wind speeds are shown in Figs. 13–15: increase of the wind
speeds and a poleward shift of the storm tracks, in line
with the findings of Bengtsson et al. (2009).
As mentioned above, the connection between the climatological changes in the wind speeds and the changes
in the wave heights is not necessarily direct because of the
propagating effect of waves. This imbalance is a characteristic of the lower latitudes, where swell waves prevail.
The comparison of the differences between the PC20 and
FC21 meridional cross sections of wind speeds and wave
heights (dotted–dashed lines in Figs. 9, 13) in the low
latitudes shows than in some areas of the low latitudes the
projected changes of the wind speed is of different sign of
the ones for the wave heights: for example in the Pacific
Ocean annual (Figs. 9b,e,h, 15b,e,h).
The projected changes in the wave heights shown here
are consistent with those described in Mori et al. (2010),
particularly in areas of increasing wave heights in the
Southern Hemisphere. While also using wind fields from
a GCM driven by the IPCC A1B emission scenario, the
study of Mori et al. (2010) used data from a different
atmospheric model and also utilized a different wave
model (SWAN) and a lower resolution (1.258) than the
one used here. The results available from statistical
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FIG. 15. As in Fig. 9, but for U10 (m s21).

approaches relating annual and seasonal means of significant wave height with sea level pressures, available
for some more emission scenarios (e.g., Wang and
Swail 2006a,b), point into a similar direction, namely
a poleward shift of wave heights most likely associated
with a poleward shift in midlatitude storm tracks.
The areas of projected changes in the annual Tm1,
mostly in the tropics along the swell pools, are associated
with the projected increase of wave heights in the
Southern Ocean. The projected changes in the annual
mean periods (Fig. 11a) show significant increases in

the Southern Ocean storm belt and, due to swell propagation, in the eastern areas of the ocean basins, being
more pronounced along the swell pools. These changes
are more pronounced during the austral winter (Fig. 11c)
and are associated with the strengthening of the Southern
Ocean westerlies (Fig. 13) and with the poleward shift of
the Southern Hemisphere extratropical storms.
The poleward shift in the wave activity in the middle and
high latitudes of both hemispheres appears to be a consistent result emerging from this study. The shift is more
pronounced in the Southern Hemisphere, where an
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FIG. 16. Time series of the yearly mean globally averaged Hs (m) for PC20 (dashed line) and
FC21 (full line). The horizontal full (dashed) line represents the global Hs (m) mean for the
FC21 (PC20) period.

intensification of the westerlies also leads to an increase of
the climatological wave maxima. We conclude that this is
a robust feature most likely associated with corresponding
shifts in the midlatitude storm tracks. The impact of this
feature on the global and regional wave energy content
should be addressed in future research. The impact of the
changes induced by this feature in the swell domination in
the global ocean should also be addressed in future research.
A larger ensemble of global wave climate projections
using atmospheric forcing from different climate models
using a range of emission scenarios is needed to fully
assess the robustness of the features shown in this study
and to provide a more comprehensive analyses of the
uncertainties associated with different projections. This
is the objective of the dynamically based global wave
climate COWCLIP ensemble effort (Hemer et al. 2013),
of which this study is part.
We have presented the fundamental features of projected changes in wave climate for the end of the twentyfirst century based on Hs and Tm1. These two parameters
offer only one perspective of the wave field characteristics,
as two fields with the same and significant wave height and
mean period may still be different in detail: a mixed sea
state of wind sea and swell may have the same Hs and Tm1
as a slightly higher wind sea without swell. To distinguish
such conditions, additional information about the projected changes in the wind sea and swell significant wave
heights and mean periods is needed. Detailed studies regarding the effects of projected intensification of tropical
storms (Oouchi et al. 2006; Meehl et al. 2007; Bengtsson
et al. 2007) in the global wave climate or the wave climate
in a projected ice-free Artic Ocean are also needed.
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APPENDIX
Model Output Parameters and Buoy Details
Tables A1 and A2 show the integrated output parameters and the buoy details, respectively.

TABLE A1. Integrated output parameters.
Parameter No.

Parameter

1
2

Wind speed U10
Wind direction

3
4
5
6
7

Friction velocity
Drag coefficient
Water depth
Current speed
Current direction

8
9
10
11
12
13

Significant wave height
Wave peak period
Wave mean period
Wave Tm1 period
Wave Tm2 period
Wave direction

14
15
16
17
18
19
20
21

Directional spread
Normalized wave stress
Sea significant wave height
Sea peak period
Sea mean period
Sea Tm1 period
Sea Tm2 period
Sea direction

22
23
24
25
26
27
28

Sea directional spread
Swell significant wave height
Swell peak period
Swell mean period
Swell Tm1 period
Swell Tm2 period
Swell direction

29

Swell directional spread

Dimension
m s21
Degree from
north (toward)
m s21
m
m s21
Degree from
north (toward)
m
s
s
s
s
Degree from
north (toward)
Degree
%
m
s
s
s
s
Degree from
north (toward)
Degree
m
s
s
s
s
Degree from
north (toward)
Degree
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TABLE A2. Buoy details.
No.

WMO ID

1

26874

2

63108

3

62103

4

44009

5

16415

6

46042

7

44025

8

21199

9

16306

10

62107

11

42035

12

63103

13

62133

14

16072

15

46047

16

41004

17

62145

18

42002

19

44014

20

42001

21

62029

22

46005

23

42003

24

46001

25

62023

26

62142

27

62001

Position
0

00

40815 02 N
738100 1200 W
608480 0500 N
18420 0100 E
498540 0000 N
28540 0000 W
388270 4900 N
748420 0700 W
488280 1200 N
1268000 0600 W
368470 0700 N
1228280 0900 W
408150 0000 N
738100 0000 W
498300 0000 N
698250 0000 W
438240 0500 N
78480 0100 E
50860 900 N
68060 0000 W
298130 5400 N
948240 4600 W
618120 0000 N
18060 0100 E
578060 0500 N
18000 0100 E
288300 0000 N
808100 0600 W
328240 1100 N
1198320 800 W
328300 200 N
79850 5800 W
538060 900 N
28480 0000 E
258470 2400 N
938390 5800 W
368360 4100 N
748500 3100 W
258530 1600 N
898390 2700 W
488420 0200 N
128240 0200 W
46850 5900 N
131800 500 W
268020 3800 N
858360 4200 W
568180 1600 N
1478550 1300 W
518240 0000 N
78550 0000 W
538000 0000 N
28060 0500 E
458120 200 N
58000 0500 W

Period (years)

No.

WMO ID

19

28

46001

19

29

62091

17

30

42001

16

31

46012

12

32

62132

15

33

62081

13

34

62112

13

35

11543

13

36

11529

12

37

11193

12

38

11151

12

39

11040

12

40

10939

12

41

10876

12

42

10823

12

43

10721

12

44

10630

12

45

10576

12

46

10505

12

47

10482

11

48

10467

11

49

10334

11

50

10165

10

51

10157

10

52

10110

10

53

11727

10

54

33620

Position
0

00

56818 16 N
1478550 1300 W
538280 0800 N
58250 0500 W
258530 1600 N
898390 2700 W
378210 4500 N
1228520 5200 W
568240 0200 N
28000 0500 E
518000 0000 N
138180 0400 W
588420 0200 N
18180 0000 E
158540 0200 N
578540 0400 W
288300 3600 N
848300 3600 W
388120 0000 N
1238180 0100 W
428060 0200 N
48420 0100 E
578010 0200 N
08000 0300 E
648060 0000 N
228540 0100 W
288060 0200 N
1268180 0300 E
428420 0100 N
688180 0300 W
238240 0200 N
1628160 1200 W
418040 4800 N
668340 4600 W
518510 0100 N
1558550 1200 W
598300 0200 N
18300 0300 E
238240 0100 N
1628100 0000 W
378210 3600 N
1228520 4800 W
378580 4800 N
1308000 0200 W
658420 0200 N
248480 0800 W
258530 2400 N
938340 1200 W
438300 0400 N
678540 0200 W
188000 0400 S
858060 0200 W
08000 0000
1538540 0200 W

Period (years)
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
9
8
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