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Fewer large waves projected for eastern Australia
due to decreasing storminess
Andrew J. Dowdy*, Graham A. Mills, Bertrand Timbal and YangWang

Extratropical cyclones are the main generators of the strong
winds that cause large ocean waves in temperate regions of
the world. The severity of the winds associated with these
storms is poorly represented by the coarse resolution of
current global climate models (GCMs), making it challenging
to produce projections of the future climate of large waves.
Wind data from GCMs can be downscaled in resolution using
dynamical methods, resulting in a successful reproduction of
the mean wave climate, but a suboptimal reproduction of the
storm wave climate1. Projections of large wave occurrence
can also be produced using statistical downscaling methods,
although such methods have previously been applied only
to three or less GCMs2,3, preventing a robust assessment of
confidence in projections based on variation between models.
Consequently, considerable uncertainty remains in projections
of the future storm wave climate. Here we apply a statistical
diagnostic of large wave occurrence in eastern Australia to 18
di�erent GCMs, allowing model variations to be examined in
greater detail than previously possible. Results are remarkably
consistent between di�erent GCMs, allowing anthropogenic
influences to be clearly demonstrated, with fewer days with
large waves expected to occur in eastern Australia due to
increasing greenhouse gas concentrations.

There is growing interest in understanding the climatology of
surface ocean waves, partly due to their role in coastal erosion
and inundation when coupled with rising sea levels4, as well as
their potential for renewable energy generation5. Although tropical
cyclones can have some influence on the occurrence of large waves
in subtropical regions, the largest waves along the central east
coast of Australia are most commonly attributable to extratropical
cyclones6. The large waves caused by these storms can have severe
impacts on coastal regions, such as being a major contributor
to elevated water levels due to wave set-up7. Large waves can
also have desirable benefits for coastal areas including recreational
pursuits such as surfing, as well as influencing biodiversity within
ocean ecosystems8. Any projected change in the future wave height
spectrum could therefore be expected to have both desirable and
undesirable impacts on coastal regions.

The diagnostic method used here to produce projections of
large wave occurrence is based on geopotential height in the upper
troposphere. Previous studies have examined contour maps of
geopotential height for eastern Australia, finding that a strong
curvature of the contours provides a good indication of the
likelihood of extratropical cyclone occurrence9–11. To examine
whether or not this is also the case for large wave occurrence,
Figure 1 shows contour maps of geopotential height (at the
500 hPa pressure level obtained from the European Centre for

Medium-Range Weather Forecasts ERA-Interim reanalyses12) for
four different wave height ranges: 6m or larger, 4–6m, 2–4m and
2m or smaller. Wave height is calculated as the largest wave height
observed on a given day at any one of five ocean buoys13 along
the central east coast of Australia. The contour maps represent the
average of all days when the wave height was within the specified
range, calculated for the period of available wave observations (from
1992 to 2010).

For wave heights of 6 m or larger (Fig. 1a), a strong curvature
is apparent in the contour map of geopotential height over eastern
Australia. There is some curvature in the contour map for waves
in the height range 4–6 m (Fig. 1b), although this curvature is not
as strong as for the largest wave height range (Fig. 1a). There is
very little curvature of the contours for the two smaller wave height
ranges (Fig. 1c,d). This shows that the curvature of the geopotential
height contours can be used to provide an indication of the risk of
large wave occurrence in this region.

To quantify the curvature of the geopotential height field, a
daily time series is produced for the period from 1992 to 2010
of the maximum geostrophic vorticity from any location within
the diagnostic region (shown as the black rectangles in Fig. 1).
The 10% of days in this time series that have the strongest
cyclonic vorticity are defined as diagnostic event days. This value
of 10% is chosen to match the occurrence frequency of storms
in this region14. Figure 2 shows the distribution of the largest
wave height recorded from any one of the five buoys on a given
day, as well as the number of diagnostic event days (based on
ERA-Interim reanalyses12) that occurred for each wave height
range. Diagnostic event days correspond to a higher proportion
of days towards the upper tail of the wave height distribution
than towards the lower tail of the distribution. This is not the
case for days on which tropical cyclones occurred near eastern
Australia (shown in Fig. 2 as red triangles, based on tropical cyclone
observations in the South Pacific region from 150◦ E to 180◦ (refs
15,16)), consistent with the results of previous studies showing
that extratropical cyclones are the dominant cause of large waves
in this region6.

The diagnostic method is applied here to examine projections
of the future wave climate based on 18 different GCMs from the
Coupled Model Intercomparison Project Phase 5 (CMIP5; ref. 17)
set of GCMs. Figure 3 shows the annual number of diagnostic
event days for each of the 18 GCMs, with a 30-year smoothing
applied to show the climate signal (that is, a 30-year moving
average). Diagnostic event days are defined for the historical time
period (from 1950 to 2005) as the 10% of days that have the
strongest cyclonic geostrophic vorticity. This is done individually
for each GCM, such that each GCM has a unique threshold
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Figure 1 | Contour maps of geopotential height over eastern Australia for
di�erent wave height ranges. The contour maps represent the average for
all days with wave heights in the following ranges: a, 6 m or larger; b, 4–6 m;
c, 2–4 m; and d, 2 m or smaller. Wave height is calculated as the largest
value recorded from any one of five o�shore buoys (grey squares) on a
given day during the period 1992–2010. The Australian coastline is shown,
as is the region used to calculate the diagnostic (black rectangle).

value of geostrophic vorticity for defining a diagnostic event day
(as listed in Supplementary Table 2). The threshold value for
the historical time period is subsequently applied to examine
how many diagnostic event days occur in the future climate
projections (from 2006 to 2100). Two different emission pathways
are examined: an intermediate-emission pathway (representative
concentration pathway 4.5, RCP4.5, with atmospheric greenhouse
gas concentrations stabilized this century) and a relatively high-
emission pathway (RCP8.5, with no stabilization this century)18.

The annual number of diagnostic event days reduces from 36
during the historical period to 27 for the intermediate-emission
pathway and to 21 for the high-emission pathway (based on the
mean for the time period from 2070 to 2100). These changes
are more than three times larger in magnitude than the level of
uncertainty shown by the standard error of the mean in Fig. 3,
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Figure 2 | Wave heights from ocean buoy observations during the period
1992–2010, distributed in 0.5 m height ranges. Wave height distributions
are shown for all days (black crosses), as well as for days on which
extratropical cyclones occurred as indicated by diagnostic event days (blue
squares) and for days on which tropical cyclones occurred in the South
Pacific region from 150◦ E to 180◦ (red triangles).

thereby indicating a clear reduction in the frequency of occurrence
of diagnostic event days towards the end of the twenty-first century.

The annual number of diagnostic event days based on ERA-
Interim reanalyses shows some indication of a decreasing trend
(Fig. 3 and Supplementary Fig. 3), while noting that the GCM
simulations of the historical and future climate allow this trend to be
examined over a much longer time period than the 32-year period
of reanalyses. The values based on reanalyses in Fig. 3 have a five-
year moving average applied and therefore show more short-term
variability than the GCM values that have a 30-year moving average
applied to show the climate signal.

A change in the frequency of occurrence of diagnostic event days
can be expected to have a varying effect ondifferent parts of thewave
height distribution. This is owing to the fact that diagnostic event
days correspond to an increasing proportion of the wave height
distribution for increasing wave heights, ranging from 0% of the
days with the smallest wave heights up to 100% of the days with
the largest wave heights (from Fig. 2). Projected changes in the
wave height distribution are shown in Table 1 (based on applying
equation (1), Methods) and are predominantly characterized by a
reduction in the upper tail of the distribution with a relatively small
increase in the lower tail. This is the case for both emission pathways,
with largermagnitude changes for high emissions (RCP8.5) than for
intermediate emissions (RCP4.5).

Statistical downscaling studies of the wave climate are typically
based onmean sea level pressure (MSLP) fields2,3,19,20: the diagnostic
method used here is very new in that it is not based on surface
fields, thereby providing a somewhat independent perspective
from previous studies. Independence between study methods is
a desirable quality, given that variance between different study
methods is a dominant source of uncertainty in wave projections21.
The storm wave projections presented here are broadly consistent
with a wide variety of different studies. For example, a significant
decreasing trend in storminess has been observed based on
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Figure 3 | Annual number of large wave days as indicated by the
diagnostic. Projections from 18 GCMs are shown for intermediate
(blue, RCP4.5) and high (red, RCP8.5) greenhouse gas emission pathways,
as well as for the historical period (black). A 30-year moving average is
applied to show the climate signal. The mean values of the 18 GCMs are
shown (thick lines), as well as the standard error of the mean (shaded
regions: representing one standard error above and below the mean). The
mean and standard error for the period 2070–2100 are shown for RCP4.5
and RCP8.5 (coloured bars on the right of the figure) for comparison with
the historical average number of events (dashed black line). Values based
on ERA-Interim reanalyses are shown (green) with a five-year moving
average applied for the period 1979–2010.

instrument records of MSLP in southeast Australia from 1885
to 200822. A statistical downscaling study based on MSLP fields
from one GCM in the CMIP323 database projected a reduction
in large wave occurrence for eastern Australia during winter3,
noting that most large waves events occur during winter along
Australia’s central east coast. A future reduction in large waves
was projected to occur for this region24 based on dynamical
downscaling from three different CMIP3 GCMs. Wind projections
also indicate a future reduction in the 99th percentile wind speeds
near the central east coast of Australia25. Although these methods
each have various different uncertainties associated with them, the
similarity of the results derived from these contrasting methods
provides a considerable degree of confidence in the projections of
fewer large wave events in this region, as does the high degree
of consistency in results between the 18 different CMIP5 GCMs
presented here.

The high level of consistency between different GCMs for the
projections presented here suggests that the use of a large-scale
upper-tropospheric diagnostic suits the strengths and scales of
currentGCMs, noting that the useful size of a geographic domain for
representing storm occurrence tends to increase with height in the

Table 1 | Projected changes in the wave height distribution.

Wave height (m) Intermediate emissions (%) High emissions (%)

0–2 +2 +3
2–4 0 0
4–6 −9 −15
>6 −16 −28
The projections are for the end of the twenty-first century (that is, the average for the time
period from 2070 to 2100), calculated as the percentage change from the historical time period
(from 1950 to 2005) in the frequency of occurrence of waves within a given height range. The
projected changes are shown in 2 m height intervals, for intermediate (RCP4.5) and high
(RCP8.5) emission pathways.

troposphere (for example, storm size is typically larger at 500 hPa
than at the surface26,27). The projections presented here are likely
to be related to projected changes in a number of different large-
scale phenomena, including Rossby wave activity28 and a split in
the subtropical jet stream over eastern Australia during winter29,
given that the diagnostic method is sensitive to the strong upper-
tropospheric vorticity that characterizes these phenomena.

The difference between the intermediate- and high-emission
pathways in Fig. 3 is equal to six diagnostic event days per year
on average during the 2070–2100 time period. This is about twice
as large as the standard error of the mean during this period
(equal to 2.6 and 3.2 events per year for RCP4.5 and RCP8.5
emission pathways, respectively), allowing the importance of the
magnitude of the emissions to be clearly demonstrated. This is
different from previous studies that have reported differences
between models that are considerably larger than differences
between emission scenarios2.

An increased understanding of the future wave climate will
lead to improved planning and preparedness for changes in the
impacts (both desirable and undesirable) of large wave events on
the coastal zone. Although this study projects a future reduction in
the occurrence frequency of large waves associated with storminess
in this region, it is possible that the storms that do occur could
become more intense29. Furthermore, the effects of rising sea levels
will act to increase the impacts associated with large wave events on
coastal regions, including erosion and inundation, highlighting the
complexities associated with adapting to climatological changes in
the upper tail of the wave height spectrum.

Methods
For a detailed description of the methods see Supplementary Methods.

Wave observations. Wave height data were obtained from a series of buoys13
located about 6–12 km off the coast in deep water (∼70m). The buoys use an
accelerometer to measure changes in vertical motion as they move with the water
surface. Daily significant wave height data are used here, representing the mean
wave height of the highest third of the wave data. Data were available for use in
this study during the time period 1992–2010 from five buoys located between
30◦ S and 38◦ S (Fig. 1 and Supplementary Fig. 1, Table 1).

Tropical cyclone observations. Tropical cyclone observations were obtained from
a data set created and maintained by the National Climate Centre of the
Australian Bureau of Meteorology, as described in previous studies15,16. The wave
height distribution for days on which tropical cyclones occurred (Fig. 2) is based
on tropical cyclone observations in the South Pacific region from 150◦ E to 180◦.

Description of the diagnostic method. The diagnostic method is based on
500 hPa geostrophic vorticity calculated as the Laplacian of geopotential divided
by the Coriolis parameter10. First, geostrophic vorticity at a given time is
calculated at every individual location (using gridded data) within a geographic
region of 15◦ in longitude and 10.5◦ in latitude (shown as the black rectangles in
Fig. 1). Second, a daily time series is produced of the maximum magnitude of
cyclonic (that is, negative in the Southern Hemisphere) geostrophic vorticity
within this geographic region. Third, the 90th percentile of this daily time series
is calculated. Fourth, days on which the time series exceeds its 90th percentile are
defined as diagnostic event days. Diagnostic event days therefore represent the
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10% of days with the strongest cyclonic geostrophic vorticity at any location
within the diagnostic region. Previous studies have detailed the application of the
diagnostic method to a variety of different reanalyses and GCMs10,11.

Application to reanalyses. The diagnostic method is applied here to ERA-Interim
reanalyses12 with 1.5 degree resolution in both latitude and longitude and
six-hourly temporal resolution. A one-day running mean is applied to the
six-hourly data to reduce small-scale temporal variability. The diagnostic is
produced here using a time lag of 6 h with respect to the timing of the wave
observations, as this produces the best diagnostic skill (Supplementary Fig. 2).

Application to GCMs. The application of the diagnostic to GCMs requires spatial
fields of 500 hPa geopotential height with daily (or shorter) temporal resolution.
In conjunction with the Intergovernmental Panel on Climate Change, a set of
GCM experiments has been produced: the World Climate Research Program
CMIP517. Of the more than 50 models in the CMIP5 data set, 22 had archived
daily 500 hPa geopotential height fields. Four of these 22 models were not
consistent with the requirements of the study method (for reasons detailed in
Supplementary Information), such that 18 GCMs were available for use in this
study (as listed in Supplementary Table 2).

The diagnostic method is applied to the 18 GCMs to examine projected
changes in the frequency of occurrence of diagnostic event days. A change in the
frequency of occurrence of diagnostic event days will also produce a change of
equal magnitude and opposite sign in the occurrence frequency of non-diagnostic
event days, so as to conserve the total number of days. This condition is
described by equation (1), based on applying a projected change of X%
(that is, −25% for RCP4.5 and −42% for RCP8.5) over the historical distribution
of diagnostic event days (as shown in Fig. 2) and applying a change of −X /9%
over the historical distribution of non-diagnostic event days (noting that there are
nine times more non-diagnostic event days than diagnostic event days during the
historical period).

Wproj(h)−Whist(h) = Dhist(h)× X − [Whist(h)− Dhist(h)] ×
X
9

(1)

where h is wave height, Wproj(h) is the projected wave height distribution, Whist(h)
is the historical wave height distribution, Dhist(h) is the historical wave height
distribution for diagnostic event days and X is the projected change in the
number of diagnostic event days, noting that [Whist(h)− Dhist(h)] represents the
historical wave height distribution for non-diagnostic event days.
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