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ABSTRACT
The wave climate of the Southern Ocean is investigated using a combined dataset from 33 years of altimeter
data, in situ buoy measurements at five locations, and numerical wave model hindcasts. The analysis defines
the seasonal variation in wind speed and significant wave height, as well as wind speed and significant wave
height for a 1-in-100-year return period. The buoy data include an individual wave with a trough to crest
height of 26.4 m and suggest that waves in excess of 30 m would occur in the region. The extremely long
fetches, persistent westerly winds, and procession of low pressure systems that traverse the region generate
wave spectra that are unique. These spectra are unimodal but with peak frequencies that propagate much
faster than the local wind. This situation results in a unique energy balance in which waves at the spectra peak
grow as a result of nonlinear transfer without any input from the local wind.

1. Introduction
The Southern Ocean is often defined as the region
south of 608S. However, from the point of view of wave
climate, this is not a useful definition. Rather, it is more
useful to define the Southern Ocean as the region south
of the main landmasses of Africa, Australia, and South
America and north of the Antarctic ice edge. That is, the
region between latitudes of approximately 408 and 608S.
This is an area of ocean of approximately 50 3 106 km2.
As seen in Fig. 11, the extent of the winter ice edge does
not actually conform to a single latitude. Rather, it
extends north to approximately 558S in the region
between South America and Africa (Atlantic sector)
and to 658S in the regions between Africa and Australia
(Indian Ocean sector) and between Australia and South
America (Pacific sector). This body of water is unique
globally, as its circles the globe, interrupted only by
the approximately 1000-km-wide constriction provided
by Drake Passage between the tip of South America and
the Antarctic Peninsula. The climatology of the region is
such that the strongest westerly winds on Earth blow across
the Southern Ocean with a procession of low pressure
systems propagating west to east around Antarctica.
The remoteness of much of the Southern Ocean
means that measurements of the wave climate of the
region are very limited. For centuries, ship observations
Corresponding author: Ian R. Young, ian.young@unimelb.edu.au

clearly recognized this was an area with sustained high
sea states, but the first observations confirming the
magnitude of the wave climate were not obtained until
the advent of the limited Seasat altimeter mission
(Mognard et al. 1983, 1986). The importance of the
region as a major generation source for swell that is
ubiquitous across the Indian, Pacific, and South Atlantic
Oceans has also become clear following model and
satellite studies (Young 1994a, 1999; Semedo et al. 2011;
Alves 2006). More recently, it has become clear that this
is also a region where the wave (and wind) climate has
been changing and is projected to change in the future
(Young et al. 2011; Young and Ribal 2019; Morim et al.
2019; Meucci et al. 2018).
The Southern Ocean is also a unique wind-wave
generation environment. There is no other region of
the world where such long (almost infinite) fetches exist
and hence the region represents a unique test of our
understanding of the physics of wind-wave generation
and evolution. This huge body of water also stores more
anthropogenic heat and carbon dioxide than any other
latitude band on Earth. The Antarctic Circumpolar
Current, the world’s largest ocean current, merges the
waters of the Atlantic, Indian, and Pacific Oceans and
carries up to 150 times the volume of the world’s rivers
combined.
Despite the global importance of the region, available
data on the wave climate of the region are still very
limited. This paper brings together a range of data
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sources to provide an overview of the wave climate and
the physical processes active in generating this Southern
Ocean wave climate. These data sources consist of
33 years of satellite altimeter data, in situ buoy observations from five sites across the Southern Ocean, and
numerical model hindcast results.
The structure of this paper is as follows. Section 2
provides an overview of previous observations of
Southern Ocean wave climate. This is followed by a
description of the data sources used for this study in
section 3. The seasonal variation in mean and upper
percentile wind and wave conditions is provided in
section 4, and a description of extreme conditions is
given in section 5. Section 6 provides a detailed description of wave spectra recorded at in situ buoy sites
across the region followed in section 7 by a detailed investigation of the physical processes responsible for the
observed spectra.

2. Southern Ocean wave observations
The earliest observations of the wave climate of the
Southern Ocean were obtained from the very limited
(August and September 1978) altimeter data provided
by the Seasat mission (Mognard et al. 1983, 1986). This
was later expanded with the launch of Geosat (1985–88)
(Young 1994a; Josberger and Mognard 1996). These
studies provided the first observations of mean monthly
significant wave height Hs across the region and confirmed mean monthly values during winter in excess of
5 m, with 90th-percentile values greater than 7 m. These
studies also noted the relatively uniform spatial wave
climate across the region, although it was noted that the
highest waves existed in the Indian Ocean sector and
that Drake Passage had a significant impact in reducing
the wave climate east of the passage.
These satellite datasets were expanded by Young
(1998b) who pooled 10 years of data from Geosat,
TOPEX, ERS-1, and ERS-2 and also combined with
European Centre for Medium Range Weather Forecasts
numerical model data to provide wave period and direction data. This combined dataset confirmed the wave
climate results of the previous studies and also showed
the significant influence of swell generated in the region in
defining the wave climate of the Pacific and Indian
Oceans. The role of the Southern Ocean as a generation
source for swell was later confirmed in the detailed model
studies of Alves (2006) and Semedo et al. (2011).
In situ buoy measurements in the Southern Ocean are
very limited. Steedman (1993) reported on a 1-yr deployment of a nondirectional wave buoy at Macquarie
Island (54.58S, 158.88E) without providing any detailed analysis of the data. Hemer (2010) reported on a
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long-term nondirectional buoy deployment at Cape
Sorell (428S, 1448E) on the western coast of Tasmania
spanning 23 years. Rather than considering wave climate or spectral form, this study concentrated on
changes in storminess over the period. More recently,
Rapizo et al. (2015) reported on directional data recorded at the Southern Ocean Flux Station (SOFS; 46.78S,
142.08E) (Schulz et al. 2011, 2012). The total duration of
the data analyzed was 23 months spread over three deployments spanning 3 years. The analysis provided the
first detailed investigation of spectral shape of Southern
Ocean waves. Barbariol et al. (2019) recently considered
extreme waves measured from both moored and drifting
buoys in the Southern Ocean.

3. Datasets
Three separate datasets have been analyzed in this
study. These consist of a 33-yr satellite altimeter
dataset spanning the period 1985–2018, a combined
dataset from five in situ buoys, and output from the
WAVEWATCH III model, run for the same periods
as the in situ buoy data. The details of each of these
datasets are reported below.

a. Altimeter data
Satellite radar altimeters have provided almost continuous global coverage, measuring Hs and wind speed
U10 since 1985 (a break during 1990–91). During
this period, a total of 13 such satellite missions have
been operational. A combined dataset, consistently
calibrated and validated against an extensive network of
wave buoys has been reported by Young et al. (2017)
and Ribal and Young (2019). Satellite altimeters are
typically placed in near polar orbits, meaning that at any
location there will be ascending passes (south to north)
and descending passes (north to south) measuring Hs
and U10 approximately every 7 km (1 s) below the satellite track. Each measurement is an average over an
approximate 8 km diameter footprint. Although the
along-track resolution is relatively high (;7 km) the
distance between ground tracks is typically 100s of km.
Therefore, to ensure there is sufficient data to form
stable statistics, the data are typically pooled into regions 28 3 28. This dataset and the approach of using
28 aggregation regions have been extensively used in a
number of applications including Young and Donelan
(2018) (climatology); Young et al. (2011), Young and
Ribal (2019), and Meucci et al. (2020) (long-term
trends); and Takbash et al. (2019), Takbash and
Young (2019), and Meucci et al. (2018) (extreme value
estimates). For this study, the Ribal and Young (2019)
database, aggregated into 28 regions has been used.
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b. In situ buoys
The five in situ buoys used in this analysis are shown in
Fig. 1. To the best of our knowledge, these cover all of
the deep-water moored buoy locations where wave
spectra have been recorded. Note that there have also
been some drifting buoys in the Southern Ocean
(Barbariol et al. 2019). The details of the buoy type,
data periods considered, and sampling details are summarized in Table 1.
The SOFS (Schulz et al. 2011, 2012; Rapizo et al. 2015)
is a 2.7-m-diameter meteorological buoy that was deployed in a water depth of 4500 m at 46.78S, 142.08E,
south of Tasmania. Data analyzed here span the period
from November 2011 to January 2016, although the record is not continuous and contains a number of lengthy
gaps. The buoy had a sonic anemometer at a height
of 3.52 m and two different directional accelerometer
packages (waves). A motion reference unit (MRU)
(Rapizo et al. 2015) and a Triaxys package (MacIsaac
and Naeth 2013) were deployed on the buoy. Because
the Triaxys package was not deployed for the full period
considered here, the MRU was used for all data analysis
(see Table 1). Note that in September of 2012 the SOFS
buoy broke its mooring and drifted until it was recovered in January of 2013 (Rapizo et al. 2015). Although
data are available from this period, they have not been
used in this study.
A Datawell Waverider buoy (http://www.datawell.nl/)
was deployed northeast of Macquarie Island (54.58S,
158.88E) in 130 m water depth from November 1988 to
October 1989 (Steedman 1993). In addition, a meteorological station with an anemometer at a reference height of
3.1 m was located on the Island. The buoy was nondirectional but recorded a full 12 months of data (see Table 1).
Farther west of Macquarie Island, a Triaxys buoy
has been deployed by Metocean Solutions (https://
www.metocean.co.nz/) south of Campbell Island (52.58S,
169.18E) in approximately 150 m of water. The data analyzed in this paper span the period from February 2017
to October 2017. Unlike the other deployments, the
time series measured by the buoy were not available and
hence the directional spectra processed onboard the
buoy have been used in this analysis (see Table 1).
The Ocean Observatories Institute (https://oceanobservatories.
org/) deployed 3-m-diameter meteorological buoys in
approximately 4500-m water depth on either side of
South America (OOI1: 54.58S, 271.08E; OOI2: 43.08S,
317.58E) (see Fig. 1). Data were analyzed for the periods
from February 2015 to December 2015 (OOI1) and from
March 2015 to November 2015 (OOI2). These buoys
both had a Triaxys directional accelerometer package
onboard.

FIG. 1. Locations of the in situ buoy sites in the Southern Ocean:
SOFS—Southern Ocean Flux Station, Macquarie Island, Campbell
Island, OOI1—Ocean Observatories Institute Buoy 1, and
OOI2—Ocean Observatories Institute Buoy 2.

Data from all instruments were processed to obtain directional spectra [for Macquarie Island, one-dimensional
(1D) spectra] and, where available (SOFS, Macquarie
Island, and Campbell Island), coincident wind speed at a
reference height of 10 m. All wind data were corrected
to this reference height by assuming a neutral logarithmic boundary layer (Young and Donelan 2018).

c. Model hindcasts
The WAVEWATCH III spectral wave model (WW3DG
2016) was run for each of the periods covered by the
in situ measurements summarized in Table 1. The purpose of these runs was not to validate the model but to use
the model as an aid in interpreting the physical processes
active in producing the recorded spectra. As such, our
focus is the examination of the source terms representing
the physical processes within the model. In this regard,
the model represents the evolution of the wave action
density spectrum N(k, u; x, t) 5 F(k, u; x, t)/v as
dN Stot
5
,
dt
v

(1)

where Stot 5 Sin 1 Sswl 1 Snl 1 Swc and Sin represents the
wind input, Sswl is the swell decay, Snl is the nonlinear
interactions, and Swc is the white-cap dissipation (Liu
et al. 2019). In the above, F represents the energy density
spectrum, which is a function of wavenumber k, direction u, the spatial vector,x, and time t. The intrinsic
frequency is given by v 5 (gk)1/2. The source terms Stot
are represented by the ST6 package originally described
in Rogers et al. (2012) and Zieger et al. (2015) and recently updated by Liu et al. (2019).
The model was run over a global domain bounded by
latitudes 788S and 788N with a spatial resolution of
0.58 3 0.58. The resolution of the spectral grid was Df/f 5
0.1, where v 5 2pf and Du 5 108, with frequencies
ranging from f 5 0.037 to 0.953 Hz. Ice-infested grid cells
with an ice concentration CI . 75% are considered as
land points, and grid cells with CI , 25% are regarded as
open ocean (Tolman 2003). At points between these
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TABLE 1. Details of in situ buoy data. The columns show the buoy name, type of data [directional (dir) or nondirectional (nondir)], latitude
and longitude, duration of data analyzed, duration and sampling rate of time series analyzed, and data frequency.
Buoy name

Type

Lat, lon

Data type

Duration

Sampling duration/rate

Data frequency

SOFS
Macquarie Island
Campbell Island
OOI1
OOI2

Dir
Nondir
Dir
Dir
Dir

46.78S, 142.08E
54.58S, 158.88E
52.58S, 169.18E
54.58S, 271,08E
43.08S, 317.58E

2D spectra; U10
1D spectra; U10
2D spectra
2D spectra
2D spectra

Nov 2011–Jan 2016
Nov 1988–Oct 1989
Feb–Oct 2017
Feb–Dec 2015
Mar–Nov 2015

10 min @ 4 Hz
17 min @ 1 Hz
20 min @ 4 Hz (processed on buoy)
20 min @ 1.28 Hz
20 min @ 1.28 Hz

1-hourly
3-hourly
3-hourly
1-hourly
1-hourly

limits, the wave energy flux is partially blocked, with the
amount of blocked varying linearly between 0 and 1.
For the hindcast associated with the period of the
Macquarie Island dataset (1988–89) the model was
forced with 0.58 resolution CFSR winds and ice concentration (Saha et al. 2010). For the other periods,
CFSv2 data at 0.28 resolution (Saha et al. 2014) were
used. Not also that currents were not included in the
hindcasts, and hence wave–current interactions are ignored (Rapizo et al. 2018).

4. Seasonal wind and wave climate
The altimeter data were binned into 28 3 28 bins, and
the monthly means and upper percentiles were determined for both wind speed and significant wave height.
Global climatologies of wind speed and wave height
have been produced previously (Young 1994a, 1999,
1998b; Young and Holland 1996; Young and Donelan
2018); however, this analysis focuses specifically on the
Southern Ocean. Figure 2 shows shaded color plots of
mean monthly and 90th-percentile wind speeds, U10 and
U10(90), respectively. The distributions for both January
(summer) and July (winter) are shown. Figure 3 similarly shows the mean monthly and 90th-percentile significant wave height: Hs and Hs(90), respectively.
There are several striking features of these figures.
The first is how uniform the wind climate is across the
Southern Ocean (Fig. 2). There is a region between
Australia and South Africa (Indian Ocean sector) where
there is a wind speed maximum. However, the distribution around the Southern Ocean is remarkably uniform. The persistent westerlies that blow around
the Southern Ocean produce this consistent wind field
(at least at the level of monthly mean statistics). The
wind speed peak occurs at approximately 508S, with
this latitude moving slightly north during the Southern
Hemisphere winter. There is a seasonal variation in the
strength of the winds but nowhere near as large as seen
at similar latitudes in the Northern Hemisphere (Young
1994a, 1999; Young and Donelan 2018). The data indicate that U10 varies between 11 (summer) and 13 (winter) m s21, with U10(90) varying between 15 (summer)

and 18 (winter) m s21. The wave-height climate (Fig. 3)
largely mirrors the distribution of wind speeds with a
remarkably uniform distribution of waves around the
Southern Ocean and only a relatively small variation
winter to summer (when compared with the Northern
Hemisphere). Values of Hs vary between 4 (summer)
and 5 (winter) m, with Hs(90) ranging between 5.5
(summer) and 7 (winter) m. There is a clear ‘‘wave
shadow’’ east of South America. At the 90th percentile
this shadow is extensive, extending for 308 of longitude.
Because a similar reduction in winds is not apparent, this
reduction in wave conditions is presumably due to the
blockage of swell propagating from the west and the
reduced fetch eastward of South America.

5. Wind and wave-height extremes
a. Altimeter extreme value analysis
Takbash et al. (2019) and Takbash and Young (2019)
have shown that altimeter datasets such as that used
here can be used to estimate extreme values of wind
speed and wave height. For instance, the 100-yr-return100
and
period values of wind speed and wave height (U10
100
Hs , respectively) can be estimated. With a time series
of length 33 years, it is possible to apply a peaks-overthreshold approach in which a generalized Pareto distribution is fitted to peaks above a defined threshold as
indicated below:
"


21/k #
x2A
F(x) 5 1 2 1 1 k
,
B

(2)

where F(x) is the probability distribution function (pdf),
x is the environmental parameter under consideration
(U10 or Hs), k and B are shape and scale parameters,
respectively, and A is the chosen threshold. Following
Takbash et al. (2019) the 90th percentile was chosen as
the threshold value. Following extreme value theory
(Coles 2001) independent data above the threshold were
selected. To ensure the data selected are independent,
only values separated in time by at least 48 h were considered (Caires and Sterl 2005).
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FIG. 2. Mean and 90th-percentile monthly wind speed U10 from altimeter data (m s21): (a) mean monthly
wind speed U10 in January, (b) U10 in July, (c) 90th-percentile monthly wind speed U10(90) in January, and
(d) U10(90) in July.

Figure 4 shows contour plots of 100-yr-return-period
values of wind speed and Hs. As is typical for such extreme value estimates obtained from a finite length time
series (33 years), the confidence limits on the extreme
estimates mean that the contour plots in Fig. 4 exhibit
some noise. Despite this, clear spatial distributions are
evident and Takbash et al. (2019) have shown that such
altimeter estimates of extremes agree well with longduration buoy measurements. As with the monthly climatology, the area with the maximum extreme wind
speed and Hs extremes is in the Indian Ocean sector
100
’ 35 m s21 and Hs100 ’ 18 m. However, as
where U10
also seen for the mean climatology (Figs. 2 and 3), there
is a remarkably consistent distribution of extreme values
around the Southern Ocean that peaks at approximately
508S. However, it is clear that this band moves south
as one moves clockwise from South America. This is

particularly the case for wind speed. To the east of South
America, the maximum values are at 388S. This latitude
gradually increases (moves farther south) as one moves
clockwise around the Southern Ocean. West of South
America this band of extreme winds is south of 608S. The
same patterns can be seen in the distribution of Hs100 ,
although there is now a reduction in the magnitude of
the extreme wave conditions east of South America,
again due to the shading provided by South America.
Drake Passage appears to reduce the magnitude of both
mean monthly and extreme wave conditions.
Although extreme winds and waves in the Southern
Ocean, as shown in Fig. 4, are clearly large, Takbash
et al. (2019) show that the North Atlantic actually produces even higher extremes. This is probably a result of
the proximity of land that results in more intense low
pressure systems.
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FIG. 3. Mean and 90th percentile monthly significant wave height Hs from altimeter data (m): (a) mean monthly
significant wave height Hs in January, (b) Hs in July, (c) 90th-percentile monthly significant wave height Hs(90) in
January, and (d) Hs(90) in July.

b. Maximum individual wave heights
As noted in section 3b and Table 1, none of the in situ
records are long enough to carry out extreme value
analysis. However, examination of the maximum values
of Hs recorded at each buoy yields 15.6 m for SOFS
(28 April 2012), 10.6 m for Macquarie Island (13 May
1989), 11.7 m for Campbell Island (19 May 2017), 12.5 m
for OOI1 (16 August 2015), and 10.2 m OOI2 (18 June
2015). None of these values is inconsistent with Hs100 ’
18 m as determined from the altimeter record. The
recorded in situ data provide the opportunity to examine
the maximum individual wave height recorded at each
of these locations. Noting that these buoys record the
water surface acceleration rather than the displacement,
it is first necessary to determine the water surface displacement by double integration of the acceleration
record. This is most effectively achieved in the frequency

domain, using the relationship from linear wave theory in
the absence of currents,
Xs ( f ) 5 Xa ( f )/v2 ,

(3)

where Xs( f ) and Xa( f ) are the Fourier transforms of the
surface displacement and acceleration, respectively. The
process used to determine the surface displacement time
series is 1) determine Xa( f ) from the acceleration record, 2) high-pass filter the record, 3) apply Eq. (3) to
determine Xs( f ), and then 4) evaluate the inverse
Fourier transform to determine the surface displacement h. Note that the application of Eq. (3) enhances
low-frequency noise in the record (i.e., small values of
v); therefore, it is necessary to high-pass filter the record
to remove this noise. Following some experimentation,
this was achieved by removing energy below f 5 0.03 Hz
in Xs( f ), before applying the inverse Fourier transform.

Unauthenticated | Downloaded 01/09/23 09:14 AM UTC

MAY 2020

1423

YOUNG ET AL.

100
FIG. 4. Extreme values of wind speed and Hs: 100-yr-return-period (a) U10
(m s21) and (b) Hs100 (m).

Figure 5 shows the time series of the water surface
displacement constructed in this manner for the SOFS
case with Hs 5 15.6 m on 28 April 2012. The figure shows
the full time series, the region around the maximum
individual wave, and variation in Hs in the days before
and after the event on 28 April 2012. The largest individual wave in the record has a crest-to-trough height of
H 5 26.4 m. The event was associated with an intense
low pressure system that propagated across the Southern
Ocean (also see section 7 and Fig. 11). Although this is
clearly a very large wave, the ratio H/Hs 5 1.7, which is
less than the limit of 2 commonly used to signify a rogue
or freak wave. Hence, such a wave height is not unexpected for a wave record with such an Hs. To the best of
our knowledge, this is the largest individual wave recorded from the Southern Ocean. Metocean Solutions
(https://www.metocean.co.nz/news/2018/5/9/a-record-waveheight-measured-in-the-southern-ocean) reported in the
media on a case from the Campbell Island buoy recorded
on 9 May 2018 in which H 5 23.8 m in a record with Hs 5
14.9 m (H/Hs 5 1.6). This was not within the time period
of the Campbell Island buoy analyzed in this study. Note
also that the acceleration time series is not available from
the Campbell Island buoy, and this recorded value was
determined by the onboard Triaxys analysis software, the
details of which are not clearly documented. Noting that
our extreme value analysis indicates Hs100 ’ 18 m,
meaning that individual waves close to 30 m may occur
in the Southern Ocean.

6. Wave spectra
a. Nondirectional form
The time series of vertical acceleration at each of the
in situ sites was analyzed to determine the water surface

energy densityÐspectrum E(f) and the integral parame1/2
and peak spectral frequency
ters of Hs 5 4 E( f ) df
fp. In the case of Campbell Island, the spectra processed
onboard the buoy were used. Figure 6 shows typical examples of E(f) from SOFS, Campbell Island, and OOI2.
With the exception of cases in which there were very
light winds, the 1D energy spectra recorded at SOFS,
Macquarie Island, Campbell Island, and OOI1 are typically unimodal with a high-frequency face that is approximately proportional to f 24. Values of fp are almost
always less than 0.1 Hz and are typically 0.07 Hz or lower.
There are very few cases in which spectra are clearly bimodal with distinct swell and wind-sea peaks.
The spectra at OOI2 are distinctly different, with
many more cases with either a broad spectral peak region (see Fig. 6c) or clearly multipeaked spectra. This
suggests that, at this location, the wave shadow east of
South America (see Figs. 1 and 3), has a clear impact on
the spectral form.
Noting the generally unimodal structure of the 1D energy spectra, the generalized JONSWAP form proposed
by Young and Verhagen (1996) was fitted to the spectra:


n
24 2(51n) n
24
2
f exp ( f /fp )
E( f ) 5 bg (2p) fp
4
3 g exp[2( f 2fp )

2

/(2s2 fp2 )]

.

(4)

In the spectral form of Eq. (4), g is gravity and the
spectral parameters are b (a ‘‘Phillips’’ scale parameter),
fp (the spectral peak frequency), n (the high-frequency
spectral decay exponent), and s (the spectral width parameter). This form differs from the classic JONSWAP
form in that the exponent n is not set to a constant (e.g.,
n 5 25 for JONSWAP). The nondimensional energy
« and nondimensional frequency n were then determined as
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FIG. 5. Wave-height records at the SOFS buoy:
(a) water surface elevation record h at 0600 UTC 28 Apr
2012, (b) the portion of the time series in (a) around the
maximum recorded wave (trough-to-crest wave height
H 5 26.4 m), and (c) variation of Hs during April and May
2012. The event shown in (a) and (b) can be seen with
Hs 5 15.6 m.

4
« 5 g2 Etot /U10

n 5 fp U10 /g,
where

and

(5)
(6)

Ð
Etot 5 E( f ) df .

Figures 7 and 8 show data from the SOFS buoy and
Macquarie Island. Figures 7a and 8a show the nondimensional energy « as a function of the nondimensional
peak frequency n. Also shown in these plots is the fetchlimited relationship between « and n proposed by Donelan
et al. (1985) (« 5 6.365 3 1026n23.3). Although the present
waves are clearly not fetch-limited, there is remarkable
agreement between the data and this fetch-limited relationship. The vertical line shown in Figs. 7a and 8a, drawn
at n 5 0.13, is the fully developed limit proposed by
Donelan et al. (1985). Typically, waves with n , 0.13 are
regarded as swell and are not receiving active energy input
at the spectral peak from the local wind. The vast majority
of the data in Figs. 7a and 8a fall into this category.
Values of the spectral parameters h, b, and g are shown
in Figs. 7 and 8b–d, respectively. Figures 7b and 8b show
histograms of the values of n. Although there is clearly a
spread of values, the median value is n ’ 24, consistent

with numerous studies of wind generated waves. The
values of b and g are shown in Figs. 7 and 8c,d as a function
of the inverse wave age U10/Cp, where Cp is the phase
speed of the spectral peak. Also shown on these plots
are the fetch-limited results of Donelan et al. (1985)
[b 5 0.006(U10/Cp)0.55 and g 5 1.7]. The value of g 5 1.7
corresponds to the fully developed limit proposed by
Donelan et al. (1985). Also shown in Figs. 7 and 8 is the
generally accepted demarcation between wind sea and swell
of U10/Cp 5 0.83. Values U10/Cp , 0.83 signify waves that
are not receiving direct energy input from the wind and are
usually considered as swell. Again, almost all the data are for
U10/Cp , 0.83 and hence one would normally consider them
as swell. Despite this, the spectral form is very similar to what
would normally be expected in actively wind generated seas.
The results shown in Figs. 7 and 8 are consistent for the
four buoy locations west of South America. In fact, the 1D
spectral parameters across these four locations are almost
identical. This is consistent with the altimeter results of
Fig. 3, which showed that the wave climate is remarkably
spatially homogeneous across the Southern Ocean.
The results shown in Figs. 7 and 8 indicate that although
the spectra have many similarities with fetch-limited
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FIG. 6. Examples of 1D energy density spectra E( f )
(the sloping solid line has a slope of f 24): (a) SOFS buoy
at 0600 UTC 15 Apr 2012, (b) Campbell Island at
0000 UTC 18 May 2017, and (c) OOI2 buoy at
1923 UTC 26 Jun 2015.

spectra, the details, and probably the physical processes
responsible for their generation are very different. Like
fetch-limited wind seas, Southern Ocean waves have a
high-frequency spectral form approximately proportional
to f 24. The spectra are also unimodal with no obvious
separate swell peak(s). The spectral peak is, however, at
very low frequencies. In most cases fp , 0.07 Hz. As a
result, values of U10/Cp , 1, and hence it is likely that no
wind input occurs at or near the spectral peak. Although
the 1D spectra can be modeled by the generalized
JONSWAP form in Eq. (4), the values of b, the equilibrium range constant, are significantly less than for
fetch-limited wind seas (see Figs. 7c and 8c). As a result
the nondimensional energy, « is smaller than one would
associate with fetch-limited wind seas (see Figs. 7a and 8a).
The results above indicate that the detailed source term
balance in Eq. (1) for such Southern Ocean waves must be
very different to fetch-limited wind seas. This will be

explored in more detail in section 7. In the above analysis,
we have excluded the data from OOI2, as many of the
spectra at this site were bimodal with a clear separate swell
peak. As such, these spectra are not well modeled by the
generalized JONSWAP form in Eq. (4). The physical
processes active at this site will be considered further
in section 7.

b. Directional spreading
With the exception of Macquarie Island, all other sites
provided directional data, enabling an analysis of directional spreading. Following Longuet-Higgins et al.
(1963) we define the direction spectrum E( f, u) as
E( f , u) 5 E( f )D( f , u),

(7)

where D(f,
Ð u) is a directional spreading function, defined
such that D(f , u) du 5 1.
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FIG. 7. Spectral parameters recorded at the SOFS buoy: (a) Nondimensional energy « [ Eq. (5)] vs nondimensional peak frequency n [Eq. (6)]. The solid line is the fetch-limited result of Donelan et al. (1985). (b) Histogram of
the recoded values of n in the relation Eq. (4). (c) The parameter b from Eq. (4) as a function of the inverse wave age
U10/Cp. The sloping line is the fetch-limited result of Donelan et al. (1985), and the vertical line is the demarcation
between swell and wind sea, U10/Cp 5 0.83. (d) The parameter g from Eq. (4) as a function of U10/Cp. The horizontal
line, g 5 1.7, is the fetch-limited fully developed result of Donelan et al. (1985), and the vertical line is the
demarcation between swell and wind sea, U10/Cp 5 0.83.

As directional wave buoys measure only the three
components of acceleration, determination of the full
directional spreading function, D(f, u) requires additional assumptions. Numerous techniques have been
proposed for such solutions, including the Fourier expansion method (Longuet-Higgins et al. 1963), maximum likelihood method (Isobe et al. 1984), maximum
entropy method (Lygre and Krogstad 1986), and the
wavelet decomposition method (Krogstad et al. 2006). A
summary of these approaches and their advantages and
disadvantages can be found in Young (1994b). Noting
that for the Campbell Island buoy the directional spectra
were determined onboard using the maximum entropy
method, this approach was adopted for the spectra at all

locations. As with the 1D spectra, the spreading functions obtained across all of the in situ buoy sites were
very similar. A typical example appears in Fig. 9 for
Campbell Island.
As with the 1D spectra, the directional spreading has
many characteristics in common with fetch-limited wind
sea spectra. The mean directions are typically west to
southwest (meteorological convention—coming from),
consistent with the prevailing westerly winds in the
area. The spectra tend to be narrowest at the spectral peak frequency fp and broaden with increasing
frequency. There is a tendency for the directional
spreading to become directionally bimodal at frequencies above 2.5fp (Young et al. 1995; Ewans 1998).
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FIG. 8. As in Fig. 7, but recorded at Macquarie Island.

Following Longuet-Higgins et al. (1963), we have
parameterized the direction spreading function as

D(f , u) 5 cos2s( f )


u 2 u(f )
,
2

(8)

where s(f) defines the spreading width and u(f ) is the mean
direction. Note that the form defined by Eq. (8) explicitly
excludes bimodal directional spreading. However, because
this is only an issue at high frequencies, it is a reasonable
simplification in the present context.
The data from all the buoys excluding OOI2 were
pooled and Eq. (8) was fitted to the spectra using a least
squares approach. Figure 10 shows the median values of s
as a function of f/fp, with the error bars shows 61standard
deviation. Also shown in Fig. 10 is the parameterization proposed by Hasselmann et al. (1980) for fetchlimited wind waves. The form shown in Fig. 10 is
s(f/fp) 5 9.77(f/fp)22.08, which was determined assuming

a representative value of U10/Cp 5 1. Although the
present data are generally for U10/Cp , 1, because the
Hasselmann et al. (1980) form does not extend to such
values, this limit was chosen as a representative case for
full development. The Hasselmann et al. (1980) form
is in remarkably good agreement with the present
Southern Ocean data, despite the fact that the data
presented here are for cases where the spectral energy
balance is likely very different to that experienced in
fetch-limited wind seas (see section 7).

7. Active wave generation processes
As noted in section 3b, the WAVEWATCH III model
was run for the periods spanning the recorded data from
each of the in situ buoy datasets (Table 1). The purpose
of these runs was to use the model as a diagnostic tool
to try and understand the physical processes active in
generating the spectral forms reported in section 6.
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FIG. 9. Directional spectra recorded at Campbell Island at 0000 UTC 18 May 2017: (a) Shaded distribution of the
directional spreading function D(f, u) in Eq. (7). The horizontal white lines are drawn at fp, 2fp, and 3fp.
(b) Directional slices through D(f, u) at fp, 2fp, and 3fp.

Although such a model represents (in an operational
context) present-day understanding of the physical
processes active in wind wave evolution, there are still a
number of approximations needed to make such a global
model computationally efficient. The most significant of
these is for the nonlinear term Snl, for which the discrete
interaction approximation (The WAMDI Group 1988)
that is used is a significant simplification. Therefore, to
have confidence in using the model to interpret the
physical processes that are active, it first needs to demonstrate that it can reproduce the observed data to
reasonable accuracy. That is, that the model physics
produces results consistent with observations.
Figure 11 shows the Southern Ocean region modeled
at 0600 UTC 28 April 2012. The figure shows color
shaded values of Hs and vectors of mean wave direction.
The time shown corresponds to the large wave case at
the SOFS buoy reported in section 5b and Fig. 5. The storm
south of Tasmania that produced these extreme conditions
is clear in this figure. More generally, the figure shows a
typical case for the Southern Ocean with a series of low
pressure systems (storms) propagating clockwise (from
west to east) around Antarctica. The mean wave direction
south of 408S is generally from the west to southwest. At
lower latitudes, the wave direction turns more to the north
as swell from the Southern Ocean propagates into the
Indian, Pacific, and South Atlantic Oceans.
Figure 12 shows comparisons of Hs between the model
and in situ buoys for both the SOFS and OOI1 locations.
The figure shows time series of Hs spanning the periods
during which the largest significant wave heights were
recorded at each location (section 5b; Figs. 12a,b), as

well as scatterplots for Hs for the full periods of the buoy
data (Figs. 12c,d). These results show that the model
generally reproduces the observed Hs reasonably well.
The results are particularly impressive when it is noted
that no attempt has been made to calibrate the model or
the CFSR winds used to force the model. It is clear in
Figs. 12a and 12b that the model does consistently underestimate Hs at the peaks of large storms, presumably
due to underestimation of the CFSR wind speeds or
limitations in the model physics. In general, however,
the model performance is such that we conclude that the

FIG. 10. The directional spreading exponent, s in Eq. (8) as a
function of f/fp. The solid black line with vertical bars shows the
median and 61 std dev of buoy data from all stations. The dashed
blue line is the fetch-limited result of Hasselmann et al. (1980).
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peak to the spectral peak region. Therefore, the balance
at the spectral peak becomes Stot ’ Snl 1 Sswl, which is
positive, resulting in a continued growth of components
near the spectral peak despite the fact that there is no
active wind input.
The source terms reproduced in Fig. 13 do not show
the advection of wave energy to the location that, in the
Southern Ocean, will be significant as demonstrated by
the generally west-to-southwest mean wave direction
(Fig. 11), irrespective of the local wind directions, which
will rotate around the low pressure systems in clockwise
directions (Southern Hemisphere). Noting this, our interpretation of the full energy balance is as follows.
At any given point, the following hold:
d

FIG. 11. Color-shaded values of Hs (m) from the WAVEWATCH
III model at 0600 UTC 28 Apr 2012. The white arrows are the mean
wave directions.

physics used in the model reproduces the major features
of the observed conditions.
Figure 13 shows the source terms produced by
the WAVEWATCH III model at the SOFS site at
0600 UTC 15 April 2012. This is a period shown in
Fig. 12a but earlier than the time of peak conditions
reported above. We have deliberately not used the case
for the extreme storm since, as reported above, the model
does not reproduce such extreme conditions well. The time
shown in Fig. 13 is representative of typical conditions, with
Hs ’ 4 m. The figure shows that the model and buoy 1D
spectra are in reasonable agreement. The spectral level
predicted by the model for higher frequencies is a little
higher than the buoy data; however, both model and buoy
data indicate a spectrum that is approximately proportional
to f 24. The model and buoy data are also in reasonable
agreement as to the value of the spectral peak frequency, fp,
with the model producing a slightly lower value.
As shown in Fig. 13, the source-term balance at higher
frequencies is such that Stot ’ Sin 1 Snl 1 Swc ’ 0. That
is, the high-frequency face of the spectrum is in equilibrium and is not growing/decaying, and the spectral
balance is consistent with observations for fetch-limited
wind seas. In the region near the spectral peak, the source
term balance is very different. Because U10/C , 0.83 in
these regions, Sin ’ 0. The white-cap dissipation is also
such that Swc ’ 0, presumably because the wave slope is
small for these waves. There is a small amount of swell
dissipation (negative values of Sswl) near the spectral
peak. By far, the largest-magnitude source term in the
spectral peak region is the nonlinear term Snl, where there
is a transfer of energy from frequencies above the spectral

d

d

Significant energy will be advected to the site from
the west.
Because there are consistent winds across large areas
of the Southern Ocean and a progression of low
pressure systems, this energy advected to the site will
not take the form of tradition narrow-banded swell.
Rather, it will either consist of a spread of swell trains
at different frequencies or a relatively broad frequency band of wave energy. That is, the energy is not
arriving at the site from a single distant storm but
from a progression of storms and sustained high winds
over a very large region to the west of the location.
As noted by Young and van Vledder (1993), one
of the characteristics of the nonlinear terms is its
‘‘shape stabilizing’’ impact, which continually shapes
the spectrum to a unimodal shape. In this case, this
continual advection of westerly wave energy is combined with the local wind sea and shaped into the
unimodal form seen in the buoy data and reproduced
by WAVEWATCH III.

It is interesting to note that, in addition to reproducing
observed values of Hs, WAVEWATCH III is also capable of reproducing the unimodal spectral shape. This
means that, despite the limitations of the Discrete
Interaction Approximation representation of the nonlinear source term, it is still capable of reproducing the
shape-stabilizing character of this term.
As noted above and in Fig. 10, the directional spread is
very similar to fetch-limited wind seas, even at the spectral peak, where there is no input or white-cap dissipation.
This suggests that it is Snl that primarily controls the directional spreading, since in the present case a spectral
balance at the peak defined by Snl 1 Sswl produces approximately the same spreading as a fetch-limited wind
sea where the spectral balance is Sin 1 Snl 1 Swc.
As noted above, the situation at OOI2 appears to be
very different from the other sites in that the 1D spectra
are more often bimodal at this site. Because this location
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FIG. 12. Comparisons between buoy and WAVEWATCH III values of Hs: (a),(b) Time series of Hs and (c),(d)
density contour scatterplots of buoy vs WAVEWATCH III values of Hs at the (left) SOFS buoy during 2012 and
(right) OOI1 buoy during 2015. Contours in (c) and (d) are drawn at 0.01, 0.1, 0.2, . . . , 0.9.

is in the wave shadow east of South America (Fig. 3), the
wave climate at this location is very different. As is clear
in the model output in Fig. 11, the mean wave direction
at this location is from the south, rather than the west as
at other locations in the Southern Ocean. This occurs
because the westerly propagation of energy is largely
blocked by South America. Energy that does arrive at
this site consists of swell that has passed through Drake
Passage and propagated north on a Great Circle. The
spectrum at this location will then consist of wind sea
associated with local winds, together with this southerly
swell. These two systems act as a more conventional
decoupled wind-sea–swell combination. These systems
are separated significantly in both frequency and direction space and hence there is little coupling between
them by Snl. As such, the spectra are more commonly
bimodal in frequency space.

As noted above, the Southern Ocean is unique in that
it has extremely long, unbroken fetches and an almost
continual feed of swell energy from a progression of
upwind storm systems. This situation then results in the
unimodal 1D spectra with very low peak frequencies
reported above. These types of spectral forms have,
however, been observed in other ‘‘swell dominated’’
seas. Data from some areas of tropical cyclones (Young
1998a, 2006) show similar spectral forms. In this case,
the spectra are directionally skewed, with a lowfrequency swell system generated in the intense wind
regions near the center of the storm and a local wind
sea. Despite the directional skewing, the 1D spectra
E( f ) remain unimodal. Amurol and Ewans (2019) have
also reported wave spectra measured off the cost of
Malaysia where there is clearly remotely generated
swell present but 1D spectra that are unimodal. These
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of meteorological systems, and the westerly winds will
also act to generate new energy and partially steer the
mean wave direction back to the south. As a result,
the infinite-fetch concept is a reasonable descriptive
approximation.

8. Conclusions

FIG. 13. Comparison of buoy and model spectra and source terms
at the SOFS buoy: (top) 1D spectra from SOFS buoy and
WAVEWATCH III model at 0600 UTC 15 Apr 2012 and (bottom)
1D source terms from SOFS buoy and WAVEWATCH III model
at 0600 UTC 15 Apr 2012.

cases, together with the present data, demonstrate
that a spectral balance near the spectral peak where the
only significant source term is nonlinear interaction can
result in these spectral forms.
Throughout this paper, we comment on the long, almost infinite fetches that exist in the Southern Ocean.
The concept of an ‘‘infinite’’ fetch is clearly a simplification of the real situation. Because the Earth is not flat,
wave energy generated by the prevailing westerly winds
will continually ‘‘leak out’’ to the north along great circle
paths. This is why Southern Ocean swell is ubiquitous
across so many oceanic basins. In effect, the ‘‘fetch’’ in
the Southern Ocean is continually rotating because of
the curvature of the Earth. This rate of change of direction is, however, very slow relative to the time scales

This analysis combines data from satellite altimeter
observations, in situ buoy measurements, and spectral
wave modeling to investigate the wave climate of the
Southern Ocean. This analysis shows that the Southern
Ocean has a relatively unique spatial wave climate
generated by the strong westerly winds that prevail in
the region, together with the very long uninterrupted
fetch that exists. This configuration results in a wave
climate in which the distribution of significant wave
height is remarkably uniform across large areas of
ocean, with mean wave energy propagating from west
to east. The only significant area of land to impinge on
the region is provided by Drake Passage, which results
in a significant reduction in wave energy east of the
passage.
The 1D wave spectra are generally unimodal but with
spectral peak frequencies that are typically less than
0.07 Hz. At such frequencies, there is typically no wind
forcing near the peak of the spectrum. As a result, the
spectral balance near the spectral peak is largely governed by nonlinear interactions. These nonlinear interactions, together with the continual feed of remotely
generated waves coming from the multiple storms to the
west, generate the observed unimodal spectra. It is believed that no other geographic location generates wave
spectra of this form.
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