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Abstract The Southern Ocean is an important component
in the global wave climate. However, owing to a lack of
observations, our understanding of waves is poor compared
to other regions. The Southern Ocean Flux Station (SOFS)
has been deployed to fill this gap and represents the first
successful moored air-sea flux station at these southern
hemisphere latitudes. In this paper, we present for the first
time the results from the analysis of the wave measurements,
focused on statistics and extremes of the main wave param-
eters. Furthermore, a spectral characterization is performed
regarding the number of wave systems and predominance
of swell/wind-sea. Our results indicate a high consistency
in terms of wave parameters for all deployments. The max-
imum significant wave height obtained in the 705 days of
observation was 13.41 m. The main spectra found represent
unimodal swell dominated cases; however, the dimension-
less energy plotted against dimensionless peak frequency
for these spectra follows a well-known relation for wind-sea
conditions. In addition, the Centre for Australian Weather
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1 Introduction

The Southern Ocean (SO) is the southern-most part of the
global ocean and represents around 22 % of the sea sur-
face area. This region is known to play an important role
in the climate system, cycling heat, carbon, and nutrients
(e.g., Orsi et al. 1999). Waves modulate the air-sea fluxes
(Badulin et al. 2007) and exchanged properties are redis-
tributed primarily via the Antarctic Circumpolar Cur-
rent (Rintoul and Sokolov 2001). Additionally, the high
latitude and absence of land barriers allow strong winds to
blow over practically unlimited fetches, creating ideal con-
ditions for severe wave generation. The waves generated in
this region have far reaching effects, contributing signifi-
cantly to the wave climate in all the major ocean basins
(Alves 2006).

Our interest in the Southern Ocean is from an air-sea
interaction perspective, recognizing that wave development
under strong wind forcing is likely to be different from mod-
erate conditions (Powell et al. 2003; Donelan et al. 2006).
The effects of waves on the lower atmosphere and momen-
tum exchange in the air-sea boundary layer are modulated
by the surface wave characteristics (e.g., Badulin et al.
2007); however, this complex coupled system is still poorly
understood and highly parameterized. The long fetches
and the relative constant high wind speed make the SO
an interesting area to study wave evolution under extreme
weather.
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Due to the harsh ocean environment and remote location,
there is a lack of air-sea fluxes and direct wave measure-
ments in the SO. It is amongst the poorest sampled of all
oceans, and this leads to large uncertainties in the global
air-sea flux and wave climatology. Little is known about the
wave characteristics in the SO other than by mean monthly
satellite climatologies (e.g., Mognard et al. 1983; Young
1994; Hemer et al. 2009; Hemer 2010), which are lim-
ited to significant wave heights, or wave model data. Wave
hindcasts provide a tool to map wave parameters globally;
however, the results are unvalidated. Deep ocean moored
wave buoys are the most reliable source of wave measure-
ment to validate satellite altimeter and wave model data,
and the analysis methods have been well established for
decades.

The Southern Ocean Flux Station (SOFS) was estab-
lished as part of the Southern Ocean Time Series (SOTS)
project (Trull et al. 2010) under the Australian Integrated
Marine Observing System (IMOS) (Meyers 2008) with the
aim of proving better understanding of the SO through a
variety of meteo-oceanographic observations. Five deploy-
ments have been performed since March 2010. The third
deployment at the beginning of 2013 was short-lived due to
technical issues and is excluded from this study. Excluding
the current (SOFS-5) deployment also, the three remaining
deployments provide measurements spanning a period over
705 days. The approximate coordinates of the mooring loca-
tion was 47° S and 142° E (Fig. 1). Table 1 contains details
of each deployment.

The target deployment period is 12 months. Due to the
harsh and remote SO location, the SOFS design faces sig-
nificant technical challenges. Wind, waves, and currents
create high physical stress on the mooring structure. Schulz
et al. (2011) describe the dynamic fatigue analysis for the
SOFS design that uses wave information. More detailed

Fig. 1 Location of the Southern
Ocean Flux Station (SOFS)
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Table 1 Details of the SOFS deployments

Deployment Location Period Wave sensors

SOFS-1 46.723 S Mar 2010 to MRU
141.870 E Jan 2011

SOFS-2 46.772 S Nov 2011 to MRU and
141.980 E Jul 2012 TriAxys

SOFS-4 46.777 S Apr 2013 to MRU and
141.993 E Oct 2013 TriAxys

SOFS-3 was excluded from the analysis due to technical issues

information about the mooring as well as a description of
the overall sensors installed can be found in Schulz et al.
(2012). Figure 2 illustrates the slack—mooring system and
location of instruments. This study presents for the first
time the results of the wave data analysis for the three suc-
cessful deployments. Statistics and distribution of the wave
parameters are shown and discussed (Section 3.1). The wave
spectra are characterized by number of wave systems and
predominance of swell or wind-sea (Section 3.2). We also
present a validation of the Centre for Australian Weather
and Climate Research (CAWCR) wave hindcast: A part-
nership between the Bureau of Meteorology and CSIRO
(Durrant et al. 2013) against the observations (Section 3.3).

2 Methods

2.1 Data analysis and wave parameters

Wave parameters were obtained from two different sensors:
a system based on a in-house motion reference unit (MRU)
developed at the CSIRO, using the Microstrain 3DM-GX1
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Fig. 2 Schematic of the slack—mooring system and location of instru-
ments of the SOFS. Adapted from the CSIRO Fourth Deployment
scope

sensor and configured to sample for the first 10 min of every
hour at a 5 Hz sampling frequency, and the commercial Tri-
Axys 3D accelerometer, configured to sample at 1.28 Hz
over the first 20 min of every 2 h and provides the direc-
tional wave spectra. For both sensors, the wave spectrum is
obtained from vertical acceleration in earth-coordinate sys-
tem with 512 (MRU) and 128 (TriAxys)-point fast Fourier
transforms (FFT) using the Welch method (Welch 1967).
We have performed the spectral analysis for the MRU raw
data only since the TriAxys sensor computes this internally
and provides the frequency-directional spectra. The segment
length applied in the spectral analysis of the MRU was
chosen in order to obtain the same frequency resolution of
0.01 Hz provided by the TriAxys.

The vertical acceleration spectrum is converted to vari-
ance density spectrum of the surface elevation by:

S
So(f) = ACif)

ey
where Sp(f) is the spectrum of the surface elevation,
Sac(f) the spectrum of the surface vertical acceleration
and w the angular frequency. The large energy produced
in low frequencies was removed by applying a filter based
on a factor that represents the root-mean-square (RMS)
accelerometer noise level.
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A comparison between the spectra obtained from the
MRU raw data and the TriAxys internal processing is shown
in Fig. 3. Both directional spectra were calculated using the
Maximum Entropy Method (Lygre and Krogstad 1986) for
directional distribution. The agreement is good despite some
differences in directional spreading. The double-peaked
spectrum is well represented by both sensors as well as the
integrated energy.

By calculating the wave spectrum, the main wave param-
eters commonly used to describe wave height and period can
be obtained through the spectral moments:

HmO :4\/m0 ~ HSa
1 1

Tp = =
Jo  f(SMax)

Twot = 0. o)
mi

namely the zero-moment wave height, which approximates

the average third most energetic waves of the record (Hj),

the peak (7p), and the mean period (Tiy01). The spectral

moments are defined:
o0
my = /O F1SC)df 3)

The mean wave direction is obtained from the first two
Fourier coefficients:

bl(f)i|
ar(f)

where a; and by are obtained from the co- (Cj) and
quadrature (Qj;) spectra (e.g., Benoit et al. 1997),

6o(f) = arctan |: 4

al(f) = iz = ! fan(f,G)cosedG
kCii o S(f)Jo
R I E T .
bi(f) = KCiy = S(f)/o S(f,0)sin6d do 5)

where k is wavenumber and the indices 1, 2, and 3 represent
heave, east-west, and north-south slopes, respectively. The
main directional parameter shown in this paper is the mean
direction 6y corresponding to the peak period, hereinafter
denoted as 6.

The MRU was the only wave sensor installed during the
first deployment (SOFS-1). Schulz et al. (2011) tested the
MRU sensor used against a Waverider buoy in a labora-
tory prior to this deployment, with very good agreement.
For SOFS-2 and 4, we performed a comparison between the
MRU and TriAxys, for Hyo and 7, also with good agree-
ment (Fig. 4). The obtained 7}, had a lower correlation (0.92)
than Hpg (0.98). The bias was very small for both param-
eters. For the deployments with both sensors installed, the
TriAxys output is used instead of the MRU in this analysis
because of the longer sampling time, which allows a better
spectral estimation with higher confidence levels.
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Fig. 3 Comparison of
directional (top) and
nondirectional (bottom) spectra
between MRU and TriAxys for
16 February 2012. Directional
spectrum is normalized by the
maximum energy
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2.2 Spectral partitioning

The wave parameters Hpyo, Tp, and 6, are commonly used
to characterize the sea state. However, they are limited and
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Fig. 4 Scatter plots of zero-moment wave height (Hpo) and peak
period (T}) for the MRU and TriAxys sensors. Displayed scatter statis-
tics are n = number of samples, p = Pearson’s correlation coefficient
(Pearson 1896), b = bias in the TriAxys—MRU direction, €= root
mean square error, S/ = scatter index, and m( = slope of least-square
regression
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do not describe all important wave properties. Hpg, for
example, is obtained by integrating the spectrum over all
frequencies and does not provide any information regarding
the presence of different wave systems. To provide a bet-
ter description of the waves in the SO, the wave spectra are
analyzed individually and characterized by their number of
wave systems, i.e., number of consistent partitions, and by
the dominance of swell or wind-sea.

A number of different methodologies for spectral parti-
tioning are available (e.g., Violante-Carvalho et al. 2002;
Wang and Hwang 2001; Portilla et al. 2009). Here, we apply
a method to obtain one-dimensional spectra, adapted from
combining characteristics of different methods, which we
visually judge to be appropriate to our data. We developed a
criterion to select of consistent spectral peaks necessary to
identify a multimodal spectrum. Spurious peaks are depen-
dent on the observation sampling frequency and the spectral
estimation method. The analysis can distinguish wide peaks
from multi-peak spectrums that may represent two wave
systems (Pierson 1977). In addition to eliminating spurious
peaks using commonly used criteria based on minimum dis-
tance between peaks and high frequency threshold, we also
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apply a 90 % confidence interval test (Guedes-Soares and
Nolasco 1992). This method considers spurious peaks as a
consequence of the spectral estimates. The confidence lev-
els are calculated by a chi-squared distribution considering
the number of degrees of freedom and it is applied to val-
idate the troughs which separate two partitions. The lower
confidence limit of the energy of the smaller peak must be
higher than the energy of the trough between the peaks.
Since we process the MRU and TriAxys to obtain the same
frequency resolution, the lower confidence limits are 0.65
and 0.72, respectively.
The steps used to identify significant peaks are:

(1) peaks must be below the high frequency threshold of
0.4 Hz;

(2) peak energy density of smaller peaks must be higher
than 7 % of the next higher peak. Peaks below this limit
were visually considered insignificant.

(3) distance between peaks must be at least 0.03 Hz, which
corresponds to 3df (where df is the frequency resolu-
tion).

(4) 90 % confidence interval test: lower peak is excluded
if the trough between two peaks is less than the lower
limit of the confidence interval of the lower peak.

2.3 Wind-Sea identification

After identifying significant spectral peaks, we classified
each wave system into swell or wind-sea. It is implicit in the
definition that swells are waves, formerly generated by the
wind, but no longer receiving energy from the local wind.
Such conditions certainly occur when the waves travel out-
side the area of generation. It is generally accepted that
such conditions can be identified by the relative wind/wave
speed, i.e., swell waves travel faster than the wind, or
wind/wave angle, e.g., waves propagating at angles greater
than 90 degrees with the wind direction cannot receive
energy from the local wind.

While such indicators make physical sense, it has been
shown that in general they do not necessarily signify
wind/wave decoupling. A number of studies have tested
the commonly used premise that swell is the wave system
which no longer evolves or receives energy. Thomson and
Rogers (2014), for example, showed that waves well under
the Pierson-Moskowitz limit, i.e., traveling much faster than
the local wind, fit perfectly the dependence of dimension-
less energy and fetch for wave-growth. Young (2006), when
investigating wave evolution in tropical cyclones, achieved
a similar conclusion. The spectra showed no distinction
between spectral peaks. The different ’quadrants” of the
hurricane present a complex swell and sea “mixed” system
in a continuous spectrum. Moreover, he found that waves
at angles as large as 90 and even 180 degrees to the wind
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(in different quadrants of the hurricane) satisfy the JON-
SWAP spectrum of wind-generated waves very well.

These considerations increase the complexity of wind-
sea classification. Different methods have been proposed to
identify the wind-sea partition of the spectrum. The most
common is based on the inverse wave age (U1o/cp, where
¢p is the phase velocity of the wave peak frequency and Uy
is the wind speed at 10 m height) using wind speed infor-
mation. Different limits have been applied, for example,
(Donelan et al. 1985) proposed: Ujg/cp > 0.83 that allows
the phase speed of local generated waves to exceed the wind
speed. The Pierson and Moskowitz (1964) asymptotic limit
of wave development is also often used, v = f,Ujo/g >
0.13, which represents a Ujo/cp > 0.8. Other authors (e.g.,
Thomson and Rogers 2014) applied the limit equal to 1,
i.e., wind-sea waves cannot run faster than the winds. If
the wind speed is not available, different techniques have
also been proposed such as wave steepness-based methods
(e.g., Gilhousen and Hervey 2001; Wang and Hwang 2001)
and the spectrum integration method proposed by Hwang
et al. (2012).

The SOFS observations include wind magnitude and
direction that are used to identify the wind-sea. The data
were recorded by the Air-Sea Interaction METeorology
(ASIMET) Sonic Wind Module based on a high resolu-
tion (0.01 m/s, 0.1 deg) two-dimensional sonic anemometer
installed on the top of the buoy tower, at a height of 3.52 m
above the sea-surface. The wind data were recorded as 1-
min averages and then averaged over the same 10 min as
the MRU sensor observations, for SOFS-1, and over the
20 min used by the TriAxys sensor, for SOFS-2 and 4.
The conversion from the wind measurement height of 3.52
to 10m above the water was done by applying a sea drag
coefficient suitable for high wind speeds (Hwang 2011):
Cp x 107* = 8.058 4 0.967U1¢ — 0.016U]20.

Our approach to identifying the wind-sea peak is based
on two requirements. The inverse wave age (Ujo/cp) must
be greater than 0.8 and the mean direction corresponding to
the wave peak frequency 6, must be less than +/- 90° of
the wind direction. This directional criteria is based on the
Komen’s formula (Komen et al. 1984), which has been used
in different two-dimensional spectral partitioning to identify
wind-sea region (e.g., Voorips et al. 1997):

13" cos(@) > 1 (6)
Cp

where u; is the wind speed at height z and ¢ is the angle dif-
ference between wind and wave directions. The maximum
angle ¢ tends to 90° as the wind velocity u, tends to infin-
ity (Fig. 5). Therefore, the directional condition applied in
our method is only restrictive for waves traveling exactly
perpendicular or contrary to the wind.
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Fig. 5 Maximum angle between wind and wave directions (¢max) as
a function of the wind speed u, according to Eq. 6

3 Results
3.1 Wave parameters statistics

A statistical analysis of the main wave characteristics is
obtained using the parameters of zero-moment wave height
Hypy, peak period 7, and mean direction corresponding to
the spectral peak 6. The analysis of 7, and Ty, reveal
very similar statistics and here we show only results for 7},
since it is more commonly used to characterize the sea state.
The statistics are based on the mean value, standard devi-
ation, and maxima occurred. Firstly, the one-dimensional
parameters of Hyo and 7}, will be analyzed, followed by
a description of methods and results of the analysis of 6,.
All the results presented in this section are shown for each
deployment and for the whole data set. It is worth noting
that the first deployment is more representative since it cov-
ered an almost full year (10 months), and hence all seasons.
SOFS-2 and SOFS-4 spanned 9 and 7 months, respectively.

Ocean Dynamics (2015) 65:1275-1288

The probability distribution function (PDF) of signifi-
cant wave height and peak period is shown in Fig. 6 for
each deployment. Previous studies have attempted to model
distributions of wave height and period, as for example,
the notable works of Forristal (1978) and Longuet-Higgins
(1975). The description of the tail is particularly important
for engineering design. Several studies have been performed
to describe and model H; and T, distributions (e.g., Ferreira
and Soares 2000), including analysis of Hg for the Southern
Ocean (Young 1994).

Distributions of wave height have been commonly asso-
ciated with a theoretical Rayleigh or Weibull distribution,
which the probability density functions of a variable & are
expressed, respectively, by:

_£2
pE) = ° e
a

3

a

2
b e\ [_ }
p&) = () e ) (N
a\a
where a and b are scale and shape parameters, respectively.
A normal-type distribution has been applied to characterize
wave period:

_E-w?
202

p§) = (®)

1

e
o 2m
where @ and o are mean and standard deviation, respec-
tively. The normalized distribution for Hyo and T}, corre-
sponding to the full data set are shown in Fig. 7. Weibull
and Rayleigh curves are plotted in comparison with Hpg
and a normal fit is shown with the T, distribution. The right-
side plots show the exceedance probability in attempt to
represent the best fit for the upper tail.

Fig. 6 Hyy (top panels) and T, SOFS-1 SOFS-2 SOFS-4
(bottom) Probability Density 0.4 =013 0.4 7= 2802 0.4 7= 2030
Function (PDF) distributions for u=4.19 =380 =420
the three deployments. 0.3 max = 13.41 | 0.3 max = 13.14 | 0.3 max = 9.63
Distributions are from SOFS-1 w
(left), SOFS-2 (centre), and 20.2 0.2 0.2
SOFS-4 (right)
0.1 0.1 0.1
0 0 0
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
Hio (M) o (M) g (M)
n = 7018 n = 2892 n = 2039
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o
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From the top-right panel, we can see that a Rayleigh dis-
tribution provides a better fit to this data than a Weibull
distribution. However, both models were unable to fully rep-
resent the upper tail. The normal fit agrees well with the
peak period distribution obtained from the SOFS data. The
bottom-right panel shows that tail is well represented. The
aim of this study is to show if typically applied models are
in good agreement with the data rather than modeling the
distribution for wave parameters. Further analysis will be
necessary to determine if other proposed methods are suit-
able to represent the SO wave parameters distribution. The
individual wave height and period distributions are a subject
for future analysis.

Table 2 summarizes the main statistical parameters
(mean value u, standard deviation ¢, and maxima) as well

as the date of the most extreme events in terms of Hy,o found
for each deployment and for the full data set. The three
deployments are very consistent in terms of wave parame-
ters statistics (Table 2). The mean Hp,g for the full data set
was 4.09 m. SOFS-2 showed mean Hy,g 0.4 lower than the
other deployments (SOFS-1 and SOFS-4).

The highest waves occurred during the austral spring
(SOFS-1 and 4) and autumn (SOFS-2). The maximum Hyyg
found was 13.41 m and occurred during SOFS-1, in Septem-
ber 2010. A very similar value was measured in April
2012 when SOFS-2 was in the water. SOFS-4 was opera-
tional for these two respective months of 2013; however,
the maximum Hy,o obtained was 9.63 m. It is worth not-
ing that SOFS-2 was not deployed during September, when
maximum Hpo was found for the other deployments.

Table 2 Statistics of each deployment: mean value (u), standard deviation (), maximum (max), and minimum (min)

Hiyp (m) Tp ()

% o max Date of max %
SOFS-1 4.19 1.49 13.41 16-Sep-10 11.81
SOFS-2 3.80 1.40 13.14 28-Apr-12 11.38
SOFS-4 4.20 1.55 9.63 30-Sep-13 11.94
All 4.09 1.49 13.41 16-Sep-10 11.73

Op[max (Hyo)] is the mean wave direction associated with the maximum Hp event

(o2

1.96
1.87
1.91
1.94

max

19.82
17.44
18.18
19.82

min

4.87
5.50
6.30
4.87

0Op (deg)
"

241.6
233.7
241.3
239.6

38.5
33.8
33.8
36.8

p[max (Hmo)]

241
240
243
241
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To calculate the mean wave direction a vector analysis
was applied:

n
Uy = n! Zcos(&i),

i=1

n
vo =n"" Z sin(6;), ©))
i=1
where 7 is the number of samples and 6; is direction in the
trigonometric convention (i.e., counter-clockwise with 0° =
east). The mean direction is then obtained by:

o = arctan (vg/ug) (10)

The standard deviation was calculated following
Yamartino’s method (Yamartino 1984) for wind direction:

6 = arcsin () [1 + (2/«/3 — 1) 63] (11
where
€= \/1 — (uo® + vo?) (12)

The distributions of mean direction associated with the
peak frequency (6p) (Fig. 8) are very similar for the three
deployments. Similarly, mean (u) and standard deviation
(o) are consistent for all deployments. Waves predomi-
nantly come from the southwest (SW) direction. Waves
from south/southeast (S/SE) and northwest (NW) were
also observed. The second quadrant waves, i.e., from
east/northeast (E/NE), were very infrequent (accounted only
for 1.5 % of observations) and associated with small Ho
values. S/SE waves were observed mainly during austral
summer (Dec—Feb), particularly during the SOFS-1 deploy-
ment (2010-2011). This deployment exhibited a higher
standard deviation as a consequence of more frequent waves
from SE and NW, and it was the only deployment to span
all seasons. The relative intensity (Hpg) for the direction
segments shown in Fig. 8 reveals that the higher waves are
concentrated in the SW direction. From Table 2, we can see
the most extreme events in terms of H,o had a consistent
direction of around 240°.

The two most extreme events measured in terms of zero-
moment wave height were very similar. The first event
(Hyuo = 13.41) occurred during the SOFS-1 deployment
and was only recorded by the MRU. For the second event
(Hpo = 13.14 m) both the MRU and TriAxys were oper-
ational, providing a good opportunity to compare their
performance during large waves. Figure 9 shows wave
parameters of zero-moment wave height, peak period and
peak direction for both sensors during the second highest
event. We can observe that both sensors performed well
and recorded the evolution of the three wave parameters
with good agreement except for the recorded maximum
value, where the MRU recorded a significant wave height of
15.2 m, while TriAxys analysis resulted in 13.14 m. From

@ Springer
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SOFS 1 (all seasons)

[ = 241.6°
o = 38.5°

SOFS 2 (summer - winter)

, = 233.7°
= 33.8°

HmO

| Juln] |
LoV
11 ©

Lo

SOFS 4 (autumn - spring)

Fig. 8 Mean Direction corresponding to the spectral peak () dis-
tribution for the three deployments. The plots represent the direction
where the waves come from and the bar color scale is Hy,o. The austral
seasons covered by the deployments are indicated within parentheses
of each plot’s title

this difference, we can suppose that the first event measured
during SOFS-1, when MRU recorded a Hyg of 13.41, may
actually have been the second highest event. Unfortunately,
we do not have a second sensor for comparison and as both
events presented similar characteristics it is not possible to
conclude which one was the highest. We however keep the
assumption that TriAxys is the ground truth measurement
when available, based on the longer time series and higher
confidence level of the spectral estimates.

3.2 Wave system analysis

The analysis of wave parameters have shown the main
characteristics of waves and sea severity during the years
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Fig. 9 Zero-moment wave 15F
height Hy,o, peak period T}, and
peak direction 6, from the MRU
and TriAxys, for the second
highest event measured at the
Southern Ocean Flux Station

Hmo (m)

—TriAxys
—-—MRU

during SOFS-2 on 28 April 2012

Op (deg)

22/04

covered by the three deployments. In order to have a broader
understanding of the wave patterns in the Southern Ocean,
we now show the results of the characterization of wave
systems commonly found through the analysis of each
individual spectrum.

The spectra were generally classified as exhibiting either
one or two peaks. The predominance of swell or wind-sea
systems varied for both cases and will also be discussed
in this section. Three-peak spectra were also identified,
however, very few of them passed the selection process
(Section 2). We considered any fourth peaks as a spurious or
insignificant wave system for the analysis. It is worth not-
ing that due to the regular presence of westerly winds with
reasonable intensity in the SO, a certain amount of high fre-
quency energy is often seen. However, most of these peaks,
which represent a wind-sea in early stages of development,
did not satisfy the conditions imposed in the peak identifi-
cation method described in section 2 and consequently they
were not taken into account. Examples of 1, 2, and 3 peak
spectra and the identification of the frequency for each peak
are shown in Fig. 10.

Table 3 shows the total number of spectra analyzed and
classified into categories according to the number of peaks,
for each deployment and for the whole data set. The pre-
dominance of 1 peak cases is clear (71 %), followed by

Fig. 10 Examples of 1, 2, and 3 1 peak

1
25/04

1 L 1 1 1 1
26/04 27/04 28/04 29/04 30/04 01/05 02/05

time

double-peaked spectra (26 %) and a small number of 3
peaks (3 %). All spectra were visually checked.

Following the spectral characterization by the number of
peaks, we performed the identification of a possible wind-
sea system. In the SO, the wind is predominantly from
W/SW. As shown previously, waves have a similar direc-
tional behavior. Therefore, the directional requirement for
wind-sea identification is often fulfilled by the dominant
waves. The limitation comes with the wave age limit.

After this step, we could classify each spectrum into
swell or wind-sea dominated. The results are also shown
in Table 3. The number and relative participation (val-
ues within parentheses) of swell dominated spectra (“Swell
Dom.” in the table) is also shown. A notable characteristic
is the higher relative participation of swell dominated spec-
tra for all cases, peaking at 93 % of unimodal cases during
SOFS-4. Overall, the relative participation of swell domi-
nated spectra was 85, 83, and 73 % for 1, 2, and 3 peak
spectra, respectively.

Examples of typical wind-sea and swell-dominated
bimodal spectra are shown in Fig. 11. The case selected
provides a good example of alternating swell and wind-sea
dominance in a local wave growth event. The three plots,
from left to right, represent the time evolution of the wave
spectrum, plotted together with the wave mean direction

2 peaks 3 peaks

peak spectra. The dashed lines
show the peaks identified using 10°
the method described in i~
Section 2 10
o 0
E10
fran) -1
& 10 ,
10

07 12 21 05
frequency (Hz)
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Table 3 Distribution of analyzed spectra according to the number of peaks and swell dominated cases (‘“Swell Dom”)

Number of 1 peak
Spectra Total Swell Dom.
SOFS-1 7018 4653 3894
(0.66) (0.84)
SOFS-2 2841 2274 1897
(0.80) (0.83)
SOFS-4 2017 1451 1360
(0.72) (0.93)
All 11876 8378 7151
(0.71) (0.85)

The values in parentheses correspond to the relative occurrence

0p(f) and averaged wind direction over the wave record
length used to calculate each spectrum. The wind-sea com-
ponent is generated by northwest winds (this is the mean
wind direction over the time used to calculate the spectrum
and represented by the gray dashed line). A swell system
is also present coming from the southwest. As the wind-
sea evolves the swell loses energy and at some stage, the
local system surpasses the swell in energy, thus becoming
dominant. The evolution of the wind-sea in this case shows
another interesting feature. The wind shifts progressively up
to 279° during the spectrum evolution. The angle between
the locally generated waves and local wind reaches 40° in
the last spectrum, however, the wind-sea keeps receiving
energy and growing.

Figure 12 shows the dimensionless peak frequency v =
Uiofp/g as a function of dimensionless energy, ¢ =
g*mo/ Uf‘o , only for the unimodal cases. Swell and sea
are plotted with different markers. Donelan et al. (1985)
proposed the dependence:

£ =6.365 x 1076y733 (13)

Babanin and Soloviev (1998) empirically found the relation:

2 peaks 3 peaks

Total Swell Dom. Total Swell Dom.
2064 1687 301 210

(0.30) (0.82) (0.04) (0.70)

541 431 26 20

(0.19) (0.80) (0.01) 0.77)

514 468 52 45

(0.25) 0.91) (0.03) (0.87)

3119 2586 379 275

(0.26) (0.83) (0.03) (0.73)

Dependencies from Eqgs. 13 and 14 are plotted together
with the SO results. The vertical dashed line delimits the
P-M limit. The agreement with the relation proposed by
Donelan et al. (1985) is good, and interestingly swell and
sea seem to show similar dependencies, with no clear differ-
ence in the behavior of each system. However, this relation
(and others, e.g., Dobson et al. 1989) is based on the —3.3
power assumed in Hasselmann et al. (1976) and not empiri-
cally obtained. Dependencies empirically proposed by other
authors show lower absolute values than —3.3 for the power
of v, e.g., —2.94 in Evans and Kibblewhite (1990) and
—3.00 by Kahma (1981). From Fig. 12, we can see that the
SO data exhibit a higher power than 3.3, which suggest that
the nature of air-sea interactions and wave evolution might
be different in the extreme wind conditions found in the
Southern Ocean. A more thorough investigation and careful
selection of the spectra are necessary to obtain a represen-
tative dependence for dimensionless wave energy and peak
frequency for the SO.

The swell dominated characteristics of the wave field
described above are consistent with Fan et al. (2014) who
suggest swell fractions of 0.6-0.7 on the northern edge of

e =830 x 10767301 (14)  the SO storm belt at which SOFS is located. However, this
24-Feb 20:00 24-Feb 22:00 25-Feb 00:00
‘ ...mean wind ."‘\;-1,1 "

N direction A, g 300/\
= b BN 280 D

©
E 260 o
e D
2] 240

Fig. 11 Example of time evolution of wind-sea in a bimodal case dur-
ing February 2012. The green dashed line shows mean direction and
gray dashed line is averaged wind direction over the 20 min used by the

@ Springer

-2

10

frequency (Hz)

TriAxys sensor to calculate the wave spectrum. Corresponding aver-
aged wind speed for the three plots, from left to right, are 11.78, 9.22,
and 11.17 m/s, respectively
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Fig. 12 Dimensionless energy ¢ versus dimensionless frequency v
for unimodal cases. Black circles are swell dominated cases and blue
solid dots wind-sea. Solid and dashed black lines represent depen-
dencies from equation 11 (Donelan et al. 1985) and 12 (Babanin
and Soloviev 1998), respectively. Vertical gray dashed line draws
the Pierson-Moskowitz limit for wind-sea. The power of v for both
dependencies are shown beside each line

may be a simplification of the dynamics which occur at the
SOFS site. Wave generation occurs in the Southern Ocean,
and the noted dominance of swell over wind-sea should pos-
sibly be interpreted carefully. The SOFS location is exposed
to a long fetch for the prevailing wind and waves to the
west and the amount of wave energy is often high, as well
as their dominant periods, as can be seen from the wave
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parameters statistical analysis (Section 3.1). The develop-
ment of locally-generated waves is likely to often be in
advanced stages and a slight drop in wind speed or direction
shift may insert these waves into a swell classification.

In Young (2006), despite the higher number of spec-
tra dominated by swell, a “mixed” system is seen and the
parameters obtained follow similar relations of wind-sea
conditions. The author found no clear bimodal distribution
in his analysis, similar to the cases shown in our Fig. 12, and
the agreement found for dimensionless peak frequency and
energy was also high. It suggests that most of our unimodal
cases classified as swell might still be connected with the
local wind wave system. As mentioned previously, Thom-
son and Rogers (2014) also did not see a clear distinction
between swell and sea for the dependence of dimension-
less energy and fetch. Both observations, together with the
results here presented, suggest that waves, which on the
basis of the formal indications mentioned above should be
classified as swell, behave like wind waves. Waves faster
than the wind and waves at greater angles to the wind con-
tinue receiving energy. Young (1997) argued that this is
done through the nonlinear interactions: short waves are
locally generated and wind-forced, and they pass energy
to what should appear as swell through wave-wave
exchanges. This physical mechanism is entirely plausible,
and there are direct and indirect evidences supporting such
conclusions.

3.3 Comparison with wave hindcast model

Our results were compared and validated against the
CAWCR wave hindcast model (Durrant et al. 2013). This
is the first time that the widely used NOAA WAVEWATCH
IIT (ww3) model has been tested and validated against a
long-term moored buoy in the SO. We note that the hindcast

Fig. 13 Time series of Hpo, Tp, 15,
and ¢, (model vs. SOFS data)
for 17 March—8 June 2012
(SOFS-2)

+ SOFS

Tp (s)

6, (deg)

L% 1 1

| | | | ) | . | |
19/03 24/03 31/03 07/04 14/04 21/04 28/04 05/05 12/05 19/05 26/05 02/06
time
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Fig. 14 Scatter plots of wave
height, peak period, and mean

Ocean Dynamics (2015) 65:1275-1288

period for the hindcast.
Displayed scatter statistics are
n = number of samples, p =
Pearson’s correlation
coefficient, b = bias, € = root

model

mean square error, SI = scatter
index, and mo = slope of
least-square regression

Tp Tm01
16 12
12 : p:0?65 8 3 p=0.81

model run has not been tuned against the SOFS observa-
tions. For this, we use the parameters of Hpg, Tp, Tmo1, 6p,
and 6y,, where the later is defined as:

6Om = arctan |:b] :| (15)
ai
where
] o0
ar = / a(f)S(F)df
SJo
1 o0
by = / bi(f)SCF) df (16)
SJo

where S = [[CS(f)df.

The ww3 model version 4.08 was run for a 0.4° x 0.4
global grid, forced by hourly wind fields and ice concen-
tration from the CFSR reanalysis (Saha et al. 2010). The
spectral space was discretized over 29 frequencies logarith-
mically spaced from 0.038 to 0.5 Hz and 24 directions with
15° resolution. The most recent official release version 4.18
was also run for a shorter period with same configuration
and the results were qualitatively consistent.

To provide a sense of the performance of the model,
sample time-series of Hyg, Tp, and 6, are shown in
Fig. 13. It includes one of the extreme events described in
Section 3.1 and Fig. 9. A visual qualitative analysis suggests
good agreement between for H,,o. The model captures the
observed peak Hpg. The model consistently overestimates
T, compared to observations.

The scatter plots of the one-dimensional parameters Hpg
and 7,, along with Tiy1, for the whole data set, are shown
in Fig. 14. Zero-moment wave height shows very good
agreement with low bias, rms error, and scattering and high
correlation. The ww3 model is designed to reproduce the
integrated spectral energy and this is reflected in the Hpg
result. Both peak and mean periods overestimate compared
to the observed, with biases greater than 2 s. The correlation
coefficient for Tyg; (0.81) is however considerably better
than for 7}, (0.65).
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Directional validations of 6, and 6y, are shown in Fig. 15.
The statistical analysis performed is based on the angle dif-
ference between model and buoy results. The presence of
points on the upper left and lower right corners represent the
transition of 359 to 0° and despite the distance to the regres-
sion line they actually contribute to low errors, since they
represent small angle differences.

The model shows better agreement with observations
for the integrated mean direction 6, than the peak direc-
tion 6. The performance of 6, depends on how well the
peak frequency is identified, as pointed out by Rogers
and Wang (2006). Since the modeled peak period shows
some disagreement with the observations, it is expected
that the peak direction will reproduce similar results.
Rogers and Wang (2006) address this problem and calcu-
late T as a function of T, which normally provides better
agreement.

The modeled peak direction shows more waves from SW
when the buoy data indicates SSE or NW. This can be seen
by the horizontal line of points around 240° in the scatter
plot (left panel of Fig. 15). Further investigation of a sam-
ple of these cases revealed that the NW measured cases are
related to bimodal wind-sea dominated spectra which the
model does not represent. Cases where the buoy 6, is SSE
while the model outputs SW peak directions are normally
unimodal swell dominated spectra. These differences might

ep (deg) em (deg)
PRI I
300f © - - Sl °1 3000, e o3 -
_ 8% o D ]
%200 ¢ 200“.:5; N "%%se
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100} 100 .. . o
§o S o858/ %03 o

KT W A% 17 -
O— < °,0f Bowoss

0 100 0 100 200 300
SOFS

Fig. 15 Scatter plots of peak and mean direction for the hindcast.
The statistical parameters are represented by €, = root mean square
error of the angle difference; and €, = standard deviation of the angle
difference
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be associated with current-induced refraction and requires
further investigation.

The mean direction is the most common parameter used
to characterize wave directional properties in models. The
standard calculation of this parameter by ww3 is done by
integrating the mean direction 6y over all frequencies. The
results show better agreement than 6,. Rogers and Wang
(2006) also found improved agreement using an alternative
method to validate wave direction by integrating 6y, over
frequencies near the spectral peak. It is common to see low
and high frequency waves coming from similar directions
in the Southern Ocean. Therefore, the use of a narrower
band of frequencies might not show significant differences,
however, this is the subject of future research.

4 Conclusions

The results presented provide the first wave analysis from a
long-term buoy deployed in a remote area of the Southern
Ocean. Westerly winds are consistently strong at the moor-
ing site, and this is reflected in the consistent wave statistics
that show little variation across the three deployment peri-
ods. The waves come predominately from southwest/west,
with mean significant wave height of 4.1 m. The highest
wave event recorded was Hy,g = 13.41 m.

The wave parameters were used to validate the CAWCR
wave hindcast, which showed good agreement for sig-
nificant wave height, but considerable positive biases for
peak and mean period. This data set will be valuable for
calibration of future wave models in the Southern Hemi-
sphere.

The characterization of the measured spectra shows a
predominance of unimodal cases (71 %). Bimodal spec-
tra were reasonably common (26 %), followed by a small
numbers of trimodal cases (3 %). Applying a method of
wind-sea identification based on the wind direction and
wave age, we found a high relative participation of swell
dominated conditions (84 % of all spectra). These results
however might not reflect the strong wave generation char-
acteristics of the SO. The techniques used here are not
designed to investigate the generation of wind waves which
we suspect is vigorous in the Southern Ocean. This data set
offers an excellent opportunity to revisit and improve the
knowledge regarding swell-sea relations and to investigate
wave growth under strong wind conditions.

The goal of this paper is to present the main statis-
tics and spectral characterization of the wind-generated
waves from the floating mooring motion recorded in the
three first successful deployments. The data set recorded
by the Southern Ocean Flux Station includes additional
meteo-oceanographic parameters such as: acoustic current
profilers, wind, radiation, and parameters for computing
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bulk air-sea fluxes, ocean turbulence, and biogeochemical
sensors. SOFS-5 is currently in the water and the project
is expected to continue in the coming years. The oppor-
tunity to analyze long-term in situ data from one of the
most remote and poorly sampled oceans will enable a great
number of research activities in the near future.
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