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Abstract

Generally, ocean waves are thought to act as a drag on tlreeswind so that
momentum is transferred downwards, from the atmospheodhietwaves. Recent
observations have suggested that when long wavelengthsywakiaracteristic of
remotely generated swell, propagate faster than the suvfamd momentum can
also be transferred upwards. This upward momentum traasteto accelerate the
near-surface wind, resulting in a low-level wave-drivemevjet. Previous studies
have suggested that the sign reversal of the momentum fluelispnedicted by
the inverse wave age, the ratio of the surface wind speectspbed of the waves
at the peak of the spectrum. ECMWF ERA-40 data has been useddealcu-
late the global distribution of the inverse wave age to aetee whether there are
regions of the ocean that are usually in the wind-driven wagtme and others
that are generally in the wave-driven wind regime. The wdinigen wave regime
is found to occur most often in the mid-latitude storm traskeere wind speeds
are generally high. The wave-driven wind regime is found égbevalent in the
tropics where wind speeds are generally light and swell capggate from storms
at higher latitudes. The inverse wave age is also a usefidatat of the degree
of coupling between the local wind and wave fields. The clofagies presented
emphasise the non-equilibrium that exists between thd \eical and wave fields

and highlight the importance of swell in the global oceans.



1. Introduction

Ocean surface waves are the medium that transfer momentassabe air-sea interface.
Currently, all operational ocean-atmosphere models olbyvathe momentum flux;, to
be positive, from atmosphere to ocean. Recent observationsg conditions when waves
propagate faster than the wind have reported upward momefiixx from the waves to the
atmosphere (e.g. Drennan et al. 1999; Grachev and Fairdll)2dhd the occurrence of low-
level wave-driven jets (e.g. Smedman et al. 1999). The vdaiven wind regime was first
reported by Harris (1966), who showed in a laboratory wank that a progressive water wave
leads to airflow in the direction of wave propagation.

Wind-wave equilibrium, or a fully developed sea, is a stdtevimd and wave alignment
where the shape of the wave spectrum and the peak frequenbptir stationary in time. Such
a sea state is usually described by asymptotic values @retied spectral parameters, e.g. sig-
nificant wave height/Z;, and the spectral peak frequendy, Pierson and Moskowitz (1964)
used a carefully chosen dataset representative of fullgldped seas to propose universal rela-
tions for fully developed asymptotic limits which are basedsimilarity analysis. Alves et al.
(2003) have shown that the Pierson and Moskowitz (1964 tidveloped asymptotic limit for

the peak frequency can be expressed in terms of the wave gg€;, cos 0), as

¢p/(Upg cosf) = 1.2, (1)

wherec, is the peak phase speed of the wavésg,is the10 m wind speed and is the relative
angle between the wind and the waves. WhefiU,, cos §) < 1.2, waves grow by absorbing
momentum from the wind.

In reality, the ocean is often fetch- and duration-limitedtkat fully developed seas are



uncommon. Ocean waves occur over a broad range of wavekengtiging from a few cen-
timetres to a few hundred metres, with contributions frorthbwind waves and swell. Wind
waves are locally generated, short-wavelength waves riénaltslower than the surface wind.
They require momentum from the wind to grow and as a resulstaomgly coupled to the lo-
cal wind field (Janssen 1989). In contrast, long-wavelesgtéll waves are usually generated
remotely by storms and can propagate thousands of kilomatm®ss the ocean, without mo-
mentum input from the wind. Drennan et al. (2003) used data five field campaigns to study
the influence of wave age on the air-sea momentum flux during\pind sea conditions. They
found that pure wind seas are frequent in coastal regiordo®sd seas and during extreme
wind events but in the open ocean swell is usually preseng réhkults of the CBLAST field
campaign which took place in the North Atlantic (Edson eR8D7) demonstrated that in light
wind conditions (less tha# m s~!) winds and waves are usually in a state of nonequilibrium
wherec, exceedd/;,, indicating that remotely generated swell is present.

Until recently, it was thought that swell, which is weaklyugbed to the local wind, does
not interact with the airflow. Experiments have shown thalsdoes interact with the airflow
by giving momentum to the wind and inducing a wave-drivendviMeasurements af,; by
Drennan et al. (1999) in Lake Ontario show that for swellradid with the windr,,; may some-
times be negative. Observations by Smedman et al. (1999paratiman et al. (2003) in the
Baltic sea have shown that during swell dominated condtiibve wind profile is no longer
logarithmic. They observed a wind speed maximum near ombe lowest wind speed mea-
surement ofl0 m. From results obtained during several sea expeditionsh@vaand Fairall
(2001) found that, in the equatorial west Pacific Ocean, ugwaomentum transfer occurs

about 10% of the time. Calculations by Hanley and Belche®080which were in agreement



with the ocean observations of Grachev and Fairall (200dmahstrated that the sign rever-
sal of the air-sea momentum flux from positive (i.e. into theves) to negative (i.e. out of the
waves) occurs when the inverse wave age drops below @bidutTherefore the inverse wave
age is chosen here as a simple, but effective, parametentaatbrise the wind-wave regime:
the wind-driven wave regime occurs whe@r, cos 6)/c, > 1/1.2 = 0.83; and the wave-driven
wind regime occurs whet < (Uyg cos ) /c, < 0.15.

In the intermediate range of inverse wave a@é5 < (U, cosf)/c, < 0.83, the sea state
is mixed, i.e. it is composed of both wind sea and swell. Is thihge there are both growing
waves extracting momentum from the wind and fast waves itmgamomentum to the wind.
It is likely a smooth transition from one regime to anothenhew (U, cos6)/c, > 0.83 there
are waves in the spectrum moving faster than the wind whitlsmall amounts of momentum
back into the atmosphere, similarly whélth, cos6)/c, < 0.15 there are still growing waves
extracting momentum. Therefore the limits which have bdersen here to characterise each
regime are not hard limits.

The global importance of swell has been identified by Cheh €@02). In this study, Chen
et al. (2002) collocated a global dataset of simultaneowssomements off, andU;, from the
TOPEX/NSCAT and TOPEX/QuikSCAT missions to observe theiappattern of both wind
sea and swell. They determined the global distribution afdaivaves and swell using the
wind-wave relation for fully developed seas given by Ha®sseln et al. (1988), assuming that
measurements dff,; less than the fully developed limit are from a growing sea mns@dsure-
ments ofH, that are greater are swell. Chen et al. (2002) find that swellis more thasg0%
of the time in most of the world’s oceans. They identify thfeeell pools” in the tropics where

the probability of swell is more tha®t%. In contrast, Chen et al. (2002) find that wind waves



occur most frequently in the mid-latitudes decreasing tardamum at the equator.

The goal of this paper is to use the European Centre for Medange Weather Forecasts
(ECMWF) ERA-40 wave data set to develop a new climatology wfdawave interaction, as
diagnosed by the inverse wave age. The availability of wate thakes it possible to construct
a global climatology of wave processes and wind-wave iotara that accounts for both wind
waves and swell. McWilliams and Restrepo (1999) constrigtohal wave climatology using
wind data to parameterise the waves. This method assumesweive equilibrium and there-
fore ignores remotely generated swell. When wave data i3 theecomplete spectrum can be
considered. The first question addressed here is: to whentastthe local wave field coupled
to the local wind field? In section 3 ERA-40 data is used toythd effects of a storm passing
through the Southern Ocean and to compute climatologidgedfitm wind speed and the peak
wave phase speed. These climatologies illustrate that mymegions, the local wave state is
not tied to the local wind conditions and highlight the imaoice of swell in the global oceans.

A second question is: can the sea state be broadly categonisetwo regimes: wind-
driven waves or wave-driven winds? This question is adégsssection 4 where the ERA-40
data is used to produce a global climatology of inverse wagee arhis will determine the
regions of the ocean that are usually in the wind-driven wagime and the regions that are
predominantly in the wave-driven wind regime. The climagyl of (U, cos ) /¢, provides the
spatial distribution of each regime but does not providenmiation about how frequently each
regime occurs. Therefore, in section 4b a different teamiig used to determine the global

frequency of occurrence of the two regimes.



2. The ERA-40 wave data

The ECMWEF have produced 45 year global reanalysis of atmospheric and wave data
called ERA-40 (Uppala et al. 2005) which covers the periopt&aber 1957 — August 2002.
The reanalysis is produced using the ECMWF’s Integrateddasting System - an atmosphere
model coupled to a wave model. Global observations ofithen wind speed obtained from
shipbourne and buoy measurements and, since August 19®3sé&Rerometer are assimilated
into ERA-40 using a variational assimilation scheme (deHasas et al. 1994). Also since
August 1993 significant wave heights obtained from the ER8ater have been assimilated.
Although the quality and coverage of the observations imgsaver the ERA-40 period, the
reanalysis ensures that the data is continuous.

The ERA-40 wave reanalysis is produced using the WAM modak@dlimann et al. 1988).
WAM is coupled to the atmosphere model by a sea-state depe@tarnock parameter devised
by Janssen (1991). To produce the reanalysis, WAM is forgeth® 10 m winds from the
latest 6 hour forecast onia5° x 1.5° global resolution grid with data stored every 6 hours.
WAM computes the full two-dimensional wave spectrum fromiakha number of integrated
parameters can be obtained, e.g. the significant wave helghimean wave period and the
mean wave direction. The ERA-40 reanalysis gives thesendiigs for the entire spectrum
and also for both the wind wave and swell components. The s&adis defined as the part of
the spectrum for which the friction velocity in the directiof wave propagation is greater than
0.05 x ¢, wherec is the frequency dependent phase speed. The rest of thewspestdefined
as swell (Hasselmann et al. 1988). Janssen et al. (1997)arechfhe analysed wave data with
independent buoy measurements and found a good agreement.

Caires et al. (2004) recommend the use of ERA-40 data forafjl@hve studies because it



compares better with observations than other availableatgses (e.g. NCEP-NCAR). Due to
its superior agreement with observations, the ERA-40 wata & considered to be the best
data currently available to produce a global climatologyoéan wave processes and wind-
wave interaction. However, Caires et al. (2004) find the ERAdataset tends to underestimate
wind speeds abovet m s~!. Partly as a result of this, the high peaks in significant wasight

are underestimated in the ERA-40 dataset.

3. Surfacewave characteristics

To understand how the local wave field is coupled to the lo¢atiiield, the ERA-40 data
is first used to study the global patternsiof,, H, andc,. The ERA-40 data provides the
components of theé0 m wind speedyu;, andwv;y, which define the magnitude and direction
of Uyy. The significant wave height is one of the diagnostics givethe ERA-40 wave data.
The ERA-40 wave data also provides the peak perigdof the one-dimensional frequency
spectrum. Each spectral component travels with its owngobelecity determined by the linear
dispersion relationr = ¢/w, where the angular frequency = 2xf. The group of waves
travels at the group velocity,, defined as the ratio of the group length to the group period,

i.e.c, = dw/dk. Using the linear dispersion relatiep can be calculated fror, as

Cp="—". (2)

The mean wave directioni¢,,), is also one of the diagnostics given in the ERA-40 wave data,
thereforer, has components;, sin(f.,), ¢, cos(f,,)). The spectral peak generally represents the

longer wavelength waves, therefatgis a good measure of the speed of swell.



a. A Southern Ocean storm

To gain an understanding of the relationship between windewand swell the ERA-40
wave data is first used to study, andc, in the Indian Ocean after the passage of a storm in
the adjacent part of the Southern Ocean between the 14tth-Jat 1989.

Figure 1 shows the mean sea level presstitgandc, from the ERA-40 data at 0Z on the
14th July. An intense low pressure system is building in thet®ern Ocean at5° E with a
minimum mean sea level pressureddf) mb. The highest wind speeds f m s~!, which
are located to the northwest of the low pressure centre, thavpotential to generate waves of
¢, = 1.2U35 = 30 m s'. Atthe centre of the storm, wind speeds fall belowt s~!. The strong
winds associated with the low pressure system generateswdtlepeak phase speeds equal to
the maximum wind speeds B4 m s~!. Both the wind and the waves move cyclonically around
the low showing that the waves here are strongly forced byihd. At 70° E, there is a ridge
of higher pressure between the low pressure systeth°aE and another low pressure system
at90° E. Wind speeds in this region are reduced, howeyexceed®2 m s, indicating the
presence of swell generated by the earlier storm. In th@im@icean the mean sea level pressure
is higher than in the Southern Ocean, with the maximum pressii 040 mb occurring in the
sub-tropics aB0° S. The higher pressure means tha§ is less in the Indian Ocean than in
the Southern Ocean, rarely exceedirlgm s—!. The peak wave speeds in the Indian Ocean
are usually greater than the wind speeds and the waves azeafjgmot aligned with the wind
indicating that swell propagates out of the Southern Ocetanthe Indian Ocean.

Figure 2 shows the evolution @f andU;, during the period 15th to 19th July 1989. The
storm moves steadily eastwards across the Southern Oceag the 15th, 16th and 17th July.

As the storm progresses, a band of fast waves begin to prepagdheastwards into the Indian



Ocean. These waves are no longer aligned with the surfackamith are therefore characteristic
of swell. As the swell moves across the Indian Ocegieontinues to increase even though the
winds in this region are reduced. This is because ocean veaeedispersive: the faster waves
outrun the slower waves so that the spectral peak is shdtearts the lower frequencies. Also,
non-linear wave-wave interactions act to transfer energgnfthe high frequency part of the
spectrum to the low frequency part, therefore increasjr(giomen et al. 1994). As a result, the
maximum values of, occur at the front edge of the band. By 17th Jylys already in excess
of 28 m s™'. Ahead of the band, is generally less thaR0 m s™!, howeverc, is higher than
U, and the surface wind and the waves are misaligned. This isdhcation that swell from
previous storms is present in the Indian Ocean.

Figures 2e and f show that by 0Z on the 17th July the storm magstlpassed through this
region of the Southern Ocean. During the nékthours the swell continues to move towards
Indonesia with little attenuation of energy. In contrabg storm in the Southern Ocean has
almost decayed. By 0Z on the 19th July (Fig. 2g) waves wittkpdase speeds 6 m s !
have reached the coast of Indonesia. Over a perieid doursc, has increased in this region
by ~ 12 m s~!. In contrast, the surface wind speeds in this region areis@msly low between
the 17th — 19th with little change in direction.

Figures 2i and j show, andU,, averaged over the 15th to the 19th July 1989. Averaging
over the storms lifecycle acts to greatly smooth the peak®th c, andU;o: the maximum
¢, is reduced t@4 ms~' and the maximunt/y, is reduced tol6 m s~*. Whereas the peak
values ofl;, are relatively short lived, the high values @fpersist until the swell reaches the
coast. Therefore because the spatial and temporal extdre ofaximum values af, are much

greater than the maximum valueslaf, the average,, is more than.2U,y.



The figures show that intense low pressure systems sepdmatadjes of higher pressure
pass through the Southern Ocean. The strong winds assbuwidtethe low pressure systems
generate fast-travelling wind waves. When wind speedseateced in the ridges between the
lows, these waves become swell. A band of swell propagates the Southern Ocean towards
the tropics. It can take up to 5 days for the swell to reach ihy@ids. This demonstrates that
swell can travel thousands of kilometres across the oceidnveny little attenuation, as reported

by Snodgrass et al. (1966).

b. Annual climatologies

Now that we have established that intense low pressuremsggiassing through the South-
ern Ocean generate swell which can travel large distancessathe ocean, the next aim is to
study the annual climatologies 60f,, H, andc, to determine the coupling between the local
wind field and the local wave field on a global scale.

Figure 3 showé/,y, H, andc, averaged over 1958 — 2001. The global surface wind pattern
calculated using the ERA-40 data agrees well with previdusatologies ofUy, (e.g. Ahrens
2003). Figure 3a shows that the zonal component of the suviaa dominates over the merid-
ional component. Wind speeds peak in the westerly oriethtaid-latitude storm tracks. In the
northern hemisphere storm tradks, peaks atl0 m s~! in the North Atlantic and) m s in
the North Pacific. In the Southern Ocean the maximum winddspef 2 m s~! occur between
South America and Australia. The subtropical trade wingésfaund betweern0° and 30°.
They move northeast in the northern hemisphere and sotihdghe southern hemisphere with
speeds ranging fromto 9 m s~!. Wind speeds are lowest, averaging less thans—!, in the

Intertropical Convergence Zone (ITCZ) betweaén N and10° S where the wind systems from

10



the two hemispheres meet.

From Fig. 3b we see that there is a strong zonal pattefi, iwith the highest wave condi-
tions occurring in the mid-latitude storm tracks. The pealkgs ofH, occur in the same region
of the Southern Ocean as the peak values,gf with the average values exceeditign in this
region. Due to the strong westerly winds, high wave condgioccur throughout the Southern
Ocean, withH, surpassing.5 m in most areas. In the northern hemisphere storm tracksewher
the winds are less than in the Southern Ocean, the averagificgigt wave heights are also
less, with the maximum averaged values in the rahge3.5 m. In the tropics the significant
wave heights are fairly uniform. Low wind speeds in theseargresult in low wave heights,
generally between.5 and2.5 m. The local increases iti, in the trade wind regions do not
appear in the averaged significant wave height field becdneseaves are composed of both
local and nonlocal components, resulting in a smoother.f@leerall, this shows that the wave
heights are limited by the maximum wind speeds.

Figure 3c shows that there is a very distinct zonal variatiat), waves are directed zonally
in the storm tracks and meridionally elsewhere. The aligmnroéthe wind and the waves gives
an indication of whether a region is dominated by wind wavesaxell. Generally, wind waves
are aligned with the surface wind. Swell is generated relyated therefore not usually aligned
with the local surface wind. From Fig. 3 we see thia§ andc, are aligned in the mid-latitude
storm tracks where wind speeds peak. Elsewhéygandc, are generally misaligned. This
implies that wind waves occur most often in the mid-latitattegm tracks with swell dominating
elsewhere. This is consistent with the findings of Chen ¢2802) who report that wind waves
occur most frequently in the storm tracks and swell occurstroften in the tropics.

Although Chen et al. (2002) find that wind waves occur mogjdeatly in the mid-latitude

11



storm tracks, they also find that swell is present more ftigh of the time in these regions.
Figure 3c shows that the annual average values @f the mid-latitude storm tracks tend to
exceed the fully developed values@f= 1.2 U,,, suggesting that swell is also present in these
regions. The case study described in section 3a shows thdt speeds are not consistently
high in the Southern Ocean as suggested by the annual meamt&hse low pressure systems
which pass through the Southern Ocean are separated b ddregh pressure. Therefore,
wind waves that are generated by the strong winds in the l@ssoire regions become swell
when wind speeds are reduced in the ridges. The limited idaraf the high winds in this
region is also an indication that the wind-waves are noyfdéveloped.

Wind speeds in the mid-latitude storm tracks are westdrlgtetfore swell propagating at
the group velocity out of these regions has a westerly comprin Fig. 3c a front is visible
in the Pacific between Mexico and New Zealand and in the Atddrgtween West Africa and
Brazil, that separates swell travelling south out of thetmenn hemisphere storm tracks from
swell travelling north out of the Southern Ocean. As noteddation 3a, the peak wave speed
continues to increase outside the mid-latitude storm gamslen though the wind forcing is
reduced because ocean waves are dispersive. Therefofastégt waves occur at the western
coasts of the tropical land masses, withreaching22 m s~! in both the Indian Ocean and
Pacific Ocean. These areas of maximgntoincide with the swell pools identified by Chen
et al. (2002). Figure 3c shows that the fast waves in the m@ieean correspond to swell that
has originated in the Southern Ocean between South Afrid#astralia wherd/;, peaks. The
region off the west coast of the America’s is affected by $pelpagating out of both the North
Pacifc and the Southern Ocean. The waves appear to havengestmoorthward component

suggesting that the area is dominated by swell from the 8ontBcean. The minimum values
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of ¢, occur in enclosed and semi-enclosed seas where the wavésiee by the available

fetch.

C. Seasonal variations

Figure 4 showé/;, averaged over 1958 — 2001 for the seasons December-Jdrelanyary
(DJF) and June-July-August (JJA). The peakSipnare greatest in the winter hemisphere storm
track and of larger magnitude than in the annual mean. Ahdbie magnitude of the peaks are
similar in both hemispheres, the seasonal variability &tgr in the northern hemisphere than
in the southern hemisphere. The northern hemisphere exges much lower winds in summer
than the southern hemisphere does. In the North AtldAtiovaries from12 m s in DJF to
7m st in JJA, whereas in the Southern Ocean between South Afrid#@astralial/,, ranges
from 12 ms~! in JJAtoll ms~! in DJF. In the tropical Pacific and tropical Atlantic regions
the seasonal variation ifi,, is small. Typicallyl;, varies by about m s~! in most places.
The greatest seasonal changd/ig occurs in the Indian Ocean in the region of the Eurasian
land mass as a result of the monsoon. In DJF windg ofs~! are directed outwards from
the Eurasian land mass; by JJA the direction has reversediaad of 12 m s—! are flowing
towards the land mass.

Young (1999) uses a composite of radar altimeter data fran@GROSAT, TOPEX and
ERS1 satellites to construct a global climatology of meamthly values ofU/;, for November
1986 up to October 1995. The spatial distribution of sedg§oaaeraged’/;, shown in Fig. 4
compare favourably with the values of mean montlily computed by Young (1999). As in
Fig. 4, the mean monthly;, obtained from the altimeter data peak in the winter hemisphe

storm track. Since Young (1999) computes monthly averagteer than seasonal averages
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the magnitude of the peaks are slightly higher than thosagn4 The increased values of
Uy observed in Fig. 4 in the Indian Ocean during JJA are alsoreéden the July averages of
U, obtained from the altimeter data. Overall, the seasonalatblogies of/;, computed here
using the ERA-40 data are consistent with the monthly maamatblogies computed by Young
(1999). Itis noted that ERS data is assimilated into ERAtHd€refore the climatologies are not
completely independent.

Figure 5 shows:, averaged over 1958 — 2001 for the seasons DJF and JJA. Higis win
throughout the year in the Southern Ocean mean that sweatlageies out of the Southern
Ocean all year. In the northern hemisphere storm tracksgsvéme much higher in DJF than
JJA, therefore swell only originates from these regionsmubJF. As a result, during DJF
when the northern hemisphere storm tracks are most adteddnt that separates swell prop-
agating northward out of the Southern Ocean from swell pyapag southward out of the
northern hemisphere storm tracks is shifted further scudh in the annual mean. By JJA the
front has disappeared due to the weakening of the northenisplere storm tracks, and swell
propagation is predominantly northward. In DJF the peakesbfc, = 20 m s~ occur in the
east equatorial Pacific when swell is generated in both h@mares. In JJA the peak values of
¢, = 22 ms~! occur in the east Indian Ocean corresponding to wtigrin the adjacent part
of the Southern Ocean peaks. In the Southern Ocean whereabersl variation i/, is less
than2 m s™, ¢, varies by only3 m s~!, whereas in the North Atlantic where there is a larger
seasonal variation iffyg, ¢, varies by5 m s,

This section has shown that the ERA-40 climatology is gatii¢ly consistent with previous
wave climatologies. The climatologies presented in thisise demonstrate that the local wave

conditions are not necessarily tied to the local wind coodg. High winds associated with
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the low pressure systems that pass through the mid-latgtoten tracks generate large wind-
waves with high peak phase speeds. These propagate maiidioat of the storm tracks as
swell. As a result the ocean can be broadly categorisedwaaegimes: wind waves which
dominate in the mid-latitude storm tracks and are stronglypted to the local wind; and swell
which dominates elsewhere and is not strongly coupled tdoited wind. Therefore, as noted
by Edson et al. (2007), we conclude that the wind and wavesaaedy in equilibrium. This
is especially clear in the seasonal plots. The results efgction highlight the importance of
using wave data for global wave studies as the waves canragtsuened to be fully developed

and in equilibrium with the local surface wind.

4. Characterising the wind-wave regimes

Now that the relationship between the global wave field aedylbbal wind field has been
established, the next step is to develop a climatologylaf cos 6)/c, that will quantify the
degree of coupling between wind and waves. The aim of thisaseds to identify whether
there are some regions of the ocean that are primarily in tind-driven wave regime and

others that are predominantly in the wave-driven wind regim

a. Aglobal climatology of inverse wave age

To determine the spatial distribution of the two wind-waegimes the ERA-40 data is
used to produce a global climatology of the inverse wave agigure 6 shows the quan-
tity (U cosf)/c, averaged over 1958 — 2001. The pattern in the global cliragjobf

(Uqo cos 0)/c, that emerges is a composite of the zonal variatios,@nd the meridional vari-

15



ation of Uy.

As well as being a useful indicator of the wind-wave reginie, inverse wage age is also
a good indicator of the degree of coupling between the wirdl the waves: the higher the
inverse wave age, the more strongly the waves are coupldttwind i.e. the waves require
more momentum from the wind to grow. Figure 6 shows that theeware most strongly
coupled to the wind in the mid-latitude storm tracks wheradwspeeds are highest, meaning
there is more momentum available to the waves than in regiblosver wind.

In the storm tracks where wind speeds are highest and theretiite betweer), andUy, is
only a fewm s, the inverse wave age is high. The maximum valuegf cos 6)/c, in the
Southern Ocean are greater thah and coincide with the peak values ©Gf, found between
South Africa and Australia. High values @/, cos #)/c, are also found in the Arctic Ocean
and in enclosed and semi-enclosed seas wheasdimited by the available fetch. Outside of the
storm tracks wher# is reduced(U;, cos 6) /¢, is generally lower. The exception to this is the
trade wind regions in the North Pacific and North Atlantic weéhe values ofU cos 6)/c, are
the same as in the northern hemisphere storm tracks. As:yyithere is a meridional variation
in (Uyg cos 0) /¢, in the tropics and sub-tropics with the lowest value§af, cos #) /¢, occurring
on the east side of the ocean basins whgie highest.

While the results from Fig. 6 implies that no oceanic regias &n inverse wave age greater
than 0.75 in the mean, there is significant variability alibig mean. For example, the inverse
wave age in a characteristic location of the Southern Ocaarahmean and standard deviation
of 0.546 + 0.320 and therefore experiences significant periods of growirg.s&his topic is
covered further in section 4c.

A striking feature of Fig. 6 is the existence of large regiarfsthe oceans where
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(Uypcosf)/c, < 0.15 so that upward momentum transfer might be prevalent or at kbe
downwards momentum flux will be reduced due to an upward mamerflux from swell.
Such behavior is found in the Indian ocean, the east Pacificeast Atlantic betweem0° N
and40° S. These regions coincide with the minimum valued/gf and the peak values of
¢, and also correspond to the three swell pools identified bgnGt al. (2002). The inverse
wave age is also less tharl5 in the western equatorial Pacific wherg, is particularly low,
generally less thaBm s~!.

Negative values ofU;, cos ) /¢, occur whery is greater thaf0° i.e. in regions of counter-
swell. These regions are of interest because previousestidig. Donelan et al. 1997) have
observed an enhanced air-sea momentum flux during coumngdreonditions. The only region
where the annual average (@f,, cos #)/c, is less than zero is in the east Pacific, off the coast
of Mexico. Here the winds are moving west away from the lanidsiell originating from the
Southern Ocean is travelling towards the north-east.

In most of the open ocean the waves are on average neithex witld-driven wave regime
(i.e. (Uipcos)/c, > 0.83) nor the wave-driven wind regime (i.8.< (U cosf)/c, < 0.15).
This implies that the sea state is mixed, composed of botd-w@&a and swell. This conclusion
ties in well with the findings of Drennan et al. (2003) and thgults of section 3 which showed
that in most of the global ocean is not aligned withl;, and has a magnitude that exceeds
the fully developed value df.2 U, suggesting that non-local wave components (i.e. swadl) ar
generally present.

Figure 7 showg U, cosf)/c, averaged over 1958 — 2001 for the seasons DJF and JJA.
As with the annual meari/;, appears to have the largest effect on the spatial distoibudf

(Uyp cos B) /¢, in the mid-latitude storm tracks ang appears to have the larger influence in the
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tropics and subtropics.

In the east Atlantic and east Pacific regionspeaks in DJF when swell is originating from
both hemispheres. As a result, the spatial extent of themsgihere < (U, cosf)/c, < 0.15
is greater in DJF than in JJA. There are also more regionsenligp cos#)/c, < 0 in DJF
than in JJA. This is because the waves have a stronger edstearponent in DJF than in
JJA, whereas the winds are consistently easterly. In DXelswéxceeding m s~ in the west
Pacific Ocean result itl/, cos 6) /c, being greater thaf.45. In JJA whenl,, is usually less
than5 m s~ andc, is greater than4 m s™! the inverse wave age in the equatorial west Pacific
is in the range < (Ujg cosf)/c, < 0.15.

In the Indian Ocean in DJF there is a large region to the nottare(U;, cosf)/c, < 0.
This is because the waves are propagating northwards ol &duthern Ocean but the winds
are moving from the land towards the ocean. In JJA when stsmugh-westerly monsoon
winds in excess of2 m s~! are blowing towards the land the inverse wave age in the easth
Indian Ocean is greater thart. This indicates that the waves are strongly forced by thelwin
Fast waves originating from the Southern Ocean are presemighout the year in the Indian
Ocean. Therefore in the vicinity of the subtropical high arfidthe coast of Indonesia where
wind speeds are consistently low the inverse wave age isHas$.15. During JJA, the region
off the west coast of Australia is in the wave-driven windineg. This is because more extreme
storms pass through the adjacent part of the Southern Okaanrt DJF and, as demonstrated
in section 3a, these intense storms generate fast traysiiell that propagates northeast across
the Indian Ocean.

This section has shown that the intense storms in the mikdat storm tracks result in

wind forced waves with high values @t/;, cos)/c,. The swell generated by these storms
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propagates into the tropics where wind speeds are muchetigéading to lower values of
(UypcosB)/c,. In the south and east Indian Ocean, the equatorial westifid? the east
Pacific and east Atlantic wherg peaks and/y, is low, the climatology of inverse wave age

predicts that the wave-driven wind regime will occur.

b. Frequency of occurrence

The climatology of inverse wave age has identified the regigere the mean wind-wave
regime is the wind-driven wave regime or the wave-drivendviggime but it does not identify
how frequently these regimes occur. Averaging will tendrteseth the peaks in the inverse
wave age. Since we are interested in distinguishing whiehsapof the ocean are dominated
by either high or low values df/;, cos 8)/c,, a different technique is now applied. A variable
is defined that is 1 if the inverse wave age is in the rahge).15 (i.e. the wave-driven wind
regime) and zero otherwise. Taking an average of this arjaovides the fraction of time that
the ocean is in the wave-driven wind regime i.e. the frequefoccurrence of the wave-driven
wind regime.

Figure 8 shows the frequency of occurrence of the wave-dmiad regime, averaged over
1958 — 2001. This regime occurs most frequently, more téh of the time in some places,
on the eastern side of the Indian, Pacific and Atlantic osg&orresponding to the three swell
pools identified by Chen et al. (2002). It was shown in Fig. 8t tim these regiong/;, is
consistently low and, is consistently high. In the Indian Ocean, just off the Inelsian coast,
the wave-driven wind regime occurs more thi&fi; of the time. In the Pacific Ocean the wave-
driven wind regime occurs most frequently off the southeatifGrnia coast and off the west

coast of South America wheeg peaks. The lower values of in the Atlantic Ocean means that
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the wave-driven wind regime is less common here than in tlegi®aalthough it still occurs
more thar25% of the time just off the coast of West Africa.

Although the wave-driven wind regime is most common in thst édadian Ocean, east
Pacific Ocean and east Atlantic Ocean, itis not confined sethegions. In a large proportion of
the South Pacific Ocean, betwegtN and40°S wherec, is high andU;, low, the wave-driven
wind regime occurs at lea$b% of the time. In the western tropical Pacific where wind speeds
are particularly low this regime occurs ov&F% of the time. The wave-driven wind regime
is less common in the northern hemisphere because the nottemisphere storm tracks are
only active during DJF so that the annual average valueg afe lower than in the southern
hemisphere. The intense storms that pass through the $ou@cean generate large amounts
of swell that propagates into the Indian ocean so that thel\gitven wave regime occurs at
least10% of the time in most of the Indian Ocean. Unsurprisingly, ia 8outhern Ocean and
in the northern hemisphere storm track where wind speedsraazerage highest this regime
occurs less thah0% of the time. In enclosed and semi-enclosed seas where tifeigdimited
and wave speeds are low, the wave-driven wind regime ocesssthari0% of the time and in
many of these areas less thih of the time.

The magnitude of the air-sea momentum flux is dependent o sipe (Belcher and
Hunt 1993). Waves with steeper slopes are more stronglyledup the wind and result in a
greater magnitude air-sea momentum flux than waves of stellslope. Figure 3 shows that
in the regions where, is highest, the significant wave heights are typically lassi2 m which
suggests that these waves have very small slopes and agéotieesnly weakly coupled to the
wind. As such, the regions where we expect the strongest-diwen winds are the regions

where(Uy, cosf)/c, < 0.15 closest to the generation region, i.e. the Southern Indicena0,
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the South Pacific and the South Atlantic.

The frequency of occurrence of the wind-driven wave regirag been determined in a
similar manner: a variable is defined that is 1(if,y cos#)/c, > 0.83 (i.e. the wind-driven
wave regime) and zero otherwise. Averaging this variabtwigdes the fraction of time that
the ocean is in the wind-driven wave regime. Figure 9 showdrgguency of occurrence of
the wind-driven wave regime in the period 1958 — 2001. Wingleth waves occur most often
in the regions where wave-driven winds occur least oftenwél@r, the presence of swell
in most of the global ocean means that pure wind-driven seaseas common than wave-
driven winds. The wind-driven wave regime occurs most fegdly in the Southern Ocean, the
northern hemisphere storm tracks and in enclosed seas.slihisgreement with Chen et al.
(2002) who find that wind seas are most common in the middld¢istorm tracks. In agreement
with Drennan et al. (2003), the wind-driven wave regime issimmmmon in enclosed seas
wherec, is limited by the available fetch. In these regions this megioccurs more thas0%
of the time. In the Southern Ocean and northern hemisphena stacks where wind speeds
are high, the wind-driven wave regime occurs more th@ of the time. To the east of the
Drake Passage (south of South America) and in the northemspiere storm tracks in the
west Atlantic and west Pacific the regime occurs more thigh of the time. This is because
the wave spectrum develops with fetch so the peak wave speedsduced towards the western
boundaries.

The presence of fast travelling swell combined with low wspkeds in the tropics and
sub-tropics, betweef0° N and40° S, results in the wind-driven wave regime occurring less
than5% of the time. The exception is the northeast Indian Ocean evtiner wind-driven wave

regime occurs more tha®% of the time. As seen in Fig. 3 the annual average wind speeds ar
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higher in this region than in the rest of the Indian Ocean.

Figure 10 shows the frequency of occurrence of wave-drivierdsvaveraged over 1958 —
2001 for the seasons DJF and JJA. In DJF whignis higher in the northern hemisphere than
in the southern hemisphere, the wave-driven wind regimeasenprevalent in the southern
hemisphere. Since both the northern hemisphere and sautleenisphere storm tracks are
active in DJF¢, is higher in the Atlantic and the Pacific oceans during DJf thalJA. As a
result the wave-driven wind regime occurs more tBayt of the time in the western tropical
Pacific and more that0% of the time in the eastern tropical Pacific and eastern tedpittantic
regions.

In JJA the wave-driven wind regime is less prevalent in thiamtic asc, is lower than
in DJF. In both the Pacific and Atlantic Oceans the peaks irfréguency of occurrence of
the wave-driven wind regime are less than in DJF: there dgeaofew small regions where the
regime occurs more tha% of the time and in most of the basins the wave-driven windnegi
occurs less thads% of the time. The reduced wind speeds in the northern hemisgterm
tracks in JJA mean that the wave-driven wind regime is moegglent here than in DJF. The
regime is also more prevalent here than in the Southern Gheamy summer (i.e. DJF).

In DJF the wave-driven wind regime is more prevalent in thedidn Ocean than in JJA, but
the peaks occur in JJA when the regime occurs more 4h@hof the time off the Indonesian
coast and more tha30% of the time off the coast of Australia. This is because in nodghe
Indian Ocearl/y, is lower in DJF than in JJA, except close to Australia and hesia where
Uy is lower in JJA. Wave speeds are higher in the Indian OceadAnekpecially towards the
east of the basin. As a result, wave-driven winds occur leggeneral in the Indian Ocean

during JJA but are more frequent towards the east than in DJF.
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Figure 11 shows the frequency of occurrence of wind-drivenaes averaged over 1958 —
2001 for the seasons DJF and JJA. The wind-driven wave reigimest prevalent in the winter
hemisphere storm tracks where wind speeds are at their geadBJF the wind-driven wave
regime occurs as much 38% of the time in the North Atlantic wherg;, peaks and as much as
25% of the time in the North Pacific. In the Southern Ocean dutiiggeason, the wind-driven
wave regime occurs around?% of the time. In JJA when the most intense storms pass through
the Southern Ocean, the wind-driven wave regime occurs thare20% of the time in some
places. During JJA, this regime occurs less th@¥ of the time in the North Atlantic storm
track and less thah% of the time in the North Pacific storm track. The seasonaktianm in
the occurrence of wind-driven waves is greater in the nonthemisphere storm tracks than in
the Southern Ocean because the seasonal variation in tdeawththerefore peak wave speeds
is greater in the northern hemisphere storm tracks.

The presence of fast travelling swell in the tropics meaasttie wind-driven wave regime
is uncommon throughout the year. The exception to this iswtréheast Indian Ocean in JJA
when southwesterly monsoon winds are prevalent, meanatgdtie waves are strongly forced
by the winds. During this season the wind-driven wave regimeurs more than0% of the

time in this region.

c. Variability in inverse wave age

To investigate the variability in the inverse wave age andttaly what happens when
(Uyp cosB)/c, is in neither of the two extremes, histograms of inverse waye have been
plotted at various locations. Four locations have been arinoshe tropical eastern Indian

Ocean §{° S, 90° E) where the mean inverse wave ageli$23 + 0.188; the subtropical
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eastern Pacific30° N, 125° W) where the mean inverse wave ageli$44 + 0.245; the
northern hemisphere trade wind regia { N, 170° W) where the mean inverse wave age
is 0.384 + 0.239; and the Southern Oceab0( S, 80° E) where the mean inverse wave age is
0.546 £ 0.320.

Figure 12 shows the distribution of inverse wave age at ebittese locations. In the Indian
Ocean (Fig. 12a) and the east Pacific (Fig. 12b) where the-diawven wind regime is prevalent
the histograms are strongly biased towards low values @rga/wave age, both with peaks
in the range of 0.05 — 0.1. In the northern hemisphere tradel wegion (Fig. 12c) and the
Southern Ocean (Fig. 12d) where the wind-driven wave reggnpeevalent the histograms are
biased towards higher values of inverse wave age, in th@ewrhemisphere trade wind region
the peak lies in the range 0.4 — 0.45 and in the Southern Obedridtogram peaks in the range
0.6 — 0.65. Figure 12d shows a larger spread in the valuesvefsa wave age, with values
ranging from -1 to 1.5, compared to Figs. 12a, 12b and 12c evilues range from -0.5 to
1. The large variability in(U;, cos 6) /¢, in the Southern Ocean is caused by the large range in
wind speeds and directions, as observed in Fig. 1. In thecs@nd sub-tropics Fig. 2 shows
that wind speeds are much less variable. Therefore thebi#tsisin (U cos)/c, in these
regions must come from,.

Figure 12 also shows), /¢, for the year 1999 from the NDBC mooring008 in the North
Atlantic (Fig. 12e) and the corresponding ERA-40 data f@s bcation (Fig. 12f). These his-
tograms have not been corrected for wind-wave misalignmgtiie mean wave direction was
not available for the buoy data. As a result there are no hegadlues of inverse wave age and
there is also a higher occurrence of developing s€as/¢, > 0.83). Even so, it is clear that

the data are swell dominated in this region with both histogg showing peaks it /¢, in the
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range0.3—0.35. There is good agreement between the buoy data and the ERlAtd0as well

as both peaking at the same valuelif/c, the frequency of occurrence of the peak is about
7 %. The main difference is that the histogram of the ERA-4@dmtess smooth, this is most
likely a sampling issue as the buoy data is provided hourlgrelas the ERA-40 data is only
every 6 hours.

The histograms ofU cos #) /¢, shown in Fig. 12 clearly demonstrate the non-equilibrium
that exists between the surface wind and the waves. Theffewareccurrences of wind-wave
equilibrium, with most values lying below83 (i.e. ¢, exceeds the fully developed value). Even
in the Southern Ocean and the northern hemisphere traderegnoh, where wind speeds are
high, most values ofU;, cos #)/c, are less tha.83. This is partly due to the presence of
remotely generated swell but also due to the variable nafiuiree winds in this region.

Section 4 has shown that the wave-driven wind regime is nresggent in tropical regions
(e.g. the Indian Ocean, east Pacific and Atlantic Oceanshenaest Pacific) where wind speeds
are consistently low and swell generated by storms in thelatithde storm tracks is travelling
at high speeds. Pure wind-driven seas are most common inithiatitude storm tracks where
wind speeds are much higher and more variable and in enckessesiwhere wave speeds are

limited by fetch.

5. Discussion

In this paper we used the ECMWF ERA-40 data to examine theegegirlocal coupling
between the surface wind and the waves as diagnosed by thesénwave age. The focus

has been on identifying the spatial distribution of the extes of inverse wave age, which we
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interpret as diagnosing two wind-wave regimes: wind-drivaves and wave-driven winds.

The waves are primarily driven by the overlying wind fielddaso it might be thought that
the local wave conditions are strongly tied to the local weodditions. Using the ERA-40 data
to construct climatologies of thi€) m wind speed, significant wave height and peak wave phase
speed, we have shown that the wind and waves are often ineac§tabn-equilibrium, i.e. the
surface wind and waves are often misaligned and the significave height and the peak phase
speed of the waves exceed the fully developed limited. Brasiindication that non-local wave
components (i.e. swell) generated remotely by storms agept. Using the ERA-40 data to
study the passage of a storm through the Southern Ocean,m@end&ated that strong winds
associated with the intense low pressure system genergéaNand waves with high peak phase
speeds. These waves then propagate out of the Southern Oweads the tropics as swell.

Next, the ERA-40 wave data was used to diagnose the globehleree of the two wind-
wave regimes. Inverse wave age was chosen as a simple parameharacterise wind-wave
interaction, with the wind-driven wave regime occurringemiU;, cos6)/c, > 0.83 and the
wave-driven wind regime occurring whén< (Uj, cosf)/c, < 0.15. The global climatology
of (Uyg cos®)/c, shows that the wind-driven wave regime occurs most ofteménSouthern
Ocean and the northern hemisphere storm tracks where weetisppeak. The wave-driven
wind regime is most prevalent in the tropical eastern oceami, just off the coasts of Indone-
sia, southern California, South America and Africa. In thesgions wind speeds are typically
low and the peak phase speeds are high.

In this paper the inverse wave age has been used as a proggififying regions where the
wave-driven wind regime and upward momentum flux by swell tm@ymportant. Calculation

of the air-sea momentum flux, requires the entire wave sp@cto be specified. In the method
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used here to diagnose the global distribution of the wawesdrwind regime the wave field
has been characterised by a single paramegerHanley and Belcher (2008) showed that in
swell dominated conditions the surface stress is dominayezbntributions from the spectral
peak. Consequently, the sign reversal of the momentum flilxeasurface is determined by
(Uyp cosb)/c,, because this parameter distinguishes the part of the spetitrum that takes
momentum from the wind from the part that gives momentum ®wind. Therefore, the
inverse wave age is chosen as a simple parameter that psoaifiest practical estimate of
upward momentum flux and wave-driven winds.

Irrespective of this, the inverse wave age is a good indicattohe degree of wind-wave
coupling. The climatologies show that in most regidhs, cos #)/c, < 0.83, indicating that
swell is present therefore resulting in a weaker couplingvben the wind and waves than in
pure wind sea conditions.

To identify how frequently the two wind-wave regimes ocdteguency of occurrence cli-
matologies were produced. These showed that in parts ofdaéh&n Ocean and northern
hemisphere storm tracks the wind-driven wave regime ocfifiisof the time and in the east-
ern Indian Ocean, the equatorial west Pacific and off the w@esst of Africa the wave-driven
wind regime occurs more tha%% of the time. Histograms ofU; cos 6)/c, in the Southern
Ocean and the northern hemisphere trade wind region wekenstwbe biased towards high
values whereas histograms(éf,, cos ) /¢, in the Indian Ocean and off the southern California
coast are biased towards low values. However, all histogi@@monstrate the non-equilibrium
that exists between the local surface wind conditions aedadtal wave conditions.

In conclusion, these calculations have demonstrated tmainaequilibrium between the

surface wind and waves is common. The picture that emergégsi®mentum being taken up
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by ocean waves from the wind in the mid-latitude storm tragkproportion of this momentum
is deposited locally into the ocean driving currents. Theamder propagates away from the
region of generatation towards the tropics, where a prapodf the momentum flux is returned

to the atmosphere through wave-driven winds.
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averaged over 1958 — 2001.
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FIG. 4. 10 m wind speed and direction im s~! from the ERA-40 data averaged over 1958 —

2001 for the season (a) DJF and (b) JJA.
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FiG. 5. Peak phase speedins~! calculated using the ERA-40 wave data averaged over 1958

— 2001 for the season (a) DJF and (b) JJA.
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FIG. 6. Inverse wave age calculated using the ERA-40 wind ane\data averaged over 1958

—2001.
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FIG. 7. Inverse wave age calculated using the ERA-40 wind ane\data averaged over 1958

— 2001 for the season (a) DJF and (b) JJA.
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FIG. 8. The frequency of occurrence of wave-driven winds, dated using the ERA-40 wind

and wave data averaged over 1958 — 2001.
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FIG. 9. Frequency of occurrence of wind-driven waves, caleglaising the ERA-40 wind and

wave data averaged over 1958 — 2001.
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Fic. 10. Frequency of occurrence of wave-driven winds, catedlaising the ERA-40 wind

and wave data averaged over 1958 — 2001 for the season (anBJb)alJA.
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Fic. 11. Frequency of occurrence of wind-driven waves, catedlaising the ERA-40 wind

and wave data averaged for the season DJF over 1958 — 2001.
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FiG. 12. Histograms of inverse wave age calculated using the-E®RAata for 1958 — 2001
at (a)5° S,90° E where the meaflU;, cos6)/c, is 0.123 £ 0.188, (b) 30° N, 125° W where
the mean(Uy cos 0)/c, is 0.144 £ 0.245, (c) 10° N, 170° W where the meaflU;, cos ) /c, is
0.384 £ 0.239 and (d)50° S, 80° E where the meafl;, cosf)/c, is 0.546 + 0.320. Inverse
wave age for 1999 from (e) the NDBC buoy from mooring 44008 &N orth Atlantic {0.5° N,

69° W) and (f) the corresponding ERA-40 data for this location.
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