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ABSTRACT

Theprobabilitydistributionof seasurfacewinds(bothvectorwindsandwind speed)is considered.Theobservedmoment
�elds, estimatedfrom SeaWindsscatterometerdata,areshown to becharacterisedby non-trivial relationshipssuchthat
higher-ordermomentsarefunctionallydependenton lower-ordermoments.Thephysicalmechanismsunderlyingthese
relationshipsareelucidatedusinga simplestochasticmodelderived from boundarylayer dynamics. A classof more
quantitatively accurateempiricalmodelsfor theprobabilitydistributionof seasurfacewindsis discussed.

1 Intr oduction

Modelsof theprobabilitydistribution of seasurfacewinds(bothvectorwindsandwind speed)play a central
role in a numberof problemsin meteorology, oceanography, andclimate; theseincludewind power meteo-
rology (Petersenetal., 1998), remotesensingof seasurfacewinds(e.g.Meissneretal., 2001), andestimates
of air/seaexchangesof heat,momentum,moisture,andgases(e.g.Thompsonetal., 1983; IsemerandHasse,
1991; Wanninkhofetal., 2002). For example,turbulentair/sea�ux esdependoneddy-averagedquantitiessuch
asthefriction or pistonvelocities,which for many applicationsareparameterisedin termsof theseasurface
wind speed.Becauseof thenonlineardependenceonseasurfacewind speedof thesebulk formulaefor air/sea
�ux es,theirspatialor temporalaverageswill notgenerallyequalthe�ux esassociatedwith theaveragesurface
wind speed.In particular, gridscaleaveragesof these�ux esin generalcirculationmodels(GCMs) will not
equalthe �ux esassociatedwith gridscalewinds. Furthermore,theaveragewind speedis not generallyequal
to themagnitudeof theaveragevectorwind: highly variablebut isotropic�uctuations in thevectorwind will
be associatedwith a large averagespeedbut yield a meanvectorwith small amplitude(e.g.MahrtandSun,
1995). Thesurfacewind �elds producedby GCMs representgridscaleaveragedvectorwinds,but gridscale
wind speeddistributionsarerequiredto diagnoseair/sea�ux es.Improvementsto calculationsof the�ux escan
beobtainedthroughtheuseof parameterisationsof theprobabilitydensityfunction(pdf) of seasurfacewind
speedwhich take asinputgrid-scalevariables(e.g.Cakmuretal., 2004).

A new erain thestudyof thestudyof seasurfacewindsbeganwith theadventof satelliteanemometry, using
bothactive andpassive remotesensingdevices(e.g.Kelly, 2004). Satellite-borneinstrumentshave provided
globalobservationsof seasurfacewindswith unprecedentedlyhighresolutionin spaceandtime,allowing sta-
tistically signi�cant characterisationof thepdfsof surfacewind speedsin previously poorly-sampledoceanic
regions.In particular, theSeaWindsscatterometermountedon theQuikSCAT satellitehasprovidedmeasure-
mentsof seasurfacevectorwindswith daily resolutionfrom mid-1999to thepresent.

Thisstudywill usethishighresolutiondatasetto characterisethepdfsof theseasurfacevectorwindsandwind
speed,througha studyof the lowestmoments(mean,standarddeviation, andskewness).We will show that
thesepdfsarecharacterisedby non-trivial relationshipsbetweenthemoments,suchthathigher-ordermoments
canbe predictedto a high degreeof accuracy from low-ordermoments. Using a simple stochasticmodel
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Figure1: Mean,standard deviation,andskewness�elds of theSeaWindszonalwind,meridionalwind,andwindspeed.

derived via a clearsequenceof approximationsfrom boundary-layermomentumequations,it will be seen
that theserelationshipsariseasa consequenceof the constraintsplacedon the seasurfacewind pdfs by the
physicsof theboundarylayer. In particular, thenonlineardependenceof thesurfacedragon thewind speed
is seento be essentialfor accountingfor theserelationshipsbetweenmoments.This modelis too simpleto
bequantitatively useful,soanempiricalmodelof thepdf of thesurfacewinds is constructedwhich exploits
the observed relationshipsbetweenthe low-ordermomentsof the seasurfacevectorwinds. This empirical
modelwill bedemonstratedto bemorequantitatively accuratethansimilarmodelswhichhaveneglectednon-
Gaussianstructurein thesurfacevectorwind.

2 ObservedMomentsof SeaSurfaceWinds

Theseasurfacewind datasetconsideredin thisstudyconsistsof Level 3.0griddeddaily SeaWindsscatterome-
ter10-mzonalandmeridionalwindobservationsfromtheNASA QuikSCAT satellite(JetPropulsionLaboratory,
2001), availableon a 1=4� � 1=4� grid from July 19, 1999 to the present(March 15, 2005 for the present
study).1 The SeaWinds datahave beenextensively comparedwith buoy andship measurementsof surface
winds(Ebuchietal., 2002; Bourassaetal., 2003); the root-mean-squarederrorsof the remotelysensedwind
speedanddirectionarebothfoundto bedependentonwind speed,with averagevaluesof � 1ms� 1 and� 20�

respectively. Becauseraindropsareeffective scatterersof microwavesin the wavelengthbandusedby Sea-
Winds,rainfall canleadto errorsin estimatesof seasurfacewinds.TheSeaWindsLevel 3.0dataset�ags those
datapointsthatareestimatedaslikely to have beencorruptedby rain (JetPropulsionLaboratory, 2001); these
datapointshavebeenexcludedfrom thepresentanalysis.No furtherprocessingof thedata,suchas�ltering or
removing theannualcycle,wascarriedouton this dataset.

The mean,standarddeviation, andskewness�elds of the SeaWinds seasurfacezonalwind (U), meridional
wind (V), andwind speed(w) arepresentedin Figure1. Theskewnessof arandomvariablex is thenormalised
third-ordermoment,

skew(x) =
mean((x� mean(x)) 3)

std3(x)
: (1)

1These data are available for download from the NASA JPL Distributed Active Archive Center,
http://podaac.jpl.nasa.gov .
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Figure 2: Kernel densityestimates(contouredon a logarithmicscale)of the joint pdfsof mean(U) with skew(U) (left
panel),mean(V) with skew(V) (centre panel),andmean(w)/std(w) with skew(w) (right panel). In therightmostpanel,
the thin line is the curve predictedfor a Weibull variable and the thick line is the curve predictedby the stochastic
boundarylayermodel(9)-(10).

Themean(U) �eld displaysthefamiliar tropicaleasterliesandmidlatitudewesterlies,while themean(V) �eld
shows strong�o w only on the eastern�anks of the subtropicalhighs. The std(U) andstd(V) �elds display
variability minimain thetropicsandsubtropics,andvariability maximain thestormtracks.Theskew(U) �eld
is generallypositive in thetropicsandnegative in themidlatitudes,while theskew(V) �eld is generallysmall
exceptalongtheeastern�anks of thesubtropicalhighs,whereskewnessis positivein theNorthernHemisphere
andnegative in theSouthernHemisphere.Largevaluesof mean(w) occurin thewesterlybeltsof theNorthern
and SouthernHemispheres;secondarymaximain the easterlybelt lie along the equatorward �anks of the
subtropicalhighs. Minima of mean(w) occurin theequatorialdoldrumsandsubtropicalhorselatitudes.The
standarddeviation of w is largestin themidlatitudeextratropics(in thestormtracks),andgenerallydecreases
towardstheequator, but with a local maximumalongtheIntertropicalConvergenceZone(ITCZ). In general,
w is positively skewedin theextratropicsandnegatively skewedin thetropics.Major exceptionsto thispattern
arethebandof positively skewedwind speedsover thetropicalIndianOceanandWesternPaci�c, wheremean
wind speedsaresmall;andover theSouthernOcean,wheretheskewnessof w is generallycloseto zero.

Linear relationshipsbetweenmean(U) andskew(U), andbetweenmean(V) andskew(V), areevident from
Figure1: positive (negative) meanwind componentsareassociatedwith negative (positive) skewness.This
spatialanticorrelationis furtherillustratedin Figure2, whichpresentskerneldensityestimatesof thejoint pdfs
of mean(U) with skew(U), andof mean(V) with skew(V). The spatialcorrelationcoef�cients betweenthe
meanandskewness�elds of thezonalandmeridionalwind componentsarerespectively -0.91and-0.79(with
essentiallynoseasonalvariability).

A numberof empiricalstudieshavedemonstratedthatthepdf seasurfacewind speedsis well-approximatedby
theWeibull distribution,a unimodaldistribution characterisedby two parameters(seeMonahan(2005a) for a
literaturereview andadiscussionof theWeibull distribution). A relevantcharacteristicof aWeibull variablex
is thatskew(x) is uniquelydeterminedby theratiomean(x)/std(x). Figure2 displaysakerneldensityestimate
of thejoint pdfof mean(w)/std(w) with skew(w) fromtheSeaWindsobservations,alongwith aplot of skew(w)
asa functionof mean(w)/std(w) for a Weibull variable.Evidently, for both theobservationsandtheWeibull
variable,skew(w) is a concave upwardfunctionof theratiomean(w)/std(w), suchthatthefunctionis positive
for smallvaluesof this ratio andnegative for largevalues.TheWeibull curve is not a perfectcharacterisation
of this relationshipbetweenmoments:theslopeof theobserved relationshipbetweenskew(w) andthe ratio
mean(w)/std(w) is steeperthanthatof theWeibull curve for low valuesof the ratio andshallower for larger
valuesof theratio. Nevertheless,theWeibull distribution is a goodapproximationto thepdf of w asit shares
with observationsa characteristicrelationshipbetweenmoments.

Theserelationshipsbetweenmomentsarenot anartifactof theSeaWindsdata;qualitatively similar relation-
shipsarefoundin otherseasurfacewind datasets(Monahan, 2004b, 2005b).
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3 SeaSurfaceWind pdfs: StochasticBoundary Layer Model

To obtaina physical understandingof the relationshipsbetweenmomentscharacterisingthe observed pdfs
of seasurface winds, we will considerthe simple stochasticmodel for boundary-layerwinds introduced
in Monahan(2004b) andstudiedin moredetail in Monahan(2004a, 2005a). This modelhasbeendemon-
stratedto bein goodqualitativeagreementwith empiricalstochasticmodelsof seasurfacewinds(Sura, 2003;
SuraandSardeshmukh, 2004). At any given locationover the seasurface,we will de�ne the surfacewind
vectorcomponentsrelative to a local coordinatesystem:

u = wind componentalonglocalmeanwind vector

v = wind componentacrosslocalmeanwind vector(positive to theleft)

Denotingthevectorwind by u = (u;v), theeddy-averagedhorizontalmomentumequationcanbewritten

¶u
¶t

+ u � Ñu = �
1
r

Ñp� f k̂ � u �
1
r

¶(r u0u0
3)

¶z
; (2)

wherep is thepressure,r is theair density, f is theCoriolis parameter, andu3 is theverticalvelocity compo-
nent. An analyticallytractablemodelcanbeobtainedasfollows. First Eq. (2) is integratedfrom thesurface
z= 0 to analtitudez= h in themixedlayer. Second,horizontaladvectionof momentumis neglected;thatis, a
“single-columnmodel”approximationis made.Third, thesurfaceeddymomentum�ux is representedin terms
of astandardMonin-Obukhov bulk parameterisationwith dragcoef�cient cd. Finally, theeddymomentum�ux
from above z= h is expressedin termsof a “�nite-dif ferenced”eddydiffusion:

u0u0
3 = �

K
h

(U � u); (3)

whereK is akinematiceddyviscosityandU representsthewind vectorabovez= h. Theresultingdifferential
equationcanbeexpressed

du
dt

= F �
cd

h
wu �

K
h2u; (4)

wherewehave de�ned thequantity

F = �
1
r

Ñp� f k̂ � u+
K
h2U: (5)

For the sake of convenience,we will assumethat F doesnot dependon u; in particular, we assumethat the
ageostrophicresidualbetweenthepressuregradientforceandtheCoriolis forcedoesnot dependon thewind
vector u. Away from the equator, this approximationis similar to a small Rossbynumberapproximation.
Finally, wewill assumethattheforcingF is �uctuating aroundsomemeanvalue:

Fu(t) = hFui + S �W1(t) (6)

Fv(t) = S �W2(t); (7)

wherethe�uctuationsaretakento beisotropicandwhite in time:



�Wi(t1) �Wj (t2)
�

= di jd(t1 � t2); (8)

(whereanglebracketsdenoteensembleaveraging)with astrengththatis tunedby theparameterS. Notethatas
by de�nition theaveragecross-meanwind is zero,theaverageof Fv mustalsobezero.Theresultingequations
for u andv read

�u = hFui �
cd

h
wu�

K
h2u+ S �W1 (9)

�v = �
cd

h
wv�

K
h2v+ S �W2: (10)
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Equations(9)-(10) area stochasticdifferentialequation(SDE) for thesurfacewind vector(Gardiner, 1997).
Thesurfacedragforcedependson thewind speedw =

p
u2 + v2, thedepthh of theatmosphericlayerconsid-

ered(takenasin Monahan(2004b) to be80m),andthedragcoef�cient cd. In general,non-neutralstrati�cation
of theboundarylayerandmodi�cation of the local seastateby surfacewindsbothresultin a dependenceof
cd on w (throughthe Obukhov lengthin the �rst instanceandthe roughnesslengthin the second).Further-
more,otherfactorssuchassurfacesurfactantsandremotelygeneratedswell introducevariationsin thedrag
coef�cient thatareunrelatedto thelocal winds.For simplicity, we will neglecttheeffectsof strati�cation and
swell andconsidertheparameterisationof theneutraldragcoef�cient for fully developedseasintroducedby
TaylorandYelland(2001), asmodi�ed in Fairall et al. (2003) to includea correctionfor �o w over anaerody-
namicallysmoothsurfaceduringconditionsof light winds. Thedependenceof theneutraldragcoef�cient on
thesurfacewind speedremainsa subjectof active research(e.g. JonesandToba(2001); Fairall et al. (2003)),
andquestionsremainasto its preciseformulation.Calculationsusingdifferentexpressionsfor thewind speed
dependenceof the dragcoef�cient (not shown) demonstratethat the following resultsarenot qualitatively
sensitive to whichof thevariousparameterisationsof cd suggestedin theliteratureareused.

Oneof Einstein's major insightsin his annusmirabilis (Einstein, 1956) wasthat thepdf of thesolutionsof a
SDEsatis�esadiffusionequationnow known asaFokker-Planckequation(e.g.Gardiner, 1997). In particular,
the stationaryjoint pdf of u and v, p(u;v), associatedwith the SDE (9) - (10) satis�es the Fokker-Planck
equation:

0 =
¶
¶u

�
hFui �

cd

h
wu�

K
h2u

�
p+

¶
¶v

�
�

cd

h
wv�

K
h2v

�
p+

S2

2

�
¶2p
¶u2 +

¶2p
¶v2

�
; (11)

whichhasthesolution

p(u;v) = N 1exp

 
2
S2

(

hFui u�
K

2h2 (u2 + v2) �
1
h

Z p
u2+ v2

0
cd(w0)w02 dw0

) !

; (12)

whereN 1 is anormalisationconstant.Notethatthepdf (12) is symmetricin v, so
Z ¥

� ¥

Z ¥

� ¥
uvp(u;v) du dv = 0: (13)

Fluctuationsin u andv are thereforeuncorrelated,althoughthey arenot independent(i.e. p(u;v) doesnot
factoras the productof the marginal distributionsof u andv). Independenceof u andv holdsonly in the
unphysicalcaseof linearsurfacedrag,cd = k=w. Notealsothatthepdf (12) is bivariateGaussianin thelimit
of lineardrag;nonzeroskewnessin thevectorwindsis aconsequenceof nonlinearsurfacedrag.

Themarginal pdf of u, p(u), follows from integratingthepdf (12) over v; Figure3 contoursmean(u), std(u)
andskew(u) asfunctionsof hFui andS. The rangesof theseparameterswerechosenso that the rangesof
thesimulatedmomentswerequantitatively similar to thoseobserved(Figure1), anda typical boundary-layer
valueof K = 1 m2s� 1 wasused.By construction,mean(w) > 0 for all parametervalues.More signi�cantly,
skew(w) is everywherenegative,andfor mostparametervaluesbecomesmorenegative asmean(w) becomes
morepositive. In this simplestochasticboundarylayermodel,asin theobservations,themeanandskewness
of thevectorwind areanticorrelated.

An intuitiveunderstandingof therelationshipbetweenthemeanandskewnessof thesurfacewind components
is straightforward. Considerthe atmosphericsurfacelayer subjectto zonal forcing Fu with zeromeanand
with �uctuations that areequallyaslikely to be positive asnegative. By symmetry, the meanandskewness
of the resultingzonalwind will both be zero. Now supposethat the zonal forcing Fu hasa nonzeromean,
which by constructionis positive, so that mean(u) will be positive. Becauseof the nonlinearsurfacedrag,
positive anomaliesin u will besubjectto strongerfriction thannegative anomalies.Consequently, a positive
perturbationin theforcingwill produceaweakerresponsethananegativeperturbationof thesamemagnitude,
andthesymmetric�uctuationswill produceanasymmetricresponse.In particular, a tail towardslower zonal
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Figure3: Contoursof themean,standard deviation,andskewnessof thealong-meanwindcomponentu andwindspeed
w fromthestochasticboundarylayermodel(9)-(10), asfunctionsof theforcingmeanhFui and�uctuation strengthS.

windswill developin thedistribution,sothezonalwindwill benegatively skewed.As themeanof Fu increases,
theasymmetryin dragbetweenpositive andnegative u anomalieswill alsoincrease,andsotheskewnesswill
becomemorestronglynegative. In this manner, thenonlinearsurfacedragresultsin theanticorrelationof the
meanandskewness�elds of zonalsurfacewinds.

An analyticexpressionfor thepdf of w canbeobtainedfrom Eqn.(12) asfollows: moving to polarcoordinates,

u = wcosq (14)

v = wsinq (15)

suchthat the averagevalue of q is zero (by construction),conservation of probability undera coordinate
changerequiresthatthejoint pdf p(w;q) mustsatisfy

p(u;v) dudv = p(wcosq;wsinq) wdwdq = p(w;q) dwdq: (16)

Thus,

p(w;q) = N 1wexp
�

2
S2

�
hFui wcosq �

K
2h2w2 �

1
h

Z w

0
cd(w0)w02 dw0

��
: (17)

The marginal distribution p(w) for the wind speedw is obtainedby integrating p(w;q) over the angleq.
Performingtheintegral,weobtaintheclosed-formexpression:

p(w) = N 1wI0

�
2hFui w

S2

�
exp

�
�

2
S2

�
K

2h2w2 +
1
h

Z w

0
cd(w0)w02 dw0

��
: (18)

whereI0 is themodi�ed Besselfunctionof orderzero.

The mean,standarddeviation, andskewnessof wind speedw from Eqn. (18) arecontouredasfunctionsof
hFui andS in thelower panelsof Figure3 Themeanwind speedis anincreasingfunctionof bothhFui andS.
Thestandarddeviationof w is determinedprimarily by S, displayingonly aweakdependenceon hFui . Finally,
skew(w) dependsonbothhFui andS; in particular, theskewnessof w is negative whentheforcinghasa large
meanbut relatively small �uctuations;asthemagnitudeof the�uctuations increases,theskewnesseventually
becomespositive.
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Inspectionof Figure1 indicatesthatin generalthesurfacewind speeddistribution is negatively skewedin the
easternequatorialPaci�c andalongtheequatorward �anks of thesubtropicalhighs,regionscharacterisedby
relatively highmeanwind speedsandrelatively low variability. Theregionsof strongestpositiveskewnessare
theNorthernHemispheremidlatitudes,characterisedby intermediatemeanwind speedsandstrongvariability.
Finally, theSouthernOceanis characterisedby highmean(w), intermediatestd(w), andskew(w) closeto zero.
Qualitatively, the relationshipbetweenthespatialstructuresof themean(w), std(w), andskew(w) �elds is as
predictedby thepdf (18).

The agreementof the relationshipsbetweenmomentsfrom the observationsandfrom the pdf (18) is most
obvious in a plot of skew(w) asa function of mean(w)/std(w) (Figure 3). Like the associatedcurve for a
Weibull distribution, this curve is concave upward andrunsthroughthe middle of the observed joint pdf of
mean(w)/std(w) with skew(w), taking positive valueswhenthe ratio mean(w)/std(w) is small andnegative
valueswhen this ratio is large. In fact, for valuesof this ratio of approximately2 and greater, the curve
predictedby thestochasticboundarylayermodelis at leastasgooda representationof theobservedjoint pdf
asis theWeibull curve. For lower valuesof theratio, however, theperformanceof themodelis not sogood:
thepredictedskewnessdoesnot takevaluesgreaterthanapproximately0.5,considerablybelow themaximum
observed skewness.It is evident thatwhile both theWeibull distribution andthepdf (18) captureaspectsof
therelationshipsbetweenmomentsobservedin seasurfacewind speeds,neitheris entirelyaccurate.It should
beemphasised,however, thatthepdf (18) arisesfrom physicalargumentsvia aclearseriesof approximations,
while theWeibull characterisationof seasurfacewind speedsis entirelyempirical.Thesuccessof theWeibull
distributionasausefulapproximationto thedistributionof w evidentlyarisesbecauseit imposestheconstraints
on therelationshipbetweenmean(w), std(w), andskew(w) thatarerequiredby thephysicsof theatmospheric
boundarylayer.

An intuitive understandingof thedependenceof mean(w), std(w), andskew(w) on hFui andS is straightfor-
ward. An increasein hFui will leadto an increasein mean(u), andconsequentlyto an increasein the mean
wind speed.Thejoint pdf of u andv becomesbroaderasS increases;thisshift of probabilitymassaway from
the origin increasesboth the meanamplitudew of the vectorwind andits variability. Finally, the skewness
of w is determinedby thewidth of thepdf of w relative to its meanvalue,i.e. theratio mean(w)/std(w). For
smallervaluesof this ratio, thedistribution p(u;v) is concentratedaroundtheorigin andthedistributionof the
magnitudew hasa tail towardlargervalues,soskew(w) is positive. Conversely, for largervaluesof this ratio,
the joint pdf p(u;v) is centredaway from theorigin. Becauseof theanticorrelationof mean(u) andskew(u),
p(u;v) will becharacterisedby a tail extendingtowardtheorigin. As themassof p(u;v) is concentratedaway
from theorigin, this tail will alsobepresentin themarginal pdf of w, soskew(w) will benegative. Thefact
thatthepdf (18) canbecomenegatively skewedis a consequenceof theanticorrelationbetweenthemeanand
skewnessof thevectorwind components,which canbeunderstoodto arisebecauseof thenonlinearityof the
surfacedraglaw. For a lineardraglaw (cd = k=w), for which thevectorwindsareGaussian,theskewnessof
w from pdf (18) (not shown) is alwayspositive.

4 SeaSurfaceWind pdfs: Empirical Model

While thestochasticboundarylayermodel(9)-(10) providesphysicalinsightinto thepdf of seasurfacewinds,
it is too simpleto bequantitatively accurate.A morequantitatively accurateempiricalmodelcanbeobtained
by assumingthat the �uctuations of u andv areindependentandisotropic(with standarddeviation s ), such
thatv is a zero-meanGaussian:

p(v) =
1

p
2ps 2

exp
�

�
v2

2s 2

�
; (19)
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while u hasnon-zeromeanu, skewnessn, andkurtosisk :

p(u) =
1

p
2ps 2

�
1+

n
6

H3

�
u� u

s

�
+

k
24

H4

�
u� u

s

��
exp

�
�

(u� u)2

2s 2

�
; (20)

whereH3(x) = x3 � 3x andH4(x) = x4 � 6x2 + 3 arerespectively thethird- andfourth-orderHermitepolyno-
mials.Thekurtosisof avariablex is de�ned asits normalisedfourth-ordermoment,

kurt(x) =
mean((x� mean(x)) 4)

std4(x)
� 3: (21)

Thedistribution (20) is a Gram-Charlierexpansionof a Gaussian(Johnsonetal., 1994); a drawbackof such
expansionsis that the resultingdistribution is not guaranteedto be positive de�nite. In practice,the Gram-
Charlierdensitiesonly ever becomeslightly negative for theparametervaluesusedin thepresentanalysis.

Having assumedthatthepdfsof u andv areindependent,their joint pdf is simply theproductof themarginal
pdfs (19) and(20). This joint pdf canbe integratedover thewind directionto yield themarginal pdf for the
wind speedw. This pdf, denotedD(n;k ), canbeexpressedanalyticallyin termsof a combinationof Hermite
polynomialsandmodi�ed Besselfunctions(Monahan, 2005a). An empiricalpdf of this form with n = k = 0
wasstudiedin Cakmuretal. (2004); thedistributionD(0;0) will thenalsobedenotedtheCMT distribution.

To determinetheaccuracy of theD(n;k ) distribution in characterisingtheprobabilitydistribution of seasur-
facewind speeds,u ands 2 wereestimatedfrom theSeaWindssurfacewind data.Because�uctuations in the
along-andcross-meanwind directionsarenotexactly isotropic,s wasestimatedas

s =
�

1
2

�
std2(u) + std2(v)

�
� 1=2

: (22)

We take advantageof thedependenceof thehigher-ordermomentsof thevectorwind on thelower-ordermo-
mentsby estimatingstatisticalparameterisationsof n andk asfunctionsof u ands 2, denotedrespectively
nef f (u;s ) andkef f (u;s ). Thesestatisticalmodelsareconstructedfrom the observed moment�elds using
feed-forward neuralnetworks (e.g.HsiehandTang, 1998), which arepowerful tools for nonlinear, nonpara-
metricfunctionestimation.

Fieldsof mean(w), std(w), andskew(w) predictedfrom theCMT andD(nef f ;kef f ) distributionsaredisplayed
in Figure 4; it must be emphasisedthat both theseempirical distributions make useof preciselythe same
input information: the meanand standarddeviation of the vector wind. The CMT distribution generally
underestimatesmean(w) andoverestimatesstd(w); moresigni�cantly, it predictsskew(w) > 0 everywhere.
Thebiasesin mean(w) andstd(w) arereduced(by � 40%onaverage)in theD(nef f ;kef f ) distributionrelative
to theCMT distribution. Furthermore,D(nef f ;kef f ) predictsbandsof negative skew(w) over thetropicsand
near-zeroskew(w) over theSouthernOcean.

TheCMT distribution is unableto accountfor negativewind speedskewnessin thetropicsandfor thebandof
near-zeroskewnessover theSouthernOcean.NotethattheCMT distributionassumesGaussianvectorwinds;
consistentwith theresultsof thestochasticboundary-layermodel,non-Gaussianstructurein u is requiredto
accountfor theskew(w) �eld over thetropicsandtheSouthernOcean.

Thisanalysisdemonstratestwo importantpoints:�rstly , thatthemomentsof thescalarseasurfacewind speed
canbe quite accuratelypredictedgiven a knowledgeof the momentsof the vectorwind, andsecondlythat
thehigherordermomentsof thevectorwind canaccuratelybeparameterisedin termsof thelower moments,
aswassuggestedin Monahan(2004b). Thegridscale-averagedvectorsurfacewind is a standardatmospheric
generalcirculation model �eld, and parameterisationsexist of the gridscalevariability of the vector wind
(Cakmuretal., 2004); thesequantitiescanbeusedasinput to theparameterisationof thepdf of w presentedin
thisstudyto improverepresentationsof grid-scaleaveraged�ux es(whicharein generalnotequalto the�ux es
associatedwith grid-scaleaveragewinds(e.g.MahrtandSun, 1995)).

8



MONAHAN, A.: STOCHASTIC DYNAMICS OF SEA SURFACE WINDS

C
M

T
mean(w) (ms�1 )

0 100 200 300
�50

0

50

4
6
8
10
12
14

D
(n

ef
f,k

ef
f)

0 100 200 300
�50

0

50

4
6
8
10
12
14

std(w) (ms�1 )

0 100 200 300
�50

0

50

2

4

6

0 100 200 300
�50

0

50

2

4

6

skew(w)

0 100 200 300
�50

0

50

�0.5

0

0.5

0 100 200 300
�50

0

50

�0.5

0

0.5

Figure4: Mean,standard deviation,andskewness�elds fromtheCMTandD(nef f ;kef f ) distributions.

5 Conclusions

A primarymotivationfor thestudyof theprobabilitydistribution of seasurfacewindsfrom theperspective of
climatestudiesis therole thesedistributionsplay in thecomputationof spatiallyand/ortemporallyaveraged
air/sea�ux esof momentum,energy, freshwater, andchemicalconstituents(e.g.JonesandToba, 2001). This
studyhasdiscussedboththeoreticalandempiricalparameterisationsof seasurfacewind pdfs. In particular, an
empiricalmodelof p(w) hasbeenproposedwhichdependsonaveragedvectorquantitiesof thekind naturally
producedby GCMs. The incorporationof thesepdfs into parameterisationsof air/sea�ux es in GCMs, as
discussedin Cakmuretal. (2004), presentsthepossibilityof improving therepresentationof thesurface�ux es
thatareat theheartof thecoupledphysical-biogeochemicaldynamicsof theclimatesystem.
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