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ABSTRACT
TheEuropeanCentrefor MediumRangeWeatherForecasts

(ECMWF) hasrecently�nished ERA-40,a reanalysiscovering
theperiodSeptember1957to August2002.Oneof theproducts
of ERA-40consistsof 6-hourlyglobal�elds of waveparameters
like signi�cant wave heightandwave period. Thesedatahave
beengeneratedwith theCentre'sWAM wavemodel.Fromthese
resultstheauthorshavederivedclimatologiesof importantwave
parameters,including signi�cant wave height, meanwave pe-
riod, andextremesigni�cant wave heights.Particularemphasis
is on thevariability of theseparameters,both in spaceandtime.
Besidesfor scientistsstudyingclimatechange,theseresultsare
alsoimportantfor engineerswho have to designmaritimecon-
structions.This paperdescribesthe ERA-40 dataandgivesan
overview of the resultsderived. The resultsareavailableon a
global1.5� � 1.5� grid. They areaccessiblefrom theweb-based
KNMI/ERA-40 Wave Atlasat http://www.knmi.nl/waveatlas.

INTRODUCTION
TheEuropeanCentrefor Medium-RangeWeatherForecasts

(ECMWF) hasrecentlyperformedERA-40, a 45-yearreanaly-
sis(Sept.1957to Aug. 2002)of globalmeteorologicalvariables
(Uppalaetal. 2005).Thereanalysiswasproducedby ECMWF's
IntegratedForecastingSystem(IFS)thatusesvariationaldataas-
similation. As IFS employs a sea-statedependentseasurface
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roughness,an oceanwind wave model is coupledto the atmo-
spheremodel. Therefore,the ERA-40 datacontainthe longest
andmostcompleteglobalwavedatasetavailable.It is givenona
1.5� � 1.5� latitude/longitudegrid coveringthewholeglobe.The
continuous45-yearlengthof the ERA-40 datasetsmakesis es-
peciallysuitableto studyclimatevariability andto estimateex-
tremevaluesof certainwaveparameters,e.g.,the100-yearreturn
waveheight.

As partof theERA-40projectwehaveextensively assessed
thequalityof thewave-relatedparametersandusedthemto build
theweb-basedKNMI/ERA-40 Wave Atlasdescribingtheglobal
wave climate. This papergivesan overview of the veri�cation
work doneandhighlightsthemainfeaturesof theatlas.

Theatlascontainssomeexplanatorytext, abasicdescription
of thewind andwaveclimatesin termsof meansandvariability,
andwave statisticsthat areimportantin oceanengineeringand
naval architecture.Theobjective is two-fold. On theonehand,
theatlasaimsat providing a globaldescriptionof theoceancli-
mateby meansof simplestatisticalmeasures.Ontheotherhand,
it aims at revealing the existenceof decadalvariability in the
waveclimateandshowing theextentto which thisvariability af-
fects the estimatesof parameterssuchas the “100-yearreturn
signi�cant waveheight”which is usedin thedesignof shipsand
of coastalandoffshorestructures.The informationon decadal
variability is alsoof greatinterestfor climate(impact)research.

The wave-statisticspart of the atlascomplements,updates
and improves the few existing and popular sourcesof global
wave statistics,namelytheGlobalWave Statisticsbookof Hog-
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benet al. (1986)andtheAtlas of theoceanwind andwave cli-
mateof YoungandHolland(1996).Theinformationin Hogben
et al. (1986)wasderived from visual observationsfrom Volun-
tary ObservingShips(VOS) andthereforesuffers from the rel-
ative unreliability of visual observationsand their poor spatial
coverageoutsidethe North Atlantic. The atlasof Young and
Holland (1996)wascreatedusingonly threeyearsof altimeter
data.Dueto its lengthandtheuniformspatialandtemporalcov-
eragethe ERA-40 dataoffer the opportunity to improve upon
theseearliersources.It is possibleto obtainrobustestimatesof
meansandextremes,andtime seriesanalysisbecomesfeasible.

Regardingclimate variability, the atlasreportsand analy-
sesthevariability observedduringthe45-yearperiodcoveredby
ERA-40,payingspecialattentionto its effectsonparameteresti-
mates.For instance,100-yearreturnwaveheightestimatesbased
ondatafrom threedifferentdecadesaresigni�cantly differentin
theNorth Paci�c andtheNorth Atlantic. This partof theatlasis
alsointendedto complementcurrentstudiesof oceanwavevari-
ability in limited areas,suchasWASA (1998),GuedesSoareset
al. (2002)andWangandSwail (2001).

Theatlascoverssigni�cant waveheight(Hs), 10-metrewind
speed(U10) andmeanwave period(Tm). However, dueto space
limitations,this paperfocusesonwaveheight.

THE DATA SOURCES
What is Reanalysis?

A weatherforecastis essentiallyan initial value problem.
Giventheatmosphericstate(the“weather”)atonetime,thestate
at a later time canbe calculated. The problem,however, with
this simple view is that the atmosphericstateis never known
exactly. For large partsof the atmosphereobservationsarenot
available(remoteareas,upperair), andavailablemeasurements
necessarilycontainerrors.To overcomethis problemthe initial
statefor a weatherforecastis obtainedby a combinationof the
latestforecastandall new observations. The latestforecasthas
usuallybeeninitialized six hoursearlierandgivesa good �r st
guessfor the initialization of a new forecast.Most importantly,
it providesa completedescriptionof theatmosphereasby def-
inition it hasvaluesof all relevant quantitiesat all grid points.
The�rst guessis thencombinedwith thenewly availableobser-
vationsin a way not violating physicallaws. The observations
“push” the�rst guesstowards“reality”. At ECMWF this analy-
sisstepcostsabouthalf of thetotal CPU-timeneededto make a
10dayforecast,theotherhalf beingusedfor thetimeintegration.

As a consequence,operationalforecastcentresnaturally
producea completedescriptionof the atmosphere's state,usu-
ally four timesa day. In principle, thesedatacould be a valu-
able sourceof information for all kinds of investigationinto
the long-termvariability of the atmosphere.However, weather
forecastmodels(including the analysisprocedure)arecontinu-
ally improved. Therefore,variability in the analysesis domi-

natedby modelchangesratherthanby naturalvariability, mak-
ing themunsuitablefor variability studies.Theaimof reanalysis
is to overcomethis problemof inhomogeneity. A state-of-the-
art analysissystemis usedto repeatthe analysisprocedurefor
the past. As a resultoneobtainsa completedescriptionof the
atmosphereover a long periodof time which is freeof inhomo-
geneitiesdueto modelchanges.Unfortunately, inhomogeneities
dueto changesin datacoverageremain.

ERA-40
For theproductionof ERA-40aversionof theIFS hasbeen

usedthatwasoperationalin June2001.To makea45-year'sinte-
grationpossible,thehorizontalresolutionof themodelhasbeen
decreasedto TL159(� 125km) insteadof TL511(� 40km) that
is currentlyusedin operations,andthe4DVAR dataassimilation
procedurehasbeenreplacedby the cheaper3DVAR. A com-
pletedescriptionof theIFS canbefoundat http://www.ecmwf.-
int/research/ifsdocs/index.html.

A distinguishingfeatureof ECMWF'smodelis its coupling
to a wave model. The couplingis neededbecauseover seathe
roughnesslengthdependson theseastate(Janssen1989,1991).
Speci�cally, the Charnockparameter(Charnock1955) is not
taken constant,but is a function of the whole wave spectrum.
Thuswave information is a naturalproductof ERA-40. Start-
ing in 1991,wave height dataobtainedfrom the altimeterson
boardof ERS-1andERS-2areassimilated.The impactof the
assimilationwill bediscussed.

The wave model used in IFS is the well-known WAM
(Komenet al. 1994). It is a so-calledthird generationmodelin
which thewave spectrumis computedby integrationof theen-
ergybalanceequationwithoutany prior restrictionof thespectral
shape.Fromthefull spectrumintegral quantitieslike signi�cant
wave heightor meanwave frequency arecalculated.Themodel
resolutionis 1.5� � 1.5� , andthe time step15 minutes. At each
fourth time stepthe actual10-metrewind from the atmosphere
model,which hasa time stepof 20 minutes,is passedto WAM.
Thenew roughnesslengthis thencomputedandpassedbackto
the atmospheremodel whereit is usedto calculatethe air-sea
�ux esof momentum,heatandmoisture.

Outputof resultstakesplaceat thecommonsynoptichours
00, 06, 12, and 18 UTC. A large subsetof the complete
ERA-40 dataset, including Hs, meanwave period and mean
wave direction,canbe downloadedfree of charge from http://-
data.ecmwf.int/data/d/era40daily/. This subsetis availableon a
2.5� � 2.5� grid. Thecompletedatasetatthefull modelresolution
(1.5� � 1.5� ) is availablethroughECMWF's DataService.This
serviceis not free.

Validation data
Buo y measurements Buoy observationsare the most

reliable wave observations, but they are limited in spaceand
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time. Most buoys are locatedalong the coastin the Northern
Hemisphere,and are available only after 1978. We usebuoy
observations from the American National Data Buoy Center
(NDBC-NOAA), which are freely available from http://www.-
nodc.noaa.gov/BUOY/buoy.html. The buoys aresituatedalong
thecoastsof NorthAmerica.

From the available NDBC-NOAA buoy locations20 have
beenselectedfor thevalidations.Selectioncriteriawerethedis-
tancefrom thecoastandthewaterdepth.Only deepwaterloca-
tionscanbetakeninto accountsincenoshallow watereffectsare
accountedfor in the wave model,andthe buoys shouldnot be
too closeto thecoastin orderfor thecorrespondinggrid points
to be locatedat sea. The buoy Hs andsurfacewind measure-
mentsareavailablehourly from 20-minuteand10-minutelong
records,respectively. Although thesemeasurementshave gone
throughsomequality control they areprocessedfurtherusinga
proceduresimilar to theoneusedatECMWF(Bidlot etal. 2002)
anddescribedin CairesandSterl (2003). Wind speedsaread-
justedto 10 m heightusinga logarithmicpro�le underneutral
stability (e.g.,Bidlot et al. 2002). In orderto comparetheERA-
40 resultswith the observations,time andspacescalesmustbe
madecompatible.Thereanalysisresultsareavailableatsynoptic
times(every6 hours)andeachvalueis anestimateof theaverage
conditionin a grid cell, while thebuoy measurementsarelocal.
Therefore,the reanalysisdataare comparedwith 3-hour aver-
agesof buoy observations,3 hoursbeingtheapproximatetime a
long wave would take to crossthediagonalof a 1.5� � 1.5� grid
cell at mid latitude.To getERA-40dataat thebuoy locationthe
reanalysisdataat theappropriatesynoptictime areinterpolated
bilinearly to thebuoy location.

Altimeter measurements While buoys provide high-
quality continuouspoint measurements,satellite-bornaltimeters
provide near-global coverage,but every point is sampledonly
oncein several (typically 10) days. We usealongtrack quality
checked deepwateraltimetermeasurementsof Hs andthe nor-
malizedradarcrosssection(s0) from GEOSAT, TOPEX,ERS-
1, and ERS-2. The dataare obtainedfrom the Southampton
OceanographyCentre(SOC)GAPSinterface(http://www.soc.-
soton.ac.uk/ALTIMETER; Snaith2000). The drift observed in
TOPEXwaveheightsduring1997to 1999(cycles170to 235)is
correctedaccordingto ChallenorandCotton(1999),andtherela-
tion Hbuoy

s = 1:05Htopex
s � 0:07(CairesandSterl2003)is usedto

make theTOPEXobservationscompatiblewith thebuoy obser-
vations.TheGEOSAT altimeterwave heightdataareincreased
by a factorof 1.065accordingto CottonandCarter(1996). No
correctionsareappliedto thedatafrom ERS-1andERS-2.The
surfacewind speedup to 20 m/s is obtainedfrom s 0 usingthe
algorithmof Gourrionetal. (2002),while for wind speedsabove
20m/stherelationof Young(1993)is used.More detailscanbe
foundin CairesandSterl(2003).

Thesatellitemeasurementsareperformedaboutevery sec-
ond with a spacingof about5 to 7 km. “Super observations”
areformedby �rst groupingtogetherconsecutivemeasurements
crossinga 1.5� � 1.5� region. The satelliteobservation is then
takenasthemeanof thesegroupeddatapoints.A qualitycontrol
similar to theoneappliedto thebuoy datais done. Thereanal-
ysisdataarelinearly interpolatedin spaceandtime to themean
locationandthemeantime of thealtimeterobservation.

ASSESSMENT OF THE ERA-40 WAVE PRODUCT
Validation

Before using the ERA-40 wave data to producederived
quantitiesthey havebeenextensively validatedagainstbuoy and
altimeterdata.Figure1 shows thetimeseriesof Hs asmeasured
at buoy 46001in theGulf of Alaska(148.3� W, 56.3� N) during
1988,togetherwith thecorrespondingERA-40data.Threeprop-
ertiesof theERA-40datacaneasilyberecognized:(a) the two
curvesarenearlyperfectlyin phase,(b) low wave heightstend
to be overestimatedby ERA-40, and(c) high wavestendto be
substantiallyunderestimated.

Thesethreefeaturesarenotapeculiarityof thespecialloca-
tion, but a generalpropertyof the ERA-40 wave data. Among
the reasonsfor thesede�ciencies are resolution (P. Janssen,
pers.communication)anda slight underestimationof high wind
speeds(CairesandSterl2003).Thesereasonsare,however, not
suf�cient to fully explain thesevereunderestimationof thewave
heightsin ERA-40.

Due to changesin the dataassimilated,the characteristics
of thedataarenot homogeneousin time. Four differentperiods
haveto bedistinguished:

P1 09-1957to 11-1991(P1a)and06-1993to 12-1993(P1b):no
assimilationof altimeterwaveheightdata,

P2 12-1991to 05-1993:assimilationof faultyERS-1FDP(Fast
DeliveryProduct)waveheightdata,

P3 01-1994to 05-1996: assimilationof goodbut uncalibrated
ERS-1FDPwaveheightdata,and

P4 06-1996onwards: assimilationof ERS-2FDP wave height
data.

Figure 2 shows the timeseriesof the globally averaged
monthlymeanHs from ERA-40. This quantityhasno physical
interpretationbut servesto giveasynthesizedpictureof thedata.
Thefour periodsidenti�ed above areclearlyvisible. This is es-
peciallytruefor periodP2.Thefaultydatathatwereassimilated
haveadensityfunctionwith two peaks.Oneof themis sharpand
locatedaround2 m (BauerandStaabs1998)andcorrespondsto
a systematicoverestimationof wave heightsaroundthat value.
PeriodP4 canalsobe easily identi�ed: it startswith a positive
trendandthenlevelsoff.

Cairesand Sterl (2005b)have analyzedthe error charac-
teristicsof the four periodsin moredetail. The following is a
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Figure 1. Measured(dotted)andmodelled(solid)Hs at buoy46001(148.3� W, 56.3� N) in 1988.

Figure 2. Timeseriesof themonthlymean,globally averagedHs
from ERA-40. Monthly meansare computedfrom the 6-hourly
�elds between81� S and 81� N, and a latitudinal correctionhas
beenapplied.

shortsummaryof their �ndings illustratedwith quantile-quantile
(Q-Q) plotsof buoy wave heightsagainstERA-40wave heights
(Figure3). Correspondingplotsusingaltimeterwaveheightsin-
steadof thebuoy measurementsgiveessentiallythesamepicture.

P1 In this period the monthly meanwave �elds comparewell
with observations,but asshown in Figure1 ERA-40under-
estimateshighwaveheightsandoverestimatesthelow ones.
Especiallytheunderestimationis clearlyvisible in theupper
left panelof Figure3.

P2 In this period the Hs valuesbelow 3 metresare overesti-
matedandthoseabove areunderestimated.The quality of
thewaveswith heightsabove3 m is similar to thatin period
P1. TheQ-Q plot of ERA-40dataversusbuoy data(upper
right panelof Figure3) clearlyshowstheoverestimationfor
valuesbetween1 and3 metresthat is dueto thepeakin the
distribution functionof theERS-1FDPmentionedabove.

P3 In this periodtheknown calibrationcorrectionto theERS-1
FDP datawasnot appliedbecause,althoughit would have
improvedtheanalyzedHs data,it would have givenpoorer,
toohigh,meanwaveperiods.Thequalityof thewaveheight
data is thereforesimilar to that of the data in period P1,
thoughit hasa lower scatterindex (rms error normalized
by themean;not shown).

Figure 3. Quantile-quantileplots of Hs from the 20 selected
buoysagainst collocatedERA-40valuesfor the different peri-
odsindicated. Asterisks:raw ERA-40data, circles: corrected
data(to bediscussedlater).

P4 The assimilationof the ERS-2FDP measurementsof wave
heightduring P4 hasimprovedthe analyzedHs, especially
in thetropics.Theunderestimationof highwaveheightsand
theslight overestimationof low wave heightsby theERA-
40 dataset,however, continuesin this period,as is clearly
seenin thelower right panelof Figure3.

Estimation of extreme signi�cant wave heights
For safetyconsiderationsit is important to know extreme

wave heights,i.e., wave heightsthat are,on average,exceeded
only onceper 20, 50, or 100 years. Despitethe ERA-40 wave
heights'inability to capturehighwavesthedatasetprovedanin-
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Figure 4. Linearcorrelationbetween100-yearreturnvalueesti-
matesof Hs from buoydataand from ERA-40.Thedashedline
is eq.(1).

valuablebasisto obtainglobalestimatesof theseextremes.Note
thatonly extremesof signi�cant waveheightratherthanthoseof
individualwavescanbeobtainedfrom theERA-40data.

To estimatereturn wave heightswe usedthe Peak-Over-
Threshold(POT) method(e.g.,Coles2001)ratherthantheusual
�t of a distribution function. There are no good theoretical
argumentsas to what distribution that �t should be. In the
POT method,a thresholdis chosen.Whenever wave heightex-
ceedsthatthresholdfor a periodof time, thehighestexceedence
within thatperiodis recorded.On theoreticalgroundstheexcee-
dencesmust�t the two-parameterGeneralizedParetoDistribu-
tion (GPD). As a specialcasetheGDPcontainstheexponential
distribution,whichhasonly oneparameter. Statisticaltestsshow
that theobserveddistribution of theexceedencescannotbedis-
tinguishedfrom an exponentialone. Therefore,an exponential
distributionwas�tted to theexceedencesto obtainthereturnval-
ues. After sometrial anderror the93%quantilewaschosenas
thethresholdat eachgrid point.

Doing soboth for buoy measurementsandfor theERA-40
dataresultsin a linear relationbetweenthe100-yearreturnsig-
ni�cant waveheights(X100) obtainedfrom bothsources:

Xbuoy
100 = 0:52+ 1:30XERA� 40

100 : (1)

This relationis illustratedin Figure4. Moredetailscanbefound
in CairesandSterl(2005a).

Buoy locationsarevery unevenly distributedin space,and
thelargestvalueof X100 foundatthebuoy locationsis about17m
(Figure4). Thereforeit wouldbepreferableto havearelationbe-
tweenX100 estimatesfrom ERA-40 andfrom satellites,respec-
tively. However, satellitescrossa givenpoint only oncein typi-
cally 10days.Togetherwith therelativeshortnessof thesatellite

recordthis givestoo few datafor a reliableextreme-valueesti-
mate. Especially, the averagenumberof exceedencesper year
cannotbedetermined.However, asfar aspartsof theestimation
procedurewerepossiblewith satellitedatatheir resultsarenot
incompatiblewith (1), andwe thereforeapply (1) globally and
for all valuesof X100.

Figure 5 shows the X100 valuesobtainedby applying the
POT methodto theERA-40dataandcorrectingtheresultsusing
(1). Obviously, the highestvaluesoccur in the North Atlantic.
Onemight suspectthis to resultfrom observationdensitybeing
higherin theNorth Atlantic thanin theSouthernOcean.While
this is true for the early years,due to satellitesdatadensityis
comparablein bothareastowardstheendof theERA-40period,
but still thereturnvaluesarehighestin theNorth Atlantic (Fig-
ure5, lowerrightpanel).Whilemeanwaveheightsarenothigher
in theNorth Atlantic thanthey arein theNorth Paci�c or in the
SouthernOcean(seeFigure6 below), theNorth Atlantic shows
the highestvariability as measured,e.g., by the inter-monthly
standarddeviation(notshown). In otherwords,conditionsin the
SouthernOceanarealways rough,while in the North Atlantic
you canbelucky andtheseais calmevenin winter, or you �nd
yourselfbetweenthehighestwavespossibleonearth.

Somecarehasto be taken in interpretingthe mapsin Fig-
ure 5. First, ERA-40 valuesrepresent6-hourly averagesover a
1.5� � 1.5� area.Thetimeandspacescalesof thebuoy datahave
beenmadecompatiblewith this modelscaleasdescribedabove.
Therefore,theextremevaluesdepictedin Figure5 arefor those
scales,and much higher waves on smallerspatialand tempo-
ral scalesmustbeexpected.Secondly, theversionof theWAM
modelusedfor ERA-40doesnot containshallow-watereffects.
Therefore,Figure5 is notvalid alongthecoasts.Finally, tropical
stormsarenot properlyresolvedon a TL159-grid. In regionsof
tropical cyclonesextremewavesheightsarethereforeexpected
to behigherthanshown in the�gure.

Correction of ERA-40 data
Two mainlimitationsof theERA-40Hs datahavebeeniden-

ti�ed. The existenceof inhomogeneitiesin time (seeFigure2)
limits the useof the datafor studiesof climatevariability and
trends,andtheunderestimationof high wave heights(Figure1)
discouragestheuseof thedatain designstudieswherethegood
descriptionof thedatain all rangesis important.

Inspectionof time seriesat buoy locationssuchasFigure1
led usto theconclusionthatthedisagreementbetweenmodeled
andobserved Hs is similar in similar situations. Basedon this
observationwe proposeda new approachto improve the ERA-
40 signi�cant wave height �elds. It is basedon nonparametric
estimation(CairesandSterl,2005b). The ideais to estimateat
eachtime stepthe error betweenthe ERA-40 Hs valueandthe
“true” signi�cant wave height value and then correct the data
usingthe estimate.The �rst stepin error-estimationis to con-
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Figure 5. 100-yearreturn Hs from ERA-40,correctedusing the relationshipdisplayedin Figure 4. Note that the resultspertain to
averagesover1.5� � 1.5� , that shallowwatereffectsarenot included,andthat tropical cyclonesare not resolvedin ERA-40.Theupper
left panelis for thewholeERA-40period(1958-2000),while theotherpanelsare derivedfromthree10-yearsub-periodsasindicated.
Thesepanelsarediscussedlater.

struct a “learning dataset”by collecting the discrepanciesbe-
tweenmodeland“truth”, the latter beingrepresentedby collo-
catedTOPEXmeasurements.This is doneseparatelyfor eachof
the four periodsP1-P4to accountfor the inhomogeneities.The
secondstepis to �nd for eachmodeltime step“similar” situa-
tions in the learningdatasetandto usethe errorsto correctthe
modelvalue.Usuallyseveralsimilarsituationsarefound,sothat
alsoacon�denceintervalaroundthecorrecteddatacanbegiven.
Trying severalpossibilitiesthemostef�cient wayto de�ne “sim-
ilar” wasfoundto requirethatthelast3 consecutivevaluesof Hs
areclosetogether. For moredetailsseeCairesandSterl(2003b).

Usingthismethodwecreatedanew 45-yearglobal6-hourly
dataset—theC-ERA-40dataset.Comparisonsof theC-ERA-40
datawith measurementsfrom in-situ buoy andglobal altimeter
datashow clearimprovementsin bothbias,scatterandquantiles
in the whole rangeof values,aswell asthe removal of the in-
homogeneitiesthat aredueto changesin altimeterwave height
assimilation.This canbe seenfrom the Q-Q plots in Figure3,
which containthe resultsfrom both the original ERA-40 data

andfrom C-ERA-40,aswell asfrom acomparisonof theglobal-
meanHs from ERA-40(Figure2) andfrom C-ERA-40(Figure8
below). Theplotsshow thatthenonparametriccorrectionworks
effectively in thewholerangeof Hs valuesandfor all periods.

SOME HIGHLIGHTS FROM THE KNMI/ERA-40 WAVE
ATLAS

Theatlasis dividedinto 5 mainparts:introductionandback-
ground;descriptionof thedatasources;datavalidation;descrip-
tion of climateandclimatevariability. Herewe will describein
somedetailhow theinformationonclimateandits variability are
presentedin theatlasandhighlightsomeaspects.

Climate
Climateis by de�nition thesynthesisof weatherconditions

in a givenarea,characterizedby long-termstatistics(meanval-
ues,standarddeviations,quantiles,etc.) of the meteorological
elementsin that area. The World MeteorologicalOrganization
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Figure 6. Annualmeanclimateof Hs (C-ERA-40,left, in m)andU10 (right, in m/s).

Figure 7. Meanannualexceedencesof 9 m of Hs (C-ERA-40,left) andof 24 m/sof U10 (right) in daysper year. Notethat the results
pertainto 6-houraveragesover1.5� squareboxeswith nowindgustsincluded.

(WMO) recommendsclimate to be basedon 30 yearsof data.
The wave climateinformationprovided in the atlasis therefore
basedonthe30yearsfrom 1971to 2000.It includesmonthlyand
annualmeans,standarddeviations,90%and99%quantiles,the
annualmeantimeof exceedenceof certainthresholds,namely3,
6 and9 m for Hs, and11,17 and24 m/sfor U10

1, tabulatedfre-
quency histogramsof Hs andmeanwaveperiod,andestimatesof
100-yearreturnvalues.Thereturnvaluesarebasedonthewhole
dataset(not only 1971-2000)to increasetheir accuracy.

Figure6 shows the annualmeanclimatesof Hs (from the
correctedC-ERA-40)andU10. They arecharacterizedby high
valuesin the stormtrack regionsof both hemispheresand low
valuesin the Tropics. While the highestmeansoccur in the
SouthernHemisphere,the mostextremewave andwind condi-
tions are found in the North Atlantic. Figure7 shows the an-
nual meanexceedencesof the9 m and24 m/s thresholdsof Hs

1Thethresholdsfor U10 werechosenin line with theminimumvelocitiesof
the WMO 1100 Beaufortscalefor strongbreeze(Beaufort6, 10.8 m/s), gale
(Beaufort8, 17.2m/s)andstorm(Beaufort10,24.5m/s).

andU10, respectively. Exceedencesarehighestin theNorthern
Hemisphere,especiallyin theNorth Atlantic. In this regionalso
the100-yearreturnvalueestimatesof Hs (Figure5) andU10 (not
shown) arehighest.

Climate variability
The atlasdescribesthe wind and wave climate variability

in severalways.A shortsummaryis providedby basin-averaged
monthly-meantimeseriesfor sevenoceanbasins(global,Antarc-
tic Ocean,Indian Ocean,Southand North Paci�c, Southand
North Atlantic). Figure8 shows the C-ERA-40Hs andU10 av-
erageof monthlymeansover theglobeusinglatitudecorrection
anda smoothingof 12 monthsto remove theannualcycle. The
mostprominentfeatureof theHs timeseriesis a dip in Septem-
ber 1975which alsoseemsto signala changein regime since
the level of the timeseriesafter the dip is higher than that be-
fore. This featureis alsopresentin theU10 timeseriesandcan
be tracedto the Paci�c sectorof the Antarctic Ocean(between
120� E, 65� Sand120� W, 25� S),whereU10 obtainsits minimum.
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Figure 8. Timeseriesof globally averaged Hs (C-ERA-40,top)
andU10 (bottom)using latitude correctionand a smoothingof
12monthsto removetheannualcycle.

Due to swell propagationit affects the averageof Hs over all
basinswith theexceptionof theNorth Atlantic (seeFigure10).
We cannottracethe1975minimumin thetimeseriesto changes
in the observationssystemof ERA-40, and thereforeit is pos-
sible that it is real featureof the climatesystem.However, the
changein the level of the timeseriesbeforeandafter the mini-
mumis mostlikely dueto theassimilationof satellitedatafrom
1979onwards.

The variability is describedin more detail by maps of
monthly and annualanomaliesof the meanand the 90% and
99%quantiles.Anomaliesarecalculatedwith respectto thepe-
riod 1971 to 2000. One of the ways in which variability can
berevealedis throughthedetectionof trends.Thereforetheat-
lascontainsmapsof trendsof themonthlymeansandof the90%
and99%quantiles.Thetrendsvarypercalendarmonthandfrom
locationto location,with someregionscharacterizedby negative
andother by positive trends. The trendsin the 90% and99%
quantilesshow the samespatialpatternsas thosein the mean,
but have higherslopes.Maximumtrendsin themeanHs areof
about4 cm/yearandin the99%quantilesof about7 cm/year. For
wind speedtheupperlimits areabout6 (cm/s)/yearfor themean
and12 (cm/s)/yearfor the 99% quantiles.As an exampleFig-
ure9 shows thetrendsin theFebruarymonthlymeansand99%
quantilesfrom the C-ERA-40Hs data. Note thatexceptfor the
North Atlantic thetrendsaredominatedby theincreasebetween
the1970sandthe1980sdiscussedabove (Figure8). The trend
foundin theNorthAtlantic andits spatialpatternarein line with
theresultsof Güntheretal. (1998).

We haveusedempiricalorthogonalfunction(EOF)analysis
to obtainmain patternsof variability, sincethesepatternsmay
be linked to possibledynamicmechanisms.The atlaspresents,
for eachoceanbasinconsidered,the two most importantEOF
patternsandtheir coef�cient time series. Someinterestingob-
servationsarisefrom theEOFanalysis:

1. Figure10 shows the patternof the �rst global EOF of C-

Figure 9. Trendsin theFebruarymonthlymeanHs (C-ERA-40,
upper)andthe99%quantiles(lower). Areaswhere thetrendis
signi�cant at the 5% level are shaded.Thesigni�cance is esti-
matedusingthenon-parametricMann-Kendalltestasdescribed
in Wang, Swail(2001).

ERA-40signi�cant waveheight.ThisEOFexplains15%of
theglobalvariability andclearly representsswell propagat-
ing from the SouthernHemispherestormtrack region into
theIndianandPaci�c Oceans.Its coef�cient hasa correla-
tion of about0.8with theglobalmeanof C-ERA-40signi�-
cantwaveheight(Figure8). In particular, it hasthesamedip
aroundSeptember1975ashastheglobalcurve. It illustrates
theimportanceof theSouthernHemispherein governingthe
variability of theglobalmeanHs.

2. Thecoef�cient time seriesof the �rst North Paci�c EOFof
Hs hasa correlationof about-0.76 with the Paci�c-North
AmericanIndex (PNA; WallaceandGutzler1981). It ex-
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Figure 10. Patternof the�r st globalEOFof Hs (C-ERA-40).

plains31%of thevariability in thatbasin.
3. Thecoef�cient of thesecondNorthAtlantic EOF, whichex-

plains24%of thevariability in thatbasin,hasa correlation
of about0.8with theNorthAtlanticOscillationIndex (NAO;
see,e.g.,Rogers1984).The�rst EOFis dominatedby swell
andthereforenot relatedto theNAO.

Finally, the effect of decadalclimatevariability on the ex-
tremestatistics,namelyon theannualmeantime of exceedence
of certainthresholdsand on the 100-yearreturn values,is de-
scribed. An exampleis given in Figure5 for the correctedHs
100-yearreturnvalueestimates.Besidesan estimatebasedon
the whole ERA-40 period it also containsestimatesbasedon
three different 10-yearperiods. The estimatesobtainedfrom
theseperiodsdiffer in the NorthernHemispherestorm tracks.
Speci�cally, the estimatesin the roughestpart of the North Pa-
ci�c stormtrackregionhaveincreased,andin theNorthAtlantic
the patternhaschanged.Thesedifferencescanbe attributedto
thedecadalvariability in theNorthernHemisphere,especiallyto
changesin thephaseof theNAO (CairesandSterl2005a).This
exampleshows that it is importantto take accountfor climate
changeswhendesigningmaritimestructures.

As we have seenthe Hs data reveal trends in both the
monthlymeansand,evenmorepronounced,thehigh quantiles.
Therearealsodifferencesin thereturnvaluesestimatedwith data
from differentdecades.Changesin themonthly meansandthe
returnvaluescanarisefrom more or from more intensestorms.
Calculatingmeasuresof stormnumberandstorm intensitywe
�nd (SterlandCaires2005)that

1. Therearemorestormsin thestormtrackregion thanin the
Tropics.As we have de�ned stormsastheroughest10%of
the time at a given placethis canbe interpretedasstorms
in the Tropicslastinglonger. Note,however, that the 90%
quantileis muchlower in theTropicssothata typicalstorm
thereis much lesssevere (rememberthat tropical cyclone

arenot resolved!) thanat higherlatitudes. Therefore,it is
moreappropriateto concludethat theTropicsarelessvari-
ablethanthehigherlatitudes.

2. Signi�cant changesin the number of storms occur over
muchlargerareasthandochangesin intensity.

3. In the North Atlantic only the intensity of storm changes
signi�cantly anddoessoonly in smallregions.

4. In theNorth Paci�c boththenumberof stormsandtheir in-
tensitychanges.

5. Changesin the SouthernHemisphereare mainly due to
changesin the numberof storms. This change,however,
maybeanartifactof satelliteobservationsbecomingavail-
ablein 1979(seealsodiscussionof Figure8).

SUMMARY AND CONCLUSIONS
TheERA-40reanalysiscarriedoutatECMWFproduced45

years(Sept.1957 - Aug. 2002) of datadescribingthe stateof
theatmospherefour timesa day. ECMWF's operationalmodel
hasbeenusedto carryout the reanalysis.In this modeltheex-
changecoef�cients for momentumandturbulentenergy arede-
pendenton theseastate.To achieve this, theatmospheremodel
is coupledto the WAM wave model. Therefore,the ERA-40
dataalsocontaininformationaboutwaves. A subsetof the raw
ERA-40datacanbedownloadedfreely from ECMWF'swebsite
athttp://www.ecmwf.int/data/d/era40daily/.

A thoroughassessmentof theERA-40wave heightdatare-
vealedthat they (a) capturevery well the variability of the true
wave heightson all time scales,(b) slightly overestimatelow
wave heights,and(c) severelyunderestimatehigh wave heights.
Furthermore,inhomogeneitiesdueto the assimilationof differ-
entdatasourcesareclearlypresent.

Despitetheunderestimationof highwaveheightsit is possi-
ble to givereliableestimatesof extremesigni�cant waveheights
(“100-year-returnvalues”).Estimatesbasedon theraw ERA-40
wave dataandthosefrom buoy measurementsrevealeda linear
relationshipthat couldbe exploited to obtainglobal reliablere-
turn valueestimatesbasedon theERA-40data.Furthermore,it
waspossibleto deviseanon-parametriccorrectionmethodto the
ERA-40data,resultingin a correcteddatasetwhich hasno bias
with respectto altimeter-basedwave heightretrievalsandwhich
is freeof obviousinhomogeneitiesresultingfrom differencesin
wave-heightdatathatwhereassimilated.

The ERA-40 wave data have been used to create the
web-basedKNMI/ERA-40 Wave Atlas (http://www.knmi.nl/-
waveatlas). This atlas containsthe comparisonsbetweenthe
ERA-40dataandobservationsfrom bothbuoys andsatelliteal-
timeters,theclimatologyof wavesasdeducedfrom boththeraw
andthecorrectedERA-40data,mapsof exceedencesaswell as
of returnvalues,andanassessmentof thevariability of thewave
climate. The latter is especiallyimportantfor the derivation of
theextremestatistics,astheoutcomeof anextreme-valueanaly-
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siscandependverymuchontheperiodused,with corresponding
consequencesfor decisionsbasedon this analysis.
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