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Abstract. This paper analyses the differences between HRéYim and ERA5surfacewinds fields relative to ASCAT
ocean vector wind observatigrefter adjustment for the fetts of atmospheric stabilignd densityusingstress equivalent
winds (U109, and air-sea relative motiorusing ocean current velocitiel terms of instantaneous RMS wind speed
agreementERAS5 winds show a20% improvement relative t&ERA interim,and a performance similar to that of currently
operational ECMWF forecastERAS also performs better than ER#terim in terms of mean and transient wiadors
wind divergence and wind stress chréses.Y et, both ERA productsshow systematicerross in the partition of the wind
kinetic energyinto zonal and meridionamean andransientcomponents. ERAvinds are characterizedy excess/e mean
zonal winds {esterlie} with too weakmean poleward flowat mid-latitudes andtoo weakmeanmeridionalwinds (trades)

in the tropics.ERA stress curl is too cyclonic at mid and high latitudes, with implications for Ekman upwelling estimate:
and lack detail in the representation of SST gmadéeffectgalong the equatorial cold tongues and WBC jatg) mesoscale
convective airflows (along the ITCZ and the warm flanks for the WBC. j#t& conjectured that largecale mean wind
biases INERA are related to theilack of high frequencytransient wind)variability, which shouldbe promotingresidual

meridional circulations in thEerrellandHadley cels.

1 Introduction

Ocean surfacwind stress and the associated heat and momentum fluxes play an important role in driving surface and c
ocean circulation. Surface wind stress modulates the amount of energy available for the oceantgymres ofEkman
transport and pumping [Kelly,iEkinson and Yu, 1999], ocean stirring by vertical turbulent mixing [Chen,et@39] and
deep convection responses [Pickatrial.,2003] [Condron and Renfrew2013]. Many ocean models in marine forecasting
centerause ECMWFbased wind inputs for ocedorcing, includingtheir associated biaseSome aspects afystemat error

in surface winds fronreanalyss have beemlescribedalready, such atheir defectivemesoscale variabilityn the extra
tropics [Gille, 2005} lacking smaliscale features relant for the representation of topographic or SST gradient effects
[Risien and Chelton, 2008)r generally excessiveonal winds[Chaudhuri et al., 2033In this paper we make ather

attempt to characterize the differences between obs&8&AT and ERAS5/ERAInterim surface wind fieldsanalyzing
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zonal and meridional errors in terms of mean and transient components, and attempting to interpret those differenc

terms of surface wind divergence and wind stress curl errors.

ASCAT winds have beereprocessed to obtain consistent accufagrhoef et al., 2017 stability [Belmonte et al., 2017
andstateof Bart algorithmq Stoffelen et al., 2017; de Kloe et al., 2017; Vogelzang e2@l7. Triple collocation analyses
[Vogelzang et al., 2001] with moored buoys reveal that global random ASCAT winchponentrrors on the scatterometer
measurement scale are about 0.7 m/s with negligible Wadurther note that the spatial resolution of ASCaRbout 25
km, while that of the best model produstover 100 km[Vogelzang et al., 2011], which obviously will impact spatial

gradient amplitudes.

Recently, King et al. (200 reported on the association of ASCAT wind convergence and divergence with rain events
tropical moist convection and on the tfakecorrelation time (< 50 minutes) in such cases, while such asscs@téonot
found in collocatedECMWF spatial wind derivativesTherefore, since tropical moist convection is widespread and spatial
wind derivatives are relevant for ocean forcitlgis is a good motivation telaborate on the wind and stress spatial

derivatives.

Accurate comparisons between collocated scatterometer and reanalysis winds require adjustments to account for the ¢
of atmospheric stabilitydensityand ocean curremfCheltonand Freilich, 2005de Kloe et al., 2017 We useERA-Interim
and ERADS firstguess stressquivalent winds (U0 corrected foratmosphericstability and density andspace and time
collocated toreprocessedASCAT-A Level3 stressequivalent winls over 2016 The influence of ocean currenin the

observed windlifferences iglescribedn a separ@ section

2 Methods

A common statistical metric usetb assess the agreement betwémnwind fields described by model [, Vawd and

observationaJuscy Vscad Wind componentss the RMS windrectordifference RMS, definedas:

L Jupgg Uty T (s ! vy 1) 1)

Although simple and compact, this metiscproblematic in that it mixes zonal and meridional, mean and éranisiases
into a single quantity, which may not be informative when it comes to understanding the root sources of the wind fi
differenceslnstead one mayconsiderthat the zonal and meridional components of the surface wind at a certain lacation

described as:
NOIROIREO)
TOIRGINNd 2
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Where <> and <> representhe time-mears, e.g., annualand uGand vQdescribethe variability of the winccomponers
around theannualmears, which give account of the mesoscale, synoptic sgadémetary scaland seasonal wind variability
at that locationThe total kinetic energy TKBf the surface windield resultsfrom the sum of the mean kinetic energy

(MKE) associated with the annual mean wiaddthe eddy kinetic energ§EKE) associated with wind variabilitgs

LSl 1)) MKED 3)
Where

SO )

N GRS YIUD) (4)

One may considerhow the total wind energy at a given locatiorpartitionedinto separatenean(steady)and transient
(eddy)components, sincthey affectthe ocean circulation and its gyrd#ferently. Steady wind stresses are associated with
largescale upwelling/downwelling and Ekman transport in the global oceans. Transient wind stresses, which are assoc
with the development of surface and internalveaotions, inertial currents and transient upwelling/downwelling events,
mainly contribute in a timéntegral sense to vertical mixirand the development of the mixed layEhe representation of

thezonal and medional annual mean (steady) wincin bedefined as
Lot (h)
() (5a)

And the contribution othe transient (eddy) winglto the total windkinetic energy at the surfacgan be expresseda the

annual meaequivalentransient (eddy) windomponentsdefinedas:
Lol ¢
VT (5b)

Using the partition into mean and transient wind components in Elo)(3he total agreement between the wind fields can

benow expressed as:

"4 2! \/(!! "#$ ! 'I! n"# )! ! (! !!scat! !!!nwp)! ! (!! "#$ ! !m!!"# )! ! (! 1 I"#$ _!!,!"# )! (6)

The metricRMS based in statistical mean and transient (eddyyl componentsi(,, Ue) defined in Eq.(6)s different from
the metricRMS based in instantaneous wind field differencedined in Eq.(1)in thatit is insensitive tothe temporal

decorrelation othe original wind fieldsi(e., the time of arrival of wind perturbatiom®es not matteibut their amplitudes
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do) and less sensitive tandommodelandobservationahoisecomponentgsee Annex)whichis beneficialfor the study of

systematic biases.

Finally, one mayalsocompare the representation of #matialwind field derivatives, wind divergence anevind stresscurl,
using partitiomg into mean (steady) and traest (eddy) componentas introduced above.h& annual meansf the field

derivatives which are the quantities associated to the mean (steady),wneddefined as:
divy (M) ! ("# (w))
4%, (1) ! ("#$ (D))

andthe transienfeddy)quantitiesdefinedfrom thedepartures from the annual means as:

1"t () ) J((!"# WINEZ (r))!) (7a)

curl, (7)1 J((!"#$(F)! curl, (N)) (7b)

2.1 ASCAT observations

The ASCAT surfacewinds are downloaded from th@opernicus Marine Environment Maoiing Service (CMEMS)
corresponding to the Global Ocean Daily Gridded Reprocesseel 8 sea surfacéstressequivalent U10Syinds from the
ASCAT-A scatterometerpfoduct: WIND_GLO_WIND_L3_REP_OBSERVATIONS_012_0p%or ascendingorbits at 25

km resoluton (dataset:KNMI-GLO-WIND_L3-RERPOBS_METORA_ASCAT_25 ASC)[de Kloe et al, 2017] Only
upstream L2 swath observations that have passed the KNMI Quality Control are used in the CMEMS L3 gridded prod
The CMEMS L3 products also contain wind stress, and divergence field$Note that ascending orbits correspond to a
local solartime equator crossing (LTANYf the sunsynchronousMetOp satelliteof 21:30in the eveningThis is, the ERA

diurnal cycle is onlycollocated andlifferenedaroundthis timeof day, though without any time or space sampling errors.

2.2 ERA surface winds

The CMEMS L3 global wind product also contains gridded model winds from ECMWF, sampled and processed in exa
the same way as the scatterometer grididds, andsubject ¢ identical space and time sampling errdnsthis manner,
ERA-Interim and ERA5 surface windsave been space and tioellocated to the ASCAT observation&part from a
neutral wind correction for atmospheric stratification (U10M) air mass density acectionhas been applieth the model
windsto obtain a better correspondence to scatterometer-sgiedslent windU10S)measurementsle Kloeet al, 2017]

The ERA-Interim first-guess windsfeaturing a spatiagrid of 79 km,come from 3hourly forecastdased on 1-hourly

analysesenteredat 0 and 12 UTC. The ERAS first guess winds come frelmodrly forecasts based on-hdurly analyses
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cenered at 6 and 18 UTCwith an improvedspatialgrid of 31 km. The model wind vectocomponents are quadratically

interpolated in time and linearlgterpolatedn space to match theSCAT satellite observations.

2.3 Ocean currents

With an eye on applying a correction for relative ocean motfenptean surface velocity fieldsealsodownloaded from
CMEMS (productMULTIOBS_GLO_PHY_REP_015_004This product corresponds the Global Total Surface and 15
m Current (Copernicusslobcurrent) from Altimetric Geostrophic Current and Mdeél Ekman Current Reprocessing
(dataset: uv_rep_howyil with 3-hourly fields of zonal and meridionalcean surfacgelocity on a25 kmgrid, interpolated
linearly in space and time to match the ASCAT satellite observafidrestotal velocity fields are obtained by combining
geostrophic surfaceucrentsderived from satelliteltimetry and modelled Ekman currenat the surface and 1B depth
using ECMWF ERAlInterim wind stress [Riet al, 2014.

3 Results
3.1ASCAT to ERA differences

Figure 1 shows thimstantaneou®MS wind speed differencesalculaed following Eq.(1), between ASCAT observations
and space and tirepllocated firstguess U10S winds from ERMterim, ERA5S and th&€ CMWF operationaforecastover
2016.In terms ofinstantaneou®MS wind speedgreement to satellite observations, thdqrerance ofthe ERA5 surface
winds closely approaches that of the operational ECM@v&castmodel, and improves the performance of the BRi&rim

product byover20%.

Figure 2 shows the differencésthe partitionof mean and eddy kinetic energiesASCAT surface winds relative tihe
ERA-Interim and ERAS5 productsThe surface winds in the reanalyses consistently appear tadmweuchenergy in their
mean flows andoo little energy in theitransient ¢ddy) activity, the problem being particularbcuteover he midlatitude
westerliesIn ERA5, the mean winds have slowed dosamewhainote the different vertical scalén Fig.2, reducingthe
mean kinetic energgifferencesto ASCAT by aboutonehalf, and eddyactivity hasincreasedparticularlyin the tropic$,
showing a closer agreement to ASCAT observatidtes eddy activityin ERAS still looks defectiverelative to ASCAT,
particularlyover themid-latitudes In the tropicsthe mean kinetic energy the ERA surface windappears to beorrectto
first order, althoughthe partition into zonal and meridional components is biaskdive tothat of ASCAT, as we shall see

next.

Figures 34 show the differences in zonally averaged zonal and meridional annual mean surface winds in ASC,
observations relative to the ERA Interim and ERAS5 produmisr 2016,highlighting the presence of systematic mean

differencesof up to 0.5 m/dn the zonal and meridional componerifie systematienean differencegre very stable in

5
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time, with aninter-annualvariability of about0.1 m/s(not shown) andconsistentlyshowexcessive mean model westerlies
in the mid-latitudes poleward of30°) and excess mean model easteriiethe tropics ¢quatorward oB0°). The excedse
mean model westerliest midlatitudes are connected withsufficient mean modemeridional poleward flows between
30° and 60 in both hemispheresn the tropics, the excessive mean model easterlies (particsteshygalongthe equator
are apparentlyconnected withinsufficient mean model equatorward flowactually convergingoward the annual mean
ITCZ centerecaround 8 N, but showing a negative kink slightly southtbé equatorwhichis related to aisea interaction

over the equatorial cold tongue, as we will see later)

A look at thegeographicabistribution of annual mean windifferencesillustratesthe location otthe erros that we see in

the zonally averaged differencésgure 5 showthe global maps of annual mean wind differerfoesveerthe ASCAT and

ERA producs, along with the annual mean wind from ASCAT to aid the interpretdtlote thatthe spatial error patterns in
ERADS arevery similar to thoseound in ERA Interim, onlynuchreduced in amplitudéclose to abou50% in the zonal
componentbut showingless improvenentin the meridional)For the zonal component (left panels in Figriggative errors
(blue colors) in the midatitudes indicateexcess model westerlieand positive errors rgd colors) in the tropics indicate
excess model easterligSor the meridional component (right panels in Fig.5), negative/positive errors (blue/red colors) il
the northern/southern tropics indicate defective mean equatorward winds, while more extended positive/negative e

(red/blue colors) in the northern/southenid-latitudes indicate defective poleward flows.

The structure of zonal and meridional mean errors in the tropgenisrallycharacterized bijnsufficientmodelmeridional
wind convergencétowards the annual mean ITCa)duniformly excesi/e zonalessterlymodelflows. This general casie
modulatedn the eastertropical Pacific(and Atlantic)by air-sea interactioeffectsover theequatoriaicold tongue[Chelton

et al, 200]. The SSTgradient effect describes haurface windslynamicallyrespondo SST modificatiorand associated
ocean heat fluchangs[O«Neill, 2012 Skyllingstad et al., 20Q7As the dominant soutkasterliedblow into the ITCZ they
are bound taleceleratavhentheyfirst cross the cold SST frosbuth ofthe equator,andthenaccelerag asthey cross the
warm SST frontslightly north of theequator This air-sea interactiowill also produce stress curl and wind divergence
features related to the cressnd and downwind SST gradients, respectivéDNeilet al, 2003. The underrepresentation
of this SST gradieneffectin the ERA producst explains whythe typically defective model southerly windf the eastern
tropical Pacificwill appear excessiveouth ofthe equator (see blue baiml left panel of Fig.»and moe defectivenorth of
the equator (see red baimd left panel of Fig.)h while the typically excessive model easterly wind will appear more
excessive belowhe equator (see red bamdright panel of Fig.band defective abouhe equator (see blue baimthe right

panel of Fig.}, all relative to the ASCAT observations

Figure 6 shows the global maps of annu@antransient (eddy) wind differences between ASCAT and ERADS, along with
the annuameantransient (eddy) zonal and meridional winds from ASCAIDte thattransient wind variabilitydominate
outside the tropigswherewarm SST fronts carried by WBCs provide sufficient energy to genematatropical cyclones

along the zonally elongatesiorms trackshat feed ommid-latitude westerliesThesetransient motions are formeypically

6
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in the wintertimeoff the eastern continental seaboamishie Atlantic,Pacificand Indianoceansand all year round around

the ACG which aretypical baroclinic growth regions associated with large meridional @&dients [Sampe and Xie, 2007]
[Booth et al, 2017]We note thamodel wind variabilityis overalldefectivein the zonal and meridional componeatsnid-
latitudes(red colors inbottom panel ofig.6), with locally enhancedbiases(defect) along the WBE (i.e, Agulhas Return
Current, Brazil Current, Gulf Stream and Kuroshio Extension) and the Antarctic Circumpolar Current (ACC), and
particularly biased(defect)meridional variabilityalong the ITCZn the tropics(coinciding withthe maximummean wind
divergence)We also note that the wind variability in ERA5 is enhanced relatitkatioin ERA Interim, although still less
intenseoverall than inthe observationsThe inability of reanalyses to reproducigher frequencyriiesoscal@nd synofic

scalg wind variability implies underestimation of atmospheric forcing at thesedér boundaryparticularly along the extra
tropical storm trackswith detrimental consequences for ocean forcing [Condtah, 2008] [Laffineuret al.,2014]and the

repregntation of airsea interactioim coupled models

Figure 7shows the global maps of annual mean taadsient (eddy¥tress curl from ASCAT, along with the differences to
ERA-Interim and ERAS in 2016. Wirst note thathe mean stress cuith the ERA productds more cyclonic (blueolors in

NH, redcolors inSH) atmid andhigh latitudes(poleward of 36) than in observation&Ekmanupwelling is related to the
mean stress curl of the surface wind aigtl(! /! of), wheref is the Coriolis parameter andis a reference ocean densifyhe

fact that model mean stress curlERA winds ismore cyclonic than in observations implies that model Ekman upwelling
will be overestimateat high latitudegin the subpolar gyresanddownwellingwill be underestimateé¢h the midlatitudes

(in the subtropiclagyreg relative to observationg\t the same timethe eddy stress cuih the ERA products itess intense
than in observationsvhich isalsosuggestiveof missing mesoscaleirbulencein the reanalysis windsBy conservation of
momentum, we know that tropical air masses must acquire (relative) anticyclonic vorticity as they move poleward [Holt
2004. In the reanalysis products, surface air masses remain too cyclonic & hgh latitudeswhich may be related to
defective poleward transpaand diffusionof anticyclonic nomentumby mesoscale turbulend®ver the cold tongues in the
eastern tropical Pacific and Atlantic oceans, the SST gradient effect that we identiffed mean wind differences also
leaves a signature in the mean stress curl differefdes pattern of stress curl in the tropics is dominated by a band of
positive curl along 5NLON where the northeast trades build to the north of the ITCZ, and a retripwf positive curl just
north ofthe Equator sustained by the lateral gradient of wind stress generated by the acceleration of surface winds ove
northern front of the cold tongue (see top left panel in Fig.7) [Chelton et al, 2001] accompanimdteyextended band of
negative curl to the south. The map of mean stress curl differences indicate that the signature of wind curl assottiated wit
eguatorial cold tongue is und@presented in the ERA products, with model defective positive curleimdinthern front
(reddish colors) and model defective negative curl in the southern fronigiblenlors, see bottom left panels in Fig.A.
more detailed (zoomed) depictiofithe underrepresentation of model stress curl over the cold tongue in thie &aspécal
Pacific isshown later(see Fig 1B Finally, note thathe spatialdistribution of missing modekind variability in the eddy

stress curlmapsis very similar to thaprovidedby the transientgddy) winds mapseverywhere exceplong thelTCZ -
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where the signature efind variakility appears tdoe moreassociated teddydivergenceeffects from unresolved airflowia

rainy conditions[Lin et al., 2015, as we shall see next

Figure 8 shows the global maps of annual mean and eddy windjeinoe from ASCAT, along with the differencesthe
ERA-Interim and ERASroductsin 2016. The pattern of differences in mean wind divergence is subtlehdusdefective
model mearwind divergence (redtolors in Fig.§ over the subtropical gyrs in themid-latitudes,and slightly defective
model mearwind convergenceblue colors in Fig.8)ver the subpolar gyre at high latitudesThis dipolar pattern of
defective model mean wind divergence/convergence could be related to missing model subsidensebtrapicsand
missing model uplift in the subpolar areas, which when connected to the meridigaralwindbiasesof the midlatitudes
remains suggestiveof a residualmeridional circulation in the Ferrell cell driven by mesoscale turbuletiat is

underepresented in the reanalysis wirfdee Discussion)

In the tropicsthe maps ofASCAT to ERA difference showdefective model convergencelife color band# Fig.8) along
the ITCZ (characterized bynaximumwind convergenceand flanked by bands @iositive and negative stress curl on the
north and south side direct connection witlthe meridional mean wind biasaekeady identified Superimposedn this,

we notea signature of defective modeind divergence (red color strip in Fig.8) over therthernSST front of thecold
tonguein the eastern tropical Pacifiand defective model wind convergence (blue color band in Foy®) the southern
SSTfront, also identified agdicativeof problems with the representatiohSST gradienéffects Recall that the downwind
deceleration/acceleration of southeast trades over the cold tongue is bound to result in confarderegative stress curl
via the lateral gradient of wind stresghen crossinghe southern SST fronandto form astrip of divergence(with a thin

strip of positive curl)when crossing ovahe northern SST frorf€helton et al., 2001]

The maps ofdifferences in eddy wind divergenéeght panels in Fig.8) show defective model eddy divergethorg the
ITCZ, in direct connectiorwith the band ofdefective meridional eddy windsight panels inFig.6), and alongthe warm
flanks of the WBCslIn the tropics, deep moist convection causes wind downbursts, bringing dry air from upper levels to t
ocean surface, however, strongly uredgimated in ERA [King et al., 2@ Besides continuous tropical deficits in
momentum exchange, this fast procpssbably causes mean effects on precipitation, evaporation and -ateersphere
heat exchange [Chiang and Sobel, 20&Xtreme surface windivergence events hawasobeen associated to downdrafts
from stratiform mesoscale convective systems that organize around convective towers in the tropics [Kilpatrick and >

2015] and remain indicative gdfroblems with unresolved airflows linked imoist convection in model winds

3.2 Effect of spatial resolution

The amount of energy captured in the eddy maps of@abviously depends on spatial resolution, which for the ASCAT

data is approximately 25 km. Recall that the ERA effective spatial resolution is less than 100 km [Vogelzang et al., 2011
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All the ERA products have been carefully collocated in spaceiamdtd match ASCAT observations, but the differences in
effective spatial resolution remain problematic, not so much for the mean wind or mean derivative fields, but for the e
fields. To further investigate this effect a spatial smoothirging a 1.5 dgree spatial filter before calculating timean and
eddy quantities, was employed. It appeared (not shown) that indeed mean (wind, curl, divergence) differerates are
appreciablydependent omesolution, including transient (eddy) wind differences. @& other hand and as anticipated,
transient (eddy) curl and divergence are affected by the spatial filter: both model and satellite eddy fields change, bu

reduction is largest in the satellite fields.

In summary, if we force the spatial resolution of both model and satellite data to be similar (dowr20 1419), the
differences in mean wind/curl/divergence do not change. That is, meridional winds are still weak in the model, tropi

convergence istidl low in the model and stress curl at high latitudes is still high in the model.

3.3 Effect of ocean currents

Satellite scatterometers measwind stress relative to the ocean surface veloeitgking scatterometeobservationghe
most appropriatequantity to describ@ceanforcing and air-sea fluxesat the airocean interfacéKelly et al., 2001 For
instance simulations show that the wind power input into the odearduced by 285% after considering the effect of
ocean currents on wind sse[Duhaut and Straub, 20086]j.this section we complete the analysighe differences between
reanalysis and scatterometer wirisconsidering the effect of ocean currents onghemaliesobserved. Figure 9 shows
the annual mean and transient (eddggan surface zonal and meridional velocities according to the CMigkksh current
(MULTIOBS_GLO_PHY_REP_015_004product which includes geostrophic surfacerments derived from satellite
altimetryand modelled Ekman currenat the surface derivaetsig ECMWF ERAInterim wind stres$Rio et al, 2014] In
this figure oneidentifiesthe meanzonalcomponenbf the eastwardlowing WBCs (Gulf Stream and Kuroshio Extension,
along with theAgulhas Returrandthe Brazil-Malvinas Confluencemerging intothe ACC). In the tropis, one mayalso
identify thealternating system aofiestwardflowing North Equatorial and South Equator@lirrents(NEC and SECin blue
colors) with the opposingNorth EquatorialCounter Current (NECC, in red coloy and the subtle imprint of the South
EquatorialUndercurren{SEUC) slightly south of Equator, dividing the SEC into its northern SEC(N) and southern SEC(S
branchesin the mean meridional components, one can identifyetfgtern boundary currentSglifornia, PeruBenguela
Canary and Western Australimastal currentsfogether with thestrongsignature of tropical upwelling along the Equator
We note thataside from the seasonal and irdeasonal variability of the equatorial current systemsst of the transient
activity in ocean surface velocities can be associatighl the WBCsin the extratropics illustrating the impact of ocean

currents on maintaininthe higher frequency wind variality through their role in maintaining sharp SST fronts

Figures 10 and 11 shotlie zonal and meridional mean wind differendetween the reanalysis and scatterometer products

obtainedafterapplying theCMEMS correction for ocean surface velocifhe CMEMS ocean current correction is derived

9
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from theoriginal 3 hourly fields of zoal and meridional ocean surface velocities at 25 km resolutibitch arelinearly
interpolated in space and time to match ASCAT observatitiesfind that the ocean currenorrectionhas barely no effect
on meridional wind biases, babtablyrelievesthe zonal windbiases particularly in the SH midatitudeswith up to 50%
error reductionThe ocean current correctida alterng the pattern ozonal mean wind biases in the trade regioegeaing
differencesthat appearmore realistically associated with: i) the representation of airfloasnnectedto unresolved
mesoscale convection over the ITCZ frofiN4o 10 N (with excess model easterligsred color in the left panel of Fig.12,
and defectivemeridional wind}, and i) the represention of SST gradieneffectsover the equatorial cold tongadwith
excess model easterlisred colorin theleft panelof Fig.12 andexcess model southerlieslitue colorin theright panel

as thewind crosses the cold SST front south of the Equatnd defective model easterlies blue color in left panebf
Fig.12 with defective model southerlies red color intheright panelas the flow crosses the warm SST front slightly north

of Equatorfrom Oto 4°N) asfurther detailecelow.

Figures 13-14 showthe balance between observed and model mean and eddy kinetic ehefgiesandafter the ocean
current correctiorfcf. Fig.2) The alleviation of zonal mean wind errors reduces the MKE differénd¢ae midlatitudes by
about one half, but increases the MKE differences in the tropidigatingthatthe model meamwind speedsn the trade
regions have become weak relative to observatdies the ocean current correctjamhich is to be mainly &ibutedto too
weak model meridionalinflows into the ITCZ (seeright panel inFig.12). We observe that EKE differences increase
globally, particularly in the extreropics In the Southern Ocean, the increase in EKE differences is accompanied by th
largest decrease in MKE differencésfter the ocean current correctiometEKE in the model relative windswhich was
expected tancreasedue to theuncorrelated/ariability of geostrophic current®ecomesffectively diminishedby removing
the coherentwind-driven) signature ofEkman currentsThis correction isubtracting energy from the already defective
model wind variability, and increasing the gap between the obsandethodelled eddy kinetic energidsis interesting to
note that thepatternsof MKE and EKE differenceén the tropicsalsolook more antsymmetric after the oceaturren
correction,suggestinghat therelationshipbetween mean and transienvdelwind errorsover thelTCZ has anaturesimilar

to that found in the midlatitudes, wheremissing model variabilityappearsconnectedwith strongerzonal flows and

associated witldefective meridional winds

Finally, we look into the effestof the ocean current correction in the wind derivative fieldse magnitude of ocean
divergence is negligible comparedtte observed anomaliessnrface wind divergenc@he effect of ocean vorticitin the
wind curl differences between ASCAT and ER&Shownin Fig.15.1t does not modify thgeneral picture oéxcess model
cyclonicity alreadydescribedat mid and high latitudedut it does introduce quite an amountraw structureacrossthe
WBC jets and the equatorial cold tonguesa mannesud that the wind or wind curl differences align more realistically
with the underlying SST frostthat sustairthe oceancurrens. The introduction of the ocean current correction seems to
provide a more realistic portral of the problems with the representationafsea interaction effecia reanalysis winds

revealingconsistentlystronger (weakenvind speeds over warifcold) SSTfrontsin the observation to model differences

10
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Figures 16 and 13how details of the effectsf the ocean current correction in mean wind speed and stress curl difference
in the eastern tropitdacific andthe Gulf Stream. In the eastern tropical Pacific,alreadysaw thatmodel windswere
underrepresenting SST gradiemtffects, being too wak (strong) over cold (warm) SST fronts relative to ASCAT
observations. Figure 16 shows that the ocean current correction accentuates these differences, and aligns them better w
actual SST frots that underlieghe branchedSEC(N) and SEC(S) currerjtsst north and soutbf the Equator, enhancing the
narrow strip of positive curl just north dhe Equator thatprevious researcfKessler, Johnson and Moore, 2008s
underlinedas important for the representation of equatorial ocean circulatidntheactual maintenance of the SEC(N)
Figure 17 showthatonly after the ocean current correctisrintroducedn the Gulf Streamwe get tarecover the expected
signature of an undeepresented SSgradienteffect in thewind speed andind curl differencesas observed in the eastern
tropical Pacific,with coincident high SST andbservedwind speeds over th&ulf Streamjet, and positive (negative)

observed curl anomaliegpwind (downwind) of the warm SST tongue

4 Discussion

The most outstaridg largescale featurén the observeeto-model wind field differencestamid-latitudesis theinsufficient
transientwind variability inthe ERA products, whictcan be reasonabbttributed to its lower spatial resolution. The lower
modeltransientwind activity can be associated with: a) exdessnodelzonal mean windsb) defective poleward flows;)
excess cyclonic stress curl adpdefective subtropicalsubpolar)divergence(convergence)ln order to connect all these
featurestogether one may resonably postulate the idea tletme additionalransient windvariability (see Figl8) should
induce a residuaheridional(poleward wave drivei circulation in the Ferrel Cellvhich would a) subtract energy from the
mean zonal wind, bjorrect for themeridional mean wind bgss, ¢) transportanticyclonic momentm northwards to correct
for the stress curl biaand d)setoff a closeccirculation with subsidence at midtitudes (to correct fathe divegence bias)

and lift at high léitudes (to corectfor the convergence bias).

The problem with deficient transient wind variability in the ERA products maglé®connected with a longtanding
problemof numerical prediction modelshat ofunderestimation wind turningacross the boundary layavheeby surface
winds stay more aligned tbe geostrophic balance above tharntepressure gradient belospomehowimplying thatmodel
winds carry enhanced zonal components and reduced meridional.f[@asdu et al., 2013] repattat turbulent diffusion
(already enlarged to account for syitid mesoscale variahtyi and other factorgn the model wind fieldsis alreadytoo
large and detrimental to the representation adtable boundary laysi(their depths being overestimated)jthoughit helps
improve the representation of synoptic cyclones (by increasing the-isobssic inflow) at the expense of reducing the
ageostrophic wind turning anglReducing turbulent diffusion woulthusimprove the representation of stable (boundary)
layers, but be detrimenal to the mediumrange forecasting of cyclone$he problem is how taeconcile the fact that
transient wind variability is low in the model, with the idea that turbulent diffusion is already too Pamps it is not

appropriate to se the(Monin-Obukhov)turbulent diffusion schemewnhich accounts for turbulence generated by vertical
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shear under different (thermodynamical) stability conditie@s;ompensate for missing mesoscale variabilitye Monin
Obukhov parameterizations aresebved to work welhear the surface, but additional processes might be netdwegler
levels in the boundary layePerhaps a different mechanism for surface drag, such as dynamical (baroclinic) instability,
necessary to provide stronger izontal dffusion at low levels.A particular instance of dynamical instability occurs in
(hurricang boundary layer flows, wherebservations convincingly demonstrate that a large fraction of turbulent flow is
organized into intense horizontal roll vortidé®ste, 2005] The standard downgradient turbulent parameterizations cannot
represent the rollsO inherently #ocal and norgradient contributions to the turbulent fluxé®cause roll transport is due

to an embeddedecondary circulation that organizes smadiegile turbulent eddiesnd advectively transpostmomentum,

heda and moisture across the boundary layer (as opposed to downgradient difflibiergtrong sensitivity of numerical

model simulation®f hurricans to boundary layer parameterizations is discuss¢@rawn and Tao, 2000]

Focusing on the low latitudeESimpson et al., 2018] present a number of pieces of evidence that support the hypothesis
similarly missing drag on low level zonal flows. Thegport that in ERAinterim, analysis increments act to weakire
zonal surface windswhich is indicative of missing drag at low level, whilereasingmeridional convergence at low
latitudes strengthening the Hadley circulatiothe missing drag mechamn in this casés conjectured to be related to the
resolution of mesoscaleonvectie airflows. Similarly to the midlatitude case, where we conjecture the necessity of an
additional turbulent drag mechanisrm the form of transient eddy cuyldo erodethe dynamical law of momentum
conservation that restrains poleward motion, in the tropics we conjecture the need for an additional turbulent c
mechanism (in the form dfansient convective airfloygo erode the thermal law of conservation of entrdyat testrains
vertical motion.

In all caseswe note that the modeb-satellite winddifferencesare limited to ascending ASCAT measuremgemthich
correspond to nighttime (approximately 9.30 pm) conditidrie diurnal variability ofsurfacewinds certainly limits the
representativity of the nighttime differendist we observesince the ERA diurnal cycle mayot be perfect Nevertheless,

the main conclusions are not expected to chdagelaytime conditionsActually, theboundary layedestabilzation that
generally takes lpce duringdaytime is expected tmcreasethe amount of higer frequency wind variability which is

underrepresented in ERAnd thus enhance tineagnitude of the moddb-satellite differences repead here

5 Conclusions

We have performed a comparison of the surface wind fields represented in thintERA and ERA5 reanalyses with
ASCAT observations, and inquired into the nature of those differences in terms of zonal and meridional components of
annual mean and traest winds, wind divergence and stress cBdforethe correction for ocean surface velocitye find
thatin terms of instantaneous RMS wind speed agreement to ASCAT observai#is windsshowa 20% improvement

relative toERA interim,and a performage similar to that o€urrentlyoperational ECMWF forecasts.eVYERA wind fields
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showsystematicerror patternsegardingthe partition of the wind kinetic energinto zonal and meridionamean and eddy
componentsMore specifically:

- In terms of mean wind errorthe ERA products shovexcess mean zonal winds (too westerly in-fatitudes, and
too easterly in the tropics) and defective mean meridional winds (not poleward enough-latitodds, not
equatorwad enough in the trade regis) with systematic differences of up to 0.5 m/s in the mean zonal and
meridional components

- In terms of transient wind errgrthe ERA products shovdeficientzonal and meridional model windariabilities
mainly over thestorm tracksssociated t®WBCssystems anthe ACC in the midlatitudes, and missing meridional
variability asociated to ITCZ in the tropics.

- In terms of errors in stress curl, the ERFoductsare more cyclonicthanobservationsat mid and high latitudes
with implications for Ekmarupwelling estimatesthat is,excesanodelupwelling at high latitudesand defective
Ekmandownwelling at midlatitudes. There is a spatial correlation between defective transientatindy in the
extratropics anddefective model eddy stress curl.

- In terms of errors in windivergencethe ERA products showeficientwind divergencen the subtropical gyres,
anddeficientwind convergence in the subpolar gyregth possibleimplications for atmospherieertical motion
that is,defectiveair subsidace at midatitudes and defective air lift at high latitudés the tropics, the ERAvind
fields show defectivenean windconvergence along the ITCZ, with sigrfisumderrepresented SST gradieffiects
along the equatorial cold tonguéso visible in he mean stress curl differences). The ERA products are overall
low in eddy wind divergencewhich remains indicative of problems with unresolved airflows undeist
convectionconditions,particularly along the ITCZ and the warm flanks of the WB@trestinglycorrelated with

defective meridional transient wirattivity.

By all accounts, ERAS5 performs better than ERA interira. (instantaneous RMS agreement, mean and transient wind
errors, stress cuand wind divergence errordpn the other hand, the remainingmbination of excess model cyclonicity,
insufficienteddy curl(or eddywind) activity, andtoo weakmeanmeridional winds at the mithtitudes may be interpreted
asa sign ofinsufficient poleward transport and diffusiaf anticyclonic momentum in the modehich when connected
with the signature ofoo weakdivergence/convergence at mid/high latitudesnainssuggestive of the need for a stronger
Ferrell cellin the ECMWF model driven by mesoscale turbuledso, the combination ohsufficientmodel mean wind
convergence and eddy wind divergence along the IB&iggestiveof misrepresentation of mesoscale convectiothe
tropics This is in line with anomalie®bservedin the ECMWF vertical wind sheaclimate profile, as compared to

collocated high vertical resolution radiosondes (Houchi et al., 2010).

Ocean currents make a notable contribution to the mean differences between scatterometer and reanalybie oieds

current correctiomelieves the anal mean wind biases in the matitude westerlieby up to 50%and in the trade regions,
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but with almost no effect on meridional mean wind biag&fter the ocean correction, model mean winds remain stronger
than observations in the midtitudes, butappear weaker than observations in ttapics (mostly due tothe missing
meridional component)The correction for ocean currei®t introducing newerror patterns in e tropicsthat aremore
consistent withthe misrepresentation of SST gradiesffects over the equatorial cold tongues, and the resolution of
mesoscale convectiaffectsover the ITCZOn the other hand, the ocean current correction is increasing the transient win
biasesby subtraction of eddy kinetic enerfipm model wind variabilityvia themodeledEkman responsd he signature of
ocean current divergence is negligibbeit the signature of ocean current curl is notable, and acts to enhamuedhestress

curl differences between observatioand model wind fieldsparticularly theravhere strong currents are sustained by strong
SST fronts, and largeair-sea interaction effectare expectedin other words, a correction for ocean surface velocity is

essential fothe characterization gfroblems with the representation of-a@a inteaction effects irERA winds

Annex
If we expresgheoriginal wind components in the reanalysig.p Vi and observations gk Vsca] as:
FA)T @)yttt

Where weonly describe the zonal component for simplicity, witle> the annual meamCthe wind variability around the
annual mean, and ! a measure of the random system. ridiea theRMS metric basedon instantaneous wind field

differences and defined in Eq.(1) can be rewritten as:
L R N B K L L | B et o B (e L N R e e B P A AR (P

Similarly, the RMS metric based omstatistical mean and transient (eddy) wind componantsdefined irEq.(6) can be

rewrittenin terms of annual mean, wind variability aftd first order)random noise componentss:

"4 !! ! (um!!"#$ ! !! n"# )! + (! LIS ! !!!!"# )!

(g ) ! o D)1 (g 1)1 (L 1)1 2\/(! pg PV e PYT (g 1L

The direct comparison of théwo expressions aboveveals that the only differerearise from 1) therosscorrelation of

the wind variabilityterms and 2) the sensitivity tsandomnoise Note that theRMS metric does not care about the
simultaneity of wind perturbatiors the reanalysis and observational systemusjust abouthe energy that they carry. Also
note that as long as the representation of the energy carried by the wind variability terms is comparable in both sys

(reanalysis and observations), then ¢heill be an effective cancellation of the system random noise compond&iS.
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Figure 1: Instantaneous RMS wind speed differences between ASCAT observations and ERA Interim (top left panel) or ERA5
(top right panel). The bottom panel shows the zonallaveraged instantaneous RMS curves (ERMnterim in red continuous line,
5 ERAS in black continuous line; and ECMWF operational forecasts in dashed black lines) firgguess winds over 2016.
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Figure 2: Zonally averaged differencesin mean kinetic energy (MKE, dots) and eddy kinetic energy (EKE, dashes) between
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Figure 5: Global maps of annual mean zonal (top left) and meridional (top right) wind from ASCAT and differencefrom ERA
5 Interim (middle row) and ERA5 (bottom row) first -guess winds over 2016.
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Figure 6: Global maps of annual mean zonal (top left) and meridional (top right) transient wind from ASCAT and differences
5 from ERA Interim (middle row) and ERA5 (bottom row) first -guess winds over 2016.
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Figure 9: Ocean surface velocities: mean zonal (top left) and mean meridional (top right) components, along with the transient
5 zonal (middle left) and transient meridional (middle right) components over 2016. The ocean vorticity and divergence are shown in
the bottom left and right panels.
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Figure 10: Zonally averaged mean zonal wind differences between ASCAT and differences to ER#éterim (blue line) / ERAS (red
line) first-guess winds over 2016, before (continuous lines) and after (dashed lines) the ocean current correction. Note that
differences have been scaled by 10.
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Figure 11: Zonally averaged mean meridional wind differences between ASCAT and ERFaterim (blue line) / ERA5 (red line)
first-guess winds over 2016, before (continuous lines) and after (dashed lines) theapccurrent correction. Note that differences
have been scaled by 10.
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Figure 12: Zonal (left column) and meridional (right column) mean wind differences between ASCAT and ERAS firsguess winds
over 2016 after ocean current coection.
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Figure 13 Zonally averaged differences in mean kinetic energy (MKE, dots) and eddy kinetic energy (EKE, dashes) between
ASCAT observations and ERAlInterim (left plot) / ERA5 (right plot) first -guess winds over 2016 &r the ocean current
correction.
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Figure 14: MKE (left column) and EKE (right column) differences between ASCAT and ERAS before (top row) and after (bottom
row) ocean current correction over 2016.
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Figure 15: Global maps of annual difference in mean wind curl between ASCAT and ERAS5 before (left) and after (right) the ocean
current correction.
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Figure 16: Eastern tropical Pacific: annual differences in nean wind speed (top) and mean stress curl (bottom) between ASCAT
and ERAS before (left) and after (right) the ocean current correction. The contours are annual mean ocean surface velocities.
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Figure 17: Gulf stream: annual differences in mean wind speed (top) and mean stress curl (bottom) between ASCAT and ERA5
5 before (left) and after (right) the ocean current correction. The contours are annual mean ocean surface velocities.
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Figure 18 Schematicsof proposed residual circulation at midlatitudes: additional mid-latitude drag would correct for (1) the
zonal, meridional and stress curl errors, (2) the wind divergence errors and (3) close the circulation by vertical motions.
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