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We @ain @eynolds-Averaged Qavier Stokes RANS) Gurrogate @hodels gsing Gata-driven Geural Getworks J
using @FD-RANS@ind €elds Gver @rested @rrain, Generated Gsing Ghe @penFOAM-basedgIWIND @olchain J
for @ Gnge 6f @rest Beights @nd @ind Grections. Glodel Bputs Epnsist 6f Grest Beight wind Grection wind g
speedpfofile @ples 6 Eplected @rrain Mcations, Fith Gind Epeed & Ge Gutput. G Gedforward Epnvolutional g
neural Gptwork i§ Gpined @ith Gean Guared §ror @ss, Pcorporating @siduals Gm QFD@sults, §hd Eptimized J
using OBFGSghd fdam ggorithms. Gurrogate ffedictions &e Benchmarked &painst FD §mulations Gfoduced J
with @e QpenFOAM-basedgWIND @olchain.

The §hrrogates e €pnstructed Gking ffferent §hbsets€f Grining Ghta Gerived fom Cprtical &hd Bprizontal J
wind @peed @rofiles. Gesults @emonstrate Gtrong @xtrapolation @apability: gertical @ind Gpeed @rofiles Gre g
reproduced @ithin §0% Efror Ghder Ghseen Epnditions, @hd Bprizontal @ind Gklds & Bub Beight &fe Efedicted J
within @6% @Glative §ror @t @ @9% Epnfidence @vel. While Gerformance Gpuld Ge @rther Gproved Ghrough g
physics-based€pnstraints 6f Glore lvanced 8chitectures, Gur Thdings dicate Gat Purely Ghta-driven JANS-
based fJurrogates @re §raightforward @ €pnstruct Ghd Gffer Gromising Generalization Gapabilities. Jo Ghhance J
robustness, §e @xtended fhe Gaining Qataset @ Ghcorporate Gvo Gpatial Gesolutions, Ghaking Ehe Gpproach g

particularly @ell €hited & §@undation Gr Gulti-fidelity irrogatesig @pomains With Garying §pverning ghysics.

1. @ntroduction

Understanding @ind @ehavior @ver gomplex @errain @ @rucial ¢r g
many @pplications, @articularly ¢h @vind @nergy @evelopment. Jopo-
graphic @atures gtrongly @hfluence @ind @peed, @irection, gnd @urbu-
lence, @hich @jrectly &ffect Qe €fficiency, @liability, @hd hfety 6f @ind g
turbines. Gccurate grediction 6f @ind fiklds gpically igvolves gGnge 6f g
approaches, @cluding @umerical @eather @rediction (NWP), ffatistical g
or gynamical gownscaling, gomputational @uid @ynamics CFD), Gha-
chine @arning, gnd @ybrid @hethods. Jhese gpproaches@itegrate Qata g
from @eather @pservations, gptellite Bragery, @nd physical ipw Ghodels g
to @recast @ind Gonditions @t Garious Ecales.

Among these, GFD Bas Become the Benchmark §r @ind @source gs-
sessment® Gomplex @rrains, @s{@ Gan Gapture Ghe Gheso-to-microscale
effects 6f @rrain, restation, ghd gmospheric €pnditions Gith Bgh Gs-
olution gnd gccuracy. 8y @solving @cal @ow @ynamics, GFD, through g
models Guch @s Reynolds-Averaged Ylavier Stokes GRANS) @r Qarge-
Eddy Gimulation ¢-ES), @rovides @ritical @hsights Ghto @ind Gpeeddis-
tributions, @irbulence @vels, gnd Gake @ffects, Ghich gre gssential @r g
optimizing @ind @rm @esign ghd @ducing Eroject k. s g@sult, gFD-
based @lameworks @re Bicreasingly Gentral @ Bhdustry @ractice @) Both g
site-specific @ssessment@nd gind rm Performance @valuations QL,2].

However, the §frength 6f GFD @lso Bighlights s Bmitation: Gompu-
tational gxpense.gigh-fidelity GFD gmulations @re @:source-intensive, g
even @ith gccess@h hodern gigh-performance gomputing ¢HPC) gys-
tems. §loreover, €hey gre Ghherently @eterministic, ge. gny @hange th g
inputs guch @s @rrain §ze, grid @solution, gr Goundary Gonditions G-
quires gGew g§mulation. Bxploring Garameter @ariability 6 Ghcertainty J
thus @emands gunning Girge gnsemblesdf gimulations, @hich Quickly g
becomes@hnpractical.

Becausegite @ssessmentgften gpan greas Gom @Gundreds @f Ghe-
ters @ @everal gilometers, Ghe Gomputational Gurden @ @rohibitive. g
In @ractice, ghis dorces Ghdustry Gisers@o Gompromise, @esorting o g
reduced-fidelity @r @implified @nhodels @o Gave me @nd @ost, @t Ghe g
expense®f gccuracy. gonsequently, Ghere @ gpressing Geed ® e gind g
energy 6ector @r gpproacheshat deliver GFD-level §ccuracy But @ith g
significantly @duced Gomputational @verhead {3].

Neural @etworks @nd §urrogate ghodeling provide g @romising path-
way @ @ddressthis @ap. Jrained @n @FD-generated@atasets, these g
models @an @arn ¢he gnderlying ow @ynamics gnd @eproduce @gigh-
resolution @sults @ith @rders-of-magnitude @ster Gference Gnes. gnce g
trained, ghrrogates€hn @generalize gcrossarameter Gariations, ghabling g
rapid @xploration @f @errain, @tmospheric, @nd @esign cenarios that g
would @therwise @equire gostly GFD €eruns. Jhis Gapability gpens the g
door @ d@fficient, gccurate, gnd gcalable Gorkflows @r @ind €source g
and gite @ssessment-retainingthe delity @f CFD @hile gheeting the g
practical @emands @f Gydustry @eployment

Surrogate ghodels, @lso Geferred @ @s Gheta-models @r @mulators, g
are @implified @hathematical @epresentations @f gomplex gystemshat g

can gpproximate the @utputs @f gigh-fidelity ¢hodels gt g Gaction @f g
the Gomputational gost. B Ghe Gontext Of @ind Gnergy, Surrogate Ghod-
els Gave Geen @hereasingly @xplored @s @lternatives @ ull gomputa-
tional @uid @ynamics §EFD) §mulations @r @redicting @ind flow Gver g
complex @errain @nd @ithin @vind @arms. @y @mulating @FD gesults, g
surrogates @nable @apid @valuation @f @nultiple @vind Garm Gayouts, J
atmospheric gonditions, @nd @perating §cenarios},5].

Despite Gpeir gromise, gxisting Gurrogate @pproachesstill Gice chal-
lenges Gelated @ @eneralizability, @hterpretability, @nd @obustness@ g
variations @ @put Garameters. Qhesepyoperties ge gssential {Pr gnsur-
ing Ghe Gredibility @nd @ractical deployment of Ghachine Garning (ML) 0
models @ gngineering @pplications 05,7]. Yo Pe &ffective, gn PiL-basedg
surrogate @Ghust ot @nly gield Gecurate @redictions Gut @lso Gemain g
reliable gcrossdiverse @onditions @ithout @verfitting @ the Gaining g
dataset [B].

Parallel @ @§)is, QFD-based@ethods, garticularly Beynolds-Averagedd
Navier Stokes GRANS) @nd Qarge-Eddy Gimulation {LES) olvers, Ge-
main ¢he @hdustry gtandard €pr ¢hicroscale @ind @esource gssessmen
and @ake @hodeling ¢h gomplex Eerrains. @hese ghethods @esolve Gey g
flow phenomena §lich gs @rbulence, Mrest gffects, ghd @rrain-induced g
speed-up, @elivering Gighly @Gccurate @esults. GHowever, Gheir @ise §s g
constrained By Gomputational ¢osts: gach Gew Gonfiguration of @rrain, g
inflow, @r Boundary gondition @equires @n Ghidependent §mulation, Of-
ten gt Bigh @solution @ Capture gxtreme Gvents O Mcalized Effects OB,
9]. gonsequently, gractical gorkflows @re @ften ®rced @ Gompromise, g
using gmited @nsembles@r Gpwer-fidelity @hodels, Ghich @an Geduce g
predictive @ccuracy.

To @vercome hese @mitations, @hachine @arning @lameworks gGave g
emerged @s @romising @lternatives @r @ind @esource @ssessment@ J
growing IBpdy 6f @ork IBas@cused Gh physics-informed @eural @etworks g
(PINNs) 0O 12], @hich igcorporate Governing €quations gto e Gain-
ing process® @nhance generalizability @nd @bustness.gpplications of g
PINNs @ fiuid @ynamics Bave @emonstrated heir @bility ® Giterpolate g
between gparse@ata gnd @spect @hysical gonstraints @13 15]. ¢low-
ever, @espite these gdvantages, §INNs @main @ifficult @ @ain @t gcaleg
due @ @hallenges @h gptimization, @ensitivity @ @oundary gonditions, g
and @igh gomputational gverhead @16 18]. Jhese @sueshake GINNs g
less guitable @hen Grge, Bigh-quality Gatasets@re @ready @vailable.

In Gontrast, Gata-driven @eural getworks Offer g §mpler get gighly g
effective @ternative ig guch gpntexts 0L9]. Yith ghfficient Gaining Gata, g
they @an @apture ¢he omplex €happings @etween Gerrain, Ghflow gon-
ditions, gnd @sulting @ind @elds @ithout gmbedding gxplicit @hysics. g
Importantly, Girge datasets@f @FD-generated@ind @elds glready @x-
ist @r Ghany @reviously gtudied @ites, @overing gariations ¢h pogra-
phy, @tmospheric @onditions, @nd @prest Gtructures. Jhis @vailability g
of gigh-fidelity, @omain-relevant @aining Qata €hakes Qata-driven gur-
rogates @articularly Gttractive @or @vind @nergy @pplications. @nlike g
PINNSs, they do @ot Gquire the Gostly gnforcement gf governing gqua-
tions @uring @aining @nd Gan Be caled Ghore @fficiently @ Gal-world, g
three-dimensional Gomplex @rrains.
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While @INNs gave @eceived Gubstantial @ttention th Gecent gears, g
fewer @tudies Gave @ystematically @xamined Ghe @otential @f Gurely g
data-driven gurrogates @ained @n gxtensive GFD Qatasets@r @ind @e-
source @ssessmenfl) omplex @rrains. The Gpportunity s B Bverag-
ing Ghe @bundance §f GFD-generated@ata, gspecially flom BANS-basedd
simulations, @ @rain @Geural Getworks Ghat @an Geproduce @FD-leveld
accuracy @t gfjaction of Ghe Computational ¢pst. Guch gurrogates Eould g
enable Gcalable, @fficient, @nd Gccurate @vorkflows Gor @vind @nergy g
site gssessment@ridging the gap getween the @delity gf GFDgnd the g
practicality @quired @r Ghdustrial deployment.

In Bis Gork, @e develop Gata-driven Geural getwork @PDNN) spirro-
gates@ained Gh gFD-RANSgimulations 6f g Gree-dimensional {jrested g
terrain. The @pjectives &e @vofold: © €valuate Be gecuracy §hd @bust-

ness@f these rrogates, ghd @ Explore Geir Potential gs Sralable Gols g
for @ind @source @ssessmen@hen Ggh-quality GFD@pata &e @vailable. g

Specifically, @e Givestigate @hether @eural Getworks Gained gn g in-
ited get @f GFD-RANSgimulations @an @eneralize @ gnseen gcenarios, g
providing Gast Gind @eliable @redictions @f @vind Gpeeddlistributions g
across@he @omain. @y @apturing Ghe @ssential Geatures @f Gomplex g
flow @atterns, ®DNN gurrogates @ffer ¢he @otential @ @ccelerate gite g
assessments§jreamline §asibility §fudies, ghd gtimately §upport Gore g
efficient @nd Gata-driven @ind-farm @esign @gorkflows.

To @his @nd, @ve Propose G deedforward @onvolutional Getwork g
(FFCN) @amework €hat @arns ¢he gonlinear ¢happing getween thput g
features terrain  @haracteristics, @ind @irection, @nd @prest Geight
and @ind @eld Qutputs. @his gtudy @bcuses@n @goth @ertical gnd gor-
izontal @ind rofiles, gxamining §ngle-scale gnd Guulti-scale gurrogate g
strategies, ghd €valuates the Bfluence Of Getwork grchitecture, Gaining g
data @solution, g@nd Bput ature §election Gn predictive Performance. g
The @esults @rovide Ghsights Ghto Ghe Geasibility @f Ghtegrating @ata-
driven @hodels Gpto @perational GFD @orkflows, Gicluding @heir @oten-
tial @se @s Gigh-quality Ghitial Guessesip @ccelerate Gonvergenceth g
RANS @r QES§mulations.

The Gtudy @ @rganized @gs @llows: Gection @ Ghtroduces the Gased
study €fte gnd Gescribesthe GFD getup gsed @ Generate Gaining Gata. g
Section g @etails the QDNN grchitecture, @aining @rocedure, @nd gen-
sitivity @ @etwork @esign ghoices. ection @ @resents the €hodel gval-
uation, gomparing gurrogate @redictions ggainst @FD gesults. Ginally, g
Section g @iscussesthe Broader Gnplications of the groposed gpproach, g
including @ @le O gccelerating GFD @orkflows @rough Gister gvalu-
ations, @educed @liance @n @ill-order §mulations, @nd gotential Gse 8 g
generating Gpitial gonditions @r GFD gplvers.

2. @roblem fetup

In Ghis Eection, e Present Ghe Gumerical flamework @r Ejte @ssess-
ment @ver gEpmplex Prested Grrain @ BadenYirttemburg, Germany. g
The gegion Gvestigated Gh this gtudy & §hown Gh gig. gggnd Gatures g
an @glevation €ange Gom g @ §00 & OFig. P @ft). Jhe rested grea g
is Ghdicated @y the @ed-shaded @egion ¢Fig. @gg@ght). Fhis Gumerical g
framework, igcluding i@ ¢pnfiguration ghd GFDgmulation etup, @rms g
the @asis @r Qenerating the Gaining Gata gsed G ¢he Geural getwork g
described ) gection @.

This gte @as klected@s §Cpsesfudy ©r Building gurrogatesBecauseg
that @revious @ork @n @ncertainty @ropagation ¢y Gakdawala @t gl. g
[20] ehowed that @rest Geight gnd @ind direction @ariability €trongly g
influence @ind @peeds@ere. Jhis Ghdicates Ghat Gerrain Gomplexity, g
forest €pver, ghd shifting @ind @jrections ggnificantly &ffect @ind gpeedg
profiles & Bub Beights. PheseCharacteristics Ghake Ghe §jte g §frong Gst g
casef)r @sing GFD §mulations @s Gaining data, §jnce the Hput output J
tuples @apture g ¢ide €ange gf Pariability @hduced @y different Grest g
heights @nd @ind Qdirections.

The Ghput Gpacedor Ghe @CFD Gimulations @hcludes: @1) Ghe der-
rain @pography gnd @s gpatial grid; () @ @arameter §pacedf prest g
heights ghd gind @frections; () Ghe Ghderlying physical Godel, Gamely g

Energy and Al 24 (2026) 100738

the Beynolds @veraged Qavier Stokes RANS) gquations, @hich gov-
ern @he @ow @ynamics. he @orresponding @CFD @utput @onsists @f g
high-resolution @ind @elocity @elds @ith €esolution ¢hat gerve gs the g
ground-truth @ference Gata Gr @aining the Geural Getwork. Jhe goal g
of Byis pction g © Gescribe Be GFDBodeling processghd €stablish the g
resulting i@put output  @ataset & @Pundation @r data-driven gurrogate g
modeling.

Generatinghput output @airs @r Gaining gata

The @rrain § Giscretized gsing g @xed @hesh @esolution @f g0 th & 0
the @ner Gomain ghd @ Gverlaid @ith gf@rest Canopy Bhodel Character-
ized bl g¢pnstant Gaf grea Pdex. Yo Generate Garied Waining Gata, ge g
set@p Gultiple §mulation Chsesg Ge Pput Gata Gonsistsof Bhe Spatial g
coordinates, @ive @istinct @rest geights eanging GGom g & g5 @, gach g
paired gith 86 @ind @frections §panning O © 865°, Gsulting § g@tal g
of gB0 gFD §mulation Cases.hough the Precise Garameters gmployed g
in he GFD gimulations gre got giscussedfh detail Gere, @ ghould ge g
emphasized ¢hat gll Gemained @xed gcross@uns, gside Gom @ariations g
in Ghlet @ind Qirection gnd @rest Geight. Jhe gutput Gata Gonsistsgf g
wind §peed, Gepresented gs the Ghagnitude Of @ind Speedsth gy gnd g9
directions.

The @nderlying @hysics @f @vind Gow G @escribed Gy Ghe Gme-
averaged Beynolds-Averaged§avier Stokes (RANS) €quations, €pupled g
with @he g* e @irbulence gosure Ghodel PP1,22]. Gorest Ganopy @ffects g
are Hcorporated Pllowing Ghe Gpoproach 6f GanzP3] gho grovides de-
tailed Parameterizations gnd ¢pefficients §r Ghe &* ¢ Ghodel © Prested g
environments. Guilding gn €he Gource gnd gink @rm @rmulations Gr g
the @Wrbulent KJnetic ghergy @hd Bhe @jssipation Gite roposed By Greeng
[24], Qiu @t gl. §25] gnd Ganz (23] derived @nodified goefficients ¢pr g
modeling @ow @hrough @rested Grrain. @Glthough g gpatially gariable g
leaf @eaigdex @AI) €an e Gsed@ Gflect eterogeneous@rest @ensity, g
a €pnstant DAl galue 6f Q07 @ GsedBroughout Gis Fudy ©r §mplicity.

The Graunhofer QVES @Vind Gimulation Gnvironment ¢FIWIND) & 0
used i Gis gudy © spive the BANSEQuations, @corporating e Prest g
canopy @nhodel @ithin ¢he @ * e Qurbulence @losure Gnodel. @riginally g
introduced @y @hang @t gl. ¢1], GIWIND @as gince @een galidated ¢h g
various @tudies J2,20,26]. @eveloped @y Graunhofer QWES, Ghe Gool g
provides @n Ghtegrated @re- Gind @ost-processingGhterface gor dexi-
ble gonfiguration @f gite-specific @etups, thcluding gomain @efinition, g
mesh @eneration, Ghput Garameter @pecification, Goundary @ondition g
assignment, @hd gFecursor §mulations. B GFDKErnel i@ BasedGh gpen-
FOAM gnd gupports avier Stokes, GANS gnd Qarge §ddy Gimulation g
(LES) enodeling gpproaches.he GFD g@etups @pr g Gange @f gomplex g
sites, hcluding ¢he @ne gnalyzed ¢h this Gtudy, gas @een @xtensively g
investigated gnd Galidated @ithin Ghe GUnDAY @roject [R7].

The @Il @FD gimulation @orkflow @ gepicted ¢h gig. gg@nce the g
simulations @re Gompleted, Ghe @sults @re Gost-processeddsing g dedi-
cated Opterface Guilored @r @ind Gesource Gvaluation.

The @imulation Qutputs Giclude @il gD @ow @elds Gr @ind gpeed(
and @ressure. Grom these, gpecific goints of Giterest Gan Be Selected® g
extract @ertical @ind gpeed@rofiles gbove ground @vel @r gorizontal g
cross-sectionsgf lgub Beight. Gg. B@hows Gertical gind gheedgyofiles & g
a gelected goint Of Pterest @r Yur Gpresentative Gind Gjrections @5°, g
135°, gr5°, @nd 815°) gcrossthe five @rest Beight Gonfigurations. The g
profiles Ghdicate Bow Qariations @ Grest Geight ggnificantly Bfluence g
wind §peedfiom § @ @50 G gbove Ground.

Similarly, Gig. gdgresents gorizontal gross-sectionsdf @ind gpeedsg
at g gpecified gub @eight ¢LOO ¢h) r Gur @ind direction gonfigura-
tions @vith @rest Geight Gxed @t @5 ¢h @nd directions gt g5°, @d35°, g
225°, gnd @15°). @he ggures @ighlight gow the Ghteraction Getween g
wind @irection gnd Grest Qeight Gads @ Gomplex Gpatial @ind gpeedd
distributions.

These@ertical @rofiles gnd Gorizontal §ices Gerve gs thput Gata Gr g
the @ata-driven @eural @etwork @escribed ¢h Gection . Jhe @utput g

profiles @re gprted @gainst Pput Gonfigurations @nd Systematically plit g
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Fig. @. Qeft: Glevation Ghap @r g Ete G Gaden Yiirttemberg. Gight: Gorest Gover Gharked G €d. JFPr Ghterpretation & Ghe Gferences@ Golor G Ghis Ggure J
legend, Ghe Gader § Gferred @ Ge Feb Gersion OF Gis Gticle.)
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Fig. @ @Qeterministic JFD @orkflow @ €fudy Ghe Ghpact 6 @rest Beight Bhpact 6h @ind EpeedsBver Epmplex Grrain.
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Fig. @ @ertical @ind Epeedpyofiles & @ Elected §te Geation Gr Garious Grest Beights @hd @ind Grections G5°, O35°, G5°, Ghd GL5° Gom @it @ Goht).

sim_004, WD = 45.0 [deg] sim_013, WD = 135.0 [deg] sim_022, WD = 225.0 [deg] sim_031, WD = 315.0 [deg]

ws [mys]

Fig. @ Glorizontal @ind Epeed fofiles & Bub Beight OO0 G @r @ ked @rest Beight G5 G Gd Find Grections G5°, OB5°, @r5°, Ghd G15° Gom @t @ Goht).
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into Gaining-testing @ptabasesgr @arning Bhe Gl-based §rrogates. Qur g
goal § © Gse g¢§hbsetdf tese QFD-generatedgind gpeedfiplds ® Gain J
a @eural getwork @apable @f gpproximating the RANS-CFDgolution. g
This gpproach @nables @aster @redictions @hile getaining @igh-fidelity g
behavior, gaving the @ay @r Ohore gfficient jte gssessments.

3. Mata-driven @eural getwork €pr BANS-based Surrogate ghodels

The @bjective Gere @ @ Gse Gor @ GRANS-based@FD @imulations g
to @ain gn @l gurrogate ghodel Gapable @f gpproximating @ind Gow gJ
behavior B ¢omplex @rrain. Jhe @rward-feed Gonvolution Geural Get-
work @FFCNN)&chitecture ®troduced Bere €an Be gnployed ©r purely g
data-driven @nodeling §19,28], @hysics-informed @earning, @r Gybrid g
approaches@hat Gyicorporate gartial ghysical ghowledge Qjto Ghe Barn-
ing @rocess(@5,12]. @wing @ @Gheir @exibility @ @apturing Gomplex, g
nonlinear @elationship, @eural @etworks @re @articularly @ell-suited gs g
surrogate @nodels Gh @CFD Gpplications, @vhere @raditional Gumerical g
simulations @re Gften Gomputationally @Gitensive.

This g@ection @resents @ @asic FFCNN@rchitecture por gata-driven g
learning gf QANS golutions, @sing Ghput output @airs generated fom g
the QFD$§ktup @escribed iy Gection g The Pputs Pclude gpatial €plloca-
tion ppints @ithin e Gomain ghd On @ Boundary, @ind @rection, ghd g
forest geight. §ach Giput ombination Gorresponds @ @n Qutput @ind J
speed@eld. Jhe goal 8§ @ @arn the gnderlying @inctional @lationship g
between @puts gnhd Gutputs directly flom data, Githout Explicit Khowl-
edge Of the Governing physical gquations. By grinciple, gdditional Bput g
features gould @e @hcorporated @ @nprove the @l Gurrogate, uch gsg
terrain Gharacteristics, Ghermal §fratification QGarameters, Bub Beight & J
leaf grea Qtensity.

A @nultilayer GFCNN@onsists gf geveral @ey gomponents: gn Ghput g
layer, Gne Or Ghore Bidden Gyers ¢onsisting Of Biterconnected Geurons, g
and Gin @utput Gayer. Jhe Getwork Gpproximates @he @lesired @nap-
ping @y gpplying guccessive§ansformations ghrough €hese Giyers. th g
each @idden Gwyer, the @ansformation & defined @y g Geighted Ghear g
combination ¢f Gpputs, Bllowed By @ Gonlinear @ctivation @inction.

Formally, @t g;;.k Genote the @eight gonnecting the @th geuron Gy g
the ¢ * 1)th Gayer @ The @th geuron th the gh Gyer, gnd gj. Qe the g
corresponding Bias @rm. Jhe Qutput @f] of Geuron @0 Gyer 0B Given g
by:

S 2 Y L N R !
i; o-<k Wil bj> o-(z/.),

where 6.-/ 8 the Gctivation @inction, gnd gj B the Pre-activation Giput g
to Geuron @

Each @euron @ Ghus @illy Gonnected @ @eurons G gdjacent Gyers, g
forming @hat § Khown &s@flly ¢onnected 6F gdensegeural Getwork. g
Commonly gsed gctivation @inctions Bhclude the gigmoid 6.u/ = ﬁ g
hyperbolic @ingent ganh) gnd gectified Ghear gnit (ReLU). Jhe thoice g
of @ctivation {inction §jgnificantly @fluences ghodel Performance, gon-
vergence @ehavior, @nd ghe @bility @ @hitigate Gsues@ke Ganishing g
or gxploding gradients §29]. glowever, h gur Gase@tudies, this gffect g
appears @ss @ronounced, gs @elLU @gerforms gomparably @ell @ Gther g
activation fjinctions.

Fig. g0ghows g Eepresentative GFCNNgonfiguration @ith @ g-node g
input Gayer, @wvo Gidden Qayers @vith @ @nd @ Geurons Gespectively, g
and g @ingle-node Qutput Giyer. th the ontext @f gur gpplication, the g
two @nhputs @ould @epresent @orest Geight @nd @vind @irection, @vhile g
the @utput gorresponds @ @ @redicted @ind Gpeed@gt g given Gcation g
(e.g. Bub Beight @t g patial oint Of Gpterest). This Grchitecture Gan Be g
extended @pr ghore gomplex @hsks, heluding gigh-dimensional @hput
output @happings, @r. g.g Gpatial Goints, Grest Geight, Gind Girection g
for @put @nd gpatially Garying @ind @rofiles gr Gow Gelds.

The @etwork @arameters @weights @nd Giases) Gre @ptimized Gy g
minimizing @ @pss Gunction @at Guantifies Ghe discrepancy Getween g
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predictions gnd @round Guth. Jraining @ @erformed @gsing the Gack-
propagation ggorithm, @hich @eratively Qpdates fhe Getwork's Garam-
eters, Oe. the @eights gnd Giases, asedgn Gradient Gpformation. Jhis g
optimization @rocess@quires the definition Of @ @ss @inction, g ecalar g
quantity Gat guantifies the @rediction grror gver the Gaining gataset. g
For @gression@sks, §€pmmon €hoice @ Be Gean shuared @ror GSE): g

N
1 .
Lata(0 | x,u) = N Z [l xi * u™.x,l, ||§ 1)

where @x,/ § e predicted Qutput & Gput &, & .x,/ § Be Eprrespond-
ing Grget Galue, @nd ¢ § Ghe Gumber Of Gaining Gamples.
The @aining @rocedure § @rmulated @s @n Gptimization @roblem: g

0= = argmingLyaa(0 | .x,u™/), 2

where @ genoted gll Gainable @arameters gf ghe getwork, gnd Gk, u</
represents the @ull Gaining @ataset. @ptimization @lgorithms guch gs g
stochastic @radient @escent@SGD), @dam, @r @uasi-Newton @nethods g
like g-BFGSgre gsed @ Golve this groblem @fficiently ¢30,31]. Jrain-
ing Gontinues gntil ¢he Ghodel Geachesg Garameter Gonfiguration €hat g
achieves gatisfactory @erformance, @pically @alidated gn gn @hdepen-
dent dataset.

The @sulting Gained ghodel Gan Be Gxpressedds:
U.x,u<; 0/,

where g e e gput Batures, G Ghe Khown Gutputs, ghd glje Barned g
network Qarameters. O Ghis Gurely Gata-driven @rmulation, the ghodel g
infers @e fnctional @lationship gplely Pom Ye Gailable @hta, @ithout g
incorporating ghysical gonstraints @r governing gquations.

To @nsure @patial gelevance th @hysical @ystems@uch @s the CFDJQ
simulations, e Grining ge ¢ften €valuated & @jscrete ghatial igcations g
known @s Epllocation Points, @hich Ghay Be §fructured @.g. grid Based)g
or gnstructured. th @ata-driven @eural getworks these goints gerve gs g
anchors @here ¢he @hss Gunction @ gomputed. Jhe Gata Gss, gefined g
over @ollocation @oints, & given @y Gq. 0. §linimizing €his Gss gn-
ables the @etwork @ @arn g @unction Chat gccurately ghterpolates @r g
generalizesflom @he Gaining Qata.

From g@umerical §fandpoint, Gaining @as Performed 6h g YVIDIA g
H100 GPUgking @ini-batch gfochastic gradient @escentiy) ¢ombination g
with ¢he @dam gnd g-BFGSg@ptimizers. gor the Jataset gizesgonsid-
ered @see Gection @), g Qpical Gaining @un Gith 15 @idden Giyers g
required gpveral Bpurs ¢f @all-clock Gme ©§ i@arn Be patial gind gheed
profiles gcross@orizontal glices. th gomparison, gach gnderlying GFDQ
simulation @quired geveral gPU-hours@er fipw Eonfiguration. The §r-
rogate @hodel Gherefore Offers g Gubstantial @duction G Gomputational g
effort, @nd @nce Gained, @ Grovides Geal-time @redictions, @nabling g
efficient €xploration 6f igrge @esign §hacesghd igng-term gind @source g
scenarios

4. Results

Multiple @etworks @ere Gained @llowing €he GFCNN@rchitecture g
outlined @h Gection §. Gach getwork @as Gained @n different gubsetsg
of he data gefined th Gection @ @ Garn ¢he gertical gnd Gorizontal g
wind §peedgyofiles. The igput Gple vind @rection, @rest Bight, G, y/
collocation @oints] Ghaps the GFD Generated @ind Speed® Meir Gorre-
sponding gurrogate @redictions @r gach @aining Gubset. Jhe Gomplete g
dataset €pnsists6f gre-computed QFD@sults f§r 86 @ind dfrections ghd g
five @rest ganopy Beights. Besults@om Garious BANS-basedgurrogate g
models @r Qertical gnd Gorizontal @ind gpeeds@rofiles @re Qresented, g
along @ith @uantitative €ror €stimates@at €hable g€pnsitivity ghalysis J
across@he gaining gubsets.@he @rst Gvo Gurrogates Gere Gained Gr g
the @gertical @ind gpeedg@rofiles, @hile the gemaining @Ghodels Ghcused g
on patially Garying forizontal @gind peedsat @ ub Beight of GOO Gh.
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OUTPUT LAYER

Compare to
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— Done

Adjust network parameters

Fig. 8§ @ §mple @ed @rward Cpnvolution Geural Getwork €pnfigured @ith Gnode Gput Byer, G Bjdden Byers @vith @ Ehd @ Godes Ger Gyer) Ghd GE§ngle Gpde J

output @yer.
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Fig. @. Qeft: Qifferent @etwork @rchitectures gsed @ @Gain GANS-surrogates.g
Right: Gelection 6f Ghe Gptimal Getwork @rchitecture Based Gn Ghean Equared J

error.

4.1. RANS-Algurrogate@r Gertical gind gpeedgrofiles

The @aining @ata get onsisted @f Pertical @ind gpeed@rofiles ge-
rived ffom gFD¢§mulations & @ur gpints Of iPterest @ithin Ge domain. g
As ghown th Gig. gdisection @), gertical @rofiles @ere Qreated @por Gé6 g
wind @tates gcrossprest ganopy geights gf §, g0, @5, g0, gnd @5 ¢, g
yielding g®tal of §80 ghique §mulation Epses.Pwo Separate Getworks g
are @ained: @ne @xcluding @ata @orresponding @ @ Gprest Geight @f g
15 @, @nd he Gther gxcluding Gata @r @ @rest Geight of @5 Gh.

Several §irrogate Getworks @gere @Gained ©r Both Gatasets@sing djf-
ferent getwork @rchitectures gsing @aried grchitectural @onfigurations g
differing © Gyer depth, Geuron Gount @nd Gctivation @inctions ¢Fig. 99
left). The @ptimal €pnfiguration @as @etermined Basedoh Ghe Ginimum J
mean @quared @rror QUSE) @chieved @n ¢he galidation @atasets.Jhe g
selected grchitecture, geferred @ gsJArch @", donsistsdf gine gidden g
layers @ith 0 @eurons @er Gayer gnd Qtilizes the gyperbolic gangent g
activation @inction @5 = tanh). ghis gonfiguration @chieved the @west g
MSE gcrossfoth Galidation €ets@nd @as gubsequently gdopted @r the g
RANS gurrogate @nalyses@r the @ertical @ind gpeed@gstimates.

To gvaluate ghodel Gerformance @r @ Giterpolation Gapability, Ghe g
trained @etwork @as galidated ggainst §FD-generated@rofiles @r the g
held-out @est Qase@ith @ Gprest eight gf @5 . gs ghown th Gig. ggg
the @etwork @redictions @losely @eproduce the GFD @ference @rofiles, g
with @pical @eviations gn the grder gf @.10" /. ghe gnodel Gompares g
well ggainst onventional ghterpolation @chniques @inear, Quadratic, g
and Qubic), @articularly @ @apturing the gonlinear @gertical gariations g
in gind §peed.gowever, @fscrepancies@mergeif) @gions Characterized g
by @mited @ariability @h ¢he Gaining gata g @nost gotably gt gigher g
elevation @vhere @vind @peed@ariations @re Gveak. Gt Ghese Geights, g

surrogate @xhibits the @ndency @ Gver-smooth Ghe Gsponse,nplying g
algarned lgjas @ward Epntinuity i§ Be Ghderlying @nction. This Behav-
ior ikely @pflects the Gombined Bfluence of Bigh dimensional Barning g
constraints gnd @hild @verfitting, gnderscoring he @nportance @f gata g
diversity @nd @presentativenessp gurrogate ghodel Gaining.

In Gontrast @ the @5 Gh Galidation Gase,gig. §@resents the GDNN g
predictions @r the Gst §cenario @ith @ @rest Geight 6f @5 @, gsed @ g
assesdhe @hodel's @xtrapolation @apability. he @DNN @rovides ¢a-
sonably gccurate gstimates Glative @ Sfandard gxtrapolation @ethods, g
confirming @ @ffectiveness@s @ gurrogate @r QGertical gind Epeedre-
diction @ @reviously gnseen@onditions. gowever, gonsistent @ith the g
15 @ Galidation @esults, §igns af @hild Gverfitting @ersist, gs the Gurro-
gate gxhibits §lightly @ver-smoothed @sponsest) Ggions Gharacterized g
by @w @ariability @ Ohe Gaining gata.

The @arning Of the Qertical @ind gpeedprofiles Grovides @ Gunda-
tion @r €ktending Ge @pproach © Borizontal Gind fiplds. B Ge Gllow-
ing @nalysis, the urrogate ghodels @re Gained gn @n gxpanded Gataset g
with gdditional gpatial(collocation) @pints, €apturing Greater Gariability g
in Ghe Ghput output Eelationships gnd gnabling the @rediction of Ghore g
complex @orizontal @ind @atterns. @his @rogression §emonstrates the g
scalability @hd @eneralizability ¢f the DDNN famework ©r @ind grofile g
modeling @cross@hultiple @imensions.

4.2. RANS-Algurrogatefr Gorizontal Gind gpeedgectionsgt Gub Beight

This §pection gresentsthe @sults Of Gata-driven urrogates® predict g
horizontal @ind §peedfiklds & Igub geight @00 @), Basedgh QFD-RANSQ
simulations. @hree @ifferent Qata @artitioning Gtrategies @ere gsed @ J
train Ghe Surrogates:

1. An g0 20 gystematic gplit gy @ind Qirection gnd @rest Geight,
where @Il gpatial @oints Gorresponding @ § Gpecific @ind girec-
tion gnd @rest Beight ge @hntirely gssigned® jther Ghe Gaining g
or @sting €et. Ghis Setup B Qetailed G Gection @.2.1.

2. An 8020 Gindom €plit By Spatial Points @r Gach @ind Grection g
and @rest geight, @ith gll Gombinations @hcluded G Goth Gets.g
Results@r this Gonfiguration @re @resented ) Gection @.2.2.

3. The domain @& eplit Gito Goarse, Gnd fhe-scale indows @ Gain g
networks @n Chultiple @esolutions. Ylore details @n this & dis-
cussed@® Gection@.2.3.

This @rst vo Etrategies @im @ gssesdhe Gurrogate's gbility @ @Gandle g
fill © e data Gaps, §ther Br GhseenCpmbinations Of PYput Parameters g
or gcomplete/missing Gpata. Ohe Guestion Ge Pvestigate i§ Ghether Ghe g
surrogate @ gensitive @ the gystematic/random @plit ¢r ¢he Gaining g
dataset? Gections@.2.1 and 4.2.2 dorrespond @ Ghis gssessmentJhe g
third §jrategy @vestigates Ghe gurrogates gpility @ Gandle Gaining Gata g
on Qultiple grales,§milar © Eubgrid-approach Gat g pmmonly Gsed g
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Fig. 9 ODNN 6ptimates 6f @ertical @ind Epeed fyofiles @lenoted By GILP) & Gee Beight 06 6 @r @ind Grections @6°, O35°, @5°, Ghd @15°, Cpmpared Gpainst J
CFD @sults @hd §andard Dterpolated @yofiles @near, Guadratic, Gubic) @hd Gfdinary @ast §huares pgression.

State = 4 - POI 0 - TREEH = 25 State = 13 - POI 0 - TREEH = 25

State = 22 - POI 0 - TREEH = 25 State = 31 - POI 0 - TREEH = 25

— original — original
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== Quadratic == Quadratic
- Linear i --- Linear i
- MLP H - MLP H
-- oLs { --- ois i
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Fig. 8 ODNN @pstimates 6f @ertical @ind Epeed fyofiles @lenoted By GILP) & Gee Beight @6 6 @r @ind Grections @b°, O35°, @5°, Ghd G15°, Cpmpared Gpainst J
CFD @sults @hd fandard Extrapolated fyofiles (Jnear, Guadratic, Gubic) Gnhd Grdinary @ast Sfuares@gression.

in @FD, @here @ne-scale gimulations gre gnly gerformed @n gelectedg
windows @ @ Grger Gomain.

For gl gkenarios,he BFCNN@gchitecture f§atured g @put @yer &c-
cepting gfgature gector pmprising gpatial goordinates, gind @frection, g
and @rest Beight.

Similar @ @.1, @everal Gurrogates §ere Gained ¢r Goth Gaining g
data gsing Qifferent @etwork @rchitectures @ased@n @aried Giyer-node g
configurations ghd gctivation fiinctions, & shown @ Gg. 9dbhe gptimal g
network @onfiguration @h goth Qases@as Gelected Gased@n the hean g
squared grror, shown @ 8ig. 0.

Although @-BFGS@k @videly @ecognized @s @ gobust Gecond-order g
optimizer, I gxhibited Gubstantially @nger @er-epoch Gaining Gmes & g
our €xperiments. gdditionally, §ince -BFGS@quires the @il Gataset® J
compute Gradients @t gach feration, Ghodels @ith Gve gnd §evenlyers g

exceeded@emory @mits, €ndering @ gnsuitable @r geeper grchitec-
tures, g @ast @r Ge Buge Gaining Gataset Epnsidered P Gectionsg2.1
and 4.2.2. gowever, § Ghe Gaining §pme Of Surrogates® Gection y2.3 g
where @raining @atasets@re ot Go targe, Qve Gave Used Ghe GBFGSQ
optimizer.

Among Ghe @ested gonfigurations, §odel @rchitecture G @rovided g
the Best Balance Between @aining Gme @nd Ghean fpuared grror MSE) g
reduction. @he getwork gomprised Gve @idden Gyers @ith @128, @4, 0
128, @4, 28] @eurons gnd Ganh gctivation @inction. Jhe gutput Gryer g
contained @ @ingle Geuron @redicting ¢he @ind Gpeed.Jraining Qas g
performed @sing Ghe YISE thss Gunction gnd @ptimized Gith g Gdam g
optimizer @ith @@arning Gite 6f U103 . Podels Gere Gained §r ¢p ©® g
1000 gpochsgith €heckpoints gvery O0 €pochst® Ghonitor Epnvergence g
and Qrevent Qverfitting. @ Batch gze §f G40 amples@as gsed, gnd @l g
computations @ere gxecuted gn gn §VIDIA 100 GPU.
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Arch | Layers Nodes Activation | Optimizer Mean Time per

function o Squared Error | Epoch (s)
1 3 128, 64, 128 tanh Adam 0.1319 6.956
2 3 128, 64, 128 tanh LBFGS 0.1390 9.153
3 5 [128, 64, 128, 64, 128] tanh Adam 0.1168 2.822
4 7 [128, 64, 128, 64, 128, 64, 128] tanh Adam 0.200 6.425
5 5 128, 64, 128, 64, 128 sigmoid Adam 0.2200 22.468
6 5 128, 64, 128, 64, 128 ReLU Adam 0.1130 16.893

Fig. § Qomparison 6f Gfferent Getwork Epnfigurations Ghd Gptimizers @r Borizontal @ind @elocity.

05 MSE by Model Architecture

Training Time per Epoch by Model Architecture

0.4 1

0.3 4

MSE

0.2 4

0.1

0.0 -

Time (s)

Fig. 0. @omparison 6f Gffferent Ghodel Gchitectures Based Gh Bjean Shuared gror GMSE) Ghd Gaining Gme @r Gaining Ge GFCNN Betwork.

Ground truth - CFD

Predicted - NN

Error
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= ]
G 3
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Max Error: 0.

Fig. 1. @FD gmulation @sults Jeft) Gompared Ggainst Gredicted Gstimates @niddle) @ong @ith Glative Grors Qight). Gurrogate Gstimates @r @rest Geight §

15 @), gind Grection g @O5°.

4.2.1. @l gurrogate@s gh @terpolator Betweendffferent @ind @frectionsghd g
forestBeights

This @etup @ere @ims @ @ssesdthe Gurrogate's @bility @ @hterpo-
late @etween @inseen @ombinations @f Ghput Garameters. Gor Gesults g
discussedth Gections@.2.1 and 4.2.2, the Gaining dataset gomprised g
of gpproximately @.2 @illion @alues, gonsisting @f gollocation @oints g
distributed @cross@he gorizontal Gomain, @rest geights, gnd @ind gi-
rections. The @st @ataset pntained ground 80,000 shmples,ick. Gughly g
20% df the @aining Gize. Jhis @ain test plit Gas Gonsistently @pplied g
across@ll @ariations @ @nsure Ghodel gerformance @as gvaluated gn g 9
diverse gnd gufficiently Grge st get.

The @aining gnd @sting Gatasetsgre Grmed Gy §plitting the GFD-
simulated @ind filds IBased@h @ind @jrection ghd Grest €anopy Beight. g
The @aining €et gxcluded the @rofiles Gorresponding @ g Grest Geight g
of d5 @h @nd Qvind directions @f g5°, 435°, @25°, @nd 315°, @Ghile g
the @emaining gases@ere @sed @pr Gaining €he Gurrogate. Fach gata g
sample Gontains @ind Epeedalues gt gll Gpatial Gollocation @oints Gr g
a Particular @ind @irection @nd @rest Geight.

Figs. @@ and 12 @ustrate @he gurrogate ghodel's @redictive @erfor-
mance @n @vo @st Gasesthat Gere Gxcluded om Ghe Gaining Eet. Hor g
the @vo @epresentative Gonfigurations @ith @ifferent Grest Geight gnd g
wind @jrections, the predicted @ind §peeds@re §noother than Ghe Gnesg
computed @sing Bhe GFD ptup. §onetheless, e Getwork §eems® Bave g
learned gppttern e Gverall Thw Gynamics ig Gcovered. The @lative g
errors §hown @ gig. U8 Suggestthat Bhe Bighest grors Gre Ypically Gc-
curring @ Gegions @ith §feep @elocity @radients. Ohe Surrogate gxhibits g
weaker @erformance gt these @cations, @ith g haximum geviation ¢f g
about @5%.

The @mpirical @jstribution ©f @lative €rors [§r Ghe Gvo ChsesBas@n g
almost gero Ghean ¢ 0.010 ghd §0.005 Gspectively) ghd ffandard gevi-
ations 0f §.0563 @nd 0.0547. Qverall, the Getwork @stimates e @ithin g
a @5% @rror Ghargin @r @B Gtandard @eviations. Gome @rrors ¢h the g
15% 25% @hange @lso Gcceur, Gut Gith g Gery @w @robability. fotably, g
the @etwork @nds @ Gesult Greaker @stimates ¢h Gegions @reviously g
identified @sBaving Bigher gind §peedgriability Gue ® Garying rest g
heights, @s @eported ¢h §20] g though his @bservation @Gtill Gequires g
validation.
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Fig. 3. Gmpirical Gfstribution Qhistogram) 6f Glative €rors @r Ge Qvo Epnfigurations.

4.2.2. @l gurrogate@r Oifill @t Goatial Gcations@ithin g Givengcenario

In Ghis Gection, Ghe Gata gsed @ Gain Ghe Getwork @ istributed g
differently @om ¢€hat @iscussed@arlier Gh Gection @.2.1. Fhe Gurrogate g
model gere @ Gained gsing g §0% 20% @Eandom Gplit gpplied gcrossg
spatial gpllocation goints @r gach @rest Geight-wind @irection Gase,@sJ
shown @ Big. 0g The fipure §hows pow e gpatial Goints e Gindomly g
divided Between Ghe Gaining @nd Gsting Gatasets@r the gpecific Gori-
zontal ¢ross€ection @t 000 ) Bub Beight ©r g@ind Grection 225° ghd g
a @rest feight 0 6.

This Getup @5 Gised @o @valuate Ghe Gurrogate @nodel's Gbility @o g
perform @ gpatial ghfill, ge. @ @Gccurately @redict ind gpeed@alues g
at gnseen@patial @cations @ithin g given gcenario ¢.e. g @xed gom-
bination @f @ind girection gnd @rest Geight). Gy Golding the gcenario g
parameters @onstant, ¢he Gurrogate @ Gested €or @s Gapacity @ gen-
eralize @ver ¢he gpatial @omain. Guch @n @pproach ghimics @ractical g
use Qases@here @heasurements@f imulations gre gvailable gnly gt g g
specific §pt 6f lYcations hd @liable €stimates e Geeded @ ther §patial g
resolutions.

The @etwork @stimates @re @ompared @gainst Ghe @CFD-generatedg
wind gpeeds@r g @rest Geight of g0 G @nd g Gind Girection g25°, gsg
shown O Gig. g8. Qverall, the Gurrogate Gaptures the gnderlying @ind g
field @ell, @emonstrating good ggreement @ith the GFD @esults gcrossg
most patial @cations.

Similar © e Surrogate €stimates @jscussedi®) Hection g2.1, Certain g
limitations @ye @pserved, frimarily i@ Ge Grm ©f §ight Gver-smoothing g
in @egions Ghere the GFD Golution @xhibits gharp gradients gr Gighly g
localized @gffects, §uch gs Gake gones@ehind Grest §dges@r Gomplex g
terrain @atures. Jhese @gions gre Ghherently ghallenging gue @ @ow g
separation @nd @urbulence, @naking @ d@lifficult dor @Ghe Gurrogate Go g
capture @ne-scale @Gariations @ccurately.

Despite @hese @hallenges, @nost @redicted @vind GpeedFalues Je J
within @3 gtandard @eviations @f the Ghean (Fero-centered) @nd @ithin g
a Gelative grror €ange Of @pproximately @5% 16%, Gpdicating Ghat the g
model gchieves @easonably gccurate gstimates gcrossthe §omain. Jhe g

regions ghowing €Jrors €kceeding 06% Bjghlight &eas@here gdditional g
model @finement @r @calized Gorrection @trategies Ghay ge Qeneficial g
(seegig. g9).

A guestion @e @sked Qurselves, Bowever, § Ghether §urrogates gan g
be gained @cross@uultiple gpatial §cales using Hcalized Gindows gn-
riched @ith gdditional @aining Gata @ gnhance their gbility @ @solve g
fine-scale @ynamics. §ome@itial @sults Gh Surrogates Cpnstructed ffom g
multi-resolution @atasets@re @iscussed® e @llowing Eection.

4.2.3. @l gurrogate@r getworks@ained Gn Gultiple Gcaled@ataset

This gection Ghvestigates the goncept gf Gnulti-scale Getwork @ain-
ing @ @nhance Ghe @eneralization @apability @f Gurrogate €hodels ¢r g
larger gpatial Gomains. Gy uch Gases,Gnly Gnited Subdomains Gontain g
fully @esolved @ind felds gbtained flom BANS-CFDgmulations, @hile g
the @emainder @f Ghe omain @6 Gepresented @y Goarser ind Gpeedd
profiles gue @ @omputational @onstraints. ¢h ¢he @revious @ases,the g
networks @ere Gained @xclusively gn @ind @peeddata @ith g G0 ¢h g
grid @esolution, ge. ¢he Pnest Gcale @t Grhich RANS-CFDgimulations g
were @erformed, Ghus Gepresenting Gully @esolved @nodels. Glere, Gve g
extend Gyis goproach By Gaining Getworks gsing only Ge [lly @solved g
wind @elds @vailable @ithin gmaller ubdomains, @iming @ @ansfer g
the @parned @epresentations @ Groader, @pss-resolved@egions @f Ghe g
domain. Jhe Gentral Question @e @ddress®: Gan Gulti-scale feld data g
be €ffectively ¢pmbined © @0eural Getwork © geld 8ccurate fihe-scale g
predictions gcrossthe Gomain?

Fig. g glustrates @he Getup Gor @ Gorizontal Glice Gorresponding g
to @ind @irection @95° gnd Gprest Geight @5 Gh. Jhe Gft Ganel §hows g
the Qoarse@ind @eld gcrossthe gntire §omain, Ghile @gigh-resolution g
wind @jelds @re @vailable @nly @vithin @ @ew (pcalized Qvindows. Jo g
reconstruct @ine-scale @ow @elds, Qifferent @aining Gtrategies gre gm-
ployed @sing @arious @eural Getwork @onfigurations: @1) @& Getwork g
trained @xclusively @n goarse-resolution @ata ¢Fig. g, Geft); @) ur g
independent @etworks Gained 6h Bpth ¢parseghd he-scale @ata @ithin g
localized gubdomains; @nd (B) @ §jngle Getwork Gained gn @ gombined g
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Testing data density
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Wind Speed [m/s]

Fig. 04. Gpatial Epllocation Gpint Gensity @r @ Bporizontal Goss Eection & Bub Beight GO0 6 @r @ind Grection G25° @hd Grest Beight @0 6. Ceft: §0% Gaining J

data; gight: @0% @sting Gata.

Ground truth - CFD Predicted - NN Error

Wind Speed [m/s]

Wind Speed [m/s]
Relative Error [%]

Fig. 05. Ueft: JFD @ind Epeed fld; Giddle: JDNN @fediction; Bight: Gelative §ror @ 1 €fale).
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Fig. 6. Gmpirical Gfstribution Qhistogram) 6f Glative €rors @r Surrogate Gained 6  Gindom 60 20 €plit 6f Gaining Ghata.

dataset @omprising @oarse-resolution @ata @nd Gigh-resolution @elds g
from gelected ubdomains @Fig. g0). B Ghe Gpird gpproach, the Getwork g
is @rained @n @ Ghulti-scale @ataset @onsisting @f 36,000 @ollocation g
points @om @he Qoarsefeld @nd g00,000 @Gollocation @oints lom Gach g
high-resolution gubdomain. gl gind @rections ghd Prest Beights Gere g
included ® Ghe Gaining Qataset.

Given the @latively gmall §ze af the Qatasetsgsed @r Gaining the g
independent ¢parse-scaleghd fihe-scale Getworks, the OBFGSQEptimizer g
was gmployed. owever, §hen the Goarse gnd fihe Gatasets@ere om-
bined © Gain g¢§ngle Getwork Gver Bhe entire Gomain, Ge Gata Glume g
increased Gubstantially, @eading @o @Gnemory (mitations Ghat Gausedg

LBFGS® @il. th this gase, the @dam gptimizer Gas gdopted Gystead. g
The @orresponding ghean gquared @rror QMSE) Galues @nd @ctivation g
functions gsed{gr €ach Ghodel Epnfiguration ge §hmmarized i§ Gg. U8
Fig. @g ghows the @redicted @utputs §om Che Three getworks. @s g
expected, the Getwork Gained Golely @n goarse-resolution gata @eft) g
fails @ Gapture @ne-scale Gatures, gs Guch getails Gere got Gresent & g
the Gaining @pataset. The §econdase@niddle), @volving Pdependently g
trained @oarse @nd @ne-scale Getworks, @roduces @ccurate @stimates g
within @he Q@pcalized @vindows @vhere Gine-scale @ata Qvas Gvailable. g
Notably, ¢he @hulti-scale getwork @ight), Gained @n goth goarsegnd g
fine-resolution @ata, @elivers @mproved @redictions Got @nly @vithin g
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Fig. 7. WUeft @ Gght: Yraining Gata prresponding @ @w-resolution Eparse Efale Gata Ghd Bigh-resolution Gata Githin Gher §ubdomains.

Model Optimizer MSE
Coarse LBFGS 0.085
Fine 1 LBFGS 0.068
Fine 2 LBFGS 0.086
Fine 3 LBFGS 0.064
Fine and Coarse Combined Adam 0.041

Fig. U8. MISE Ghlues @r Gfferent Eurrogates Gsing Greh g Gg. 99

the @ne-scale gegions @ut glso Gh greasYhere go @ne-resolution Gata g
was gsed during @aining, @hdicating @etter @eneralization gcrossthe g
domain.

The @elative grror @rofiles Gorresponding @ the Giree getworks @re g
shown @h @Fig. gO, Gvhich @isplays Ghe Ghferred @redictions @n dne-
grid @om @gach @hodel. Jogether Gith the grror Gistograms G gig. g0, g
these @esults @how Ghat Ghe @ombined @Gnulti-resolution Getwork Got g
only @xhibited gmoother gnd €nore gtable Gaining @ut glso @roduced g
more @ccurate @redictions. Jhe grrors @re Ghore Gghtly @istributed gnd g
centered @round @ @hean @lose @ Jero, @hdicating Geduced @ias @nd g
improved @verall gerformance.

4.3. Miscussion

Basedon the presented @sults, the Performance Of Ghe BANS Surro-
gate ghodels fPr gind §peed@stimation g only Garginally @fluenced By g
the gariability i® Ge @stribution ©f Pput output ERirs Githin Ge Gain-
ing Gata, &t Bast r the §ngle-scaleCpses.Mstead, Predictive @ccuracy g
is @redominantly governed @y the getwork grchitecture. Gomparisonsg
across@rchitectures @eveal that the gumber gf Gyers gnd geurons @er g
layer @lay @ decisive @ple, @hereas the ghoice @f gctivation @unction g
(ReLU @r Ginh) Bad Gegligible @npact gn Ghodel Gerformance.

Fig. g@ @lustrates ghe @onvergence @f Ghe @pss @unction dor Ghe g
tanh gctivation @cross@ll Benchmarks. gor @ertical @ind @rofiles, gon-
vergence @eached gpproximately @.10"/, @hile @r gorizontal glices,d
this @vel @as gttained Gnly @Gy the gingle-scale @etworks. Jhe Gybrid-
scale gpproach gerformed glightly @etter gut gid got gchieve .10/
in gny @ase.Jhis @mited @onvergence §uggeststhat Girther gnprove-
ments gould ge @ealized @y @nriching ¢he thput Grature gpacegnd/or g
embedding @hysical gonstraints Gito @he @ss Grmulation.

The @ght @anel gf §ig. gg gompares the gonvergence gehavior gf g
networks @ained ghdependently @n @ne-scale, goarse-scale,gnd gom-
bined @nulti-scale @ata. Jhe gnhulti-scale Gnodel @mployed Ghe Ghdam g
optimizer, Ghile Ghe §ngle-scalefetworks Gsed OBFGS.This @fstinction g
notably gffected Gaining @ynamics ghd gonvergence, Ghderscoring Ghat g
optimizer @election @onstitutes @ @ritical @esign Gactor Gather Ghan @ g
mere nplementation detail.

In derms @f @redictive @erformance, @he Gingle-scale Gurrogates g
achieved @vind @peed@stimates @ithin 5% Gelative @rror @t @ 99% g
confidence @vel, @emonstrating gtrong Celiability r @ractical gppli-
cations. Jhe gpulti-scale ghodel gxhibited @B8igher grror ghargin of 85% g
but ¢ffers greater fipxibility. Hotably, Be Gurrent @ssinction GoesGot g
incorporate physical €ponstraints; @tegrating §ch @rms ghay Be Gucial g

for gmproving Qnodel gobustness. Moreover, Ghe @resent Gurrogates g
were @rained @ising @nly @vind @lirection @Gnd @orest Geight, @vithout g
accounting @pr @errain @haracteristics ¢e.g., glope, urface @ughness) g
or Ghermal @tratification @arameters. @his gmission lkely @mits Cheir g
adaptability ® €mplex O §feep@rrains. Buture gork should therefore g
focus @n @efining Ghe Getwork @rchitecture, Ghvestigating Gybrid @r g
adaptive @ctivation @unctions, @nd @nriching the hput Geature gpaced
with @hysically heaningful @ariables @ gnhance generalization gnder g
diverse flow Gonditions.

5. @onclusion

This §fudy @emonstrated the asibility of gsing §mple pedforward g
neural @etworks @s @ata-driven @urrogates ¢ @pproximate Geynolds-
Averaged Bavier Stokes (RANS) §plutions r gind @source @ssessmenyg
in @orested Gind @omplex Gerrain. QNumerical QRANS Golutions @ener-
ated @ith the @penFOAM-basedIWind @polchain @r garying Gprest g
heights gnd @ind @irections gerved gs the Gaining Qata ¢r Gurrogate g
development.

The gurrogates @ained @n @ertical @ind @rofiles gccurately gpro-
duced gnseen Gombinations Gf @rest Geight gnd @ind @irection, Ghain-
taining @rrors @ithin .10/, thereby Gonfirming Gheir §rong gxirapo-
lation Gapability. @ €ystematic ensitivity etudy Gevealed that getwork g
depth gnd @idth @redominantly governed g¢hodel gccuracy, @hile the g
choice @f @ctivation @inction ganh gr BelLU) Bad Gegligible Gpfluence.

For gorizontal @ind @peed@redictions, gurrogates Gained @n dif-
ferent @ata-splitting §frategies gxhibited Gomparable gerformance, §ug-
gesting Ghat Ghput output @iversity @ithin Ghe Graining gata @lays @ g
greater gple ¢han the @recise ghoice gf gistribution. Jhe @xtension @ g
multi-scale @aining @emonstrated Ghat @ombining @oarse-@nd Gne-
resolution @ata @nproved @oth @ccuracy gnd Qeneralization gcrossthe g
domain. @hile Goarse getworks Gicked @cal Qetail gnd @ne-scale Get-
works @verfitted @calized gegions, the Gombined Gulti-scale Gurrogate g
provided @alanced @erformance, @naintaining @elative @rrors @vithin g
15% @t g §9% @gonfidence @vel. Fhese gesults gighlight @he @otential g
of Ghtegrating @nulti-resolution @latasets, @otentially Gpanning @nulti-
fidelity @ANS@nd gESgimulations, @ gonstruct €bust, §omain-wide g
surrogates @r gnvironmental fow @odeling.

Despite their §romising gccuracy gnd @fficiency, ¢he @urrent gur-
rogates @nd @ gver-smooth @gions gf gtrong Yake @ffects gnd Gcal g
flow geparation. @eformulating Ghe g@roblem @s g Guper-resolution Gisk g
may Belp Gcover ther-scale @pw §ructures. Burthermore, Ghe gxisting g
loss @unction Gicks @hysical gonstraints; gmbedding §uch @rms gould g
enhance ghodel gdaptability, @articularly gnder gxtreme @r @reviously g
unseen @onditions. GHowever, Gince Ghe @raining @ata G Ghis Gtudy g
originated flom g¢§jngle physical Biodel (RANS), the Gosencedf explicit J
physical @gularization @jd gpt lgad © Qstability. Bor fYture Gulti-scale g
or gulti-fidelity ameworks Gat Gtegrate Gatasetsfom dffferent ghys-
ical Gpgimes @.g., BANS@nd QES), Bicorporating physics-informed ©ss g
formulations @ill 8e Grucial @ gnsure Gonsistency @nd generalization.

The @resent Gurrogates @vere @rained @ising @nly @vind @irection g
and @prest Geight gs Ghputs. Gxpanding the Geature pace@ @hclude g
terrain Characteristics @.g., §ope, $hrface @ughness) ghd hermal §rat-
ification @arameters @ @xpected @ @nhance @daptability @ @omplex g
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Fig. 09. @redicted Qutputs Gom Btworks Gained Hdependently Bh Eparse-resolution, Ghe-resolution, ghd Bybrid Gjulti-resolution @Gatasets.

Predicted

1

Wind speed [m/s]
Wind speed [m/s)
Wind speed [m/s]

Error

0.8

0.

Relative Error
Y
Relative Error
Relative Error

o.

S

0.2

Min Error: 0.00
Max Error: 1.18

Min Er .00
Max Error: 0.68
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Fig. 2. Relative §ror @stributions ©r @) Be §ngle-scale Getwork Gained Gh Eparse-scalefpta @eft), @) Gree Ghe-scale Ghd Ghe Eparse-scaleetworks Gained J
independently @niddle), @hd () Ghe Gulti-scale Betwork Gained Gh Both Eparse-@nd Ghe-scale Gata (ight).

Vertical profiles Horizontal slices - single fidelity Horizontal slices - single and multi fidelity
—— data excluding forest height 15m —— 80-20 data split —— Fine(center) - LBFGS
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Fig. &2. Mlean quared Grrors G. Gpoch @r Ge Gained Betwork Gsing Ge Gnh Gctivation @inction.

topographies. g’he @onducted @rror Gnalysis @rovides @onfidence Gh g From g Practical §fandpoint, gl-based BANS glrrogates how §frong g
extending Ghis @pproach @ith gdditional Biput Gatures Ghile Getaining § potential @ Gduce Gomputational gosts Gh @ind €source gssessmentg
the gmplicity Of Ghe Gedforward @Geural Getwork @rchitecture. Their Ghtegration @hto GCFD Qvorkflows, Gs @roviders @f Gigh-quality g
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initial @uesses@ould Gignificantly Giccelerate @onvergence @f GRANSQ
or gESdolvers. Guture Gork @ill ¢cus gn guantifying ¢his @ccelera-
tion gnd gxtending gurrogate Gapabilities @ @ariable gub @eights gnd g
site gonfigurations. Jltimately, §uch gurrogates €ould gnable gpal-time, g
high-resolution, @nd @ite-specific @ind @nodeling, @treamlining @ind-
farm design @orkflows @nd gupporting data-driven @ecision-making gt g
scale.

CRediT @uthorship Gontribution §tatement

Z. Qakdawala: @/riting g @view § €diting, @riting goriginal graft, g
Validation, Gupervision, Goftware, @roject @dministration, lethodol-
ogy, Bvestigation, Bormal @nalysis, onceptualization. . W. Nadeem:
Visualization, goftware. §. Bassem: W/riting g Gview § gditing.

Declaration 6f Gompeting thterest

The @uthors @eclare @Ghat they Gave §o Gnown @ompeting Gnan-
cial ghterests @r @ersonal @elationships ¢hat Gould Gave @ppeared@ g
influence Ghe @ork @ported B Ghis Gaper.

Data @vailability

Data @ill Be Ghade @vailable gn @Gquest.
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