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Abstract.
The Weather -Research and Forecasting (WRF) model inetudes-offers a multitude of physics parameterizations to aceeuntfor

analyze the different atmospheric processes and dynamics that are observed in the Earth’s atmosphere. However, the suitabilit
of a WRF model setup is known to be highly sensitive to the type of weather phenomena and the type and combination of
hysics parameterizations. A multi-event sensitivity analysis is conducted in-erder-to-identify-the-optimal-WRE-physies-set-up

edto identify general trends and suitable
WRE physics setups for 3 extreme weather events identified to be potentially harmful for the operation and maintenance of
wind farms located in the Belgian offshore concession zone. The events considered are Storm Ciara on 10 February 2020,
a low-pressure system on 24 December 2020, and a trough passage on 27 June 2020. 12 WREF simulations per event are

erformed to study the effect of the update interval of lateral boundary conditions and different combinations of physics

PBL, cumulus, and microphysics). Specifically, the update interval of ERAS lateral boundary conditions is

arameterizations

varied between hourly and 3-hourly. Physics parameterizations eonsidered-in-this-study-ineladetwo-are varied between 3 PBL
schemes (MYNNZ:5-MYNN, scale-aware Shin-Hong, and scale-aware Shin-HengPBL);four-Zhang), 4 cumulus schemes
(Kain-Fritsch, GreH-Devenyi;—and-Grell-Dévényi, scale-aware Grell-Freitas, and multi-scale Kain-Fritsch;)and-three-), and

3 microphysics schemes (WSMS5, Thompson, and Morrison)eeupled-with-two-geospatial-configurationsfor- WRFE-simulation

mans- 4 no\WRE -
<)
D

IaddittenSEADA-data-on-. The simulated wind direction and wind speed are compared qualitatively and quantitatively (usin
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MAE) to operational SCADA data. Overall, a definitive best-case setup common to all three events is not identified in this

study. For wind direction and wind speed

m—aeeufdey—wheﬂ—be&r the best-case setups are identified to employ scale-aware Gﬂﬂ;ﬂ;ﬂﬂﬁ—dﬂd—PBI:—pﬁfdﬂiefeﬂ-Zdﬁﬁﬂs—dfe—Hsed

es-PBL. schemes. These are most

often driven by hourly update intervals of lateral boundary conditions as opposed to 3-hourly, although it is only in the case
of storm Ciara that significant differences are observed. Scale-aware cumulus schemes are identified to produce better results
when combined with scale-aware PBL schemes, specifically for Storm Ciara and the trough passage cases. However, for the
low-pressure system case this trend is not observed. No clear trend in utilizing higher-order microphysics parameterization
considering the combinations of WRF setups in this study is found in all cases. Overall, the combination of PBL, cumulus, and
microphysics schemes is found to be highly sensitive to the type of extreme weather event. Qualitatively, precipitation fields
are found to be highly sensitive to model setup and the type of weather phenomena.

1 Introduction

Extreme weather phenomena such as low-level jets, sudden-fast changes in wind direction, extreme wind shear (Kalverla et al.,
2017; Aird et al., 2021), wind ramps (Gallego-Castillo et al., 2015), and storms (Solari, 2020) are capable of causing severe
dynamic loading on wind turbine-eemponents-turbines (Negro et al., 2014; AbuGazia et al., 2020; Chi et al., 2020). Further-
more, precipitation associated to-with these phenomena can lead to early blade degradation through leading-edge erosion (Law
and Koutsos, 2020). As such, these extreme-weatherevents-Extreme Weather Events (EWE) play a significant role in the
wind-turbine—s-wind turbine operational lifetime and must be considered at the design stage to ensure that-ultimate-loads-are

v-safe estimates of ultimate and fatigue loading.
Such events may also cause sudden changes in power production leading to grid imbalance and economic losses. Acenrate

Therefore, accurate modeling and forecasting of such EWE is-hence-erucial-to-tackle-these-challenges-in-view-of current-and
future-expanston—of-both-are crucial for the operation of onshore and offshore wind eﬂefgy—Ntmeﬁea}wveaﬁie%pfeéteﬁeﬂ

farms. Typically, Numerical Weather Prediction (NWP) models provi

NWP-eodes;-the-open-source-Weather-are utilized to identify, study, and analyze such extreme weather phenomena. Recent
developments in NWP models pave the way towards high resolution weather forecasts, thus enabling operational use for wind
energy applications (Dudhia, 2014; Bauer et al., 2015). This study utilizes the public domain Weather Research and Fore-
casting - Advanced Research WRF (WRF-ARW) model developed by NCAR/NOAA(?)-is-commonty-used-for-its-ability-to
. The WRF model represents a multitude of atmospheric processes and dynamics of-the-atmesphere-such as the distribution
of fluxes within the planetary-boundary-tayer-Planetary Boundary Layer (PBL), the determination of cloud ensembles and
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hydrometeor species. Therein, an array of physics parameterlzatmns and options-are-avatlablein- WRF-torepresent the-infuenee

as-model parameters are available to adequately represent
a local weather system. Nonetheless, WRF simulations are found to be highly sensitive en-the-selection-of-these-sub-grid
WMMWW the location and the type of weather event, the-lateral-boundary

torrand the Lateral Boundary Conditions (LBC).
Sensitivity analyses are typically conducted to identify the 0pt1ma1 combination of physies-sehemes-inthe-eventof-aspecifie

type-of-weather-system-over-a-given—area-physics schemes for a specific location (see, e.g., Efstathiou et al. 2013; Santos-
Alamillos et al. 2013; Kala et al. 2015). Fo-date;-this-This type of investigation has not been performed everfor the Belgian

North Sea%%h&%—&nyprev&eﬁ%smdywﬁggygg%to the authors’ best knowledgelooked-athow-the-extreme-weather-event

this-challenge-by-eonsidering-, no previous studies have looked at potentially harmful EWE from a wind farm perspective as
experienced by the machines themselves. Therefore, this sensitivity analysis aims to address this gap in research. The analysis
resented in this paper assesses the impact of a wide range of ﬁeﬁe&ﬂgﬁhyﬁ%ﬁaﬂiﬂeﬁeﬂﬂﬁﬁﬂﬁmﬁrﬁ%}}fﬁﬂ

rd-physics parameterizations for PBL, cumulus and preeipitation
quantities—ofinterest-for-wind-farm-design—and-operation—microphysics, and length of the update interval of LBC on the
simulated wind direction and wind speed.

w-WRF physics parameterizations for PBL
cumulus, and microphysics comprise a multitude of large-scale and sub-grid scale modeling techniques;-. For PBL and cumulus

? AARAAAARARSARIRAAARAR

these are primarily divided into scale-aware and ren-seale-aware-non-scale-aware parameterizations. The scale-aware sehemes

promise-to-betterreproduce-parameterizations aim to better represent convective and turbulent mixing-effeets-in-fluxes at the

so-called gray-zonegray-zone resolutions, i.e.for-high-resolution-simulation-grids-, for refined horizontal grid spacings which
are on the verge of allowing explieithy-partial resolution of these effeets-fluxes rather than fully parameterizing them (Wyngaard,

2004; Hong and Dudhia, 2012). The s-following

paragraphs briefly discuss the state-of-the-art physics parameterizations of PBL, cumulus, and microphysics.

Concerning the parameterization of boundary-layer turbulence, traditional PBL schemes rely on the assumption of horizontal
homogeneity to redistribute surface fluxes vertically within the atmospheric boundary layer. However, for horizontal grid
spacings of around 1 km or finer, three-dimensional atmospheric turbulence becomes partially resolved. violating this basic
assumption employed by classical 1D PBL schemes. The gray-zone modeling challenge for PBL turbulence has led to the
development of scale-aware PBL schemes which partially resolve turbulent mixing at gray-zone resolutions as a function

of larger-seale-proeesses-and-conditions-byformulatingthe-the grid spacing. This work considers 3 PBL parameterizations:
the non-scale-aware 1D Mellor- Yamada-Nakanishi-Niino (MYNN) scheme, the scale-aware 1D Shin-Hong (SH) scheme, and

the scale-aware 3D Zhang scheme. The MYNN PBL scheme (Nakanishi and Niino, 2006) is a 1D turbulence kinetic ener;
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is a scale-aware 1D diagnostic non-local scheme representing non-local transport by large eddies in the atmospheric boundary.
layer. The SH PBL scheme modifies the YSU PBL scheme (Hong et al., 2006) for sub-kilometer transition scales by reducing
the strength of the non-local term with decreasing horizontal grid spacing, assuming gradual resolution of the largest eddies.
1980) to gray-zone resolutions, using partitioning functions derived from a reference large eddy simulation. While the SH PBL.
scheme has been found to outperform conventional PBL formulations for desert convective boundary layers (Xu et al., 2018)
and for the western Great Plains of the United States (Doubrawa and Munoz-Esparza, 2020), its interaction with cumulus and
microphysics options is yet to be tested for extreme weather in coastal environments featuring strong interaction between PBL.
and convective cumulus processes.

The cumulus parameterizations represent the ensemble effects of convective clouds with statistical effects of moist convec-
tion and convective rainfall within a grid-column—TFhese-grid column. Cumulus schemes are further divided into mass-flux
type and adjustment typeschemes. The mass-flux type schemes eonvert-aim to minimize the convective available potential
energy froma-single—grid-column—defined—in—WRF-within a grid column by translating it into compensating subsidence-
For-example;-, a combination of vertical advection, moisture, and temperature. The current work considers the Kain-Fritsch
(KF), the multi-scale Kain-Fritsch (msKF), the Grell-Dévényi 3D ensemble (GD-3D), and the scale-aware Grell-Freitas (GF

cumulus schemes, to evaluate the performance of WRF across the convective gray-zone. The KF cumulus scheme (Kain, 2004)
isa s imens ommonly used 1D mass-flux eamulus-type scheme that considers deep and shallow con-

vectionand-. The scheme includes hydrometeor detrainments from clouds, rain, ice, and snow. The scheme is designed to run
at herizontal-reselutions—eoarser—than—a horizontal grid spacing of 25 km —TFhe-multi-seale Kain-Fritseh-(msKFE ) ecumulus
parameterization-and coarser. The msKF cumulus scheme (Zheng et al., 2016) updates the original-KF-parameterization-by

i i KF cumulus scheme to convective gray-zone resolutions at horizontal grid
spacings of 10 km —The-Grel-Dévényi-3D-ensemble{and coarser. The GD-3D j-eumulus-parameterization-cumulus scheme

(Grell and Dévényi, 2002) relies on combining ensemble and data assimilation techniques to represent the local convec-
tion and provides mere-tunable-adjustable parameters for further calibration of the medel—TFhe-Grel-Frietas(GH eumulus
parameterization-scheme. The GF cumulus scheme (Grell and Freitas, 2014) is an adjustment type parameterization that
explores;redistribution-of redistributes compensating subsidence derived from GD-3D to neighbouring-neighboring grid cells
using distribution-funetions-a Gaussian distribution function and adapts the scale-aware parameterization-cloud representations
from Arakawa et al. (2011). The GF cumulus parameterization—was-scheme is designed and tested for a-horizontal-resolution
horizontal grid spacings of 5 km —Fhe-and coarser. A study by Jeworrek et al. (2019) highlights hew-erueial-the-choice-in

evaluate-the-performance-of- WRF-aeross-the-the importance of choosing an appropriate cumulus parameterization to accuratel
represent precipitation, particularly in the convective gray-zonetransition.
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Morrison double-moment 6-class scheme (Morrison et al., 2009). In this respect, Hong and Lim (2006) |IIustrated the ad-
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L|DAR observationsjndicating a strong sensitivity to PBL parameterizations and the spin-up peno@,mnslensmwty to
global reanaIyS|s and verticab
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systemon 24 Decembef020,andatroughpassagen 27 June2020.Theradardatapresentedhereinis notpublicly available,

Ameriea. StormCiaraoriginatedin the Atlantic Oceanmovingfrom the North Americancontinent(starting 3 February 2020)

to the European continent (16 February 2020). Storm Ciara swept across the majority of western Europe thelldiitgd
Kingdom and Norway, bringing in heavy precipitation and strong winds with a maximum recorded wind gust of 219 km h

at Cap Corse, Corsica, Frarc©ver Belgium, theRoyalMeteorslogicalnstitute—Belgium{RMI-B)-? reported wind gusts
of up to 115 km h! in Ostend, located at the Belgiaffshorecoast, withprecipitationaveraging28-mmin-few-heursheavy




(a) ObservedRADAR—re-ectivity—on—10
DepplerRADARocatednearthe Belgian

effsherecoastinJabbekeBelgium- (b) (c)
Figure 1. Observegbrecipitationratein.mmh * providedby.a C-bandDopplerradarlocatedin, Jabbekepn the Belgiangoast The starin
the plotsrepresentshe offshorewind farm.of interest.For the meteorologicakvents(a) StormCiaraon 10 February2020at 04:4QUTC.
(b).L-ow-pressurgsystemon 24 Decembe020at 02:00UTC. (c).Troughpassagen.27 June2020at 15:30UTC.
() (b) (©
Figure 2. Synopticmapsprovidedby RNMI. (a).StormCiaraon 10 February2020at06:00UTC. (b) Low-pressuresystemon 24 December
2020a100:00YTC. (c). Troughpassagen 27.Junez020at 18:00UTC.
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rainfall, An RMI-B s-for-brevity the time-stamradarsnapshot at 04:40TC is presented in Fig2?1a, illustrating the pres-

Figure 3. Precipitationobservedy the offshorewind farm plottedagainstlO-minaveragedvind direction(SCADA data).The highlighted
theperiodof interest,in green.at04:40UTC is observedo accompanyudderprecipitation.
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he al of opne ionaiving aa¥Wa AD
avahab of-operatiohna a-a ata 2

stermCiaraasfelt-bytheBelgian offshore wind farms

datarecorddastchangesn wind directionof 60 duringthishouraccompanietdy severgyaw misalignmengndprecipitation.

This sensitivity study considers theRF-ARW-\WRF model version 4.2.2 tetudythe caseof stormCiara;evaluatechgainst
ABA-ebservationdrom-the Belgian . simulatethe casestudiesdescribedn

operationalind farm SCADA datafor its

The vertical velocity damping option based thie Courant-Friedrichs—Lewy condition as implemented in WRF is also turned

time stepof 20 s is consideredor parentdomain
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domains in S|mulat|0|easest—7;yn§2z,_ 3, 5:,_:and:64. For the scale-aware cumulus models, this explicit deactivation is omitted,

as they were speci cally designed for operation on the verge of convection-permitting resolutions (Grell and Freitas, 2014;
Zheng et al., 2016; Huang et al., 2020) The impact of microphysics schemes WSM5, Thoamdforrison is illustrated
through pairs

12



setsof simulationsto judgethein.uence of avaried\WRF parameter.

Simulation | ERA5 LBC PBL Cumulus | Microphysics i:trjedrj: PBL | Cumulus | Microphysics
run# updates | scheme| scheme scheme pairs pairs pairs pairs
1 3h MYNN msKF WSM5 A
2 3h SH KF WSM5 B
3 1lh MYNN KF Thompson C
4 1lh MYNN msKF WSM5 A D
5 1lh SH KF WSM5 B F
6 1h SH KF Thompson C G !
7 1lh SH msKF WSM5 D F
8 1lh SH msKF Thompson G J
9 1lh SH msKF Morrison
10 1h SH GD-3D Morrison H
11 1lh SH GF Morrison
12 1lh Zhang GF Morrison E
13 Ensemble average
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ensembleaverages de ned asthe meanof all simulationruns consideredor a given casestudy. In_this study, ensemble

inJabbekeatthe BelgianNerth-Seacoast.gnsembleaveragds only causedby the variationin updateinterval of LBC and

i is-followin

to cover20%of therangebetweersmallestandlargestvaluesfor theconsiderednetric.In this way, resultsarecategorizegnto
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Simulation | ERA LBC PBL Cumulus | Microphysics | Wind direction | Wind speed | NED
run# updates | scheme| scheme scheme MAE (degrees)| MAE (ms 1) )
1 TR e
2 3h SH KF WSM5 8.48 2.57 1.51
3 1h MYNN KF Thompson 9.26 2.72 1.63
4 1h MYNN msKF WSM5 8.61 2.54 1.51
5 1h SH KF WSM5 7.68 2.47 141
6 1h SH KF Thompson 8.37 2.51 1.48
7 1h SH msKF WSM5 6.59
8 1h SH msKF Thompson 6.69
9 1h SH msKF Morrison 7.17
10 1h SH GD-3D Morrison
11 1h SH GF Morrison
12 1h Zhang GF Morrison
13 Ensemble average
@) (b)

16
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Simulation | ERA LBC PBL Cumulus | Microphysics | Wind direction

rung# updates | scheme| scheme scheme
1 3h MYNN msKF WSM5
2 3h SH KF WSM5
3 1h MYNN KF Thompson
4 1h MYNN msKF WSM5
5 1h SH KF WSM5
6 1h SH KF Thompson
7 1h SH msKF WSM5
8 1h SH msKF Thompson
9 1h SH msKF Morrison
10 1h SH GD-3D Morrison
11 1h SH GF Morrison
12 1h Zhang GF Morrison
13 Ensemble average

17
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Simulation | ERALBC PBL Cumulus | Microphysics | Wind direction | Wind speed | NED
run# updates | scheme| scheme scheme MAE (degrees)| MAE (ms 1) )

1 3h MYNN msKF WSM5 15.12 4.22 1.39
2 3h SH KF WSM5
3 1h MYNN KF Thompson 16.04 1.32
4 1h MYNN msKF WSM5 11.64 4.46 1.28
5 1h SH KF WSM5 4.51 1.57
6 1h SH KF Thompson 4.60
7 1h SH msKF WSM5 15.05 1.57
8 1h SH msKF Thompson 16.34
9 1h SH msKF Morrison 10.97 3.78 1.13
10 1h SH GD-3D Morrison 4.57 1.57
11 1h SH GF Morrison 15.03 3.87 1.33
12 1h Zhang GF Morrison
13 Ensemble average 14.77 4.34 1.39

one standarderror. o:f:_the samplemean.Startingyvith wind direction_(:Figs_Sa), hourly updateintervalsof ERA5 | BC are

19
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datain the caseof thetroughpassage.
To.summarizgheoverallinferencegrom bothsimulationpairs,hourly updatesof LBC donot systematicallfeadto higher
accuracyalthoughimprovementareobservedor certaincombinationof eventsandwind variables.Therefore morefrequent
445 updatef | BC mayproveadvantageoughentrying to capturecertainfasttransientveatherevents.
@) (b)

450 In this section, the in uence of using classical hon-scale-aware PBL schemes ushsgiscale-aware PBL schemes is elabo-

performaneametriestor-thesesimulationpairs-FurthermerelD_SH and scale-awargD ZhangPBL _schemesSimulation

455 pairsC and D comparethe in uence of MYNN and SH PBL schemesndsimulationpair E comparesSH.and ZhangPBL
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14b),againbetterresultsfor msKFcumulusschemeareobservedor thecaseof StormCiara.Forthelow-pressuresystencase

:':I:'he_r::esuIts::for:;?jj:mulation:pair::G are presented ihable?2>or :Eig:._15:.::Pai:r:G_gpplies;:he§H:EBL@ghemgggupled:\:/:yith

For StormCiara,msKF producedower MAE in wind directionandwind speedFor the low-pressuresystemno cleartrend

in performances observedFor the froughpassagelower wind direction MAE is observedor msKFE andlower wind speed

is observedvhenusingthe scale-aware

theoverallinferencegdor the simulationpair H arefoundto be statisticallyinconclusiveandhighly sensitive thusonecannot
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