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Abstract.

The Weather , Research and Forecasting (WRF) model includes
::::
offers

:
a multitude of physics parameterizations to account for

atmospheric dynamics and interactions such as turbulent fluxes within the planetary boundary layer (PBL), long and short wave

radiation, hydrometeor representation in microphysics, cloud ensemble representation in cumulus, amongst others. A
::::
study

::::
and

::::::
analyze

:::
the

:::::::
different

:::::::::::
atmospheric

::::::::
processes

:::
and

::::::::
dynamics

::::
that

::
are

::::::::
observed

::
in

:::
the

::::::
Earth’s

::::::::::
atmosphere.

::::::::
However,

:::
the

:::::::::
suitability5

::
of

:
a
:::::
WRF

::::::
model

:::::
setup

::
is

::::::
known

::
to

:::
be

:::::
highly

::::::::
sensitive

::
to

:::
the

::::
type

:::
of

:::::::
weather

:::::::::
phenomena

::::
and

:::
the

::::
type

::::
and

::::::::::
combination

:::
of

::::::
physics

:::::::::::::::
parameterizations.

::
A

::::::::::
multi-event sensitivity analysis is conducted in order to identify the optimal WRF-physics set-up

and impact of temporal resolution of re-analysis dataset for the event of sudden changes in wind direction that can become

challenging for reliable wind energy operations. In this context, Storm Ciara has been selected as a case study to investigate the

influence of a broad combination of different interacting physics-schemes on quantities of interest that are relevant for energy10

yield assessment. Of particular relevance to fast transient weather events, two different temporal resolutions (1-hourly and

3-hourly)of the lateral boundary condition’s re-analysis dataset, ERA5, are considered
::
to

::::::
identify

:::::::
general

:::::
trends

::::
and

:::::::
suitable

::::
WRF

:::::::
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

:::::
WRF

::::::::::
simulations

::::
per

:::::
event

:::
are15

::::::::
performed

:::
to

:::::
study

:::
the

:::::
effect

:::
of

:::
the

::::::
update

:::::::
interval

::
of

::::::
lateral

:::::::::
boundary

:::::::::
conditions

:::
and

::::::::
different

:::::::::::
combinations

:::
of

:::::::
physics

::::::::::::::
parameterizations

::::::
(PBL,

:::::::
cumulus,

::::
and

::::::::::::
microphysics).

::::::::::
Specifically,

:::
the

::::::
update

:::::::
interval

::
of

:::::
ERA5

::::::
lateral

::::::::
boundary

:::::::::
conditions

::
is

:::::
varied

:::::::
between

::::::
hourly

:::
and

:::::::
3-hourly. Physics parameterizations considered in this study include: two

:::
are

:::::
varied

:::::::
between

::
3 PBL

schemes (MYNN2.5
:::::::
MYNN,

::::::::::
scale-aware

::::::::::
Shin-Hong,

:
and scale-aware Shin Hong PBL), four

::::::
Zhang),

::
4 cumulus schemes

(Kain-Fritsch, Grell-Devenyi, and
::::::::::::
Grell-Dévényi,

:
scale-aware Grell-Freitas,

:
and multi-scale Kain-Fritsch,)and three

:
),
::::
and20

:
3
:
microphysics schemes (WSM5, Thompson

:
, and Morrison)coupled with two geospatial configurations for WRF simulation

domains. The resulting WRF predictions are assessed by comparison to observational RADAR reflectivity dataon precipitation.

In addition, SCADA data on .
::::
The

::::::::
simulated

::::
wind

::::::::
direction

:::
and

::::
wind

:::::
speed

:::
are

::::::::
compared

:::::::::::
qualitatively

:::
and

:::::::::::
quantitatively

::::::
(using
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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 speedfrom an offshore wind farm located in the Belgian North Sea is considered to assess25

modeling capabilities for local wind behavior at farm level. For precipitation, results are shown to be very sensitive to model

setup, but no clear trends can be observed. For wind-related variables on the other hand, results show a definite improvement

in accuracy when both
:
,
:::
the

::::::::
best-case

:::::
setups

:::
are

::::::::
identified

::
to

::::::
employ

:
scale-aware cumulus and PBL parameterizations are used

in combination with 1-hourly temporal resolution reanalysis data and extended domain sizes.
::::
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

::::
case30

::
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

:::::
fields35

::
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 components
::::::
turbines

:
(Negro et al., 2014; AbuGazia et al., 2020; Chi et al., 2020). Further-40

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 weather events
:::::::
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

not exceeded and fatigue requirements are met. Furthermore, such events may
:::
safe

::::::::
estimates

::
of

:::::::
ultimate

::::
and

::::::
fatigue

:::::::
loading.

::::
Such

::::::
events

::::
may

::::
also cause sudden changes in power production leading to grid imbalance and economic losses. Accurate45

::::::::
Therefore,

::::::::
accurate modeling and forecasting of such EWE is hence crucial to tackle these challenges in view of current and

future expansion of both
::
are

:::::::
crucial

:::
for

:::
the

::::::::
operation

::
of

:
onshore and offshore wind energy. Numerical weather prediction

:::::
farms.

:::::::::
Typically,

:::::::::
Numerical

:::::::
Weather

:::::::::
Prediction

:
(NWP) models provide a promising approach to help identifyproblematic

weather events and to predict their occurrence through operational forecasting (Bauer et al., 2015). Among different available

NWP codes, the open-source Weather ,
:::
are

::::::
utilized

::
to
::::::::

identify,
:::::
study,

:::
and

:::::::
analyze

::::
such

:::::::
extreme

:::::::
weather

:::::::::::
phenomena.

::::::
Recent50

:::::::::::
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 commonly used for its ability to

represent the various interacting
::
the

:::::::
National

::::::
Center

:::
for

:::::::::::
Atmospheric

::::::::
Research

:::::::::::::::::::::::::::::::::::::
(Skamarock et al., 2019; Powers et al., 2017)

:
.
:::
The

:::::
WRF

::::::
model

:::::::::
represents

:
a
::::::::
multitude

:::
of

::::::::::
atmospheric

:
processes and dynamics of the atmosphere such as the distribution55

of fluxes within the planetary boundary layer
:::::::
Planetary

:::::::::
Boundary

:::::
Layer

:
(PBL), the determination of cloud ensembles and
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compensating subsidence for convective /cumulus systems, the accurate representation of evolving hydrometeor species, solar

irradiation, land–surface interactions and heat and moisture fluxes in the surface layer (SL). An expanse
::
and

:::
the

::::::::
evolution

:::
of

::::::::::
hydrometeor

:::::::
species.

:::::::
Therein,

::
an

:::::
array of physics parameterizations and options are available in WRF to represent the infuence

of these phenomena on local weather systems. However, predictions
:::::
model

::::::::::
parameters

:::
are

:::::::
available

::
to
::::::::::

adequately
::::::::
represent60

:
a
:::::
local

:::::::
weather

::::::
system.

:::::::::::
Nonetheless,

:::::
WRF

::::::::::
simulations

:
are found to be highly sensitive on the selection of these sub-grid

scale models
::
to

:::
the

::::
type

:::
and

:::::::::::
combination

::
of

:::::::
physics

:::::::
schemes, the location and the type of weather event, the lateral boundary

conditions used to drive the flow, and the simulation domain configuration
:::
and

:::
the

::::::
Lateral

:::::::::
Boundary

:::::::::
Conditions

::::::
(LBC).

Sensitivity analyses are typically conducted to identify the optimal combination of physics-schemes in the event of a specific

type of weather system over a given area
::::::
physics

:::::::
schemes

:::
for

::
a

::::::
specific

::::::::
location (see, e.g.,

:
Efstathiou et al. 2013; Santos-65

Alamillos et al. 2013; Kala et al. 2015). To date, this
::::
This

:
type of investigation has not been performed over

::
for the Belgian

North Sea, nor has any previous study
:
.
:::::::::::
Furthermore, to the authors’ best knowledgelooked at how the extreme weather event

is experienced from a wind-farm perspective through comparison with operational SCADA data. This work aims to tackle

this challenge by considering
:
,
::
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

:::::::
analysis70

::::::::
presented

::
in

:::
this

::::::
paper

:::::::
assesses

:::
the

::::::
impact

::
of

:
a wide range of interacting physical parameterizations , more specifically on

cumulus , microphysics and PBL schemes. Furthermore, we assess the need for high temporal resolution mesoscale forcing

data and extended numerical domains for the prediction of wind
::::::
physics

:::::::::::::::
parameterizations

:::
for

:::::
PBL,

:::::::
cumulus and precipitation

quantities of interest for wind farm design and operation.
::::::::::::
microphysics,

:::
and

::::::
length

:::
of

:::
the

::::::
update

:::::::
interval

::
of

:::::
LBC

:::
on

:::
the

::::::::
simulated

::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed.

:
75

The cumulus, microphysics and PBL parameterizations defined in WRF follow
::::
WRF

:::::::
physics

:::::::::::::::
parameterizations

:::
for

:::::
PBL,

:::::::
cumulus,

::::
and

:::::::::::
microphysics

:::::::
comprise

:
a multitude of large-scale and sub-grid scale modeling techniques,

:
.
:::
For

::::
PBL

:::
and

::::::::
cumulus,

::::
these

:::
are primarily divided into scale-aware and non-scale aware

:::::::::::::
non-scale-aware parameterizations. The scale-aware schemes

promise to better reproduce
::::::::::::::
parameterizations

::::
aim

::
to

:::::
better

::::::::
represent convective and turbulent mixing effects in

:::::
fluxes

::
at the

so-called gray zone
::::::::
gray-zone

:::::::::
resolutions, i.e.for high-resolution simulation grids ,

:::
for

::::::
refined

:::::::::
horizontal

::::
grid

:::::::
spacings

:
which80

are on the verge of allowing explicitly
:::::
partial

:
resolution of these effects

:::::
fluxes

:
rather than fully parameterizing them (Wyngaard,

2004; Hong and Dudhia, 2012). The cumulus parameterizations represent the ensemble effects of convective clouds
::::::::
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

::::
grid85

:::::::
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-scale processes and conditions by formulating the
::
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,

::::
and90

::
the

::::::::::
scale-aware

::::
3D

:::::
Zhang

:::::::
scheme.

::::
The

:::::::
MYNN

::::
PBL

:::::::
scheme

::::::::::::::::::::::::
(Nakanishi and Niino, 2006)

:
is

::
a

:::
1D

:::::::::
turbulence

::::::
kinetic

::::::
energy
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::::::::
prediction

::::::
scheme

::::
that

:::::
solves

:::
for

:
a
:::::::
vertical

::::
eddy

:::::::
viscosity

::::::
profile

::
in

:
a
::::
grid

:::::::
column.

:::
The

:::
SH

::::
PBL

:::::::
scheme

:::::::::::::::::::
(Shin and Hong, 2015)

:
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.95

:::
The

::::::
Zhang

::
3D

:::::
PBL

::::::
scheme

:::::::::::::::::
(Zhang et al., 2018)

::::::
extends

:::
the

::
3D

::::::::
turbulent

::::::
kinetic

::::::
energy

:::::
based

::::::
closure

::
by

::::::::
Deardorff

::::::::::
(Deardorff,

:::::
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 Muñoz-Esparza, 2020),

:::
its

:::::::::
interaction

::::
with

:::::::
cumulus

::::
and

:::::::::::
microphysics

::::::
options

::
is

:::
yet

::
to

::
be

:::::
tested

:::
for

:::::::
extreme

:::::::
weather

::
in

::::::
coastal

:::::::::::
environments

::::::::
featuring

:::::
strong

:::::::::
interaction

::::::::
between

::::
PBL100

:::
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. These
:::
grid

:::::::
column.

::::::::
Cumulus

::::::::
schemes are further divided into mass-flux

type and adjustment typeschemes. The mass-flux type schemes convert
:::
aim

:::
to

::::::::
minimize

:::
the

:
convective available potential

energy from a single grid column defined in WRF
:::::
within

::
a
::::
grid

:::::::
column

:::
by

:::::::::
translating

::
it

:
into compensating subsidence.105

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)

is a commonly-used one-dimensional
:::::::::
commonly

::::
used

:::
1D mass-flux cumulus

::::
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 run110

at horizontal resolutions coarser than
:
a
:::::::::
horizontal

::::
grid

:::::::
spacing

::
of

:
25 km . The multi-scale Kain-Fritsch (msKF ) cumulus

parameterization
:::
and

:::::::
coarser.

::::
The

:::::
msKF

::::::::
cumulus

::::::
scheme

:
(Zheng et al., 2016) updates the original KF parameterization by

introducing scale-aware parameterized cloud dynamics based on a dynamic length scale in order to improve the prediction

accuracy at higher horizontal resolutions below
::
KF

::::::::
cumulus

::::::
scheme

:::
to

:::::::::
convective

::::::::
gray-zone

::::::::::
resolutions

::
at

:::::::::
horizontal

::::
grid

:::::::
spacings

::
of

:
10 km . The Grell-Dévényi 3D ensemble (

:::
and

:::::::
coarser.

::::
The GD-3D ) cumulus parameterization

:::::::
cumulus

:::::::
scheme115

(Grell and Dévényi, 2002) relies on combining ensemble and data assimilation techniques to represent the local convec-

tion and provides more tunable
::::::::
adjustable

:
parameters for further calibration of the model. The Grell-Frietas (GF ) cumulus

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 functions
:
a
::::::::
Gaussian

::::::::::
distribution

:::::::
function and adapts the scale-aware parameterization

::::
cloud

:::::::::::::
representations120

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 . The

:::
and

:::::::
coarser.

::
A
:
study by Jeworrek et al. (2019) highlights how crucial the choice in

cumulus parameterization is for obtaining accurate WRF predictions of precipitationpatterns, in particular when going from

parameterized to resolved convective scales. In this work, the KF, msKF, GD-3D and GF schemes are considered in order to

evaluate the performance of WRF across the
::
the

:::::::::
importance

:::
of

:::::::
choosing

::
an

::::::::::
appropriate

:::::::
cumulus

::::::::::::::
parameterization

::
to

:::::::::
accurately125

:::::::
represent

:::::::::::
precipitation,

::::::::::
particularly

::
in

:::
the

:
convective gray-zonetransition.
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Themicrophysicalparameterizationis anemulationof processesfor
:::::::::::
Microphysics

:::::::::::::::
parameterizations

:::::::
emulate

:::
the

::::::::
processes

::
of moisture removal from the atmospherevia

::
by modeling hydrometeor distributions based on thermodynamic and kinematic

�elds de�ned in themodel.The
:::::
WRF.

:::::
These

:
schemes determine the spatial distribution of precipitation and vertical distribution

of hydrometeor mass and latent heat.Most commonlyusedmicrophysical
:::
The

:::::
most

:::::::::
commonly

::::
used

:::::::::::
microphysics

:
schemes130

are the so-called bulk schemes, in which .
::::::
These

::::::::
constitute

:
a mathematical distributionfor

:
of

:
hydrometeor number concentra-

tion versus particle sizeis de�ned using
::::
using

:::::
either

::
a negative exponential orgammadistributions.Microphysical

:
a
:::::::
gamma

::::::::::
distribution.

::::
Bulk

::::
type

:::::::::::
microphysics

:
parameterizations are further divided bytheir complexityandtunableparameterssuchas

consideredmomentsof distributions(single,double,etc),andinterceptsor slopeparametersfor the
::::
order

:::
of

:::::::::
complexity

::::
and

::::::
number

::
of

:::::::
tunable

:::::::::
parameters,

::::::
which

:::::
de�ne

:::
the

::::::::
moments

:::
and

:::::::::
intercepts

::::
used

::
by

:::
the

:::::::::::::
aforementioned

:
distributions. The micro-135

physics schemes consideredin
::
for this sensitivity analysis are theWSM5single-moment

::::
WRF

:::::::::::::
Single-Moment

:
5-class(i.e.with

::::::
scheme

::::::::
(WSM5)

::::::::::::::::
(Hong et al., 2004)

::::::::::
representing

:
5 hydrometeorspecies)microphysicsparameterization(Hong et al., 2004)

::::::
classes

::
of

:::::::::::
hydrometeor

::::::
species, the Thompson single-moment (except ice) 6-class scheme (Thompson et al., 2008),

:
and the

Morrison double-moment 6-class scheme (Morrison et al., 2009). In this respect, Hong and Lim (2006) illustrated the ad-

vantages in including a greater number of hydrometeor speciesfor microphysicalrepresentationsanda betterpredictionof140

precipitationlevels
::
in

::::::::::::
microphysical

:::::::::::::
representations

::
to

:::::
better

:::::::
predict

::::::::::
precipitation

:::::
�elds. Similar results were observed

:
in

::
a

:::::
recent

:::::
study

:
by Jeworrek et al. (2019), calling for microphysics parameterizations with greater �delity in hydrometeor rep-

resentation.
::::
The

:::::
study

:::::
�nds

:::
that

:::::::::::
higher-order

:::::::::::
microphysics

::::::::
schemes, such asthe Morrison and Thompsonschemes,and

:
,

::
in

::::::::::
combination

::::
with scale-aware cumulus parameterizations, such as multi-scale KF and GF schemes,in orderto moreaccurately

reproduce precipitation.145

Concerningthe parameterizationof boundary-layerturbulence,mesoscaleNWP modelsemploy PBL schemesthat rely

on the horizontalhomogeneityassumptionto redistributesurface�uxes vertically within the atmosphericboundarylayer.

However,for grid spacingsthatare�ne enough(� 1 km), three-dimensionalatmosphericturbulencebecomespartiallyresolved,

whichviolatesthebasicassumptionemployedby classicalone-dimensionalPBL schemes.Thegray-zonemodelingchallenge

for PBL turbulencehasledto thedevelopmentof scale-awarePBLschemeswhich,asopposedtonon-scale-awareformulations,150

partiallyresolvingturbulentmixing atgray-zoneresolutionsdependingongrid size.Thiswork considerstwo PBL parameteriz-

ations:a non-scale-awareMellor-Yamada-Nakanishi-Niino(MYNN) scheme(Nakanishi and Niino, 2006)anda scale-aware

Shin-Hongscheme(Shin and Hong, 2015). TheMYNN PBL schemeis aone-dimensionalturbulencekineticenergyprediction

schemethat solvesfor a vertical eddy viscosity pro�le in a grid column considering,amongothers,buoyancyand shear

production,boundary-layerstability and vertical mixing. On the other hand,Shin-Hongis a scale-awareone-dimensional155

diagnosticnon-localPBL schemerepresentingnon-local transportby large eddiesin the boundarylayer. The Shin-Hong

schememodi�es the YSU PBL scheme(Hong et al., 2006)for sub-kilometertransitionscales(1 km down to 200 m) by

reducingthestrengthof thenon-localtermwith decreasinggrid size,assuminggradualresolutionof thelargesteddies.While

it hasbeenfoundto outperformconventionalPBL formulationsfor desertconvectiveboundarylayers(Xu et al., 2018)andfor

the XPIA studyin the westernGreatPlainsof the United States(Doubrawa and Muñoz-Esparza, 2020), its interactionwith160
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cumulusandmicrophysicsoptionsis yet to betestedfor extremeweatherin coastalenvironmentsfeaturingstronginteraction

betweenPBL andmicrophysicalprocesses.

In the context of
:::::::
offshore

:
wind energy applications, various sensitivity studies have been conducted with the aim of de-

termining a universal"best" caseWRF setupto assesslocal wind resources
:::::::
best-case

:::::
WRF

:::::
setup

::::
for

::::::::
assessing

:::
the

:::::
local

::::::
weather

:::::::
systems

:
(Hahmann et al., 2015; Giannakopoulou and Nhili, 2014; Carvalho et al., 2012).The

:::::::
Therein,

:::
the

:
literature165

presents equivocalresults
:::::::
�ndings from a multitude of sensitivity analyses conducted at various locations around the planet,

indicatinga high dependencyon the physicscombinationsandlateralboundaryconditionsused.Concerningthe estimation

of wind energyproductioncomparedto measuredwind data,Hahmann et al. (2015)
:::::::::
illustrating

:
a

::::::
strong

::::::::::
dependence

::
of

:::::
WRF

:::::::::
simulations

::
to

::::
the

::::
type

:::
and

:::::::::::
combination

::
of

:::::::
physics

:::::::::::::::
parameterizations,

::::
the

:::::
initial

::::
and

:::::
LBC,

:::
the

:::::::::
horizontal

:::
and

:::::::
vertical

::::
grid

:::::::
spacing,

:::
and

:::
the

:::::::
location

::::
and

::::
type

::
of

:::::::
weather

:::::::::::
phenomenon.

:::
For

::::::::
instance,

:::::::::
comparing

:::::
wind

:::::
power

:::::::::
production

::
to

::::::::::::
observational170

::::
data,

:::::::::::::::::::
Hahmann et al. (2015) study the long-term sensitivity of simulated WRF offshore climatology evaluated against wind

LiDAR observations,
:
indicating a strong sensitivity to PBL parameterizations and the spin-up period, and

::
an

:
insensitivity to

global reanalysis and verticalresolutionof the model.Carvalho et al. (2014), for offshoreandonshoreareasin the Iberian

Peninsula,indicated
:::
grid

::::::
spacing

::::::::::
considered

::
in

:::
the

:::::
WRF

::::::
model.

::::::::
Similarly,

::::::::::::::::::
Carvalho et al. (2014)

:::::::
indicate a close dependency

of PBL andSL parameterizationswith
::
on

::::
PBL

::::
and

::::::
surface

:::::
layer

::::::::::::::
parameterizations

::::::::
studying different physics combinations,175

favoringbetterreproductionof differentprognosticvariables
:::
that

::::
may

::::
lead

::
to

::::::::
increased

::::::::
accuracy

::::::::
depending

:::
on

:::
the

:::::::::
prognostic

:::::::
variables

::
of

:::::::
interest. Cunden et al. (2018) performed a sensitivity analysis considering different combinations of non-scale-

awarecumulus,PBL andmicrophysicsschemes
::::
PBL,

::::::::
cumulus,

::::
and

:::::::::::
microphysics

:::::::::::::::
parameterizations (despite kilometer-range

resolutions
:::
grid

:::::::
spacing) for theIsland

::::
island

:
of Mauritius under clear and extreme weather(cyclonic andanti-cyclonic),and

were
:
.

:::
The

:::::
study

::::
was able to identify abestcaseWRFsetup

:::::::
best-case

:::::
WRF

:::::
setup

::::::
suitable

:::
for

:::::::::
accurately

:::::::::
simulating

::::
both

::::
cases.180

In contrast,asimilar
::
the study by Islam et al. (2015) for the Haiyan tropical cyclone over

::
the

:
west Paci�c Oceanconcludedin no

particular
:::
did

:::
not

::::::
identity

::
a

:::::::
suitable combination of WRF physics to best reproduce the extreme weather event.For

::::::::
Similarly,

::
for

:
the European continent, studies byGarcía-Díez et al. (2013); Stergiou et al. (2017); Mooney et al. (2013)haveconducted

year-longand/or
::::::::::::::::::::
García-Díez et al. (2013)

:
,

:::::::::::::::::
Stergiou et al. (2017)

:
,

:::
and

::::::::::::::::::
Mooney et al. (2013)

::::
have

:::::::::
conducted

:
long-term sensi-

tivity analyzes
::::::
analyses

:
indicating a widespreadof possible

::::
array

:::
of

:::::::
possible

::::::::::::
combinations

::
of

:
physics parameterizations185

depending on the type oflocalweatherevent,seasonandtime-lapseconsidered
::::::
weather

:::::::::::
phenomenon,

:::
the

::::::
season,

::::
and

:::
the

::::
time

:::::
period

::
to

:::::::
simulate

:
within the diurnal cycle.

As discussedabove,the
:::
The optimal selection of WRF physics parameterizations remains an importantopenchallengefor

accuratewind andweathermodeling
:::
and

:::::
open

::::::::
challenge

::
to

:::::::::
accurately

:::::::
simulate

:::::::
weather

:::::::::
phenomena. The current study quanti-

�es the sensitivity of WRF simulation results tophysicalparameterizationsandnumericalsetup, andaimsat identifyingmost190

::::::
physics

:::::::::::::::
parameterizations

:::
and

::::::
model

:::::
setup

::
to

::::::
identify

::::
best

:
suitable combinations for modelingthestormCiaraEWE passing

over
:
3

:::::
EWE

:::::::
detected

:::::
from

:::::::
SCADA

::::
data

::::::::
collected

::
at

:
the Belgian offshore wind farmsin the North Seain February2020.A

simpli�ed .
::::
This

:
multi-variantsensitivityanalysisconsidering

:::::::::
multi-event

:::::::::
sensitivity

:::::::
analysis

::::::::
considers

:
12 combinationsof

PBL , cumulus,microphysics,temporalresolutionof lateralboundaryconditionsandgeospatialnesteddomaincon�gurations

areinvestigated
::::::
physics

:::::::::::
combinations

::::::::::
comprising

:
3

:::::
PBL

::::::::
schemes,

:
4

::::::::
cumulus

:::::::
schemes,

::
3

:::::::::::
microphysics

::::::::
schemes,

::::
and

::::::
hourly195
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:::::
versus

::::::::
3-hourly

:::::
update

::::::::
intervals

::
of

:::::
LBC. The remainder of thispaper

:::::
article is structured as follows. Firstly,thestormCiara

extremeweatherevent
:
a

:::::::::
description

:::
of

:::::
EWE is introduced in Section2.1

:
2. Next, the numerical methodology and

::::::::
modeling

setup are introduced inSection3, wherealsothedesignof thesensitivitymatrix is furtherdescribed.Subsequently,theresults

arepresentedanddiscussedin Section
::::
Sect.

::
3.

::::
The

:::::::::
simulation

::::::
results

:::
and

::::::::::
discussions

:::
are

::::::::
presented

::
in

::::
Sect.

:
4. Lastly, conclu-

sions andperspectiveareexposedin Section
:::::
future

::::::::
prospects

:::
are

::::::::
presented

::
in

::::
Sect.

:
5.200

2 Description of thestorm Ciara event
:::::
events

The casestudyselectedin this study is
:::::::
selection

::
of

:::
the

::::::
events

::
in

::::
this

:::::
study

::
is

::::::::
motivated

:::
by

:::
the

::::::::::
occurrence

::
of

::::
fast

:::::::
changes

::
in

::::
wind

::::::::
direction

::::::::::::
accompanied

:::
by

::::::
severe

::::
yaw

:::::::::::
misalignment

:::::::
leading

:::
to

:::::::::
signi�cant

::::::
power

:::
loss

:::
as

::::::::
observed

:::
by

::
a

:::::::
Belgian

:::::::
offshore

::::
wind

:::::
farm

::
in

:::
the

::::::
North

::::
Sea.

::::
The

:::::::::::
methodology

:::::::
utilized

::
to

:::::::
identify

:::::
these

::::::
events

:::::::
modi�es

:::
the

::::::::
approach

:::::::
de�ned

:::
by

:::::::::::::::::::::::::
Hannesdóttir and Kelly (2019)

::
to

::::::
include

::::
yaw

::::::::::::
misalignment.

:::
The

:::::::
wavelet

:::::::
analysis

::::::::
considers

::
a

::::::::
minimum

::::::::
threshold

::
to

:::::::
identify205

:::::::::
anomalous

:::::::
changes

::
in

::::
wind

::::::::
direction

:::::::::::
accompanied

::
by

::::::
severe

::::
yaw

:::::::::::
misalignment

::::::::::
experienced

:::
by

::::::
several

::::
wind

::::::::
turbines.

::::::
Severe

:::
yaw

::::::::::::
misalignment

:::::::::
potentially

:::
has

::::::
adverse

::::::
effects

:::
on

:::
the

:::::::::
operational

:::::::
lifetime

:::
and

::::::
fatigue

:::::::
loading

::
of

:
a
:::::
wind

::::::
turbine

:::::
(Wan

::
et

:::
al.,

:::::
2015;

:::::::
Bakhshi

:::
and

:::::::::
Sandborn,

:::::
2016;

:::::
Laino

:::
and

:::::::
Hansen,

:::::
1998;

::::::::
Damiani

::
et

::
al.,

::::::
2018),

::::::::::
highlighting

:::
its

:::::::::
importance

::::
and

::::::::
relevance

::
in

:::
this

::::::
study.

:::
The

::::::::
SCADA

:::::::
analysis

:::
for

:::
the

:::::::::::
identi�cation

:::
of

::::
these

::::::
events

:::::::
includes

:::::::::::
con�dential

::::
error

:::::
codes

::::
and

::::
data

::::
that

:::
are

:::::::
protected

:::::
under

::
a

::::::::::::
non-disclosure

:::::::::
agreement,

::::::::
therefore

:::
no

::::::
further

:::::
details

::::
can

::
be

::::::::
provided

::::::
herein.210

:::::
Three

::::
case

::::::
studies

:::
are

::::::::::
considered

::
in

:::
this

:::::::::
sensitivity

::::::::
analysis,

:::::::
namely,

::::::
Storm

:::::
Ciara

::
on

:::
10

::::::::
February

:::::
2020,

::
a

:::::::::::
low-pressure

::::::
system

::
on

::
24

:::::::::
December

:::::
2020,

:::
and

::
a

:::::
trough

:::::::
passage

::
on

:::
27

::::
June

:::::
2020.

:::
The

:::::
radar

::::
data

::::::::
presented

::::::
therein

::
is

:::
not

:::::::
publicly

::::::::
available,

:::
but

:::
was

::::::::
retrieved

::::::
through

::
a

:::::::
bilateral

:::::::::
agreement

::::
with

:::
the

:::::
Royal

::::::::::::
Meteorological

::::::::
Institute

::
of

:::::::
Belgium

::::::::
(RMI-B).

::
A

::::
brief

::::::::
synopsis

::
of

::::
these

::::::
events

::
is

::::::::
presented

::
in

:::
the

::::::::
following

:::::::::::
sub-sections.

2.1
::::
Case

:::::
study

::
1:

::::::
Storm

:::::
Ciara215

:::::
Storm

:::::
Ciara

:
is

:
one of the �rst extratropical cyclones to hit the European continent in the year 2020,stormCiara.Originatingon

theAtlantic Ocean,thestormoccurredon
::::::::
occurring

::
on

:
10 February 2020 over the Belgian North Sea, transpiringfrom North

America
:
.

:::::
Storm

:::::
Ciara

::::::::
originated

::
in

:::
the

:::::::
Atlantic

::::::
Ocean,

:::::::
moving

::::
from

:::
the

:::::
North

:::::::::
American

:::::::
continent

:
(starting 3 February 2020)

to the European continent (16 February 2020). Storm Ciara swept across the majority of western Europe including
:::
the United

Kingdom and Norway, bringing in heavy precipitation and strong winds with a maximum recorded wind gust of 219 km h� 1220

at Cap Corse, Corsica, France1. Over Belgium, theRoyalMeteorologicalInstitute- Belgium(RMI-B) 2 reported wind gusts

of up to 115 km h� 1 in Ostend, located at the Belgianoffshorecoast, withprecipitationaveraging28 mm in few hours
:::::
heavy

::::::::::
precipitation

:
accompanied by strong winds and thunderstormsoverthelocal region.

The selectionof this caseis motivatedby the occurrenceof fast changesin wind directionasobservedby offshorewind

farmslocatedin theBelgianoffshoreconcessionzoneat severalmomentsduringthestorm.225

1
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
https://www.meteo-paris.com/actualites/retro-meteo-2020-les-evenements-climatiques-marquants-en-france,

::::::
website

::::::
consulted

::
on

::
21

::::
April

::::
2022.

2
::::::::::::::::::::::::::::::::::::::
https://www.meteo.be/nl/info/nieuwsoverzicht/storm-ciara,

:::::
website

::::::
consulted

::
on

::
21

::::
April

::::
2022.
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(a) Observed RADAR re�ectivity on 10

February2020at04:00providedby aC-band

Doppler RADAR locatednear the Belgian

offshorecoastin Jabbeke,Belgium. (b) (c)

Figure 1.
:::::::
Observed

::::::::::
precipitation

:::
rate

::
in

:::
mm

::::
h� 1

:::::::
provided

::
by

:
a
::::::
C-band

::::::
Doppler

:::::
radar

:::::
located

::
in

:::::::
Jabbeke

::
on

:::
the

::::::
Belgian

::::
coast.

::::
The

:::
star

::
in

::
the

::::
plots

::::::::
represents

:::
the

::::::
offshore

::::
wind

::::
farm

::
of

:::::::
interest.

:::
For

::
the

::::::::::::
meteorological

:::::
events:

:::
(a)

:::::
Storm

::::
Ciara

::
on

:::
10

:::::::
February

::::
2020

::
at

::::
04:40

:::::
UTC.

::
(b)

::::::::::
Low-pressure

::::::
system

::
on

::
24

::::::::
December

::::
2020

::
at

:::::
02:00

::::
UTC.

::
(c)

::::::
Trough

::::::
passage

::
on

:::
27

:::
June

:::::
2020

:
at

:::::
15:30

::::
UTC.

(a) (b) (c)

Figure 2.
:::::::
Synoptic

::::
maps

:::::::
provided

::
by

::::::
RNMI.

::
(a)

:::::
Storm

::::
Ciara

::
on

:::
10

::::::
February

::::
2020

::
at

:::::
06:00

::::
UTC.

:::
(b)

::::::::::
Low-pressure

:::::
system

:::
on

::
24

::::::::
December

::::
2020

:
at

:::::
00:00

::::
UTC.

:::
(c)

::::::
Trough

::::::
passage

::
on

::
27

::::
June

::::
2020

::
at

::::
18:00

:::::
UTC.
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During the early hours ofstorm
:::::
Storm Ciara on 10 February 2020,a commercial

:
an

:
offshore wind farmobserved

:::::::
recorded

fast changes in wind directionof 40� overfew minutesaccompaniedby concentratedrainfall overashortperiodof time.This

eventwasinvestigatedwith RADAR observationsprovidedby
::::::::::
accompanied

:::
by

::::::
severe

::::
yaw

:::::::::::
misalignment

::::
and

:::::::::::
concentrated

::::::
rainfall.

:::
An

:
RMI-B , for brevity the time-stamp

::::
radar

::::::::
snapshot at 04:40

::::
UTC is presented in Fig.??

::
1a, illustrating the pres-

ence of a bow-echotranspiring
::::::
moving

:
from the British isles to Belgium,indicative

::
an

:::::::::
indication of a possible micro-burst230

phenomena(Fujita, 1978). Fast
:::::::::::
phenomenon

:::::::::::
(Fujita, 1978)

:
.

:::::::
Synoptic

:::::
maps

:::
by

:::
the

:::::
Royal

::::::::::
Netherlands

:::::::::::::
Meteorological

:::::::
Institute

::::::
(RNMI3)

:::::::::
presented

::
in

::::
Fig.

::
2a

:::::::
indicate

::
a

::::::
trough

:::::::
passage

::::::
during

:::
this

:::::::
period.

:::::::
Further,

::::::::::
precipitation

::::
data

:::::
from

:
a
:::::

wind
:::::::
pro�ler

::::::
located

:::::
within

:::
the

:::::
wind

::::
farm

:::::::::
highlights

:::
fast changes in wind directionarepotentiallyin�uential of thestateof powerandgrid

balancesandhavebeenfoundto bepotentiallyharmfulfor operationalconditionsandlifetime of wind turbinesasdemonstrated

in
:::::::::::
accompanied

::
by

::::::
sudden

:::::::::::
precipitation

::::::
during

:::
the

:::::
period

::
of

:::::::
interest

::
at

:::::
04:40

:::::
UTC,

::::::::
presented

::
in

::::
Fig.

::
3.235

Figure 3.
::::::::::
Precipitation

::::::
observed

:::
by

::
the

:::::::
offshore

::::
wind

::::
farm

:::::
plotted

::::::
against

:::::
10-min

:::::::
averaged

::::
wind

:::::::
direction

:::::::
(SCADA

:::::
data).

:::
The

:::::::::
highlighted

::
the

:::::
period

::
of

::::::
interest,

::
in

:::::
green,

::
at

::::
04:40

::::
UTC

::
is

:::::::
observed

::
to

:::::::::
accompany

:::::
sudden

::::::::::
precipitation.

2.2
::::
Case

:::::
study

::
2:

::::::::::::
Low-pressure

::::::
system

::
On

:::
24

:::::::::
December

:::::
2020,

:::
the

:::::::
Belgian

:::::::
offshore

:::::
wind

:::::
farms

::::::::
observed

:::::
heavy

:::::::::::
precipitation

:::::::::::
accompanied

::
by

::::
fast

:::::::
changes

::
in

:::::
wind

::::::::
direction.

::::::::
Synoptic

:::::
maps

::::::::
presented

::
in

::::
Fig.

:::
2b

:::::::
indicate

::::
the

:::::::
presence

:::
of

:
a
::::::::::::

low-pressure
::::::
system

::::
over

:::
the

::::::
North

::::
Sea.

::::::
Radar

::::::::::
observations

:::::
from

:::
the

::::::
RMI-B

:::::::
indicate

:::::
large

:::::::::::
precipitation

::::
cells

:::::
over

:::
the

:::::::
Belgian

:::::
North

::::
Sea,

:::::::::
presented

::
in

::::
Fig.

:::
1b.

::::::::
SCADA

:::
data

:::::::
records

:::
fast

:::::::
changes

::
in

::::
wind

::::::::
direction

::
of

:::::
100�

::
at

:::::
02:00

::::
UTC

:::::::::::
accompanied

:::
by

:::::
severe

::::
yaw

:::::::::::
misalignment

::::
and

:::::::::::
precipitation.240

2.3
::::
Case

:::::
study

::
3:

:::::::
Trough

:::::::
passage

3
::::::::::::::::::::::::::::::::::::::::::::::::
https://www.knmi.nl/nederland-nu/klimatologie/daggegevens/weerkaarten,

:::::
website

:::::::
consulted

::
on

::
21

:::
April

::::
2022.
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::
On

:::
27

::::
June

:::::
2020,

:
thestudiesby Damiani et al. (2018); Bakhshi and Sandborn (2016). With theadditionto RADAR dataand

theavailabilityof operationalwind farmdata(SCADA), thepremiseof thisstudyprovidesauniqueopportunityto investigate

stormCiaraasfelt by theBelgian offshore wind farmsandformulateaninformeddecisionon theoptimumWRFset-upin the245

contextof wind energyapplications.
:::::::::
experienced

::::
fast

:::::::
changes

::
in

::::
wind

::::::::
direction

:::
and

::::::
sudden

:::::::::::
precipitation

::::::
during

:::
the

::::::::
afternoon

::::
hours

:::::::
around

:::::
15:30

:::::
UTC.

:::
The

::::::::
synoptic

:::::
maps

:::::::
provided

:::
by

:::
the

::::::
RNMI

::::::
indicate

:::
the

::::::::
presence

::
of

::
a

:::::::::::
low-pressure

::::::
system

::::
over

:::
the

:::::
British

:::::
Isles,

:::::
with

:
a

::::::
trough

:::::::
passage

::::::
across

:::
the

:::::::
Belgian

:::::
North

::::
Sea,

::::::::
presented

:::
in

::::
Fig.

:::
2c.

:::::
Radar

::::::::::
observation

::::::::
provided

:::
by

:::
the

::::::
RMI-B

:::::::
indicate

:::
the

:::::::
presence

::
of

:::::::::::
precipitation

::::
cells

::::
over

:::
the

:::::::
offshore

::::
wind

::::::
farms,

::::::::
presented

::
in

::::
Fig.

::
1c.

::::
The

::::::::::
operational

:::::::
SCADA

:::
data

:::::::
records

:::
fast

:::::::
changes

::
in

::::
wind

::::::::
direction

::
of

::::
60�

:::::
during

::::
this

::::
hour

:::::::::::
accompanied

::
by

:::::
severe

::::
yaw

:::::::::::
misalignment

::::
and

:::::::::::
precipitation.250

3 Methodologyand Model setup,
::::::::::::
methodology

::::
and

:::::::::::
performance

:::::::
metrics

This sensitivity study considers theWRF-ARW
::::
WRF

:
model version 4.2.2 tostudythecaseof stormCiara,evaluatedagainst

RADAR andSCADA observationsfrom theBelgianNorth Sea.Themodelparameters
::::::
simulate

:::
the

::::
case

::::::
studies

:::::::::
described

::
in

::::
Sect.

::
2.

::::
The

::::::::
following

:::::::
sections

::::::::
describe

:::
the

:::
part

:::
of

:::
the

:::::
WRF

:::::
model

:::::
setup

::::::::
common

::
to

:::
all

::::::::::
simulations,

:::::::::
individual

:::
run

::::::
setups255

::::
used

::
in

:::
the

:::::::::
sensitivity

:::::
study,

::::
and

::::::::::
performance

:::::::::
evaluation

:::::::
metrics

:::
for

::::::::::
comparison

::
to

:::::::::::
observational

:::::
data.

::::
This

:::::::::
evaluation

::::
uses

:::::::::
operational

:::::
wind

::::
farm

:::::::
SCADA

::::
data

:::
for

:::
its

::::::::::
quantitative

:::::::
analysis

::
of

:::::
wind

::::::::
direction

:::
and

:::::
wind

::::::
speed.

:::::::::::
Additionally,

:::::
radar

::::
data

::::
from

::::::
RMI-B

::::::
allows

:::
for

:
a
:::::::::
qualitative

::::::::::
perspective

:::
on

:::::::::::
precipitation.

:::
By

:::::::::
combining

:::::
these

:::::::::::
observational

:::::::
datasets,

::::
the

::::::
premise

:::
of

:::
this

:::::
study

:::::::
provides

::
a

::::::
unique

::::::::::
opportunity

::
to

:::::::::
investigate

:::::
EWE

::
as

:::::::::::
experienced

::
by

:::
an

:::::::
offshore

:::::
wind

::::
farm

::
to

:::::::::
determine

:::::::
suitable

::::
WRF

::::::
setups

::
in

:::
the

::::::
speci�c

:::::::
context

::
of

::::
wind

::::::
energy

:::::::::::
applications.

:
260

3.1
:::::::
Common

::::::
model

:::::
setup

:::
The

::::::::
common

::::::
model

:::::::::
parameters

::::::::::
considered

:
for all WRF simulations are summarized in Table 1. The baseline horizontal

resolutionin the largest
:::
grid

:::::::
spacing

::
of

::::
the parent domain d01 is 27 km, while

::
the

::::::
1-way

:
nested domains are sequentially

re�ned with
::
by a factor of 3, resulting inresolutions

::::::::
horizontal

::::
grid

::::::::
spacings of 9, 3, and 1 km for d02, d03, and d04 re-

spectively. In the vertical direction, 57 terrain following
::::::
pressure

:
levels are considered with a model top pressure at 1000 Pa.265

The vertical velocity damping option based on
::
the

:
Courant–Friedrichs–Lewy condition as implemented in WRF is also turned

on. Themodelis initialized on 9 February2020at 00:00,followed by a
:
A

::::
time

::::
step

::
of

:::
20

:
s
::
is

::::::::::
considered

:::
for

:::::
parent

:::::::
domain

::::
d01,

:::::
while

:::
the

::::
time

::::
step

::
of

::::::
nested

::::::::
domains

::
is

::::::::::
sequentially

:::::::
re�ned

::
by

::
a

:::::
factor

:::
of

::
3.

::::
The

:::::
initial

::::
and

::::
LBC

:::
are

:::::::
derived

:::::
from

:::::
ERA5

:::::::::
reanalysis

::::::::::::::::::
(Hersbach et al., 2020)

:
.
:::::
WRF

::::::::::
simulations

::::
were

::::::::
initialized

:::::
with

:
a

:
spin-up period of 24 hours. Subsequently,

themodelis run
::
for

:::
all

::::
case

::::::
studies.

:::
In

:::::::
addition,

:::
an

:::::::::
evaluation

:::::
period

:::
of

::
21

:::::
hours

:::::
from

:::::
00:00

::
to

:::::
21:00

:::::
UTC on 10 February270

2020
:
is

:::::::::
considered

:::
for

::::::
Storm

:::::
Ciara.

:::
For

:::
the

:::::::::::
low-pressure

::::::
system

::::
and

::::::
trough

:::::::
passage,

::
an

:::::::::
evaluation

::::::
period

::
of

::
6

:
h

:
from 00:00

to 21
::
06:00, which adequatelycapturesthe stormeventon the BelgianNorth Sea.The long-waveandshort-waveradiation

physicsschemesarekept constantas
::::
UTC

:::
on

:::
24

::::::::
December

:::::
2020

::::
and

:
6
::
h

:::::
from

:::::
12:00

::
to

:::::
18:00

:::::
UTC

:::
on

:::
27

::::
June

:::::
2020

:::
are

:::::::::
considered,

:::::::::::
respectively.

:::
The

::::::::::
simulations

::::
have

:::::
been

:::::::::
performed

::
as

:
a
::::::::::
continuous

:::
run

::::::::
including

:::::::
spin-up

:::
and

:::::::::
evaluation

:::::::
periods.
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:::::::
Therein,

:::
the

:::::::
selected

::::::::
evaluation

:::::::
periods

:::::::::
adequately

::::::
capture

:::
the

::::
time

:::::::
periods

::
of

::::::
interest

:::
for

::::::::
respective

::::
case

::::::
studies

:::
as

::::::::
described275

::
in

::::
Sect.

::
2.

:::::
The

:::::::
one-way

::::::
nested

::::::
domain

:::::::::::
con�guration

::::::::
common

::
to

::
all

::::::::::
simulations

::
in

:::
this

:::::
study

::
is

::::::::
presented

::
in

::::
Fig.

::
4.

:

:::
The

:
Rapid Radiative Transfer Model (RRTMG) (Iacono et al., 2008)

::
for

::::::::
longwave

::::
and

::::::::
shortwave

::::::::
radiation

:::::::
physics

::
is

::::
used

::
by

:::
all

::::::::::
simulations. Similarly, theland surfaceinteractionsarekept constantas

::::::::::
land–surface

::::::::::
interactions

:::
are

:::::::
de�ned

:::
by

:::
the

uni�ed Noah land surface model (Tewari et al., 2004).
:::
The

:::::
PBL,

::::::::
cumulus,

:::
and

::::::::::::
microphysics

:::::::
schemes

:::
are

:::::
varied

::::::::
amongst

:::
the

::::::::
mentioned

:::::::
options

::
as

::::::::
described

::
in

:::::
Table

::
1.

:
280

Table 1.WRF model setup
::
and

:::::::
common

::::::::
parameters

:::
for

::
all

::::::::
simulation

:::
runs.Parameters

:::
The

:
variedin thissensitivitystudy

:::::
physics

:::::::::
parameters

areshown
::::::::
highlighted in italics. Scale-aware physicsparametrizations

:::::::::::::
parameterizations are underlined.

Numerical setup

Case studied
::::
Nested

::::::
domains

::::
(1-way

:::::
nesting)

stormCiara,10February2020Nesteddomains4

Horizontalresolution
:::
grid

::::
spacing

:
27 km (d01)� 9 km (d02)� 3 km (d03)� 1 km (d04)

Terrain following vertical levels 57

Model top pressure 1000 Pa

Time-step
:::::::
Time-steps

::
for

:::::
domain

:::::::
con�guration

:

20 s
:::
(d01),

:::
6.67

:
s

:::
(d02),

:::
2.22

:
s
::::
(d03),

:::
0.74

:
s

:::
(d04)

Spin-up period 24 h(9 Feb202000:00– 10Feb202000:00)

Simulationtime 21 h (10 Feb2020

00:00– 10 Feb202021:00)Initial

::::
Lateral & boundary conditions

ERA5 reanalysis

Domain size
::::::
Evaluation

:::::
time,

::::::
additional

:
to

:::
spin

:
up

:

type 1 / type 2 (Fig. 4)
:
21

::
h

::::
(Storm

::::
Ciara)

:::
and

:
6

:
h

:::::::::
(Low-pressure

::::
system

:::
and

::::
trough

:::::
passage)

Boundary updatefrequency
::::

interval 1h / 3h

Physics parametrizations

Radiation RRTMG
:::::
radiative

Land surface uni�ed Noah land-surface

PBL MYNN / Shin-Hong
:
/

::::
Zhang

Microphysics WSM5 / Thompson / Morrison

Cumulus KF / GD-3D / msKF/ GF

3.2
::::::::
Individual

::::
run

::::::
setups

In order to suf�ciently categorize and distinguish the key features of different
::::
WRF

:::::::
physics parameterizations and options

availablein WRF, a combination of different simulation pairsin themulti-variantsensitivityTable2 is
:
as

:::::::::
described

::
in

:::::
Table

:
2

:::
are

:
considered. A total of 12 WRF simulations are categorized into different simulation pairs (A –K

:
J) assigned toeither

variationsof thetemporalresolutionof lateralboundaryconditions,cumulus,microphysics,PBL schemesorgeospatialdomain285

con�guration
::::::::
variations

::
of

::::::
update

::::::
interval

::
of

:::::
LBC,

:::::
PBL,

::::::::
cumulus,

:::
and

::::::::::::
microphysics

:::::::
schemes. For eachvariation

:
of

:::
the

::::::
varied

11



Figure 4.
::::
WRF

:::
and

::::
WRF

::::::::::::
Post-processing

::::::
System

:::::
(WPS)

:::::
nested

::::::
domain

::::::::::
con�guration

::::::
(1-way

::::::
nesting)

::::::::
considered

:::::::
common

::
to

::
all

::::::::
simulation

:::
runs

::
in

:::
this

:::::
study.

:::::::::
parameters, at least 2 different simulation pairshavebeenperformed

:::
are

:::::::::
considered. For example, simulation pairs A and B

are assigned to the variation intemporalresolutionof the lateralboundaryconditions,aswithin eachpair only this temporal

resolutionis modi�ed.
::::::
update

::::::
interval

:::
of

:::
the

:::::
LBC.

:
More speci�cally, the simulation pairs considered are as follows. The

sensitivity to1-hourlyversus
:::::
hourly

::::
and 3-hourlytemporalresolutionof lateralERA5 boundaryconditionsis assessedwith290

:::::
update

::::::::
intervals

::
of

::::
LBC

:::
are

::::::::
assessed

::
in simulation pairs A and B. Further, the sensitivity to scale-awareand

:::
(SH

:::
and

:::::::
Zhang)

:::
and non-scale-awarecumulusparameterizationsis evaluatedthrough

::::::::
(MYNN)

::::
PBL

:::::::
schemes

::
is

::::::::
evaluated

::
in

:
pairs C, D, and E.

Theconsideredcumulusschemesconsistof
::::::::
sensitivity

::
to scale-awareGF,msKF, and

:::::
(msKF

::::
and

:::
GF)

::::
and non-scale-aware (KF

and GD-3Dcumulusschemes)
::::::::
cumulus

:::::::::::::::
parameterizations

:
is

:::::::::
evaluated

::
in

::::
pairs

::
F,

:::
G,

:::
and

::
H. Given the convection-permitting

resolutions of
:
3

:::
km

::::
and

:
1

:::
km

:::
for

:
d03 and d04

::::::::::
respectively, the non-scale-aware KF model is explicitly turned off in these295

domains in simulationcases1–7
:::
runs

::
2,

::
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, Thompson
:
, and Morrison is illustrated

through pairsF andG. Next, the comparisonbetweenscale-awarePBL Shin-Hong
:
I
:
andnon-scale-awarePBL MYNN is

shownin pairsH andI . Finally, pairsJ andK determinesensitivityto thegeographicaldomainsize,types1 and2 asde�ned300

in Fig. 4, wheretheoveralldomainsizesareincreasedin type2, includinganincreasednortheasterlyupstreamfetchtowards

4It was veri�ed that this approachresults
:::::
resulted in better reproduction of precipitation cells and lower error metricsasdiscussedbelow
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thezoneof interestin theBelgianNorth Sea(centralin domaind04)
:
J.

:::::
Each

:::::::::
simulation

:::
pair

:::::::
justi�es

::
to

:::::
serve

::
as

:::::::::::
independent

:::
sets

::
of

::::::::::
simulations

::
to

:::::
judge

:::
the

::::::::
in�uence

::
of

:
a

::::::
varied

:::::
WRF

::::::::
parameter.

Table 2.WRF
:::::::
simulation

:
runs and respective simulation pairs

::::::::
considered for

:::
each

::
of

:::
the

:::::
varied

:::::::
parameter

::
in

:::
this

:
sensitivity analysis

:
.

Simulation

run#

ERA5 LBC

updates

PBL

scheme

Cumulus

scheme

Microphysics

scheme

Update

interval

pairs

PBL

pairs

Cumulus

pairs

Microphysics

pairs

1 3 h MYNN msKF WSM5 A

2 3 h SH KF WSM5 B

3 1 h MYNN KF Thompson C

4 1 h MYNN msKF WSM5 A D

5 1 h SH KF WSM5 B F
I

6 1 h SH KF Thompson C G

7 1 h SH msKF WSM5 D F

J8 1 h SH msKF Thompson G

9 1 h SH msKF Morrison

H10 1h SH GD-3D Morrison

11 1 h SH GF Morrison
E

12 1 h Zhang GF Morrison

13 Ensemble average

Domain con�guration 1 Domain con�guration 2 The WRF nesteddomaincon�gurations consideredin this study. (a)

Baselinedomaincon�guration,domain- 1 (b) Extendeddomaincon�guration2, domain- 2.305

3.3
:::::::::::
Performance

::::::
metrics

::::
and

:::::::::::
observations

The simulated wind direction andwind speedfrom WRFruns
::::::::
horizontal

::::
wind

:::::
speed

:
are evaluated againstfront-row

::
10

::::::
minute

averaged SCADA data from thecommercial
::::::::::
southwestern

::::
front

::::
row

::
of

::
an

:
offshore wind farm located in the Belgian North Sea.

TheprecipitationrateusingRADAR re�ectivity is evaluatedagainstRADAR datafrom RMI-B. Further,RADAR re�ectivity

datais qualitativelycomparedto WRF-simulatedre�ectivity for 04:40on10February2020.Model accuracy is assessed using310

a standard Mean Absolute Error (MAE), aswell as the Kantorovichdistanceasdescribedin Wang and Basu (2016). The

Kantorovichdistanced, initially formulatedin Kantorovitch (1958), is de�ned asthesolutionto theoptimaltransportproblem

transformingadiscretesourcesignalai (i = 1 : : :m) into a targetsignalbk (k = 1 : : :n),

d = min
x i;k

mX

i =1

nX

k=1

r i;k x i;k ;

wherer i;k is a costassociatedwith thephaseshift betweenindicesi andk, andx i;k is relatedto thedifferencein amplitude315

betweenai andbk . In this regard,the Kantorovichdistanced is a metric for the similarity betweentwo signals,in this case
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WRF resultsand�eld data,detectingbothamplitudesandtemporalphaseshifts,hencesupplementingthestandardMAE asa

pointmetriconly consideringpairwisedifferencesin amplitudesat thesametime instance.

::
for

:::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed.

:
To recover a single performance metric, MAEandKantorovich

::
of

:::::
wind

:::::::
direction

::::
and

::::
wind

:::::
speed are normalized to the so-calledNnormalized

:::::::::
Normalized

:
Euclidean Distance (NED), given byNED =

q
MAE2

N + d2
N ,320

::::::::::::::::::::::::::::
NED =

q
MAE2

WDn + MAE2
WSn .

::::
NED

::
is

:
de�ned as the resultant of normalized mean absolute errorMAEN , andnormalized

KantorovichdistancedN ::
of

:::::
wind

:::::::
direction

:::::::::
MAEWDn :::

and
::::::::::
normalized

:::::
mean

:::::::
absolute

::::
error

::
of

:::::::::
horizontal

::::
wind

:::::
speed

:::::::::
MAEWSn

for all simulation runs. Normalization is performed with the mean over all simulations.This study considersa univariate

analysisfor wind variablesandprecipitationusingperformancemetrics,NED andKantorovichdistance,respectively

::::::::::
Precipitation

:::::
�elds

:::
are

::::::::::
qualitatively

:::::::::
compared

:::::::
between

:::::
WRF

::::::::::
simulations. The simulated radar re�ectivity isextractedfor a325

singlepoint in spaceat thelocationof theoffshorewind farmandconvertedto rainfall
::::::::
converted

::
to

:::::::::::
precipitation rate using the

Marshall and Palmerequation(Marshall and Palmer, 1948)andis evaluatedagainstre�ectivity datafrom thedual-polarization

C-bandradarfrom
::::::
relation

::::::::::::::::::::::::
(Marshall and Palmer, 1948).

:

::::
This

:::::
study

:::
also

::::::::
evaluates

:::
the

:::::::::::
performance

:::
of

::
an

::::::::
ensemble

:::::::
average

:::::::::
compared

::
to

:::::
single

:::::::::::
deterministic

:::::::::
simulation

:::::
runs.

::::
The

::::::::
ensemble

::::::
average

::
is

:::::::
de�ned

:::
as

:::
the

:::::
mean

::
of

:::
all

:::::::::
simulation

::::
runs

::::::::::
considered

:::
for

:
a
:::::
given

:::::
case

:::::
study.

::
In

::::
this

:::::
study,

:::::::::
ensemble330

:::::::
members

:::
are

:::::::::
initialized

::::
with

:::::::
identical

:::::
initial

:::::::::
conditions

::::
from

::::::
ERA5

:::::::::
reanalysis.

:::::::::::
Subsequently,

:::::::::
variability

::
in theRMI-B, located

in Jabbekeat the BelgianNorth Seacoast.
::::::::
ensemble

:::::::
average

::
is

::::
only

::::::
caused

:::
by

:::
the

:::::::
variation

:::
in

::::::
update

::::::
interval

:::
of

::::
LBC

::::
and

::::::
physics

:::::::::::::::
parameterizations.

::::::::
Therein,

:::
the

:::::::
current

::::::::
de�nition

::
of

:::::::::
ensemble

:::::::
average

:::::
differs

:::::
from

:::::::::
traditional

::::::::
ensemble

:::::::::
forecasts,

:::::
where

::::::::
variations

::
in

:::::
initial

:::::::::
conditions

:::
are

::::
also

::::::::::
considered,

:::
see,

::::
e.g.,

:::::::::::
Wilks (2019)

:
.

4 Results and Discussion335

Thesummaryof evaluatedmetricsfor all WRF simulationsis presentedin Table??. The tablepresentsMAE , Kantorovich

distanceand NED for the completesimulation list conductedin this
::::::::
following

:::::::
sections

::::
4.1,

::::
4.2,

::::
and

:::
4.3

:::::::
present

::::::
results

:::
and

::::::::::
discussions

:::
for

:::
the

::::::
overall

:::::
trend

::
in

:::::::::
simulation

::::::
results

::::::::
evaluated

::::::
against

::::::::
SCADA

::::
data

:::
for

:::::
Storm

::::::
Ciara,

:::
the

:::::::::::
low-pressure

::::::
system,

:::
and

:::
the

::::::
trough

:::::::
passage

:::::
cases,

:::::::::::
respectively.

::::
The

:::::
MAE

:::
and

:::::
NED

:::
are

::::::::
presented

::
in

:::::::::::
performance

::::::::
evaluation

::::::
tables

:::::
under

::::
each

::::
case study. The table sequence is organized in the order of increasingcomputationalcostsandcomplexityof physics340

parameterizations
:::::::::
complexity

:::
of

:::
the

::::::::::
combination

:::
of

::::::
physics

:::::::::::::::
parameterizations

::::
and

::::::
shorter

::::::
update

:::::::
interval, starting withlow

resolutionof lateralboundaryconditions,
:::
the

:::::
longer

::::::
update

:::::::
interval

::
of

:::::
LBC

:::
and

:
non-scale-aware physics parameterizations,

to scale-aware physics parameterizations withhigherresolutionsof lateralboundaryconditions.Cell colorsareassignedto

indicatethebettermetric-speci�cvaluein greenpercolumn.TheaverageNED is calculatedastheaverageof horizontal
:::
the

::::::
shorter

:::::
update

::::::::
intervals

::
of

:::::
LBC.

::::
Cells

:::
are

:::::::
colored

:::::
based

::
on

::
a

::
set

::
of

::
5

::::::::
categories

::::::::
between

:::
red

:::
and

:::::
green.

:::::::::
Categories

:::
are

:::::::
de�ned345

::
to

::::
cover

::::
20%

:::
of

::
the

:::::
range

:::::::
between

:::::::
smallest

::::
and

:::::
largest

::::::
values

:::
for

::
the

::::::::::
considered

::::::
metric.

::
In

:::
this

::::
way,

::::::
results

:::
are

:::::::::
categorized

::::
into

:::
best

::::::
(green,

::::
with

:::::
errors

::
in

:::
the

::::
20%

::::::
lowest

::::::
range),

::::
good

:::::
(light

::::::
green),

:::::::
average

::::::::
(yellow),

::::
poor

::::
(light

:::::
red),

:::
and

:::::
worst

::::
(dark

:::::
red).

::
In

:::::::
addition

::
to

:::
this

:::::::::
high-level

:::::::::
assessment

::
of

::::::
setups,

:::::::
sections

::::
4.4,

:::
4.5,

::::
and

:::
4.6

::::::
discuss

:::::::::
simulation

:::::
pairs

:::::::::
addressing

:::
the

::::::::
in�uence

::
of

::::::
speci�c

:::::::::::
combinations

:::
of

::::::
physics

:::::::::::::::
parameterizations

:::
and

::::::
update

:::::::
interval

::
of

:::::
LBC.

:::
The

:::::::::
simulated wind direction and wind speed
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NED.
:::
are

:::::::::::
quantitatively

::::::::
evaluated

::::::
against

:::::::
SCADA

::::
data.

:::::::
Finally,

::::
Sect.

:::
4.7

::::::::
provides

:
a

::::::::
synthesis

::
of

:::
the

::::::::::
observations

::
in

::::
this

:::::
study.350

Beforediscussingthein�uence of speci�c parameterizations,wediscusssomegeneraltrends

4.1
::::
Case:

::::::
Storm

:::::
Ciara

:::
The

:::::
MAE

::
of

:::::
wind

::::::::
direction,

:::::::::
horizontal

:::::
wind

:::::
speed,

::::
and

:::
the

:::::
NED

:::
for

:::
the

:::::
Storm

:::::
Ciara

::::
runs

::
is

::::::::
presented

:::
in

:::::
Table

:
3. Overall,

an increasingconformity with observationsis observedfor simulationswith scale-awarephysicsparameterizationscoupled355

with a largerdomaincon�guration andhigherresolutionof lateralboundaryconditions.The
::
for

:::::::::
simulation

::::
runs

::
2

:::::::
through

:::
12,

::::::::
relatively

:::::
lower

:::::
MAE

::::::
values

:::
for

:::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed

::::
are

::::::::
observed,

::::
with

::
a

:::::::::
maximum

::
of

::::::
9.26�

:::
and

::::
2.72

:::
m

:::
s� 1

:::::::::::
respectively.

:::::
Using

:::::
NED

::
as

:::
the

:::::::::
evaluation

::::::
metric,

:::
the

:
best-case setupin this studyis determined to be simulationcase

12 with the lowestaverageNED. Case12 encompasses
:::
run

::
7,

::::
with

:
a
:::::
NED

:::::
value

::::
very

::::::
similar

:::
to

:::
the

::::::::
ensemble

:::::::
average

::
(<

::
1

::
%

:::::::::
difference).

::::
Run

::
7

::::
uses

:::
the

:
scale-awareShin-Hong

:::
SH PBL scheme coupled witha doublemoment6-classMorrison

:::
the360

:::::::::
scale-aware

::::::
msKF

:::::::
cumulus

:::::::
scheme,

::::::
single

:::::::
moment

::::::
5-class

::::::
WSM5

:
microphysics scheme,a scale-awareGF cumulusscheme

and
::
and

::::::
hourly

:
ERA5 1h reanalysisdatasetasthe lateralboundaryconditions.The

:::::
lateral

::::::::
boundary

:::::::::
condition

:::::::
updates.

::
In

::
a

::::::
general

:::::
sense,

:::::::::
simulation

::::
runs

::
7

::::::
through

:::
10

:::::::
observe

::
the

::::::
lowest

::::::
overall

:::::
NED.

::::::
These

::::::::
simulation

::::
runs

::::::::
consider

::::::::::
scale-aware

::::
PBL

:::
and

:::::::
cumulus

:::::::::::::::
parameterizations

:::::::
coupled

::::
with

:::::
hourly

::::::
update

:::::::
intervals

::
of

:::::
LBC.

::
A

:::::::::
qualitative

:::::::
analysis

::
of wind direction and wind

speedcomparisonsfor thecompletelist of WRF simulationsalongwith their ensembleaverage
::::::::
timeseries

:::
for

:::
all

:::::::::
simulation365

:::
runs

:::::::::::
highlighting

:::
the

::::::::
ensemble

:::::::
average

:::
and

:::
the

::::::::
best-case

:::::
setup

:
is presented in Fig.??. Further,Fig. ?? illustratesindividual

andensembleprecipitationresultsascomparedto RADAR data.Qualitatively,the simulationscapturethe
:
5.

:::::::::
Compared

:::
to

::
the

::::::::
SCADA

::::::::
reference

:::::
data,

:::
the

:
changes in wind directionreasonablywell when comparedto SCADA data.On the other

hand,matchingwind speedsandprecipitationseemssigni�cantly
:::
are

:::::::
captured

:::::::::
reasonably

::::
well

:::
by

::
all

:::::
runs,

::::
with

:::
the

::::::::
ensemble

::::::
average

::::::::
capturing

:::
the

:::::::
general

:::::::::
transience

::
of

::::
wind

::::::::
direction

:::::
better

::::
than

:::
the

::::::::
best-case

::::::
setup.

::::::::
However,

:::::::::
accurately

::::::::
capturing

:::
the370

::::::::
variability

:::
on

::::
wind

:::::
speed

::
is

::::::
found

::
to

::
be

:
more challenging, as shown by the large spread among different modeling setups in

the afternoon and evening hours.Interestingly,despitetheaverageNED metricnot indicatingtheensembleaverageasa clear

winner amongstthe simulationcases(dueto relatively high errorson wind directions),the precipitationaccuracyis greatly

improvedoverthebestcase12.

Ensembleaverageof WRF RADAR re�ectivity evaluatedagainstobservationalRADAR data from RMI-B. Ensemble375

membersshownin gray.

4.2
::::
Case:

::::::::::::
Low-pressure

:::::::
system

Theremainderof thissectionfocusesonthesensitivityto individualpartsof themodelingchain.Firstly, thedomaincon�guration

is discussedin Sect.??. Next, the in�uence of the PBL schemesis shownin Sect.??, followed by the temporalresolution

of initial boundaryconditionsin Sect.4.4. Subsequently,Sect.4.6 elaborateson cumulusandmicrophysicsschemes.Finally,380

Sect.4.7providesasynthesisof theobservationsin this section.
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Table 3.Evaluationof wind velocity
:::::::::
Performance

::::::
metrics

:::::
MAE and

::::
NED

::
for

:::::
wind direction

:::
and

::::
wind

::::
speed

:
from

:
all

:
WRF simulationsvs

:::::::
evaluated

:::::
against

:
SCADA dataaveragedover

::
for

:
the�rst row

:::
case ofwind turbinesusingmetricsmeanabsoluteerror,Kantorovichdistance

andmeannormalizedeuclideandistance
::::
Storm

:::::
Ciara.

:::
The

:::::::
best-case

::::
setup

:::::::::
considering

::::
NED

::
is

::::::::
simulation

:::
run

:
7.

:::
The

::::::::
minimum

:::::
metric

::::::
speci�c

:::::
values

::
are

:::::::::
underlined.

Simulation

run#

ERA LBC

updates

PBL

scheme

Cumulus

scheme

Microphysics

scheme

Wind direction

MAE (degrees)

Wind speed

MAE (m s� 1)

NED

(-)

1 3 h MYNN msKF WSM5 10.46 3.88 2.08

2 3 h SH KF WSM5 8.48 2.57 1.51

3 1 h MYNN KF Thompson 9.26 2.72 1.63

4 1 h MYNN msKF WSM5 8.61 2.54 1.51

5 1 h SH KF WSM5 7.68 2.47 1.41

6 1 h SH KF Thompson 8.37 2.51 1.48

7 1 h SH msKF WSM5 6.59 1.78 1.11

8 1 h SH msKF Thompson 6.69 1.89 1.15

9 1 h SH msKF Morrison 7.17 1.89 1.20

10 1 h SH GD-3D Morrison 5.59 2.25 1.17

11 1 h SH GF Morrison 7.17 2.67 1.43

12 1 h Zhang GF Morrison 8.69 1.84 1.34

13 Ensemble average 5.88 2.04 1.12

(a) (b)

Figure 5. Ensembleaverageof WRF on
::::::::
Timeseries

::::
plots

:
wind direction(a) and wind speed

:::::
plotted

:::::
along

:::
with

:::
the

:::::::
ensemble

:::::::
average

:::
and

:::::::
best-case

::::
setup

::::::::
simulation

:::
run

:
7
:::

for
:::
the

::::
case

::
of

:::::
Storm

::::
Ciara.

:
(

:
a)

::::
Wind

::::::::
direction.

:
(b) evaluatedagainstSCADA data

::::
Wind

::::
speed.Ensemble

membersshownin gray.

4.3 Simulation pair: Domain con�guration
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The currentsectioninvestigatesthe extentto which geographicaldomainsize and upstreamfetch affect the generationof

�ne-scalewind variations,precipitationcellsandconvectivesystemsfor thecurrentcaseof stormCiara.In literature,various

studieshave provided an equivocal literature on the in�uence of domain size on WRF simulationsranging from better385

representationof convectivesystemsin simulationswith largerdomainsandviceversa(seee.g.Bhaskaranetal. 1996;Yu etal.

2021;Wanget al. 2021).SimulationpairsJ andK representfour WRF simulationswith two differentdomaincon�gurations

(with identicalspatialresolution)aspresented
::::::::
summary

::
of

:::
the

:::::::::::
performance

:::::::::
evaluation

::::::
metrics

:::
for

::::
the

:::::::::::
low-pressure

::::::
system

:
is

:::::::::
presented

::
in

:::::
Table

::
4.

::::
The

::::::::
best-case

:::::
setup

::
is

:::::
found

::
to

:::
be

:::::::::
simulation

:::
run

::
2,

::::::::::
comprising

::::::::::
scale-aware

:::
SH

:::::
PBL

:::::::
coupled

::::
with

:::::::::::::
non-scale-aware

:::
KF

::::::::
cumulus,

::::::
WSM5

::::::::::::
microphysics,

:::
and

::::::
hourly

:::::
ERA5

:::::::::
reanalysis

:::
data

::
as

:::::
LBC.

::::::
Unlike

:::
the

::::
case

::
of

:::::
Storm

::::::
Ciara,390

::
no

:::::
trend

::
in

:::::
better

:::::
results

:::
for

:::::::::
simulation

::::
runs

:::::::::
combining

::::::::::
scale-aware

::::
PBL,

::::::::::
scale-aware

::::::::
cumulus,

:::
and

:::::::::::
higher-order

:::::::::::
microphysics

:
is

::::::
found

::::
(i.e.,

:::::::::
simulation

::::
runs

:
6

:::::::
through

::
10

::
in

:::::
Table

:::
4).

::::
The

::::::
overall

::::
trend

::
in

:::::
wind

:::::
speed

:::::
MAE

::::::
results

:::::
shows

::::::::::
simulations

:::::
using

::
the

:::::::
MYNN

::::
PBL

:::::::
scheme,

::::
i.e.,

::::
runs

::
1,

::
3,

:::
and

::
4,

::
to

:::::::
perform

:::::::
poorly.

::::::
Similar

::
to

:::
the

::::
case

::
of

::::::
Storm

:::::
Ciara,

:::
the

::::::::
best-case

::::::
results

:::
are

:::::
found

::
to

::
be

::::
very

::::::
similar

:::
to

:::
the

::::::::
ensemble

:::::::
average,

::::
with

:
a
:::::::
relative

:::::::::
difference

::
in

::::
NED

:::
of

:::
3.2

::
%.

:::::::::
However,

:
it

:::::
must

::
be

:::::
noted

::::
that

::
the

::::::::
ensemble

:::::::
average

:::::
tends

::
to

:::::
damp

:::
out

:::
the

:::
fast

:::::::
changes

::
in

:::::
wind

::::::::
direction,

::
as

::::::
plotted in Fig.4. NotethatJ furthermoreapplies395

a standardMYNN PBL schemewhereasK usesthe scale-awareShin-HongPBL scheme.Quantitativeperformancemetrics

for thesesimulationpairsareshownin Table??, whereasa qualitativeview is presentedin theform of a wind directiontime

seriesanda snapshotof RADAR re�ectivity in Figs.?? and?? respectively.
:
6

:::::
along

::::
with

:::
the

::::::::
best-case

::::::
setup.

::
A

:::::::::
qualitative

::::::
analysis

:::
on

:::
the

:::::::::
timeseries

:::::::
indicates

::::
that

::
all

:::::::::
simulation

::::
runs

::::::
capture

:::
the

::::
fast

::::::
change

::
in

:::::
wind

:::::::
direction

:::
for

:::
the

::::::
period

::
of

:::::::
interest.

::::::::
However,

::::
these

:::::
often

::::::
exhibit

:
a
::::
time

:::
lag

:::::::::
compared

::
to

:::::::
SCADA

::::
data.

:
400

Focusing�rstly on thewind direction,it canbeseen

Table 4.
:::::::::
Performance

::::::
metrics

:::::
MAE

:::
and

::::
NED

:::
for

::::
wind

:::::::
direction

::::
and

::::
wind

:::::
speed

::::
from

:::
all

:::::
WRF

:::::::::
simulations

:::::::
evaluated

::::::
against

:::::::
SCADA

:::
data

:::
for

::
the

::::::::::
low-pressure

::::::
system

::::
case.

:::
The

:::::::
best-case

:::::
setup

:::::::::
considering

::::
NED

::
is

::::::::
simulation

:::
run

::
2.

:::
The

::::::::
minimum

:::::
metric

::::::
speci�c

:::::
values

:::
are

::::::::
underlined.

Simulation

run#

ERA LBC

updates

PBL

scheme

Cumulus

scheme

Microphysics

scheme

Wind direction

MAE (degrees)

Wind speed

MAE (m s� 1)

NED

(-)

1 3 h MYNN msKF WSM5 12.58 3.96 1.66

2 3 h SH KF WSM5 10.43 1.77 0.94

3 1 h MYNN KF Thompson 13.17 4.28 1.78

4 1 h MYNN msKF WSM5 12.47 4.40 1.79

5 1 h SH KF WSM5 13.60 2.19 1.20

6 1 h SH KF Thompson 21.92 1.95 1.62

7 1 h SH msKF WSM5 16.92 2.16 1.37

8 1 h SH msKF Thompson 15.74 2.30 1.34

9 1 h SH msKF Morrison 19.81 3.12 1.73

10 1 h SH GD-3D Morrison 15.97 2.32 1.35

11 1 h SH GF Morrison 12.11 2.64 1.25

12 1 h Zhang GF Morrison 15.54 2.15 1.29

13 Ensemble average 10.65 1.85 0.97
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(a) (b)

Figure 6.
::::::::
Timeseries

::::
plots

::::
wind

:::::::
direction

:::
and

::::
wind

:::::
speed

:::::
plotted

:::::
along

:::
with

:::
the

:::::::
ensemble

::::::
average

:::
and

::::::::
best-case

::::
setup

::::::::
simulation

:::
run

:
2

:::
for

::
the

::::::::::
low-pressure

:::::
system

::::
case.

:::
(a)

::::
Wind

:::::::
direction.

:::
(b)

::::
Wind

:::::
speed.

4.3
::::
Case:

:::::::
Trough

:::::::
passage

:::
The

:::::::::::
performance

:::::::::
evaluation

::::::
metrics

:::
for

:::
the

::::::
trough

:::::::
passage

:::
are

::::::::
presented

::
in

:::::
Table

::
5.

:::::::
Overall,

:::
the

:::::::::
considered

:::::
WRF

::::::
setups

:::
are

:::::
found

::
to

::
be

::::::
highly

:::::::
sensitive

::
to

:::
the

::::::::::::
combinations

:::
and

::::
type

::
of

:::::::
physics

:::::::::::::::
parameterizations.

:::::::
Overall,

:::::
MAE

::::::
values

:::
are

:::::
found

::
to

:::
be

:::::
higher

::::
than

:::
for

:::
the

:::::
other

:::
two

::::::
cases,

::::::::
indicating

::::
that

:::::::::
accurately

:::::::::
predicting

::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed

::
is

:::::
more

::::::::::
challenging

::
for

::::
this

::::::::
particular

:::::
event.

:::
No

:::::
clear

::::
trend

:::
in

:::
any

:::::::::::
combinations

::
of

:::
the

::::::::
sequence

:::
of

:::::::::
simulation

::::
runs

:
is

::::::
found,

::
in

:::::::
contrast

::
to

::::::
Storm405

::::
Ciara

::::
and

:::
the

:::::::::::
low-pressure

:::::::
system.

:::::::::::
Interestingly,

::::::::::
considering

::::
NED

:::
as

:::
the

:::::::::
evaluation

::::::
metric,

:::
the

::::::::
best-case

:::::
setup

::
is

::::::::
observed

::
to

::
be

::::
run

::
12

:::
by

::
a

:::::::::
signi�cant

:::::::
margin.

::::
Run

:::
12

::::
uses

:::
the

:::::::::::
scale-aware

:::::
Zhang

::::
3D

::::
PBL

:::::::
scheme,

::::
the

::::::::::
scale-aware

:::
GF

::::::::
cumulus

::::::
scheme

:::::::
coupled

::::
with

::::::::
Morrison

:::::::::::
microphysics

::::
and

::::::
hourly

:::::
ERA5

:::::
LBC

:::::::
updates.

::::::::::
Simulation

::::::::
timeseries

::::::::
including

::::
the

::::::::
ensemble

::::::
average

::::
and

::::::::
best-case

::::
setup

::::
are

::::::::
presented in Fig.?? that the simulationswith the largerspatialextenton Domain2 (yellow

lines)producemoreshort-timescale�uctuations,similar to �uctuations observedin theSCADA data,thanthosesimulations410

performedon the smallerDomain
:
7.

::::::::::::
Qualitatively,

:::::::::
simulation

::::
runs

:
1 con�guration (orangelines). However,assessingthe

performancemetricsin Table??, this doesnot immediatelytranslateto a clearreductionin NED for bothpair J andK. Even

thoughthe Domain2 �uctuations producequalitativesimilaritieswith the SCADA data,their respectivephasedifferences

leadto largeerrorsin MAE, which areonly partially correctedfor by theimprovedKantorovichdistance,thusresultingin an

inconclusivetrendregardingNED. Similar argumentscanbemadefor thewind speed: eventhoughtheDomain2 runshave415

thepotentialto providehigherlevelsof detail,
::::::
through

:::
11

::::::::::
underpredict

:::
the

:::::
wind

::::::::
direction

:::
for

:::
the

::::::::
evaluation

:::::::
period,

:::::::
whereas

::::
wind

::::::
speeds

:::
are

:::::::::::::
underpredicted

::
by

:::
all

::::
runs.

::::
Due

::
to

:
thematchwith SCADA datadoesnot consistentlyimprovebasedon our

currentmetrics.
::::
joint

::::
poor

:::::::::::
performance

:::
and

::::::::
persistent

::::::
offsets

::::::::
compared

:::
to

:::::::
SCADA

::::
data

:::
for

::
all

::::::::::
simulations

::::::
except

:::
run

:::
12,

:::
the

::::::::
ensemble

::::::
average

::::
does

:::
not

:::::
yield

:::
any

:::::
better

::::::
match

::
to

:::
the

::::
data.

:
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Turning to precipitation,Kantorovichdistancesfrom Table?? clearly indicatesimulationson largerDomain2 to produce420

better results.Similar �ndings were also recently observedby Yu et al. (2021). Precipitationlevels from WRF-simulated

RADAR re�ectivity versusobservedRADAR re�ectivity at 04:40for simulationpair K arepresentedin Fig. ??. It is shown

thatwhereastheDomain2 WRF run indicatesthepresenceof bow echosimilar to theobservedRADAR, little to no RADAR

re�ectivity is observedfor simulationson Domain 1. For simulation pair J (not further shown here) domain 1 captured

signi�cantly lessvariationin precipitationfrontsin comparisonto domain2.Overall,simulationsonDomain2 predictedbetter425

convectivestructuresandprecipitationcellsthatarefoundto bemorerepresentativeof RADAR observationsin comparisonto

thesmallerDomain1.

Evaluationof simulationpairsJandK, subjectto two differentdomaincon�gurationsusingMAE andKantorovichdistance.

Table 5.
:::::::::
Performance

::::::
metrics

::::
MAE

:::
and

::::
NED

:::
for

::::
wind

:::::::
direction

:::
and

::::
wind

::::
speed

::::
from

:::
all

::::
WRF

:::::::::
simulations

:::::::
evaluated

::::::
against

::::::
SCADA

::::
data

::
for

:::
the

::::
case

::
of

:::
the

:::::
trough

:::::::
passage.

:::
The

:::::::
best-case

:::::
setup

:::::::::
considering

::::
NED

::
is

::::::::
simulation

:::
run

:::
12.

::::
The

:::::::
minimum

::::::
metric

::::::
speci�c

:::::
values

:::
are

::::::::
underlined.

Simulation

run#

ERA LBC

updates

PBL

scheme

Cumulus

scheme

Microphysics

scheme

Wind direction

MAE (degrees)

Wind speed

MAE (m s� 1)

NED

(-)

1 3 h MYNN msKF WSM5 15.12 4.22 1.39

2 3 h SH KF WSM5 19.27 5.27 1.75

3 1 h MYNN KF Thompson 16.04 3.47 1.32

4 1 h MYNN msKF WSM5 11.64 4.46 1.28

5 1 h SH KF WSM5 17.95 4.51 1.57

6 1 h SH KF Thompson 19.84 4.60 1.68

7 1 h SH msKF WSM5 15.05 5.31 1.57

8 1 h SH msKF Thompson 16.34 5.02 1.58

9 1 h SH msKF Morrison 10.97 3.78 1.13

10 1 h SH GD-3D Morrison 17.73 4.57 1.57

11 1 h SH GF Morrison 15.03 3.87 1.33

12 1 h Zhang GF Morrison 7.43 3.11 0.87

13 Ensemble average 14.77 4.34 1.39

4.4
::::::
Update

:::::::
interval

::
of

::::::
lateral

:::::::::
boundary

::::::::::
conditions:

::::::::::
Simulation

:::::
pairs

:
A

::::
and

::
B

:::
The

:::::
effect

::
of

:::::::
varying

:::
the

:::::
update

:::::::
interval

::
of

::::::
ERA5

::::
LBC

:::::::
between

::::::
hourly

:::
and

::::::::
3-hourly

:
is

::::::::::
investigated

::
in

::::
this

::::::
section.

::::::::::
Simulation

::::
pairs

::
A

:::
and

::
B

::::::::
represent

:
4
:::::
WRF

::::::
setups

::
for

:::::
each

::::
case

:::::
study.

:::::
Figure

::
8

:::::
shows

:::
the

::::::
results

:::
for

:::::::::
simulation

:::
pair

:::
A.

::::::::
Errorbars

:::::::
indicate430

:::
one

:::::::
standard

:::::
error

::
of

::::
the

::::::
sample

::::::
mean.

:::::::
Starting

::::
with

:::::
wind

::::::::
direction

::::
(Fig.

::::
8a),

::::::
hourly

::::::
update

::::::::
intervals

::
of

::::::
ERA5

:::::
LBC

:::
are

:::::::
observed

::
to

:::::::
perform

:::::
better

:::
for

::::::
Storm

:::::
Ciara

:::
and

:::
the

::::::
trough

:::::::
passage.

::::
For

:::
the

::::::::::
low-pressure

:::::::
system,

:::::
lower

:::::
MAE

::
is

::::::::
observed

:::
for

:::::
hourly

:::::::::
reanalysis

::::
data

::::::::
however,

::::
these

::::::
values

::
lie

:::::
well

:::::
within

:::
the

::::::::
standard

::::
error

:::::
bars,

:::::::
therefore

:::::::
leading

::
to

:::::::::::
inconclusive

::::::
overall

:::::::::::
observations.

:::
For

::::
wind

:::::
speed

:::::
(Fig.

:::
8b),

::
a

::::::::
signi�cant

:::::::::::
improvement

:::
on

:::::
MAE

::
is

:::::::
observed

:::::
when

::::::
hourly

::::::::
reanalysis

::::
data

::
is

::::
used

:::
for

:::::
Storm

:::::
Ciara,

::::
with

:
a
:::
34

::
%

::::::::
reduction

::::::::
compared

::
to

::::::::
3-hourly

::::
data.

::
In

:::::::
contrast,

:::
for

:::
the

:::::::::::
low-pressure

::::::
system

:::
and

:::
the

::::::
trough

:::::::
passage,435
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(a) (b)

Figure 7.
::::::::
Timeseries

::::
plots

::::
wind

:::::::
direction

:::
and

::::
wind

:::::
speed

:::::
plotted

:::::
along

:::
with

:::
the

:::::::
ensemble

::::::
average

:::
and

::::::::
best-case

::::
setup

::::::::
simulation

:::
run

:
2

:::
for

::
the

::::
case

::
of

:::::
trough

::::::
passage.

:::
(a)

::::
Wind

:::::::
direction.

:::
(b)

::::
Wind

:::::
speed.

:::::::
3-hourly

::::::::
reanalysis

::::
data

::::::::
produces

:::::
lower

::::::
MAE,

:::::::
however

::::
these

::::::
values

:::
lie

:::::
within

:::
the

:::::::
standard

:::::
error.

:::::::
Overall,

:::
for

:::::::::
simulation

::::
pair

::
A,

::
a

:::::::::
distinction

::
in

:::::
better

:::::::::::
performance

:::
for

::::::
hourly

:::::::::
reanalysis

::
is

::::::::
observed

:::
for

::::::
Storm

:::::
Ciara,

::::::::
however

::
no

:::::::::
signi�cant

:::::::
bene�t

::
is

:::::::
observed

:::
for

:::
the

:::::
other

:::
two

:::::
cases.

:

(a) (b)

Figure 8.
:::::::::
Performance

::::::::
evaluation

::
for

:::::::::
simulation

:::
pair

::
A

:::::::::
considering

::::::
change

::
in

:::::
update

::::::
interval

::
of

:::::
LBC,

::
as

:::::::
described

::
in

:::::
Table

::
2.

::
(a)

:::::
MAE

::::::::
comparison

:::
for

::::
wind

:::::::
direction.

:::
(b)

::::
MAE

:::::::::
comparison

:::
for

::::
wind

:::::
speed.

::::::::
Similarly,

::::
Fig.

:
9
::::::

shows
:::
the

::::::
results

:::
for

::::::::::
simulation

::::
pair

::
B.

::::
The

:::::
MAE

::::::::::
comparison

:::
for

:::::
wind

::::::::
direction

::
is

::::::::
presented

:::
in

::::
Fig.

::
9a,

:::::::::
indicating

::::::::::
statistically

::::::::::
inconclusive

::::::
results

:::
for

:::
all

:::::
cases.

::::::::
Similarly,

:::::
MAE

::::::
results

:::
for

:::::
wind

:::::
speeds

::::
are

::::::::
presented

::
in

::::
Fig.

:::
9b,440
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::::::::
indicating

:::::::::::
inconclusive

:::::
results

:::
for

::::::
Storm

:::::
Ciara

:::
and

:::
the

:::::::::::
low-pressure

:::::::
system,

:::
yet

:
a
:::::
better

:::::::::::
performance

::::
with

::::::
hourly

:::::::::
reanalysis

:::
data

::
in

:::
the

::::
case

::
of

:::
the

::::::
trough

:::::::
passage.

:

::
To

:::::::::
summarize

:::
the

::::::
overall

:::::::::
inferences

::::
from

::::
both

:::::::::
simulation

:::::
pairs,

::::::
hourly

::::::
updates

:::
of

::::
LBC

::
do

:::
not

::::::::::::
systematically

::::
lead

::
to

::::::
higher

:::::::
accuracy,

::::::::
although

::::::::::::
improvements

:::
are

:::::::
observed

:::
for

::::::
certain

:::::::::::
combination

::
of

:::::
events

::::
and

::::
wind

::::::::
variables.

:::::::::
Therefore,

:::::
more

:::::::
frequent

::::::
updates

::
of

:::::
LBC

::::
may

:::::
prove

:::::::::::
advantageous

:::::
when

:::::
trying

::
to

::::::
capture

::::::
certain

::::
fast

:::::::
transient

:::::::
weather

::::::
events.

:
445

(a) (b)

Figure 9. Wind directiontime seriesat offshorewind farm locationfrom SCADA dataandWRF simulations
:::::::::
Performance

::::::::
evaluation

:::
for

::::::::
simulation

:::
pair

::
B

:::::::::
considering

:::::
change

::
in

:::::
update

::::::
interval

::
of

:::::
LBC,

::
as

:::::::
described

::
in

:::::
Table

:
2. (a): Simulationpair J

::::
MAE

:::::::::
comparison

:::
for

::::
wind

::::::
direction. (b): SimulationpairK

::::
MAE

:::::::::
comparison

::
for

::::
wind

:::::
speed.

Contoursof RADAR precipitation(contourlinesin foreground)andWRF precipitation(�lled contoursin background)for

simulationpair K. Left: Simulationon smallerDomain1. Right: Simulationon largerDomain2. Color pro�le arescaledsuch

thatsimilar colorpatternsrepresentsimilar precipitationlevels.

4.5 Simulation pair: Planetary boundary layer
:
:

::::::::::
Simulation

::::
pairs

:::
C,

::
D,

::::
and

::
E

In this section, the in�uence of using classical non-scale-aware PBL schemes versususingscale-aware PBL schemes is elabo-450

rated
::
in

:::::::::
simulation

::::
pairs

::
C,

:::
D,

:::
and

::
E. More speci�cally, the standard MYNN scheme is compared to the scale-awareShin-Hong

schemeby simulationpairs H (run on Domain 1, seeprevioussection)and I (run on Domain 2). Note that theseare the

samesimulationsconsideredin theprevioussection,but comparedin a differentmannerhere.Table?? containsquantitative

performancemetricsfor thesesimulationpairs.Furthermore,
::
1D

:::
SH

::::
and

::::::::::
scale-aware

:::
3D

::::::
Zhang

::::
PBL

::::::::
schemes.

::::::::::
Simulation

::::
pairs

::
C

:::
and

::
D

::::::::
compare

:::
the

::::::::
in�uence

::
of

:::::::
MYNN

::::
and

:::
SH

::::
PBL

:::::::
schemes

::::
and

:::::::::
simulation

::::
pair

::
E

::::::::
compares

:::
SH

::::
and

:::::
Zhang

:::::
PBL455

:::::::
schemes.

:

:::::
Figure

:::
10

:::::::
presents

:::
the

::::::::::
consolidated

::::::
results for simulation pairI, thetimeseriesof wind directionandwind speedsareshown

in Fig. 13andasnapshotof RADAR re�ectivity is presentedin Fig. ??.
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Consideringwinddirectionandwindspeed�rst, thesimulationswith theShin-HongPBLschemeobservebetterconcurrence

to SCADA dataconsideringMAE. In somecases,theKantorovichdistancehowevercontradictsMAE in favor of theMYNN460

PBL scheme, resultingin overall similar NED scores
::
C.

::::
First,

:::::::::::
considering

::::
wind

::::::::
direction

:::::
MAE

:::::
(Fig.

:::::
10a),

:::
the

:::
SH

:::::
PBL

::::::
scheme

::::::::
performs

:::::
better

:::
for

::::
the

::::
case

::
of

::::::
Storm

:::::
Ciara.

:::
In

::::::::
contrast,

:::
for

:::
the

:::::::::::
low-pressure

::::::
system

::::
and

:::
the

::::::
trough

::::::::
passage,

:::
the

::::::
MYNN

::::
PBL

:::::::
scheme

:::::
shows

:::::
better

:::::::::::
performance.

:::::::::::
Considering

::::
wind

:::::
speed

:::::
(Fig.

::::
10b),

:::
no

:::::::::
conclusive

::
set

:::
of

::::::::
inferences

:::
are

::::::
drawn

::
for

:::
the

::::
case

::
of

::::::
Storm

:::::
Ciara,

::
as

:::
the

:::::
lower

:::::
MAE

:::
by

:::
SH

:::
lies

::::::
within

:::
the

:::::
range

::
of

:::
the

:::::::
standard

:::::
error.

:::
For

:::
the

:::::::::::
low-pressure

:::::::
system,

::
the

::::
SH

::::
PBL

::::::
scheme

:::::::::::
outperforms

:::
the

::::::
MYNN

:::::::
scheme

::
in

:::::
terms

::
of

:::::
wind

:::::
speed,

::::::::
reversing

:::
the

:::::
trend

:::::
found

:
for wind directionfor465

Shin-HongandMYNN. For wind speedson the otherhand,the resultingNED signi�cantly favorsscale-awareShin-Hong.

Finally, consideringthe averagedNED asthe de�ning metric, betteroverall resultswereobservedfor simulationswith the

scale-awareShin-HongPBL scheme.
::
For

:::
the

::::::
trough

:::::::
passage,

:::::::
MYNN

::::
wind

::::::
speeds

::::::::::
outperform

:::
SH.

:::::::
Overall,

:::
for

:::
the

:::::::::
simulation

:::
pair

::
C,

:::
no

::::
clear

::::::::::
conclusions

::::
can

::
be

::::::
drawn

:::
for

:::::
Storm

:::::
Ciara

:::
and

:::
the

:::::::::::
low-pressure

::::::
system

:::::
cases.

:::
In

:::::::
contrast,

:::::
better

:::::::::::
performance

::
by

:::
the

:::::::
MYNN

::::
PBL

::::::
scheme

::
is

::::::::
observed

:::
for

:::
the

:::::
trough

:::::::
passage.

:
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(a) (b)

Figure 10.
:::::::::
Performance

::::::::
evaluation

:::
for

::::::::
simulation

:::
pair

::
C

::::::::
considering

::
a

:::::
change

::
in

::::
PBL

::::::
scheme,

::
as

:::::::
described

::
in

::::
Table

::
2.

::
(a)

:::::
MAE

:::::::::
comparison

::
for

::::
wind

:::::::
direction.

:::
(b)

::::
MAE

:::::::::
comparison

:::
for

::::
wind

:::::
speed.

Eventhoughwe observedlargervertical velocity pro�les andhigherwatervapourmixing ratios for Shin-Hongthanfor

MYNN duringtimesof highprecipitation(seeFig.??), theprecipitationKantorovichdistancein Table??presentsinconclusive

resultsregardingwhich PBL schemeresultsin a closermatchto RADAR data.The qualitativeresultsaspresentedin Fig.

?? for simulationpair I indicatea betterrepresentationof the precipitationfront for simulationswith the Shin-HongPBL

scheme
:::::
Figure

:::
11

::::::::
illustrates

::::::
MAEs

::
for

:::::::::
simulation

::::
pair

::
D.

:::::::
Starting

::::
with

:::::
wind

:::::::
direction

::::
(Fig.

::::
11a),

::
a

::::
clear

:::::::::
advantage

::
in

:::::::
utilizing475

:::
SH

::::
PBL

::
is

::::::::
observed

:::
for

:::
the

::::
case

::
of

:::::
Storm

::::::
Ciara.

::::::::
However,

::::
this

:::::::::
distinction

::
is

:::
not

:::::::
observed

:::
for

:::
the

:::::::::::
low-pressure

:::::::
system.

::::
The

::::::
MYNN

::::
PBL

:::::::
scheme

:::::::
performs

:::::
better

::::
than

:::
the

:::
SH

::::
PBL

:::::::
scheme

:::
for

::
the

::::::
trough

:::::::
passage.

::::
This

:::::
trend

::
is

:::::
found

::::::
similar

::
to

:::::::::
simulation

:::
pair

:::
C.

::::::::::
Considering

:::::
wind

::::::
speeds

::::
(Fig.

:::::
11b),

:::
SH

::::::::::
outperforms

:::::::
MYNN

:::
by

:
a

:::::::::
signi�cant

::::::
margin

:::
for

:::
the

::::
case

:::
of

:::::
Storm

::::::
Ciara.

::
A
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::::::
similar

::::::::
distinction

::
is

::::::::
observed

::
for

:::
the

:::::::::::
low-pressure

::::::
system.

:
However,for simulationpairH (notfurthershownhere),Shin-Hong

schemesigni�cantly underestimatestheRADAR precipitation
:::::
similar

::
to

::::
pair

::
C,

:::
for

:::
the

::::::
trough

:::::::
passage

:::
this

:::::
trend

:
is

::::::::
reversed.480

Overall, currentresultsshowthe scale-awareShin-HongPBL schemeperformsgenerallybetterfor wind variablesin the

currentcase, yet resultsfor precipitationcould indicatea dependencywith cumulusand microphysicsparameterizations,

whichhasalsobeenreportedin literature(Hong and Dudhia, 2012; Choi and Han, 2020; Chen et al., 2021).
::
for

:::
the

:::::::::
simulation

::::
pairs

::
C

:::
and

::
D,

::
a

::::::::
distinctly

:::::
better

::::::::::
performance

:::
by

::
the

:::
SH

:::::
PBL

::::::
scheme

::
is

:::::::
observed

:::
for

:::
the

::::
case

::
of

:::::
Storm

::::::
Ciara.

::::::::
However,

::::
little

::
to

::
no

::::::::::
conclusions

:::
can

:::
be

:::::
drawn

:::
for

:::
the

:::::::::::
low-pressure

:::::::
system.

:::
For

:::
the

::::::
trough

:::::::
passage,

:::::
better

:::::::::::
performance

:
is

::::::::
observed

:::
for

:::::::
MYNN485

::::
PBL

:::::::
scheme.

Evaluationof simulationpairsH andI, subjectto MYNN andShin-HongPBL schemesusingMAE andKantorovichdistance.

(a) (b)

Time seriesatoffshorewind farm locationfrom SCADA dataandWRF simulationsfor simulationpair I. (a):Wind direction.(b): Wind

speed.

Figure 11. Contoursof RADAR precipitation (contour lines in foreground)and WRF precipitation (�lled contoursin background)

:::::::::
Performance

::::::::
evaluation for simulation pairI. Left: MYNN

:
D

:::::::::
considering

:
a
::::::
change

::
in PBL scheme

:
,

:
as

::::::::
described

:
in

:::::
Table

:
2.Right:Shin-Hong

PBL scheme
::
(a)

:::::
MAE

::::::::
comparison

:::
for

::::
wind

:::::::
direction.

::
(b)

::::
MAE

:::::::::
comparison

:::
for

::::
wind

:::::
speed.

::
To

::::::
further

:::::::::
distinguish

::::::::
between

::::::::::
scale-aware

::::
PBL

:::::::
schemes

::
of

::::::::
different

::::::::::
complexity,

:::::
Figure

:::
12

:::::::
presents

::::::
results

:::
for

:::::::::
simulation

:::
pair

:::
E,

:::::::::
comparing

:::
the

:::
SH

::::
and

:::
the

::::::
Zhang

::::
PBL

::::::::
schemes.

::::
The

:::::
wind

:::::::
direction

::::::
MAE

:::::
results

:::::
(Fig.

::::
12a)

:::::
show

:::
an

::::::::
advantage

:::
in

::::
using

::::
SH

:::
for

:::
the

::::
case

::
of

::::::
Storm

:::::
Ciara.

:::::::::
However,

:::
this

::::::::::
distinction

::
is

:::
not

::::::::::
statistically

:::::::::
signi�cant

:::
for

:::
the

:::::::::::
low-pressure

:::::::
system.

:::
The

::::::
Zhang

::::
PBL

:::::::
scheme

::::::::::
outperforms

:::
the

:::
SH

:::::
PBL

::::::
scheme

:::
by

:
a
:::::::::
signi�cant

:::::::
margin

::
for

::::
the

:::::
trough

::::::::
passage.

::::::::::
Considering

:::::
wind490

:::::
speed

::::
(Fig.

:::::
12b),

:::
the

:::::
Zhang

:::::::
scheme

::::::::::
outperforms

:::
the

:::
SH

:::::::
scheme

:::
for

:::::
Storm

:::::
Ciara

:::
and

:::
the

::::::
trough

:::::::
passage.

:::::::::
However,

:::
this

:::::
trend

:
is

:::
not

::::::::::
statistically

:::::::::
signi�cant

:::
for

:::
the

:::::::::::
low-pressure

::::::
system

::::
case.

::::
The

::::::
trough

::::::
passage

::::::::
observes

:::::
better

:::::::::::
performance

::
by

:::
the

::::::
Zhang

::::
PBL

:::::::
scheme.

:::::::
Overall,

::
for

:::::::::
simulation

::::
pair

::
E,

:::
no

::::
clear

:::::::::
distinction

::
in

:::::
better

:::::::::::
performance

:::
for

::::
both

::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed

::::::::
combined

::
is

:::::::
observed

:::
for

:::
SH

::
or

::::::
Zhang

::::
PBL

:::::::
schemes

:::
for

:::::
Storm

:::::
Ciara

:::
and

:::
the

:::::::::::
low-pressure

::::::
system

:::::
cases.

::::::::
However,

:::
for

:::
the

::::
case

::
of

:::
the

:::::
trough

::::::::
passage,

:
a

::::
clear

:::::::::
advantage

::
in

:::::
using

:::
the

:::::
Zhang

::::
PBL

:::::::
scheme

::
is

::::::::
observed.

:
495
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4.6 Simulation pair: Temporal resolution of lateral boundary conditions

Theeffectof varyingtemporalresolutionor updatefrequencyof theERA5 lateralboundaryconditionsis investigatedin this

section.SimulationpairsA andB representfour WRF simulationsin which thetemporalERA5 resolutionis variedbetween

hourly and three-hourlyupdates.Note further that A andB mutually differ in all setupparametersother than the cumulus

scheme, whichjusti�es themto serveasindependentpairsto judgethein�uenceof thetemporalboundaryconditionresolution.500

:
A

:::::::::
qualitative

::::::::::
comparison

::
of

:::::::::
timeseries

::
for

:::
the

:::::::::::
low-pressure

::::::
system

:::
and

::::::
trough

::::::
passage

:::::
cases

::
is

::::::::
presented

::
in

:::
Fig.

::::
13b,

:::::::::
indicating

:::::
better

::::::::::
performance

:::
by

:::
the

:::::
Zhang

::::
PBL

:::::::
scheme

::
to

::::::
capture

:::
the

:::::::::
transience

::
in

:::::
wind

::::::::
direction.

::::::::
However,

:::
this

:::::::::
qualitative

:::::::::
advantage

:
is

:::
not

::::::::
observed

::
in

:::
the

::::
case

::
of

::::::
Storm

::::
Ciara

::::
(not

::::::
further

::::::
plotted

:::::
here).

:

Table??consolidatestheresultsfor bothsimulationpairs.Thehigherhourly temporalresolutionfor ERA5lateralboundary

conditionsproducedbetterresultsfor wind direction,wind speed, andprecipitation.Similarresultswereobservedby Hamouda505

andPasquero(2021)consideringhigherresolutionof ERA5datasetto simulateEuropeanextremeprecipitation.

Evaluationof simulationpairsA andB, subjectto 1hand3htemporalresolutionof lateralboundaryconditionsusingMAE andKantorovich

distance. (a) (b)

Figure 12.
:::::::::
Performance

::::::::
evaluation

:::
for

::::::::
simulation

:::
pair

:
E
:::::::::
considering

::
a

:::::
change

::
in

::::
PBL

::::::
scheme,

::
as

:::::::
described

::
in

::::
Table

::
2.

::
(a)

:::::
MAE

:::::::::
comparison

::
for

::::
wind

:::::::
direction.

:::
(b)

::::
MAE

:::::::::
comparison

:::
for

::::
wind

:::::
speed.

Figure?? presentsthe time-seriesplots for wind directionfor simulationpairsA andB. For both pairs,a slightly better

qualitativematchwith SCADA is shownfor the1h resolutionruns(orangelines)overthe3h runs(yellow lines).Speci�cally,

in pair A , theafternoonthrougharound15:00is bettercapturedusingthehighertemporalresolution,whereasin pair B the

peaksat 05:00and19:00aremodelledwith higheraccuracy.Notethatthedifferencein termsof smoothnessbetweenpairsA510

andB canbeattributedto thedifferentdomaincon�gurationsasdiscussedabovein Section??. A qualitativecomparisonof

wind speedsrevealedsimilar trendsandis omittedherefor brevity.

A qualitativelook at the RADAR snapshotin Figure?? for simulationpair B revealsthat whereasthe 1h resolutionrun

reproducesthe main frontal structureof the precipitation,the 3h resolutionsimulationdoesnot showany re�ectivity at all
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:::
The

:::::::
current

::::::
results

:::::::
indicate

:
a
:::::
high

:::::::::
sensitivity

::
in

:::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed

:::::::
relative

::
to

:::
the

::::::
choice

:::
in

::::
PBL

::::::::
scheme.

::
A515

:::::
single

::::
PBL

:::::::
scheme

::
is

:::
not

::::::
found

::
to

::::::::::
outperform

:::
the

:::::
others

:::
for

:::
all

::
3

::::
case

:::::::
studies.

::::
The

:::::::::
simulation

::::::
results

:::::::
indicate

:
a
::::::::

possible

::::::::::
dependency

::
of

::::
PBL

::::::::
schemes

::
to

:::::::
cumulus

::::
and

:::::::::::
microphysics

:::::::::::::::
parameterizations,

::::::
which

:::
has

::::
also

:::::
been

:::::::
reported

::
in

::::::::
literature

:::
by

::::::::::::::::::::
Hong and Dudhia (2012)

:
,

:::::::::::::::::
Choi and Han (2020)

:
,

:::
and

::::::::::::::::
Chen et al. (2021).For simulationpair A, which is not further plotted

here,noapparentqualitativedifferencesin RADAR re�ectivity wereobserved.

(a) (b)

Figure 13. Time series
::::::::
Comparison

:
of wind directionat offshorewind farm locationfrom SCADA dataandWRF simulations

::::::::
timeseries

::::::::
considering

::
a

:::::
change

::
in

::::
PBL

::::::
scheme

:::
for

::::::::
simulation

:::
pair

::
E. (a): Simulationpair B

::::
Wind

:::::::
direction

::::
plots

:::
for

:::::::::
low-pressure

::::::
system

::::
case. (b):

SimulationpairA
::::
Wind

:::::::
direction

::::
plots

::
for

:::::
trough

::::::
passage

::::
case.

Contoursof RADAR precipitation(contourlinesin foreground)andWRF precipitation(�lled contoursin background)for520

simulationpairB. Left: hourlyboundaryconditionupdates.Right: three-hourlyboundaryconditionupdates.

4.6 Simulation pair: Cumulus and Microphysics
:
:
::::::::::
Simulation

:::::
pairs

::
F,

::
G,

:::
H,

::
I,

:::
and

::
J

This section presentstheconsolidated
:::
and

::::::::
discusses

:::
the

:
results for cumulusandmicrophysicalschemevariation.Sinceboth

of thesehighlight a speci�c aspectof modeling
::::::::
simulation

:::::
pairs

::
F,

:::
G,

:::
and

:::
H,

::
as

::::
well

::
as

:::::::::::
microphysics

:::::::::
simulation

:::::
pairs

:
I
::::
and

:
J.

:::
As

:::::
these

::::
two

:::::
types

::
of

:::::::
physics

:::::::
schemes

::::
both

::::::
relate

::
to

:::
the

::::::::
modeling

:::
of precipitation in WRF, they are considered jointly525

in this section. A set of7 simulationcon�gurations
:
8

:::::
WRF

::::::::::
simulations

:
is considered, covering a combination of 4 cumulus

schemes (KF, GD-3D, msKF
:
, and GF; the latter two being scale-aware) and 3microphysical

:::::::::::
microphysics schemes (WSM5,

Thompson,
:
and Morrison;thelatter two representinghighercomplexityin microphysicalparameterization

:
in

:::::::::
increasing

:::::
order

::
of

::::::::
modeling

:::::::::
complexity).

Firstly,
:::::
Figure

:::
14

::::::
depicts

:::::::::
simulation

:::::
results

:::
for

::::
pair

:
F,

::::::
which

::::
uses

::
the

:::
SH

::::
PBL

:::::::
scheme

:::::::
coupled

::::
with

::
the

:::::::
WSM5

:::::::::::
microphysics530

:::::::::::::
parameterization

::::::
while

:::::::
varying

:::
the

::::::::
cumulus

::::::
scheme

::::::::
between

:::
KF

::::
and

::::::
msKF.

::::::
Figure

:::
14

:::::::
presents

::::
the

::::::
results

:::
for

:::::
MAE

:::
of

::::
wind

::::::::
direction

:::
and

:::::
wind

:::::
speed

:::
for

:::
all

::::
three

::::
test

:::::
cases.

:::::::
Starting

::::
with

:::::
wind

::::::::
direction

::::
(Fig.

:::::
14a), thewind resultsfor cumulus

parameterizationpairs are discussed.PairsC, D and E eachallow to assessthe in�uence of the cumulusscheme, while
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consideringonespeci�c microphysicsoption,i. e.WSM5,Thompson,andMorrisonfor C,D, andE, respectively.Quantitative

results
:::::
msKF

:::::::::
simulation

::::::::
produces

:::::
better

::::::
results

::
for

::::
the

::::
case

::
of

:::::
Storm

::::::
Ciara.

::::::::
However,

:::
for

:::
the

:::::::::::
low-pressure

::::::
system

:::::
case,

:::
KF535

:::::::
produces

:::::
lower

:::::
MAE

::::::
which

:::
lies

::::::
within

:::
the

:::::::
standard

::::
error

:::::
bars,

::::::::::
disallowing

:::::::::
statistically

:::::::::
signi�cant

:::::::::::
conclusions.

::::::::
Similarly,

:::
for

::
the

::::::
trough

::::::::
passage,

:::
the

:::::
msKF

:::::::
scheme

:::::
results

::
in

::
a

::::::::
negligible

:::::::::
reduction

::
in

:::::
MAE.

:::::::::
Therefore,

::::::::::
conclusions

:::
can

:::::
only

::
be

::::::
drawn

::
in

::
the

::::
case

::
of

::::::
Storm

:::::
Ciara,

:::::::::
indicating

:::::
better

::::::::::
performance

::::
with

:::
the

:::::
msKF

:::::::
scheme

::
on

:::::
wind

::::::::
direction.

::::::::
Focusing

::
on

::::
wind

:::::
speed

:::::
(Fig.

::::
14b),

:::::
again

:::::
better

::::::
results

::
for

::::::
msKF

:::::::
cumulus

::::::
scheme

:::
are

::::::::
observed

:::
for

::
the

::::
case

::
of

::::::
Storm

:::::
Ciara.

:::
For

:::
the

:::::::::::
low-pressure

::::::
system

::::
case

::::
both

:::::::
schemes

:::::::
produce

::::::
similar

:::::
MAE

::::::
values.

:::
For

:::
the

::::::
trough

:::::::
passage,

:::
KF

::::::::
performs

:::::
better

::::
than

::::::
msKF,

::::::::
reversing

:::
the

:::::
trend

:::::
found540

::
for

:::::
wind

::::::::
direction.

::::::::::::
Summarizing,

:::
for

:::::::::
simulation

::::
pair

::
F,

:::
the

:::::
case

::
of

::::::
Storm

:::::
Ciara

::
is

::::
more

:::::::::
accurately

::::::::
predicted

:::
by

:::
the

::::::
msKF

:::::::
cumulus

::::::
scheme

::
in

::::::::::
comparison

::
to

:::
the

:::
KF

:::::::
scheme.

::::
For

:::
the

::::::::::
low-pressure

:::::::
system

:::
and

::::::
trough

::::::
passage

::::::
cases,

::::::::::
comparative

::::::
results

::
are

:::::::::::
inconclusive.

:

:::
The

::::::
results

:::
for

:::::::::
simulation

::::
pair

::
G are presented inTable??. For

:::
Fig.

:::
15.

::::
Pair

::
G

:::::::
applies

:::
the

:::
SH

::::
PBL

:::::::
scheme

:::::::
coupled

::::
with

::
the

:::::::::
Thompson

::::::::::::
microphysics

::::::::::::::
parameterization,

:::::
while

:::::::
varying

:::
the

:::::::
cumulus

::::::
scheme

:::::::
between

::::
KF

:::
and

::::::
msKF.

:::::::
Overall,

:::
the

::::::
current545

::::::::::
combination

::
of

:::::::
physics

:::::::
schemes

::::::::
produce

::::::
similar

:::::
MAE

:::
on wind direction and wind speed,

:::::::
compared

:::
to

:::::::::
simulation

::::
pair

::
F.

:::
For

:::::
Storm

::::::
Ciara,

:::::
msKF

::::::::
produces

:::::
lower

:::::
MAE

::
in

:::::
wind

:::::::
direction

::::
and

::::
wind

::::::
speed.

:::
For

:::
the

:::::::::::
low-pressure

:::::::
system,

:::
no

::::
clear

:::::
trend

::
in

::::::::::
performance

::
is

::::::::
observed.

::::
For

:::
the

::::::
trough

:::::::
passage,

:::::
lower

:::::
wind

:::::::
direction

:::::
MAE

::
is

::::::::
observed

:::
for

:::::
msKF

::::
and

:::::
lower

:::::
wind

:::::
speed

::::
MAE

::
is

::::::::
observed

:::
for

:::
KF.

::::::::::::
Consolidating

::::::
results

::
for

:::::::::
simulation

:::::
pairs

:
F

::::
and

::
G,

:::
for

:::
the

::::
case

::
of

::::::
Storm

:::::
Ciara,

:
a
:::::
clear

:::::::::::
improvement

:
is

::::::::
observed

:::::
when

:::::
using

:::
the scale-awarecumulusparameterizations(msKFandGF)producebetteroverallNED in comparison550

to non-scale-awareschemes(KF andGD-3D). The overall outcome,asdrawnfrom averageNED, indicatebestresultsfor

thescale-awareGF cumulusparameterization
:::::
msKF

:::::::
cumulus

:::::::
scheme,

:::::::
however

:::
no

:::::::::
conclusive

:::::::::
statements

:::
can

:::
be

:::::
made

:::
for

:::
the

::::::::::
low-pressure

::::::
system

::::
and

:::::
trough

:::::::
passage

:::::
cases.

Turningto thewind resultsensitivityon microphysicalparameterizationsin Table??, simulationpairsF (with KF cumulus

) andG (with msKF cumulus)assessthe impactof WSM5, ThompsonandMorrison schemes.As shownin the table,these555

simulationpairsdo not allow formulatinga conclusivetrendregardingtheimpactof microphysicson wind modelingin terms

of averageNED. However,consideringbothTable??and??, anobservationis thattheimpactof cumulusschemesonaverage

NED is greaterthanthat of microphysics, andthat the bestoverall performanceis obtainedusing
::::::
Figure

::
16

::::::
shows

::::::
results

::
for

:::::::::
simulation

::::
pair

::
H,

::::::
which

::::::
applies

:::
the

:::
SH

::::
PBL

:::::::
scheme

::::::
coupled

::::
with

:::
the

::::::::
Morrison

::::::::::::
microphysics,

:::::
while

::::::
varying

:::
the

::::::::
cumulus

::::::
scheme

:::::::
between

::::::
msKF,

:::::::
GD-3D,

::::
and

:::
GF.

:::::::
Starting

::::
with

:::::
wind

:::::::
direction

:::::
(Fig.

::::
16a),

::::::
Storm

:::::
Ciara

::
is

:::::
much

:::::
better

:::::::
captured

:::
by

:::
the560

::::::
GD-3D

:::::::
cumulus

:::::::
scheme.

:::
For

:::
the

:::::::::::
low-pressure

::::::
system,

:::
no

::::
such

::::
trend

::
in

:::::
better

:::::::::::
performance

::
is

::::::::
observed.

:::
For

:::
the

::::::
trough

:::::::
passage,

:::::
msKF

::::::::::
outperforms

::::
both

:::::::
GD-3D

:::
and

:::
GF

::::::::
schemes.

::::::::::
Considering

:::::
wind

:::::
speed

::::
(Fig.

:::::
16b),

:::::
msKF

::::::::
performs

:::::
better

::::
than

::::::
GD-3D

::::
and

:::
GF

:::
for

:::::
Storm

::::::
Ciara.

:::
For

:::
the

:::::::::::
low-pressure

:::::::
system,

::::::
GD-3D

::
is

::::::
found

::
to

::
be

::::
the

:::
best

:::::::::
performer.

::::
For

:::
the

::::::
trough

:::::::
passage,

::::::
msKF

:::
and

:::
GF

::::
both

:::::::
perform

::::::
better

::::
than

:::::::
GD-3D.

::::::::
However,

:::
no

:::::::::
distinction

::
is

:::::
found

::::::::
between

:::::
msKF

::::
and

:::
GF

::::::::
schemes.

::::::::::::
Summarizing,

::
the

::::::
overall

:::::::::
inferences

:::
for

:::
the

:::::::::
simulation

::::
pair

::
H

:::
are

:::::
found

::
to

::
be

::::::::::
statistically

:::::::::::
inconclusive

:::
and

::::::
highly

::::::::
sensitive,

:::
thus

::::
one

::::::
cannot565

:::::::
conclude

::::
that

:
a

:::::::
speci�c

:::::::
cumulus

::::::::::::::
parameterization

::::::::::::
systematically

::::::::::
outperforms

:::
the

::::::
others.
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