10

15

20

Coupling the TKE-ACM2 Planetary Boundary Layer Scheme with
the Building Effect Parameterization Model

Wanliang Zhang', Chao Ren?, Edward Yan Yung Ng*, Michael Mau Fung Wong', and Jimmy Chi
Hung Fung'+

'Division of Environment and Sustainability, Hong Kong University of Science and Technology, Hong Kong, China
2Division of Landscape Architecture, Department of Architecture, Faculty of Architecture, University of Hong Kong, Hong
Kong, China

3School of Architecture, The Chinese University of Hong Kong, Shatin NT, Hong Kong, China

“Department of Mathematics, Hong Kong University of Science and Technology, Hong Kong, China

Correspondence: Jimmy Chi Hung Fung (majfung @ust.hk)

Abstract. Understanding and modeling the turbulent transport of surface layer fluxes plays-a-eritieal-role-ina-are essential
for numerical weather forecasting medelmodels. The presence of heterogeneous surface obstacles (buildings) that have dimen-
sions comparable to the model vertical resolution requires further complexity and design in the planetary boundary layer (PBL)
scheme. In this study, we develop the-a numerical method to couple ene-of-the-a recently validated PBL sehemesscheme, TKE-
ACM2, with the-multi-layer Building Effect Parameterization (BEP) medelin-WRFin the Weather Research and Forecasting
(WRF) model. Subsequently, the performance of TKE-ACM2+BEP has-been-is examined under idealized convective atmo-
spheric conditions with a simplified building layout. Furthermore, its reproducibility is benchmarked with ene-ef-the-a state-
of-the-art large-eddy simulation medelsmodel, PALM, which ean-exphieithyresolve-explicitly resolves the building aerody-
namics. The result-indicatesresults indicate that TKE-ACM2+BEP outperforms the-other-another operational PBL scheme
(Boulac) coupled with BEP by reducing the-bias in both the potential temperature () and wind speed (u). Following this,
real case simulations are conducted for a highly urbanized domain, +-e-namely the Pearl River Delta (PRD) region in China.
The-high-reselution-High-resolution wind speed LiDAR observations suggest that TKE-ACM2+BEP ean-mitigate-the-reduces
overestimation in the lower part of the boundary layer compared to-with the Bulk method, which lacks an urban scheme, at a
LiDAR site located in a densely built environment. In addition, the surface temperature and relative humidity ean-be-improved
in-given by TKE-ACM2+BEP at surface stations in urbanized areas eompared-to-are more accurate than those given by TKE-

ACM2 without BEP. However, it is revealed that BEP may-net-always-imply-a-better reproduetion-of-does not always improve
the accuracy of the surface wind speedas-itcould-exert, as it can introduce excessive aerodynamic drag.

1 Introduction

Urbanization is a ubiquitous phenomenon that is widely seen across the globe. The unprecedented rate of urbanization results
has resulted in more structures being constructed in populated cities, complicating the response of the-incoming airflow when

it encounters building clusters in the urban canopy layer (UCL) and the overlying roughness sub-layertRSk--, or RSL (Rotach,
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1999). This RSL is characterized by strong turbulence due to the presence of buildings which-separates-that separate the mean
airflow and ferms-form the wake region (Cleugh and Grimmond, 2012), and has-significantimpacts-on-affect the vertical trans-
port of momentum and scalars over urban regions (Roth, 2000). Parameterizations-ef-Mesoscale numerical weather prediction
W@gmfmtmrthe net sub-grid effects tmpeseekbyuchﬁof building obstacles in the-heavily
populated citiesaren
lution is typically +0-50-timestarger-than-10 to 50 times the street canyon scale (Britter and Hanna, 2003)which-is-unable-to

resolve-the-aerodynamiesexplieitly, they cannot explicitly resolve urban aerodynamics. In the widely-used Weather Research
and Forecasting (WRF) model (Skamarock et al., 2019), the surface shear stress exerted by any type of ground obstacle can

. Given that their horizontal reso-

be simply parameterized using the-well-known Monin-Obukhov similarity theory (MOST) by defining a friction velocity, .,
whieh-in what is known as the "Bulk" scheme (Liu et al., 2006). Studies have been-—carried-out-to-determine-determined different

roughness lengths, 2y, a prerequisite for u., to account for the heterogeneity of land type (Davenport et al., 2000). However,

the Bulk scheme has certain limitations, such as poorly represented-representing urban geometry and inadequacy-of-applying

MOST-when-apphed-to-the-whele RSE-(Retach; 1993 )-albeititfailing to apply MOST across the entire RSL (Rotach, 1993).
Yet the Bulk scheme is commonly used for real-time weather forecasts (Liu et al., 2006) and analyzing the effects of built-up

tands-entand-see-land on land-sea breeze circulations (Lo et al., 2007).

The single-layer urban canopy model (SLUCM) Kusaka-et-al; 2001 Kusaka-and Kimura;2004)-pioneered by Kusaka et al. (2001); Ku:

is a moderately complex urban parameterization scheme in WRE-the WRF model that considers the exchange of momen-
tum and energy between the three-dimensional urban surfaces with-and the atmosphere in the-idealized infinitely long street
canyons. One-remarkable-drawback-of-A major drawback of the SLUCM is that only the first model layer experiences the
momentum and sensible heat fluxes (F—for+c{t}—where-i-is-the-vertieal-index—at-the-medel-eenter)-due to the presence of
buildings, which eeuld-may lead to unrealistically predicted prognostic variables in the upper surface layer over regions of
medium- to high-rise building elusterregionsclustering, such as the Pearl River Delta (PRD) region in southern China. In con-
trast, the-multi-layer urban canopy models, such as the Building Effects Parameterizations (Martilli et al., 2002, BEP), and BEP
coupled to-with the Building Energy Model (Salamanca and Martilli, 2010, BEP+BEM)), are-ef-have a higher hierarchy in urban

effeets-effect parameterizations because of their e&pabihﬁe%ﬁﬁeeegmﬂﬂg%heﬁfemea%%%ﬁeekablht to recognize verticall
varying interactions between the atmosphere and buildings (Chen et al., 2011);+

maximum-probable-verticalindex-within-UCkL. Besides the direct impaeteffect of bulldlngs on the atmosphere dynamlcs and
thermodynamics, BEP/BEP+BEM offer modifications to two length scales in the dissipation term of the prognostic turbulent
kinetic energy (TKE) equation are-offered-by-BEP/BEP+BEM-(Martilli et al., 2002) to account for the altered vortexes™~vyortex
size. Studies reveal-have revealed that meteorological fields and urban heat island eirettation-—effects can be better reproduced
atitizing-the-using BEP/BEP+BEM models-worldwide, such as in Hong Kong (Wang et al., 2017), Barcelona (Ribeiro et al.,
2021), and Bolzano (Pappaccogli et al., 2021).

However, multi-layer BEP/BEP+BEM models are netpracticed-as-ubiquitousty-as-adopted less widely than the Bulk scheme
or the-SLUCM because they work—with-have only been tentatively coupled to a few planetary boundary layer (PBL) schemes
[e.g., Boulac (Bougeault and Lacarrere, 1989), MYJ (Janji¢, 1994), and YSU (Hong et al., 2006) added by Hendrieks-et-al-2020)-
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recentlyrecently by Hendricks et al. (2020)]. Considering This is primarily due to the challenges associated with incorporating
the transformation of mean kinetic energy into TKE within a first-order closure PBL scheme, such as the YSU scheme.
As a result, the eddy diffusivity can only be adjusted in response to surface fluxes, limiting its ability to account for the
generation and dissipation of TKE through other boundary layer processes, such as the generation of TKE by wind shear
and buoyancy. Additionally, the other two PBL schemes (MYJ and Boulac) model the vertical mixing of momentum between
two adjacent layers, but lack the non-local mixing driven by large-scale eddies under convective conditions. For instance,
Coniglio et al. (2013) reported that MYJ produces PBLs that are too shallow and moist PBLs in the evening, and Xie et al. (2012)
found that the PBL height diagnosed by Boulac may be too short to be realistic. Considering that particular PBL schemes may
be preferable for different regional and seasonal simulations (Garcia-Diez et al., 2013), there is a need to couple BEP/BEP+BEM

with other WRF PBL schemes (Martilli et al., 2009), especially a scheme featuring a non-local transport component under
convective conditions.
PBL schemes that redistribute the-surface fluxes and calculate the—vertical-mixing-haveprofound-effects—on—accurately

depieting-the-vertical mixing are important to the accurate depiction of meteorological conditions (Xie and Fung, 2014; Wang
and Hu, 2021). A number of comparative studies have been-earried-out-demonstrating-shown the superiority of non-local

PBL schemes over local eres-at-conveetive-times-where-schemes during convective periods when the uprising plume size is
comparable to the vertical grid resolution (Arregocés et al., 2021; Banks et al., 2016; Hu et al., 2010; Xie et al., 2012; Xie
and Fung, 2014). With inereasing-affoerdability-in-the growing affordability of increased CPU time, recent studies deploying
using higher-order turbulence closure models have shown substantial improvements in wind speeds-and-temperature-in-speed
and temperature predictions under complex atmospheric conditions compared to-the-with first-order enes-schemes (Chen et al.,
2022; Olson et al., 2019; Zonato et al., 2022).

The TKE-ACM?2 PBL scheme (Zhang et al., 2024) is ene-of-the-a recently developed 1.5-order sehemes-scheme featuring a
non-local transport component based on the transilient matrix approach adopted from Pleim (2007a, b). Zhang et al. (2024) has

shown-evaluated the model’s performance by comparing it with measurements obtained by LiDAR units and surface stations

classified as urban or non-urban according to the landuse of the nearest model cell during preprocessing. They showed that
the TKE-ACM2 exhibits i teti i i outperformed two other

operational PBL schemesBeoutae- M@WMand ACM2 (Pleim, 2007b);however, in simulating
the vertical profiles of wind speeds. However, overestimated wind speeds persistin-persisted throughout the entire surface layer
at the-urban-station-likely-stations classified as urban type, probably due to the discrepancy eaused-by-resulting from the Bulk
parameterization of surface layer fluxes. Therefore, this-paper-aims-at-furtherimproving-the-skills-the present paper aims to
further improve the application of TKE-ACM2 in the-urbanized-area-throughurbanized areas by:

1. formulating the-a numerical method to couple the TKE-ACM2 PBL scheme with the multi-layer BEP model;_

2. validating the coupled models in a simplified building layout scenario under different idealized initial and bottom bound-
ary conditions by benchmarking against a finer-scale and building-resolving computational fluid dynamics model, e-g-

such as the large-eddy simutations-simulation (LES) model; and
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3. applying the coupled models te-in real case simulations over a-densely-built-areadensely built areas, such as the PRD
region, where the land occupied by medium- to high-rise buildings aceeunt-accounts for a great proportion in-of the
total urbanized area. Subsequently, the performance of TKE-ACM2 coupled with BEP will-be-evaluated-with-partieular
interestin-the-simulated-is evaluated in terms of the wind speeds using the-meastrementsfrom-the-measurements from

a network of high-resolution wind speed LiDAR units.

Section 2 outlines-the-deseription-of-describes the model development, the introduetion-of-the-LES tool used to validate
TKE-ACM2+BEP atin an idealized urban morphology setup, and-the-infermation-abeut-the observational instrument, and the

Local Climate Zones (LCZ) used for real case simulations. Section 3 eompares-evaluates the performance of both-the TKE-
ACM2 and Boulac PBL schemes coupled to-BEP-with BEP by comparing them with LES under different-various idealized
convective conditions over a simplified staggered M@Wﬁ%&%ﬁ%ﬁmﬁbﬂw&mﬁm
using Bulk methods as the reference. Section 4 presents the sensiti —effects
of TKE-ACM2 with/without BEP on potential temperature (9) and wind speed (U) profiles in real case simulationssing-,
highlighting the differences between TKE-ACM2 and BoulacPBE—schemes-over-a-month-inthe-year 2022,

2 Methodology and materials
2.1 Numerical method te-eouplefor coupling TKE-ACM2 and BEP

The formulation and validation of the TKE-ACM2 PBL scheme are-detatled—in-were detailed by Zhang et al. (2024). The
remarkable difference between TKE-ACM2 and its predecessor ACM2 (Pleim, 2007b) ties—in-is that TKE-ACM2 adopts
the-a 1.5-order turbulence closure model to calculate the eddy diffusivity/viscosity, rather than using prescribed profiles for
different stabilities. Moreover, TKE-ACM?2 differs from Boulac in the-way-that the non-local transport of both the momentum
and scalars under convective conditions are-is reflected using the transilient matrix approach in TKE-ACM2, whereas Boulac
parameterizes the transport of momentum based on the local gradient only and uses the counter-gradient method for potential
temperature transport, which is not energy eenservativeconserving. Following Pleim (2007b), the governing equation balancing
the tendency terms for zonal (u) or meridional (v) wind, potential temperature (#), and water vapor mixing ratio (¢) with the

vertical gradients of fluxes is written-as;-

8C — _gﬁ
5= 8¢ (1)

where ¢ € {u,v,0,q}rand-the-, The vertical turbulent fluxes eensisting-ef-comprising the local gradient transport and transilient

non-local transport are parameterized as ;-

Sr(Givr —G) Sl — ¢
U Vb UL Vb

,w/C/I - _K + Mu (h - ZI) (C 1— an) )

where the subscripts ¢ (I) denote variables located at half (full) sigma levels, K = K} is the eddy viscosity/diffusivity
diffusivity for € {0 and K, = K, is the eddy viscosity for ¢ € {u,v}, V and S are the volume and surface fraction
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fractions not occupied by buildings, Mu is the upward convective transport rate, and & is the boundary layer height. Adding

the environmental forcing acting on multiple model levels, the discretized form of Eqn.1 ean-then-be-written-as—-is written as

S . ; n, Bl
T = fconv Mu<1 - fconv Mdi(i + fconv Mdi+1(i+1 TZQ

upward convective transport
donward transport

3)
1 Ker (¢ —¢) Kego1 (¢ —¢ty) F;
1— feonv - —S57_ .
+ (1~ feonv) VA St A, Sr—1 Ao, + Az
env. forcing

local transport

where the superscript n 4 1 means—indicates the time forwarding by a time-step-timestep (At), fecony is the ratio that par-
titions the local and non-local transport, Md is the downward compensatory transport rate, and Az is the vertical resolu-
tion. The original fermutation—formulations of fcony, Mu, and Md are-detailed-in-were detailed by Pleim (2007b), and the
model sensitivity to some of these parameters ean-befound-in-was given by Zhang et al. (2024). The last term on the
RHS of Eqn.3deneting-the-, denoting collective forcing from both the urban area and natural-non-urban (natural) area for
the first model layer (¢ = 1), is computed using the weighted sum approach if the urban fraction (Urb) is less than 1 i.e.,
Fy = (1-Urb)Fhaturai,1 + UrbFyppan,1. For model layers ¢ > 1, the environmental forcing F; is UrbFypan,; alone. Readers
interested in the parameterization of F’,,p,,, are referred to the work of Martilli et al. (2002). Effectively, F; is computed in the
subroutine phys/module_sf_bep.F, resulting in the term F; /Az; being written as the combination of implicit (A4;) and explicit
(By) parts— i.e., F; /Az; = A;(; + B, for matrix inversion.

The prognostic equation of-for TKE (e) in TKE-ACM2 coupled with BEP remains-tdenticat-to-is identical to that given by
Zhang et al. (2024), but the parameterizations of each source/sink term are modified mainly to account for 1) the external TKE
source converted from mean kinetic energy when flow separates s-and 2) the altered characteristic length scale for eddies in
the wake region due to buildings. According to Bougeault and Lacarrere (1989) and Makedonas et al. (2021), the prognostic
equation of-for e by-considering the building effects ean-be-written-as;is

Oe 190 — ——0u ——0v  —— oF
— = — — = — 0 —e+— 4
ot pazpw6 Y2 Uwaz+ﬂw ot 0z @)

where p is the density of air, 3 is the buoyancy coefficient, and € = pC.e3/2 /I, represents the TKE dissipation rate with-C'—and
t=being-where . = 1/1.4 is an empirical constant and [, corresponds to the characteristic length of energy-containing eddies;
respeetively. The turbulent fluxes for momentum and heat are already given in Eqn.2. 9F/0z representing TKE generated by
buildings can be written in a similar manner to momentum/heat as Ae + B whieh-are-and is readily available from the BEP
module in WRF. Assuming that the vertical turbulent transport of TKE mimics that of the-passivesealarpassive scalars, the

parameterization of w’e is expressed similarly to Eqn.2 +as_

We = —K 151(67:+1 —e;)
- e

, VAL +Mu(h—2z1)(e1 —e;) 5)
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The eddy diffusivity ferseataris equal in magnitude for scalars (K3) and TKE (K.) are-equal-in-magnitude-and-can-be-and is
related to eddy viscosity (K,,) using-through the turbulent Prandtl number (Pr;):-, which is a key parameter pertinent to heat

transfer (Li, 2019):
K.=K,=K,,/Pr; (6)

where K,, = Cxlpet/2, Ck is a O(1) empirical constant, the parameterization of Pr, is consistent with that presented
by Zhang et al. (2024), which follows Businger et al. (1971), and the length scale [} is modified from that calculated in-by

Bougeault and Lacarrere (1989) (11 014) because the buildings ean-generate vortices whose size of l1,i14. is comparable to the
building spatial dimension (typically the building height), according to Martilli et al. (2002);-as-shewninEgn-7—-. This is

expressed by
1 1 1

)

Ik o louia.
Likewise;—the-The same modification applies to [, which effeetively-indieates-suggests an enhanced dissipation of TKE
(Martilli et al., 2002).

Di,'i =1+ C’fconv kIdzAt

C (1= feom) £L (581 4+ Ki28m0) — C A8

is straightforward using the computed K values derived from Eqn.6. The i—th-row-element-of-column-vector-b-is-expressed

as—
E - Czn + (1 — C)fconv I\/IUQ{LAT

—(1= C) feoms CP AL+ (1= C) fram M1 52252 AL

Gt =G
+VAZ jconv (KIS +Alz1

K181 S At 4 (1 - C) AP At + BiAt

WMWMMM%MIMMM%&MW
for Eqn.3 is described in detail in Appendix A.
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2.2 Large-eddy simulation model

Prior to implementing the TKE-ACM2 PBL scheme coupled with BEP in real case simulations, we performed idealized sim-

ulations using prescribed surface heat fluxes along with simplified urban morphologyand-benchmarked-it-against-one-of-the
. We then benchmarked the results against those of PALM, a state-of-the-art and-building-aerodynamies-resolvedJarge-eddy

stmtlationEES)-medels+ethe PAEM-medel-LES model capable of resolving building aerodynamics. The PALM model
(Maronga et al., 2015; Raasch and Schroter, 2001) is a non-hydrostatic incompressible Navier-Stokes equation solver ~which

is-that has been rigorously evaluated against experimentsand-. It thus often serves as the-a benchmark for deriving new pa-
rameterizations regarding-the-of boundary layer turbulent mixing processes-in-the-in mesoscale weather forecasting medel—tt
utitizes-models. PALM uses a 1.5-order turbulence closure model for solving anisotropic turbulence in three dimensions simul-
taneously. One salient advantage of PALM eompared-to-over other wall-resolved LES models is that PALM adopts the- MOST
between the solid boundary and the first model layer above, which greatly elevates-the-increases computational efficiency while

preserving the-accuracy in the context that the mesoscale model has Az € {O(10) m, O(1000) m}.
2.3 Idealized simulations-simulation setup

A 1km long by 1km wide by 1.5km high domain with equidistant spatial resetutionresolutions Ax = Ay = Az = 5m with
and staggered building arrays is-was set up for the PALM model. Fig.1 provides a plan view for-of the domain setup and urban
morphology configuration, where the-spatial-dimension-of-the-building-follows-a-buildings have a cross-section of 20m square
eross-section-with-and a height of 40m and the windward wall faces-perpendiettarty-is perpendicular to the upwind flow. The
prescribed height of building arrays is justified by the fact that it is commonly seen in the-domain-of-interest-(HongKong
ywok-etals2020)Hong Kong according to Kwok et al. (2020). The street width in both horizontal directions is ehosenset as
30m to mimie-align with a moderately densely built environment. Sueh-The street width to building width ratio (2/3) is deemed
an "open" exposure in urban areas and has good representativity in Hong Kong. Unlike PALMruns-at-the buitding-resetved-,
which operates at a building-resolving scale, WRF+BEP is-at-the-runs at a building-parameterized scale (Ax = Ay = 1km),
where explicitly resolving the-building aerodynamics is impractical. Therefore;~we-preseribe-We thus prescribed the urban
morphological parameters to be consistent with PALM in the WRF+BEP look-up table required for BEP. The herizental
extenston-of- WRF+BEP domain is-set-as-was horizontally extended to 20km by 20km to accommodate-the-thermal-plumes-of
large-seale-capture large-scale thermal plumes in the convective flow (Schmidt and Schumann, 1989);-while-the-same-height
Az =12.5m.

The initial condition is-preseribed-as-was set ug = u, = 10m/s uniformby-distributed-with a uniform distribution along the

vertical direction and vy = vy, = 0m/s, where u, and v, are the-geostrophic winds with the Coriolis parameter being 10~4s™1.

Two initial potential temperature profiles are-were selected for the idealized simulations, one being-the-corresponding to a
moderately convective atmosphere (w6’ = 0.10Km~!s™!, denoted as Case I0WC) with no capping inversion and the other

representing strongly convective atmospheric stability (w’6’g = 0.24 Km~!s~1, denoted as Case 24SC) with a strong capping
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Figure 1. a) The-plan-Plan view for-of domain setup; b) configuration of the urban morphologyeonfiguration.

inversion to limit the growth of the boundary layer. The analytical expressions of two initial § profiles are listed-given below,

where 960/0z in the free atmespheres-atmosphere is 1K/100m in both cases::

300K, 2 < 600m
Case I0OWC:  6y(z;) = (8)
300K +1/100(z; — 600)K, 2; > 600m
and-

and

300K, 2z <600m
Case24SC:  fOp(z;) =4 300K +6/100(z; —600), 600m < z; < 800m )
300K + 6/100(800 — 600)K + 1/100(z; — 800)K, z; > 800m

All boundary conditions are-were identically set in both-the PALM and WRF+BEP simulations. The lateral boundary con-
ditions for the along-wind direction () and cross-wind direction (y) are-were set as periodic to simulate an infinitely long
urban fetch. The bottom boundary conditions for heat are-were reflected by different values of w6’ and a free-slip condition
was set for the top boundary conditionis-free-stip. The microscale roughness length (zg) was set as 0.01m for both the ground
and roof is-chesen-as-0-01m-in PALM, ensuring consistency with the value in the look-up table used infor WRF+BEP. The
runtime parameters that-are-erueial-needed to obtain meaningful results (Ayotte et al., 1996; Nazarian et al., 2020) for PALM
and WRF+BEP are described in a-more-detailed-way-more detail in Section 3. The temperature-temperatures of solid surfaces
(reef;-wallroofs, walls, and streets) in PALM and WRF+BEP are prescribed as 300 K.

2.4  Loeal-Climate Zones(L€Z£)Real case simulation materials
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2.4.1 Landuse data and wind LiDAR observation network

This study adopted the 17-class LCZ classification scheme

seate-(+6=2-(Demuzere et al., 2022) to more accurately capture the highly variable urban morphology within the domain of

interest. The distribution of LCZ 1 to +6="1m)-Fhe superiority-of LCZ elassifieation-over MODIS-is-proven-10 (urban) grids

and LCZ A to G (non-urban) grids is depicted in Fig.2c. Each class is defined in Table BI1._
QM%WWMHMWH Hong Kong Wm%m%%

tsince March 2020, continuously monitoring wind conditions and playing a crucial role in validating regional downscaling
results. The network comprises three WindCube 1008 LiDAR units manufactured by Vaisala. Each unit measures the vertical
profile of the wind speed at an elevation angle of 90°. The units measure 25-1 intervals starting from 50m above ground level,
with an accuracy of < 0.5m/s for wind speed and 2° for wind direction. Although each LiDAR outputs data at a frequency
of 1Hz, measurements are averaged hourly and archived due to storage limitations. We represent the land cover type of each
LiDAR unit using the LCZ classification associated with the nearest model grid following Ribeiro et al. (2021).

The LiDAR unit at the Hong Kong University of Science and Technology Supersite (USTSS _LCZ5) is located on the east
coast of Kowloon Island, where the nearest model grid center falls within LCZ 5 (open mid-rise). The second LiDAR, installed
on the southeastern peninsula of Hong Kong Island (Hok Tsui), is surrounded by natural vegetation and referred to as HT_rural.

Lastly, the LiDAR at King’s Park in downtown Kowloon, where the average building height is 60m (Kwok et al., 2020)

is located within an LCZ 1 g
on—a-stmiar-seale;—e-e—model grid (compact high-rise), %ama{—H&mmerbergeﬁal%@%S}—Bafee}eﬂ%&ﬂaeﬁ&ekal%@%

KP_LCZI.
In addition to profiler-type observations, we also used measurements of surface meteorological variables, including the 10-m

wind speed (Uyg), 2-m temperature (75), and 2-m relative humidity (RH»), retrieved from the Global Telecommunication
System. The coordinates and LCZ classifications of these surface stations are provided in the supplementary material of
Zhang (2024). The surface station dataset comprises a total of 13 urban stations characterized by LCZ classes 1 to 10, along
with 10 stations situated on water surfaces, and 8 rural stations on land. The distribution of surface stations across specific LCZ



260

265

270

275

280

285

2.5 Realeasesimulationssetup

2.4.1 Configuration of real case simulations

A four-nested domain adopting-the-having a parent domain grid ratio of 1:3 with-and a reference latitude of 28.5 °N and a
longitude of 114 °E (Fig.2a) is-chesenwas adopted. The coarsest domain (D1) with Az = Ay = 27km spans-spanned 283 grid
points in the East-West direction and 184 grid points in the North-South direction, covering the entire-entirety of China. The
finest domain (D4), with a horizontal resolution of 1kmfeeuses-, focused on the PRD region, where-there-exist-a-few-which
encompasses heavily populated and densely built mega-cities including Hong Kong (7.3 @L@@M@‘QB@M) Shenzhen
(17.6 million), and Guangzhou (18.7 i ets—sh g §

year-202+-—million). The surface stations and high-resolution wind speed LiDAR locations deployed in D4 are highlighted in

ey | t-were performed

from 1200 UTC+0 on 18" July to 1200 UTC+0 on 18" August of year 2022. The integration is-performed-by-overlapping
one-day-as-was performed using a one-day overlap for the spin-up between two consecutive four-day segments.

We-configured The configuration of real case simulations is outlined in Table B2, We configured the WRF eta levels such

that multiple vertical model grids ean-interseet-intersected the UCL and RSL. Thus, the variability of wind speeds ean-be-was

better represented by BEP in-the-presenee-of-buildings-where buildings were taller than the first above-ground full eta level.
The lowest 6-six half eta levels eerrespend-corresponded to approximately 9m, 28 m, 49m, 71m, 96m, and 122m above

Fig.2d. 30-day simulations a

ground level (AGL). We used NCEP GFS analysis data at 6-hourly input intervals to provide the initial and lateral boundary
conditions. Neah-
Identical physics schemes were chosen in the four simulations: the unified Noah scheme (Chen and Dudhia, 2001) for

the land-surface modelan

different PBL-schemes-and-UCM-—Namely;they-are, WSM 3-class simple ice scheme (Hong et al., 2004) for microphysics,
RRTMG scheme (Tacono et al., 2008) for longwave/shortwave radiation, and Grell-Freitas ensemble scheme (Gall et al., 2013)
for cumulus. The TKE-ACM2 PBL scheme was coupled with the BEP UCM (referred to as TKE-ACM2+Butk;-BEP) and
evaluated alongside the TKE-ACM2 scheme in isolation (TKE-ACM2+BEP; Boulae+Bulk-and Bulk), where the surface layer
fluxes were computed using the Noah land-surface model. The Boulac PBL scheme underwent the same evaluation, being
coupled with the BEP UCM (Boulac+BEP- i it ied-i ierthe)
m@%@wookup table for LCZ class properties whieh

provides-crucial-parametersinelading-that provided crucial parameters, including the impervious fraction and building height
distributionis-alse-attached-, is included in the supplementary material of Zhang (2024).

AR

3 Idealized simulations results

Nazarian et al. (2020) show-showed the importance of choosing appropriate runtime parameters for LES in a neutral atmosphere

over building arrays. Sinee-this-study-adepts—As the present study adopted two convective scenarios in a similar urbanized
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resolution with the color scheme represented in panel c); ¢) £E€Zs-LCZ distribution in D4; d) Bistributien-distributions of surface stations
and wind speed LiDAR.

domain, extra attention mustneeds to be paid to the-thermal characteristics in determining the runtime parameters. As revealed
290 by Ayotte et al. (1996) and Shin and Dudhia (2016), the duration-durations of simulations can be determined by examining
the temporal variation of turbulence statistics. We first examined the time required for LES to reach a quasi-equilibrium state
by investigating the variation of the maximum resolved TKE (e,.s.) and the absolute value of the maximum vertical velocity

(|wmax|), shown in Fig.3.
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uasi-equilibrium was achieved in the two
295 LES cases after approximately 10.2 convective turnover times (7), where 7 = h/w*is-the-conveetive-time-seale-, and w* =
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(Bw'6gh)'/? isrepresents the convective velocity scale. The duration of 10.2 large-eddy turnover time-is-deemed-times was
considered a reasonable indicator fer-of well-developed dynamic fields over the domain with buildingseompared—to-other
studies-adopting-a-factor, especially compared with other studies that have used factors of 5 (Ayotte et al., 1996; Pleim, 2007b;
Zhang et al., 2024) and 6 (Shin and Dudhia, 2016) ever-a-flatdomain—Thew;0-fields-are-horizontalty-averaged-for flat domains.

The horizontal averages of the velocity and potential temperature fields were calculated at 10.27 and used-served as ini-
tial conditions te-drive-WRE—+BEP-simulationsfor-anetherfor driving mesoscale WRF simulations for an additional 207.
Subsequently, the results during-the-tast-from the final 6Teeﬁespeﬂ&mg%e%699w24%ﬁ—afe %%WM
seconds or 2400 seconds, were averaged both horizontally and temporally:
consistent-with-Ayeotte-et-al-1996); Pleim-(2007b) Zhang-et-al{2024). Table 1 summarizes the key turbulence characteristics

of the convective flow and the runtime parameters.

Table 1. Turbulence characteristics and runtime parameters

Parameter Case 10WC Case 24SC
Capping inversion strength N.A. gz =6/100, K/m
PBL height, h(t = 10.27) 840m 720m
Large-eddy turnover time, 7 600s 404s
Convective velocity scale, w* 1.40m/s 1.78m/s
Spin-up time (10.27) 6,300s 4,200s
Duration of simulation (307) 18,000s 12,000s
Averaging time (last 67) 3,600s 2,400s

The horizontally averaged «-#-u and @ profiles during the last 67 are displayed in Fig.4 —Meanwhile;-the-turbulencefluxes
outputted-and the turbulent fluxes from PALM and computed from WRF PBL schemes are pletted-contrasted in Fig.5. The
total turbulent momentum flux in Boulac is-was simply computed using the local gradient as - K,,,0u/0z while-whereas the

turbulent heat flux needs-te-add-required the addition of the counter-gradient flux shown as — K}, (90/0z — -y).The root-mean-

square-error (RMSE) for first-order moments u, 6 and second-order moments w’6’,w’u’ calculated below the PBL height is
displayed in Fig.6.

In Case 10WCwhere-thereis-, with a moderate surface heat flux, both TKE-ACM2+BEP and Boulac+BEP ean-reproduce
reproduced the unstable atmosphere below the inertial sub-layer (ISL)whieh—is—, which was located at approximately 3H
(Fig.4a). However, Boulac+BEP prediets-simulated a warmer bias in 6 at the first model layer and a colder bias at the-roof
level, resulting in an excessively unstable UCL. In addition, the cold bias persists-in-the-entire-persisted throughout the mixed
layer. On-the-contraryln contrast, TKE-ACM2+BEP produces-atessproduced a smaller warm bias in the UCL. Furthermore, 0
in the overlaying ISL is-was well reproduced by TKE-ACM2+BEP. A deeper well-mixed boundary layer (06/0z = 0) eanbe

stmulated-by-was simulated using TKE-ACM2+BEP, in-and a discrepancy.
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Figure 4. a) Horizontally averaged 0 profile during the last 67 for Case 10WC; b) Herizentaty-horizontally averaged u profile normalized
by uy = 10m/s during the last 67 for Case 10WC; ¢) Same-te-same as a) but for Case 24SC; d) Same-te-same as b) but for Case 24SC.

The grey-gray dashed lines represent the initial conditions. The black dets-derote-dotted line shows the LES results. The solid blue, orange,
green, and pink lines represent W TKE-ACM2+BEP, TKE-ACM2+Bulk, Boulac+BEP, and Boulac+Bulk, respectively.

320

in the Boulac+BEP which-suggestsresults relative to the LES results suggests that the boundary layer becomes-became stable

from approximately 10H . tn-eomparison-Relative to BEP simulations, the Bulk methods produce consistently overestimated

0 within the PBL. Inspeeting-the-Figure 4b suggests that the inflection point in the wind speed profile was well simulated at
roof level in BEP and PALM, in contrast with the Bulk simulations, in which the wind shear (Ju/0z) was relatively gentle
at roof level. The momentum simulated by TKE-ACM2+BEP generally exhibited better agreement with observations than

325

Boulac+BEP, especially within the mixed layer. The most visible negative bias of u in BEP simulations occurred at [1H,5H].

It should be highlighted in Fig.4b that from the ground level to the top of the UCL, both BEP simulations overestimated the
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Figure 5. a) Horizontally averaged w’6’ profile during the last 67 for Case 10WC; b) Herizontatly-horizontally averaged w’u’ profile during
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by the uniform building height H = 40m.

15



330

335

(a) RMSE ()] K] (b) RMSE (u)[ms™!] (c) RMSE (w'@)[Kms™!] (d) RMSE (w'u/)[ m?s 2]
50 " Case T0WC 1.00 {~Case T0WC Case 10WC 0.14] Case T0WC

0.12
0.80
0.10

0.60
0.08

0.40 0.06

0.04

0.20
0.02

0.00 0.000 0.00

|_ TKE-ACM2+BEP [0 TKE-ACM2+Bulkk [ Boulac+BEP [—] Boulac+Bulk|

() RMSE (8)[ K] (f) RMSE (u)[ ms™!] (¢) RMSE (@) Kms™!) _ (h) RMSE (@) s

0.604 Case 24SC 0.80 Case 24SC Case 245C -16 1 Gase 245C

0.04 0.14

0.70

0.12
0.60

0.03
0.50 0.10

0.40 0.08

0.02

0.30 0.06

0.04
0-20 0.01

0.10 0.02

0.00 0.00 0.00

|_ TKE-ACM2+BEP [0 TKE-ACM2+Bulk [ Boulac+BEP | m— Boulac+Bulk|

Figure 6. a-d): RMSE-RMSEs for +:640, w't‘u, #w’0’, and +w’v’, calculated below the PBL height for Case 10WC by taking the LES
results as the ground truth, respectively; e-h): Same-same as a-d) but for Case 24SC.

wind speed in contrast with an underestimation in the mixed layer. It thus appears that the BEP parameterization resulted in an

The heat flux profile in Fig.5a reveals that the trends of variation are-were well captured in the two BEP simulationswhere
the-sink-of-heat-flux-isreprodueed-, in that the drastic reduction in heat flux when approaching the roof level from the ground
—Fhis-is-attributed-was reproduced. This reduction is attributable to the prescribed temperature of the building wall and roof
(300K) being cooler than the atmosphere, leading to conduction. A possible explanation for the warm bias observed in both
Bulk simulations is the lack of heat-sink-conduction between solid surfaces and the atmosphere beyond the first model layer.
In general, TKE-ACM2+BEP simutates-simulated a better matched w’@’ profile in the mixed layer-—, as shown in Fig.5a. In
contrast, Boulac+BEP preduces-produced a w’6’ vertical profile of-with a weaker magnitude, which may account for the ¢
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profile becoming stable from 10H. However—greater-diserepaneies-are-Greater discrepancies in the magnitude of w’6’ were
observed in TKE-ACM2+BEP within the UCL and near PBl-heightthe PBL height, where the relatively constant w’6¢’ in the

middle-UCE-isnotexhibited-mid-UCL was not reproduced in either BEP simulation—The-inflectionpoint-in-the-wind-speed

nREP nd-PA A\

the UEETt-is-diseovered-that-the-momentamflux—nereases—, however, the drastic reduction in w’6’ at roof level was well

captured, indicating that the physical interaction with buildings was reasonably considered. The momentum flux decreased
from zero at the ground level to a maximum value at seme-heightapproximately 2 to 4 times the canopy height, followed

by a descending trend in BEP simulations, in contrast to the monotonically descending trend in simulations where-when the

Bulk method is-adoptedwas adopted, as shown in Fig.5a. However, Fig.5b suggests that the magnitude of w’v’ simulated
by the two schemes exhibit-had greater discrepancies than that of w’¢’. Boulac+BEP preduces-consistently underestimated

w’y’. TKE-ACM2+BEP results-in-provided a slightly less biased w’«’ but the maximum value eeeurs-was at approximately
z/H = 4, whereas LES suggests-suggested the height at which w’u’ peakspeaked, z/H7~

7
U ma

mateh-alignment of w’v’ simulated by TKE-ACM2+BEP is attributed-to-the-attributable to the considerable contribution of
non-local momentum fluxeentributing-to-a-considerable-prorportion. In summary, TKE-ACM2+BEP is-was able to simulate

a well-mixed boundary layer under such a-prescribed convective atmospheric stability. The inflection point at the-reoflevel

,is-was 1 in this case. The closer

can-be-reproduced-similarly-roof level could be reproduced in a manner similar to how Boulac+BEP behaves. In addition,

TKE-ACM2+BEP exhibits-better-ability-in-predieting-was better at simulating the ¢ and u profile-which-isrefleeted-in-profiles,
as reflected by the ~48.5% reduction ef-in RMSE(#) and ~12.2% reduction in RMSE(u) eempared-relative to Boulac+BEP.

Stmilar-behaviors—of-the—two—schemes—arefound-Two PBL schemes performed similarly in Case 24SC, where TKE-
ACM2+BEP stmutates-a-simulated notably less warm bias in the UCL ;-partieutarty-at-shown in Fig.4c, particularly in the first
model layer. Additionaltyln addition, the 6 profile extending from the UCL up to 18 H is-was considerably better reproduced
by TKE-ACM2+BEP whereas Boulac+BEP prediets-simulated consistently cold bias below the inversion. This-ean-be-likely

the momentum profile between the 24SC and 10WC cases. Firsthy--First, Fig.4d shows that Boulac+BEP prediets-predicted
consistently lower wind speed than TKE-ACM2+BEP. SecondlySecond, both BEP simulations tend-to-yield-everestimated
tended to overestimate the wind speed in the UCL. ThirdlyThird, Bulk methods eannot-did not reproduce the inflection point
and exhibit-exhibited the greatest positive bias in the UCL. £asthyFinally, the wind shear at the-roefdevel-displaysroof level
had lower magnitudes in the two BEP simulations eompared-to-than in LES. The difference in performance is-was that TKE-
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ACM2+BEP exhibits-had slightly less deviation from 1/ to approximately 5/ -but-starts—to-visibly-overprediet-but made
obvious overpredictions in [7H,17H]. In contrast, Boulac+BEP shews-had a negative bias in [1H,7H| and prevides-provided
a promising match in [7H,17H].

Boulac+BEP, which accounts for the cold bias. Conversely, the two Bulk simulations consistently had warm bias throughout
the PBL, consistent with the trend in Case 10WC, Fig.5d indicates that TKE-ACM2+BEP ean-generate-yiclded w'u’ of-with

a similar pattern and magnitude to LES in the whole PBL, whereas Boulac+BEP seems-seemed to largely underestimate the
.., isfeund-between 24SC and
10WC:EESshews—; i.e., LES showed that z/H 77 inereases-increased from z/H =1 to approximately z/H =4 when

wiwl-is-w’0'o was stronger. Further analysis by-partitioning-the-involving the partitioning of total w’u’ reveals-revealed that
the non-local component ptays-played a more important role in distributing the surface layer fluxes to the mixed layer in TKE-

momentum flux as observed in the 10WC case. A-There was a notable difference in z/H_;+

ACM2+BEDP, as reflected by the red-blue dashed line in Fig.5d. Compared with Case 10WC, the larger prescribed w’6’ in Case

24SC suggests-suggested that TKE-ACM2+BEP provides-achieved a closer match in the magnitude and shape heat-flux-profile
compared-te-of w'u/ at and immediately above roof level compared with Boulac+BEPswhen-w/t/-inereases—Alse. In addition,
TKE-ACM2+BEP reperts-gave z / Hmmax = 3, which deviatestess-aligns more closely with LES results than Boulac+BEP
(z/Hgry = 1)-eompared-toEES results—Rotach (2001 -investigated, Rotach (2001) analyzed several field measurements
and wind tunnel experiments to examine the height of the maximum turbulence momentum flux. Fheirresuttsshow-They found
that w’u’ can occur at approximately 3H, which is deemed as the top of the ¥SERSL. This indicates that stronger heat flux

can cause elevated z/ H 77, requiring extra caution in the PBL scheme when dealing with a sizable urban morphology.

75:6%which-is-consistent-with-the-closer-mateh-ofw’w/ in-the-mixed-tayer—The-In summary, the RMSE(u) isfountto-be-both
was 0.33ms ™! in-for both TKE-ACM2+BEP and Boulac+BEP. As-a-result-the-performanee-of This indicates that the two PBL
schemes coupled with BEP in-predicting-the-momentum-profiles-is-comparable-statistieatly-performed similarly in simulating
momentum profiles below the PBL height and-exhibits-considerablesuperiority-over-in Case 24SC and outperformed the
Bulk methods. However, TKE-ACM24+BEP outperformed Boulac+BEP in Case 24SC in simulating the 0 profile, reducing the

4 Real case simulations-simulation results

4.1 EffeetsImpact of BEP-TKE-ACM2 on H-and-the vertical profiles of § ever-different LCZ-typesand U

FigAtandFigA2-display- Figures C1 and C2 present the vertical profiles of § and U = v/u? + v? averaged -over the entire
simulated month everlCZ-¢lasses—-10for ten LCZ urban classes, water surfaces, and othernatural-tanduse—What-should-be

ghg g g S errural land covers. Implementin
the BEP scheme with both PBL schemes reduced 6 withi ' -and U by up to

ca viss O afa o a

approximately 2K and 2m/s respectively, below 35 times the maximum building height for each LCZ urban class (H,.x)
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with the most pronounced differences occurring near the ground. Both BEP simulations had less pronounced differences in U
over water surfaces and rural land cover compared with urban grids, eerreborating-the-findings-in-Seetion3—The-differences
in-vertieal-profites-of primarily because the BEP model was not directly applied in these non-urban areas. Any observed
differences in U in these regions resulted from the neighboring urban grids. The effects of BEP on U over urban grids align
with simulations conducted for Berlin, Munich, and Prague (Karlicky et al., 2018). Finally, complex interactions between the
atmosphere and buildings, including radiative transfer (direct and reflected solar radiation and net longwave radiation), and
thermal exchange between solid surfaces and the atmosphere, collectively led to the lower temperature in BEP simulations.
The influence of the TKE-ACM?2 PBL scheme was assessed by comparing 6 and U profiles with those from Boulac, both with
and without BEP, as shown in Figs.7 and 8. TKE-ACM2 generally predicted a warmer 6 between-the BEP-and Bulk-methods

are-shown-inFig—7and Fig—8-with-the shadewed-arearepresenting andard-deviation(c)over-the-whole-monththan Boulac
across urban, water, and rural grids, regardless of BEP activation. However, the difference AG(TKE-ACM2 — Boulac), was

slightly less in the BEP simulations than in Bulk simulations across all grids.
Moreover, TKE-ACM2 consistently simulated higher wind speeds above the canopy height than Boulac, particularly when

aired with BEP, aligning with results from idealized simulations (Figs.4b & 4d). There were instances where the average

AU (TKE-ACM2 — Boulac) was negative at the first model height (9 to 10 meters) for the Bulk method, notably at LCZ 1, 2
4, and 10. Nonetheless, in BEP simulations, AU (TKE-ACM2 — Boulac) was a maximum over urban grids at approximatel
2 to 4 times H,,,., compared with approximately about 5 times H, in Bulk simulations.

4.2 Monthly mean diurnal profiles of U compared with high-resolution LIDAR measurements

Firsthy-the-The monthly mean diurnal variation-ef-yariations of the heat flux, Menin-Obkithev-Monin-Obukhov length (L),
and the-stability parameter (h/L) are disptayed-presented in Fig.9. The-At the HT _rural LiDAR station, the heat flux pattern
does-did not exhibit a visible-differenceat-the-ruralH-iDARstation HTF-At-the LE€Z-5-USTSSnotable difference. However, the
USTSS _LCZ5 LiDAR location, introducing BEP consistently exertsresulted in a greater surface heat flux than-compared with

the Bulk methods. In contrast, the-magnitude-of-surface-heat-fhuxat-the PLiDARlocation-has-beenredueed
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Figure 8. a-j): Monthly mean vertical profiles of A6-AU(TKE-ACM2 — Boulac) with/without BEP over LCZ 1-10 (urban) grids; k):
over water surfacessurface girds; 1): over ethernaturat-fanduserural land cover grids. The blue and orange lines represent BEP and Bulk
simulations, respectively. The shadowed area denotes 1o variability. The height is normalized relative to the maximum building height

medeled-at KP_LCZ1, BEP simulations produced a lower surface heat flux is—eaused-by-the-sink-of-buildings-when BEP-is

aetivatedthroughout the diurnal cycle.
The wind speed LiDAR offers hourly measurements of wind speed at an altitude of 50 m abeve-groundtevelHHAGEYAGL,

with vertical increments of 25m. The measured and simulated wind speed profiles are-averaged—during-averaged across
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Figure 9. Column a) plots-the-monthly mean diurnal pattern-patterns of the surface heat flux at-for USTSS_LCZ5, HT _rural, and KPin-the
first-second;-and-third-row;respeetively_LCZ1 from top to bottom; Column b) the-Menin-Obkuhev-Monin-Obukhov length (L) #n-with a
semi-log y—axis; Column c) the-stability parameter (h/L). W(M)M}IMS“‘JWM
18" August in 2022.

445 the whole month are presented for each hour and-are-disptayed-in Fig.10 (USTSS_LCZS5), Fig.11 (HT _rural), and Fig.12
(KP_LCZ1). To quantify the performance of each simulation, the RMSE and mean bias (MB) are-demeonstrated-between the

simulated profiles and LiDAR measurements are presented in Fig.13.
Be%ﬁ%&e&h&%s%&%@mm s located in a model grld fdeimﬁed—a%—I:GZ%epeﬁ—fmdﬁse}clasmﬁed
as open mid-rise, applying BEP doe
450  with-an-average reduetion-did not consistently result in a notable reduction in wind speed. This contrasts with the average
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Figure 10. Monthly mean vertical profiles of wind speeds at the USTSS_LCZ5 LiDAR station. The blue, orange, green, and pink lines
denote the results of TKE-ACM2+BEP, TKE-ACM2+Bulk, Boulac+BEP, and Boulac+Bulk, respectively. The black dots represent the
measurementsfrom-LiDAR measurements, with the error bar deneting-indicating the £1 standard deviation. The integration is from 2000

UTC+8 on 18" July in 2022 to 2000 UTC+8 on 18" August in 2022.
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Figure 11. Same as Fig.10 but at-for the HT _rural LiDAR station.

decrease of ~ 1 —2m/s feund-in-observed across all LCZ 5 grids, as shown in Fig7C2e. A eloserinspeetion—teveals—that
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Figure 12. Same as Fig.10 but at-for the KP_LCZ1 LiDAR station.

KP-ECEZH-—Apossible explanation is that the LCZ map in Fig.2b indicates that the model grid containing USTSSis-_LCZ5
was bordered by either naturat-rural land or water grids, effectively isolating it from other urban grids. Consequently, the

wind approaching this grid experiences—experienced a less rough fetch, leading to a reduced drag exerted on this model
grid. Hisfound-that-the-overpredietion—oeceurs—The overprediction occurred primarily below ~ 300m during the nighttime

night for all schemes, with BEP simulations producing a slightly smaller positive bias. The overestimation below ~ 300m

persists-persisted in TKE-ACM2+BEP during-HEF-+7EFfrom 11 local time (LT) to 17LT, whereas Boulac+BEP atigns-better
aligned better with observations. Furthermore, all schemes exhibit-exhibited underestimation above ~ 300m. Cerroberating

the-aeeelerated-Allabeve={AT=0)-as-Consistent with the accelerated wind speed shown in Fig.7C2, TKE-ACM2+BEP
produeces-gently-produced slightly larger U beyond ~ 300m, which-leads-to-theleast-positive-bias-compared-to-leading to the
smallest positive bias relative to the LIDAR observations. tt-alse-should-be-highlighted-that-the-The accelerated U observed
in the upper PBL is-alse-manifested-was also evident in the 10WC and 24SC idealized cases (Fig.4b & d)—lastlya-detailed
investigation-4bd). Finally, detailed analysis reveals that the wind speed profiles during the nighttime-shew-night showed less
difference between each-seheme-compared-to-schemes compared with U simulated during the daytimeday. This is tikely-due-to
probably because TKE-ACM?2 and Boulac adepting-a-adopt similar turbulence closure medel-and-models; their performance
may differ less when there is an absence of convective thermalthermals. In summary, the RMSE-histograms in Fig.13 show that

TKE-ACM2+BEP proeduces-the-teast-yielded the smallest RMSE and the feast-smallest negative MB, in-eontrast-to-whereas
Boulac+BEP further-worsened-the-negative MB-eompared-to-led to greater deviations compared with Boulac+Bulk.
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Figure 13. RMSE (a) and MB (b) of the monthly averaged diurnal variation of vertical profiles of wind speeds calculated at the three LIDAR

stations for four simulations obtained by taking LiDAR measurements as the ground truth. The error bars represent the +10 variability of
the RMSE/Mean bias of a diurnal cycle.

At the rural LiDAR station HT _rural, the application of BEP has-had a limited impact on the PBL performance over non-
urban model grids, aligning-with-supporting the conclusion drawn in Section 42?4.1. The differences between BEP and Bulk
are-were indistinguishable below ~ 400m. However, TKE-ACM2+BEP occasionally aceelerates-accelerated U netably-be-
yond ~ 600m, fer-instanee;such as from 10LT to 13LT, matehing-eloserto-aligning more closely with LiDAR observations.
Conclusively, BEP-causes-minor-differences-Overall, BEP introduced only minor variations in U profiles at-within non-urban
model grids, particularly in the lower PBL. Therefore, the differences in the predietability-accuracy of U within this height
range over non-urban grids are-were largely caused by the PBL schemes rather than the UCMs. Nonetheless, the-influenee
of BEP-could-be slightly-more profound-BEP had a slightly more pronounced effect in TKE-ACM2+BEP by accelerating U
in the upper PBLinTKE-ACM2+BEP-~which-leads—to-an-, leading to the improved reproduction of U profiles at HT _rural
LiDAR station. Hnlike-the USTSSstationIn contrast with the USTSS_LCZ5 station, which was located in an isolated LCZ

5 grid, KP-is-deployed-in-the-wel-developed-the KP_LCZI station was situated in the densely developed downtown area of
Hong Kong—The-twe-, surrounded by an extensively built-up environment. Both schemes coupled with BEP exhibitexhibited

considerably decelerated wind speeds below ~ 400m,

diminished-mainty-from-corroborating the trend observed for all LCZ 1 girds shown in Fig.C2a. Notably, discrepancies were
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reduced within 100 —400m where B Tange, where wind speeds tended
to be overestimated. However, BEP tends-to-over-reduee-the-tended to excessively reduce wind speeds in both schemes from 50
to 100 mwhich-eerrespondsto-approximately-2-5—>54-, approximately 2.5 to 5 times [, for this LCZ type, particularly at
heights-eloserto-thecloser to ground level. In contrast, Bulk-methods-produee-the Bulk methods produced bias of similar mag-
nitudes but with a reverse sign below 100m. From-In the 600—1000m range, Boulac+BEP exhibits-gave the lowest wind speeds

during the daytime-and-is-comparable-with-day and yielded wind speeds comparable to those of TKE-ACM2+BEP during-the
nighttimeat night. Moreover, the performance of TKE-ACM2+BEP differs—differed from that of Boulac+BEP between-in
the 600 — 1000 m by-generating-range in that it generated a less negatively biased wind speed at particular hours, e-g5-such
as from O8LT to 12LT. HelistiealtyOverall, the two PBL schemes coupled with BEP lead-to-considerably-improved-RMSE
compared-to-had a considerably better RMSE than the Bulk methods at this particular compact high-rise grid. More specif-

ically, TKE-ACM2+BEP signifieantly-outperforms-outperformed TKE-ACM2+Bulk, reducing the RMSE from 0.92m/s to
0.55m/s and reducing the MB from 0.21m/s to 0.03m/s. Additienallyln addition, TKE-ACM2+BEP demenstrates-slightly
better-performanee-performed slightly better than Boulac+BEPef-whieh RMSE-s-, which had an RMSE of 0.60m/s.

4.3 EffeetsImpact of BEP-TKE-ACM2 on U; g, 1>, and RH,over different LCZ-types

Fhe-Figures C3, C4, and C5 present the diurnal patterns of Ujg, T, and 2#m—2-m relative humidity (RHy)—stmulated-by

d¢-RH2) simulated using the four configurations. The impact
of TKE-ACM2 on these surface meteorological variables, relative to Boulac, was examined in simulations with and without
BEP, as shown in Figs.14 (Ujo:), 15 (Toand-), and 16 (RHyby—greuping-into-different LCAtypes—tisfound-that BEP
generally reduees-),

MIMMW%MWWM
arose because TKE-ACM?2
thenatural-grids-and-aceelerated-incorporated non-local momentum transport that scaled with atmospheric instability, whereas
E%%W%MWMMM
effectively lowered Uy are

eefrela{eekdﬁe%eﬂmmef%eﬁmpemeﬂamy—blﬁhkeﬁe—,&%crﬁ .C3). Specifically, TKE-ACM2+Bulk produced higher wind
speeds than Boulac+Bulk during the day by up to 1 m/s, a difference that diminished to less than 0.4m /s with BEP integration.

Figure 15 shows that the temperature difference ATh(TKE-ACM2 — Boulac) followed a diurnal pattern similar-phases

warmer-with TKE-ACM?2 consistently simulating lower T5 thanBeulae+Bulk—e.g—-at ~H-EFto-12LT ever ECZ 24,
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and-relative to Boulac which aligns with the results of idealized simulations with a similar heat flux magnitude (Case 24SC
depicted in Fig.4c). Importantly, with BEP, this temperature difference increased at noon, particularly across LCZ 1 to 5 grlds—

ARH, remained positively skewed and further increased when BEP was applied.

4.4 Monthly mean diurnal patterns of U, 15, and RH> compared with surface stations

Fhe-time-series-and-metriesfor-each-individual- Time series data for each station are provided in the supplementary material
of Zhang (2024) for detailed visualization. The diurnal variations of Uy, 15, and RH; for a total of 31 surface stations are
were aggregated based on their LCZ classifications, which-are-as shown in Fig.17, Fig.18, and Fig.19, respectively. The-RMSE
histograms are displayed-presented in Fig.20. Applying BEPresults-in-a-significant reductionin-The adoption of BEP reduced
Ui, which is-eensistent-aligns with the trend observed in Fig.14-C3 for all LCZ urban grids. This reduction greatly improves
the-predietions-improved the reproduction of Uy at LCZ 5, 6, and 8 stations, which are-landuse-consisting-of primarily-were
primarily in areas with low- or mid-rise buildings at relatively low building density. A-closerinspeetion-shows-Closer inspection
reveals that the improvements are-more-profound-during-the-nighttime-were more profound at night over the aforementioned
stations. Among these stations, TKE-ACM2+BEP petforms-performed the best or comparably to Boulac+BEP by-reaching
with an RMSE as tew-small as 1.0m/s. However, the medeled-wind-speedsin-BEP-for-wind speeds simulated using BEP at
LCZ 1¢compaethigh-rise), 2, 4openhigh-rise), and 10 theavy-industry)-stations-are-undesirably lower-than-the-stations were
lower than observed values, particularly during the daytime—Thetargely underestimated-day. The large underestimation of
Uig at the LCZ 1 surface station is-eonsistent-aligns with the underestimation of U at 25m-observed-50m at the KP_LCZ1
LiDAR station. Mere-specifically-the-two-BEP-simulations-produce-Specifically, both BEP simulations consistently produced

Uip = 1m/s eonstantly-and-exhibit-with an RMSE 1.7 — 2.4m/s, which is-consistently-werse-than—that-was worse than the
RMSE of Bulk methods (RMSE~ 1.5m/s). The excessive reduction in Uy is likely to be caused-by-the-mismatched-local

EC€Z-¢lass-due to the mismatch between local LCZ classifcation (100m resolution) and re-gridded LCZ elass—classification

(1km resolution) at LCZ 1, 4, and 10 stations, which-is-alse-reported-in-(Ribeiro-et-al5202Hreported by Ribeiro et al. (2021).
For instance, the KP-surface station-which-is-identified-surface station co-located with the KP_LCZ1 LiDAR, also classified as

an LCZ 1 elass-stationby-WRF-is-deployed-at-the-hill-whose-spatial-seale-is-station, was situated on a hill with a spatial scale
of 50m. Therefore, the exposure-is-immediate surroundings of the KP surface station were relatively open and flatin-the-toeal
vietnity-of the KP-surface station—As-a-consequence;-. Nonetheless, another source of discrepancy stemmed from the use of a
look-up table to determine urban canopy parameters (UCPs). This approach overlooks the heterogeneity of UCPs within a given
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Figure 14. a-j): Monthly mean Ato-AU;o(TKE-ACM2 — Boulac) over LCZ 1-10 (urban) grids; k): over water surfacessurface grids; 1):
over othernataral-Handuserural land cover grids. The blue and orange lines represent the results of BEP and Bulk simulations, respectively.
The shadowed area denotes-indicates =10 variability.
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Figure 15. Same as Fig.14 but for 75.

Cotneiding-with-Fig-5;-Figure C4 shows that T, at nighttime-has-been-night was reduced in BEP simulations over all LCZ
urban stations. The change in T, at-daytime-istessprofoundwas smaller during the day, and Boulac+BEP is-was likely to
produce a warmer daytime 75 eompared-to-than TKE-ACM2+BEP. As a result, both-PBL—schemes-eoupled-the coupling of
either PBL scheme with BEP considerably improve-improved the warm bias at nighttime-compared-night relative to Bulk
methods, and their predictability-atdaytimechanges-insignificanthyaccuracy during the day hardly changed. TKE-ACM2+BEP
behaves-vistblty-better-than-outperformed Boulac+BEP over LCZ 2, 5, 8, and 10 stations, where-with the RMSE(T%) is-reduced

by 0.51K, 0.13K, 0.27K, and 0.11 K, respectively. Otherwisetheirperformanece-overThe performance in the two simulations
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Figure 16. Same as Fig.14 but for RHo.

was comparable for other LCZ urban stationsis-comparable. The four simulations generate-generated 715 diurnal cycles ef-much
fess-with much lower amplitude than observations at water surfaces, where the inter-scheme difference is-was marginal and each

scheme
especially the reduetion-of nighttime deviated from observations by ~ 2K. At rural land stations, T, by BEPsimulationstends-to
stightly-worsen-the underestimation-was consistently underestimated across all simulations. This underestimation was slightly.
exacerbated at night in BEP simulations, probably due to the effects of adjacent urban grids.
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Figure 17. Comparison of monthly mean diurnal patterns of Uzo with observations made at surface stations. The title of each panel describes
the LCZ type and the assoetated-number of associated surface stations. The blue, orange, green, and pink lines represent results of the TKE-
ACM2+BEP, TKE-ACM+Bulk, Boulac+BEP, and Boulac+Bulk, respectively. The black marker-denotes-markers indicate the surface station

observations. The gray shadowed area disptays-indicates the =10 variability of observations.
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Figure 18. Same as Fig.17 but for 75 comparison.

Lastly, Boulac generated

570 amuch dryer boundary layer atthan observations for all types of surface stations, regardless of the choice of surface layer flux
parameterizations. Eikewise-Similar to Boulac+Bulk, TKE-ACM2-Bulk preduces-produced a dryer surface layer theugh-ef-but
with much less negative bias. The addition of BEP to the two PBL schemes has-greatly improved the predietability-accuracy
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Figure 19. Same as Fig.17 but for RH2 comparison.

of RH5 at urban stations

that- BEP-implies-a—greater-by simulating moister air. Figure C5 shows that BEP produced an increasingly large RHs when

coupled to-with TKE-ACM?2 than-te-rather than with Boulac, resulting in a more profound improvement in TKE-ACM2+BEP.

575

In summary, BEP does-not-enly-affeet-affected not only the surface wind speed but alse-has-impertantimplications-on-the

33



(a)

LCZ 1 LCZ 2 LCZ 4 LCZ 5 LCZ 6 LCZ 8 LCZ 10 Water Rural
35 (b) surface land

LCZ 1 LCZ 2 LCZ 4 LCZ 5 LCZ 6 LCZ 8 LCZ 10 Water Rural
(c surface land

254 [0 TKE-ACM2+BEPEED TKE-ACM2+BulkC—J Boulac+BEPLCTTI Boulac+Bulk

Do
(=1
s

RMSE RH, (%)
S &

(=] ot
I L

LCZ 1 LCZ 2 LCZ 4 LCZ 5 LCZ 6 LCZ 8 LCZ 10 Water Rural
surface land

Figure 20. RMSE atfor aggregated station types, with a), b), and c) drawing-ferrepresenting Uio, T2, and RHz, respectively. The number
of stations contributing to an LCZ type is given in the sub-titles in Fig.17, Fig.18, or Fig.19.

T, and RH diurnal patterns. TKE-ACM2+BEP has-demonstrated-superiority-over-outperformed other schemes in reducing

the-terms of reducing warm bias at nighttime-night and enhancing the predietability-of-accuracy in simulating RHy at urban
stations.

580 5 Conclusions

In this study, we i eveloped a numerical method for coupling BEP with
the TKE-ACM2 planetary boundary layer scheme detailed in-by Zhang et al. (2024). We first evaluated the performance of

TKE-ACM2+BEP under a series of idealized atmospheric conditions with a simplified urban morphology in WRE-The-the
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WRF model. We used a state-of-the-art large-eddy simulation tool, PALM, configured with three-dimensional equidistant

resolutionis—utitized—, to provide a reference result at the building-resolved-seale—tt-has-been-building-resolving scale. We

demonstrated that TKE-ACM2+BEP significantly-improves-the-reproduction-of-outperformed TKE-ACM?2 without an urban
canopy model in reproducing the vertical profiles of ¢ and u in the-two prescribed surface heat flux casescompared—to—.

Moreover, TKE-ACM2without iy urban canopy- model and it also- shows superiority i the moderately convective case
compared-to-another+BEP outperformed the widely used Boulac+BEP scheme in the moderately convective case. In particular,
TKE-ACM2+BEP prediets—predicted 6 with a reduced warm bias within the urban canopy layer. AdditionattyIn addition,
Boulac+BEP preduces-produced a sharper 06/0z at the roof level, leading to a neticeable-notable cold bias in the mixed
layer. A—closer-inspeetion—suggests—Closer inspection suggested that turbulent fluxes are-were better reproduced by TKE-
ACM2+BEP, which is attributable to the-non-local fluxes. In contrast, Boulac+BEP significantly-underestimates-underestimated
their magnitudes.

Real case simulations adopting different parameterization schemes for surface layer fluxes parameterization-schemes-were
performed. Ft-is—shewn-that TKE-ACM2+BEP exhibits—similar-behavior-behaved similarly to Boulac+BEP, beth-ef—-which

reduee-with both reducing U below a certain height over the LCZ urban grids —The-heat-flux-computedfromrelative to Bulk
simulations. Likewise, the effects of BEP considering the radiative transfer and eenduction-ultimatelyleads-sensible heat fluxes

between solid surfaces and the atmosphere ultimately led to a lower Fo-in-this-studyf over all urban grids. High-resolution wind
speed LiDAR observations are-obtained-and-were used to evaluate the performance of TKE-ACM2+BEP. lt-is-revealed-that

the-reduction-of-The reduction in U at USTSS(ECZ-S5)-is-not-constantly-visible-_LCZ5 was not consistently observed across
a diurnal cycle, which is likety-attributed-probably attributable to the fact that USTSSis—_LCZ5 was located in an isolated
urban grid with a smoother fetch in all directions. BEP has-ittle-impaet-on-hardly affected the wind speed profiles at the rural
EibAR-stattonHTHT _rural station, where the four simulations perform-similarky—asthyperformed similarly. Finally, TKE-
ACM2+BEP demonstrates-a-considerably-improved performance-in-predictingoutperformed TKE-ACM2+Bulk in reproducing

vertical profiles of U at the LCZ 1 LiDAR stationeompared-to-FKE-ACM2+Bulk—The-. In particular, the overestimation in
the lower boundary layer has-been-was much improved. However, the wind speeds are-ever-reduced-were overly reduced by

BEP in Boulac and TKE-ACM2 below ~ 100m. Overall, TKE-ACM2+BEP outperforms-others-outperformed other schemes

in simulating the wind speed profile at this highly urbanized grid—ttsheuld-bepointed-ont-that BEP-dees LiDAR station.
BEP did not necessarily improve the prediction of Uy at all types of urban stations as it ean-could lead to largely underes-

timated Uy, eompared-relative to the two schemes with Bulk methods;fex. For instance, extremely low wind speeds at-were

observed at LCZ 1, 2, 4, and 10 stations, which were in areas that had mostly compact or high-rise buildings. The enhanced
predietability-accuracy of Uy simulated by TKE-ACM2+BEP is-neticeable-was notable at stations located in areas of relatively

low building density, such as LCZ 5, 6, and 8 stations. The non-linear feedback to Uy at rural stations ean-be-was slightly im-
proved by TKE-ACM2+BEP, where RMSE-isredueced-with the RMSE reducing by ~ 0.2m/s. Fherefore-itis-It is thus critical
to select an appropriate configuration for simulating the wind speed in-the-whele-throughout the boundary layer. Nonetheless,
BEP has-consistently improved the reproduction of 75 for TKE-ACM?2 over urban stations, particularly reducing the-warm bias

at nighttime—The-predieted-night. T, simulated by TKE-ACM2+BEP is-generally-comparable-with-was generally comparable
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to or slightly better than that simulated by Boulac+BEP at most urban stations. On-the-other-hand;RH-exhibits-comparable

620 sensitivity-to-PBE-sehemes-and-Moreover, the sensitivity of RHs to PBL scheme was comparable to that to UCMs. BEP leads
to-a-more-moistled to moister PBL, and TKE-ACM2+BEP exhibits-exhibited the least dry bias in reproducing RHy among

all simulations. Fhis-werk-dees-The present work did not aim to demonstrate that the new TKE-ACM2+BEP performs defini-
tively better in-simulating-all-as s-of ical-vartables-than other combinations of PBL and UCM in simulating
all aspects of meteorological variables; rather, it offers valuable insights for selecting appropriate model configurations to meet

625 various objectives regarding different atmospheric processes.
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Code and data availability. The PALM model is an open-source atmospheric LES model under the GNU General Public License (v3).
(available at https://palm.muk.uni-hannover.de/trac, last access: November 2024). The WRF model encompassing the current version of
TKE-ACM2 PBL scheme used to produce the results in this paper is archived on Zenodo (Zhang, 2024) under the Creative Commons
Attribution 4.0 International license, as the data simulated by PALM and WREF for idealized and real simulations, LiDAR observations, and

surface station observations (Zhang, 2024).

Appendix A: Numerical solutions to Eqn.3

Eguation 3 can be solved by re-writing it as the linear system Ax =hb, where the column vector x contains the unknown
prognostic variable ¢/'*", the square boarded band matrix A is the coefficient matrix, which comprises the first column entry
(E), diagonal (D), upper diagonal (U), and lower diagonal (L) elements, and the column vector b comprises the explicit terms
used in Eqn.3. To keep the same order of numerical accuracy as TKE-ACM2 (Zhang et al., 2024), the Crank-Nicolson scheme

1o OC™H 4 (1 — O)(¢™ with C = 0.5 being the Crank-Nicolson factor, Subsequentl

in the :—th row and 7—th column of D is expressed as

is retained. This splits the element

D= 1+ C fuom M A

A~~~

1= o) At (KISI Kr_1Sr-1

-— —CA;AL Al
AZ,‘ AZ[ + AZI,1 > ¢ ( )

The i—th row element of column vector b is expressed as:

]11': G+ (1= C) feony Mugy' At

(1= O e G+ (1= ) eom M 11 S22 A

1 _¢n
cony (K S ¢
+VA Jeom (K S1==4—
K, .Sr 1<A LA 4 (1= C) AT AL+ BiAt (A2)
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The element in the i—th row and j—th column of U, L, and E, are the same as those in Eqn.13, Eqn.14, and Egn.15 in
Zhang et al. (2024), respectively, except that an additional multiple of S; /V; applies to K.

Appendix B: LCZ classification and namelist configuration in WRF real case simulations
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Table Bl.

sehemes-Local Climate Zones (LCZ) classification scheme

LCZcode  Built type Number of available | LCZcode — Land cover, Number of available
surface stations surface stations
Lcz1 Compact high-rise 2 LCZA_~ Densetrees 4
LCz2 Compact mid:rise 1 LCZB_~ Scattered trees o
LCz3 Compact low-rise 0 LCZC_~ Bushandscrub 3.
LCz4 Open high-rise 3 LCZD_~ Lowplants o
LCZ5 Open mid-rise. 1 LCZE Bare rock or paved 0
LCz6 Open low.rise_ 2 LCZE Bare soil or sand 1
LCz1 Lightweight low-rise 9 LCZG.  Watersurface 10
LCz8 Large low-rise 3
LCz9 Sparsely built 0
LCZ10  Heavy industry 1
Subtotal of urban stations 13 Subtotal of non-urban stations 18
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Table B2. Configurations of WRF version 4.3.3 settings for simulations using Boulac and TKE-ACM?2 PBL schemes and UCM schemes

WREF version 4.3.3 Options Settings

Meteorological data for boundary and initial conditions ~NCEP GFS 0.25° by 0.25° latitudinal and longitudinal resolution

with 6-hour interval

Grid resolutions 27 km for D1 with 1:3 parent domain grid ratio for nested domains

Time steps 120 s for D1 with 1:3 parent time step ratio for nested domains

Number of grid points (East-West x North-South) D1 283 x 184, D2 223 x 163, D3 172 x 130, and D4 214 x 163

Number of vertical eta levels 39

Pressure at top model level 50 hPa corresponding to approximately 20 km AGL

Number of vertical levels in WRF Preprocessing 34

System (WPS) output

Number of soil levels in WPS output 4

Microphysics scheme WSM 3-class simple ice scheme Hong-et-al(2004)-(Hong et al., 2004)
Longwave radiation scheme RRTMG scheme tacono-et-ak—+2008)(Iacono et al., 2008)

Shortwave radiation scheme RRTMG scheme tacono-et-ak—+2008)(lacono et al., 2008)

Surface layer scheme Revised MMS5 Monin-Obukhov scheme Fiménezet-al+2642)(Jiménez et al., 2012)
Land-surface scheme Unified Noah land-surface model €her-and-Pudhia-(2664+)(Chen and Dudhia, 2001)
Cumulus scheme Grell-Freitas ensemble scheme Gatt-et-al+2643)(Gall et al., 2013)

Urban model (sf_urban_physics) BEP (option 2) and Bulk (option 0)

Land-use data LCZ (use_wudapt_lcz=1, num_land_cat=41)

Grid nudging 6-hour interval grid analysis nudging only for D1

Observational nudging Off for all domains
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Appendix C: 6 and U profiles aggregated at different landuse
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Figure C1. a-j): Monthly mean vertical profiles of 6 over LCZ 1-10; k): over water surfaces; 1): over other-nataraHanduserural land cover.
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Figure C2. Same to-as Fig.A+C1 but for U.
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Figure C4. Same to-as Fig.A3-C3 but for T>.
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