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Abstract. The layout of urban buildings shows significant
heterogeneity, which leads to the significant spatial inhomo-
geneity of the wind field in and over the canopy of urban
street canyons. However, most of the current urban canopy
models do not fully consider the heterogeneity of the ur-
ban canopy. Large discrepancies thus exist between the wind
speeds simulated by the current urban canopy models and
those observed in the street canyon. In this study, a param-
eterization scheme for wind fields, Inhomogeneous Wind
Scheme for Urban Street (IWSUS), is developed to better
characterize the heterogeneity of the urban canopy. We use
a computational fluid dynamics method to generate the TW-
SUS scheme and compare it with observations of the wind
profile and turbulent flux in and over the street canyon for
validation. In IWSUS, the wind speed vertical profiles at
six representative positions located in a typical street canyon
(i.e., the windward or leeward side of a long straight street
or the inflow or outflow end) are parameterized separately.
The wind profile by IWSUS thus can better describe the hor-
izontal heterogeneity of the urban near-surface wind field,
e.g., the dynamic drag effect of buildings in the lower at-
mospheric layer over the urbanized land use. The validation
based on observations shows that the performance of simula-
tion results by IWSUS is better than that by the exponential—
logarithmic (exp-log) law widely used in the current urban
schemes. We consider typical building arrangement and spe-
cific street orientations in IWSUS for wind field simula-

tions, which can better match the distribution characteristics
of street canyons around the observation point in the street
canyon. The averaged wind profiles and turbulence energy
fluxes in the model grids of urban areas by IWSUS are also
nearer to the observations than those by the exp-log law. The
normalized mean errors (NMEs) between the simulated and
the observed vertical average wind speed are 49.0 % for TW-
SUS and 56.1 % for exp-log law in the range from the ground
to 4 times the average height of the buildings and 70 % for
IWSUS and 285.8 % for exp-log law in the street canyon
(range from the ground to building top). This study proves
that the accuracy of simulations of land surface processes and
near-ground meteorological processes over the urban canopy
can be improved by fully considering the heterogeneity of
the urban canopy layout structures and the inhomogeneity of
wind field distributions in and over the street canyon. IW-
SUS is expected to be coupled with mesoscale atmospheric
models to improve the accuracy of the wind field, land sur-
face energy budget, meteorological and atmospheric chem-
istry simulations.

1 Introduction

The wind speed in the planetary boundary layer (PBL) is one
of the key meteorological factors affecting the land surface
energy balance, regional weather and climate, as well as the
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distribution of near-surface atmospheric pollutants (Xu et al.,
2015; Deng et al., 2018; Peng et al., 2021). Urbanization
causes complex canopy structures based on the building—
street canyon unit, which are quite different from the nat-
ural vegetation-soil type canopy (Ren et al., 2015; Zhu et
al., 2017; Paul et al., 2018; Colter et al., 2019). The com-
plex shapes and arrangement of urban buildings lead to the
great complexity in the distributions of the wind and turbu-
lence field and show the obvious spatial inhomogeneity of the
three-dimensional wind field in and over the street canyons
(Li et al., 2018, 2020). The inhomogeneous wind field in and
over the urban street canyon not only leads to quite complex
characteristics of momentum and mass fluxes over the urban-
ized urban land cover (Ryu and Baik, 2013; Ganbat et al.,
2014a, b) but also causes the significant spatial variation in
air pollutant concentration in urban street canyons (Haman et
al., 2012; Banks et al., 2015; Miao et al., 2015; Huang et al.,
2017, Jaenicke et al., 2017; Miao and Liu, 2019; De Arruda
Moreira et al., 2020; Yang et al., 2021).

The wind parameterization schemes for the urban area
applied in most of the current air quality models have not
fully considered the heterogeneity of the urban canopy layout
structures; thus the inhomogeneity of the wind field in and
over the urban canopy has not been fully considered either
(Masson, 2000; Kusaka et al., 2001; Kadaverugu et al., 2019;
Masson et al., 2020). The classical exponential-logarithmic
(exp-log) profile schemes widely applied in those simula-
tions are based on the hypothesis of homogeneity in the hor-
izontal (Masson, 2000; Martilli, 2002), which produces the
averaged wind field in the model grid points of the urban land
surface. But it is unreasonable to directly compare the wind
field simulated by the exp-log law with the observations,
since the observation spots located in the urban street canyon
are affected by the inhomogeneous airflow field, caused by
the layout distribution of surrounding buildings. The mea-
surement experiments set up (Sha et al., 2021) in Nanjing
showed the variations in observed surface energy flux in dif-
ferent locations over the urban canopy, which proves the het-
erogeneity of energy flux over the different representative
positions of the urban canopy, e.g., on building roofs or the
street canyon. The inconsistency of spatial representativeness
between the point observations and the model grid simula-
tion results leads to significant differences in their numerical
values. This deviations between the simulations and obser-
vations in and over the urban canopy can be found in both
meteorological and chemical process modeling studies, e.g.,
the intensity of the urban heat island (UHI) and nocturnal sta-
bility properties of the PBL (Nair, 2011; Kusaka et al., 2012;
Schubert and Grossman-Clarke, 2014; Miao et al., 2015; Ren
et al., 2019a, b). Husain et al. showed that the Town Energy
Budget (TEB) scheme produced a lower daytime maximum
and a higher nighttime minimum for temperature simula-
tions in urban regions and overestimated UHI during the late
evening hours (Husain et al., 2013). Thus the near-ground
pollutant concentrations during the heavy air pollution events
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in simulations are overestimated in urban areas (Fallmann et
al., 2016; Santiago et al., 2020; Xue et al., 2021). Studies
suggest that these simulation errors in near-surface pollution
concentration mainly come from the inaccurate simulation
of near-surface atmospheric environmental capacity by the
model, which is due to the fact that the model cannot sim-
ulate the energy distribution and dynamic characteristics of
the urban surface canopy well (Saiz-Lopez et al., 2007; Bak-
lanov et al., 2011; Harrison, 2018; Khalil, 2018; Chen et al.,
2020).

In summary, a scheme that fully considers the hetero-
geneity of the wind field caused by the heterogeneous urban
canopy structure is very important for further accurate sim-
ulation of meteorological processes (Siitzl et al., 2020), the
surface fluxes (Sha et al., 2021), the PBL atmospheric con-
ditions (Miao et al., 2009; Thatcher and Hurley, 2011; Miao
and Chen, 2014), and also the air pollution in and around the
urban regions (Liu et al., 2020, 2021).

In the present study, we developed the Inhomogeneous
Wind Scheme for Urban Street IWSUS) to fully describe
the heterogeneous characteristics of the wind field in and
over the urban canopy. Firstly, a typical building—street lay-
out model was constructed by using computational fluid dy-
namics (CFD) method, and the three-dimensional wind fields
inside and above the street canyon were solved under the ini-
tial and boundary conditions of different background wind
directions and street canyon geometric parameters. Then the
characteristic vertical wind profiles were parameterized over
six representative positions in the typical street canyon and
finally summarized to be the IWSUS scheme. Moreover, the
wind profile simulations by IWSUS were verified and cor-
rected by using the wind profile observation data in a street
canyon. The validations of IWSUS were also set up by com-
paring observed vertical wind profiles and surface fluxes with
those calculated based on IWSUS.

The brief introductions of the observations and the CFD
methods can be found in Sect. 2.1 and 2.2; the initialization
settings of the scheme and the introduction of the regression
method are described in Sect. 2.3. The parameterization re-
sults and discussions are in Sect. 3, and the validation of ITW-
SUS is in Sect. 4. Then the conclusions are given in Sect. 5.

2 Data, methodology and model
2.1 CFD model description

The CFD method was applied in study to analyze how the
geometric characteristics of the street canyon influence the
wind field in and over the urban canopy. A series of numeri-
cal experiments were set up in the street canyon scenario by
the CFD model OpenFOAM-v8 (https://openfoam.org/, last
access: 1 September 2020), in which the average street width
and building height were set as the control variables. The
Navier—Stokes equations with the standard k—¢ turbulence
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closure scheme were solved by the following equations, and
the wind velocity and turbulence vertical profiles in the six
special locations were obtained:
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where u; is the ith component of wind velocity, p* is the
modified mean kinematic pressure, vegr is the effective kine-
matic viscosity which is expressed as vegf = v + v¢ with v for
molecular viscosity, v; is turbulence viscosity expressed as
v=pC Mkz /€, k represents turbulent kinematic energy, and
¢ is turbulent dissipation. Meanwhile, the k—¢ model contains
five empirical constants in Egs. (3) and (4), and the values are
listed as follows: C;, =0.09,C1 =1.44,C> =1.92,04, = 1.0
and o, = 1.3.

2.2 Simulation initial setup

A typical geometric structure for a basic unit of the urban
street—building canyon was set up in the OpenFOAM-v§
model. As shown in Fig. 1a, the average height (defined as
H for short) and width (W) of buildings and orientation of
the street canyon are the key parameters to define the struc-
ture. We set length of buildings, width of buildings and width
of streets as constants in this research, which were 30, 5 and
20 m, respectively. The aspect ratio (AR) factor, defined as
the ratio of building height (H) to street width (W), was
used to represent the degree of urban development. AR is
a key factor that affects the wind fields in and over the street
canyon, as well as the background wind speed. We conducted
numerical sensitivity simulations for wind speed and AR fac-
tor.

As the direction of the background wind also influences
the wind within the street canyon, we initialized the back-
ground wind speed in simulations as the inflow perpendicu-
lar (# in x direction) to the orientation of the street canyon.
The wind speed was initialized to be 0.1, 1, or 8ms~! as
the inlet boundary condition in OpenFOAM in different sce-
narios. The k and ¢ in the inflow boundary are determined
by k = 1.5(I1g)> and & = Ci/4k3/2/l, respectively, where
I is the turbulent strength and / is the turbulent character-
istic length scale. The no-slip boundary is applied in the
ground and building walls, and the other boundaries are all
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set to be zero gradient. The settings of boundary conditions
in this study are widely used in urban street CFD simula-
tions, which are validated by wind tunnel experiments (Ai
and Mak, 2017, 2018; Huang et al., 2019; Mirzaei, 2021). All
the initialization settings for every scenario set in CFD cases
are summarized in Table 1. The domain size Ly x L, x L,
is 200m x 100 m x 50 m. The grid resolution in CFD mod-
eling was set to be 1 m in all scenarios. The street orienta-
tion, lateral and vertical directions are marked as y, x and
z, respectively. In mesoscale atmospheric models, the lowest
layer of the free atmosphere is often set as about 1.5-2 times
the average height of the urban canopy. Since IWSUS will be
mainly applied in the mesoscale models, the vertical height
of the domain is set as 50 m in our CFD experiments to match
with the requirements in the mesoscale model.

As shown in Fig. 1b, we select six typical locations (shown
as the points from A to F in Fig. 1b) in simulating the
street canyon in CFD to represent the typical positions in
the street with different aerodynamic characteristics affected
by the arrangement of building layouts. The vertical wind
profiles over these positions are also considered to be differ-
ent from each other. The simulated street canyon in CFD is
divided into three sections along the running direction: en-
trance, middle and exit. In each section, one point is selected
on each side of the street buildings to represent the windward
and leeward wind component of three dimensions. The ver-
tical wind profiles of wind speed components (u, v) at these
six typical locations are parameterized and fitted into param-
eterization equations and can be categorized by different ARs
and inflow directions.

In each simulation scenario, the vertical wind profiles over
the six typical locations were abstracted from the CFD simu-
lations and fitted by empirical functions. The AR of the street
canyon, wind velocity (v) and a series of land surface param-
eters are the key factors of parameterization expressions. Fi-
nally, the cluster of vertical wind profiles on the modeling lo-
cations A-F were employed in the IWSUS scheme. IWSUS
is developed to improve the simulation accuracy of vertical
wind profiles in and over the urban canopy by considering
the spatial inhomogeneous of the urban canopy well.

2.3 The definition of the key variables in model

2.3.1 The vertical wind profile ( Utyp and Ucap) in
exponential-logarithmic law

The exp-log law wind profile is widely used in wind field pa-
rameterization simulations for scenarios with an open and flat
natural underlying surface, which is considered horizontally
uniform. The exp-log wind profile is applied in scenarios of
urban street canyons, where the logarithmic and exponential
parts are bounded by the displacement height, which are set
as two-thirds of buildings’ average heights (Masson, 2000).
In this wind profile scheme, the wind velocity at canyon top
(Utop) and the one in the urban canyon (Ucan) are given by

Geosci. Model Dev., 16, 4385-4403, 2023
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Figure 1. The conceptual figure of a typical street canyon and its geometrical parameter initialization. (a) The blue arrows denote the inflow
perpendicular to the street canyon. (b) Schematic diagram of six representative positions in the street canyon. A, C and E are on the leeward
side and B, D and F on the windward. For oblique inflow, E and F are on the entrance side, A and B on the exit side, and C and D in the
middle of the street canyon; the vertical wind profiles over these representative positions are considered to be different from each other.

Table 1. Initial parameters set for a typical street canyon modeled in OpenFOAM.

Scenario group 1: inflow perpendicular to street ‘ Scenario group 2: inflow parallel to street

Inflow (m sfl) AR ‘ Inflow (m sfl) AR

0.25 0.25

u=0.1 0.5 v=0.1 0.5

1 1

1.5 1.5

0.25 0.25

0.5 0.5

u=1 | v= 1 |

1.5 1.5

0.25 0.25

0.5 0.5

u=3_ | v= 8 )

1.5 1.5

Eqgs. (5) and (6): 2.3.2 The surface turbulence resistance

1 The surface turbulence resistance (RES) is the key impor-
2 In <Z0town) tant variable in the urban canopy model, which mainly af-
Utop = P NN |Ual, (%) fects the surface energy flux and near-ground meteorological
In (%) processes. In IWSUS the RES is calculated based on the ver-
o tical profile of wind speed, and this method is also widely
Ucan = Utopexp(—N/2), N = 0.5AR, (6)  used in most of the current land surface models. As shown in

where H is the average height of building rooftops, zZotown
is dynamic roughness length for the canyon system, Az is
the height from building roofs to the first atmospheric model
level, U, is the wind velocity at the first level of atmospheric
model and AR is aspect ratio.

In this paper, the wind speed profiles by the TWSUS
scheme are compared with those by the exponential—
logarithmic law (exp-log law) in this section.

Geosci. Model Dev., 16, 4385-4403, 2023

Eq. (7), the RES by empirical formula in Masson (2000) is
expressed as

1
RES = (11.8+4.2\/m> ; @

where Ugy, and We,, are the horizontal and vertical wind
speeds within the street canyon. To calculate the flux from
the overall urban canopy, Eqgs. (8) and (9) are first applied to
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integrate the overall RES within the urban grid in the land
surface model.

1
RESpos = - / RESqurf(z)dz, ®)

RESmean = ZRESp087 (9)

where subscript surf stands for the surface of walls, impervi-
ous land and building roof, and H is building heights. Con-
sidering the different wind conditions, the weighted sum for
two orthogonal inlet conditions, perpendicular and parallel to
the street orientation which are set as the base, is applied for
RES estimation.

2.3.3 The sensible heat flux over the surfaces

Furthermore, the daily variation in sensible heat flux is also
the key index to evaluate the performance of the urban
canopy model. The sensible heat fluxes can be calculated
based on the RES above and the temperature over each sur-
face in the urban canopy, e.g., paved and unpaved land sur-
face, surface of building roofs, wall on the sun side, wall on
the shaded side, and separately. The simulated sensible heat
fluxes both in IWSUS and other urban models are calculated
following Egs. (10) to (12) (Masson, 2000):

Hwall/road = de,O (Twall/road - Tcan) /RESwall/roada (10)
Hioof = Cpy 0 (Troof — Tamb) /RESq0f, (11)
H = Hyan + Hroad + Hroof, (12)

where C),; is heat capacity of dry air, p is air density and amb
refers to the air above building roofs.

2.4 Observation dataset

A site observation was set up, and the data of wind speed
were collected and applied in this study: the tower samples
of the vertical wind profile carried out in the urban canyon
and above the building roofs of Nanjing, China, during 22—
25 December 2017 (Liu et al., 2020, 2021). The location and
surrounding environment of the site are shown in Fig. 2. As
is shown in Fig. 1 the experimental observation site is lo-
cated on a typical urban built-up surface with buildings’ ori-
entation mainly from northeast to southwest. The distances
between the observation site and the building communities
on the north, west and south sides are obviously different,
and the west side is relatively open. Therefore, under dif-
ferent wind direction scenarios, the urban canyon structures
have different effects on the wind speed at the observation
site. Therefore, we distinguish the wind field heterogeneity
in street canyons according to the wind profiles observed un-
der different wind direction scenarios and compare them with
the simulation results in IWSUS.

The observations from the boundary-layer wind tunnel ex-
periments by the Meteorological Institute at the University
of Hamburg were also used to validate the wind speed in the
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street canopy in scenarios of the geometry characteristics and
orientations of the street canyon (Hertwig et al., 2012). The
urban geometry in the wind tunnel is set in a 1 : 225 scale
model of a semi-idealized urban block with ARs ranging
from 0.625 to 1.33, which is heterogeneous and morphologi-
cally consistent with typical central city characteristics. Due
to the similar morphological structure with our CFD model,
we apply the vertical profiles of horizontal wind components
at plaza edges and the lateral street canyon as the observa-
tions at the lower levels of the urban canopy for wind speed
comparison. Meanwhile, to assess the performance of TW-
SUS in urban energy balance, the measurement of fluxes over
the building canopy and the air temperatures’ diurnal vari-
ation in the street canyon were obtained from the observa-
tional research in a deep street canyon (AR =2.1) with both
sides having approximately equal building heights in cen-
tral Gothenburg, Sweden (57°42' N, 11°58' E) (Offerle et al.,
2006). The orientation of the street was approximately north—
south. The measurement instruments were installed on both
walls, on rooftops and in the center. The temperature and
wind speed were collected from June 2004 to August 2004
and averaged hourly as the daily variation for east wall, west
wall, roof, road and ambient in summer. The heat flux is cal-
culated based on these observations with Egs. (10) to (12).
We also set the same parameters of the measurement site
in IWSUS to obtain the representative simulation results for
comparing surface flux under the real situation in Sect. 4.2.

2.5 Method for validation

For validating the simulation accuracy of IWSUS by using
the observations mentioned in Sect. 2.4, the exponential—
logarithmic wind profile (referred to as exp-log law in the
following) scheme widely applied in most of the current ur-
ban canopy models (e.g., UCMs) (Kusaka, 2001) was used
as the control group. The index of normalized mean error
(NME) was applied for simulated wind speed by both IW-
SUS and the exp-log law to compare with the observations.
The NME is defined as follows:

ZzNzl |Csim,i - Cobs,i|
Z{vzlcobs,i

where Cgim and Cops represent the values on the spatial grid
in simulations (either IWSUS or exp-log law) and observa-
tions, respectively. The subscript i indicates the numbers of
vertical layer in the model grids.

The simulation results of turbulence heat flux in and over
the urban canopy based on the UCM and IWSUS were also
validated by the NME index.

NME = x 100 %, (13)

Geosci. Model Dev., 16, 4385-4403, 2023
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Figure 2. The location and surrounding environment of the observation site in Nanjing urban area. The yellow star is the location where the
vertical wind profiles were measured, and the red rectangles refer to the main surrounding buildings (from Baidu Maps).

3 Simulation results
3.1 CFD simulations for inflow scenarios

In each group of scenarios cataloged in Table 1, the three-
dimensional wind field was calculated with the CFD method
based on different initial parameters in Table 1. Then the ver-
tical wind profiles of the horizontal components (u, v) of the
wind speed over the six representative positions were each
parameterized. It is noted that the simulation results of the 1
and 8 ms~! scenarios are very close after being normalized
by inflow speed, so the following figures only show the in-
flow scenarios of 0.1 and 8 m s ! The original and processed
results of wind profiles at different positions can be found via
the Zenodo links in the “Code and data availability” section.

As shown in Figs. 3 and 4, the absolute value of # and v
represents the wind speed, and the positive and negative signs
indicate that the wind direction at this height is the same as
or opposite to the wind speed in the free atmosphere above
the building canopy.

The vertical profiles of the # and v components by CFD
simulations at each representative point when the inflow is
perpendicular to the street direction are shown in Fig. 3. First,
the vertical profiles of the # component at the six represen-
tative points generally show similar structure: in the height

Geosci. Model Dev., 16, 4385-4403, 2023

range below the building height (H), the u value is small and
the value varies little with height, while around the height of
H, the u value increases dramatically. It indicates that the u
component of the wind speed has an obvious wind shear ef-
fect near the average height of the building canopy. Besides,
the direction of u also reverses around the height of H: above
H, the u component is in the same direction as the upper free
atmosphere, while below it is opposite.

The vertical profiles of u values over different representa-
tive points are somewhat different in details: the vertical pro-
files of u on the windward side (Fig. 3b, d, f) change more
dramatically near the height H than those on the leeward side
(Fig. 3a, c, e), and the increase above the height H on the
windward side is slower than that on the leeward side under
the same AR. Due to the spatial symmetry setting of the street
canyon shape in CFD, the simulated u values at the entrance
and exit of the street canyon are quite similar.

The values of the v component at both ends of the street
on the leeward side generally increase, first reaching their
maximum near the height of H, and then gradually decrease
with the increase in height tending to near O at the position
far above the top of the building (Fig. 4a, e). At both ends
of the windward side of the street canyon, because the hori-
zontal airflow is stronger after bypassing the building, the v

https://doi.org/10.5194/gmd-16-4385-2023
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Figure 3. Simulated vertical wind profiles of the u component for perpendicular scenarios at six sampling points. Circles and crosses (x)
represent the inflow of 0.1 and 8 m s respectively. The red, black and blue scatters represent AR = 0.25, 0.5 and 1. Panels (a)—(f) represent
six sample positions A—F sampled in Fig. 1b, respectively. The sign of u/u( represents direction along x axis shown in Fig. 2.

component has a larger value near the ground when AR is
small and maintains a similar change to that on the leeward
side when AR is large (Fig. 4b, f). The wind almost flows
along the street canyon due to the obstruction of the building
facade (Fig. 4c, d). Similarly, due to the geometric symme-
try of the model, the v components at both ends of the street
canyon are similar in value but opposite in direction.

In scenario group 1 that the inflow is perpendicular to the
street canyon, the CFD simulation results generally show that
the horizontal wind speed is low and changes gently below
the height of H. The wind speed then increases rapidly near
the height of H forming a strong vertical shear of the hor-
izontal wind speed and finally approaches the background
wind speed when the height is far above H. The simulation
results by CFD indicate that the vertical profiles of horizon-
tal wind speed in and above the street canyon mostly do not
conform to the traditional exponential-logarithmic wind pro-
files. The vertical profiles of wind speed over the different
positions in street canyons are close to each other but quite
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different in details with different distributions of surrounding
buildings. The results support the view that there is a hetero-
geneous distribution of the wind field in and over the inho-
mogeneous street canyon. Therefore, the vertical wind profile
scheme — exponential in the lower layer and logarithmic in
the upper layer, which is widely used in land surface models
— cannot simulate the wind spatial distributions in and over
the urban canopy well.

The vertical profiles for the v component over the six
representative positions by the CFD simulations in scenario
group 2, in which the inflow is set to be parallel to the street
orientation, are shown in Fig. 5. The results of the # compo-
nent show convergence in the entrance because of waking
flows from building blocking, with relatively small values
at the middle and the exit. Due to the lack of blocking ef-
fects for the v component in the parallel scenarios, the value
of v component is higher and increases rapidly with height
at lower levels in the street canyon, which is obvious at the
entrance. Reaching half of the building height, the increas-

Geosci. Model Dev., 16, 4385-4403, 2023
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Figure 4. Simulated vertical wind profiles of v component for perpendicular scenarios at six sampling points A-F. The representations of
shapes and colors are the same as Fig. 3. The sign of v/u represents direction along y axis shown in Fig. 1.

ing rate is much smaller and gradually approaches the in-
flow speed. The shapes of these profiles not only are different
from those of scenario group 1 but also do not accord with
the exponential-logarithmic law in most of the current urban
canopy schemes. The height at which vertical wind shear oc-
curs above each of the six representative points also shows
obvious differences. Thus, the heterogeneity and complexity
of the horizontal and vertical distribution of the wind field in
the urban building—street canopy are well reflected in these
CFD simulations, which has been proved in a series of ob-
servations (Castro, 2017; Liu et al., 2020, 2021).

3.2 Piecewise fitting for wind profile

We employed the piecewise function to fit the vertical pro-
files of horizontal wind obtained from the CFD simulations.
The aspect ratio (AR) of the street canyon is a key important
parameter to qualify the degree of urbanization in the urban
canopy model. As shown in Figs. 3 and 4, when the inflow
wind speed remains the same, the vertical profiles of the u

Geosci. Model Dev., 16, 4385-4403, 2023

and v components vary with AR: when the value of AR in-
creases, u decreases below the height of H and increases near
the H. The v component averagely has a larger value when
AR is smaller. Finally, we get the normalized regression ex-
pression between the wind speed (4, = u/ug, v = v/ug), rel-
ative vertical height (h;) and AR. The A, is defined as the
height (z) compared with the height of buildings’ top (H):

r=2/H, (14)

where H represents the average height of building roofs in
the urban model. The parametric fit to the vertical profile of
the wind component u is piecewise functions combined by
four segments for each represented point in the street canyon,
which are the near-ground section, inner street canyon sec-
tion, the building roof section and the above-the-roof sec-
tion, divided by three segmentation points (marked as Hj,
H,, H3, etc.). After determining the normalized height (k)
and normalized wind component (u, etc.) at each segmen-
tation point, the type of function for every piece at different
heterogeneous representative positions is specified according

https://doi.org/10.5194/gmd-16-4385-2023
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Figure 5. Simulated vertical wind profiles of v component for parallel scenarios at six sampling points A—F. The representations of shapes
and colors are the same as Fig. 3. The sign of v/vg represents direction along y axis shown in Fig. 1.

to the variation style. The coefficients in these specified func-
tions are solved by substituting the obtained height and wind
component values at segmentation points at both ends for ev-
ery piece. Finally, the expressions of wind profiles are ob-
tained. Here, the fitting results of horizontal components (u
and v) in perpendicular scenarios are shown in this section as
an example. The other scenarios are listed in the Supplement.

Tables 2 and 3 list the expressions of normalized height
(hy) and normalized # component (u) at each segmentation
point, respectively, for different typical locations in the per-
pendicular scenario. The expressions of the # component ver-
tical profile for the perpendicular scenarios are listed in Ta-
ble 4. Figure 6 shows the vertical profiles of the u component
over the six representative points obtained by fitting methods.
The curves in different colors represent the fitting results with
different AR parameters listed in Table 1. The results show
that the values of the # component are relatively small in the
vertical range from ground to around the height of H. It illus-
trates that the buildings have a strong dragging effect on the

https://doi.org/10.5194/gmd-16-4385-2023

airflow perpendicular to the street orientations in the urban
street canyons, which results in lower wind speeds near the
ground. The value and sign of the u component varies rapidly
near the height of H, which illustrates the strong wind shear
pattern near the average height of building roofs. In addition,
the larger the value of AR, the more intense the wind shear,
indicating that there is a positive correlation between the de-
velopment of the urban canyon and the complexity of the
wind field in the urban street canyon.

Tables 5 and 6 list the fitting formulas for the v component
of the wind speed on the leeward side of the building based
on the CFD simulations. The fitted relative height (4;) of the
segment points of the fitting curve is calculated by the for-
mulas in Table 5, and the specific equations used to describe
the vertical wind profiles v; between the segment points of A,
are listed in Table 6. Then the piecewise fitting method simi-
lar to the u component mentioned above is also applied for v
component profiles.

Geosci. Model Dev., 16, 4385-4403, 2023
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Table 2. The fitting functions of the segmentation points for the wind component « in the perpendicular scenarios.

Positions Segmentation points  Fitting functions
Leeward at entrance/exit Hp hy =0.2781exp(—0.8123AR)
H, hy=1
H3 hy = 1.712exp(—5.94AR) + 1.612

Windward at entrance/exit  Hj

hy =0.1

u o _ | —1.278exp(—2.643AR) +0.8242, AR = 0.5
2 =1 —0.8667AR +0.9167, AR < 0.5
H; he = 0.4612exp(—4.901AR) + 1.364
_ [ —0.019exp(2.563AR) +0.304, AR < 1
Leeward at middle Hp hy = { (AR = 1), AR > 1
H, hr=1
H; he = 1.069exp(—2.746AR) + 1.254
. . 0.467AR +0.083, AR < 0.5
Windward at middle Hy he = { 4.551exp(—5.55AR) +0.032, AR > 0.5
Hy e =0.8
Hy hy = 3.29exp(—5.56AR) + 1.512

Table 3. The fitting functions of the wind component u at the segmentation points (H;) in the perpendicular scenarios.

Positions Segmentation points  Fitting functions
—0.538exp(0.5AR) +0.53, AR < 0.5
Leeward at entrance/exit H, ur=14{ 0.194AR —0.2586,0.5 < AR < 1
0.093 exp(—1.087AR) — 0.096, AR > 1
Hy ur =0.289exp(—1.124AR) — 0.1473
H3 ur=1.15

Windward at entrance/exit  H

ur = 0.3515exp(—0.908AR) + 0.099

—0.493AR +0.185,AR < 0.5

Hy ur=14 —0.354exp(—0.245AR) +0.2514,0.5 < AR <1
ur(AR=1),AR > 1
H3 ur =0.569
Leeward at middle Hp ur = —0.649exp(—2.17AR) + 0.107
H e — —0.495AR —0.327, AR < 0.5
2 "7 ] 0.259exp(—3.461AR) —0.119, AR > 0.5
H | 0.118AR+0.878, AR < 0.5
3 “r=1 0.412exp(—1.28AR) +0.719, AR > 0.5
. . __ | 0.0134exp(2.66AR) —0.109,AR < 1
Windward at middle H Ur = (AR = 1), AR > 1
o _ | —0.045AR —-0.029, AR < 0.5
2 tr= —0.244exp(—3.83AR) — 0.015, AR > 0.5
Hj ur = 0.604

Geosci. Model Dev., 16, 4385-4403, 2023
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Table 4. Expressions of the u component vertical profile for perpendicular scenarios, where the functional relations between u; and Ay
and determined functions of coefficients in these expressions are listed. The H; and u; (H;) represent the relative height and relative wind
components speed at the endpoints determined by Tables 2 and 3, respectively.

Positions Expressions of wind profiles Determined functions of coefficients in expressions
_anr a1,1 = f
ln(hr+1)’0§hr2§ Hy _ nur(l({z)l)t1)2 by s = —he(H}) — u(H)
. ) a1 +b12)" +c12, HH <ht < Hp 2= Gu(Hy by )2 012 =~ €12 = il
Leeward at entrance/exit ur(hy) = 2 ur(Hy)—c1 3
ay3(he+b13)°+c1,3. Hy <hr < H3 aj3=—F13 by 3= —hi(H3),c1.3 = ur(Hz)
aj 4exp(b| 4he)4ug (he(Hp)+b13) ’
w2 PR L) iy N |
L4 oxp(brahe(H))* 714
_ _u(H)
L0 < he < Hy 9.1 = Tl (H)+1)
i) _ ur(Hh)—uy(H)) _
ay 2hy +b ,H <h. < H a2 = PSR 02,2 = ur(Ho) — ap phe(Hp)
Windward at entrance/exit  ur(hy) = 2,200 P22, U1 =T = 172 hr(H%-]) he(H)
o ar3(he+b23)* + ¢33, Hy < hy < Hy a3 = R by 3 = —hy(H)). 2,3 = ur(Hy)
a 4 exp(by ahy)+ug hy > Hs ( ru((;_l);;- 2u%)
42.4EXp(Y2.4hr) Tl n(Hy)—
4o 9.4 = Gp(by 4y P24 = —01
ur(H)
Bl 0 < < H B0 = Tn(h (A1)
In(h+1)° " = 2_ _ ur(Hp)—c32 b3 o = —he(Hy), 3.0 = ur(Hy)
. a3,2(hr+b3,2) +c32,Hy <ht < H 3.2 = Un(Hy) by o2 0 03,2 =~ @32 = el
Leeward at middle ur(hy) = ur(Hy)—c3
az 3(hr + b3, 3) +c33, Hy <hr < Hj3 a33—riz,b33:—hr(H2),C33:ur(H2)
as, 4exp(bg 4hr)+u0 hy (he(H3)+b33) ’ ’
S e = Ha PR 0 3 1 S S N
347 expbs ahi(H3) " V34 :
ag = —UrHY
0<hr<H 41= 1n<h (H)+1)
ln(h+l)’ _ (Hp)—c4 ban = —he(H — ur(H
] ) ag o (hy +b4,2)2 +e40, Hi <he < Hp agn = 7(,1 () thas? 042=" r(H1),cq42 = ur(Hy)
Windward at middle ur(hy) = ur(H3)—c4 4
ag3(he +b43)> +c4 3. Hy < hy < H3 ar3 = 35 by 3= —hi(Hp), c3,3 = ur(Hp)
(l44eXp(b44h )+ug h (hr(H3)+b4 3) ’
B T—— K agy= M=t g -0.3
44 = exp(baahi(H)) > 744 =

Table 5. The fitting functions of the segmentation points for the wind component v in the perpendicular scenarios.

Positions Segmentation points  Fitting functions
Leeward at entrance/exit H; hy=1
. . _ | h(AR=0.5), AR <0.5
Windward at entrance/exit  Hj hy = 1.52exp(—4.39AR) 4 0.0313, AR > 0.5
H h— —2.55exp(0.261AR) 4 3.722, AR < 0.5
2 "7\ h(AR=0.5), AR > 0.5
i h— —2.39exp(0.545AR) +4.673, AR < 0.5
3 "1 m(AR=0.5), AR > 0.5

The expressions of the u component vertical profile for
the perpendicular scenarios are listed in Table 7, and Fig. 7
shows the fitting curves of v component of wind speed based
on IWSUS simulations. The settings of AR are the same as
Fig. 6. On the one hand, the simulated wind speed over differ-
ent representative points varies largely in both the size of the
value and the direction, indicating the heterogeneity of the
wind speed field in the street canyon. On the other hand, the
AR is a sensitive parameter, significantly affecting the shape
of the ve-h; curve. It indicates that the development of the
urban building—street canopy has an impact on the vertical
distribution of wind speed.

https://doi.org/10.5194/gmd-16-4385-2023

The u and v components of wind speed simulated by TW-
SUS are very sensitive to the width of the street. Inside a
narrow street, the wind is relatively weaker, which is a result
of the stronger blocking effects. The wind direction is more
variable at different levels, indicating different exchange pro-
cesses between building surfaces and the air inside the street.
In the middle part, the direction at lower levels is the same as
inflow, capable of leading to heat transfer from the leeward
to the windward side, while the opposite direction for higher
levels near building roofs indicates reversed heat transfer.
Due to the velocity being larger at the upper part of the
canyon, the heat transfer mode can cause the warmer air
at the top and the cooler air near the ground with the same

Geosci. Model Dev., 16, 4385-4403, 2023
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Table 6. The fitting functions of the segmentation points (H;) for the wind component v in perpendicular scenarios.

Positions

Segmentation points

Fitting functions

Leeward at entrance H

vy = —0.07exp(—1.58AR) — 0.173

Windward at entrance  Hj

—0.03exp(2.98AR) +0.503, AR < 1
r(AR=1), AR >1

|

Hy vr=0.15

Hj vr = 0.1326exp(—2.77AR) — 0.101
Leeward at exit Hp vr = 0.07exp(—1.58AR) — 0.173
Windward at exit H; o = { Sr(()/ig(zzl)g,gﬁgl—i_l 0.503, AR <1

H, vr=—0.15

H3 vr = —0.1326exp(—2.77AR) — 0.101

Table 7. Expressions of v component vertical profile for perpendicular scenarios, where the functional relations between vy and 4 and deter-
mined functions of coefficients in these expressions are listed. The H; and vy (H;) represent the relative height and relative wind component

speeds at the endpoints determined by Tables 5 and 6, respectively.

Positions Expressions of wind profiles Determined functions of coefficients in expressions
_ __u(H)
Tty 0 < hr < Hy a1 = ln(h(r;(fl)‘)+1)
Leeward at entrance ve(hy) =4 a12(he +b1,2)2 +c12.H <h <H ajp = Mﬁ» b1 =—hi(Hp),c1 2 =ur(Hp)
arzexpbish) 4 o gy i)
w ez N3 = S ey P13 = 01
0 = uHD)
P )
, (a4 0 =11 = 7 a12= Gl s bra = —he(H). c12 = ur(Hy)
Windward at entrance  vr(hr) = a2 2(he +b22)" + 22, H < hr < Hp vrr(sz)_cll‘}
ay3exp(b,3hr) he > Hy a3 = m,bm = —he(H3),c120 =ur(Hz)
uo ’ - _ v H3 ’ _
N4 = S e P14 = 01
_ _ u(Hp)
ln(ah‘ﬁ,oshrflﬁ ap, = W () 7T)
Leeward at exit ve(he) = a1 p(he+b12)* 10, H <he < Hy aip = %,bm = —he(Hp), 12 = ur(Hp)
ai,3exp(bi,3hr) - uw(Hp)
w M= 4.3 = &pt1 ahemy P13 = 01
a — vr(Hy)
s 0<he < H D
) ) (1" =17 =1 al_z=(hr(Hz)7+bl'z)zyb1,2=—hr(Hl),61,2=vr(H1)
Windward at exit ve(he) = a2 2(hr+b32) 420, Hy <hy < Hp JT(HZZ)—JI‘@
asexpbashe) oo g A1,3 = Gy iy 2 P13 = ~he(H3), c12 = vr(H3)
"o T __ u(Hy) _
U4 = S e P14 = 01

heat emission from both leeward and windward sides, which
refers to the trend of the invasion in the urban canopy and is
unfavorable for vertical pollution diffusion. At the ends, the
wind tends to flow out of the street at lower levels, which im-
plies that the mass and energy are transported outside of the
urban area horizontally at ground level.

For the scenario of a wider street, the wind is relatively
stronger for the weaker blocking effects from the sparser
building distribution. The direction of u inside the street is al-
most from the windward to the leeward side, and the scale on
the leeward side is larger, which is favorable for accumulat-
ing heat and mass on the leeward side, leading to the hetero-

Geosci. Model Dev., 16, 4385-4403, 2023

geneous distribution of meteorological fields. At both ends,
the inflow on the windward side is stronger than the outflow
on the leeward side, also promoting the heat and mass con-
vergence in the urban area.

In general, the wind condition based on IWSUS is favor-
able for gathering heat and energy in the urban area, and the
weaker wind and probable existence of an invasion layer in
narrow streets might be more capable of accumulating heat
and air pollutants. For the scenarios of inflow parallel to the
street orientation, the specific fitting results can be found in
the Supplement.

https://doi.org/10.5194/gmd-16-4385-2023
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Figure 6. Wind profile of the u component obtained from IWSUS
at different positions with AR =0.25, 1 and 1.5. The point H; are
the segmentation points referred to in Tables 2 and 3.

4 Validation of IWSUS
4.1 Comparison of IWSUS and observations

Figure 8 illustrates the verification of the inhomogeneous
effects by validating the vertical wind profile and validates
the wind speed profiles in IWSUS simulations by the ob-
servations. Figure 8a shows the arrangement of buildings
around the observation point. As the heterogeneity of the ur-
ban canopy and wind speed in and over the observation spots
is fully considered in IWSUS, a proper wind speed vertical
profile can always be found in IWSUS to match the building
arrangements around the observation position. Specifically
for this example, the observation point is closer to the south-
east side of the building in the street canyon, and we take
the simulation wind over the representative position on the
leeward side and the windward side in the street canyon in
IWSUS to correspond to the southeast wind and northwest
wind scenarios in the observation data.

As shown in Fig. 8b and ¢, when the leeward scenario
(southeast wind, as shown in Fig. 8b) is triggered, the result
by IWSUS is generally more consistent with the observations
than that by the exp-log law. The horizontal wind speed be-
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Figure 7. Wind profile of v component obtained from IWSUS at
different positions with AR =0.25, 1 and 1.5. The point H; are the
segmentation points referred to in Tables 2 and 3.

low the building height maintains a low value of 0.098 in
IWSUS, 0.055 in observations and 0.472 with the exp-log
law, indicating that the performance of IWSUS is much bet-
ter than that of the exp-log law. The NME analysis of wind
speed shows that the error between IWSUS and observations
is 67.0 % from the surface to 4 times the height of buildings,
which is slightly lower than that of the exp-log law, 73.1 %.
For the interior of the street canyon, the improvement in TW-
SUS is more obvious, from 756.3 % by the exp-log law to
78.0 % by IWSUS, which shows that IWSUS can grasp the
wind profile characteristics of the leeward side of the street
canyon well.

In the scenario of the windward side (northwest wind,
Fig. 8c), the trend of IWSUS is basically consistent with the
observations. The averaged wind speed by IWSUS is lower
than observations in the street canyon, while that by the exp-
log law is higher. NME analysis shows that the error be-
tween IWSUS and observations is 23.4 % from the surface
to 4 times the height of the building, which is also slightly
better than that of the exp-log law, 33.9 %. The improvement

Geosci. Model Dev., 16, 4385-4403, 2023
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in the wind field inside the street canyon is obvious, from
196.2 % for the exp-log law to 45.6 % for IWSUS.

To sum up, the wind field simulation results by IWSUS in
the street canyon fully consider the inhomogeneous charac-
teristics of the near-surface wind field caused by the build-
ing street canyon in the urban canopy. Thus, the wind profile
by IWSUS shows better agreement with the observed wind
speed in the street canyon compared with the wind profile by
the exp-log law.

Figure 9 shows the horizontally averaged vertical wind
profiles by overall grids of the urban canopy in IWSUS, the
exp-log law and the observations. Below the building roof
level, the wind speed from IWSUS is obviously closer to the
observations than that by the exp-log law, which were ob-
viously overestimated. Thus, IWSUS shows large improve-
ment in the simulation of the averaged wind speed in the
street canyon. This is mainly because in IWSUS, the effects
of the wind speed in the street canyon by the inhomogene-
ity of the urban canopy — e.g., street orientation, the back-
ground wind speed and the differences in typical positions in
the street canyon as set up in Sect. 2.2 — are fully considered.
Thus, the various wind speeds in differently oriented streets,
some of them even with the opposite direction at different lo-
cations in the street, result in the lower averaged wind speed
by IWSUS in the model grid than that by the exponential—
logarithmic law. The vertical variation in the wind speed
in the street canyon both by IWSUS and the exponential—
logarithmic law is relatively small. There is more deviation
of wind speed by IWSUS compared to observations than that
of the exp-log law in and around the height of H. It probably
relates to the differences in real street canyon and our CFD
setting: the buildings are set to have the same height in our
CFD scenarios, while the building height somehow varies
around the site of observations. For the levels above build-
ing roofs, both IWSUS and the exp-log law coincide with the
observations because the inhomogeneity of the atmospheric
flow field caused by the street canyon array is weak in the
layers higher than the average height of buildings.

However, the thermal heterogeneity of the surfaces in the
street canyon have not been further considered in our current
study. The main purpose of replacing the exp-log scheme
with IWSUS is to fully consider the aerodynamical hetero-
geneity in and over the urban street canyon. But the buoyancy
and thermodynamic conditions also play very important roles
in the wind and turbulence simulations over the urban areas.
It should be focused on in future studies.

The normalized mean error (NME) is applied in our study
to evaluate the wind speed error between simulations and ob-
servations. The NME of wind speed by IWSUS is 49.0 %,
compared to 56.1 % by the exp-log law for the total verti-
cal layers in the range from the ground to 4 times the aver-
age height of the buildings. For the vertically averaged wind
speed in the street canyon (range from the ground to build-
ing top), the NME of wind speed by IWSUS is 70 %, while
those by the exp-log law is 285.8 %. These results prove that
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the improvement in the vertical wind profiles by IWSUS is
obvious compared with the exp-log scheme, which is widely
used in most of the current urban models.

4.2 Comparison of surface flux for daily variation

Several modeling studies have shown that the overestimation
of the surface fluxes and the lack of aerodynamical block-
ing effects from building arrays might be the main reasons
for higher wind speed in the bottom of urban street canyons
(Salamanca et al., 2018; Zhang et al., 2019). Meanwhile, the
overestimated wind can also result in the underestimation of
peak levels of air pollutants in air quality models since the
stronger winds are favorable for the diffusion of pollutants
(Jin et al., 2021; Ulpiani, 2021). Therefore, the performances
of simulated surface energy flux by IWSUS are also validated
in our study.

Table 8 gives the results of RES estimation by IWSUS
and exp-log law wind profile with the aspect ratio equal to
1. Considering the different wind conditions, the weighted
sum for two orthogonal inlet conditions — perpendicular and
parallel to the street orientation, which are set as the base —
is applied for RES estimation.

The results show that IWSUS gives larger RES over the
different surfaces in the urban canopy than exp-log law does
because the aerodynamic drag effects of the street canyon ar-
ray of urban buildings are fully considered. Thus, IWSUS
describes a lower wind speed effect in the street canyon per-
pendicular to the background wind field.

Furthermore, the daily variation in sensible heat flux is
also calculated in IWSUS. The validations were based on ob-
servations in a street canyon in central Gothenburg, Sweden
(57°42' N, 11°58'E), in summertime (Offerle et al., 2006).
Both the hourly temperature and sensible heat flux in the
street canyon were obtained from observations, while the
simulated sensible heat fluxes from IWSUS and the exp-log
law in Masson’s study are calculated with Egs. (10) to (12).

Figure 10 shows the daily variations in the sensible heat
fluxes in IWSUS and by Masson’s exponential-logarithmic
wind profile scheme, respectively. The observed sensitive
fluxes in urban street canyons were also applied for verifica-
tion. The multiple options of wind directions and represen-
tative points were set to coincide with the surrounding en-
vironment of observation locations. The solid red line in the
figure is the result by IWSUS method, the blue one is based
on the exponential-logarithmic scheme and the dotted black
line is the observations. It is indicated that diurnal variations
in the sensitive fluxes by IWSUS are obviously more con-
sistent with the observations than those by the exp-log law:
the NME is 32.3 % lower in the daytime and 36.3 % lower
at night by IWSUS than those by the exp-log law. Accord-
ingly, if the IWSUS scheme is applied in the land surface
model, the rise rate of near-ground temperature over the ur-
ban area during the day and the decline rate at night can be
partly improved, since more rapid rising during the daytime
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Figure 8. Overall vertical wind profile comparisons between IWSUS, exp-log law and observations in various wind direction scenarios. The
location of the observation point is marked as a yellow pentagram (Liu et al., 2020, 2021) in the left of panel (a) with the specific surrounding
environment (from Baidu Maps) to the right; the red boxes are the main extent of the high-rise buildings nearby; panels (b) and (c) show the
vertical wind profile obtained from IWSUS (red line), exp-log (blue line) and observations (black dots) at the observation site on the leeward
side in the southeast wind scenarios and windward side in the northwest wind scenarios, respectively.

Table 8. Average resistance (RES) obtained from IWSUS and exp-log for the urban surface with AR = 1. The RESs of walls, roads and roofs

are calculated from IWSUS.

RESwan  RES;oad

RESo0f RESexp-log

0.0782 0.0700

0.0473 0.0343

and the dropping at night usually happen in most of the cur-
rent mainstream land surface models for urban grids.

5 Conclusion

In this study, a new scheme, Inhomogeneous Wind Scheme
for Urban Street (IWSUS), based on the CFD simulations
was developed to represent the heterogeneity of wind fields
in the urban building—street canyon. By comparison with the
exp-log scheme which is widely used in most of the current

https://doi.org/10.5194/gmd-16-4385-2023

urban canopy models, the IWSUS scheme performs better in
describing the spatial heterogeneity of the wind field caused
by the complex and heterogeneous urban canopy structure.

1. The wind speed vertical profiles in the IWSUS scheme
are quite different from the traditional exponential—
logarithmic wind profiles but in better agreement with
the observations and CFD simulations because the exp-
log wind speed scheme assumes a flat, open and homo-
geneous land surface, while IWSUS is based on the ob-
servations and CFD simulations of the complex and het-
erogeneous urban canopy structure.
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Figure 9. Overall averaged vertical wind profiles by IWSUS, exp-
log law and the observations.
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Figure 10. Daily variation in sensible heat flux. The red line and
blue line represent fluxes obtained from IWSUS and the exp-log law
(Masson, 2000), respectively. Dots represent the flux observations
from Offerle et al. (2006).

2. In the IWSUS scheme, the wind speed/directions and
street canyon geometry (denoted by AR) are taken into
account as the main parameters to describe the homoge-
nous wind field distribution in and over the complex
and homogenous street canyon. The wind speed vertical
profiles over the different representative positions vary
in IWSUS. The result by IWSUS is in good agreement
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with the observations, and its performance is signifi-
cantly better than that by the exp-log scheme in which
the wind speed is uniform in the horizontal direction.

3. The horizontally averaged wind speed and near-surface
energy flux over the urban area are simulated by the ITW-
SUS scheme and compared with those by the exp-log
scheme. The evaluation by observations shows that the
accuracy of IWSUS is significantly higher than that by
the exp-log scheme.

Therefore, IWSUS will be suitable for application in the
simulation of low-atmospheric meteorological environmen-
tal processes in mesoscale atmospheric models.

Code and data availability. All of the data generated during the
current study and the code of IWSUS are available:

1. The data for all the results included in this paper can be found
in Zonodo: https://doi.org/10.5281/zenodo.7372523 (Chen et
al., 2022a); a document named supplement.docx, in which
more figures and results are included, can also be found via
the above link.

2. The source code for IWSUS-v0.1 and the test case can be
downloaded at https://doi.org/10.5281/zenodo.7488104 (Chen
et al., 2022b).

3. CFD models were used in this study for the simulation
of perpendicular and parallel scenarios; all of the files
of model settings and simulation output are also avail-
able at https://doi.org/10.5281/zenodo.7371305 (Chen et al.,
2022c) and https://doi.org/10.5281/zenodo.7371804 (Chen et
al., 2022d).

4. The coupling codes for IWSUS-v0.1 with the Weather
Research  and  Forecasting model (WRFV3.9.1.1)
and Gothenburg case can be downloaded at https:
/Igithub.com/krmyArag/TWSUS (last access: 20 July 2023;
DOI: https://doi.org/10.5281/zenodo.8167365, Chen et al.,
2023).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/gmd-16-4385-2023-supplement.
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