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Featured Application: Coupling of very high-resolution NWP and CFD models, as outlined here,
could be applied to the study of bias correction in NWP models, natural hazard studies, risk assess-
ment under different extreme weather conditions, and urban and environmental design studies.

Abstract: In this study, the resilience of large cities and their built infrastructure in New Zealand to
extreme winds, is investigated by coupling the outputs of a very high-resolution, 333-m resolution,
numerical weather prediction (NWP) model with computational fluid dynamics (CFD) simulations.
Following an extreme wind event on 18 September 2020 in Auckland, in which two trucks travelling
over the Auckland Harbour bridge tipped over and damaged the bridge structure, a CFD simulation
of airflow over the bridge using the Reynolds-averaged Navier–Stokes (RANS) method and NWP
wind speed forecasts as the inlet profile is conducted. The 333 m NWP forecasts were validated
against four nearby observation sites, showing generally high correlations of greater than 0.8 and
low mean bias (±3 m s−1) and RMSE (<3 m s−1) values. The CFD-based estimates of the mean wind
speed-up over the bridge showed that the mean wind speed could increase by a factor of 1.15–1.20
in the vicinity of the road where the toppled vehicles were travelling. Additionally, NWP forecasts
and CFD estimates of wind gusts at the maximum bridge height, within the area not affected by
the bridge structure, agreed well with a value of about 25 m s−1. An anemometer mounted at the
top of the bridge arch measured a higher gust wind speed of about 35 m s−1 that could have been
influenced by the gust speed-up resulting from the flow separation from the bridge arch, which is
demonstrated in the CFD results. The results demonstrate the importance of understanding localised
wind speed-up effects and distinguishing them from the approaching undisturbed airflow.

Keywords: numerical weather prediction (NWP); downscaling; computational fluid dynamics (CFD);
wind hazards; RANS turbulence models; numerical simulation; atmospheric boundary layer

1. Introduction

Rapid increases in urbanisation and population of cities, as well as the design and
construction of lighter and larger structures, necessitate a better understanding of the urban
microclimate and associated hazards to fulfil a need for wind-resistant infrastructures and
safer urban environments. Studies have demonstrated that urban climate and conditions
not only affect the airflow, but also have a wide range of impacts on the energy use,
health, comfort and safety of people [1–3]. Large-scale meteorological disturbances and
small-scale wind fluctuations produced by surface terrain and roughness elements are
the two main factors characterising the highly variable atmospheric airflow [4]. Although
numerical weather prediction (NWP) models are commonly used to simulate and forecast
atmospheric flows, they cannot produce the small-scale fluctuations induced by urban
roughness elements and finer scale structures. One approach to simulate the airflow
characteristics around structures in urban areas is a computational fluid dynamics (CFD)
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technique. The significant increase in numerical simulation capabilities over the last few
decades has made it possible to develop high-resolution sub-km weather models and
also integrate fine-scale models with coarser models to have realistic initial and boundary
conditions [5]. Thus, coupling NWP and CFD models can provide an opportunity to
investigate the strong winds over urban areas utilising real meteorological conditions,
such as cyclones, thunderstorms, and fronts, as the initial and boundary conditions of the
CFD simulations.

The concept of coupling mesoscale NWP models to a CFD model has been studied
previously, e.g., [6–9], to investigate various climate and environment parameters in urban
areas, such as wind speed and direction, and temperature. CFD simulations can be used to
assess urban microclimate by resolving heat and mass transfer and their interaction with
buildings and other urban obstacles. Several wind engineering and environmental studies,
including wind hazard assessment [10,11], pollutant dispersion and air quality [6,12,13],
pedestrian-level wind speeds [14], and energy demand [3,15], significantly benefit from
high-resolution CFD simulations of urban areas. Unlike the mesoscale models, which are
not capable of resolving urban heterogeneous structures, CFD microscale models have the
advantage of accurately resolving the urban roughness sublayer, in which most human
activities are located [9]. Reviews of the coupling approach and CFD analysis of urban
microclimate are provided by Kadaverugu et al. [5] and Toparlar et al. [1], respectively.
In NWP/CFD coupling approaches, both time-varying and non-time-varying boundary
conditions provided by the NWP models could be used as inlet conditions to the CFD
model. In the present study, non-time-varying boundary conditions are used.

Nakayama et al. [4] coupled a building resolving large eddy simulation (LES) with
NWP models to study strong winds during passage of a major typhoon over the central
district of Tokyo. For a mesoscale meteorological simulation, they used the Weather
Research and Forecasting (WRF) model in a one-way nested configuration downscaling
over four computational domains from 4.5 km to 60 m horizontal resolution. The horizontal
grid spacing of their CFD simulation was 20 m. The results showed that the variations
of gust and mean wind speeds within the urban area were well represented in the LES.
Using a similar coupling approach to the WRF model with CFD simulations, Li et al. [16]
and Temel et al. [17] simulated the airflow over complex terrain using Reynolds-averaged
Navier–Stokes (RANS) turbulence models.

Li et al. [10] reproduced the strong winds associated with Typhoon Nuri on 22 August
2008 using a mesoscale model centred on the Hong Kong International Airport. Then,
by coupling the mesoscale model with a CFD simulation, they investigated the effects
of local topography, hangers and buildings on the significant change in the wind speed
observed between the north and south runways from strong wind shear that caused a
significant change in the crosswind. For the mesoscale models, the Global Spectral Model
of the Japan Meteorological Agency (100 km), the Regional Spectral Model (20 km), and
Regional Atmospheric Modelling System (4 km, 1.333 km, and 0.444 km) were nested.
The 0.444-km mesoscale outputs were used in a CFD simulation using a RANS approach.
The CFD results showed that the buildings were the main contributor to the wind speed
change, which agreed with the observational data.

Piroozmand et al. [9] investigated the wind and temperature fields in a dense ur-
ban area of Zurich, Switzerland during heatwaves, by coupling a regional atmospheric
model, COnsortium for Small-scale Modelling (COSMO) [18], with a microscale CFD
model utilising the k − ε unsteady RANS approach. The validation study against a one-
point measurement (identified as the limitation of the validation study by the authors)
demonstrated that their coupling approach successfully estimated the diurnal temperature
with small errors, while the errors in the wind speed and direction predictions were higher
due to the effect of unsteady buoyant flows induced by hot buildings and water bodies,
which were captured by the CFD model and not by COSMO.

Germano et al. [19] studied the changes in wind speed and direction in an urban area
located in Pescara, Italy, by coupling mesoscale and microscale models. Mesoscale Model
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Fifth Generation (MM5) [20] was used to develop a one-way nested mesoscale model using
five domains with the coarsest and finest horizontal resolutions of 32.4 km and 0.4 km,
respectively. The commercial software STAR-CCM+ [21] with the k − ε unsteady RANS
approach was used for the microscale model to investigate wind pattern in two cases: (1)
only the topography of the terrain was used; (2) the buildings were added to the model.
The results demonstrated the highly localised effects of buildings on wind patterns in
urban areas.

Several researchers, e.g., [6,7,12,22], have investigated the wind field and pollutant
dispersion patterns in densely built-up urban areas by coupling NWP and microscale
CFD simulations. To study the airflow and pollutant dispersion in Seoul, Korea, Baik
et al. [6] set up four one-way nested computational domains using the mesoscale MM5
model with the finest horizontal resolution of 1 km. The 1-km NWP outputs provided
time-varying boundary conditions for a CFD simulation with a 9.72-m horizontal grid
interval, utilising the RANS k − ε turbulence model. It was demonstrated that, given the
complicated patterns of airflow and pollutant patterns in the presence of urban elements
and building clusters, time-varying boundary conditions should be used to better estimate
the urban flow and dispersion. Then, an NWP/CFD coupled model can reliably predict
these patterns. The limitations, however, of this study were outlined by the authors as not
considering the surface temperature in the CFD model and the relatively low resolution of
the mesoscale model (1 km). Tewari et al. [22] demonstrated that using the output of a WRF
two-way nested mesoscale model (0.5 km finest resolution) as the initial and boundary
conditions of a steady CFD simulation considerably enhanced the CFD predictions of
pollutant transport. Similarly, Liu et al. [7] coupled the WRF model (five nested domains
with 0.5 km finest resolution) with an LES CFD code to investigate the airflow and pollutant
transport patterns in a dense urban area of Beijing. The results of the Yucong et al. [12]
study also demonstrated that the coupled WRF/CFD approach is an essential tool in
understanding and predicting urban flow and dispersion patterns.

The NWP/CFD coupling techniques have also been employed in the wind energy
field for various applications, such as wind energy estimation [8,23,24] and studies of the
effects of strong wind events on wind turbines [25,26].

These works demonstrate that the NWP/CFD coupling approach can be reliable
and NWP-driven CFD simulations can add significant value to various engineering and
environment airflow studies.

On 18 September 2020, gusts associated with a short-lived (10 min) period of strong
westerly winds in Auckland caused two trucks to tip over while heading south on the
Auckland Harbour Bridge (yellow arrow in Figure 1). The bridge’s super structure was
damaged in this incident [27] and this resulted in severe disruption to traffic flows while
the bridge was closed for damage assessment and repairs. Following this event, we were
motivated to investigate two research questions:

1. How accurately does a very high-resolution (i.e., sub-km) NWP model(s) predict such
a short-lasting extreme wind event?

2. What are the effects, i.e., wind speed-ups, of the Auckland Harbour Bridge structure
itself on the local airflow and is it feasible to couple detailed CFD models with the
Auckland Model to produce bridge-specific gust forecasts?

To address these questions, we use sub-km-resolution NWP forecasts of wind speed
as the initial and boundary conditions of a CFD simulation using a RANS approach to
investigate the airflow around the Auckland Harbour Bridge and to estimate the highly
localised wind speed up effects that may have contributed to the vehicle overturning. In
addition, a detailed analysis of the sub-km NWP model against local observations during
this event is described.
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Figure 1. From left to right showing the process of the downscaling the 4-km NZLAM model (full model domain not 
shown) to 1.5-km (green box) and to the 333-m (red box) around the Auckland region. The outputs of the 333-m model 
are fed to the CFD simulation with a 4-m grid resolution around the Auckland Harbour Bridge. The yellow arrow shows 
the approximate location of the truck overturning incident. 
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NWP and CFD models and setups, along with the measurement stations used for the val-
idation. The results of the study, including the NWP performance and CFD simulations 
of the localised winds, are summarised in Section 3. A summary description of how the 
findings of this study can be used to mitigate wind hazards in urban areas is provided in 
Section 4. Lastly, conclusions are presented in Section 5. 

2. Methods and Data 
The NWP model used in this study is operated by the National Institute of Water and 
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plines in the environmental sciences. https://www.niwa.co.nz/, accessed on 26 April 2021) 
and is called the Auckland Model. It is based on the UK Met Office London Model [28] 
and is a 333-m horizontal resolution convection-permitting configuration of the Unified 
Model [28,29]. The model set up is 300 × 300 horizontal grid-points, centred on the Auck-
land Harbour Bridge with a terrain-following 140-level vertical coordinate system over 
the lowest 40 km of the atmosphere. This increased resolution has shown significant im-
provements of near surface temperatures [30,31]. The Auckland Model is one-way nested 
inside NIWA’s 4-km resolution NZLAM (New Zealand Limited Area Model), which is 
data-assimilating and uses the Global Atmosphere 6 science configuration [32] with an 
intermediate nest at 1.5 km resolution to ease the transition from 4-km to 333-m resolution. 
The scientific configuration used is the Regional Atmosphere-Land 2 “Tropical” (RAL2-
T) configuration [29]. The Auckland Model is run four times daily out to 36 h ahead. 

Figure 1 shows schematically the process of downscaling the 4 km NZLAM to the 1.5 
km model and lastly to the 333-m model. It should be noted that the NZLAM4 domain is 
much larger than just over New Zealand, with its western boundary covering much of 
eastern Australia and eastern boundary extending past the international dateline. Figure 
1 shows only part of NZLAM4 that covers New Zealand. Outputs of the 333-m model 
were then used to setup the inlet profiles of the CFD model. As can be seen in Figure 1, 
the CFD domain includes only the isolated bridge model that has most of the main struc-
tures of the bridge with the very small details removed. The computational domain ex-
tends 3 km horizontally from the centre of the bridge and 1.5 km vertically to the top of 

Figure 1. From left to right showing the process of the downscaling the 4-km NZLAM model (full model domain not
shown) to 1.5-km (green box) and to the 333-m (red box) around the Auckland region. The outputs of the 333-m model are
fed to the CFD simulation with a 4-m grid resolution around the Auckland Harbour Bridge. The yellow arrow shows the
approximate location of the truck overturning incident.

The rest of the paper is structured as follows. Section 2 presents a description of the
NWP and CFD models and setups, along with the measurement stations used for the
validation. The results of the study, including the NWP performance and CFD simulations
of the localised winds, are summarised in Section 3. A summary description of how the
findings of this study can be used to mitigate wind hazards in urban areas is provided in
Section 4. Lastly, conclusions are presented in Section 5.

2. Methods and Data

The NWP model used in this study is operated by the National Institute of Water
and Atmospheric Research Ltd. NIWA (The National Institute of Water and Atmospheric
Research or NIWA), is a Crown Research Institute of New Zealand. Established in 1992,
NIWA conducts commercial and non-commercial research across a broad range of disci-
plines in the environmental sciences. https://www.niwa.co.nz/, accessed on 26 April 2021)
and is called the Auckland Model. It is based on the UK Met Office London Model [28]
and is a 333-m horizontal resolution convection-permitting configuration of the Unified
Model [28,29]. The model set up is 300 × 300 horizontal grid-points, centred on the Auck-
land Harbour Bridge with a terrain-following 140-level vertical coordinate system over
the lowest 40 km of the atmosphere. This increased resolution has shown significant im-
provements of near surface temperatures [30,31]. The Auckland Model is one-way nested
inside NIWA’s 4-km resolution NZLAM (New Zealand Limited Area Model), which is
data-assimilating and uses the Global Atmosphere 6 science configuration [32] with an
intermediate nest at 1.5 km resolution to ease the transition from 4-km to 333-m resolution.
The scientific configuration used is the Regional Atmosphere-Land 2 “Tropical” (RAL2-T)
configuration [29]. The Auckland Model is run four times daily out to 36 h ahead.

Figure 1 shows schematically the process of downscaling the 4 km NZLAM to the
1.5 km model and lastly to the 333-m model. It should be noted that the NZLAM4 domain
is much larger than just over New Zealand, with its western boundary covering much of
eastern Australia and eastern boundary extending past the international dateline. Figure 1
shows only part of NZLAM4 that covers New Zealand. Outputs of the 333-m model were
then used to setup the inlet profiles of the CFD model. As can be seen in Figure 1, the CFD
domain includes only the isolated bridge model that has most of the main structures of
the bridge with the very small details removed. The computational domain extends 3 km

https://www.niwa.co.nz/
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horizontally from the centre of the bridge and 1.5 km vertically to the top of the domain.
Relatively fine mesh cells were generated around the bridge with a resolution of 4 m,
and even finer down to 0.02 m around the smaller details of the bridge (see Appendix A,
Figure A1). The size of the cells gradually increases far from the bridge (see Appendix A,
Figure A2). Tetrahedral cells are used to ensure the complex geometry of the bridge is
resolved. The total number of cells is about 32.7 million.

In order to validate the forecasts of the 333-m NWP model, observation data from four
stations across the Auckland region were used. Figure 2 shows the locations of the stations
(yellow pins) as well as the Auckland Harbour location (red pin). Table 1 summarises
the name of the stations used along with their coordinates and wind speed measurement
heights above the ground. In the case of the Sky Tower station, there are two anemometers
mounted close to the top of the tower at a height of 318 m, with one facing northwest (NW)
and the other southeast (SE). Data from both the anemometers are compared with the NWP
model at the location of the Sky Tower.

For the event on 18 September 2020, mean and gust wind speed time series (Figure 3)
were extracted from the relevant forecast cycle of the 333-m NWP model. Figure 3a shows
the model forecasts of the mean wind speeds at different vertical levels upstream of the
Auckland Harbour (red pin in Figure 2). Since the RANS approach is used in this study,
which only provides time-averaged flow properties, the mean wind speed outputs of the
333-m model were used to define the inlet profiles for the CFD simulation, as shown in
Figure 4. In addition, Figure 3b shows the instantaneous and maximum gust wind speeds
over a 10-min period at the location of the Auckland Harbour Bridge during the event.
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Table 1. List of the measurement stations used for validation along with their coordinates and heights
above the ground surface.

Station Name Latitude Longitude Height above the
Ground

Auckland Aero −37.00813 174.78873 10 m
MOTAT EWS −36.86297 174.71185 10 m
Whenuapai −36.79300 174.62400 10 m

Sky Tower (SE anemometer) −36.85004 174.76242 318 m
Sky Tower (NW anemometer) −36.85004 174.76242 318 m
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Figure 3. Mean (a) and gust (b) wind speed time series outputs of the 333 m model upstream of the
Auckland Harbour Bridge, during the extreme westerly event on 18 September 2020.

For the CFD simulation, a pressure-driven approach [33] was used to simulate the
atmospheric boundary layer (ABL), utilising a three-dimensional, steady RANS simulation
using the k − ω Shear Stress Transport (SST) [34] turbulence model. The mean wind speed
forecasts of the event shown in Figure 3a were used to fit the velocity profile (Equation
(1), Figure 4a) and calculate the friction velocity (u∗). It is shown in Figure 3a that the
forecast mean speeds, and the fitted profile (Figure 4a), range from 11 m s−1 to 18 m s−1

at heights of 1 m and 103.7 m above the ground, respectively. Then, the corresponding
profiles of the turbulent kinetic energy (k) and turbulent eddy frequency (ω) (Equations
(2) and (3) and Figure 4b,c, respectively) were calculated. U, k, and ω profiles were set as
the inlet boundary conditions for the computational domain. The symmetry boundary
condition is used at the top boundary, the pressure-outlet boundary condition with zero-
gauge pressure applied at the outlet of the domain, and for the ground, the automatic
near-wall treatment [34–36] was applied, replicating the sea surface roughness (z0) with a
roughness length of 0.002 m [37]. The blending function employed in the SST model allows
the use of the attractive near-wall performance [35] of the k − ω model [38] in the near-wall
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region, and for the rest of the flow, the k − ε model [39] is utilised. The automatic near-wall
treatment switches automatically between wall functions and a low-Reynolds number
formulation based on the grid spacing [35,40]. A detailed description and formulation of
SST and the automatic near-wall treatment can be found in [35,40].
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where z, H, and κ are height above the ground, total domain height, and the von Kar-
man constant (=0.4), respectively. The coefficients (CU and Ck) used in Equations (1)–(3)
are calculated by semi-analytical and CFD methods [33]. For more details about the
pressure-driven ABL, setting up the boundary conditions and the resulting horizontally
homogenous computational domain, see [33,41]. The steady RANS equations are solved
with the CFD code ANSYS CFX 18.2 [42] using a finite volume method. Both the advection
and turbulence terms of the governing equations are discretised using a high-resolution
discretisation scheme.

It should be noted that the profiles in Figure 4 are only shown up to 140 m above the
ground for a better visualisation of variables close to the ground. An example of the full k
profile extending to the top of the computational domain is shown in Figure 4b.

The CFD results obtained by solving the RANS equations present the mean flow
variables. However, knowing the values of gust wind speeds is of particular importance
when studying wind hazards. Thus, to obtain the gust wind speeds (Ugust, Equation (6)),
the standard deviation (σu, Equation (5)) needs to be approximated using the mean wind
speed and turbulent kinetic energy. Popiolek [43] demonstrates that the mean velocity and
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the turbulent kinetic energy obtained from the RANS equations can be utilised to estimate
a modified mean wind speed (We, Equation (4)) and σu.

We =

 U − 0.036k0.5 + 0.797 k
U
− 0.179 k1.5

U2 i f k0.5

U
< 1.592

0.287U + 1.226k0.5 i f k0.5

U
≥ 1.592

(4)

σu = U2 − We
2
+ 2k. (5)

Using the standard deviation and mean speed values, and assuming that the wind
velocity has a Gaussian probability distribution, the gust wind speed can be approximated
by Equation (6) [44],

Ugust = We + gσu, (6)

where g is a peak factor, whose value depends on the effective gust duration and often
ranges from 3 (high gust duration, e.g., 3 s) to 3.4 (low gust duration, e.g., 0.2 s) [45].

For the validation of NWP estimates of mean and gust wind speeds against observa-
tion data, three statistical scores, namely Pearson’s correlation, mean bias, and root mean
square error (RMSE), are calculated. These are defined as,

Correlation =
cov(X, Y)√

var(X). var(Y)
, (7)

Mean Bias = ∑T
t=1(ŵt − wt)

T
, (8)

RMSE =

√
∑T

t=1(ŵt − wt)
2

T
, (9)

respectively, where ŵt, wt and T are the estimated wind, observed wind, and number of
data points, respectively.

3. Results

Initially, the performance of the 333-m NWP forecasts during the extreme wind event
on 18 September 2020 was validated against observation data from the four nearby stations
(Table 1). Then, CFD results are presented to investigate the localised wind speed-ups
caused by the structure of the bridge.

3.1. 333-m NWP Model Validation

The 333-m NWP model provides zonal (u) and meridional (v) components of the
mean wind speed at 10 m (as a diagnosed quantity) above the ground (taken as the
model’s surface) as well as at up to 140 vertical levels above model surface (as model
prognostic quantities), separately. The gust wind speed is only estimated at 10 m above the
ground. The mean and gust wind speed outputs of the NWP are compared with the station
observations for the period 17 September 2020 18:00 UTC to 18 September 2020 18:00 UTC
in Figures 5 and 6. NWP mean wind speeds at three vertical levels, namely 7.7 m, 10 m
and 13.7 m above the surface, are compared with the 10-m anemometer measurements at
each station location.

At the Auckland Aero location (Figure 5a), the forecast gust wind speed values and
the time of occurrence of the maximum gust speed (18 September 00:00 UTC) agrees well
with those of the observation. However, the NWP model slightly underestimates the mean
wind speeds. In addition, there is a difference of up to 5 m s−1 between the forecast and
station gust wind speed at Auckland between 18 September 6:00 UTC and 9:00 UTC. It is
noteworthy that the mean speed values at 10-m and 7.7-m heights provided by the NWP
model are very similar at all station locations. The strong gust wind speed on 18 September
at 00:00 UTC is also accurately forecast at the Whenuapai location, while later in the day
(9:00 UTC to 12:00 UTC), the model underestimates the gust values.
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Regarding the mean wind speed at Whenuapai (Figure 5b), the NWP model underesti-
mates the values after 00:00 UTC on 18 September by about 2 m s−1 on average. In addition,
the maximum mean wind speed was predicted at 22:30 UTC as opposed to 00:00 UTC
(observation). At MOTAT (Figure 5c), the forecast mean and gust wind speeds generally
agree well with the observations, the model occasionally forecasting higher gust wind
speeds compared with observations.

The maximum gust wind speed measured and forecast on 18 September at 00:00 UTC
is the highest at the Auckland Aero station with a value close to 25 m s−1, which drops to
22.5 m s−1 at Whenuapai. Wind speeds at MOTAT are smaller compared with the other
stations, which could be explained by the surrounding suburban terrain of MOTAT. In
addition, at Auckland and Whenuapai, the modelled mean wind speed at a 13-m height
agreed slightly better with the observation values.

The strong wind event in Auckland on 18 September 2020 was a westerly event. Thus,
it is expected that the anemometer facing NW near the top the Sky Tower is more exposed
to the approaching wind and is thus able to measure the wind speeds more accurately.
For more details about the Sky Tower anemometers and the sheltering effects of the tower,
see [46].

Figure 6 compares the measurements of both Sky Tower anemometers with the fore-
casts of the NWP model. For the mean wind speeds, the NWP outputs at higher levels
were used. However, the 10-m gust wind speed at the location of the Sky Tower was
extrapolated to a height of 318 m using the terrain/height multipliers provided in [37]. It is
evident that the NW anemometer measurements agree considerably better with the model
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data, particularly for the hours before the maximum event, i.e., 18 September at 23:00 UTC.
It should be noted that the maximum wind speed at Sky Tower is recorded at 23:00, as
opposed to 00:00.

Statistical metrics were computed for both the gust and mean wind speeds between
the forecast and observed data and the results summarised in Table 2. All the stations,
except for the Sky Tower, showed high Pearson’s correlations, generally higher than 0.80.
Whenuapai had the highest correlations.

Table 2. Summary statistics for comparison between the observed and Auckland Model forecast gust and mean wind
speeds at the location of the four stations.

Max Gust Wind Speed Mean Wind Speed

Station Name Correlation Mean Bias RMSE Correlation Mean Bias RMSE

Auckland Aero 0.87 1.32 2.22 0.80 −2.08 2.39
Whenuapai 0.93 −1.14 2.15 0.85 −1.60 1.97

MOTAT 0.81 1.24 2.91 0.76 0.62 1.45
Sky Tower (SE anemometer) 0.47 −3.73 5.44 0.15 2.57 5.14

Sky Tower (NW anemometer) 0.65 −4.67 5.42 0.49 1.03 2.44

The NW anemometer on the Sky Tower agreed better with the forecasts of the NWP
model with a correlation of 0.65 and 0.49 for gust and mean wind speeds, respectively. The
mean bias and RMSE values at Auckland Aero, Whenuapai and MOTAT range from −2 to
1.3 and 1.45 to 2.91, respectively. Both RMSE and bias values at the Sky Tower are higher
than those of the other stations.

3.2. CFD Results

Velocity streamlines for the westerly wind on 18 September 2020 passing through the
Auckland Harbour Bridge are shown in Figure 7a, depicting wind speed-ups on the edge
of the road as well as between the struts of the bridge. Figure 7b depicts the mean speed
on a plane at the centre of the bridge along the road. The locations of high (red) and low
(blue) wind speeds can be seen. The sheltering effects of the bridge components result in
lower wind speeds.
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speed at the centre of the harbour.

To better realise the flow pattern across the width of the bridge, the results are pre-
sented on two cross-sectional planes (Figure 8). Figure 9a,c and Figure 9b,d show the
mean wind speed and wind speed-ups on these planes, respectively. The wind speed-up is
defined as the wind speed at a specific location and elevation divided by the undisturbed
upstream wind speed at the same elevation. The location of Plane 1 is chosen such that it
goes in-between the side struts of the bridge, while Plane 2 goes through a vertical beam.
The planes are selected to illustrate how the area reduction due to the presence of the
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bridge structure (Plane 1) results in wind speed-up (Figure 9a). On the other hand, wind
speeds on Plane 2 depict the sheltering effect behind the vertical beam (Figure 9b).
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It can be seen in Figure 9b that the mean speed on Plane 1 can be increased by up
to 1.15–1.20 in the middle of the bridge where vehicles travel. This speed-up is due the
sudden reduction in the area between the struts. In contrast, on Plane 2 (Figure 9d), the
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wind speed-up is considerably less than 1.0 (blue region in the middle of the bridge), which
is because of the sheltering effect of the structure. This illustrates the significant variability
of wind speed along the bridge. It is also noteworthy that the wake created by the bridge
extends far downstream of the bridge.

The NWP gust wind speed timeseries presented in Figure 3b was gust wind speed at
10 m above the ground. The maximum height of the Auckland Harbour Bridge is 64 m.
Therefore, to estimate the gust wind speed at the top of the bridge, the values in Figure 3b
are multiplied by a height/terrain factor obtained from Table 4.1 of [37]. The NWP gust
speed timeseries at 10-m and 64-m heights are compared in Figure 10. It can be seen that
the maximum gust wind speed during this event at 64-m is 25 m s−1.
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Figure 10. Comparison between NWP gust wind speed timeseries at 10 m and 64 m above the ground.

Gust wind speeds across the bridge estimated using mean wind speed and turbulent
kinetic energy (Equations (4)–(6)) on both Plane 1 and 2 are shown in Figure 11. On Plane 1
(Figure 11a), the gust wind speeds reach around 22–24 m s−1 close to the surface of road
and flow separation is observed from the top arch of the bridge with high gust wind speeds
of about 25–30 m s−1. On Plane 2 (Figure 11b), the gust wind speeds close to the surface are
smaller, due to the sheltering, and range from 12 m s−1 to 14 m s−1. In addition, the flow
separation from the bridge arch is smaller with values slightly less than those on Plane
1. The gust wind speeds obtained from the CFD above the top of the bridge (not in the
separation zone), ranging 24–25 m s−1, are close to the NWP gust wind speeds extrapolated
to a 64-m height (Figure 10).

Via personal communication with “Total Bridge Services”, who manage the Auckland
Harbour Bridge operations, it was confirmed that there is an anemometer at the top of the
arch that recorded a maximum gust of 127 km h−1 = 35.3 m s−1 during the event on 18
September 2020. It is clear from Figure 11 that the region above the top arch is affected by
flow separation and has higher gust wind speeds, which may not reflect the real upstream
wind speed, nor be captured accurately by the 333-m NWP model (Figure 3b). Given the
accuracy of the NWP model in predicting the value of the strong winds compared with
observations, as shown in Figures 5 and 6, it can be said that the 35 m s−1 measurements
by the anemometer mounted above the bridge arch were affected by the speed-up effect of
the structure (Figure 11), and most likely, did not represent the approaching wind speed.
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Harbour Bridge: (a) Plane 1; (b) Plane 2.

In Figure 3a, it was shown that at a height of 103.7 m, the mean forecast speed was
18 m s−1. The bridge has a clearance height of about 43 m (water to roadway). Figure 12
illustrates velocity iso-surfaces, showing locations where the wind speed is 18 m s−1. It is
evident that the structure of the bridge affects the upstream airflow such that a mean wind
speed of 18 m s−1 is predicted on the roadway of the bridge.
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4. Discussion

The validation of the performance of very high-spatial resolution (333-m), state-of-the-
art NWP model against four observation data in the region demonstrated that the model
accurately predicted the strong westerly wind on 18 September 2020 in Auckland. Both
gust and mean wind speed forecasts showed high statistical scores against observations.
Accurate predictions of the value and time of the extreme wind event by the NWP model
show a great potential in mitigating wind hazards in urban areas by developing risk
forecast models and warning systems.

The coupling of the NWP model with CFD simulations demonstrated that wind speeds
can vary significantly in a small spatial scale due to the localised effects of structures, which
are not captured by NWP models. It was shown that the bridge structure can either shelter
the incoming airflow or increase the mean wind speed by up to 20% at the middle of the
bridge where vehicles travel. In addition, the CFD results simulated the flow separation
from the top of the bridge arch, where an anemometer is mounted.

Several studies have investigated the cross-wind speed required to tip over vehicles
with different sizes, e.g., [47–49]. Knowing these criteria along with the wind speed-ups
and variations along the bridge could be used to develop a forecast model for the bridge,
similar to the Vehicle OverTurning (VOT) Model proposed by [50]. The forecast model will
be beneficial to operational meteorologists when issuing weather warnings. The model will
be able to identify the occurrence of high-wind conditions and prevent accidents such as the
one that happened on 18 September 2020 in Auckland, New Zealand, and the subsequent
costs and disruptions.

The importance of having a warning system becomes more noticeable when we
consider the average reoccurrence interval of strong wind events. For instance, for the
westerly wind that happened in Auckland, New Zealand, it was reported that at the time
that the trucks were tipped over on the bridge, the gust speed was 35 m s−1 (neglecting the
effect of the flow separation from the bridge arch). It is instructive to use New Zealand’s
wind loading standard, AS/NZS1170.2:2011 [37] to estimate the return period of such gusts.
This analysis can provide useful information on how frequently they might have occurred
in the past, and whether or not it was a “freak” gust, as reported in the media.

For wind from the westerly quarter, the upstream fetch is the water of the Waitemata
Harbour and is Terrain Category 1. Using Table 4.1 in [37], we can relate this gust speed to
a gust speed at a height of 10 m in Terrain Category 2, which is the reference conditions for
the standard.
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The maximum height of the bridge is 64 m. If the anemometer height is taken as
64 m, then according to [37], the terrain/height multiplier is 1.26 and is not particularly
sensitive to height. This means that a gust of 35.3 m s−1 at the bridge corresponds to a gust
of 35.3/1.26 = 28 m s−1 at the standard conditions at a height of 10 m in terrain category 2.

Referring to the regional wind speed for New Zealand (Table 3.1 in [37]), it is evident
that a wind speed of 30 m s−1 corresponds to a return period of 1 year, and so interestingly,
this means that according to the wind loading standard, the gust that tipped the trucks
over in September 2020 can be expected to occur more often than annually. Therefore,
perhaps the fact that trucks have not been tipped over more frequently on the bridge is
because a high-sided light truck has not been in the high gust speed location at the same
time as it has occurred.

The coupling of NWP and CFD performed in this study can be extended to other parts
of Auckland, or any other city, to investigate the resilience of infrastructure against strong
wind events.

Lastly, although the steady RANS approach used in the present study was able to
capture the main features of the airflow around the bridge and the simulated mean wind
speeds and estimated gust wind speeds were in good agreement with the observations,
unsteady and LES approaches along with time-varying boundary conditions should be
used to predict and model transient and short-duration gusts to investigate the potential
wind hazards in more detail and with higher accuracy.

5. Conclusions

The study investigated the coupling of a very high-resolution NWP model over
Auckland, New Zealand, with a grid size of 333 m, to a CFD model. The primary aim was to
assess the 333-m model’s performance during a high-impact wind event in Auckland on 18
September 2020, and also to carry out a CFD simulation of the airflow around the Auckland
Harbour Bridge using a RANS approach. The validation of the NWP forecast data against
four stations across the Auckland region showed that the NWP model successfully and
accurately predicted the mean and gust wind speeds. The CFD simulations demonstrated
that the bridge influences the incoming airflow such that the mean speed on the road can
increase by up to 1.2 compared with the undisturbed upstream flow. In addition, while
underestimating the observed mean and gust wind speeds at the bridge, coupling the
333-m NWP and CFD models shows promise for better predicting wind speeds around
natural and built structures during extreme wind events, since the CFD model can better
model the fine-scale effects on local winds that are missing from an NWP model that does
not see the finer structures, for various reasons, e.g., computational cost, science design
and purpose of the model. It has been demonstrated how small scales of surface roughness
and geometrical details (in CFD models) can cause significant variations of local wind
conditions (so-called “local-scale forcing effects”).

Gaining a better understanding of the detailed airflow patterns over the Auckland
Harbour Bridge can aid in developing a warning system to avoid events like the one that
happened on 18 September 2020. More work is underway to use large eddy simulation
(LES) instead of RANS to study the flow patterns in more detail as well as advancing our
capability in coupling NWP outputs to CFD simulations.
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