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ABSTRACT

As part of improving the resilience of large cities in New Zealand to extreme winds and tropical
cyclones, this study investigates the feasibility of coupling the outputs of a very high-resolution,
333-m, 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 rolled over damaging the bridge structure, here we conduct 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. The 333m NWP forecasts validated well compared
to nearby observations, and CFD-based estimates of the 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. Also, gust estimations using mean wind speed and turbulence kinetic
energy agreed well with measurements of the anemometer mounted at the top of the bridge arch.

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. This can lead to wind-resistant infrastructures and safer urban environments.

On 18" September 2020, a strong westerly wind in Auckland caused two trucks to roll over while
heading south on the Auckland Harbour Bridge (yellow arrow in Figure 1), ultimately causing damage
to the bridge's super structure (Stuff, 2018). Following this event, we defined the below research
questions:
1- How accurately did NIWA’s numerical weather prediction (NWP) model predicted this event?
2- What are the effects, i.e. wind speed-up, of the Auckland Harbour on the local airflow?
To address these questions, the study investigates the possibility of coupling the outputs of a high-
resolution NWP with computational fluid dynamics (CFD) simulations.

The concept of coupling mesoscale models to a CFD model have been studied by several researchers,
e.g. (Baik et al., 2009; Liu et al., 2012; Duran et al., 2020; and Piroozmand et al., 2020), to investigate
various climate and environment parameters in urban areas, such as airflow, pollutant dispersion and
air quality. A review of this coupling approach is provided by Kadaverugu et al. (2019). These works
demonstrated that the approach is reliable and adds significant value to CFD simulations by
downscaling the NWP models and using real events as input data to the CFD model. In this approach
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both time varying and non-time varying boundary conditions provided by mesoscale models can be
used as inlet conditions to the CFD model. For the present preliminary study, we use non-time varying
boundary conditions for the CFD model obtained from a high-resolution NWP.

2. Methodology

The Auckland Model is based on the UK Met Office London Model (Boutle et al., 2016) and is a 333-m
horizontal resolution convection-permitting configuration of the Unified Model (Boutle et al., 2016;
Bush et al., 2020). The model set up is 300 x 300 grid-points, centred on the Auckland waterfront with
a terrain-following 140 level vertical coordinate system over the lowest 40 km of the atmosphere. The
Auckland Model is one-way nested inside NIWA’s 4-km resolution NZLAM model, which is data-
assimilating and uses the Global Atmosphere 6 science configuration (Walters et al., 2017) with an
intermediate nest at 1.5 km resolution used to ease the transition from 4-km to 333-m resolution. The
Auckland Model is run four times daily to two days ahead.

Figure 1 schematically shows the process of downscaling the 4-km NZLAM to 1.5-km model and lastly
to the 333-m model. It should be noted that NZLAM4 domain is much larger than just over New
Zealand. Figure 1 only shows part of NZLAM4 that covers New Zealand. Then the outputs of the
downscaled model were used to setup the inlet profiles of the CFD model. As can be seen in Figure 1,
the CFD model is only the isolated bridge model that has most of the main structures of the bridge and
only very small details are removed. The computational domain extends 3 km from the centre of the
bridge to the sides and 1.5 km 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. The size of the cells gradually increases far from the bridge. Tetrahedral cells are used to
ensure the complex geometry of the bridge is resolved. The total number of cells is about 32.7 million.

NZLAM (4 km)

Downscaled from the 1.5-km
model to 333-m spatial resolution
around the Auckland Region

o

I
Auckland 1.5 km
model

CFD model (below) of the Auckland
Harbour with maximum grid size of
4 m around the bridge

Figure 1. From left to right showing the process of the downscaling the 4-km NZLAM model to 1.5-km and to
333-m model around the Auckland region. The outputs of the 333-m are fed to a CFD simulation with 4-m grid
resolution around the Auckland harbour bridge. Yellow arrow shows the approximate location of the incident.

For the event on 18 September 2020, mean and gust wind speed time series (Figure 2) were extracted
from the relevant forecast cycle of the 333-m model. Figure 2a shows the model forecasts of the mean
wind speeds at different vertical levels upstream of the Auckland Harbour. Since the Reynolds-
averaged Navier-Stokes (RANS) approach is used in this study, which only provides time-averaged flow
properties, the mean wind speed outputs of the 333-m were used to define the inlet profiles of the
CFD simulation, as shown in Figure 3.

A pressure driven approach (Richards and Norris, 2015) was used to simulate the atmospheric
boundary layer (ABL), utilising a three-dimensional, steady RANS simulation using the k-w Shear Stress
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Transport (SST) turbulence model. The mean wind speed forecasts of the event shown in Figure 2a,
were used to fit the velocity profile (Eqg. 1, Figure 3a) and calculate friction velocity (u,). It is shown in
Figure 2a that the forecast mean speeds, and the fitted profile (Figure 3a), range from 11 m/s to 18
m/s 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 (w) (Egs. 2 and 3 and Figures 3b and 3c,
respectively) were calculated. U, k, and w profiles were set as the inlet boundary conditions of 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 was applied, replicating the sea roughness (z5). For more
details about the pressure-driven ABL, setting up the boundary conditions and resulting horizontally-
homogenous computational domain see (Richards and Norris, 2015; Safaei Pirooz and Flay, 2018). It
should be noted that the profiles in Figure 3 are only shown up to 140 m above the ground for a better
visualisation of variables close to the ground. An example of full k profile extending to the top of the
computational domain is shown in Figure 3b.

Selected event for CFD simulation (a) ! (b)

- 65 kph (18 m/s)

Figure 2. Mean (a) and gust (b) wind speed time series output of the 333-m model upstream the Auckland
Harbour, during the extreme westerly event on 18 September 2020.
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Figure 3. Inlet profiles for the CFD simulation: (a) mean speed; (b) turbulence kinetic energy. The smaller graph
on top right shows the k profile extending to the top of the domain.; (c) turbulence eddy frequency.
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The CFD results using RANS equations present the mean flow variables. However, knowing the values
of gust wind speeds is of great importance in studying wind hazards. Thus, to obtain the gust wind
speeds (Ugyst, EQ. 6), the standard deviation (o, Eq. 5) needs to be approximated using the mean
wind speed and turbulent kinetic energy. Popiolek (2008) demonstrated that the mean velocity and
turbulent kinetic energy obtained from the RANS equations can be utilised to estimate a modified
mean wind speed (WW,, Eq. 4) and g,,.
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Using the standard deviation and mean speed values, and that the wind velocity has a Gaussian
probability distribution, the gust wind speed can be approximated by Eq. 6 (Holmes, 2015),

Ugust = We + 8oy , (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) (Safaei Pirooz et al., 2020).

3. Results and Discussion

Velocity streamlines of the westerly event on 18 September 2020 passing through the Auckland
Harbour bridge are shown in Figure 4a, depicting wind speed-ups on the edge of the road as well as
between the struts of the bridge. Figure 4b 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. Sheltering
effects of the bridge components results in lower wind speeds.
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Figure 4. Overall airflow behaviour around the harbour for the westerly wind: (a) velocity streamlines; (b)
contour of mean speed at the centre of the harbour.

To better realise the flow pattern across the width of the bridge, Figures 5a and 5b shows the mean
wind speed and wind speed-ups, due to the presence of the bridge structure, 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. It can be seen in Figure 5b that the mean speed can be
increased by up to 1.15 — 1.20 in the middle of the bridge where vehicles travel. It is also noteworthy
that the wake created by the bridge extends far downstream of the bridge.
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Figure 5. (a) mean speed and (b) mean speed-up values on a cross-sectional plane along the width of the
bridge.

Gust wind speeds across the bridge estimated using mean wind speed and turbulence kinetic energy
(Egs. 4 — 6) are shown in Figure 6. The gust wind speeds reach around 22 — 24 m/s close to the surface
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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. Through a personal communication with “Total Bridge Services” operating the
Auckland Harbour, it was confirmed that there is an anemometer at the top of the arch that recorded
a maximum gust of 127 km/h = 35.3 m/s during the event on 18 September 2020. It is clear from Figure
6 that the region above the top arch is affected by flow separation and has higher gust wind speeds.
Therefore, measurements in the flow separation region may not reflect the real upstream wind speed,
nor captured rightly by the 333-m NWP model (Figure 2b), due to the resolution of the NWP model,
which does not see the finer structures and localised wind speed-ups.

In Figure 2a it was shown that at a hight of 103.7 m the forecast mean speed was 18 m/s. The bridge
has a clearance hight of about 43 m (water to road). Figure 7 illustrates velocity iso-surfaces showing
locations where the wind speed is 18 m/s. It is evident that the structure of the bridge affects the
upstream airflow such that a mean wind speed of 18 m/s is predicted on the road of the bridge.

Figure 6. Estimated gust wind speed (Egs. 4-6) on a cross-sectional plane of the harbour.

Figure 7. Velocity iso-surface showing the locations where the velocity is 18 m/s. The top arch is removed from
the visualisation to better show the iso-surface on the road.

4. Conclusions

The study investigated the feasibility of coupling a very high-resolution NWP model over Auckland,
New Zealand, with grid size of 333 m, to a CFD model. The primary aim was to assess the 333-m model’s
performance during this high-wind event in Auckland on 18 September 2020, and also to carry out a
CFD simulation of the airflow around the Auckland Harbour using a RANS method. The CFD simulations
demonstrated that the bridge influences the incoming airflow such that the mean speed on the road
can increase by up to 1.20 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 model shows promise for better predicting extreme wind events, since the CFD provides
information on local speed-ups, which is what is missing from an NWP model that does not see the
finer structures.
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Gaining a better understanding of the detailed airflow patterns over the Auckland Harbour bridge can
aid developing a warning system to avoid events like the one happened on 18 September 2020. More
work is underway to use large eddy simulation (LES) instead of RANS to study the flow pattern in more
detail as well as advancing our capability in coupling NWP outputs to CFD simulations.
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