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Abstract

The simulation of near-surface typhoon wind fields is crucial for high-precision typhoon
hazard assessments and thus of great significance for disaster forecasting, loss risk assess-
ment and emergency management. The terrain correction method for simulating regional
large-scale wind fields has a single correction method that cannot satisfy the requirements
of refined risk assessment. This paper aims to use the advantage with regard to accuracy
of the fluid dynamics mechanism model (CFD, computational fluid dynamics) in small-
scale wind speed simulations and obtain a terrain correction method suitable for simulating
regional large-scale wind fields by extracting the spatial variation of the wind speed over
complex terrain. Specifically, typical mountains with different cross-sectional shapes and
slopes are used to characterize the undulating terrain, and the CFD model is used to simu-
late and analyze the wind speed changes on the upwind and leeward slopes, at the moun-
tain top, and in the downwind area under different initial wind speeds. The wind speed at
these locations has a good quantitative relationship with the initial wind speed. Combined
with the typical building wind load codes in China, the wind speed correction algorithm
suitable for large-scale complex terrain is supplemented and improved. This paper presents
the simulation results of three typhoons, and taking Typhoon No. 0713 as an example, a
near-surface typhoon wind field simulation is performed. Compared with that of other
models, the accuracy of the terrain-corrected simulation results by the method provided
in this article is increased by 8.8—-16.89%. Such CFD-based typhoon disaster near-surface
wind fields can more accurately reflect the spatial distribution and intensity of typhoon
wind hazards over large-scale complex terrain and can provide technical support for the
loss risk prediction and assessment of forest resources, mountain forestry economies, crops
and other vulnerable bodies during typhoon disasters.
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1 Introduction

Typhoon wind fields can reflect the differences in the spatial range and intensity of typhoon
hazard factors (Weihua and Wei 2013). Therefore, the simulation of typhoon wind fields is
an important prerequisite for performing typhoon disaster numerical forecasting and loss
risk estimation (Qian et al. 2005). Currently, hazard assessments of Chinese typhoon haz-
ards are often based on the CMA tropical cyclone best path dataset provided by the China
Meteorological Administration that uses the central pressure and maximum wind speed
data to simulate wind fields mainly for larger-scale typhoon hazards analysis or to study
the evolution of typhoon paths (Jinping et al. 2002). Since the Earth’s surface is host to
numerous people and socioeconomic bodies that often suffer losses due to typhoon dis-
asters, research on the high-precision simulation of near-surface typhoon wind fields is of
great significance.

The temporal and spatial distribution characteristics of hazard factors are affected by
regional differences in the disaster environment. The distribution of one hazard factor in
particular, namely, wind during a typhoon disaster, is greatly affected by the terrain, sur-
face roughness and other surface conditions (Alexander 2000). When air flows through
hillsides, valleys and other terrains, wind speed will significantly increase or decrease (Ngo
and Letchford 2009). Currently, most engineering wind load calculations adopt the topo-
graphic factor correction method in the wind load codes of various countries (Maharani
2009). To ensure the safety of engineering buildings, the wind load codes of various coun-
tries mainly focus on the acceleration effect of the terrain on the wind field; this may also
be due to the safety of project site selection, so wind load codes are mostly applicable to
areas with slopes gentler than 16° (Building Structure Load Code [S]. GB50009-2012).
The terrain correction of wind speed based on wind load specifications ignores the decel-
eration effect of the leeward slope and reduces the uplift acceleration effect of the steep ter-
rain. This assumption will lead to a significant underestimation or overestimation of risks
in disaster risk analyses.

To simulate wind field over complex terrain, the application of a fluid dynamics mecha-
nism model (CFD, computational fluid dynamics) can accurately reflect the airflow char-
acteristics (Uchida 2018) and the flexibility and low cost of numerical simulations make
this method the main approach for the study of the law of wind speed changes. Shun et al.
(2009) studied the influence of terrain slope, ground roughness and atmospheric boundary
layer on the wind speed of circular steep slope terrain and confirmed the feasibility of CFD
for wind farm terrain turbulence. Griffiths et al. (2010) used atmospheric models and CFD
to simulate mountain airflows under different slope terrains and verified that the simulation
results of the two models were closer for higher slope value. However, due to the complex
design of CFD and its high computational cost, it is mainly used for microscale airflow
field simulations (Cheng et al. 2005). Researchers have investigated the applicability of
wind load codes in various countries. Ishihara et al. (1999) studied the wind speed distri-
bution of the three-dimensional terrain at the top, side and foot of the mountain and found
that the wind speed near the foot of the windward slope decreased, but the wind speed
at the top and side of the mountain significantly increased, and the wind speed at the top
increased by 50-60%. Li (2010) reviewed the impact of the typical terrain on near-ground
wind fields, conducted an in-depth comparison and analysis of the current wind load codes
in various countries and found that identical formulation was used in the codes in various
countries, but the models that described the impact of the terrain on the wind fields were
different. Shen (2016) used the CFD simulation method to study the wind field of single
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and double hills and found that the acceleration effect at half-hill height above the top of
the mountain was weakened, and the acceleration effect of the cross-direction wind was
greater than that of the wind direction. In summary, previous studies have confirmed the
feasibility of CFD for studying wind fields, and some refinements and extensions of wind
speed and terrain correction have been proposed. However, due to the large spatial scale
affected by typhoon disasters, the direct application of CFD is difficult, so that a complete
typhoon wind field model combined with CFD has not been formulated.

In summary, the direct use of CFD to simulate large-scale typhoon wind fields incurs
high computational cost and is time-consuming, while the accuracy of wind speed sim-
ulations with reference to building wind load specifications is insufficient. Based on the
CFD simulation of a small-scale complex terrain wind speed field, this paper extracts the
wind speed characteristic curve under typical terrain conditions and combines the wind
load specification to improve the large-scale complex terrain influencing factor algorithm,
improving the simulation accuracy of the near-surface typhoon wind field and providing
technical support for typhoon disaster risk numerical evaluation.

2 Materials and methods
2.1 Data sources
2.1.1 Typhoon path data

The historical typhoon sample data are taken from the CMA tropical cyclone best path
dataset (https://tcdata.typhoon.org.cn/zjljsjj_sm.html) released by the China Meteorologi-
cal Administration. This dataset includes all tropical cyclone information generated in the
Northwest Pacific since 1949 (Ying et al. 2014; Lu et al. 2021).

2.1.2 Measured wind speed data at weather stations

The measured wind speed data of meteorological stations are taken from the daily value
datasets of basic meteorological elements of China’s national ground meteorological
stations.

2.1.3 Basicdata

Including DEM data [Aster (https://lpdaac.usgs.gov/products/astgtmv003/)), land use data
(Base on POI (Dong 2021)].

2.2 Research methods

This paper uses CFD to simulate the wind speed of different mountains and extracts the
rules governing the wind speed changes as the typhoon disaster terrain influences factor
algorithm. Based on the CMA typhoon path information, the Holland parametric wind
field model with the provisions of the Building Structure Load Code GB50009-2012 is
used to simulate the near-surface wind field of the typhoon disaster and is verified using
the measured data obtained from weather stations (Fig. 1).
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Fig. 1 Methodological procedures of the research

2.2.1 CFD technique and set-up

This article uses Rhino and its included plug-ins, such as Grasshopper and Butterfly, for
CFD wind speed simulations. Rhino is used to build 3D mountain models and visualized
displays. Grasshopper provides a visual programming platform and uses “battery” as the
basic computing unit (https://www.grasshopper3d.com/page/tutorials-1). Butterfly is the
core component of CFD solution; its kernel is based on OpenFOAM and supports Python
scripts and interaction with CFD open-source software such as Blue-CFD and ParaView
(https://ladybug-tools.gitbook.io/butterfly primer/). In the preprocessing stage of the CFD
solution, Butterfly provides functions such as wind tunnel setting and grid division. But-
terfly provides two different environment simulation solvers, namely Heat Transfer Recipe
and Steady Incompressible Recipe, for temperature and wind. Three turbulence models,
including the laminar turbulence model (using no turbulence models), LES turbulence
model (using large-eddy simulation modeling) and RAS turbulence model (using Reyn-
olds-averaged simulation modeling), were used. In the postprocessing stage, correlation
processing of vector data is provided. Other related plug-ins include Honeybee that pro-
vides the function of setting test points in wind speed simulation and Ladybug that pro-
vides visualization functions such as grid coloring and airflow line drawing.

To explore the general laws of the changes in different mountain customs, this arti-
cle sets different slope variation ranges (tana=0.17-1, i.e., angles 10, 20, 30, 45) and
different cross-sectional shapes (parabolic, Gaussian, cosine) (Li et al. 2016). In total,
there are 12 mountain models for CFD numerical simulation, and the simulation space
is divided into a hexahedral grid that fits the surface of the mountain. Then, the test sur-
face was set in the same direction as the initial wind speed at 10 m above the mountain
and the test points were evenly distributed on the test surface. Using different initial
wind speeds (15 m/s, 30 m/s) as the input, the wind speed at the test point is calculated
by the RAS turbulence model and steady incompressible recipe to explore the general
law of wind speed changes with the terrain undulations of the mountain. Furthermore,
the test points are partitioned, and the wind speeds at the foot of the windward slope,
the top of the mountain, and the foot of the leeward slope are counted. It is stipulated
that V;, = n X V,;, where V,, is the near-surface wind speed affected by the terrain, V, is
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the near-surface free wind speed not affected by the terrain, and # is the terrain influence
factor that represents the degree of change in the wind speed due to terrain undulations.

2.2.2 Gradient wind field model

For typhoon disasters, it is generally believed that when the height above the ground is
300-550 m, the wind speed is no longer affected by the surface roughness and topogra-
phy; i.e., the so-called gradient wind speed is reached (Building Structure Load Code).
In this paper, a mature and easy-to-calculate Holland parameterized circularly symmet-
rical wind field is selected to simulate the gradient wind speed (Holland 1980), and the
wind field equation is:

B /RMW \? RMWN\Z  [(rf\* of
) (e (B ()
f \/(pn pt)pa p exp p + ) > D
RMW = —18.041n Ap + 110.22 @)
B = 1.38 — 0.00184Ap + 0.00309RMW 3)

In Formula (1), V, is the gradient wind speed at a certain point in the typhoon range,
p,, is the air pressure at the periphery not affected by the typhoon, p, is the central air
pressure of the typhoon, RMW is the maximum wind speed radius, p, is the air den-
sity, f is the Coriolis parameter, r is the distance between the calculated point and the
typhoon center, and B is the shape parameter of the typhoon. The estimation of the
RMW parameters refers to the empirical formula of Lin et al. (2013) based on JTWC
data fitting, and B is calculated using the method proposed by Vickery et al. (Vickery
and Dhiraj 2008). These two calculation methods are highly applicable in the Northwest
Pacific.

2.2.3 Boundary layer model

In the near-surface disasters caused by strong winds, ground friction cannot be ignored,
and different surface roughness values will further affect the spatial distribution of wind
speed. When the pressure field does not change with height, the wind speed mainly
depends on the ground roughness and vertical temperature gradient, and the variation
in the wind speed at different heights generally conforms to the exponential law given
in Formula 4. Here, a is the ground roughness index corresponding to the four types of
land use (sea, rural, urban and metropolitan centers), v, is the gradient wind speed at
different heights corresponding to different land use types, and v,, is the wind speed at a
height of 10 m:

z a
v, =Vl —=
=vo(55) )
In summary, using the terrain correction factor calculation model based on the CFD

simulation results, a high-altitude gradient layer wind field model and a boundary layer
model, a refined typhoon near-surface wind field model was constructed.
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3 Results

and analysis

3.1 CFD simulation results and terrain factor calculation

3.1.1 Analysis of the change in mountain wind speed based on CFD

In the CFD to simulations of the wind speed, since typhoon wind fields usually represent
the wind speeds 10 m above the ground, the gradient wind speed reference high speed is
set to 10 m; considering the surface coverage characteristics consisting of multiple-vege-
tation types across the mountains of southern China, the surface roughness parameter is
set to 0.15 (Lou et al. 2016). Figure 2 shows the wind speed changes of the three cross-
sectional mountains under different slope scenarios when 15 m/s and 30 m/s are used as
the free wind speed inputs:

At the peak and foot of the mountain, the results show that under the two input wind
speed conditions, the wind speed changes significantly with the variation in the height of
the mountain. The wind speed increases significantly when the wind approaches the apex
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Fig.2 CFD mountain wind speed simulation results
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of the three types of mountains; when the total length of the mountain is identical, a greater
a slope of the mountain (a larger height) corresponds to a more pronounced increase in
the wind speed at the apex. At the foot of the windward slope and leeward slope, the wind
speed decreases, and the magnitude of the decrease is related to the slope. A greater slope
corresponds to a more pronounced decrease. When the slope of the mountain exceeds
16° (tana > 0.3), the trend of the wind speed change with the mountain does not change,
which is similar to the law of the overall wind speed of a mountain with a lower slope.

On the hillside, the wind speed distribution on the windward and leeward slopes is
closer to the top of the mountain and exhibits a symmetrical shape. Outside of its range,
the two wind speed distributions are different: The wind speed shows an overall increas-
ing trend from the foot of the windward slope to the top of the mountain, and only for the
Gaussian mountain, first decreases and subsequently increases when the slope is large. The
wind speed at the foot of the leeward slope tends to rise; i.e., the wind speed on the leeward
slope first decreases and subsequently increases. However, in most cases, the magnitude of
the change is small, and the change is more pronounced only when the slope exceeds 30°.

Overall, the distribution of wind speed is very similar to the shape of the mountain
itself; i.e., the terrain correction factor is not simply a continuous linear change with the
distance of the mountain peak but rather varies with the shape of the mountain.

3.1.2 CFD-based terrain factor

Based on 24 sets of wind speed simulation results performed by CFD, quantitative analysis
was performed, and statistical wind speed change characteristics were extracted. For the
foot of the windward slope and the foot of the leeward slope, we selected the minimum
wind speeds that occurred in these two areas, calculated the ratio of the input wind speed,
i.e., the terrain correction coefficient (37), and combined #n with the slope, mountain height
and other variables. Fitting was performed, and the calculation formula of the terrain cor-
rection coefficient was obtained. For mountain apexes, the existing correction method can
reflect the characteristics of the wind speed changes within its scope of application. Based
on the characteristics, setting the slope correction coefficient provides a more detailed cor-
rection plan for mountains with slopes greater than 17° (tana>0.3). Since the difference
in the wind speed is affected by different mountain shapes, the calculation method of # on
the slope is changed to vertical interpolation to highlight the difference in the influence of
different mountain shapes on the wind speed and make it closer to the real wind speed dis-
tribution. Due to the shielding effect of the mountain, the wind speed in the flat area behind
the leeward slope of the mountain maintains a decreasing trend for a certain distance. The
details for the calculation method are shown in Table 1:

In addition to the mountain terrain in Table 1, for other undulating terrain types such
as canyons and basins, refer to the recommended values in the “Building Structure Load
Code.”

3.2 Simulation of a near-surface typhoon wind field
3.2.1 Typhoon wind field simulation results
This paper selects Typhoon No. 0713 (International Number 0712), Typhoon No. 1211

and Typhoon No. 1814 to simulate the wind speed by using the CFD typhoon wind field
model and uses the measured wind speed data obtained at meteorological stations to verify
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the accuracy of the wind speed simulation results. Among the three typhoons, Typhoons
Nos. 1211 and 0713 were similar in intensity but moved in different directions and had dif-
ferent shapes after landing; Typhoons Nos. 1814 and 0713 moved in similar directions but
with different intensity levels and different paths during the extinction period. Therefore,
these three typhoons were selected to verify the applicability of the CFD typhoon wind
field model for different types of typhoons. Since the pressure near the periphery of the
typhoon is not significantly different from the pressure undisturbed by the low-pressure
center, the wind generated by the typhoon is not necessarily dominant in the local wind
speed, so that the seven-level wind circle range is usually given as the typhoon warning
range in the weather forecast. Additionally, winds below magnitude 7 rarely cause disas-
ters, so the coastal area of China within the radius of the typhoon wind circle of magnitude
7 is selected as the verification area. The simulation results of the three typhoon cases are
shown in Fig. 3.

Typhoon No. 0713 reached high wind speeds near the typhoon landing points in Cang-
nan County and Pingyang County in southern Zhejiang Province. This area is close to the
typhoon landing center, the terrain is undulating, and the towns are sparse, further increas-
ing the near-surface wind speed of the typhoon. Typhoon No. 1211 had a relatively strong
wind speed in Xiangshan County, eastern Zhejiang Province, and the wind speed remained
near the peak for a long time and moved westward into the inland area. For Typhoon No.
1814, although the intensity was low when it made landfall, it lasted for a long time. After
entering Shandong Province, it still had a greater impact and eventually penetrated North-
east China. The average simulation error of the three typhoons was 19.1%. Among these,
the absolute wind speed difference of No. 0713 was the highest, and that of No. 1811
was the lowest; the main reason for this difference is the influence of the intensity of the
typhoon itself.

3.2.2 Verification of the typhoon wind field simulation results

For an in-depth analysis of the simulation effect and possible deficiencies of the wind field
model of CFD, Typhoon No. 0713 was taken as an example. Within the 7-level wind circle
of Typhoon No. 0713, the maximum absolute difference between the typhoon wind field
model simulation results based on CFD and the meteorological station records is 17.8 m/s,
the minimum absolute difference is 0.01 m/s, and the average error rate is 17.2%. The spa-
tial comparison between the simulation results and the weather station records is shown in
Fig. 4.

The distributions and variation trends of the meteorological station data and simu-
lated wind speed data are similar. The wind speed is high near the landing point and
then decreases as the typhoon moves inland under the influence of surface friction and
its own strength attenuation and increases again in the coastal areas that leave the land
and re-enter the ocean. The wind speed is a hazard factor that is highly sensitive to
the terrain. From Detail 1 in Fig. 4, the horizontal distance between Point 1 at the top
of the mountain and Point 2 at the foot of the mountain is only 15 km, which is quite
small compared with the typhoon’s influence range, but the difference in the wind speed
between them is 20.3 m/s due to the influence of terrain. Restricted by the location fac-
tor of weather station site selection, most of the stations are located in areas with rela-
tively flat terrain and rarely appear in undulating positions, such as mountain tops and
hillsides, as shown in detail 2 in Fig. 4. Therefore, the spatial interpolation of meteoro-
logical station data is unlikely to accurately reflect the wind speed distribution on the
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Fig. 3 Simulation results of the typhoon wind fields based on CFD

continuous surface. Based on Fig. 4, the wind field model based on CFD can not only
reflects the typhoon process on a large scale but also reflects the spatial variation of the

local wind speed distribution in a small-scale area.
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Fig.4 Spatial comparison of the simulation results of Typhoon No. 0713

We used different typhoon wind field models to simulate the wind speed of Typhoon
No. 0713 and selected the same meteorological station within the 7-level wind circle for
point-to-point verification for each model. The local simulation effect of the CFD typhoon
wind field model was explored by comparing the simulation accuracy of different wind
field models horizontally (Table 2).

Compared with the simulation results that ignore the terrain and the commonly used
simulation results, the average error rate of the CFD-based typhoon wind field model
decreased by 16.89% and 8.8%, respectively. And the absolute difference of the maximum
wind speed decreased by 41.5% and 16%, respectively.

To further explore the simulation effect of the wind field model based on CFD, Zhejiang
Province with undulating terrain, Jiangsu Province with mainly flat terrain and Shandong
Province with balanced terrain were separately selected for the wind speed analysis. The
measured wind speed and simulated wind speed at the weather stations are compared in
Fig. 5.

Taking topography as the main difference factor for analysis, the average error rate for
the 62 meteorological stations in Zhejiang Province is 39%. Compared with other models
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Fig.5 Regional statistics of the Typhoon No. 0713 simulation results

with error rates of 107.9% and 62.29%, the simulation accuracy is significantly improved,
but the overall error rate is relatively high within the range of Typhoon No. 0713. Based on
the analysis of the DEM data and land use data, the main errors of Zhejiang’s internal wind
speed simulation appear in the mountainous areas of western Zhejiang, mainly in mountain
basins and canyons, indicating that the existing CFD-based typhoon wind field model is
insufficient for the correction of blocked terrain. For Jiangsu Provinces where the terrain
is flat, the simulation error reaches 18.1%, respectively, which is better than the simulation
results of all affected areas combined. The terrain within the magnitude 7 wind circle in
Shandong Province is relatively balanced, and most of the 30 stations included are close to
the coast. The overall simulation results of Shandong Province are relatively small, and the
simulation error is 23.5%.

For the entire process of Typhoon No. 0713, the intensity of the typhoon successively
decreases in Zhejiang, Jiangsu and Shandong. In Zhejiang, where the typhoon intensity is
strong, the absolute value of the wind speed is relatively large, and a slight change in the
topographical influence factor will worsen the simulation results. With significant changes,
the error distribution between the simulation results and the actual value is more scat-
tered than the distributions in the other two provinces. In Jiangsu and Shandong Provinces,
where typhoons are weaker, the error distributions are more concentrated.

4 Discussion

This study considers mainly the influence and effects of terrain correction on large-scale
typhoon wind field simulations. Therefore, in the process of simulating the wind speed
of typical terrain through CFD, only one common roughness parameter suitable for com-
mon land-use types is used, and the influence of complex roughness on wind speed is not
considered.

Compared with other models, the simulation accuracy of the results of the method in
this paper is greatly improved in mountainous areas and other regions with highly com-
plex terrain, but the error in areas with relatively flat terrain remains high. On the one
hand, for areas with large terrain undulations the CFD-based terrain correction factor
is more accurate than the usual correction methods; on the other hand, the influence of
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the terrain on the wind speed in real situations is very complicated, such as the mutual
influence between mountains.

Other possible sources of error include the following: Areas dominated by plains may
be more susceptible to the effects of roughness of different land-use types. In the gradi-
ent layer wind field model, when the typhoon center pressure is high and the typhoon
intensity is weak, the simulated wind speed value tends to be low.

Generally, the simulation results of the typhoon wind field model based on CFD ter-
rain correction can accurately reflect the spatial difference and range of typhoon wind
hazard factors that are vastly improved compared to the conventional typhoon wind field
model, particularly for undulating. The results of this paper can provide technical sup-
port or reference information for typhoon disaster risk assessment, loss risk assessment
and its application.

5 Conclusion

Using CFD to perform large-scale typhoon wind field simulation and calculation, we
discovered problems such as overestimation and underestimation of the wind speed in
the terrain correction method based on the building wind load specification. This paper
combines the advantages of CFD simulation of a small-scale complex terrain wind
speed field with the calculation characteristics of a large-scale terrain correction method
in wind load. We also proposed a large-scale complex terrain correction method to sim-
ulate the near-surface typhoon wind field. The main conclusions are as follows:

(1) Using CFD to simulate the wind field distribution of small-scale terrain with four
different shapes, four different slopes and two initial wind speeds, the wind speed
distribution at the peak and foot of the mountain is directly related to the slope of the
mountain, and the wind speed distribution on the slope shows similar patterns

(2) CFD simulation results for typical topographic data for statistical analysis show that
the windward foot summit point that is characterized by the leeward wind speed corre-
sponding to the foot of the topographical features, yields better indicator fitting results.
Compared with the terrain correction method in the building structure load code, the
method in this paper can more accurately describe the wind speed distribution and the
wind speed changes.

(3) For the typhoon wind field terrain correction based on CFD simulation, a larger-scale
wind field can characterize the spatial distribution and intensity differences and more
substantially improve the simulated near-surface region of the wind typhoon. Compared
with the simulation results of the typhoon wind field that ignores the influence of ter-
rain and load codes, the accuracy improves by 16.89% and 8.8%, respectively.
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