
3

1Postdoctoral Researcher, Dept. of Civil, Architectural and Environmen-
tal Engineering, Missouri Univ. of Science and Technology, Rolla, Missouri 
65409. Email: yzvxs@mst.edu

2Professor, Dept. of Civil, Architectural and Environmental Engineering, 
Missouri Univ. of Science and Technology, Rolla, Missouri 65409 (corre-
sponding author). Email: yang@mst.edu

3Professor, Disaster Prevention Research Institute, Kyoto Univ., 
Kyoto 611-0011, Japan. ORCID: https://orcid.org/0000-0002-7596-2373. 
Email: takemi@storm.dpri.kyoto-u.ac.jp

4Harold H. Short Endowed Chair Professor, Dept. of Civil and Environ-
mental Engineering, Colorado State Univ., Fort Collins, CO 80523-1372. 
Email: John.van_de_Lindt@colostate.edu

Note. This manuscript was submitted on August 28, 2025; approved on 
March 2, 2026; published online on No EPub Date XXXX XX. Discussion 
period open until No Discussion Date XX; separate discussions must be 
submitted for individual papers. This paper is part of the Journal of Structural 
Engineering, © ASCE, ISSN 0733-9445.

Wind Effects Induced by Multivortex 
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Abstract: Multivortex tornadoes contain two or more subvortices that orbit within a parent vortex and can generate highly intermittent 
and localized near-ground wind fields. This study investigates how tornado flow structure affects wind effects on a low-rise building using 
large-eddy simulations. One single-vortex tornado and three multivortex tornadoes with different subvortex configurations are examined 
by systematically varying swirl ratio. Tornado translation is modeled using a relative-motion framework in which the building traverses 
the vortex field. Aerodynamic force and moment coefficients are evaluated along the traversing path. Additional stationary simulations are 
conducted to examine repeated load amplification associated with subvortex passages. Compared with the single-vortex case, multivortex 
tornadoes produce substantially larger uplift and more complex temporal responses, characterized by multiple peak groups linked to sequential 
interactions with orbiting subvortices. Surface pressure analysis indicates a transition from wind-speed-driven suction to dominance of 
localized pressure deficits within subvortex cores. The results suggest the need to explicitly account for multivortex tornado dynamics when 
characterizing tornado-induced wind effects. DOI: 10.1061/JSENDH.STENG-15912. © 2026 American Society of Civil Engineers.

Introduction

The United States experiences approximately 1,200 tornadoes 
annually, resulting in significant casualties and property damage 
that often exceeds hurricane-related losses. In fact, extreme wind 
events such as tornadoes generate significantly different loading 
conditions compared to conventional straight-line winds due to their 
distinct flow characteristics, particularly their strong tangential 
velocity and vertical velocity components. While experimental test-
ing in low-speed boundary-layer wind tunnels remains valuable for 
understanding wind loads, recent research has expanded our under-
standing of tornado–structure interactions. Studies utilizing Ward-
type tornado simulators with small-scale building models have 
demonstrated that tornado-like vortices generate higher surface 
pressures than equivalent straight-line winds (Chang 1971; Jischke 
and Light 1983; Bienkiewicz and Dudhia 1993; Fouts et al. 2003; 
Mishra et al. 2008). Further investigations incorporating vortex 
translation have revealed its significant influence on structural wind 
loads (Sengupta et al. 2008; Haan et al. 2010).

However, these studies have primarily focused on single-vortex 
tornadoes, either single-celled or double-celled, while neglect-
ing the complex dynamics of multivortex tornadoes. Multivortex 

tornadoes, which contain two or more subvortices rotating around 
a common center, have been observed for over five decades. Fujita 
(1970) first identified “suction spots”—highly localized regions 
of intense damage—based on aerial damage surveys, which he 
later reclassified as “suction vortices” (Fujita 1981). Since then, 
numerous studies have confirmed the presence of multivortex 
structures in both observational and experimental settings (Agee 
et al. 1976; Ipauley and Snow 1988). The Spencer, South Dakota, 
tornado of 1998 provided the first direct radar evidence of such 
vortices (Wurman 1999), and subsequent Doppler radar studies 
have continued to reveal their complexity and prevalence (Wurman 
2002; Bluestein et al. 2015).

Importantly, tornadoes are not static in flow structure; a single 
tornado may alternate between single-vortex and multivortex pha-
ses during its lifecycle. Bluestein et al. (2018) observed that these 
secondary vortices—typically 1–10 m in scale—can form within 
the broader 100 m–1 km-scale parent vortex and rotate cyclonically 
around the center. These transitions are influenced by local swirl 
ratios and instability in the shear layers near the radius of maximum 
wind (Church et al. 1979; Rotunno 2013). Laboratory studies 
have shown that increasing swirl ratio promotes the formation of 
these secondary vortices (Davies-Jones et al. 2001; Lewellen et al. 
2000). Several destructive tornadoes have been identified as multi-
vortex events. The 2011 Joplin, Missouri, tornado included multiple 
subvortices, resulting in 161 fatalities and $2.8 billion in losses 
(Kuligowski et al. 2014). The 2013 El Reno, Oklahoma, tornado, the 
widest tornado on record, contained multiple condensation funnels 
and rapid vortex transitions documented by multiple radar platforms 
(Bluestein et al. 2015; Wakimoto et al. 2016). During this tornado, 
even experienced storm chasers were overtaken by unanticipated 
subvortices, highlighting the danger posed by this multivortex flow 
structure (Wurman et al. 2014). In summary, multivortex tornadoes 
are very common. However, the current research on tornadic wind 
effects or wind loading determination all assume that the tornado 
has a single vortex. This motivated the present authors to bridge this 
research gap, by studying the wind effects on a low-rise building 
induced by multivortex tornadoes and comparing it with those 
induced by single-vortex tornadoes. If the wind effects induced 

1© ASCE J. Struct. Eng.

1

2

mailto:yzvxs@mst.edu
mailto:yang@mst.edu
https://orcid.org/0000-0002-7596-2373
mailto:takemi@storm.dpri.kyoto-u.ac.jp
mailto:John.van_de_Lindt@colostate.edu
https://doi.org/10.1061/JSENDH.STENG-15912


4

by a multivortex tornado are much higher than a single-vortex tor-
nado, the assumption of the single-vortex flow structure in the code 
development of the tornado-resistant design may not be proper.

Numerical modeling studies, particularly those simulating 
laboratory-scale tornado-like vortices, have extended these insights. 
Liu and Ishihara (2015) conducted large-eddy simulations (LESs) 
of translating tornado-like vortices and demonstrated how varying 
swirl ratios influenced the formation and motion of multiple sub-
vortices. Gairola and Bitsuamlak (2019) developed a simplified 
computational fluid dynamics (CFD)-based tornado model that 
reproduced laboratory-scale tornado-like vortices and demonstra-
ted how flow characteristics depend more directly on velocity field 
parameters than on simulator geometry. Zhao et al. (2021, 2023) 
expanded on this work by systematically investigating the role of 
swirl ratio and radial Reynolds number in producing multivortex 
regimes and dynamic flow interactions near the ground. Zhang 
et al. (2023) further examined the combined influence of swirl ratio 
and aspect ratio, showing how both geometric and flow conditions 
shape the formation, intensity, and near-surface behavior of multiple 
subvortices. However, most of previous studies on multivortex 
tornadoes focused on tornado vortex structure and localized wind 
field behavior; the research on tornadic wind effects on low-rise 
buildings induced by translating multivortex tornadoes is lacking. 
In related efforts, Yuan et al. (2019) applied LES to simulate 
a laboratory tornado simulator capable of producing translating 
tornado-like flow, offering insights into the combined effects of 
swirl ratio, translation, and ground interaction. Honerkamp et al. 
(2022) numerically modeled tornado-induced flow around bluff 
bodies and showed how changes in tornadic wind flow structure 
affect pressure distributions on building surfaces.

In addition, although prior studies have characterized tornado-
induced wind loads (Case et al. 2014; Cao et al. 2018; Razavi and 
Sarkar 2021; Honerkamp et al. 2022; Li et al 2023; Dang et al. 
2023; Zhao et al. 2023), most of them have focused on a single 
type of tornado flow structure, mainly a single-vortex configuration. 
There remains limited understanding of how different tornado 
flow structures, such as single-vortex versus multivortex tornadoes 
with varying numbers of subvortices, different swirl ratios, and 
different core sizes, affect the tornado-induced wind loading on 
structures. These differences are particularly important given the 
spatial and temporal variability introduced by multiple interacting 
vortices, which can result in highly localized peak pressures and 
asymmetric force distributions. The present study addresses this gap 
by systematically studying and comparing wind-induced pressure 
and force distributions on a low-rise building subjected to four 
tornadoes with distinct flow structures—one single-vortex and three 
multivortex cases with varying subvortex configurations. This study 
will provide new insights into shortcomings in current design 
provisions that assume a single-vortex flow structure.

The primary objectives of this study are to: (1) characterize the 
near-ground wind flow features and surface pressure distributions 
associated with multivortex tornadoes using high-fidelity CFD sim-
ulations; (2) elucidate the differences in wind-effect mechanisms 
acting on a low-rise building between single-vortex and multivortex 
tornadoes, with particular emphasis on the role of orbiting subvorti-
ces in producing transient load amplification and spatially localized 
pressures; and (3) provide mechanistic insight into how tornado 
flow structure governs the magnitude, temporal variability, and 
governing modes of wind effects on low-rise buildings.

CFD Simulation Setup and Validation

In this study, the computational software ANSYS FLUENT 2021 
is used. In the authors’ previous work, the Spencer, SD, tornado of 

30 May 1998, for the stage with the flow structure of double-celled 
single-vortex, has been successfully simulated and validated by 
using the radar-measured velocity data. Based on this model, the 
boundary conditions of the computational domain are modified to 
produce a multivortex tornado (Zhao et al. 2021, 2023). In this study, 
the same cylindrical computational domain is applied to simulate a 
multivortex tornado, as shown in Fig. 1(a). The radius of the com-
putational domain is R = 800 m and the total height is (h + L) = 1,100 m. The inflow is simulated by the velocity-inlet on 
the side wall through the height of h. The outflow is set up on the 
top wall, which is considered as the pressure-outlet. A one-story, 
gable-roofed building is placed inside the computational domain 
and set up as a rigid body, as shown in Fig. 1(b). The length and 
width of the building are 20 and 10 m, respectively. The eave height 
is 5 m and the roof ridge height is 6.34 m. The orientation of this 
building with respect to the x direction is 0°, which means the long 
side of the building is parallel to the x direction. A transient, incom-
pressible CFD simulation is conducted.

Haan et al. (2010) concluded that the vortex translating speed 
had a significant influence on the magnitude of wind loads acting 
on the building, finding that slow-moving vortices produced higher 
peak pressures and forces than fast-moving vortices. Therefore, it 
is necessary to include the tornado translation in the simulation 
in order to obtain the wind effects on structures more accurately. 
Considering the difficulty of moving the computation domain with 
a moving velocity-inlet, as shown in Fig. 1(c), the numerical simu-
lation models the passage of a tornado over a stationary structure by 
introducing relative motion through a translating building beneath 
a stationary vortex. This approach has been widely adopted in both 
numerical and experimental studies to investigate tornado–structure 
interaction near the ground (Natarajan and Hangan 2012; Liu and 
Ishihara 2016; Li et al. 2019; Tang et al. 2018; Chen et al. 2023). 
While it does not capture the full three-dimensional tilt and asym-
metry of a real tornado, it provides a practical method for resolving 
the near-surface aerodynamic effects that govern structural loading. 
To accommodate this, the computational domain is divided into 
several zones, with the zone including the building as “a rigid body 
zone.” The translation of civil structure is achieved by applying a 
constant moving speed on the rigid body zone and applying the 
layering dynamic mesh technique on the two zones before and 
after the rigid body zone along the long strip, which are treated as 
deforming zones, as shown in Fig. 2. In this way, the rigid body zone 
with the building translates through the two deforming zones and the 
deforming zones are adjusted automatically. The remaining zones 
on the bottom wall are set up as “moving wall” with the same speed 
in the same direction as the building to keep the relative movement 
to the ground. The upper zone is set up as a stationary domain. As 
to the translating speed, “the average translating speed of a tornado 
is 13.4 m/s but may vary from nearly stationary to 31.3 m/s,” 
reported by the National Severe Storms Laboratory (NSSL 1995). In 
this study, the translation speed is select as 15 m/s, which is close 
to the mean value. There are two stages in the simulation: stationary 
stage, which is the duration when the tornado does not translate, 
and translating stage, which is the duration of the tornado passing 
through the building. The center of the gable-roofed building is set 
up at x = 500 m at first and then it translates along the x direction 
in the translating stage.

The mesh of the computational domain is developed in the 
software Pointwise and the hybrid mesh strategy is adopted. The 
structured hexahedral grid is adopted for almost all zones except the 
rigid body zone, as shown in Fig. 2(b), where unstructured mesh is 
applied. In the region near the ground surface and structural surface, 
where boundary layers are present, the grid inflation technique is 
applied to generate fine mesh. To be specific, 30 uniform boundary 

2© ASCE J. Struct. Eng.



5

Fig. 1. Computational domain and sketch of a rectangular gable-roofed low-rise building: (a) computational domain; (b) sketch of gable-roofed 
building; and (c) tornado translation.

Fig. 2. Simulation setup of translation: (a) horizontal view; and (b) vertical view.

layers with a growth rate of 1.2 are added on the ground while 
another 30 smooth-transition boundary layers with a growth rate of 
1.2 are added on the building surface to avoid a sudden change in 
grid size. Around the ground surface, the thickness of the first grid 
layer is 0.01 m and the y plus value is approximately 20; around the 
building surface, the thickness of the first layer is about 0.001 m and 
the y plus value is approximately 2. The total number of cells in each 
simulation is approximately 5 million.

In all these simulations, the governing equations of tornadic 
wind flow are filtered time-dependent Navier–Stokes equations. 
Assuming that momentum and mass are mainly transported by 
large eddies, the LES with the wall-adapting local eddy-viscosity 
(WALE, Cwale = 0.325) subgrid model is adopted for turbulence 
modeling (Nicoud and Ducros 1999). In the LES, the segregated 
implicit solver is used to solve the governing equations with a semi-
implicit method for pressure linked equation-consistent (SIMPLEC) 
method for pressure–velocity coupling, since the SIMPLEC scheme 
usually has a better convergence than pressure–implicit with 
splitting of operators (PISO) (Van Doormaal and Raithby 1984; 
Hangan and Kim 2008). In addition, the simulation applies the 
least-squares-cell-based scheme for gradient, which is used to dis-
cretize the convection and diffusion terms in the flow conservation 
equations, the second-order discretization scheme for the pressure 
equation, and the bounded central differencing scheme for the 
momentum convection-diffusion equation (Anderson and Bonhaus 
1994; Barth and Jespersen 1989; Leonard 1991). The bounded 
second-order implicit method with a time step of Δt = 0.02 s is 

used for time discretization in all cases for better stability. Stand-
ard sea-level atmospheric conditions [pressure = 101,325 N/m2, 
density = 1.225 kg/m3, temperature = 288.15 K, and dynamic 
viscosity = 1.789 × 10−5 kg/(s ∗ m)] are adopted at the inlet and 
outlet and considered as the initial condition for the entire compu-
tational domain. A 400 s stationary analysis is performed first to 
generate a stable tornadic wind field while the structure is placed far 
away from the tornado core region. After the initial tornadic wind flow 
is generated, the building is set to move until it passes through the 
tornado core region.

The velocity inputs at the velocity inlet for all simulated cases 
are expressed by Eqs. (1)–(3) (Zhao et al. 2021), with the unit of 
meters per second (m/s) for velocity and the unit of meters (m) for 
vertical coordinate z. They represent the tangential, radial, and ver-
tical velocity profiles along height, and they are applied on the 
velocity-inlet surface using a user define function (UDF). These 
velocity profiles are obtained based on the radar-measured data of 
the Spencer tornado

                                 ut = 20.3 z20 0.1816                                 (1)

                  ur = 49.26 z20 0.1736 − 81.37, z ≥ 20
−32.11 z20 0.1429, z < 20                  (2)
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Table 1. Case setting and the tornado parameters

Case
h

(m)
r0

(m) a
v

(m/s)
ω

(m/s) tanθ
rc

(m) S Rer

1 300 300 1.00 20.3 32.11 0.632 53 0.316 0.82 × 109
2 300 465 0.65 20.3 32.11 0.632 138 0.461 0.82 × 109
3 200 550 0.36 20.3 32.11 0.632 200 0.878 1.02 × 109
4 200 800 0.25 20.3 32.11 0.632 314 1.264 1.02 × 109

Fig. 3. Azimuthally averaged ground pressure coefficient and tangential velocity profiles: (a) ground pressure coefficient; and (b) tangential velocity.

uw = 8.84 z20 −0.075 − 0.20 z20 1.44 + 0.073z − 9.86, z ≥ 20
−0.14 z20 1.85 + 0.39 z20 2.04, z < 20 (3)

This simulation setup has been applied to simulate the Spencer 
tornado with a stationary condition that does not translate (Zhao 
et al. 2021). To further assess the simulation accuracy, the azimu-
thally averaged ground pressure coefficient (Cp) distribution for 
the single-vortex tornado (Case 1) is compared with laboratory 
measurements reported by Tang et al. (2018) and Chen et al. 
(2023). In Fig. 3, the azimuthally averaged profiles are calculated 
by discretizing the horizontal plane into a polar grid with radial 
divisions from 0 m to 800 m in 1 m increments and tangential 
divisions from 0° to 359° in 1° increments. For each radial position, 
the tangential velocity was averaged over all azimuthal angles to 
obtain a representative circumferential mean profile as a function of 
radius. This approach smooths local fluctuations while preserving 
the characteristic vortex structure of each case. The present simula-
tion captures a pronounced pressure deficit near the vortex core, 
with minimum Cp values reaching approximately −1.5. This trend 
and magnitude are highly consistent with the experimental results, 
where similar Cp deficits were observed beneath tornado-like vorti-
ces. The agreement between the numerical and laboratory profiles 
confirms the ability of the present CFD setup to reproduce realistic 
surface pressure characteristics under single-vortex conditions.

The azimuthally averaged tangential velocity profile from the 
multivortex simulation is compared to experimental particle image 
velocimetry (PIV) results by Zhang and Sarkar (2012). The nor-
malized velocity profile (vt/vtc versus r/rc) in the present study 
matches the PIV data closely, with vt/vtc ≈ 0.3 at r/rc = 0.5 and 
vt/vtc ≈ 0.6 at r/rc = 2.0. This agreement confirms the fidelity of 
the simulated near-ground vortex structure in the multivortex case. 
Collectively, these comparisons demonstrate consistency between 
the present numerical results and prior experimental findings across 
vortex structure and pressure field, laying the solid foundation for 
the following analysis of wind loading.

Tornadic Wind Fields with Different Flow Structures 
Simulated in This Study

In this study, tornadoes with four different flow structures are simu-
lated, as given in Table 1. To be specific, three multivortex tornadoes 
and a single-vortex tornado are simulated. We consider swirl ratio 
and radial Reynolds number, two nondimensional parameters that 

control the flow structure; their definitions are reviewed here. Swirl 
ratio was first introduced by Ward (1972) for a laboratory tornado 
simulator and was expressed as

                                  S = r0M2Q
= tanθ2a                                   (4)

where Q = volume flow rate; M = circulation at the outer wall; r0 = 
radius of convergent area; a = h/r0, which is also known as the 
aspect ratio; h = height of flow inlet; and θ = angle of inflow to the 
radial direction at flow inlet. In this study, the second expression in 
Eq. (4) is adopted to calculate the swirl ratio of different simulated 
cases, because it is easy to change and control during initial 
setup. Herein, r0, h, θ are taken as the radius of the pressure outlet, 
the height of velocity inlet, and the inflow angel. Radial Reynolds 
number is defined as                                                                        

                                        Rer = ρQ
μh

                                        (5)

where ρ = density, and μ = dynamic viscosity.                                
Previous studies have shown that increasing the swirl ratio 

can cause a tornado-like vortex to transition from a single-vortex 
structure to a multivortex structure (Ward 1972; Davies-Jones 1973; 
Church et al. 1979; Lewellen et al. 2000; Zhao et al. 2023). From 
Case 1 to Case 4, the swirl ratio is gradually increased to generate 
different tornado flow structures. The selected swirl ratios are 
based on the authors’ previous studies (Zhao et al. 2021, 2023), 
which systematically examined the influence of swirl ratio and 
radial Reynolds number on vortex structure and wind characteris-
tics in tornado-like flows. These studies identified characteristic 
thresholds associated with transitions between single-vortex and 
multivortex regimes.

Four representative cases are considered in the present study. 
Case 1 represents a single-vortex tornado. Cases 2 and 3 represent 
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Fig. 4. Streamline, contour of static pressure and tangential velocity distribution on a horizontal plane of four simulated tornadoes: (a) Case 1; 
(b) Case 2; (c) Case 3; and (d) Case 4.                                                                                                                                                                             
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Table 2. Turbulence intensity at the core radius for different tornado 
flow structures
Case Vhor_mean Vhor_std TIhor Vtotal_mean Vtotal_std TItotal

1 109.85 22.00 0.20 110.20 22.00 0.20
2 70.87 13.24 0.19 71.03 13.22 0.19
3 44.84 13.80 0.31 45.01 13.54 0.30
4 32.41 14.54 0.45 32.45 14.54 0.45

9

small multivortex tornadoes with two and four subvortices, respec-
tively. Case 4 represents a larger multivortex tornado with four 
subvortices. This selection enables comparison across a range of 
swirl ratios associated with different vortex structures. The authors’ 
previous stationary simulations, Case 2, with a swirl ratio of 0.461, 
produced a double-celled single-vortex structure near the threshold 
of vortex breakdown. In the present study, tornado translation is 
introduced through the moving ground and the civil structure. Under 
these conditions, the same swirl ratio results in the formation of 
two subvortices, indicating a transition to a multivortex tornado. 
This result is consistent with previous observations that tornado 
translation can locally increase the effective swirl ratio and promote 
multivortex breakdown (Diamond and Wilkins 1984).

Streamlines and pressure contours on a horizontal plane at a 
height of 5 m are shown in Fig. 4 to illustrate the resulting flow 
structures. In Case 1, a single vortex forms at the center of the com-
putational domain, and the maximum pressure deficit occurs at the 
vortex center. In Cases 3 and 4, four subvortices are observed in the 
central region. These subvortices rotate about their own centers 
while orbiting within the larger vortex. The maximum pressure def-
icit occurs at the center of each subvortex rather than at the center 
of the overall vortex. In Case 2, two subvortices are observed within 
a smaller central region. These observations are consistent with the 
authors’ previous findings (Zhao et al. 2021). The azimuthally aver-
aged tangential velocity distributions along the radial direction on 
the same horizontal plane are also presented in Fig. 4. From Case 1 
to Case 4, the core radius of the overall vortex increases, while the 
maximum tangential velocity decreases. For multivortex tornadoes, 
the core radius is defined as the radius at which the maximum azi-
muthally averaged tangential velocity occurs. The maximum veloc-
ity in each case is used to calculate the aerodynamic force and 
moment coefficients in the following section.

Turbulence intensity at the core radius in each case is evaluated 
using the instantaneous velocity records of the horizontal resultant 
speed Vhor and the total speed Vtotal. As summarized in Table 2, the 
single-vortex case (Case 1) exhibits a moderate turbulence intensity 
TIhor = 0.2, while the turbulence intensity slightly decreases in 
Case 2 following the transition to a weak multivortex structure. 
With further increases in swirl ratio and more developed multivortex 
breakdown (Case 3), turbulence intensity increases significantly. 
The highest turbulence intensity is observed in Case 4, where 
TIhor equals 0.45, indicating strong velocity fluctuations related 
to the reduced mean wind speed at the expanded core radius. 
Similar trends are observed for TItotal. For multivortex tornadoes, 
turbulence intensity increases with swirl ratio.

Wind Effects of a Multivortex Tornado on a Low-
Rise Building

Total Forces/Moments Acting on the Entire Building

To quantify tornado-induced loading on the entire building, instan-
taneous force and moment coefficients are extracted as the building 

translates across the tornado from one side to the other. The 
internal pressure is prescribed as the far-field absolute pressure at 
r = 800 m and is held constant during the passage. This approach 
does not account for distributed leakage, transient pressurization 
effects, or other internal pressure dynamics; therefore, the net uplift 
coefficients reported here may be conservative. While the high 
uplift coefficients observed here are consistent with the potential for 
roof damage in tornado events, it should be noted that the lack of 
a discharge-based internal pressure model in this simulation may 
result in conservative estimates of uplift forces.

The total forces and moments exerted on the building are 
obtained by integrating the static pressure over the building enve-
lope. Then, the force coefficients along the x, y, and z axes [see 
Fig. 1(b)] and the moment coefficients about the three axes are 
calculated as follows:

                 CFx = Fx12ρV2S , CMx = Mx12ρV2Sh
                 (6)

                    CFy = Fy12ρV2S , CMy = My12ρV2Sh
                    (7)

                    CFz = Fz12ρV2S , CMz = Mz12ρV2Sb
                    (8)

where Fx, Fy, Fz = total forces along the x, y, z axes, Mx, My, Mz = 
total moments about the x, y, z axes at the building center (see 
Fig. 1 for the direction of each axis), ρ = air density, V  = reference 
velocity of each tornado, S = projected area normal to the y direc-
tion, h = height of roof ridge, b = longer dimensions of the building, 
and V  = reference velocity. For a tornadic wind field, it is tricky to 
determine the averaging duration (e.g., 3 s, 1 s, or less) of wind 
velocity for reference velocity, as tornadic wind flow is highly tran-
sient, especially when the tornado translates. The averaging dura-
tion still remains an ongoing topic of discussion in the wind 
engineering and meteorological communities. To avoid the debate 
on the averaging duration, in this study, the azimuthally averaged 
tangential velocity at the radius where the maximum tangential 
velocity is obtained at the building eave height is the reference 
velocity.                                                                                            

Fig. 5 presents the force and moment coefficients versus the rel-
ative distance between the building and the tornado center. Positive 
distance denotes the approach side (building moving toward the 
center) and negative distance denotes the departure side; the same 
convention is used throughout Section 4. The two red vertical lines 
mark the core radius calculated estimated from the azimuthally 
averaged tangential velocity profile presented in Fig. 4. As shown 
in Fig. 5(a), as the building approaches the tornado center (the 
translating direction is from positive x to negative x), the force 
coefficients gradually increase and reach the first peaks 
(CFx =−0.56 at x = 57.7; CFy = 1.51 at x = 55.3; CFz = 4.01 at 
x = 55.9). After the building passes the core radius and approaches 
the tornado center, the absolute values of all three force coefficients 
decrease gradually with the decreasing relative distance to the tor-
nado center. After the building passes the tornado center, these val-
ues switch to increase with increasing relative distance and reach 
the peaks when the building reaches the core radius on the other 
side of the tornado (CFx = 0.63 at x =−61.9; CFy =−1.22 at 
x =−65.2; CFz = 3.46 at x =−63.1). The sign reversal of CFx
indicates that the net horizontal force component is directed toward 
the tornado center on each side of the path, while CFy reverses con-
sistently with the tangential flow direction of the counterclockwise 
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Fig. 5. Coefficients of forces and moments acting on the low-rise building induced by the four different tornadoes: (a) Case 1; (b) Case 2; 
(c) Case 3; and (d) Case 4.                                                                                                                                                                                                
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Fig. 6. Azimuthally averaged pressure coefficient profiles as a function of radial distance: (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.

vortex (Northern Hemisphere). Between 129.1 and −139.8 m
(about 5.4 times of core radius), CFz remains positive (pointing 
upward, along the positive z direction), reflecting sustained roof 
suction from both the tornado pressure deficit and aerodynamic 
effects. The obtained peak value of CFz is consistent with the repor-
ted experimental results (Haan et al. 2010; Chen et al. 2023). Uplift 
dominates the net loading, consistent with roof failure being a com-
mon tornado damage mechanism and contrasting with straight-line 
winds where along-wind drag typically governs (Bluestein and 
Golden 1993; Karstens et al. 2013).

Fig. 5(b) shows that the overturning moments CMx and CMy
vary similarly to CFy and CFx, respectively, because overturning 
moments are driven primarily by the corresponding horizontal 
forces. Both moments change signs as the building crosses the 
vortex center, which indicates that the applied wind loads tend 
to cause the building to overturn toward the tornado center. The 
torsional moment coefficient CMz is negligible in Case 1 because 
the surface pressure field is nearly symmetric. Consistent with the 
force results, the largest moment coefficients also occur near the 
core radius.

Figs. 5(c–h) show that the multivortex cases follow the same 
overall dependence on distance but with markedly more intermittent 
loading. Two groups of peaks occur, indicating sequential encoun-
ters with two subvortices as they orbit within the overall vortex. 
Each peak group resembles the Case 1 signature (including sign 
changes of CFx and CFy as the building crosses a vortex center) 
but is compressed in distance and duration because the subvortex 
core is much smaller (e.g., Case 4 compared with Case 1). Between 
the two peak groups, the coefficients remain small even though 
the building is within the core of the overall vortex. To clarify 
this observation, Fig. 6 presents the azimuthally averaged pressure 

coefficient profiles as a function of radial distance for each case. 
In Case 1, the pressure coefficient decreases continuously toward 
the tornado center, reaching its minimum at the vortex center. 
By contrast, in multivortex tornado cases, the minimum pressure 
coefficient occurs at an intermediate radius corresponding to the 
location of the subvortex center, and the pressure near the center of 
the overall vortex is relatively higher. This pattern indicates that the 
most severe local suction forces in a civil structure are governed by 
the proximity of a subvortex core rather than by the overall vortex 
center. In addition, multivortex tornadoes also amplify peak loads: 
the peak uplift coefficients in Cases 2–4 are approximately 1.54, 
1.50, and 1.75 times those in Case 1, and CFz,max exceeds 6 in all 
multivortex cases.

Fig. 7 presents the 3 s averaged uplift coefficient time histories 
obtained from stationary simulations with the building fixed at the 
tornado core radius for Cases 1–4. In the single-vortex case (Case 
1), the peak 3 s averaged uplift coefficient is relatively modest, about 
2.84, reflecting a relatively steady loading environment dominated 
by the main vortex core. In contrast, the multivortex cases exhibit 
substantially larger peak 3 s averaged uplift coefficients associated 
with the repeated passage of subvortices near the building. For 
Cases 2 and 3, the peak 3 s averaged uplift coefficients increase to 
3.21 and 3.68, respectively, but the lowest ones also decrease below 
2, indicating transient load amplification as individual subvortices 
interact with the building. Case 4 produces the largest uplift coeffi-
cient, with a peak of 7.03, more than twice that of the single-vortex 
case. The increase in the peak 3 s averaged uplift coefficients from 
Case 1 to Case 4 further demonstrates that higher swirl ratios and 
more developed multivortex structures intensify uplift loads on the 
building. It is noted that in multivortex tornadoes, the rotation of 
subvortices around the tornado center, their relative location with 
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Fig. 7. Time histories of 3 s averaged uplift coefficient at the tornado core radius. (Note: The spikes in the last two figures indicate when a subvortex 
passes the measurement point.)

respect to the building, as well as their own unstable and varying 
structure introduce strong uncertainties in the loading process, 
making it challenging to quantify the impact of a multivortex 
tornado on the building.

What causes the significant increase in the magnitude of the 
peak values of CFz under the multivortex tornado? This can be 
explained by the unique characteristics of wind flow in multivortex 
tornadoes. Inside a multivortex tornado, each subvortex not only 
rotates around its own center but also swirls along the core radius of 
the overall vortex. The significant atmospheric pressure drop does 
not occur at the center of the overall vortex; instead, it occurs at 
the center of each subvortex, which is very close to the location 
of the maximum wind speed (at the core radius of the subvortex). 
These two locations are very close to each other due to the small 
size of a subvortex. Accordingly, when the subvortex attacks the 
building, the action on the building should be the superposition of 
the maximum negative pressure due to atmospheric pressure drop 
and the aerodynamic force due to the maximum wind speed. On the 
contrary, in the single-vortex tornado, the significant atmospheric 
pressure drop occurs at the tornado center, while the aerodynamic 
force due to the maximum wind speed occurs at the core radius. 
These two locations are relatively far away from each other and thus 
the superposition may not be that important.

It should be noted that despite lower peak values, the total 
wind load impulse (time-integrated force) in the single-vortex 
tornado may be comparable to or even exceed that of multivortex 
tornadoes. This is due to the sustained high CFz values across the 
entire core region in single-vortex tornadoes, compared to the more 
intermittent, localized peaks in multivortex cases. Furthermore, the 
selection of appropriate reference velocity becomes particularly 

critical when evaluating multivortex tornadoes, since they exhibit 
significant spatial and temporal velocity fluctuations due to the 
presence of subvortices. This velocity variability poses challenges 
for calculating normalized force coefficients that accurately repre-
sent the wind loading effects.

Pressure Distribution on Building Surface and Flow Field 
around Building

To link the global force coefficients to local flow features, surface 
pressure and surrounding flow fields are examined at the instant 
of peak uplift (CFz,max) in each case. Fig. 8 presents surface 
pressure coefficient distribution on the building, while Figs. 9 
and 10 show horizontal-plane velocity magnitude and pressure 
coefficient contours with streamlines at z = 2 m. Fig. 11 presents 
the corresponding vertical flow structure on the xz plane (y = 0 m). 
The pressure coefficient is defined as

                                     Cp = p − p∞12ρV2                                      (9)

where Cp = pressure coefficient, p = static pressure, and p∞ = 
environmental pressure at the radius of 800 m.                               

Fig. 8 presents a substantial increase in both the magnitude 
and the spatial range of surface pressure coefficients at the instant 
of peak uplift. In the single-vortex case (Case 1), the surface 
pressure coefficient varies from approximately Cp,min =−2.44 to 
Cp,max = 0.72 (ΔCp = 3.16). In contrast, the multivortex cases 
exhibit much stronger suction and larger pressure gradients: Case 
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Fig. 8. Pressure coefficients on the low-rise building induced by the four different tornadoes: (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.

2 reaches Cp,min =−8.16 and Cp,max = 1.50 (ΔCp = 9.67), Case 3 
reaches Cp,min =−6.49 and Cp,max = 3.16 (ΔCp = 9.65), and Case 
4 reaches Cp,min =−9.89 with Cp,max =−0.13 (ΔCp = 9.77). Rel-
ative to Case 1, the maximum suction intensifies by factors of 
approximately 3.35 (Case 2), 2.66 (Case 3), and 4.06 (Case 4). Nota-
bly, at the peak-uplift instant in Case 4, the entire building envelope 
remains under suction (Cp,max < 0), indicating that positive stagna-
tion pressures are suppressed and the loading is dominated by the 
tornado pressure deficit and localized subvortex-induced suction. 
These quantitative differences in surface pressure magnitude are 
consistent with the larger uplift coefficients reported in Section 4.1 
for the multivortex tornadoes. In the single-vortex tornado (Case 
1), the roof is dominated by negative pressure (suction), with the 
largest magnitudes near roof edges [Fig. 8(a)]. The windward lower 
wall exhibits positive pressure from the approaching flow, while 
the leeward wall and roof exhibit suction due to separation and 
the large-scale tornado pressure deficit [Figs. 9(a) and 10(a)]. This 
pressure pattern produces a net horizontal force aligned with the 
tangential flow (CFy) and directed toward the vortex center (CFx), 
and a dominant uplift force (CFz).

In the multivortex cases, the pressure field becomes less sym-
metric and more localized. Suction patches concentrate on limited 

roof areas and on one sidewall when a subvortex core passes near 
the building [Figs. 8(b–d)], which contributes to the sharp peaks 
observed in the profile of force coefficients. Case 2 retains a pattern 
similar to Case 1 but with reduced symmetry. In Cases 3 and 
4, localized pressure deficits associated with the subvortex core 
and the strongly unsteady near-ground flow produce substantial 
differences between opposite faces. Because tangential velocity 
reverses on the inner side of a subvortex, the approaching flow can 
appear on different faces depending on the instantaneous subvortex 
position [Figs. 9(b–d)]. As a result, windward and leeward regions 
shift rapidly and the net horizontal force tends to align toward the 
local subvortex center, consistent with the sign changes of CFx
and CFy. For larger subvortices (Case 4), the strong background 
pressure deficit and accelerated near-wall flow reduce positive 
windward pressures and can render them negative.

To quantify the relative roles of the tornado (or subvortex) 
pressure deficit and the local aerodynamic response of the build-
ing, the minimum surface pressure coefficient is decomposed as 
Cp = Cp, de f icit + Cp, dyn, where Cp, de f icit is estimated from the 
pressure coefficient in the flow field immediately surrounding 
the building, and Cp, dyn represents the remaining contribution 
associated with local flow acceleration and separation. Using 
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Fig. 9. Resultant velocity contour with streamlines around the building at the elevation of 2 m in four different tornadoes (horizontal view): 
(a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.                                                                                                                                                           

Cp, de f icit =−0.60, −2.03, −5.36, and −6.20 for Cases 1–4, respec-
tively, and the corresponding minimum surface pressure Cp (maxi-
mum absolute value) from Fig. 8, the pressure-deficit contribution 
accounts for approximately 25% of the peak suction in Cases 1 and 2 
but increases to 83% in Case 3 and 63% in Case 4. These results indi-
cate that peak suctions in the multivortex cases are increasingly gov-
erned by the localized pressure deficit of a nearby subvortex core, 
whereas in the single-vortex and transitional cases a large fraction 
of the suction is produced by the local aerodynamic response driven 
by the near-wall velocity field. This decomposition is approximate 
because the “dynamic” term aggregates both velocity-driven pres-
sure changes and building-induced flow separation; nevertheless, it 
provides a quantitative measure of how the governing mechanism 
shifts from wind-driven suction to subvortex-core deficit as the flow 
transitions to multivortex structure.

As shown in Fig. 11, the vertical flow structure also differs 
between the single-vortex and multivortex cases. In Case 1, inflow 
from the inner and outer regions converges above the building and 
forms a coherent updraft over the roof. In the multivortex cases, the 
flow is influenced by subvortex circulation and exhibits more com-
plex vertical motion. With increasing swirl ratio, the outer-region 
inflow weakens relative to the near-core flow, and the combined 
local flow near the building becomes more outward directed; Case 
4 shows pronounced redirection of the near-roof flow, including 
backward and upward motion. Consistent with these observations, 
peak velocities occur mainly near the roof in Case 1 but shift toward 
the sidewalls in the multivortex cases. These differences imply 
distinct mechanisms for roof suction. In the single-vortex case, 
negative roof pressures arise primarily from large-scale acceleration 
and separation over the roof. In the multivortex cases, negative 
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Fig. 10. Pressure coefficient contour around the building at the elevation of 2 m in four different tornadoes: (a) Case 1; (b) Case 2; (c) Case 3; and 
(d) Case 4.

roof pressures reflect a combination of near-wall acceleration, and 
the intense pressure deficit within subvortex cores. Together, these 
effects explain the larger peak uplift coefficients and increased 
variability observed for the multivortex tornadoes.

Effect of Angle of Attack on Aerodynamic Forces 
and Moments

To investigate the influence of building orientation on tornado-
induced aerodynamic loading, more cases with a range of angles 
of attack (AOA) are simulated. Unlike the translating cases used in 
the previous sections, a stationary tornado configuration is adopted 
for the angle-of-attack analysis in order to isolate the influence 
of building orientation from the influence of tornado translation. 
The analysis is conducted for a representative multivortex case, 

Case 3, with the building placed at the core radius of the overall 
vortex, where strong velocity gradients and intermittent loading 
are expected. The AOA is defined as the counterclockwise rotation 
of the building from the global x axis, with 0° corresponding to 
alignment of the building’s long side with the x-direction. The AOA 
is varied from −75° to +90° in 15° increments. For each orientation, 
time histories of aerodynamic forces and moments are obtained 
over a total duration of 180 s, and the first 60 s are discarded 
to remove initial transients. All statistical metrics are evaluated 
over the remaining 120 s. The force and moment coefficients are 
computed using the definitions given in Eqs. (6)–(8).

Fig. 12 presents the variation of the uplift coefficient CFz with 
AOA, where three metrics are shown for each orientation: the 
instantaneous maximum value, the 99th percentile, and the peak 
value of the 3 s moving-average time history of CFz. The results 
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Fig. 11. Wind flow structures around the low-rise building in four 
different tornadoes (vertical view): (a) Case 1; (b) Case 2; (c) Case 3; 
and (d) Case 4.

suggest that CFz is strongly dependent on building orientation. All 
three metrics exhibit a consistent variation trend with AOA and 
reach their maximum values at approximately +15°, demonstrating 
that the governing orientation for uplift is robust and not sensitive 
to the choice of metric. The instantaneous maximum values are 
consistently much higher than the corresponding percentile-based 
and duration-averaged metrics, reflecting the presence of short-
duration extreme events.

Fig. 13 shows the corresponding variation of the torsional moment 
coefficient CMz with AOA. In contrast to CFz, CMz exhibits a markedly 
different AOA. The largest CMz values occur at negative AOA, with 
peak values observed near −60°, depending on the metric considered. 
The instantaneous maximum CMz show particularly strong sensitivity 
to AOA, while the 99th percentile and 3 s peak metrics show that 
the observed trend is not dominated by a single isolated spike. These 
results demonstrate that the AOA producing the maximum torsional 
response does not coincide with that producing the maximum uplift 
response, indicating that different structural limit states may govern at 
different orientations under tornado loading.

To illustrate the transient nature of the aerodynamic loading 
and to provide physical context for the statistical metrics, Fig. 14 
presents time histories of the uplift and torsional moment coeffi-
cients of a representative case (an AOA of 0°). Both coefficients 
exhibit intermittent, short-duration peaks superimposed on a lower 
background level. These fluctuations are attributed to the passage 
of subvortices relative to the translating tornado core, which locally 
intensifies the pressure and velocity fields around the civil structure. 
Such intermittent events contribute to the instantaneous peak coeffi-
cients and explain the observed differences between instantaneous, 
percentile-based, and duration-averaged metrics. The time-history 
behavior further supports the need to consider multiple metrics 
when evaluating angle-of-attack effects in tornado-induced loading.

Overall, the results demonstrate that building orientation plays 
a critical role in determining both the magnitude and the governing 
mode of aerodynamic loading in tornado wind fields. While uplift 
and torsion are both strongly affected by angle of attack, they reach 
their peaks at different orientations, underscoring the importance 
of considering a range of angles when assessing tornado-induced 
wind loading.

Conclusions

This study examines the wind effects induced by a multivortex 
tornado acting on a low-rise building using large-eddy simulations. 
One single-vortex tornado and three multivortex tornadoes with 
increasing swirl ratios are investigated. The results show that 
multivortex tornadoes produce wind effects that are fundamentally 
different from those induced by a single-vortex tornado. For the 
multivortex tornadoes, the building experienced multiple distinct 
peaks in uplift and horizontal forces as individual subvortices 
passed nearby, whereas the single-vortex tornado produced a 
smoother and more spatially distributed loading pattern. Along 
the translating path, peak uplift coefficients in the multivortex cases 
increase by approximately 1.5–1.75 relative to the single-vortex 
case, demonstrating clear amplification associated with subvortex 
interactions. Meanwhile, the continuous rotation of subvortices 
around the tornado center causes very high turbulence intensity 
near the core radius and their relative motion with respect to the 
building introduces strong nonstationariness, making it difficult to 
characterize multivortex tornado impacts.

Analysis of surface pressure distributions reveals a pronounced 
shift in the governing suction mechanism with tornado structure. 
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Fig. 12. Effect of angle of attack on uplift coefficient CFz.

Fig. 13. Effect of angle of attack on torsional moment coefficient CMz.

Fig. 14. Representative time histories of uplift and torsional moment coefficients at 0° angle of attack.

In the single-vortex tornado, a large portion of roof suction is 
associated with local aerodynamic effects driven by near-wall flow 
acceleration. In contrast, in the multivortex cases, peak suction 
is dominated by the intense pressure deficit within the subvortex 

cores, leading to stronger and more spatially concentrated negative 
pressures. In the largest multivortex case (with the highest swirl 
ratio), the entire building envelope remained under suction at the 
peak-uplift instant. In addition, the angle-of-attack analysis further 
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shows that the building orientation affects wind effects significantly 
in the multivortex case, and that the orientations producing the 
maximum uplift and the maximum torsion do not coincide.

Overall, the simulation results demonstrate that subvortex flow 
structure plays a critical role in governing wind effects on low-rise 
buildings. The reported peak values should be interpreted as mech-
anistic indicators of potential load amplification associated with a 
subvortex attacking the building. A multivortex tornado’s potential 
to generate more severe and complex loading conditions than the 
single-vortex tornado suggests the need for future studies to explic-
itly account for multivortex tornado dynamics when characterizing 
tornado-induced wind effects.

Limitations and Future Work

While the relative-motion approach adopted in this study provides 
a practical and validated framework for examining tornadic wind 
effects on low-rise buildings, it has several inherent limitations. By 
translating the building beneath a stationary tornado-like vortex, 
the simulation captures the relative passage of the tornado near the 
ground but does not account for possible tilt of the tornado core, 
asymmetric inflow associated with the parent storm, or vertical 
evolution of the vortex during translation. These effects may alter 
the flow field at higher elevations and influence load distributions on 
tall structures.

Accordingly, the present modeling approach is most appropriate 
for low-rise buildings, where near-ground wind fields and localized 
vortex–structure interactions govern loading behavior. Extension of 
this approach to high-rise buildings would require explicit modeling 
of a fully translating and potentially tilted tornado vortex.
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