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Abstract 

It is well known that tornadoes passing over fields can cause significant damage 

to crops, and tornado tracks of fallen, or lodged, crops can extend for many 

hundreds of metres. An examination of photographic evidence of such events 

suggests that, at least for low speed EF0 / EF1 events, lodging occurs beneath 

tornadoes primarily due to a strong radial flow (rather than circumferential flow) 

at the canopy surface. In order to investigate this effect further, a simple model of 

a tornado has been developed which, whilst fully satisfying the three dimensional 

Euler equations, models a circumferential flow at the edge of the tornado 

boundary layer near the ground, which becomes a radial flow as the ground is 

approached. This model is then used in a recently developed generalised model of 

lodging to predict lodging track widths and crop fall directions. It is shown that, 

when expressed in a suitably normalised form, both lodging width and crop fall 

direction are functions of a normalised translational velocity and a normalised 

crop lodging velocity. The lodging patterns are of two forms – a forward 

convergence (FC) where the cropfall converges on the tornado track in a forward 

direction, and a backward convergence (BC) where the convergence is in the 

opposite direction to tornado translations. Regions of FC and BC in the normalised 

parameter plane are calculated. These patterns are very similar to those observed 
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in the field, which gives some confidence in the nature of the model. The model is 

then used to investigate the sensitivity of lodging width to crop and tornado 

parameters, and also to carry out a risk analysis to determine the probability 

distributions of lodging width for specified distributions of crop and tornado 

parameters.  

 

Keywords – Cropfall, Tornado damage, Sensitivity analysis, Risk Analysis 
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Notation 

𝑎𝑎   Crop stem radius (m) 

𝐴𝐴𝐶𝐶𝐹𝐹   Crop drag area per plant (m2) 

𝑓𝑓𝑛𝑛   Crop natural frequency (Hz) 

𝐹𝐹   Weibull PDF 

𝑔𝑔   Acceleration due to gravity (m/s2) 

𝑘𝑘   Weibull shape parameter 

𝐾𝐾   Tornado parameter 

𝑃𝑃   Tornado pressure (Pa) 

𝑃𝑃�   𝑃𝑃/𝜌𝜌𝑉𝑉𝑚𝑚2 

𝑄𝑄   Tornado translational velocity (m/s) 

𝑄𝑄�    𝑄𝑄/𝑉𝑉𝑚𝑚 

Q�   Q�/𝐾𝐾 

𝑟𝑟   Radial distance from centre of vortex (m) 

𝑟𝑟𝑚𝑚   Value of 𝑟𝑟 at which circumferential velocity is a maximum (m) 

�̅�𝑟   𝑟𝑟/𝑟𝑟𝑚𝑚 

𝑅𝑅   Asymmetry parameter  

𝑡𝑡   Crop wall thickness (m) 

𝑈𝑈   Tornado radial velocity (m/s) 

𝑈𝑈𝑚𝑚   Maximum value of  𝑈𝑈 (m/s) 

𝑈𝑈�   𝑈𝑈/𝑉𝑉𝑚𝑚 

𝑉𝑉   Tornado circumferential velocity (m/s) 

𝑉𝑉𝑚𝑚   Maximum value of  𝑉𝑉 (m/s) 

𝑉𝑉�    𝑉𝑉/𝑉𝑉𝑚𝑚 

𝑊𝑊   Tornado vertical velocity (m/s) 
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𝑊𝑊�    𝑊𝑊/𝑉𝑉𝑚𝑚 

𝑥𝑥   Distance in tornado translation direction (m) 

�̅�𝑥   𝑥𝑥/𝑟𝑟𝑚𝑚 

𝑋𝑋   Plant centre of gravity height (m) 

𝑦𝑦   Distance normal to tornado translation direction (m) 

𝑦𝑦�    𝑦𝑦/𝑟𝑟𝑚𝑚 

𝑧𝑧   Vertical distance above ground level (m) 

𝑧𝑧𝑚𝑚   Value of 𝑧𝑧 at which circumferential velocity is a maximum (m) 

𝑧𝑧̅   𝑧𝑧/𝑧𝑧𝑚𝑚 

 

𝛾𝛾   Vortex constant 

𝛿𝛿   𝑧𝑧𝑚𝑚/𝑟𝑟𝑚𝑚 

Δ   Lodging width (m) 

Δ�   Δ/𝑟𝑟𝑚𝑚 

Δ�∗   Δ�  on positive side of convergence line 

𝜃𝜃   Angle of radial flow from x direction (rad) 

𝜙𝜙   Wind direction from x direction (rad) 

𝜆𝜆   Weibull scale parameter 

𝜌𝜌   Density of air (kg/m3) 

𝜎𝜎   Crop stem strength (Pa) 

𝜔𝜔𝑛𝑛   2𝜋𝜋𝑓𝑓𝑛𝑛 (rad/s) 

Ω   Total wind velocity (m/s) 

Ω�   Ω/𝑉𝑉𝑚𝑚 

Ω�   Ω�/𝐾𝐾 

Ω𝐿𝐿   Lodging velocity (m/s) 
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Ω�𝐿𝐿  Ω𝐿𝐿/𝑉𝑉𝑚𝑚  

Ω�𝐿𝐿   Ω�𝐿𝐿/𝐾𝐾 
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1. Introduction 

Lodging, the permanent displacement of cereal crops from the vertical due to the 

interaction of wind and/or rain, can affect yield loss, increase harvesting costs, 

reduce grain quality and decrease nutrient density (Berry et al., 2004).  The cost 

of lodging can be considerable. For example, the combined costs of maize lodging 

in Mexico, Pakistan and China are estimated to be ~£600million every year (Berry, 

2019).  Thus, lodging has the potential to impact considerably on the economic 

development of countries and has a somewhat disproportionate effect on low and 

middle-income countries.  

In general, there are two types of lodging: root lodging and stem lodging.  The 

former occurs when the plant’s displacement is due to failure at the root/soil 

interface, whilst the latter is due to failure of the plant’s stem. A considerable 

degree of research has been undertaken into this phenomenon, mainly from an 

agricultural perspective (Pinthus, 1973; Neenan and Spencer-Smith, 1975; 

Thomas, 1982; Berry, 1998; Berry et al., 2000; White 1991; Fischer and Stapper, 

1987 to name but a few).  However, since 1995 a group of engineers and biologists 

have combined to tackle this multi-disciplinary challenge and have not only 

developed a model which correctly represents the physics of lodging process 

(Baker, 1995; Baker et al., 2014) but have also calibrated this model through field 

experiments relating to different crops (Sterling et al., 2003; Sterling et al., 2018). 

Perhaps not too surprisingly, attention has been focused on tropical or extra-

tropical cyclones with a horizontal length scale of the order of 1000km, since these 

types of winds are generally considered to be responsible for the majority of 

lodging events. However, it has been recognized that non-cyclonic winds, in 

particular tornadoes, also cause both crop lodging and tree fall and that such 
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events can potentially be used as indicators of tornado wind speed – see Holland 

et al., (2006); Karstens et al., (2013); Lombardo et al., (2015); Rhee and Lombardo, 

(2018).  

The tornado induced tree fall research studies have a number of points in 

common. They all use a tornado vortex model based on a translating Rankine 

vortex (i.e. forced vortex in the core, and free vortex outside the core). Usually a 

discontinuity in velocity gradient occurs where these two vortex formulations 

meet. Mechanical tree models of varying degrees of complexity are used that allow 

trunk breakage wind speeds to be determined, and tree fall directions are 

calculated as the tornado passes over an array of trees. Because trees are damaged 

or blown over at relatively high wind speeds, EF2 and EF3 tornadoes are usually 

considered in such analyses. In addition, the properties (mainly the height) of 

trees can be spatially variable, which will affect the breakage velocity in a spatially 

random way, and this has been allowed for in some models. These studies have 

revealed the basic tree fall patterns during tornado winds and have been 

compared with observed events.  

Similar to the tree fall analysis outlined above, lodging in crops, particularly maize, 

has also been used to provide an insight into the strength of tornadoes, albeit to a 

lesser extent (Forbes and Wakimoto, 1982; Rhee and Lombardo, 2018). Such 

lodging will occur at significantly lower wind speeds (EF0 and below, i.e. less than 

65mph / 30ms-1). Whilst it is of interest to use maize damage tracks to estimate 

wind speeds, it is of less practical engineering use than is the case for trees, as EF0 

tornadoes pose little risk to infrastructure. Such estimations may, however, be of 

considerable climatological interest. Potentially maize damage calculations could 

also be used to assess lodging risk and to thus estimate the potential yield losses, 
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and to assess what could be done to reduce these losses by changing plant 

mechanical and aerodynamic characteristics through appropriate breeding 

programmes. 

The aim of this paper is thus to develop a model of the tornado lodging process 

which appropriately represents the physics of both tornadoes and lodging, and to 

use this model   

• to investigate the relative importance of different crop agronomic 

parameters on the lodging process; 

• to derive estimates of the probabilities of lodging risk, based on cumulative 

distribution functions of lodging track width; 

• to investigate whether lodging track widths can be used to estimate near 

ground tornado velocities. 

In section 2, we briefly outline the important aspects of the lodging model 

developed by Baker et al (2014). In Section 3 we then consider qualitative 

photographic evidence of tornado storm tracks through crops, which, it will be 

seen, gives insights into the type of tornado modelling required.   Section 4 then 

sets out the tornado model that will be used. An overall tornado-lodging model is 

then developed in section 5 to predict lodging width, set out in a dimensionless 

format. This reveals the major parameters, and how the lodging patterns vary as 

these parameters change. Section 6 presents the results of a sensitivity analysis 

using this method to investigate how the various crop agronomic and tornado 

parameters affect lodging width. Section 7 then considers the calculation of 

lodging risk, and the results are briefly discussed and some concluding comments 

made in section 8.  
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2. The lodging model 

In this paper we use the generalized lodging model of Baker et al., (2014). This 

models a field of crops as an array of vertical cantilevers with point masses 

representing the roots and the canopy. A fluctuating wind is considered to act on 

the top of the canopy and the resultant stem and root bending moments and 

displacements are calculated using conventional dynamic methods.  Stem lodging 

is taken to occur when the stem bending moment exceeds the stem strength, and 

root lodging when the bending moment at the stem base exceeds the root / ground 

strength. The method requires that a range of crop, soil and meteorological 

parameters be specified. The model, and its predecessors, have been shown to 

reproduce the dynamic behaviour of a range of crops (Berry et al., 2003, 2004) 

and allowed the crop and soil parameters that most affect lodging to be identified. 

The model’s ability to accurately assess the lodging behaviour of a range of crops 

has also been demonstrated. 

Here we adapt the generalized model to the case of tornado lodging in two ways. 

Firstly, we assume that only stem lodging occurs. Stem lodging is caused by short-

term wind gusts that cause stem bending moments to exceed the moments that 

lead to stem failure. Root lodging, by contrast has some aspects of a fatigue process 

and requires repeated oscillations of the crop / soil system over a period of several 

minutes. Short-term transient tornadoes are thus more likely to result in stem 

rather than root lodging. The assumption of stem lodging only is a significant 

simplification and removes the need for considering soil strength and rainfall 

rates and is in line with field observations where in general, stem lodging has been 

observed in tornado lodging events. Secondly, in Baker et al., (2014) the lodging 

velocities are expressed as hourly mean velocities. Here we express the stem 



 10 

lodging velocities in tornadoes as a gust velocity, where the gust value is given by 

the tornado instantaneous wind speed. This wind speed should be interpreted as 

a short-term tornado wind speed of duration given approximately by the ratio of 

tornado radius to translational velocity. It will be seen in what follows that this 

ratio is of the order of unity, and thus the loading on the crop is effectively over a 

one second period – which is consistent with the formulation in Baker et al., 

(2014).   

These assumptions lead to the following expression for (stem) lodging velocity Ω𝐿𝐿 . 

Ω𝐿𝐿 = �
𝜔𝜔𝑛𝑛
2(𝑋𝑋/𝑔𝑔)�𝜎𝜎𝜎𝜎𝑎𝑎3/4��1−�(𝑎𝑎−𝑡𝑡)/𝑎𝑎�

4
�

�1+𝜔𝜔𝑛𝑛
2(𝑋𝑋/𝑔𝑔)�(0.5𝜌𝜌𝜌𝜌𝐶𝐶𝐹𝐹)

�
0.5

      (1) 

Here 𝜔𝜔𝑛𝑛 is the radial natural frequency of the crop (= 2𝜋𝜋𝑓𝑓𝑛𝑛) where 𝑓𝑓𝑛𝑛 is the actual 

natural frequency; X is the crop centre of gravity height above ground; g is the 

acceleration due to gravity; 𝜎𝜎 is the stem bending strength; a is the stem radius; t 

is the stem wall thickness; 𝜌𝜌 is the density of air (=1.22 kgm-3); and 𝐴𝐴𝐶𝐶𝐹𝐹  is the 

plant drag area.  The lodging model thus considers failure to occur in individual 

stems. However the model itself is based on a whole canopy where the plants may 

or may not interact strongly with each other with this interaction represented 

indirectly through the natural frequency and damping ratios used in the model. 

Values of all the crop parameters for maize have been measured in the recent 

experimental campaigns reported by Sterling et al., (2018), and typical in-field 

means and standard deviations for the various parameters are shown in table 1 

below. These parameters have been obtained under UK conditions, and can be 

expected to vary for different regions and climates. We will use the mean values 

of these parameters in table 1 as the “base case” for parametric investigations 
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described below. From equation (1) above these give a base case lodging velocity 

of 12.5m/s.  

 

 

 Mean Standard deviation 
𝑓𝑓𝑛𝑛 (Hz) 0.7 0.12 
X (m) 0.95 0.1 
𝜎𝜎 (MPa) 21.9 4 

a (m) 0.013 0.0013 
t (m) 0.0026 0.0005 

𝐴𝐴𝐶𝐶𝐹𝐹  (m2) 0.163  0.02 
 

Table 1 Crop parameters for maize  

 

3. Observations of lodging 

Before proceeding to develop an analytical framework to consider crop lodging 

due to tornadoes, it is worthwhile to consider some visual observations of the 

lodging process.  Figure 1 shows two photographs of recent events, together with 

an interpretation of the crop fall directions. It is immediately obvious that the 

predominant pattern is one that appears to show crop fall converging on the 

centre of the tornado track, and has no relationship to the direction of the crop 

rows. In the case of figure 1a the pattern seems to be a convergence of lodging 

direction in the direction of tornado translation, whilst in figure 1b it seems to be 

a convergence in the opposite direction. This is at first sight somewhat odd, since 

a simple consideration of lodging due to the swirling flow in a tornado would lead 

one to expect at least some lodging perpendicular to the storm track near to the 

tornado centre. These observations, and other similar ones, strongly suggest that 

lodging occurs primarily due to some combination of the tornado translational 

velocity and a radial flow within the vortex core. This has significant implications 
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for modelling the process. The majority of analytical tornado models are 

essentially two dimensional and based on a Rankine vortex formulation, without 

allowance for either radial flows or variation with height.  The model recently 

developed by Baker and Sterling (2017) and used in the analyses of Baker and 

Sterling (2018a, 2018b) allows for tornado velocities in circumferential, radial 

and vertical directions. This model still, however, has its limitations – the vertical 

velocity component is not bound and increases monotonically with height, and the 

circumferential and radial flows fall to zero at the ground. For the current 

application, some velocity component near the ground is required, although the 

fact that crop canopies are porous and deflect significantly in the wind makes it 

difficult to define the effective ground level with any accuracy. 

Thus in what follows we develop a new model, and it will be seen that this 

possesses the normal swirl characteristics of tornadoes away from the ground, but 

the circumferential and vertical components fall as the ground is approached, 

leaving only a radial flow. The model is theoretically sound, being consistent with 

the three dimensional Euler equations, and offers a way in which the strength of 

the radial flow at the surface can be related to the above surface flow 

characteristics. 

Whether or not such a radial flow exists beneath tornadoes at ground level in 

general (i.e. not just above crops) is difficult to judge. The results of Rhee et al 

(2018) and Chen and Lombardo (2019) for tree fall seem to indicate that this 

occurs, in the main, due to the expected swirling flow, and the treefall direction is 

mainly across the tornado track, although the loading on trees will be caused by 

wind conditions several metres above the ground. This point will be considered 

further below in section 5. 
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Finally it is worth making a comment with regard to lodging track length. There is 

little data available on this, but what there is suggests it is highly variable. National 

Weather Service (2016), in a study of 111 tornado tracks, found track lengths of 

between 130m and 18km. Whilst this is not of relevance to the calculations of 

lodging width reported here, it could be of importance in calculating wide scale 

lodging risk. This point will be considered further below.  

 

(a) Rantoul, IL tornado 2018 (from Frank Lombardo, UIUC) 
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(b) Bondurant, IL tornado in 2018. (from Todd Rector 

https://www.facebook.com/StormChaserTodd/posts/268639840386352) 

Figure 1 Observed lodging directions  (short arrows indicate lodging 

direction, long arrows indicate tornado translation direction, dotted lines 

show approximate extent of lodged area) 

  

https://www.facebook.com/StormChaserTodd/posts/268639840386352
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4. Tornado wind field 

The tornado model that will be used in this paper is set out in Appendix 1. It begins 

with the assumption of a form for circumferential velocity that has a maximum 

value at the edge of the tornado boundary layer and falls to zero at the ground. 

This form is then used in the continuity and momentum equations to obtain values 

of the radial and vertical velocities and pressure that are consistent with the Euler 

equations. Essentially a single cell vortex is modeled.  Full scale experiments 

suggest that such a model is a good representation of fairly low intensity 

tornadoes of relevance to the lodging issue (National Weather Service, 2016). As 

the tornado wind speeds increase, multiple cell vortices become more common, 

but the wind speeds in such tornadoes are much higher than would cause the 

relatively restricted lodging tracks considered here.  The velocity components are 

given by 

𝑈𝑈� = −𝐾𝐾 �̅�𝑟
(1+�̅�𝑟2)

�1−�̅�𝑧2�
(1+�̅�𝑧2)2        (2) 

𝑉𝑉� = 4�̅�𝑟�̅�𝑧
(1+�̅�𝑟2)(1+�̅�𝑧2)         (3) 

𝑊𝑊� = 𝛿𝛿𝐾𝐾 2
(1+�̅�𝑟2)2

�̅�𝑧
(1+�̅�𝑧2)        (4) 

𝑈𝑈� = 𝑈𝑈/𝑉𝑉𝑚𝑚 , 𝑉𝑉� = 𝑉𝑉/𝑉𝑉𝑚𝑚 , and 𝑊𝑊� = 𝑊𝑊/𝑉𝑉𝑚𝑚 , where U, V and W are the radial, 

circumferential and vertical velocities and 𝑉𝑉𝑚𝑚  is the maximum value of V.  �̅�𝑟 =

𝑟𝑟/𝑟𝑟𝑚𝑚 and 𝑧𝑧̅ = 𝑧𝑧/𝑧𝑧𝑚𝑚 where r and z are the radial distance from the vortex centre 

and height above ground respectively and 𝛿𝛿 = 𝑧𝑧𝑚𝑚/𝑟𝑟𝑚𝑚 .  𝑉𝑉 = 𝑉𝑉𝑚𝑚  at 𝑟𝑟 = 𝑟𝑟𝑚𝑚  and 

𝑧𝑧 = 𝑧𝑧𝑚𝑚 . K is a constant of integration that is proportional to the ratio of the 

maximum radial velocity to the maximum circumferential velocity. 

At ground level the circumferential and vertical velocities fall to zero. The radial 

velocity however becomes  
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𝑈𝑈� = −𝐾𝐾 �̅�𝑟
(1+�̅�𝑟2)         (5) 

From equation (5) the maximum radial velocity 𝑈𝑈𝑚𝑚 = 𝑉𝑉𝑚𝑚𝐾𝐾/2 when �̅�𝑟 = 1.  The 

utility of this particular model is that it relates, through a self-consistent 

formulation, a strong inflow at ground level with a swirling flow above the ground 

– which is precisely what the somewhat limited results of figure 1 suggest is 

required. 

Now for the case of a translating vortex, we assume that the translating tornado 

produces only a radial velocity U at ground level, positive outwards from the 

centre of the tornado vortex. It is translated at a speed Q in the x direction.  The 

velocity at a point (x, y) relative to the centre of the tornado vortex is given by the 

vector sum of these velocities (figure 2).  In this figure r is the radial distance from 

the vortex core (𝑥𝑥2 + 𝑦𝑦2)0.5, and θ is the angle of the radial velocity to the x-axis.  

From figure 2, the following equations can be derived for the magnitude of the 

overall normalised tornado velocity at ground level, Ω� = Ω/𝑉𝑉𝑚𝑚, and its direction φ.  

Ω� = ((𝑄𝑄� + 𝑈𝑈� cos 𝜃𝜃)2 + (𝑈𝑈� sin𝜃𝜃)2)0.5      (6) 

tan𝜙𝜙 = 𝑈𝑈� sin𝜃𝜃
𝑄𝑄�+𝑈𝑈� cos𝜃𝜃

         (7) 

where 𝑄𝑄� = 𝑄𝑄/𝑉𝑉𝑚𝑚  is the normalised tornado translational velocity. Using the 

definition of radial velocity component given above, these result in the 

expressions 

Ω� = �𝑄𝑄�2 + ��̅�𝑥2+𝑦𝑦�2�𝐾𝐾2

(1+�̅�𝑥2+𝑦𝑦�2)2 −
2𝑄𝑄�  𝐾𝐾�̅�𝑥

(1+�̅�𝑥2+𝑦𝑦�2)�
0.5

      (8) 

 

𝜙𝜙 = atan � −𝐾𝐾𝑦𝑦�
𝑄𝑄�(1+�̅�𝑥2+𝑦𝑦�2)−𝐾𝐾�̅�𝑥

�        (9) 

These two equations can be further simplified by letting 
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Ω� = Ω�

𝐾𝐾
            (10) 

Q� = Q�

𝐾𝐾
          (11) 

then equations (8) and (9) can be written 

Ω� = �𝑄𝑄�2 + ��̅�𝑥2+𝑦𝑦�2�
(1+�̅�𝑥2+𝑦𝑦�2)2 − 𝑄𝑄� 2�̅�𝑥

(1+�̅�𝑥2+𝑦𝑦�2)�
0.5

      (12) 

𝜙𝜙 = atan � −𝑦𝑦�
𝑄𝑄�(1+�̅�𝑥2+𝑦𝑦�2)−�̅�𝑥

�        (13) 

Thus the tornado velocities and flow directions can be represented as functions of 

the dimensionless position relative to the vortex centre and just one other variable 

– the normalised translational velocity Q�.  

 

 

Figure 2 Tornado velocity vectors. 
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5. Lodging track width and lodging direction 

In this section we will apply the method outlined in the last section to calculate 

what we will describe as the lodging width. This is defined as the width of crop 

that is lodged, perpendicular to the lodging direction, as the tornado passes over 

it (Δ).  We assume that the crop will lodge at the point where the resultant tornado 

velocity first exceeds the stem lodging velocity. It can be expected that lodging will 

occur at different lateral distances from the vortex track for different distances 

along the track from the vortex centre. From equations (12) and (13) above, the 

dimensionless lodging track width perpendicular to the tornado translational 

direction is given by 

Δ� = Δ
𝑟𝑟𝑚𝑚

= 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓 �Ω�𝐿𝐿 , Q��        (14) 

where Ω�𝐿𝐿 = Ω�𝐿𝐿/𝐾𝐾,  Ω�𝐿𝐿 = Ω𝐿𝐿/𝑉𝑉𝑚𝑚  and Ω𝐿𝐿  is the dimensional wind speed at which 

lodging occurs. The functional form is algebraically complicated (although simple 

in principle) and is best calculated numerically. Figure 3 shows the results of such 

a calculation for Ω�𝐿𝐿 = 0.5 and Q� = 0.15.  Figure 3a shows the maximum value of  Ω� 

on any 𝑦𝑦�  section - lodging will occur if  Ω�  exceeds  Ω�𝐿𝐿 . For this case, the 

dimensionless lodging width Δ� is 3.3. Figure 3b shows the lodging front i.e. the 

position relative to the centre of the vortex where lodging will first occur. It can 

be seen that this is quite complicated in shape, with lodging first occurring near 

the edge of the vortex core before the vortex centre arrives, and in the centre of 

the vortex track after the centre of the vortex has gone by.  Figures 3c and 3d show, 

in different ways, the lodging direction i.e. the direction in which the crop will fall. 

In figure 3c the lodging angle is 0° in the direction of tornado translation and 

±180° in the direction opposite to tornado translation.  Figures 3c and 3d indicate 
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a forward convergence (FC) of lodging direction towards the centre line of the 

tornado track, with the directions converging on ±0° as 𝑦𝑦�  goes to zero. At the 

centre line lodging occurs just after the vortex centre has passed, when the sum of 

the vortex inflow velocity and the translational velocity, which are acting in the 

same direction, exceeds the lodging velocity. This results in the crops in this region 

falling in the direction of tornado translation  - which compares favourably with 

the directions shown in figure 1a.  

Now consider the case of figures 3e to 3h where Ω�𝐿𝐿 = 0.30, and Q� = 0.15. For these 

values the convergence towards the centre line is in the opposite direction to the 

base case – a backwards convergence (BC), with the directions converging on 

±180° as 𝑦𝑦� goes to zero. This is because in this case the lodging front is ahead of 

the vortex centre line, the vortex inflow velocity is in the opposite direction to the 

tornado translation velocity, and lodging occurs when the difference between 

these velocities exceeds the lodging velocity. The lodging direction is in accord 

with the lodging directions given in figure 1b. There is however a slight 

asymmetry in figure 1b that is not reproduced in figures 3e to 3h. 

Lodging patterns very similar to those of figure 3 have also been predicted using 

the Rankine flow model with arbitrary radial inflow of Rhee and Lombardo 

(2018), for the cases where they allow radial flows to dominate. 

Figure 4 shows the variation of lodging width Δ� in the Ω�𝐿𝐿- Q� plane. Regions of no 

lodging NL, FC and BC can be defined in this plane. From equations (5) and (6) at 

�̅�𝑟 = 1 on the x axis and the definitions of equations (10) and (11) the boundary 

between NL and FC is given by 

Ω�𝐿𝐿 = 0.5 + Q�          (15) 

and the boundary between FC and BC is 
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Ω�𝐿𝐿 = 0.5 − Q�          (16) 

The positions of the cases shown in figure 3 are shown in figure 4 and can be seen 

to be in the FC and BC regions respectively. In general Δ� increases as Q� increases 

and as Ω�𝐿𝐿 decreases. The variations in Δ� show no discontinuity across the FC / BC 

boundary.  

In principle it should be possible to locate the two tornadoes of figure 1 the Ω�𝐿𝐿- Q� 

plane in figure 4. For both tornadoes, data on track width and length, duration and 

speed is available from National Weather Service (2018a,b).  There is considerable 

uncertainty in these data as the wind speeds in the tornadoes can only be specified 

from the EF damage indicators and thus have a wide range. In addition there is no 

direct measurement of lodging velocity. The best that can be said, assuming that 

the lodging velocity is around the base case (UK) value, is that both tornadoes sit 

around the FC / BC boundary in the bottom right of figure 4, with values of both Q� 

and Ω�𝐿𝐿 of around 0.25 to 0.30. 

Figure 5 shows the variation of lodging direction with both variations in Q� (figure 

5a) and Ω�𝐿𝐿 (figure 5b) around the base case. Note the scales on these two figures 

are different. It can be seen that as Q�  varies the pattern of lodging directions 

remains the same with a convergence on ±0° as 𝑦𝑦� goes to zero i.e. all of the FC type. 

As Ω�𝐿𝐿 varies, however, there can be seen to be a smooth transition from FC to BC 

between values of Ω�𝐿𝐿  between 0.3 and 0.4, with the latter displaying a 

convergence to ±180° as 𝑦𝑦� goes to zero.  

Before moving on to consider applications of the combined tornado / lodging 

model, it is worth considering the tornado model in a little more detail. In this 

paper, it has been formulated at ground level, in order to model the radial inflow 

that seems to cause lodging in crops. However, equations (2) and (3) can be used 
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to specify tornado velocities at different heights above the ground. At 𝑧𝑧̅ = 1 the 

flow is wholly circumferential, with the velocity at intermediate heights having 

both radial and circumferential components. It is shown in Appendix 2 that the 

lodging directions predicted using the velocity for heights between 𝑧𝑧̅ = 0.05 and 

𝑧𝑧̅ = 0.5  show a similar asymmetry to that seen in figure 1b, and the lodging 

patterns using the velocity for heights between 𝑧𝑧̅ = 0.05  and 𝑧𝑧̅ = 0.5  are very 

similar to those for trees observed in Rhee and Lombardo (2018) and Chen and  

Lombardo (2019), with lodging across the direction of travel, but with an off 

centre line of convergence. The implication of this is that velocities around 𝑧𝑧̅ =

0.5 𝑡𝑡𝑓𝑓 1 are responsible for tree fall, and thus, since this height is at the edge of the 

tornado boundary layer, the boundary layer thickness is of the order of tree height 

– perhaps 4 to 8m in thickness. 
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Figure 3 Tornado lodging model calculations   

( (a) and (e) show the maximum velocity on any 𝑦𝑦� section with the dotted line showing Ω�𝐿𝐿; (b) and (f) show the lodging front; (c) and (g) show the lodging  

directions in graph form; (d) and (g) show the lodging directions in vector form) 
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Figure 4 Contours of 𝚫𝚫� in the 𝛀𝛀�𝑳𝑳 - 𝐐𝐐�  plane  

(FC- Forward Convergence, BC – Backward convergence, NL – no lodging, Filled 

circle – Ω�𝐿𝐿 = 0.5 and Q� = 0.15, open circle Ω�𝐿𝐿 = 0.3 and Q� = 0.15) 

 

 

  (a)      (b) 

Figure 5 Variation of lodging direction with variations in 𝐐𝐐�  and 𝛀𝛀�𝑳𝑳 
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6. Sensitivity analysis 

The dimensionless analysis outlined in the last section is useful in describing in a 

succinct way the overall nature of the problem, and the relationships between the 

different lodging patterns that have been observed in the field. In practical terms 

however, it is necessary to work in dimensional terms to obtain real, as opposed 

to normalised, values of lodging width. To do so we need to define the maximum 

circumferential velocity 𝑉𝑉𝑚𝑚, the parameter K, the translational velocity Q and the 

lodging velocity Ω𝐿𝐿 . In what follows we will define a base case and calculate the 

lodging width for that set of parameters, then vary the parameters around the 

base case values to assess the sensitivity of the calculations. For the base case 

• 𝑉𝑉𝑚𝑚 = 25 m/s, which represents an EF0 tornado; 

• K = 1; 

• Q = 3.75 m/s; 

• Ω𝐿𝐿=12.5m/s (see section 2). 

The values of 𝑉𝑉𝑚𝑚  and K give a value of 𝑈𝑈𝑚𝑚  = 12.5 m/s. The dimensionless 

parameters of the last section have values of  Q� = 0.15 and Ω�𝐿𝐿 = 0.5 i.e. the same as 

those used for the calculations of figure 3a to 3d.  

The vortex core radius 𝑟𝑟𝑚𝑚  is also required, as it is used to normalize all length 

scales. For this, we use the work of Fan and Pang (2019) who provide data for 𝑟𝑟𝑚𝑚 

for a range of EF scale values. For the lower EF values a straight line fit to the data 

can be derived as follows 

𝑟𝑟𝑚𝑚 = 7.0725 �� 𝑉𝑉𝑚𝑚
15.6

� − 1�          (17) 

for 15.6m/s < 𝑉𝑉𝑚𝑚 < 50m/s, and a zero value for lower values of 𝑉𝑉𝑚𝑚. For the base 

case, the value of 𝑟𝑟𝑚𝑚 is 4.3m.  



 25 

Table 2 shows the calculated lodging width for variations of the four velocities 

about the base case. Variations in Q represent movement along a Ω�𝐿𝐿= constant 

line in figure 4 and variations in Ω𝐿𝐿 represent movement along a Q�= constant line.  

Variations of 𝑈𝑈𝑚𝑚 result in both variations to Q� and Ω�𝐿𝐿 . Variations in 𝑉𝑉𝑚𝑚 affect the 

results through variations in the vortex core radius. Broadly, it can be seen that, 

for the parameter range considered variations in 𝑉𝑉𝑚𝑚  and Ω𝐿𝐿  are of most 

significance.  

Variations in the latter are of course caused by variations in the crop parameters, 

and table 3 shows how Ω𝐿𝐿 varies as the crop parameters vary between (mean ± 2 

x standard deviation), with the means and standard deviations as given in table 1. 

It can be seen that  Ω𝐿𝐿  increases as the centre of gravity height and drag area 

decrease and as natural frequency, stem strength, stem diameter and stem wall 

thickness increase, all of these effects being physically reasonable. The variations 

are nearly all within the 10 to 15m/s assumed in table 2. The values are most 

sensitive to variations in stem strength, stem radius and drag area. This does not 

of course take into account variations in multiple parameters at one time.  
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Table 2 Calculated lodging widths  

(Note that variations in 𝑈𝑈𝑚𝑚 imply a variation in the parameter K) 

𝑉𝑉𝑚𝑚  (m/s) 20 25 30 25 25 25 
𝑈𝑈𝑚𝑚 

(m/s) 
12.5 10 12.5 15 12.5 12.5 

Q (m/s) 3.75 3.75 2.5 3.75 5.0 3.75 
Ω𝐿𝐿  (m/s) 12.5 12.5 12.5 10 12.5 15 
Δ (m) 6.6 14.1 21.6 8.1 14.1 19.2 12.4 14.1 16.6 21.8 14.1 8.1 

 

Table 3 Sensitivity of 𝛀𝛀𝑳𝑳 to crop parameters  

(Values in m/s) 

 Mean – 2 x standard 
deviation 

Mean Mean + 2 x standard 
deviation 

fn (Hz) 10.4 12.5 13.6 
X (m) 13.5 12.5 12.1 
σ (MPa) 10.0 12.5 14.6 
a (m) 9.6 12.5 15.4 
t (m) 10.4 12.5 13.9 
ACF (m2) 14.4 12.5 11.2 

 

 

  



 27 

7. Calculation of lodging risk 

The methodology of this paper can also be used to obtain a quantitative estimate 

of lodging risk (and thus of yield loss). This involves creating a large ensemble of 

random realisations of the crop and tornado parameters, and calculating the 

lodging width for each realization. A probability distribution functions (PDF) and 

a cumulative distribution function (CDF) of lodging width can then be derived, 

which will show the probability of a specific lodging width being exceeded. This 

can then be combined with the probability of a tornado occurring at a particular 

location (usually of the order of 10-5 per annum per km2) to obtain the overall risk 

of a particular lodging width.  

Now it is known that the probability of tornado wind speeds is given by a Weibull 

distribution (Dotzeka ,., 2003) with a PDF given by 

𝐹𝐹 = �𝑘𝑘
𝜆𝜆
� �𝑉𝑉𝑚𝑚

𝜆𝜆
�
𝑘𝑘−1

𝑒𝑒−�
𝑉𝑉𝑚𝑚
𝜆𝜆 �

𝑘𝑘

        (18) 

where 𝜆𝜆 is a scale parameter, and k is a shape parameter. Dotzeka et al., (2003) 

give values of these parameters for a wide variety of geographical locations. The 

scale parameter simply moves the distribution along the velocity axis as it is 

changed. The shape parameter however has a more marked effect and is known 

to vary widely from country to country. Dotzeka et al. give values of k of around 

1.5 to 3.0 for the USA, 1.0 in Argentina, 2.0 in Australia and close to 4 in the UK. A 

low value of k indicates a very wide spread of tornado wind speeds, including very 

high values, while a high value of k indicates that the extreme values of tornado 

wind speeds do not occur. Figure 6 shows the PDFs for shape parameters of 1, 2 

and 4 for scale parameters that keep the median of the distribution at 25m/s. For 

k=1 equation (18) becomes an exponential distribution which shows the highest 
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probabilities in both the low and high tornado wind speed ranges. At the other end 

of the range, for k=4, there can be seen to be a peak in probabilities in the mid 

speed range. The probabilities for k=2 (a Rayleigh distribution) are intermediate 

between the two extreme cases.   

 

Figure 6 Variation of Weibull distributions with shape parameter 

The use of the Weibull distribution to generate tornado wind speeds for this 

particular application is not wholly straightforward. For values of shape 

parameter less than 3 to 4, the generated velocities will include very low values 

and very high values. The former are unrealistic, whilst the latter imply strong 

tornadoes, where whole areas of crop would lodge – which is not really the case 

under consideration here, and for which the tornado parameterisation does not 

apply. Thus, in what follows we use a value of k of 4.0, which is applicable for all 

tornadoes in a country such as the UK, where maximum speeds are low, but for 

other countries, such as the USA, should be interpreted as only applying to EF0 to 

EF2 tornadoes. In the latter case the overall probability of a tornado occurring 

should be that for tornadoes of EF2 and less.  

The crop parameters were assumed to be normally distributed with the means 

and standard deviations of table 1. 5000 parameter realisations for tornado and 

crop parameters were used, in which tornado and crop properties were generated 
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randomly based on the assumed probability distributions.  We assume that the 

maximum radial velocity and the translational velocity are the values for the base 

case at 𝑉𝑉𝑚𝑚 =25m/s, and vary linearly with 𝑉𝑉𝑚𝑚  i.e. they are not treated as 

independent stochastic variables, and K and 𝑄𝑄�  are constant. 

Figure 7 shows the PDFs for the simulated wind speeds and lodging widths using 

a Weibull scale parameter of 27.4m/s and shape parameter of 4.0, which has a 

median value of 25m/s and is thus consistent with the base case of the last section. 

The simulated windspeed distribution is compared with the target values directly 

calculated from the Weibull distribution, and the results of the simulation can thus 

be seen to be close to the target distribution. The PDF for lodging risk shows that 

12% of realisations produce no lodging (either due to low wind simulated wind 

speeds, or strong crops). For those realisations where lodging occurs, 

probabilities decrease with increases of lodging width as expected.  

The resulting CDF for lodging width is shown in figure 8 and allows the probability 

that the lodging width exceeds a certain value to be calculated. Whilst the median 

(50%) value is 17.4m, it can be seen that around 12% of realisations produce very 

large lodging widths >100m.  

Figure 9a shows, for the same parameters, a plot of all the realisations of lodging 

width against the corresponding tornado velocities. Note the point made in 

section 2 concerning the nature of the tornado model. It is of the single cell type 

that is not really applicable to the higher wind speeds shown in this figure. The 

lodging width can be seen to be quite a strong function of the tornado velocity, as 

might be expected, with the scatter around the mean illustrating the variability of 

the crop agronomic parameters. The means and standard deviations of these 

realisations for different velocity bands are shown in figure 9b.  These results 
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suggest that if crop characteristics are known, the lodging width may be used to 

give at least a broad indication of maximum tornado velocities (and the associated 

uncertainties inherent with such velocities).  

 

 

 

a) PDF of simulated and target wind speed distribution 

 

b) PDF of lodging widths 

Figure 7 Simulated PDFS of wind speed and lodging risk 
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Figure 8 CDF of lodging width  

 

(a) 

 

(b) 

Figure 9 Lodging width against tornado velocity for individual realisations  
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8. Conclusions 

This paper has outlined a methodology to describe the lodging of crops during 

tornadoes. The following major conclusions can be drawn.  

• A study of images of crop lodging beneath tornadoes suggests that lodging 

is primarily driven by a radial inflow close to the top of the crop – in other 

words the circumferential velocity in the tornado falls to close to zero near 

the ground. This may be a general feature of small tornadoes close to 

ground level, or it might be caused by an interaction between the tornado 

and the crop. 

• An analytical model has been developed, based on the three dimensional 

Euler equations that begins with the assumption the circumferential 

velocity falls to zero near ground level, and results in an expression for 

radial velocity that has a finite value at ground level. 

• This model is then used in conjunction with a proven generalized lodging 

model, and is shown to be able to predict lodging directions that are 

consistent with the photographic evidence, in that converging / diverging 

lodging patterns are predicted. It also allows the effects of tornado 

parameters on lodging patterns to be investigated and regions of forward 

convergence (FC) and backward convergence (BC) in the dimensionless 

translational speed / dimensionless lodging velocity plane are identified.  

• The combined model is then used to carry out a sensitivity analysis to 

determine which crop parameters most affect the width of field lodged. The 

most important parameters are shown to be stem strength, stem radius, 

and overall plant drag area. However it is unlikely that breeding for specific 
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characteristics would result in crops that would be able to withstand 

tornado wind speeds without lodging. 

• The combined model also allows a risk analysis of the lodging process to 

be carried out and it is shown that PDFs and CDFs of lodging width can be 

determined where the crop and tornado parameters are considered as 

stochastic variables.  

• The variation of lodging width with maximum tornado speed can be 

determined from this risk analysis, and it shows that, if the crop 

parameters are known, then the lodging width allows an estimate of the 

maximum tornado velocity to be obtained.  

Further work is still required in two areas. 

• Fieldwork is required to determine lodging directions and lodging width 

around the tornado track, perhaps from aerial or satellite imagery, and also 

to determine the physical parameters of the crop (stem strength, radius 

and thickness and natural frequency) to enable more accurate 

determination of stem lodging velocities.  

• If the spatial distribution of crops could be determined for any one 

particular region or country, and more information was available on 

lodging track lengths and the spatial distribution of plant characteristics, 

then the application of this methodology would allow probability 

distributions of total lodged area in any region or country to be calculated.  

• The tornado model used in this paper also has the potential to be 

developed to investigate tree fall and damage on objects close to the 

ground, in the tornado boundary layer, where the flow changes from being 

wholly radial to having both radial and circumferential components. 
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Appendix 1. The tornado model 

The model outlined in Baker and Sterling (2017) begins with a realistic 

assumption of the radial velocity, and then obtains the vertical velocity 

distribution through the continuity equation, and the circumferential velocity and 

pressure through the momentum equations. In this note we take a different 

approach – beginning with a realistic circumferential velocity distribution and 

then calculating the vertical and radial velocities and pressures.  The basic 

circumferential velocity assumption is  

𝑉𝑉� = 4�̅�𝑟�̅�𝑧
(1+�̅�𝑟2)(1+�̅�𝑧2)         (A1.1) 

where 𝑉𝑉� = 𝑉𝑉
𝑉𝑉𝑚𝑚

, �̅�𝑟 = 𝑟𝑟
𝑟𝑟𝑚𝑚

 and 𝑧𝑧̅ = 𝑧𝑧
𝑧𝑧𝑚𝑚

. V, r and z are the circumferential velocity, radial 

distance from the vortex core and height above ground respectively, and 𝑉𝑉𝑚𝑚 is the 

maximum value of V, which occurs at 𝑟𝑟 = 𝑟𝑟𝑚𝑚  and 𝑧𝑧 = 𝑧𝑧𝑚𝑚 .  The form assumed is 

very similar to that assumed for the radial velocity in Baker and Sterling (2017). 

The constant “four” in the numerator ensures that the 𝑉𝑉� = 1 when �̅�𝑟 = 𝑧𝑧̅ = 1.   The 

variation of 𝑉𝑉�  with �̅�𝑟  and 𝑧𝑧̅ is shown in figure A1.1. The radial variation of the 

circumferential velocity thus takes the form similar to a Rankine vortex (i.e. 

proportional to radius for small �̅�𝑟 and inversely proportional to radius for large �̅�𝑟, 

with a maximum at �̅�𝑟 = 1). The Rankine vortex model however is only concerned 

with the radial variation of circumferential velocity and does allow for a vertical 

variation. By contrast the current model assumes that the circumferential velocity 

increases from zero at the ground through a maximum at 𝑧𝑧̅ = 1 and then falling 

with increasing 𝑧𝑧̅, in line with the experiments of Kosiba and Wurman (2013).  The 

reduction in velocities near the ground in some ways models the viscous boundary 

layer that must exist beneath tornadoes at full scale.  
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a) Variation of 𝑉𝑉�  with �̅�𝑟 for 𝑧𝑧̅ = 1 b) Variation of 𝑉𝑉�  with 𝑧𝑧̅ for �̅�𝑟  = 1 

Figure A1.1 Assumed circumferential velocity distribution 

 

Following the methodology adopted in the earlier work, the first step in the 

solution is to substitute the assumption of equation (A1.1) in the circumferential 

momentum equation 

𝑈𝑈� 𝜕𝜕𝑉𝑉�

𝜕𝜕�̅�𝑟
+ 𝑈𝑈�𝑉𝑉�

�̅�𝑟
+ 𝑊𝑊�

𝛿𝛿
𝜕𝜕𝑉𝑉�

𝜕𝜕�̅�𝑧
= 0        (A1.2) 

where  𝑈𝑈� = 𝑈𝑈/𝑉𝑉𝑚𝑚 , 𝑊𝑊� = 𝑊𝑊/𝑉𝑉𝑚𝑚  and 𝛿𝛿 = 𝑧𝑧𝑚𝑚/𝑟𝑟𝑚𝑚, where U is the radial velocity and 

W is the vertical velocity. This gives a relationship between 𝑈𝑈� and 𝑊𝑊�  in terms of 

�̅�𝑟 and 𝑧𝑧̅ .  We have a further relationship between 𝑈𝑈�  and 𝑊𝑊�  in the continuity 

equation 

1
�̅�𝑟
𝜕𝜕(𝑈𝑈��̅�𝑟)
𝜕𝜕�̅�𝑟

+ 1
𝛿𝛿
𝜕𝜕𝑊𝑊�

𝜕𝜕�̅�𝑧
= 0         (A1.3) 

and thus expressions for 𝑈𝑈� and 𝑊𝑊�  can be found from these two relationships. This 

procedure is analytically quite complicated and requires the assumption that both 

𝑈𝑈� and 𝑊𝑊�  have the form 𝑓𝑓(�̅�𝑟)𝑔𝑔(𝑧𝑧̅) , i.e. they are products of function of �̅�𝑟 and 𝑧𝑧̅ . The 

resulting velocity expression can then be used to find the pressure distribution 

using the radial momentum equation 

𝑈𝑈� 𝜕𝜕𝑈𝑈�

𝜕𝜕�̅�𝑟
− 𝑉𝑉�2

�̅�𝑟
+ 𝑊𝑊� 𝜕𝜕𝑈𝑈�

𝜕𝜕�̅�𝑧
= −𝜕𝜕𝑃𝑃�

𝜕𝜕�̅�𝑟
        (A1.4) 
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where 𝑃𝑃� = 𝑃𝑃/𝜌𝜌𝑉𝑉𝑚𝑚2 and P is the pressure and 𝜌𝜌 is the air density.  

Following this procedure results in the following expressions for dimensionless 

radial and vertical velocities 

𝑈𝑈� = −𝐾𝐾 �̅�𝑟𝛾𝛾−1

(1+�̅�𝑟2)𝛾𝛾/2
�̅�𝑧(𝛾𝛾−2)/2�1−�̅�𝑧2�
(1+�̅�𝑧2)(𝛾𝛾+2)/2        (A1.5) 

𝑊𝑊� = 𝛿𝛿𝐾𝐾 2�̅�𝑟𝛾𝛾−2

(1+�̅�𝑟2)(𝛾𝛾+2)/2
�̅�𝑧𝛾𝛾/2

(1+�̅�𝑧2)𝛾𝛾/2       (A1.6) 

Here K and 𝛾𝛾 are constants of integration, which are similar, but not identical to, 

those parameters with the same symbols in Baker and Sterling (2017). 𝛾𝛾 has a 

lower bound of 2.0 – below that the vertical velocity goes to infinity at the centre 

of the vortex. In what follows we will specifically consider the 𝛾𝛾 = 2  case, for 

which we obtain 

𝑈𝑈� = −𝐾𝐾 �̅�𝑟
(1+�̅�𝑟2)

�1−�̅�𝑧2�
(1+�̅�𝑧2)2        (A1.7) 

𝑊𝑊� = 𝛿𝛿𝐾𝐾 2
(1+�̅�𝑟2)2

�̅�𝑧
(1+�̅�𝑧2)        (A1.8) 

These profiles are plotted in figure A1.2 for 𝑈𝑈�/𝐾𝐾  and 𝑊𝑊� /𝐾𝐾𝛿𝛿  in a vector plot 

format. The profiles show a classic updraft with a peak in the vertical velocity 

component at the vortex centre, but which falls in magnitude as 𝑧𝑧̅ increases i.e. the 

vertical velocity is bounded, unlike the model of Baker ad Sterling (2017). There 

is a strong radial inflow at the lower heights, with a non-zero value at 𝑧𝑧̅=0 that falls 

to zero at 𝑧𝑧̅=1 and there is a weak outflow above this. This non-zero value of radial 

velocity at the ground is particularly useful for the application considered in this 

paper. This form is thus broadly consistent with the one-cell vortex observation at 

both full and model scale (see Haan et al., (2008) and Lee and Wurman (2005) for 

typical schematic sketches). The maximum value of radial velocity occurs at �̅�𝑟 = 1 

and 𝑧𝑧̅ = 0. Thus  
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𝐾𝐾 = 2 𝑈𝑈𝑚𝑚
𝑉𝑉𝑚𝑚

          (A1.9) 

 

Figure A1.2 Vector plot in 𝒓𝒓� - 𝒛𝒛� plane of 𝑼𝑼�/𝑲𝑲 and 𝑾𝑾���/𝑲𝑲𝑲𝑲 for 𝜸𝜸 = 𝟐𝟐 

Finally, whilst only the 𝛾𝛾 = 2 case is considered here, it is worth noting that for 

higher values of 𝛾𝛾 the nature of the flow pattern changes, with vertical velocity 

peaks away from the vortex centre, and a form that approaches that of two cell 

vortices, although with no central downflow. This might be useful for other 

applications in the future.  
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Appendix 2 Further considerations of the tornado / lodging model 

The tornado model outlined in Appendix 1 has been used in the main text for a 

dimensionless height 𝑧𝑧̅ = 0 i.e. at ground level. Here the flow is completely radial 

in direction. However away from the ground the model displays, in addition, a 

circumferential component of velocity. It can be shown that the wind velocity and 

direction equations equivalent to equations (12) and (13) have the following, 

somewhat more complex form.  

Ω� = �𝑄𝑄�2 +
��̅�𝑥2+𝑦𝑦�2��𝐾𝐾2�1−�̅�𝑧2�

2
+16�̅�𝑧2�1+�̅�𝑧2�

2
�

(1+�̅�𝑥2+𝑦𝑦�2)2(1+�̅�𝑧2)4 − 2𝑄𝑄��𝐾𝐾�1−�̅�𝑧2��̅�𝑥+4�̅�𝑧�1+�̅�𝑧2�𝑦𝑦��
(1+�̅�𝑥2+𝑦𝑦�2)(1+�̅�𝑧2)2 �

0.5

  (A2.1) 

𝜙𝜙 = 𝑎𝑎𝑡𝑡𝑎𝑎𝑓𝑓 � −𝐾𝐾�1−�̅�𝑧2�𝑦𝑦�+4�̅�𝑧�1+�̅�𝑧2��̅�𝑥
𝑄𝑄(1+�̅�𝑥2+𝑦𝑦�2)(1+�̅�𝑧2)2−𝐾𝐾(1−�̅�𝑧2)�̅�𝑥+4�̅�𝑧(1+�̅�𝑧2)𝑦𝑦�

�     (A2.2) 

At 𝑧𝑧̅  = 0 these reduce to equations (12) and (13). At 𝑧𝑧̅  = 1, the radial velocity 

component disappears and the equations simply represent a translating 

rotational flow.  

Now, if we assume that lodging is due to the wind speed at a height 𝑧𝑧̅ and that the 

crop lodges in the direction at the point where this wind speed exceeds the lodging 

wind speed, then lodging direction plots analogous to those of figures 3 can be 

constructed. These are shown in figure A2.1 below for a range of values of 𝑧𝑧̅, for 

the base case parameters Ω�𝐿𝐿 = 0.5 and Q� = 0.15, to be consistent with figure 3.   For 

𝑧𝑧̅ = 0  (figure 3d) and 𝑧𝑧̅=0.05 (figure A2.1a), the lodging directions are of the 

forward convergence (FC) type, with a convergence on a lodging angle of 0°. Some 

slight asymmetry appears as 𝑧𝑧̅ moves away from zero. For 𝑧𝑧̅=0.25 (figure A2.1b), 

the flow is of an asymmetric backward convergence (BC) type, with a convergence 

on a lodging angle of ±180°, with the line of convergence in the positive 𝒚𝒚� direction 

towards the edge of the lodging front At 𝑧𝑧̅ = 0.5  (figure A2.1c) the degree of 

asymmetry has increased significantly. For 𝑧𝑧̅ = 1  (figure A2.1d) the lodging 
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direction pattern has changed to what might be termed a vortex (V) pattern, with 

a significant component roughly normal to the tornado track, as might be expected 

from a strong vortex flow.  

The degree of symmetry can be characterized by the parameter R where 

𝑅𝑅 = Δ�∗

Δ�
           (A2.3) 

where Δ�∗ is the dimensionless lodging width between the convergence line and 

the positive edge of the lodging front, and Δ� is the overall dimensionless lodging 

width. For the symmetric case R=0.5. The variation of R with 𝑧𝑧̅ is shown in figure 

A2.2 below, together with the boundaries of the different lodging regions. 

 

 
Figure A2.1 Variation of lodging direction with 𝒛𝒛� for 𝛀𝛀�𝑳𝑳 = 0.5 and 𝐐𝐐�  = 0.15 
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Figure A2.2 Degree of symmetry and regions of different lodging direction 

type 

 
 

 


