
Reconstruction of Near-Surface Tornado Wind Fields from Forest Damage

VERONIKA BECK*

Physik-Department T34, Technische Universität München, Garching, and Deutsches Zentrum für Luft- und Raumfahrt,

Institut für Physik der Atmosphäre, Wessling, Germany
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ABSTRACT

Tornado intensity is usually inferred from the damage produced. To foster postevent tornado intensity

assessments, the authors present a model to reconstruct near-surface wind fields from forest damage patterns.

By comparing the structure of observed and simulated damage patterns, essential parameters to describe

a tornado near-surface wind field are derived, such as the ratio Gmax between circular and translational

velocity, and the deflection angle a between peak wind and pressure gradient. The model consists of a wind

field module following the Letzmann analytical tornado model and a tree module based on the mechanistic

HWIND tree model to assess tree breakage. Using this method, the velocity components of the near-surface

wind field, the track of the tornado center, and the spatial distribution of the Fujita scale along and across the

damage path can be assessed. Necessary requirements to apply the model are knowledge of the tornado

translation speed (e.g., from radar observations) and a detailed analysis of the forest damage patterns. One of

the key findings of this analysis is that the maximum intensity of the tornado is determinable with an un-

certainty of only (Gmax 1 1) times the variability of the usually well-known tornado translation speed. Fur-

ther, if Letzmann’s model is applied and the translation speed of the tornado is known, the detailed tree model

is unnecessary and could be replaced by an average critical velocity for stem breakage ycrit independent of the

tree species. Under this framework, the F3 and F2 ratings of the tornadoes in Milosovice, Czech Republic, on

30 May 2001 and Castellcir, Spain, on 18 October 2006, respectively, could be verified. For the Milosovice

event, the uncertainty in peak intensity was only 66.0 m s21. Additional information about the structure of

the near-surface wind field in the tornado and several secondary vortices was also gained. Further, this model

allows for distinguishing downburst damage patterns from those of tornadoes.

1. Introduction

Postevent assessment of wind fields in tornadoes or

other small-scale damaging wind phenomena like down-

bursts (see Doswell 2001 for an overview) is a topic of

great practical and scientific relevance. Intensity, that is,

peak wind speed and subsequently the Fujita-scale rating

(F scale; e.g., Fujita 1981; cf. Table 1), of such events is

usually inferred from site surveys or aerial photography

of the damage swaths. This method is not without short-

comings (cf. Doswell and Burgess 1988; Brooks and

Doswell 2001). First, the actual strength of damaged

manmade structures or vegetation may only be known

approximately. Second, by focusing only on peak intensity

in F-scale ratings, the relative size of the area with that

peak intensity compared to the total size of the damage

swath remains obscure. And third, it might be impossi-

ble to determine peak intensity in the absence of suitable

damage indicators. While damaged objects provide an

estimate of the lower limit of wind speeds, inference of an

upper limit of wind speeds requires objects strong enough

to remain undamaged by the storm.

To address these shortcomings in part, the ‘‘Enhanced

Fujita’’ (EF scale) was implemented in the United States
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in 2007 (cf. Potter 2007). An enhancement of the clas-

sification of tornado damage (not wind speeds) was at-

tempted by introducing a much larger set of damage

indicators, including vegetation, to account for the in-

herent variability of structural strength among buildings

or tree species during a tornado event. However, the EF

scale does not yet provide adequate solutions to the

above mentioned shortcomings, as discussed, for in-

stance, by Doswell et al. (2009). With the objective of

providing a physics-based wind speed scale that can be

calibrated, Dotzek (2007, 2009) proposed a generic class

of scales called the ‘‘Energy’’ or E scale. These E scales

are tied to quantities like wind speed y, kinetic energy

(}y2), or power dissipation (}y3; sometimes also referred

to as ‘‘wind energy potential’’ or ‘‘loss potential’’). Yet

irrespective of the scale used to rate tornadoes and other

damaging wind events, for their classification regarding

peak wind speeds and spatiotemporal structure of the

wind fields, methods have to be devised to reconstruct the

near-surface wind fields.

The strength of such wind field reconstructions is in

aiding risk assessments by the insurance industry, emer-

gency managers, or forest authorities (cf. Gardiner et al.

2009; Peltola et al. 2009). With a similar approach as

in our wind field model presented here, Wurman et al.

(2007) superimposed representations of actual tornado

wind fields on densely populated areas in the United

States, like Chicago, Illinois. Their risk analysis led to

rather dramatic estimates of damage and fatalities and

initiated a lively scientific debate (Brooks et al. 2008;

Blumenfeld 2008; Wurman et al. 2008a,b). An approach
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FIG. 1. Velocity components used for the description of the

tornado near-surface wind field. The circular velocity component

ycir is the vector sum of the radial yr and tangential yu velocity

components. The total velocity y at a point of the tornado wind field

follows from the superposition of ycir and the translation speed

ytrans. Further, a denotes the angle between the wind direction y

and yr at the point of maximum velocity, u is the angle between ycir

and ytrans, and finally, c is the angle between y and ytrans.
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FIG. 2. The vortex field for a constant a 5 608 and varying values of (a) Gmax 5 0.75, (b) Gmax 5 1.0, and (c) Gmax 5

1.5. The separation into the two calm points occurs at Gmax 5 1.0. The wind fields for a constant Gmax 5 1.5 and

various (d) a 5 2308, (e) a 5 2908, and (f) a 5 21208. The resulting change from spiral inflow into the vortex center

(d) to spiral outflow of the vortex center (f) becomes apparent. In all panels, tornado propagation is from bottom

to top.
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analogous to the one for urban areas is also possible for

risk analysis of potential damage to forests. Simulations

of tornadoes passing over forests can be done to calcu-

late the number of downed trees due to stem breakage

or overturn. In conjunction with tornado intensity dis-

tributions (Dotzek et al. 2005), this could support the

forest industry in developing adaptation concepts, for

instance optimizing insurance, to minimize the financial

burden from forest damage by severe local storms—

either occurring as individual entities or embedded in

frontal bands of synoptic-scale cyclones.

While there are advanced numerical simulations of

near-surface tornado dynamics over terrain without veg-

etation (Lewellen and Lewellen 2007; Lewellen et al.

2008), the simulation of tornado damage in forests was

recently taken up by Holland et al. (2006). They per-

formed simulations of tornado forest damage patterns

with a simple vortex model and a differentiated tree

model. In their approach, they reinvented parts of much

earlier, analytical work by Johannes Letzmann in the

1920s and 1930s (Dotzek et al. 2008). In Europe, tree

damage had always been accounted for in tornado

damage assessments (cf. Wegener 1917). Consequently,

Letzmann (1923, 1925) developed his analytical model

of tornado near-surface wind fields and proposed it also

as a procedure for wind field reconstruction from forest

damage patterns. In the 1930s, he further devised de-

tailed guidelines for in situ and aerial forest damage

assessments that would provide the optimal input to his

analytical model (Letzmann 1939). His method to re-

construct tornado wind fields was occasionally applied in

Europe to determine tornado wind field velocity com-

ponents until the 1970s (Müldner 1950; Rossmann 1959;

Euteneuer 1970). Yet, in general, Letzmann’s achieve-

ments had already started to fall into oblivion during

and soon after World War II and were only rediscovered

by Peterson (1992a,b; see Dotzek et al. 2000, 2008). In

the United States, forest damage patterns have been

FIG. 3. (a) Analytically derived horizontal line cross sections of tree damage patterns perpendicular to the track of

the tornado (Letzmann 1923) compared to (b) modeled horizontal line cross sections of tree damage patterns for

Gmax 5 2.0 and varying a and ycrit. For each a varying from 08 to 1808, tree damage patterns for different ycrit are

shown. For each a in both (a) and (b), ycrit increases from top to bottom. In (a), ycrit is indicated as multiples of

ytrans—[1.0, 1.5, 2.0, 2.5] 3 ytrans. In (b), the middle panel of the damage patterns (a 5 2908) uses ycrit from the tree

module for a spruce forest, while the upper and lower panels use minimum and maximum values (ycrit 2 25.0 m s21

and ycrit 1 25.0 m s21), respectively. In all panels, tornado propagation is from bottom to top.
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documented and analyzed in a few case studies (Hall and

Brewer 1959; Budney 1965; Forbes and Wakimoto 1983;

Fujita 1989; Peterson 2003). Some of these had also made

brief reference to Letzmann’s work, similar to Holland

et al. (2006). More recently, Letzmann’s work was credited

by Lee and Wurman (2005) and Wurman and Alexander

(2005) as well as Bech et al. (2007, 2009), who performed

a simulation of the forest damage of the Castellcir, Spain,

tornado, which will also serve as a case study here.

The present paper summarizes the work by Beck

(2008) and is organized as follows: in section 2, the setup

and validation of the model are explained. Application

and verification of the method is demonstrated in sec-

tion 3 via damage analysis and reconstruction of the

near-surface wind fields in the tornadoes of Milosovice,

Czech Republic, on 31 May 2001 and Castellcir on

18 October 2006. Section 4 provides a discussion of our

results, also addressing the distinction between tornado

and downburst damage patterns. Section 5 presents our

conclusions.

2. Model description and validation

a. Letzmann’s analytical wind field model

Letzmann (1923) developed a complete analytical three-

dimensional tornado model with a linear velocity increase

in the tornado core (i.e., solid body rotation) and hyper-

bolical velocity decay in the tornado mantle for the tan-

gential yu and radial yr velocity components of the tornado

wind field (Fig. 1; cf. Beck et al. 2008). The vertical ve-

locity component can either be constant or variable for

barotropic or baroclinic vortices, respectively. For the

determination of the tree damage patterns, Letzmann

(1923) used a projection of the three-dimensional tornado

wind field onto the horizontal x–y plane. In the resulting

model, yu and yr are described by the following relations

(Letzmann 1923):

y
r,u

5 y
r,umax

r

R
max

� �g

, r # R
max

, (1a)

FIG. 4. Classification of the theoretical tree damage patterns into four different swath types (Letzmann 1923) for jaj, 908, as a function of

Gmax. The damage patterns are shown for a counterclockwise rotation of the tornado vortex. For small Gmax (,1.0), the tree with c508 moves

to the left for increasing values of jaj and no crossing of trees occurs. The difference between swath types II and III is in the higher value of ycrit

for swath type III that leads to a movement of the tree with c 5 08 to the right side of the damage pattern for increasing values of jaj. At jaj5
608, crossed trees can occur for both swath types. High values of Gmax are clearly indicated by a tree with c 5 1808 (swath type IV). For jaj.
908, all tree damage patterns have a similar divergent structure. In all panels, tornado propagation is from bottom to top.
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and

y
r,u

5 y
r,umax

R
max

r

� �g

, r . R
max

, (1b)

where Rmax indicates the radius of maximum winds,

demarcating the tornado core, and yr,umax indicates the

maximum absolute value of yr and yu at r 5 Rmax, re-

spectively. Letzmann (1923) used the exponent g in Eqs.

(1a)–(1b) to specify the strength of the velocity increase

in the tornado core and of the hyperbolical velocity decay

in the tornado mantle. For g 5 1.0 as often applied by

Letzmann (1923), Eqs. (1a)–(1b) show exactly the ve-

locity distribution of a Rankine vortex with a linear

velocity increase in the tornado core and a hyperbolical

velocity decay in the tornado mantle valid for conserva-

tion of angular momentum. By measuring tornado radial

velocity profiles with the help of mobile Doppler radars,

an exponent of g ’ 0.6 was detected recently, suggesting

that angular momentum might not be conserved in real

tornadoes (e.g., Bluestein 2007). While g 5 0.6 has been

used as well, most results presented here assume g 5 1.0.

Additionally, there is the translation velocity ytrans of the

tornado that was assumed constant for simplicity by

Letzmann (1923) and in the present work.

Contrary to other mathematical descriptions of the

Rankine vortex (e.g., Kanak 2005), yr and yu of the

Letzmann (1923) model are determined by three pa-

rameters: ytrans, Gmax, and a. Here, Gmax indicates the

ratio between circular component ycir and ytrans of the

tornado wind field. The circular velocity component is

defined as the superposition of yr and yu. Its further su-

perposition with ytrans leads to the total velocity y of the

tornado wind field. Furthermore, a denotes the angle

between the direction of the wind y and the pressure

gradient =p } yr at the point of maximum velocity, where

yr and ytrans are perpendicular, as illustrated in Fig. 1.

The dependence of the wind field on the parameters

Gmax and a is shown in Fig. 2. By varying the parameter

Gmax, the genesis of two calm points (Letzmann 1923) of

zero total velocity, one central and one marginal point,

occurs at a value of Gmax 5 1 (Fig. 2b). For higher values

of Gmax, the distance between the two calm points in-

creases monotonically (Fig. 2c). For the variation of a,

a change from inflow toward the vortex center (Fig. 2d)

in early stages of the tornado life cycle to outflow from

the vortex center (Fig. 2f) during the decaying stage is

notable at a value of jaj 5 908 (Fig. 2e).

FIG. 5. Structure of A of tree against the wind consisting of two

isosceles triangles for the crown and a rectangle for representing

the stem, which is divided into Dz 5 1-m segments. The arrows

indicate the directions of FW, FG, and x(z).

FIG. 6. Structure of the complete model consisting of a tree damage module for the calculation of ycrit and a wind

field module calculating the instantaneous wind velocity at each grid point. If the instantaneous wind velocity exceeds

ycrit, the tree is considered to be broken. The structure of the model allows for the introduction of other tree damage

or wind field modules in the future to calculate the specific model parameters.
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FIG. 7. (a) Aerial photograph of the forest damage produced by the Milosovice

tornado (courtesy of Martin Setvák, CHMI), showing the division of the damage

patterns into one main vortex (red) and three smaller vortices. (b) Digitized damage

patterns containing the trace (dashed lines) as well as the divergence and conver-

gence lines (dashed–dotted lines) of the individual vortices. In both (a) and (b), the

blue arrow points north, and the black arrow indicates the propagation of the tornado

toward the east-southeast.
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Tree damage patterns that depend on Gmax and a

have been derived by Letzmann (1923) by using the

method of ‘‘individual circles’’ (cf. Peterson 1992a).

Letzmann calculated the theoretical fall direction of the

trees with respect to the direction of the translation

velocity of the tornado (Fig. 3a). To characterize the tree

damage patterns, a tree fall angle c describing the de-

flection of downed trees from the direction of tornado

translation (cf. Fig. 1) was derived by Letzmann (1923),

with u indicating the angle between ycir and ytrans:

cosc 5
y

trans
1 y

cir
cosu

(y2
trans 1 y2

cir 1 2y
trans

y
cir

cosu)1/2
. (2)

A divergence line in the vortex is always characterized

by one or more downed trees with c 5 08 along a cross

section perpendicular to the direction of translation. On

the contrary, a convergence line is indicated by such

fallen trees with either c 5 08 or c 5 1808 (Letzmann

1923). Figure 3a demonstrates the tree damage patterns

for Gmax 5 2.0 and varying a for different critical ve-

locities for stem breakage ycrit. For the determination of

ycrit, the tree model described in section 2b is used.

For low ycrit (,20.0 m s21; upper treefall pattern

panels) in Fig. 3, a tree with c 5 1808 occurs for 08 ,

jaj, 908, while for higher ycrit (middle and lower treefall

pattern panels for each a), it is replaced by a tree with

c 5 08. The location of this tree in Fig. 3 with c 5 1808

and c 5 08, respectively, moves to the left side of the

damage pattern for low ycrit and to the right side for high

ycrit (.70.0 m s21) with increasing absolute values of a.

Both cases lead to a convergent tree damage pattern.

This convergent tree damage pattern is consistent with

the inflow structure of the near-surface tornado wind

field for jaj , 908 (cf. Fig. 2d).

At jaj 5 908, trees close to c 5 08 occur on the right

side of the damage pattern in Fig. 3. They indicate a di-

vergence line and result from the dominating tangential

flow of the tornado wind field. For jaj . 908, the loca-

tions of these trees move to the center of the damage

pattern. The related wind field in Fig. 2f has a divergent

structure demonstrating the outflow from the tornado

vortex core. However, the separation into two calm

points for Gmax $ 1 in Figs. 2c–f is not reflected in the

tree damage patterns of Fig. 3 (cf. Letzmann 1923) be-

cause of the low wind speeds in these regions.

The tree damage patterns as a function of Gmax and a

have been classified by different swath types (Letzmann

1923, 1925). Figure 4 illustrates these tree damage pat-

terns and corresponding streamline patterns for the

different swath types. For jaj. 908, all swath types show

a divergent damage pattern, while for jaj , 908, the

convergent damage patterns of the individual swath

types differ, depending on Gmax and ycrit. For values of

Gmax , 1, swath type I has a weak convergent damage

pattern and is independent of the value of ycrit. For high

values of Gmax . 3.5, swath type IV is clearly identified

by a tree with c 5 1808 in the tree damage pattern in-

dependent of ycrit. Swath type II and swath type III occur

for values of Gmax between 1.0 and 3.5. Tree damage

patterns classified as swath type II have small or mod-

erate values of ycrit (,70.0 m s21) and are indicated by

locations of a tree with c 5 08 moving to the left side of

the damage pattern for increasing jaj. Swath type III is

found for values of ycrit . 70.0 m s21 indicated by lo-

cations of the tree with c 5 08 shifting to the right side of

the damage pattern for increasing jaj.

b. Tree damage model

Based on various tree parameters (for actual values

see section 2c), like tree height ht, tree diameter at breast

height dBH, and modulus of rupture Mrup, the bending

moment Bmax and the tree resistance for stem breakage

Mcrit are calculated and compared. From this compari-

son, ycrit is evaluated. This algorithm is based on the

HWIND model of Peltola and Kellomäki (1993). First,

the forces contributing to Bmax have to be considered. The

tree is divided into Dz 5 1-m segments in the vertical.

The areas of the stem and the crown are approximated

by a rectangle and two isosceles triangles, respectively

(Fig. 5). To calculate the drag force FW on the tree, a

modified logarithmic wind profile (Prandtl 1925) within

and above the forest was used to derive the horizontal

velocity yh for each tree segment:

y
h

5
y*
k

ln
z

z
0

ln
h

t

z
0

. (3)

In Eq. (3), y* indicates the friction velocity, z is the

height above ground (and also the number of the tree

segment), z0 is the roughness length, and k 5 0.4 is the

!
FIG. 8. Simulated damage patterns (lower left) are compared with the observed damage patterns (top) of the

main vortex of the Milosovice tornado. From the simulated damage patterns, which are more regular than the

observed ones, the tornado near-surface wind fields are derived. On the right, the corresponding F-scale area

distribution along the path is shown. In all panels, tornado propagation is from bottom to top.
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von Kármán constant. The drag force for each 1-m

segment is (Peltola and Kellomäki 1993)

F
W

(z) 5
1

2
c

d
ry2

hA(z), (4)

where cd indicates the drag coefficient, r is the air den-

sity, and A denotes the windward-projected cross sec-

tion of each 1-m segment. If the velocity is high enough,

the tree (i.e., foliage and smaller branches) will become

streamlined and the effective cross-sectional area of the

crown is reduced. For wind speeds less than 11.0 m s21,

A is reduced by 20%, while for wind speeds greater than

20.0 m s21 the reduction increases to 60%. In between,

Peltola and Kellomäki (1993) used a streamlining factor

St to describe the reduction:

S
t
(z) 5

10.0

y
h
(z)
� 0.10. (5)

If the tree not only becomes streamlined but also starts

to bend over for higher wind speeds, the gravitational

acceleration g leads to a force FG on the overhanging

crown:

F
G

(z) 5 m
c
g. (6)

The crown green mass mc and the stem mass follow from

Baldwin (1987). The tree deflection x and Bmax per seg-

ment are again based on Peltola and Kellomäki (1993):

B
max

(z) 5 f
gust

f
gap

[F
W

(z)Dz 1 F
G

(z)x(z)]. (7)

The gust factor fgust indicates the ratio between the

maximum and the mean bending moment and was

determined from wind tunnel experiments (Gardiner

et al. 1997), while the gap factor fgap characterizes the

effects of variable upwind gaps in the tree stand (Holland

et al. 2006). The total bending moment for each tree is

the sum of all bending moments per tree segment and

is compared to Mcrit (Peltola and Kellomäki 1993) to

determine ycrit:

M
crit

5
p

32
M

rup
d3

BH. (8)

c. Model implementation

The model for the simulation of tree damage patterns

consists of a wind field module and a tree damage

module. The structure of the model and the module

interrelations are outlined in Fig. 6. In the typical setup,

the calculations are done for a 400 m 3 400 m horizontal

domain with a grid spacing of Dx 5 Dy 5 10 m. For the

tree module, the domain is extended to three dimensions

with a height of 30 m and a grid size of Dz 5 1 m in the

vertical direction.

In the first part of the model, ycrit is derived. The

bending moment and the tree resistance are calculated

from an iterative process, using several tree parameters

and an initial guess for the wind speed. If the bending

moment exceeds the tree resistance, the iteration ends,

otherwise the velocity is incremented by 0.5 m s21 steps.

According to the HWIND model (Peltola and Kellomäki

1993), the tree resistance for stem breakage can be re-

placed by the tree resistance for overturn to calculate the

critical velocity for tree overturn ycrit,o. If tornado damage

patterns with only uprooted trees occur, the appropriate

tree resistance for tree overturn is used for the simulation

of tree damage patterns (Beck 2008).

Values of ycrit calculated individually for each tree are

then used by the wind field module to simulate the tree

damage patterns. The wind field module produces an

instantaneous velocity at each grid point that is compared

with ycrit. If the instantaneous velocity of the wind field

exceeds ycrit, the tree is considered to be downed, and the

fall direction is assumed to be the instantaneous direction

of the wind field at the corresponding point, in accor-

dance with Letzmann (1923), Holland et al. (2006), and

Bech et al. (2009).

The vortex representing the tornado wind field starts

at the southern domain boundary and then moves across

the domain in positive y direction with translation speed

ytrans. To avoid undersampling, the time step Dt was

limited to

Dt #
Dy

y
trans

. (9)

TABLE 2. Vortex parameters and velocity components derived

from the damage analysis for the individual vortices of the

Milosovice tornado. In most cases, a standard Rankine vortex was

applied (cf. Beck 2008).

Vortex Gmax a (8)

Rmax

(m)

ytrans

(m s21)

ycir

(m s21)

ymax

(m s21)

1a 5.0 2140 80 16.5 6 1.0 82.5 6 5.0 99.0 6 6.0

1b 4.0 2140 80 16.5 6 1.0 55.5 6 4.0 82.5 6 5.0

1c 4.0 2150 80 16.5 6 1.0 55.5 6 4.0 82.5 6 5.0

2a 1.5 160 80 9.8–17.8 14.8–26.7 24.7–44.5

2b 1.5 180 80 9.8–17.8 14.8–26.7 24.7–44.5

2c 1.0 180 80 12.3–22.3 12.3–22.3 24.7–44.5

3a 1.0 0 40 12.4–22.3 12.4–22.3 24.7–44.5

3b 2.5 290 40 7.1–12.7 17.6–31.8 24.7–44.5

3c 4.0 290 60 4.9–8.9 19.8–35.6 24.7–44.5

4a 4.0 150 60 4.9–8.9 19.8–35.6 24.7–44.5

4b 4.0 120 60 4.9–8.9 19.8–35.6 24.7–44.5
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FIG. 9. Reconstructed near-surface tornado wind fields (m s21) from the Milosovice damage patterns for (top) the main vortex 1 and

(second from top)–(bottom) the three smaller vortices 2–4 indicating spiral outflow for the vortices 1, 2, and 4. Vortices 1 and 3 have

cyclonic senses of rotation, while vortices 2 and 4 were anticyclonic. For the simulation, a standard Rankine vortex was used.
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Initial conditions for the tree and the wind field module

have to be specified as well. For the tree module, either

a random or a homogeneous distribution of tree age

a has been provided. Furthermore, various tree param-

eters depending on the tree species have to be set, for

instance for Norway spruce (picea abies): ht 5 24.6 m,

a 5 70 yr, dBH 5 0.30 m, Mrup 5 39.1 MPa, modulus of

elasticity E 5 7000 MPa, gap size gs5 15ht (accounting

for the upwind gap or fetch on the forest edge in the

calculation of fgap), and cd 5 0.29. For the calculation of

fgust, the distance between two trees is set to 2.5 m, so

every fourth tree is resolved by the model grid.

For the wind field module, both Gmax and a depend on

the simulated velocity field. The tornado core is set to

Rmax 5 75 m, and ymax 5 80.0 m s21 (including ytrans).

Finally, the coordinates of the starting point of the

vortex center are set to (xc, yc) 5 (0, 2200) m.

d. Model validation

The theoretical tree damage patterns of Letzmann

(1923) are compared with the tree damage patterns pro-

duced by the model in Fig. 3 for Gmax 5 2.0 and different

a. Letzmann (1923) derived tree damage patterns for

each a for four different tree resistances, varying ycrit

as multiples of the translation velocity of the tornado

(Fig. 3a). Our reproduced tree damage patterns in Fig. 3b

(cf. Beck 2008) have been simulated for three different

magnitudes of ycrit calculated from the tree module.

Figure 3b shows the location of a tree with c 5 1808 for

jaj , 908 moving to the left side of the tree damage pat-

tern for small ycrit in the same way as depicted in Fig. 3a.

For high ycrit, in Figs. 3a and 3b, the width of the damage

path is reduced and the tree location with c 5 08 moves

to the left for jaj , 908. Crossed trees at jaj 5 608 occur

in Figs. 3a and 3b as well. For jaj . 908, a divergent

damage pattern with a tree location having c 5 08 that

moves to the left flank of the track is also notable for

both the Letzmann (1923) graph and our simulation.

The absolute values of ycrit for both tree damage

patterns do not correspond exactly, as our absolute

value of ycrit for moderate and high intensities in Fig. 3b

is presumably smaller compared to Letzmann’s values in

Fig. 3a. Yet, in summary, we argue that the structure of

the damage patterns from Letzmann (1923) and Beck

(2008) are very similar in cases of equal values for ycrit.

Now the developed model can be applied to determine

tornado intensities from forest damage and comparison

with other models, like those of Holland et al. (2006) or

Bech et al. (2009).

3. Forest damage analyses

To reconstruct tornado near-surface wind fields and to

determine tornado intensities from forest damage pat-

terns, the observed tree damage patterns of two torna-

does are analyzed here with respect to their relevant

parameters. Further applications of our model were

presented by Beck (2008). Note that to use this method

for the wind field reconstruction of tornadoes, it is es-

sential to either rely on aerial photographs (cf. Dotzek

et al. 2007; Dotzek and Friedrich, 2009) of the forest

damage patterns or Letzmann’s ‘‘method of lines’’ in

ground surveys, as already emphasized by Letzmann

(1939). Otherwise, the inherent parallax errors will make

it rather difficult to determine the location of the fallen

trees with the necessary precision. If this condition is

satisfied (as in our two cases below), then the general

procedure for applying our model to an actual forest

damage observation is as follows.

First, an estimation of a is done by inspecting if the

damage patterns are convergent (jaj, 908) or divergent

(jaj . 908). From this estimation, the stage of the tor-

nado life cycle (Letzmann 1923; Davies-Jones 1986) can

readily be identified. The sense of vortex rotation (cy-

clonic or anticyclonic) is derived from comparison of the

damage patterns to the cyclonic swath types of Letzmann

(1923; cf. Fig. 4 herein). From radar or ground observa-

tions, the translation direction is inferred and ytrans is

 
FIG. 10. Analysis of the Castellcir tornado. (left) The location of the broken trees (after Bech et al. 2009) chronologically

divided into regions I–V. (middle) The simulated tree damage patterns, as well as the boxes used for comparison with the

observed damage pattern. (right) The F-scale area distribution for each region. Because the obtained parameters from

regions II and III are identical, only one simulation was performed. In all panels, tornado propagation is from bottom

to top.

TABLE 3. Vortex parameters and velocity components derived

from the damage analysis of the Castellcir tornado. For all simu-

lations, a standard Rankine vortex was applied (cf. Beck 2008).

Region Gmax a (8)

Rmax

(m)

ytrans

(m s21)

ycir

(m s21)

ymax

(m s21)

I 2.0 0 50 11.0 6 1.0 22.0 6 2.0 33.0 6 3.0

II 4.0 290 50 11.0 6 1.0 44.0 6 4.0 55.0 6 5.0

III 4.0 290 50 11.0 6 1.0 44.0 6 4.0 55.0 6 5.0

IV 3.5 290 50 11.0 6 1.0 38.5 6 3.5 49.5 6 4.5

V 3.5 270 50 11.0 6 1.0 38.5 6 3.5 49.5 6 4.5
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calculated, using storm propagation as a proxy for tornado

translation. In the next step, downed trees with c 5 08 and

c 5 1808 with respect to the direction of translation have

to be identified in the observed forest damage patterns.

From the number of convergence or divergence lines re-

flected in the pattern of broken trees, the values Gmax and

a can be quantified. We estimate Rmax from the width of

the damage path in consecutive trial simulations. The

observed damage patterns using the tree parameters from

section 2c have to be simulated iteratively by varying the

initial estimates of Gmax, a, and Rmax. From this, the

structure and intensity of the tornado wind field is re-

calculated until the qualitative agreement between the

simulated tree fall pattern and the observed damage

swath is maximized.

a. Milosovice tornado, 31 May 2001

An F3 tornado occurred near Milosovice–Velka

Paseka in the Czech Republic on 31 May 2001 with a path

width of 400–500 m and pathlength of 16 km (www.essl.

org/ESWD/; cf. Dotzek et al. 2009). Besides the main

vortex, three smaller vortices were observed (www.

chmi.cz/torn/cases/20010531/20010531.html; M. Setvák

2008, personal communication). The translation veloc-

ity of the thunderstorm cell producing the tornado was

estimated from Czech Hydrometeorological Institute

(CHMI) radar observations (not shown) as 16.5 6

1.0 m s21, which is also assumed as ytrans of the tornado.1

The radar observations confirmed that the thunderstorm

propagated to the east-southeast, in line with the main

tornado damage swath. The aerial photo of the forest

damage (Fig. 7a) shows the division of the forest damage

patterns according to the four vortices. The main vortex

(1) is identified with the tornado, while the damage

patterns of the other three vortices (2–4) surround the

damage pattern of the main vortex.

The comparison between the simulated and the ob-

served damage patterns of the main tornado is illus-

trated in Fig. 8 as well as the distribution of the F scale

along the damage path for these simulations. By com-

paring the observed damage patterns of the main tor-

nado with the swath types of Fig. 4, a divergent damage

pattern has been found. This evidence supports 908 ,

jaj , 1808. By variation of Gmax and Rmax, the observed

damage pattern is approached in consecutive simula-

tions. For the simulations, the tree parameters for Nor-

way spruce as mentioned in section 2c have been used.

Comparing the three damage patterns of the main

vortex, Fig. 8a shows a more divergent damage pattern

than Figs. 8b and 8c. The width of the damage path is

constant throughout the damage pattern, leading to

a constant Rmax of the vortex core. The best correlation

to the observed damage pattern can be found for Gmax 5

4.0–5.0, jaj 5 1408–1508, and Rmax 5 80 m. Reasons for

the not completely exact match of the observed and

simulated damage patterns might be that the model does

not take into account any interaction of falling trees.

Further, terrain effects that might lead to a higher

damage level downhill or a lower damage level uphill

due to frictional and gravitational forces are also not

included in the model. Therefore, not all variation in the

structure of the damage patterns can be reproduced by

the model. In the Milosovice tornado, parts of the broken

trees were also observed on a downsloping terrain, which

probably caused stronger damage and slightly different

treefall patterns compared to our simulation.

For vortex 2, an anticyclonic rotation and a strongly

divergent damage pattern are notable. Vortex 3 is found

to have smaller spatial extension and a cyclonic sense of

rotation similar to the main vortex. Further, a central

convergence line and a fast-changing structure of the

damage patterns have been detected. Vortex 4 shows

anticyclonic rotation with a strongly divergent damage

pattern. A detailed overview of the parameters used for

the simulations of the damage patterns of the different

vortices is given in Table 2.

From the simulation of the damage patterns, the vortex

trace (centerline of damage swath) and its divergence and

convergence lines can be located. Thus, we now focus on

the location of the trace as well as these divergence and

convergence lines as illustrated in Fig. 7b for all four

vortices. In vortices 1, 2, and 4, the divergence line is in-

dicated by a tree with c 5 08, while for vortex 3, the tree

with c 5 08 indicates a convergence line. Considering

vortices 1 and 4, the divergence line is located on the right

and left side of the trace of the tornado, respectively. For

vortices 2 and 3, the divergence and convergence lines,

respectively, coincide with the trace of the vortex.

From the simulation, the maximum velocity of the

main vortex is derived by using ytrans of the main vortex

determined by radar observations and the relation

among ycir, ytrans, and Gmax (Letzmann 1923):

G
max

5 y
cir
=y

trans
. (10)

For the three smaller vortices around the main vortex,

the individual translation velocity components are un-

known. Nevertheless, a lower limit of the maximum

velocity can be calculated based on ycrit from the tree

module for these vortices. A summary of all calculated

velocity components is given in Table 2.

1 In the error calculation in section 4, we also consider the effects

of a discrepancy between the tornado propagation and the trans-

lation of the thunderstorm cell.
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Figure 9 illustrates the reconstructed near-surface

wind fields corresponding to the four vortices. The wind

fields of the main vortex 1 (top) illustrate the largest

spatial extension of all vortices. Its structure does not

change significantly. An anticyclonic rotation in the wind

fields of vortex 2 (second from top) is shown. The re-

constructed wind fields of vortex 3 (second from bottom)

show parts of the evolution of a tornado life cycle: the

pattern changes from a convergent inflow in the orga-

nizing and formation stage of a tornado to a pure tan-

gential flow in the mature stage of a tornado (cf. Hall and

Brewer 1959). The wind fields of vortex 4 (bottom) are

similar to those of the main vortex, but with smaller

spatial extension and anticyclonic rotation.

From the reconstructed near-surface wind fields, an

F-scale distribution within the domain can be derived.

Figure 8 shows the resulting distribution for the main

vortex indicating a widespread F3 zone (71–93 m s21)

and even an F4 zone (93–117 m s21) for one of the dam-

age patterns of the main vortex with the most widespread

and extensive damage. Two of three damage patterns

yield a peak intensity of F3, and damage of F4 intensity is

limited to only a few points. The classification of the main

vortex as a tornado is verified by obtaining a characteris-

tic divergent damage pattern at the end stage of a tornado

life cycle and a path width consistent with high-F3 tor-

nadoes (Brooks 2004). Thus, in total, our model verifies

the classification of the tornado as an F3 tornado.

b. Castellcir tornado, 18 October 2006

The F2 Castellcir tornado (Aran et al. 2009; Bech et al.

2009) occurred in Catalonia, Spain, on 18 October 2006

with a damage pathlength of approximately 4 km from

southwest to northeast and a maximum damage path

width of 260 m. After the tornado, a microburst occurred

farther to the northeast. In this case, a damage analysis

was performed along the total damage path, allowing for

a more detailed determination of tornado intensity com-

pared to the analysis of only a single prominent part of the

damage path, like for the Milosovice tornado. The ytrans

of the Castellcir thunderstorm cell was derived from ra-

dar observations as 11.1 m s21 [see the detailed analysis

of the tornado and its damage by Bech et al. (2009)]. In

particular, it is fortunate that Bech et al. (2009) used a

Letzmann-type model similar to ours, so comparing our

analysis of the Castellcir tornado with their results will

serve as additional verification of our model and help to

substantiate the intensity assessment for this case.

Figure 10 (left column) illustrates the reported loca-

tions of the downed trees along the tornado damage

path in five selected regions. This can be compared with

Bech et al. (2009, their Fig. 8) showing the full damage

swath and grouping it slightly differently in eight sub-

regions. Their region 1 (F0 intensity) corresponds to our

region I, while their regions 3 and 4 (F1 and F2 intensity)

relate to our regions II and III, and finally, their regions

6 and 7 (F1 intensity) roughly correspond to our regions

IV and V. Bech et al. (2009) did not derive Gmax and a in

all regions of the damage path, but they reported Gmax 5

2.0, a 5 08 in region 1, and Gmax 5 4.0, a 5 2908 in

region 4.

Our modeling results for the tree damage patterns

(Fig. 10, middle column) corroborate and extend these

results. A summary of all derived velocity components is

shown in Table 3 while the tree parameters used for the

simulations are the same as in section 2c. The results

show for region I a convergent damage pattern (a 5 08)

typical for the beginning of a tornado life cycle, while

regions II–V are dominated by mainly tangential flow

(jaj ’ 908). Also, our derived values for Gmax are well in

line with Bech et al. (2009). Yet, we were able to obtain

the vortex parameters in a larger number of path re-

gions. From the derived parameters, the F-scale distri-

bution along the path (Fig. 10, right column) provides

evidence for first F0 and then mostly F1 intensity with

a very small embedded F2 zone in regions II and III,

which is exactly in line with Bech et al. (2009). There-

fore, the F2 rating of the tornado is verified even if the

F2 zone is very small (Beck 2008).

In addition, the cyclonic sense of rotation of the tor-

nado was also confirmed, and Rmax 5 50 m in this case is

smaller compared to Rmax of the Milosovice tornado.

Note that terrain effects not included in the model might

have played an important role for the specific local

structure of the damage patterns, as the terrain elevation

along the tornado track varied by approximately 200 m

(Bech et al. 2009).

4. Discussion

The model developed here allows for a more accurate

determination of the tornado intensity in comparison

with the classification of tornado intensity based on pure

damage analysis (Fujita 1981). Additionally, detailed in-

formation about the type of the tornado near-surface

wind field and the location of the tornado trace are gained.

From the simulation and comparison of the tree damage

patterns to the observed damage patterns, Gmax, a, and

Rmax are derived. Together with the translation velocity

of the tornado as evaluated from radar or ground ob-

servations, the maximum intensity of the tornado can

be calculated. In our cases, the thunderstorm trans-

lation speed was determinable with an uncertainty of

61.0 m s21. This also takes into account small deviations

of the tornado propagation from the translation of its
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parent thunderstorm cell, for instance, by weak mean-

dering of the tornado. The error in the estimation of the

maximum tornado velocity can readily be tied to the

uncertainty of the translation velocity (Beck 2008):

Dy
max

5 (G
max

1 1)Dy
trans

. (11)

As Gmax does not appear to exceed values of 6.0 [already

suggested by Letzmann (1923, 1925), and consistent with

our cases peaking at Gmax 5 5.0], the highest intensity of

the Milosovice tornado is determinable with a maximum

error of Dymax ’ 66.0 m s21. This accuracy is less than

one half-step of the F scale (Table 1). With prior knowl-

edge of the translation velocity and the subsequent der-

ivation of the relevant tornado parameters using our

model, the near-surface wind field of the tornado can be

completely reconstructed, and conclusions on the life

cycle stage of the tornado from confluent early stages to

the more diffluent decay can be drawn.

Provided the translation speed is known, the biggest

advantage of the Letzmann-type model for tornado cases

is its independence from the tree species and other tree

parameters (Beck and Dotzek 2009). For tornado vorti-

ces, the structure of the damage patterns itself already

allows the reconstruction of all relevant wind field pa-

rameters, provided that a sufficient amount of trees was

downed. So in this case, the detailed tree model is un-

necessary, and the inherently high uncertainties of tree

models with respect to wood parameters, tree species, age

distribution, or even soil type and moisture can be ex-

cluded. The only necessary parameter for simulating tree

damage patterns is an average value for ycrit. In our

case, it was derived from the tree model. An evaluation

of the uncertainties in ycrit from the tree module based on

the HWIND model was given by Beck (2008): to adapt the

HWIND model to more realistic conditions, a Gaussian

distribution of Mrup was introduced. This led to an un-

certainty of Dycrit 5 20.0–31.0 m s21 for a 90% confi-

dence level of Mrup, as deemed necessary to describe the

conditions in tree stands realistically.

Of course, such uncertainties larger than one full step

of the F scale lead to a less reliable determination of

tornado intensities. Instead, the independence of tree

parameters in tornado cases gives our model its accu-

racy. Note also that our model is not limited to the

simulation of forest damage patterns for tornado in-

tensity determination. It can likewise be used to simu-

late crop damage patterns to determine the tornado

intensity, as already argued by Letzmann (1923).

When compared with the simulated tornadic forest

damage patterns of Holland et al. (2006), our model

shows some notable differences. In both cases, the tree

module is based on the HWIND model of Peltola and

Kellomäki (1993). However, contrary to the random

age distribution of trees used by Holland et al. (2006),

both random and homogeneous age distributions of

either loblolly pine ( pinus taeda) or Norway spruce

( picea abies) are used, as homogeneous age distribu-

tions better fit the conditions of many forests in Europe

(Letzmann 1923; Hubrig 2004; M. Hubrig 2008, per-

sonal communication).

Holland et al. (2006) referred to Letzmann (1923) but

used yr, yu, and ymax to describe a Rankine vortex for

their simulation of forest damage patterns. In our model,

we used the full analytical tornado model and resulting

theoretical tree damage patterns by Letzmann (1923),

which rely on Gmax, a, and ymax to describe the Rankine-

type vortex. Figure 11 shows that the structure of the

damage patterns of Holland et al. (2006) and our simu-

lated tree damage patterns is similar. Yet, because of the

dependence of their tornado wind field on the parameters

yr, yu, and ymax, only values of 518 # jaj # 908 have been

considered by Holland et al. (2006). With our present

model, the structure of divergent tornado damage pat-

terns occurring for 908 , jaj, 1808 can also be simulated.

In comparing Fig. 11 with the theoretical damage

patterns of Fig. 3a, we found that the simulated damage

patterns of Holland et al. (2006) correspond to a high

value of ycrit while our simulated damage patterns cor-

respond to a moderate value of ycrit. This is confirmed by

the number of convergence lines in the simulated dam-

age patterns. The damage patterns of Holland et al.

(2006) show only one convergence line with a tree of c 5

08 while our damage patterns show two convergence

 
FIG. 11. Comparison of the simulated damage patterns of (a) Holland et al. (2006) and (b) the present

study for a fixed Gmax 5 3.5 and (a1),(b1) a 5 808, (a2),(b2) a 5 738, (a3),(b3) a 5 638, and (a4),(b4) a 5

518. From (a1),(b1) to (a4),(b4) yr increases, while yu decreases and ytrans is held constant. There are

more broken trees in (b) relative to (a), although the structure of the tree damage patterns is very

similar. The blue lines indicate the convergence lines identified by a tree with c 5 08, while the orange

convergence line is identified by a tree with c 5 1808. The characteristic convergent tree damage

patterns for inflow into the vortex center for jaj, 908 are notable in (a) and (b). A random distribution

of tree age is used in (a) and (b). In all panels, the tornado propagation is from bottom to top.
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lines, one with a tree of c 5 08 and another with a tree of

c 5 1808. The damage patterns of Holland et al. (2006)

contain a smaller number of broken trees. This might be

due to the fact that either their value of ycrit for the

random-age forest was higher, or that their simulation

time steps exceeded Eq. (9), leading to undersampling

and a noncontinuous interaction between the near-sur-

face tornado wind field and the tree stand.

Bech et al. (2009) have already used a Letzmann-type

Rankine vortex depending on Gmax, a, and ymax for their

simulation of the tornado wind fields in the Castellcir

tornado. In contrast to our procedure, they determined

their values of Gmax and a from comparison of the

observed tree damage patterns with the simulations of the

tornado wind field. With our simulations of the Castellcir

tree damage patterns, we can verify the values for Gmax

and a as evaluated by Bech et al. (2009) and also obtain

values of Gmax and a for zones not classified by these

authors: Gmax 5 3.5 and a 5 2908 (zone IV) and a 5

2708 (zone V), respectively.

An additional comparison by Beck (2008) of the tree

damage patterns resulting from an idealized downburst

simulation to those of tornadoes revealed that it is possible

to obtain damage patterns of almost identical appear-

ance. But some distinguishing features between tornado

and downburst damage in forests could be identified

FIG. 12. (a1)–(c1) Wind fields (m s21) and (a2)–(c2) streamline patterns produced by the present wind field module compared with (a3)–

(c3) streamline patterns from Letzmann (1923) for a tornado with double wind speed maximum. Accordingly, a increases and decreases

twice. The starting angle a in the vortex center increases from (a1)–(a3) 21208 to (b1)–(b3) 2908 and (c1)–(c3) 2608.
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using our model. The damage patterns of the downburst

consistently show a divergent structure, while the damage

pattern of the tornado usually changes from a convergent

structure in the formation stage to a more divergent

structure in the following stages (Letzmann 1923). The fall

angle jcj of a divergent tornado damage pattern does not

exceed 458, whereas it does for the downburst, because

here the wind field is more divergent and the translation

velocity is smaller. A third but weaker characteristic is the

spatial extension of the swath, that is, its length-to-width

aspect ratio, which is generally larger for a tornado than for

a downburst (e.g., Knupp 2000). The Milosovice tornado

could be verified as a tornado event, because of small fall

angles in the divergent structure of the damage pattern and

a path aspect ratio typical of tornadoes (cf. Brooks 2004).

Thus, simulation of the tree damage patterns also helps to

discriminate between tornado and downburst events.

There are further applications of the concepts pre-

sented here, for instance, Letzmann’s analytical model

can also be applied to analyze the wind field structure of

tropical and extratropical cyclones (Letzmann 1925). In

addition, Letzmann (1923, 1925) had already analytically

examined tornado vortices with two velocity maxima in yr

and yu. In Fig. 12, the velocity field and the streamline

patterns of a wind field with double velocity maxima are

illustrated. Note that the streamlines in Fig. 12b(2) show

a surprising similarity to the shape of a certain class of

hook echoes in radar observations of severe thunder-

storms. Hook echoes are often found at low- or midlevels

in mesocyclonic storms and in particular in combination

with the occurrence of a tornado (e.g., Wurman 2002;

Bluestein 2007).

In some cases, observed hook echoes at, say, 1–3 km

AGL display a sharp bend or ‘‘kink’’ (e.g., French et al.

2008, their Fig. 6g). As Letzmann’s vortex model is not

limited to winds near the surface, we may apply his

concepts also to parts of the vortex higher up. Accord-

ingly, the velocity fields in Fig. 12 suggest that these

‘‘kinky hooks’’ might result from the interaction be-

tween the tornado vortex and the mesocyclone. If so, the

interior velocity maximum would belong to the tornado

(mesocyclone), while the exterior velocity peak would

be produced by the larger mesocyclone aloft. A detailed

analysis of this effect using the model presented here is

the subject of ongoing work.

5. Conclusions

The method presented here allows reconstruction of

near-surface tornado wind fields from the analysis of ac-

tual forest damage patterns. By simulating the observed

tree damage patterns, the intensity and relevant param-

eters characterizing the wind field can be obtained:

d The analytical tornado model of Letzmann (1923)

depending on the parameters Gmax, a, and ytrans is

perfectly suited to determine these parameters based

on the forest damage patterns.
d If the tornado translation speed is known, the damage

pattern completely determines the wind field and its

intensity in the Letzmann model; that is, intensity can

be inferred without knowledge of the actual tree stand

parameters.
d The translation speed of the tornado-producing

thunderstorm as determined, for example, from radar

observations may be used as a valid proxy to the tor-

nado translation speed.
d Through consecutive simulations using varying Gmax,

a, and Rmax to fit the observed damage patterns, the

near-surface tornado wind fields and the location of the

centerline of the tornado track can be determined.
d The convergence and divergence lines first mentioned

by Letzmann (1923) could be verified in the observed

tree damage patterns, leading to a better damage

classification.
d Analyses of the observed tree damage patterns of the

Milosovice and Castellcir tornadoes led to a verifica-

tion of their F3 and F2 ratings, respectively.
d The distribution of the F scale along and across the

path reveals the areal percentage of maximum in-

tensity and may be used in risk models.
d As compared with the determination of tornado in-

tensities from damage, the maximum velocity of the

Milosovice tornado was determinable with an un-

certainty of only 66.0 m s21, less than one half-level

of the F scale, while in general, the relation Dymax 5

(Gmax 1 1)Dytrans holds. This point is encouraging,

given the fact that the main objective of the method was

to reconstruct the tornado near-surface wind field

structure.

Aside from the ongoing work applying our model to

vortex levels aloft with a double wind maximum to ex-

plain the often-observed ‘‘kinky hooks,’’ a fruitful op-

tion for future work would be to extend the Letzmann

formalism to three dimensions as already outlined by

Letzmann (1923) and to dynamically simulate the low-

est, say, 100 m of an advancing tornado.
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