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1. INTRODUCTION

A class of new wind speed scales is proposed which
rely on physically relevant quantities like mass flux density,
energy density (pressure), or energy flux density. These so-
called Energy- or E-scales can be applied to wind speeds of
any intensity. Details are provided by Dotzek (2007).

Development of wind speed scales has long been a
subject of research, and Fujita (1981) has provided a review
of the field focusing on those scales which were designed to
describe the most intense wind phenomena on earth:
Tornadoes, downbursts, and tropical cyclones. Inherently,
the task of devising scales for high wind events can be
tackled from two sides:

(i) wind speed-based, and

(i) damage-based.

The former approach is usually taken by the
atmospheric sciences, while the latter reflects more the
standpoint of wind engineering. However, the conceptual
difference and partial incompatibility of both approaches has
led to considerable controversy and confusion, primarily
because even wind speed-based scales must usually rely on
post-event damage surveys, due to the scarcity of in situ
wind measurements, at least in tornadoes and downbursts.

The difference between approaches (i) and (ii) above
can be substantial, as wind speed-based scales are in general
concerned about the maximum winds that can physically
occur for a given wind phenomenon, and in particular about
what its maximum (local) intensity (wind speed) was.

Damage-based  scales, however, focus on
determining the minimum wind speed necessary to cause the
observed damage to individual man-made structures or
vegetation. Also, a likely upper bound of wind speeds can be
estimated in those cases in which undamaged structures
remain, for which apparently their critical damaging wind
speed level had not been attained in the storm.

Three wind speed scales are frequently used in
meteorology, wind engineering and related sciences: the
Beaufort (B), Fujita (F), and TORRO (T) scales. The
relationship between velocity v and the scale value X in
these various scales can be described as

V(X) = Ve (X = Xo)¥? 1)

which may also be used for an approximation of the Saffir-
Simpson (S) scale mainly applied to hurricane winds over
the Atlantic basin. For the Fujita scale, Eq. (1) becomes

v(F) = 6.302 ms™ (F+2)%? . )

The F, T, and S-scales classify the physically
possible velocity range for tornadoes, downbursts, and
tropical cyclones. This makes them applicable worldwide in
a consistent way — an important point in climatological
analysis. Yet, the question if the exponent 3/2 in Eq. (1) is
the best possible choice was often raised.

1. DERIVATION OF THE E-SCALE

One flaw of, for instance, the current F- and T-scales
is that they distinguish more than one sub-critical class (so,
Xo < -1). Therefore, the first step is to require X, = -1 as
default for any new high wind speed scale in order to avoid
unwanted detail with sub-critical winds (scales considering
any wind speed relevant, like the B-scale, have X, = 0).

To meet also additional requirements for the new
scales, any formulation should be based on physical observ-
ables, like the maximum horizontal wind speed v (or mo-
mentum density), maximum values of kinetic energy (oc v2)
or energy-flux density (oc v3). They bear more physical
relevance than a formal scale variable X and, depending on
structural characteristics, v2 or v° are directly related to wind
load and damage (cf. Dotzek et al., 2005; Dotzek, 2007):

M=pv ., [M]=kgm?s? | massflux density, (3a)
E=p/2v? , [E]=Jm®=Pa ,energy density,  (3b)
P=p/2V® , [Pl=Wm? , energy flux density. (3c)

Accordingly, we propose the following generic type of
scaling, henceforth termed the “Energy-scale” or E-scale:

Xo (X=Xo)' =2, V" => v(X)=v« (X=Xo) ,
Ve = [ax_l X*]l/n . 4)

Application of this E-scaling and using Xy = -1 leads to:

Ms(X+1)=pvVv => y(X)=v« (X+1) ,

Ve =pTMe (5a)
E-(X+1)2=p/2V? => v(X)=v« (X+1) ,

v.=[2p EJ” . (5b)
P.(X+1)2=p/2V => v(X)=v. (X+1) ,

v =[2pPJ" . (50)

For this E-scaling, characterised by linear v(X)
functions, all values v~ in Egs. (5a-c) are constants. This
means that for externally specified critical values of M, Ex,
or P, the scaling velocity v« can be computed (calibration).
Or, for any specification of v. (like with the present F-, S- or
T-scales), the corresponding physical quantities M«, Ex, or
P. can be evaluated for comparison:

Ve =p Me=[2p7 B = [207 PPV L (6)

Note that the Mach- or M-scale for wind speeds from
0 to the supersonic range is a special case of an E-scale with
externally specified v« and is also named Ey-scale here:
viM)=v« M

v« =[«kRT]¥2=[xptp]*® = 340ms? . Ey-scale (7)

Herein, M denotes the Mach number, v« is the speed of
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sound, and x =cy/c,, R = ¢, - ¢, T, and p have their usual
thermodynamic meanings. Evaluation and calibration of the
E-scales is further described in detail by Dotzek (2007).

To gain acceptance for the new E-scale, existing data
based on, for example, F- or T-scale ratings should be
readily convertible to the E-scale and also keep the workload
for re-rating recorded events manageable.

Any existing scale obeying Eqg. (1) can be converted
into the E-scale of Eq. (4) and vice versa by these trans-
formations between v(E) = v« (E — E) and the v(X) relation:

E'=Xs /vs (X=Xo)*?+Eq , (8a)
X' =[vs/ X« (E-EQ)]®+ X, , (8b)

wherein E and E, denote the E-scale variable and offset. We
illustrate the conversion procedure from F- to Ex-scale here
(cf. Table ). EO = -1 in this case, and the choice of initial v«
values was made for compatibility of the main Eg-scale
thresholds to those of the F-scale, to facilitate conversion of
ratings based on F-scale to the E-scale definitions.

The Eg-scale comprises the same number of classes
as the F-scale, yet contains only one sub-critical class and
hence one more class in the relevant range FO to F5. The
enhanced resolution mainly sets in above the F4 threshold,
i. e. [F4, F5] => [E4, E5, E6]. This is also the intensity range
for which the F-scale forum (McDonald, 2002, cf. www.-
april31974.com/fujita_scale_forum.htm) claimed the largest
demand for changes in the choice of scale class boundaries.

As a conclusion of Table I, conversion of the US
tornado intensity data from F- to Eg-scale would mainly
require review of the recorded F5 events, which only
amounted to roughly 10 per decade in the 20th century (cf.
Dotzek etal., 2003). In the same period, about 80 F4
tornadoes per decade were recorded in the USA, of which
only the stronger ones would have to be re-rated to Eg-scale
based on the available case information. So even for the
world’s largest tornado database, the workload involved to
change to E-scale would indeed remain manageable.

F v(F)inms?! EF’ Er integer
-2 0.0 -1.00 -1

-1 6.3 -0.65 -1

0 17.8 0.00 0

1 32.7 0.84 1

2 50.4 1.83 2

3 70.5 2.95 3

4 92.6 4.20 4,5

5 116.7 5.55 5,6

6 142.6 7.00 7

TABLE I: Conversion of F- to Eg-scale thresholds using vsg =
17.825 ms™ and v«¢ = 6.302 ms™ according to Eq. (8) Note that
only the F4, F5 classes have to be sub-divided into E4, E5, E6
classes in converting F-scale to Eg-scale data.

Relying on physical quantities was also one
motivation for Emanuel (2005) to develop the Power
Dissipation Index (PDI) for tropical cyclones. It is evident
that an E-scale based on the scaling quantity P« is directly
linked to the integral measure PDI. Also, to advance from
scales based on observed wind damage to the E-scale would
be a similar step forward as switching from the Mercalli to
the Gutenberg-Richter earthquake scale in geophysics.
Mercalli’s scale was based on eyewitness and damage
reports, with shortcomings very similar to those encountered
in present wind event ratings. The Gutenberg-Richter scale,
however, is an energy scale. Adopting the E-scale and

applying it to the PDI concept could provide a way to
measure the total energy expended in a wind event, and this
would be much more meaningful than any present point
measurement or damage assessment.

The respective merits of the E-scale framework to
the recently proposed “Enhanced Fujita-scale” (EF-scale, cf.
Doswell et al., 2007) are also discussed by Dotzek (2007).

I11. CONCLUSIONS
Our analysis led to a new type of wind speed scale,
named Energy-scale or E-scale. Especially the Eg-scale is

proposed to serve as a physics-based alternative to the F-

scale. Yet, any scale obeying Eq. (4) is an E-scale and bears

the following useful properties:

e  The E-scale is based on physical quantities and hence
can be calibrated;

e  E-scale versus wind speed relations are always linear;

e  The Eg-scale comprises the same number of classes as
the F-scale, yet one more class in the relevant range FO
to F5. The enhanced resolution mainly sets in above the
F4 threshold, i. e. [F4, F5] => [E4, E5, E6], so F-scale
data is easy to convert to Eg-scale;

e The F-scale thresholds F-2, FO, and F6 are exactly
mapped to E-1, EO, and E7, while the F3 and E3
thresholds are nearly identical;

e The E-scale concept can also help to overcome the
present zoo of different scales for winds from storm to
hurricane intensity.

The next step is calibration of the E-scales of which only the

Mach-scale Ey, is presently calibrated. Should this be done,

conversion among recalibrated E-scales would be easy due

to their linear wind speed versus scale relationship.
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