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ABSTRACT

A large-eddy simulation (LES) framework with an ‘‘eddy injection’’ technique has been developed that

ensures a majority of turbulent kinetic energy in numerically simulated tornado-like vortices is represented

by resolved eddies. This framework is used to explore the relationships between environmental forcing

mechanisms, surface boundary conditions, and tornado vortex structure, intensity, and wind gusts. Similar to

previous LES studies, results show that the maximum time- and azimuthal-mean tangential winds fVgmax can

be well in excess of the ‘‘thermodynamic speed limit,’’ which is 66m s21 for most of the simulations. Spe-

cifically, fVgmax exceeds this speed by values ranging from 21% for a large, high-swirl vortex to 59% for a

small, low-swirl vortex. Budgets of mean and eddy angular and radial momentum are used to show that

resolved eddies in the tornado core act to reduce the wind speed at the location of fVgmax, although they do

transport angular momentum downward into the lowest levels of the boundary layer, increasing low-

level swirl.

Three measures of tornado intensity are introduced: maximum time–azimuthal-mean surface (10m) hor-

izontal wind speed (fS10gmax), maximum 3-s gusts of S10 (S10-3s), and maximum vertical 3-s gusts at 10m

(W10-3s). While fS10gmax is considerably less than fVgmax, transient features in the boundary layer can

generate S10-3s in excess of 150m s21, andW10-3s in excess of 100m s21. For high-swirl vortices, the extreme

gusts are confined closer to the center, well inside the radius of maximum azimuthal-mean surface winds. For

the low-swirl vortex, both the strongest meanwinds and the extreme gusts are restricted to a very narrow core.

1. Introduction

a. Motivation

The advent in the 1990s of portable Doppler radars

(e.g., Bluestein et al. 1993; Wurman et al. 1996) led to

significant advances in the observation of wind fields in

and around tornadoes. Here we are referring to torna-

does associated with supercell thunderstorms that often

cause significant damage and, occasionally, loss of life.

Because of the remarkable efforts of many scientists and

the continuing support of U.S. government agencies,

over the last 20 years the tornado research community

has obtained a large number of Doppler radar analyses

of tornadoes (e.g., Rasmussen et al. 1994;Wurman 1998,

2008;Wurman et al. 2012). For example, the brief survey

by Alexander andWurman (2008) documents over 5000

individual Doppler radar swaths through 69 different

tornadoes over a period of 9 years, and this is only a

subset of such observations. Although tornadoes can

exhibit a wide variety of structures and behaviors

(Bluestein and Golden 1993; Davies-Jones et al. 2001), a

fairly consistent picture has emerged from these nu-

merous cases. Maximum ground-relative wind speeds

for such tornadoes typically range from 50 to 100ms21,

with some observations indicating wind speeds in excess

of 120ms21 (Bluestein et al. 1993; Wurman et al. 2013;

Snyder and Bluestein 2014). The fastest horizontal wind

speeds usually occur fairly close to the surface, near the

top of an inflow layer that generally appears to be tens of
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meters deep but could be as shallow as 5m (Kosiba and

Wurman 2013).

Of course, the part of the tornado wind field that is of

most interest to the public is the part very close to the

surface, 30m or less above ground level (AGL). Un-

fortunately, radar observations of the wind field below

30m are quite rare. This is for many reasons, including

spreading of the radar beam, interference from natural

andmanmade structures, and changes in elevation of the

land surface between the tornado and the radar. In a few

‘‘serendipitous’’ cases, portable Doppler radars have

come within a few hundred meters of tornadoes, al-

lowing for some uncontaminated radar swaths to pass

through the wind field at or below 10m AGL (Wurman

et al. 2007; Kosiba andWurman 2013; Weiss et al. 2014).

These observations are less reliable because they are

more likely to contain debris, which, because of cen-

trifugal forces, does not move precisely with the local

wind (Dowell et al. 2005).

In situ wind observations near the surface and in the

cores of significant tornadoes are quite rare, but they

have occurred. For example, a mobile mesonet vehicle

caught in a tornado in 2007 reported a 1-s gust of

50ms21 at about 2.9m AGL (Blair et al. 2008). A fixed

instrument in an Arizona forest (although located in a

relatively wide-open area) survived a direct hit from a

tornado, reporting a 1-s gust of 72ms21 at 2.5m AGL

(Blanchard 2013). Another mobile mesonet vehicle,

working in tandem with one of the Doppler on Wheels

radars (DOWs), was caught in a newly formed tornado

and reported 43ms21 at 3.5m AGL (Kosiba and

Wurman 2013; averaging interval was not stated). A few

observations have been acquired intentionally, such as

by the Tornado Intercept Vehicle (TIV), reporting 1-s

wind speeds of 58ms21 at 3.5m AGL in a tornado in

2009 (Wurman et al. 2013).

In the latter two cases, the simultaneous proximity of

a DOW allowed for the rare direct comparison of

near-surface to above-surface wind speeds. These are

informative, but for the purposes of constructing a

three-dimensional view of the near-surface wind field,

they are very limited: the in situmeasurements represent a

single point and exhibit high-frequency variability. The

radar observations are representative of the reflectivity-

weighted wind in a volume of air and are not continuous in

time (Snyder and Bluestein 2014). The decomposition of

either into tornado-relative tangential (V) and radial (U)

winds relies on accurate knowledge of the location and

motion of the circulation center and an assumption of

vortex symmetry.

In contrast to point measurements and vertical pro-

files, some studies have attempted to reconstruct the

axisymmetric-mean tornado wind field through the

more comprehensive analysis of Doppler wind obser-

vations known as ground-based velocity track display

(GBVTD; Lee et al. 1999; Bluestein et al. 2003; Lee and

Wurman 2005). While this method appears to work well

for V at and above the lowest observing level, recent

studies have identified large sensitivities of the analyzed

U and vertical windW to unknown quantities such as the

outward motion of centrifuged debris (Dowell et al.

2005; Wakimoto et al. 2012) and the radial inflow be-

tween the lowest observing level and the surface (Nolan

2013). Therefore, despite the enormous amount of in-

valuable data that has been accumulated from numerous

Doppler radar samples, the typical structures and in-

tensities of the wind field in the tornado boundary layer

remain uncertain.

In stark contrast, numerical simulations of tornadoes

provide a complete and continuous view of the near-

surface flow in a tornado. Despite the known difficulties

for any fluid dynamical model to resolve or represent

turbulence (e.g., Sullivan et al. 1994; Brasseur and Wei

2010), numerical simulations do perform extremely well

in terms of conservation of mass and conservation of

momentum (energy may be less well conserved). Tor-

nadic flow structures predicted bymodels, while perhaps

erroneous in some details, will at least be consistent with

these constraints.

Further, simulations have the potential to provide

useful insight into aspects of the tornado wind field

that, to our knowledge, have not been systematically

considered. These include the relationships between

localized wind gusts (at the surface, or aloft), azimuthal-

mean winds (the ‘‘symmetric’’ circulation), and time-

mean winds. Note that here ‘‘time mean’’ indicates an

average over a specified period, such as a few minutes

for a large, quasi-steady-state tornado. For example,

suppose a Doppler radar measures a peak difference of

wind speeds toward and away from the radar—often

called DV—of 100ms21 separated by a distance of

200m. This suggests an instantaneous maximum tan-

gential wind [V]max 5 50m s21 (where herein the square

brackets denote an azimuthal mean around a vortex

center) at a radius of maximum tangential wind RMV5
100m. But this observation is only representative of the

winds of two radar volumes along a line perpendicular

to the observer and is not the same as the in-

stantaneous, azimuthal-mean wind [V]max. Is [V]max,

on average, approximately the same value? Or is it

systematically less because we are selecting a maxi-

mum observed DV? Indeed, analyses that infer the

azimuthal-mean wind from collected Doppler radar

observations, such as those using the GBVTD tech-

nique, consistently produce values for [V]max that are

less than half the contemporaneous values of DV
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(Bluestein et al. 2003; Tanamachi et al. 2007; Kosiba

et al. 2008; Kosiba and Wurman 2010).

Moving in the other direction, for a given value of

[V]max, what are the expected values of the maxi-

mum mean tangential flow at the surface [V10]max,

the maximum azimuthal-mean surface radial inflow

[U10]max, and maximum azimuthal-mean surface wind

speed [S10]max? Most importantly of all, what are the

expected mean values and variabilities of short-term

wind speeds, such as 3-s gusts at 10-m height, which

are used to predict damage and, in turn, are diagnosed

from damage surveys? For the foreseeable future,

such questions can only be addressed by numerical

simulations.

b. An improved tornado modeling framework

Of course, the answers these simulations provide will

only be as accurate as are the simulations themselves in

reproducing the dynamics of the tornado boundary

layer. With the astonishing increases in computer power

over the last 20 years, tornado simulations appear to

have become increasingly realistic (e.g., Fiedler 1998,

2009; Lewellen et al. 1997, 2000; Lewellen and Lewellen

2007a,b; Lewellen et al. 2008; Kuai et al. 2008). In this

discussion, we are referring to simulations designed

to represent only the tornado vortex itself, with the ef-

fects of the parent thunderstorm—upward motion and

rotation—provided through boundary conditions or

other modeling techniques. In a companion paper

(Bryan et al. 2017, hereafter B17) we argue that some

previous large-eddy simulations (LESs) have been un-

satisfactory in one important manner: in the boundary

layer flow swirling into the tornado core, the effects

of turbulence have been almost entirely represented

by a subgrid-scale (SGS) mixing scheme, rather than by

resolved turbulent eddies. This is not entirely due to in-

sufficiently small grid spacings. Since the far-field envi-

ronment in most such simulations is relatively quiescent,

and usually even less well resolved because of grid-

stretching techniques, the air that flows into the tornado

boundary layer may not contain resolved turbulent

eddies. While the vertically varying diffusion profiles of

an SGS scheme can allow wind profiles near the surface

to be much sharper (with faster winds near the surface)

than a lower–Reynolds number simulation would allow,

this cannot give us confidence that the effects of turbu-

lence are being represented correctly.

B17 introduces a method to ‘‘inject’’ turbulence into

the boundary layer. The method involves using a pre-

cursor, 3D, LES of boundary layer flow in a relatively

small rectangular domain that is driven by a specified

wind speed at the top of a boundary layer produced from

another, precursor, axisymmetric tornado simulation.

Velocity perturbations in the 3D precursor simulation

are saved every few time steps. These perturbations are

then added, through a nudging technique, to the

boundary layer inflow in a ring of radius 2 km around the

center of our simulated tornado. The results of B17 show

that producing these resolved eddies in the boundary

layer leads to notable changes in the inner-core structure

and intensity of simulated tornadoes.

c. Goals of this study

Using the improved methodology of B17, this paper

will explore the inner-core dynamics of tornadoes and

how these dynamics change as the vortex size, intensity,

and surface properties underneath the vortex are varied.

In addition, for each case we will compute a hierarchy of

measures of tornado intensity, such as the time–

azimuthal-mean wind aloft, the time–azimuthal-mean

wind at the surface, and maximum 3-s-average winds at

the surface. These are herein referred to as 3-s gusts,

with the 3-s time period chosen to match how winds are

described in the enhanced Fujita tornado damage scale

(WSEC 2006). In subsequent papers, we will extend this

work to more realistically simulated observations, both

from in situ sensors in the path of the tornado and

from radars.

2. Modeling framework and parameters

Our tornado modeling framework takes the ‘‘Fiedler

chamber’’ approach (Fiedler 1994; Nolan 2005; Rotunno

2013) of using a large closed domain, a fixed vertical

forcing function, and a constant background rotation. A

discussion of this framework is given in Rotunno et al.

(2016, hereafter R16). An additional feature is the use

of a Rayleigh damping function on the velocity fields in

the upper part of the domain, with the specific (and

important) purpose of suppressing the recirculation of

turbulent eddies that are generated in the outflow of the

simulated tornado. Without this damping, some of these

eddies will recirculate back to the surface and un-

realistically influence the structure and intensity of

the vortex.

The underlying numerical model is CM1 (Bryan and

Fritsch 2002). The equations of motion are stated in R16

and in B17; they describe the evolution of an isentropic,

nearly incompressible fluid with a sound speed that is

fixed to be constant everywhere at c 5 300m s21. B17

provides full details of the ‘‘eddy injection’’ method to

introduce turbulence into the boundary layer. Also de-

scribed in B17 is the initialization procedure, in which an

axisymmetric model is first integrated to an approximate

steady state, and this flow field is then interpolated to a

three-dimensional grid.
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For convenience we repeat here some of the basic

parameters of the framework. Themodel uses equations

of motion for a constant-density, nearly incompressible

fluid with a fixed sound speed cs 5 300ms21 [see (1a)–

(1d) of R16]. In an earlier study, Xia et al. (2003) found

that differences in vortex structure and intensity were

relatively small when comparing simulations with in-

compressible and fully compressible equation sets. All

simulations are performed in a square domain, 40 km on

each side and 15km deep. For the control configurations

used for most of the results below, the number of grid

cells in the x, y, and z directions are 11203 11203 512.

The grid-stretching capability of CM1 is used to pack

grid points densely near the center, such that the hori-

zontal grid spacings are 5m inside a 4 km 3 4 km box at

the center of the domain, and the vertical spacings are

2.5m between the surface and z 5 1km. Outside this

high-resolution volume the grid spacings expand to

220m in the horizontal and 248m in the vertical. Ad-

ditional simulations are presented usingDx5 20, 10, and

2.5m, with Dz 5 Dx/2 in each case.

All simulations use the same vertical forcing function

as in R16 and B17 [see (3) and (4) of R16], centered at

x 5 0, y 5 0, and zb 5 8 km, with half-depth lz 5 7 km

and half-width lr 5 3 km. The upper-damping zone is

also identical, varying like a cosine function from zero to

maximum amplitude between zd5 8 km and the domain

top at z5 15km [(4) of R16]. The strength of the vertical

forcing is chosen so that an unimpeded parcel rising up

along its center axis would achieve a vertical speed of

80ms21; this speed defines the convective velocity scale

Wconv. However, in our simulations this velocity is di-

minished because of the large overlap of the damping

layer and the forcing (Fig. 2 of R16) and the effect of the

model ceiling at z 5 15km. The effective velocity scale,

computed from a three-dimensional, LES simulation

without rotation or eddy injection, is Weff 5 65.8m s21.

3. Results

a. Control case

As discussed in R16, a nondimensional parameter that

describes the influence of rotation in these simulations

is a swirl ratio based on the radial scale of the convective

forcing, Sr5Vlr/Wconv. For the control case (CTRL), we

use Sr 5 0.01, meaning that V 5 2.667 3 1024 s21. This

value was chosen because it produces a vortex with a

radius of maximum tangential velocity, RMV, equal to

152m. This is close to the median value diagnosed from

the survey of radar observations by Alexander and

Wurman (2008). CTRL uses a surface roughness z0 5
0.2m (equivalent to cropland with scattered obstacles).

The input parameters and names of all the simulations

are summarized in Table 1.

After the 3D simulations have reached steady state,

samples of the 3Dfields are taken every 1 s for 300 s. These

fields are used for computing time–azimuthal means, eddy

fluxes, and other statistics. For the results in this section,

azimuthal-mean fields are computed relative to a vortex

center defined by the centroid of the negative pressure

anomaly averaged over the lowest 50m. Figure 1a shows

contours of fVg and vectors of fUg and fWg: we use f�g to
indicate the time- and azimuthal-mean fields.

The basic characteristics of the mean vortex shown in

Fig. 1a are quite similar to those shown inmany previous

studies using both axisymmetric and three-dimensional

models (e.g., Rotunno 1979; Howells et al. 1988; Fiedler

1994, 1998; Nolan and Farrell 1999; Nolan 2005;

Lewellen et al. 1997, 2000). The mean tangential wind

fVg is maximized in the upper portion of the inflow

layer, while the inflow fUg is maximized closer to the

surface. In the boundary layer, both fUg and fVg in-

crease toward the center until they reach their maximum

values around r5 200 and 150m, respectively. Inside the

RMV, the flow turns upward and then rebounds out-

ward with nearly the same speed at which it entered the

corner region. Radial inflow is weak (about 5ms21; see

Fig. 1c) at the location of fVgmax; it cannot be zero there

(Kepert 2001; Nolan 2013).

The value for fVgmax for this simulation is 93ms21. This

clearly exceedsWeff (66ms21) and evenWconv (80ms21).

A time–azimuthal-mean wind well in excess of Weff

stands in contrast to the findings of many earlier studies,

both axisymmetric and three-dimensional, that used

constant eddy viscosity and no-slip boundary conditions

(Fiedler 1994, 1998, 2009; Nolan 2005). However, when

using much higher Reynolds numbers than those earlier

studies, the axisymmetric simulations of R16 produced

fVgmax values that also exceed Weff by over 70%.

TABLE 1. Names and parameters for the simulations used in this

study. An asterisk indicates the same value as for the control

simulation (CTRL).

Name Dx/Dz (m) Wconv (m s21) Sr z0 (m)

CTRL 5/2.5 80 0.01 0.2

CTRL20 20/10 * * *

CTRL10 10/5 * * *

CTRL2.5 2.5/1.25 * * *

SR02 * * 0.02 *

SR005 * * 0.005 *

Z0-8 * * * 0.8

Z0-05 * * * 0.05

W40 * 40 * *

W60 * 60 * *

W100 * 100 * *
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The magenta curve in Fig. 1a shows the depth of the

inflow layer, following the definition proposed by Zhang

et al. (2011) for hurricanes, which is the height where

f2Ugmax first decreases to 10% of its maximum value in

the boundary layer. For CTRL, the fastest inflow speed

is 63.6m s21; therefore the inflow layer is defined by

U , 26.4m s21. While using U 5 0 would be a natural

choice, it can produce highly variable results as the

vertical gradient of U also becomes very small near the

top of the layer. Note also that the location of fVgmax

occurs very close to the magenta curve—that is, very

close to the top of the inflow layer by this definition.

Further details of the boundary layer can be seen

more clearly in radial and vertical profiles as shown in

Figs. 1b and 1c. For r . 125m, fUg at 10m is actually

greater than fVg, which is consistent with recent damage

surveys of strong tornadoes in urban and wooded envi-

ronments (Karstens et al. 2013, Atkins et al. 2014;

Burgess et al. 2014). This can also be seen in the verti-

cal profiles. While fVgmax 5 93.3m s21, the peak mean

horizontal wind at the surface fS10gmax is only 79.5ms21.

Interestingly, where S10 is largest, most of its contribu-

tion comes fromU10, and as a result, the radius at which

the fastest mean surface winds occur (RMS10) is 177.5m,

outside the RMV. Furthermore, values of S10 exceeding

50ms21 extend out to almost 500m from the center of

the vortex. This is also consistent with damage surveys

for significant tornadoes, which often show moderate

FIG. 1. Time–azimuthal-mean and azimuthal-mean wind fields for the simulation CTRL: (a) time–azimuthal-mean tangential winds

(colors) and secondary circulation (vectors), along with the depth of the inflow layer (magenta line), defined as the height where 2U is

equal to 10% of the fastest inflow anywhere in the boundary layer f2Ugmax; (b) radial profiles of time–azimuthal-mean U, V, W, and

horizontal wind S at z5 10m; (c) vertical profiles ofU,V,W, and S at r5RMV; (d) time series of maximum azimuthal-meanU,V,W, and

S10; (e) time series of the radius and height where fVgmax occurs, and the radius where fS10gmax occurs. In (a) and subsequent figures, the

vectors are plotted every 20m.
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wind damage extending hundreds of meters from the

analyzed center.

Figure 1d shows time series of the time-evolving

maxima of the azimuthal-mean fields and their loca-

tions. The azimuthal-mean vortex structure shows only

minor deviations in size or intensity. There are quasi-

periodic oscillations in both, with periods appearing to

range from 5 to 20 s. The location of [S10]max shows large

variations, but this is because of the fairly flat profile of

S10 (Fig. 1c), such that a relatively small, localized in-

crease will relocate the maximum value.

The structural properties of the time-azimuthal-mean

vortex are listed in Table 2. In Table 3, four additional

measures of intensity are shown: the maximum and

mean values of the peak surface 3-s wind gust (S10-3s)

occurring anywhere, such as what might be occurring in

suction vortices, wind streaks, or other transient struc-

tures in the tornado, and also the maximum and mean

values of the peak vertical wind gusts (W10-3s). To

compute 3-s gusts, wind data at the 10-m level were

saved every 0.1 s and the 3-s gusts are running averages

over the previous 30 outputs at fixed points. To illustrate

the difference, Fig. 2 shows horizontal slices of in-

stantaneous values and 3-s gusts of S10 at the same time.

The peak values of S10-3s are considerably reduced, and

they show swathlike features that lag behind the in-

stantaneous maxima, showing the paths that those lo-

calized wind maxima have taken over the previous 3 s;

these paths aremarked by the black lines in Fig. 2b. Also

shown in Fig. 2 are time series of the peak instantaneous

S10, S10-3s, and the mean value of S10-3s. The 3-s gusts

are considerably less than instantaneous wind speeds,

and this demonstrates the importance of using some

relevant averaging period. The instantaneous values,

while amazingly large, only exist in each place and time

for about a tenth of a second, as will be shown later.

While the peak 3-s gust at any time is also interesting,

Fig. 2c shows that the most extreme values occur ran-

domly and only a few times in the 5-min period.

Therefore, the time mean of maximum S10-3s (solid

black line) is a more representative indicator of the in-

tensity of, and the general damage that would be caused

by, a fully turbulent tornado. This measure of intensity is

analogous to the ‘‘best track’’ intensity used to describe

TABLE 2. Time–azimuthal-mean vortex sizes and intensities. Mean sizes and intensities for the simulated tornado vortices in this study,

including radius of maximum tangential wind (RMV), height of maximum tangential wind (ZMV), and radius of maximum S10 (RMS10),

where S10 refers to horizontal wind speed at 10-m height.

Name fVgmax (m s21) RMV (m) ZMV (m) f2Ugmax (m s21) fWgmax (m s21) fS10gmax (m s21) RMS10 (m)

CTRL 93.3 152.5 51.3 63.6 38.4 79.5 177.5

CTRL20 94.3 150.0 45.0 61.1 35.3 77.2 170.0

CTRL10 93.6 135.0 42.5 64.6 34.0 78.6 155.5

CTRL2.5 97.8 143.8 49.4 65.9 42.1 86.5 163.8

SR02 80.0 282.5 56.3 52.1 21.4 67.8 322.5

SR005 104.9 47.5 31.3 70.0 92.1 97.7 27.5

Z0-8 92.1 147.5 71.3 63.7 48.7 70.3 72.5

Z0-05 99.1 137.5 31.3 67.0 34.5 92.9 142.5

W40 49.1 92.5 36.3 34.0 21.7 43.6 107.5

W60 72.0 117.5 43.8 48.3 32.3 61.3 142.5

W100 121.3 162.5 56.3 83.6 51.1 101.3 197.5

TABLE 3. Time-mean maximum and peak maximum values of 3-s gusts of horizontal and vertical winds at z5 10m, S10-3s, and W10-3s.

The time–azimuthal-mean tangential wind is included for reference.

Name fVgmax (m s21) Mean max S10-3s (m s21) Max S10-3s (m s21) Mean max W10-3s (m s21) Max W10-3s (m s21)

CTRL 93.3 108.5 130.5 28.4 74.3

CTRL20 94.3 83.5 89.6 15.2 18.5

CTRL10 93.6 97.7 116.2 24.7 65.2

CTRL2.5 97.8 109.9 133.0 28.9 59.3

SR02 80.0 98.1 121.8 21.0 32.8

SR005 104.9 131.1 180.9 118.2 190.9

Z0-8 92.1 107.1 144.1 32.2 72.1

Z0-05 99.1 113.9 133.8 24.9 35.0

W40 49.1 60.0 76.0 25.4 52.6

W60 72.0 86.9 105.1 25.9 70.8

W100 121.3 133.3 156.5 32.1 69.7
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hurricanes, which is a 6-h representative value of the

peak 1-min wind that is associated with the storm

(Landsea and Franklin 2013; Nolan et al. 2014).

Finally, also shown in Fig. 2d are time series of in-

stantaneous and 3-s gusts ofW at 10-m height (W10-3s).

The peak instantaneous values of W10 are astonishingly

large, ranging from 40 to 160m s21, but as noted above

they are extremely brief. As shown in Table 3, a true 3-s

upward gust of 74.3m s21 does occur, but it can be seen

from Fig. 2d that a 10-m updraft this strong occurs only

once during the 5-min simulation. Thus maximum peak

values of W10-3s are even less representative of in-

tensity and damage potential than the maximum values

of S10-3s. Nonetheless, the remarkably strong updrafts

that occur in this and subsequent vortices help us to

understand how large debris can be lifted from the sur-

face in strong tornadoes.

In preliminary simulations for R16, the domain

size, domain height, the shape of the vertical forcing

function, and the depth of the damping layer were

extensively varied to find configurations for which the

final outcomes—vortex structure and intensity—were

not significantly dependent on such parameters. None-

theless, some of the numerical results in Table 2 may be

sensitive to some of the model parameters that are not

varied in this study. As noted below in section 3f, we did

find some dependence of the RMV on the damping-

layer relaxation rate.

b. Resolution sensitivity

For any modeling study it is important to consider to

what extent the results depend on the resolution. For

comparison, we present simulations like CTRL but with

Dx 5 20, 10, and 2.5m (CTRL20, CTRL10, and

CTRL2.5, respectively), again with Dz 5 Dx/2 in each

case. The computational cost and data storage chal-

lenges of the 2.5-m simulation prohibited us from using

it as the standard resolution, although we did perform a

single simulation for validation. These simulations were

performed in exactly the same way, including the

FIG. 2. Instantaneous and 3-s gusts of horizontal and vertical winds at z5 10m for CTRL: (a) selected snapshot of

instantaneous S10; (b) S10-3s at the same time; (c) time series of maximum instantaneous and 3-s gusts of S10;

(d) time series of maximum instantaneous and 3-s gusts of W10. The black lines in (b) indicate the paths of smaller-

scale vortices that trace out ‘‘swaths’’ in the 3-s-averaged wind field.
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axisymmetric precursor simulation and the eddy-injection

technique, with the resolution for each adjusted to match

the final simulation.

Figure 3 shows the results for different resolutions. The

Dx 5 20m case (CTRL20) has a shallower boundary

layer, its RMV is slightly smaller, and its fVgmax is slightly

greater than for Dx 5 5 (Fig. 1a). For CTRL10, the

boundary layer depth and the vortex size are also slightly

smaller than for CTRL. For CTRL2.5, the time- and

azimuthal-mean structure and intensity are slightly larger

than for CTRL, but smaller than for CTRL10, while its

fVgmax is notably larger: 97.8ms21. Vertical profiles of

fUg and fVg at the RMV, as shown in Fig. 3d, show little

qualitative differences between the four cases.

These results are also listed in Tables 2 and 3. We see

that the time-mean peak wind gusts (S10-3s) increase

significantly from CTRL20 (83.5m s21) to CTRL10

(97.7m s21) to CTRL (108.5m s21). The fact that it only

increases to 109.5m s21 for CTRL2.5 suggests that the

representation of small-scale structures in the tornado is

beginning to converge for these grid spacings. Similarly,

the mean peak W10-3s increases only from 28.4 to

28.9m s21.

These decreasing differences are illustrated by time

series of peak S10 and peak S10-3s computed from wind

fields that are spatially averaged and compared to output

from simulations with equivalent resolutions. Figure 4

shows time series from CTRL and CTRL10, where the

10-m winds from CTRL were first horizontally averaged

to match the resolution of CTRL10. The instantaneous

peaks of S10 from spatially averaged CTRL are about

40ms21 greater than those of CTRL10, while the time-

mean S10-3s is about 10% greater. In CTRL2.5 versus

CTRL, the spatially averaged instantaneous winds are

only about 20ms21 greater than those of CTRL, while

the peak and mean peak values for S10-3s are nearly

identical. The dynamical structures that produce these

extreme winds are further discussed in section 3d.

Some convergence of the results is also suggested by

the inflow-layer depths. Outside RMV, the inflow-layer

FIG. 3. Time–azimuthal-mean wind fields for simulations with varying resolution: (a) CTRL20 (Dx 5 20m,

Dz5 10m); (b) CTRL10; (c) CTRL2.5; (d) vertical profiles of wind speeds at each of their respective RMVs. As in

Fig. 1, the magenta curves in (a)–(c) show the depth of the inflow layer as defined by 10% of f2Ugmax.
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depth actually increases from CTRL20 (Fig. 3a) to

CTRL10 (Fig. 3b) to CTRL (Fig. 1a) to CTRL2.5

(Fig. 3c), but the change from CTRL to CTRL2.5 is very

small. The shapes of the magenta curves are quite sim-

ilar for CTRL and CTRL2.5.

c. Changes in vortex structure

The size and structure of the vortex is strongly con-

trolled by the rotation rate of the fluid in the far field, as

determined by V, or equivalently Sr. Figure 5 shows the

mean vortex and wind profiles for Sr 5 0.02 (simulation

SR02). Wind speeds fVgmax and fS10gmax are reduced

to 80.0 and 67.8m s21, respectively, but RMS10 is nearly

doubled, and values of fS10g greater than 60m s21 ex-

tend beyond r 5 500m. Consistent with many previous

studies, this high-swirl vortex contains numerous asym-

metries and smaller-scale vortices. One might suspect

that the reduced mean intensity is simply a consequence

of averaging over these asymmetries. However, the

mean value of the peak surface gusts is also reduced

from 108.5 (for CTRL) to 98.1m s21 (for SR02).

Snapshots of S10 and S10-3s are shown in Fig. 6. Not

surprisingly, the S10 fields show a larger vortex with a

greater number of localized windmaximamoving around

the vortex. Time series of maximum S10 and S10-3s and

W10 and W10-3s are also shown. Interestingly, Fig. 6d

appears to show a larger disparity between the maximum

values of W10 and W10-3s as compared to CTRL. W10

has large variability and frequently exceeds 100ms21,

while W10-3s has much less variability and stays near its

mean value of 24ms21. This suggests that, in comparison

to CTRL, the fastest vertical winds are associated with

smaller-scale features that are moving more quickly past

fixed points at the surface. An example of such a feature

will be shown in section 3d.

Figure 7 shows results for Sr 5 0.005 (SR005). The

vortex is both smaller and stronger, with RMV5 47.5m

and fVgmax 5 104.9ms21. Comparison to the axisym-

metric simulations of R16 indicate that this vortex is close

to (but has slightly greater swirl than) the optimal swirl

ratio that produces the most extreme values of fVgmax

and fWgmax (see Fig. 6 of R16). An even more striking

increase occurs for themean peak gusts, which increase to

131.1ms21. Fortunately, the area of the most destructive

winds is drastically smaller for this vortex. In contrast to

the larger vortices, which have RMS10 outside of RMV,

in this case RMS10 is reduced to 27.5m, well inside RMV

(47.5m), such that the area affected by the most de-

structive winds is less than 3% of the area for CTRL.

Fields of S10 and S10-3s also show the most de-

structive winds confined to a much smaller area for

SR005 (Fig. 8). The structures of the S10 and S10-3s

fields are more similar and the values are generally

closer to each other. This is shown more clearly in the

time series in Fig. 8c: maximum values of S10 and S10-3s

are highly correlated and the 3-s gusts are not much less

than the instantaneous values. This indicates that the

peak winds, instantaneous or gusts, are actually repre-

sentative of more stationary or lower-wavenumber

asymmetries in the core, or even of the axisymmetric

mean structure at the base of the vortex. W10 and

W10-3s also show this similarity, with mean peak values

of both in excess of 100ms21.

d. Extreme winds and suction vortices

Given the extreme wind speeds produced by the

model, we should consider whether these winds are

produced by physically realistic flow structures and are

FIG. 4. Comparisons of peak instantaneous and 3-s horizontal

wind gusts (S10 and S10-3s) for simulations of different resolutions,

with the higher-resolution data first spatially averaged to the lower

resolution: (a) CTRL10 vs spatially averaged CTRL; (b) CTRL vs

spatially averaged CTRL2.5.
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not associated with noise or other model artifacts. For

most simulations, examination of the surface winds

fields around the times of peak values of S10 and W10

reveals that the extreme winds are associated with

smaller, transient vortices that rapidly form, intensify,

and dissipate inside theRMV; these are widely known as

suction vortices (Fujita 1970; Agee et al. 1977). As an

illustration, we select the event of maximum S10 for

CTRL, which occurs at t 5 1553.8 s, as shown in Fig. 2c.

Figure 9 shows a sequence of plots of instantaneous S10

(color) and W10 (white contours) in 0.5-s intervals

leading up to this event. In the first snapshot (Fig. 9a), a

preceding suction vortex is in the upper-right quadrant

of the image, and in the next image, it reaches its peak

intensity with S10 5 143ms21. At the same time, a new

vortex is beginning to form in the lower-left quadrant of

the domain. In the next three intervals, the first vortex

disappears completely, while the new vortex contracts

and intensifies, reaching its peak intensity with S10 5
223ms21 and W10 5 165ms21. In the last image, just

0.5 s later, this vortex appears to ‘‘break down’’ into a

two-celled vortex, with downward motion at its center. A

similar evolution was shown previously by Fiedler (1998).

Despite their great intensity, these vortices only con-

tribute to a small fraction of the total kinetic energy

(KE) of the wind field. For example, integrating the

squared velocities of the two-dimensional wind field S10

over a 400m 3 400m square centered on the CTRL

vortex finds that the winds in excess of 150m s21 con-

tribute to less than 1% of the total KE, while winds in

excess of 100m s21 contribute about 15%.

Figure 10a shows a suction vortex from SR02. In this

case, the mean vortex is much larger and the suction

vortices are farther apart, so that only one suction vortex

FIG. 5. As in Fig. 1, but for simulation SR02.
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can appear in a plot domain with the same size as above.

The broader spatial distribution of the vortices can be

seen from the various local maxima in S10 shown in

Fig. 6a.As the suction vortices in SR02 tend to be at larger

radius, they move faster, and thus many of them are not

actually closed circulations in terms of their ground-

relative winds. Figure 10b shows a similar snapshot of

S10 and W10 for SR005. Here, we do not see suction

vortices, but rather the tornado itself is a single intense

vortex that is only a little larger than the suction vortices of

CTRL and SR02. The extreme gusts associated with this

case, as shown in Fig. 8, are associated with rapid oscil-

lations in the size and intensity of this vortex (see also

Figs. 7d and 7e). Finally, Fig. 10c shows a snapshot from

CTRL2.5, with suction vortices that are even smaller than

in CTRL. While their instantaneous wind speeds are

frequently greater than for CTRL, the 3-s gusts of S10 and

W10 are not, as discussed above in section 3b.

e. Changes in surface roughness

Tornado structure and intensity are affected by the

roughness of the underlying surface, which can range

from grassy farmland to a fully urban environment.

CTRL uses z0 5 0.2m, and we now show results for

z0 5 0.05 and 0.8m. Following standard guidance that

roughness length can be associated with obstacles 10

times larger (e.g., Garratt 1992), we can see that such

obstacles in CTRL would exceed the height of the first

model level (z 5 1.25m), and they would nearly reach

10m for z0 5 0.8m. While the surface layer in this case

would be better simulated with a modeling framework

with embedded structures (e.g., Lewellen 2014), in the

present modeling framework we can only change the

surface roughness. Figure 11 shows time–azimuthal

means as well as vertical profiles for z0 5 0.05 and

0.8m (hereafter Z0-05 and Z0-8, respectively). For

Z0-05, the boundary layer is shallower and fVgmax is

closer to the surface; the opposite is true for Z0-8. This is

also evident in the vertical profiles. Another interesting

difference for Z0-8 is a significant reduction in the tan-

gential winds near the surface and outside RMV, as also

indicated by RMS10 in Table 2, which is about half the

values for CTRL and Z0-05. Therefore, the mean wind

fields suggest that this vortex would produce significantly

FIG. 6. As in Fig. 2, but for simulation SR02.
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less damage than CTRL. Surprisingly, themean peak gust

is barely reduced (107.1ms21) compared to CTRL

(108.5ms21) and Z0-05 (113.1ms21), and the maximum

gust is actually larger for Z0-08 (144.1 vs 133.8ms21).

Although slightly weaker and nearly half the size at the

surface, the Z0-8 vortex appears to have about the same

damage potential for individual structures as Z0-05 and

CTRL. Such results may turn out differently in a model

with resolved roughness elements or obstacles.

f. Changes in intensity

Theories for the mean intensity of a tornado-like

vortex, such as those of Lilly (1969) and Fiedler and

Rotunno (1986), suggest a linear scaling of intensity with

increasing Wconv (which is proportional to the square

root of the amplitude of the convective forcing). Ap-

proximately linear scaling was found in the axisymmet-

ric, low–Reynolds number simulations of Nolan and

Farrell (1999), with the ratio between fVgmax andWconv

approaching 1 from below for increasing Wconv. The

higher-resolution, three-dimensional simulations of

Fiedler (1998, 2009) also found this ratio to be close to 1,

although those studies did not vary Wconv [the time–

azimuthal-mean states of the Fiedler (2009) vortices are

shown in Nolan (2012)].

Does this scaling hold for three-dimensional, fully

turbulent vortices? According to the results shown in

Fig. 12 and Table 2, it does. Simulations were performed

with the convective forcing adjusted so that Wconv 5 40,

60, and 100ms21 (W40, W60, and W100, respectively),

but with V modified so that Sr 5 Vlr/W remains equal to

0.01. The shape of each vortex is remarkably similar

among all four cases (W60 not shown), while the vortex

size increases with V. The value of fVgmax is approxi-

mately 150% of Weff for all four cases (see Tables 2

and 4). The mean surface winds fSl0gmax show some

FIG. 7. As in Fig. 1, but for simulation SR005.
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diminishing returns, being 139%, 126%, 121%, and 120%

of their respective Weff values. For the mean peak gusts,

the relative values also diminish with intensity, being

192%, 179%, 165%, and 159% ofWeff (see also Table 3).

The increase in RMV with increasing W, despite

adjusting V to maintain Sr 5 0.01, is unexpected from

simplistic scaling. Nolan (2005) argued that the circula-

tion that is drawn into the vortex core varies like

G;Vl2r , and therefore the expected RMV;Vl2r /W, and

should not change if W and V vary together; this is

equivalent to RMV ; Srlr. This neglects the possible

influence other nondimensional parameters listed in (7)

of R16, particularly tW/lr, which contains the damping

layer relaxation time scale t. To assess this, an additional

W40 simulation was performed with t adjusted so that

tW/Zr was the same as for CTRL. This did produce a

vortex of similar shape and intensity as W40 that was

closer in size to CTRL (not shown).

g. Comparisons to other simulations

It is worthwhile to compare our results to the mean

and transient velocities predicted by other LES studies

of tornadoes. The most direct comparisons can be

made to the results in the papers by Lewellen et al.

(1997, 2000) and Lewellen and Lewellen (2007a,b).

Since their simulations used smaller domains with fixed

inflow and outflow boundary conditions, they could not

compare to a convective forcing as measured by Wconv

or Weff. Rather, they used as their velocity scale the

mean V in the ‘‘upper core’’ updraft region Vc, which is

representative of the strength of the larger circulation

above the corner flow region; the ratio Vmax/Vc is a

measure of the near-surface intensification caused by

the tornado. This upper-core region appears in our

simulations as the secondary maxima of fVg that exist

at and above z 5 500m at r 5 85, 250, and 450m for

SR005, CTRL, SR02, respectively, and the values of Vc

are 72, 63, and 57m s21 (in each case, these values are

close to the mean fVg farther aloft, from z 5 1000 to

2000m, not shown). Although these are similar to

Wconv and Weff, the fact that they vary with Sr means

they are not precisely correlated with the convective

forcing and that this scaling would make smaller, more

intense vortices weaker in the nondimensional sense.

Lewellen et al. (2000) do not state Vc for each case,

although they do offer 75m s21 as a typical value. The

FIG. 8. As in Fig. 2, but for simulation SR005.
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fastest V/Vc from that study is around 2.5, suggesting

fVg in excess of 200m s21. This is substantially greater

than our largest time-mean values of fVgmax, even

for W100.

In later studies of Lewellen and Lewellen (2007a,b),

results were scaled by Vs 5 G‘/rd, where G‘ was the

far-field circulation and rd was the half-size of the com-

putational domain, and it was stated that typical values

of Vs ranged from 8 to 10ms21. Those studies focused

on transient intensification of vortices due to varying

external conditions, with azimuthal-mean wind speeds

[V]max reaching 15Vs. However, even in a quasi-steady

FIG. 9. Sequence every 0.5 s of S10 (colors) and W10 (white contours, 20m s21 intervals) leading to the most extreme

value of S10 in CTRL, with times labeled above each plot. Each black dot indicates the location of maximum W10.
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state, some transient axisymmetric oscillations in

SR005 (see Fig. 7d) exceed 150m s21, and thus the

peak, transient, azimuthal-mean velocities in our

simulations appear to reach nearly similar intensities.

More recently, Lewellen et al. (2008) showed results

of simulations with simulated debris loading. For their

‘‘control’’ case without debris fVgmax 5 126m s21

compared to Vc 5 98m s21. That vortex is very

small and intense, with RMV about 20m and ZMV

around 10m.

Kuai et al. (2008) performed three-dimensional

large-eddy simulations, modeled after a laboratory

chamber using inflow and outflow boundary condi-

tions but scaled up to the size of real tornadoes. Us-

ing inflow boundary conditions modeled after radar

observations of the Spencer (1998) tornado analyzed

by Wurman and Alexander (2005), they produced

values of V at z 5 20m (fV20gmax in our notation)

ranging from 45 to 176m s21, depending on surface

roughness and numerous other model parameters.

Some of their simulations matched the size and in-

tensity of the observed tornado (RMV 5 120m and

fV20gmax 5 81m s21) quite well. Again, direct com-

parison to these results is limited because of the very

different model designs, but the mean low-level

winds are quite similar.

Finally, Orf et al. (2017) produced a realistic, ‘‘full

physics’’ supercell and tornado simulation with 30-m

grid spacing over a very large domain, no surface fric-

tion, and an environmental CAPE which suggests

Wconv 5 99m s21 (which also equals Weff, since there is

no damping layer overlapping with the updraft zone).

Instantaneous surface winds over 100m s21 are main-

tained for over 10min, with a peak surface wind of

143ms21. This ratio of maximum S10 toWeff, about 1.4,

is less than what occurs inmost of our simulations, which

ranges from 1.8 to 2.8.

4. Momentum budgets and the effects of resolved
turbulence

The results indicate that a steady-state tornado-like

vortex can support mean intensities—both aloft and at

the surface—well above the so-called thermodynamic

speed limit represented by Weff (the maximum possible

updraft speed). This occurs despite the effects of three-

dimensional asymmetries that are continuously de-

veloping from the strong instability of the mean state

(Nolan 2012), some of which break down into smaller

eddies and turbulence. As shown in B17, most of the

turbulent mixing is associated with eddies that are well

resolved in these simulations. What role do the eddies

play in the mean intensity? Are eddies only working to

FIG. 10. As in Fig. 9, but for selected output times from other

simulations: (a) SR02; (b) SR005; (c) CTRL2.5.
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diminish it? Or are they somehow intensifying the

peak winds, perhaps through upgradient momentum

transports?

To investigate the roles of eddies and turbulence in the

vortex core, we compute each of the terms that appear in

equations for the time-averaged azimuthal-mean flows:
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where, as above, the rectangular brackets refer to azi-

muthal means and the curly brackets refer to azimuthal

FIG. 11. Time–azimuthal-mean wind fields for simulations with different roughness lengths: (a) Z0-05 (z05 0.05m); (b) Z0-8 (z05 0.8m);

(c) vertical profiles of winds at r 5 RMV, including CTRL with z0 5 0.2m.
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and temporal means. As shown in (1d) of R16, f is the

density-normalized pressure. The F terms refer to the

tendencies due to the subgrid-scale turbulence scheme.

Each term on the left-hand side is the net change in the

azimuthal-mean wind field over the averaging period t

(equal to 5min for our calculations). Ideally, for steady-

state tornadoes, these would be small and converge to

zero for large t.

For this analysis we used the same averaging procedure

used by B17, which makes the calculations less sensitive

to the definition of the vortex center. First, the three-

dimensional flow was time averaged over 300 s of model

output every 1 s. Deviations from this time-mean state

were computed on the Cartesian grid. Then, time-mean

flows and products of their perturbations were trans-

formed into cylindrical coordinates about the center point

of the domain (directly below the center of the convective

forcing). Finally, all fields were azimuthally averaged.

Special treatment is required for the subgrid-scale

turbulence terms. These are computed in CM1 from

parameterized eddy stresses in Cartesian coordinates;

for example, txy 5 usys, where here us, ys, and ws are

unresolved subgrid-scale velocity fluctuations in the x, y,

and z directions, and the overbar represents a grid-scale

spatial average. To properly convert the stress terms, the

variables us, ys, and ws must be related to subgrid-scale

velocities in cylindrical coordinates, Us, Vs, and Ws, as

follows:
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Substitution of these expressions into the six eddy flux

terms gives the parameterized eddy stresses in terms of

the Cartesian subgrid-scale stresses computed by CM1:
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FIG. 12. Time–azimuthal-mean wind fields for simulations with different convective forcing: (a) W40 and (b) W100.

TABLE 4. Relative axisymmetric mean or gust intensities. Ratios of maximum velocities to either the effective convective velocity scale

Weff or to the time–azimuthal-mean tangential velocity fVgmax. An asterisk indicates the same value as for the control simulation (CTRL).

Name Weff (m s21) Effective CAPE (J kg21) fVgmax/Weff fS10gmax/fVgmax Mean max S10-3s/fVgmax Max S10-3s/fVgmax

CTRL 65.8 2164 1.42 0.85 1.16 1.40

SR02 * * 1.21 0.85 1.22 1.52

SR005 * * 1.59 0.93 1.25 1.72

Z0-8 * * 1.40 0.76 1.16 1.56

Z0-05 * * 1.50 0.93 1.14 1.35

W40 31.3 489 1.56 0.88 1.22 1.55

W60 48.5 1176 1.48 0.85 1.21 1.46

W100 84.0 3528 1.44 0.83 1.10 1.29
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The subgrid-scale tendencies fFug, fFyg, and fFwg in

(4.1)–(4.3) are computed from the same divergence

operations to these terms that are applied to the re-

solved eddies in those equations.

We first consider U and V momentum budgets for

CTRL shown in Fig. 13. The six panels show (i) themean

advective terms; (ii) the sum of pressure, Coriolis, and

Centripetal forces; (iii) tendencies due to radial eddy

fluxes; (iv) tendencies due to vertical eddy fluxes; (v)

tendencies due to subgrid-scale turbulence; and (vi) the

residual. Ideally, the last term would be zero everywhere.

Looking first at the V budget, the advective and ro-

tational terms are exactly as expected, making large and

approximately compensating tendencies that are oppo-

site in sign on either side of the axis of maximum V. The

subgrid tendency is negative but is significant only in a

very shallow layer near the surface. This strongly sup-

ports our claim (as in B17) that the large majority of

turbulent mixing is accomplished by resolved eddies

(except very near the surface). Of greatest interest are

the radial and vertical eddy tendencies. Both of these are

negative along the axis of maximum V, showing that

eddies are indeed working to weaken fVgmax. They also

show positive tendencies inside and above the axis of

maximum V, indicating that eddies are predominantly

transporting angular momentum inward and upward. A

similar result for eddy fluxes and their tendencies on V

was shown by Lewellen et al. (1997). The tendencies on

W from radial and vertical fluxes (not shown) also show

that eddies are transporting positive vertical momentum

into the relatively stagnant core of the vortex.

To maintain fVgmax against turbulent diffusion, U

must be negative there; therefore, the effect of eddy

mixing on U at this location is also relevant. The third

panel of the U budget shows that the U tendency due to

radial eddy fluxes is positive, or outward, so again it is

clear that eddies are working to weaken V in the vortex

core. Another interesting aspect of the U budget is that

the layer of net negative imbalance between the pres-

sure force and the centripetal force is remarkably shal-

low, less than 20m deep, even though the radial inflow

extends up to the location of fVgmax. If this figure is

extended out to larger radius (not shown), then the layer

of net inward force becomes much deeper, driving the

inward acceleration of radial inflow. Near the RMV,

however, the centripetal force is far larger than the

pressure force (except in the thin surface layer) and the

inflow ismaintained by strong inward radial advection of

the negative radial momentum that parcels in themiddle

and upper boundary layer have accumulated as they

accelerate into the vortex.

Returning to the V budget, the vertical eddy fluxes

generate a layer of positive tendency near the surface

that extends outward to beyond r5 250m. This shows

that eddies in the boundary layer are transporting

angular momentum downward and are ‘‘spinning up’’

the tangential flow near the surface. The same result

can be seen in Fig. 15 of B17, which shows increasing

downward transport of momentum by resolved eddies

as the boundary layer flow moves toward the vortex

center.

How much does the eddy-injection lead to enhanced

mixing by resolved eddies? To answer this, the total

(radial and vertical) eddy tendency and the subgrid

tendency onV are shown in Fig. 14 for CTRL and for an

identical simulation that did not use eddy injection.

Two differences are apparent. First, the near-surface

positive tendency extends to much larger radius for

CTRL than for the no-eddy-injection case. Second, the

maximum negative eddy tendency inside the RMV is

larger (216 vs 210m s22) for CTRL, again suggesting

that there is more redistribution of momentum by re-

solved eddies when eddy injection is used.

The V budgets for SR02 and SR005 are shown in

Fig. 15. The SR02 budget is very similar to CTRL, but

with tendencies of weaker amplitude extending to larger

radii. As for CTRL, downward transport of angular

momentum into the lower boundary layer is evident.

Computing budgets for SR005 was problematic. The

much smaller and more intense vortex does not remain

near the domain center but, rather, executes half of a

cyclonic loop during the period when data were recor-

ded, with displacements from the domain center ranging

from 10 to 100m. Several variations on the method of

computing themomentum budgets were evaluated, such

as the method described above (time averaging first), or

one based on tracking the vortex center, computing az-

imuthal means and perturbations about that center, and

then taking time averages. This latter method produced

what we would subjectively call the best results: it leaves
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FIG. 13. Time–azimuthal-mean tendencies on (a) tangential velocity V and (b) radial velocity U due to

azimuthal-mean terms, resolved eddies separated into radial and vertical fluxes, parameterized eddies, and the

total (or residual) tendency, for simulation CTRL. Red contours indicate positive values and blue contours

indicate negative values, both with 2m s22 intervals. The black contours show the time- and azimuthal-mean

tangential winds with contour intervals of 10m s21.
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very large residuals, but these are confined to within

20m of the vortex center. This result is shown for the

V budget in Fig. 15b. Ignoring the large residuals near

r 5 0, the same conclusions as above can be drawn:

eddies redistribute angular momentum inward and up-

ward from the axis of maximum fVg, they also transport

angular momentum into the lower boundary layer, and

their tendencies dominate over subgrid-scale mixing

except in the lowest 10m.

5. Mean winds, surface winds, and damage areas

Suppose that during a field experiment, a tornado

is well observed by one or more Doppler radars and

an accurate analysis can bemade of the azimuthal-mean

V field down to at least the upper part of the inflow

layer, either using dual-Doppler orGBVTD techniques.

The tornado occurs over uninhabited terrain, with

no significant structures to damage. If the maximum

azimuthal-mean wind fVgmax is analyzed to be 90m s21

at a radius of RMV 5 150m (i.e., similar to CTRL),

what kinds of mean and transient winds probably hap-

pened at the surface?

The answer still depends on many unknowns, but our

results provide some guidance. The maximum azimuthal-

mean total wind speed at the surface fS10gmax would be

less, ranging from 70ms21 over a rougher landscape to

as much as 84ms21 over smooth terrain. The maximum

transient, 3-s horizontal wind gusts at any one time at the

surface would typically be around 105ms21, but could

occasionally reach as high as 125ms21. Peak vertical

wind gusts at 10m would average 30ms21 but could

reach as high as 60ms21.

These are very extremewind speeds. In retrospect, the

azimuthal-mean intensities of the CTRL, SR02, and

SR005 cases may be representative of only the strongest

tornadoes. The strongest azimuthal-mean winds ana-

lyzed to date by GBVTD analyses are 70–85ms21 (Lee

andWurman 2005; Kosiba et al. 2008; Kosiba andWurman

2010), generally less than the values of 80–105ms21 in

our simulations. The W60 simulation is probably more

typical, with fVgmax 5 72ms21, fS10gmax 5 61.3ms21,

mean maximum S10-3s 5 86.9m s21, and maximum

S10-3s 5 105.1m s21.

Some of these relationships are summarized in Table 4.

The third column compares fVgmax to Weff, which can in

FIG. 14. Time–azimuthal-mean tendencies on V by (top) resolved and (bottom) parameterized eddies, for (left) CTRL

and (right) a similar simulationwithout eddy injection.Contours are as in Fig. 13, butwith a contour interval of 0.5m s22.
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FIG. 15. Time–azimuthal-mean tendencies onV due to azimuthal-mean terms, resolved eddies separated

into radial and vertical fluxes, parameterized eddies, and the total (or residual) tendency, for simulations

(a) SR02 and (b) SR005.
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turn be related to environmental convective instability

through CAPE5W2
eff/2. The remaining columns com-

pare the other intensities to fVgmax. We choose this

comparison rather than to Weff since in our thought

experiment fVgmax is the most reliably observed

quantity. Perhaps what stands out most from Table 4 is

the relatively small variations among the wind speed

ratios across the various cases. For example, mean

S10-3s/fVgmax varies only from 1.10 to 1.22. The value

of fVgmax/Weff varies mostly from 1.42 to 1.59. The one

exception is the high-swirl tornado of SR02 with a ratio

of 1.21. In contrast, the low-swirl tornado of SR005 is

by far the most intense vortex in every way.

For the larger vortices of CTRL and SR02, compari-

sons of the radial profiles of S10 (Figs. 1b and 5b) to the

snapshots of S10-3s (Figs. 2b and 6b) indicate that the

strongest wind gusts occur well inside the radius of

maximum mean surface wind. For example, while

RMS10 5 177.5m in CTRL, Fig. 2b shows that gusts in

excess of 100m s21 typically occur inside of r 5 100m.

This is clearly not the case for the smaller, low-swirl

configuration of SR005, where the typical locations of

the maximum azimuthal-mean S10, maximum S10-3s,

and instantaneous values of S10 are all close to each

other, inside of r 5 50m (Figs. 7b, 7d, and 8b).

The thought experiment can be taken in the other

direction: suppose there are no direct wind observations

of a tornado, but surveys reveal several locations of EF4-

level damage, indicating frequent 3-s gusts in the range

of 74–90ms21 (WSEC 2006). If the tornado were a

medium swirl vortex with an RMV of about 150m, then

we can estimate fVgmax using the ratio shown in Table 4;

that is, fVgmax 5 82m s21/1.16 5 71m s21 (where

82ms21 is the middle value of the EF4 range). If the

vortex was larger, it would have required greater fVgmax

to generate similar damage; but if near the optimal state,

it could have been considerably weaker.

6. Summary and conclusions

In this study we have revisited the relationships be-

tween convective forcing, tornado structure, and tor-

nado intensity using a new modeling framework and

more relevant measures of tornado intensity. The new

modeling framework consists of the Fiedler chamber

approach of using a large domain and a fixed vertical

forcing function, along with the injection of realistic

turbulent perturbations into the boundary layer to en-

sure that turbulence is fully developed in the tornado

boundary layer. Above a very thin surface layer the

large majority of the redistribution of momentum in the

boundary layer is associated with model-resolved eddies

[see Bryan et al. (2017) for a full discussion].

The time- and azimuthal-mean tangential wind fVgmax

in these simulated tornadoes range from 20% to 60%

greater than the velocity scale Weff associated with the

effective convective forcing. Velocity scale Weff is de-

fined as the maximum velocity of parcels freely traveling

up the central axis of the convective forcing in simula-

tions without rotation and is diminished from the ana-

lytically expected valueWconv by an upper-level damping

layer (see appendix A of R16). Values of Weff ranging

from 31 to 84ms21 produce vales of fVgmax ranging from

49 to 121ms21. The largest ratio of fVgmax toWeff, 1.59,

occurs for the ‘‘low swirl’’ vortex of simulation SR005,

which is also significantly smaller in size (see Table 2).

These mean wind speeds are similar to those published

in previous LES studies, such as Lewellen et al. (2000)

and Lewellen and Lewellen (2007a,b), accounting

for the different modeling frameworks and scalings,

and they are also similar to—though generally larger

than—peak axisymmetric winds produced from GBVTD

analyses of tornadoes observed with portable Doppler ra-

dars (Lee and Wurman 2005; Kosiba et al. 2008; Kosiba

and Wurman 2010).

To assess the role of resolved and parameterized

eddies in the tornado cores and their effects on intensity,

comprehensive budgets of angular, radial, and vertical

momentum in tornado cores were computed. Not sur-

prisingly, the peak tangential winds are produced by the

large inward transport and radially inward overshoot of

angular momentum in the upper boundary layer, which

is driven by the imbalance between inward pressure

forces and diminished centrifugal forces in the lower

boundary layer. Resolved eddies transport both positive

angular momentum and negative radial momentum in-

ward and upward, reducing fVgmax, spinning up the flow

near the center axis and bringing faster tangential winds

closer to the surface.

While the peak tangential winds at the top of the

boundary layer have been occasionally observed by

portable Doppler radars, we use these simulations to

estimate the mean and transient surface winds (defined

at z5 10m) that might actually be occurring for a given

value of fVgmax and other parameters. For each case,

three measures of intensity were computed that are

representative of the low-level wind and the damage it

might cause: the time–azimuthal-mean horizontal sur-

face wind speed fS10gmax; the time mean of the maxi-

mum horizontal wind gusts S10-3s occurring anywhere;

and the time mean of the maximum vertical wind gusts

W10-3s. The value of fS10gmax is generally about 15%

less than fVgmax but increases with decreasing sur-

face roughness. Values of maximum S10-3s are, on av-

erage, 10%–20% greater than fVgmax, but S10-3s can

occasionally be 40%–50% greater than fVgmax. The
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simulations show surprisingly large values for vertical

velocities only 10m above the surface: typically the

maximum values of W10-3s are about 33% of fVgmax—

for example, 20–30ms21, with transient values exceed-

ing 50m s21.

Just as fVgmax/Weff was larger for SR005, the mean

and transient gusts are also significantly greater com-

pared to fVgmax. Mean and maximum values of peak

S10-3s are 25% and 72% greater than the already en-

hanced fVgmax. Thankfully, however, these extreme

winds are confined to much smaller areas than for the

larger, higher-swirl vortices.

The tornadoes simulated in this study are highly ide-

alized. They suffer no potential limiting effects from

unsteady convective forcing, an unsteady or asymmetric

supply of rotating air, spatially varying surface rough-

ness, significant surface features such as trees or build-

ings, nor significant debris loading. Two recent studies

simulated tornadoes with embedded debris, using dif-

ferent methods: Lewellen et al. (2008) treated the air

and debris mixture as a ‘‘two fluid’’ system, whereas

Bodine et al. (2016) represented debris with large

numbers of Lagrangian particles. Both studies found

that the debris field reduced fVgmax by as much as 50%

for heavy loadings (where ‘‘heavy’’ means that the mass

of debris becomes comparable to the mass of air per unit

volume). These results suggest our simulations over-

estimate the intensity of actual quasi-steady tornadoes—

either in terms of azimuthal-mean winds or 3-s gusts—as

compared to Weff and its equivalent CAPE. Of course, a

slower but debris-heavy wind field might well do more

damage than an unloaded but faster wind field.

For the purposes of understanding or even predicting

damages caused by tornadoes, the surface winds and

surface gusts are more important than the azimuthal-

mean winds aloft; however, it is only the latter that can

be measured with any reliability. To our knowledge, this

study is the first to systematically evaluate relationships

between fVgmax and horizontal and vertical wind gusts

at the surface, using the important step of converting all

wind speeds to 3-s gusts sustained at fixed points. Max-

imum values of peak surface winds over a period of time

can be highly infrequent, so we argue that it is the time

mean of the peak wind that is most representative of

damage potential. An extreme 3-s gust that occurs where

there are no structures does no additional damage, is

virtually unobservable, and may not be representative of

the vast majority of gusts. This logic really only applies to

the case of a moving tornado, where the core area of high

surface winds and gusts remain over a given area or

structure for a short period of time. In a subsequent paper,

we simulate tornadoes moving across the surface (Dahl

et al. 2017). From these simulations we estimate the

likelihood that a fixed structure will experience various

levels ofwind intensity and how these probabilities change

with tornado intensity, size, and structure.
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