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ABSTRACT: Surface friction contributes to tornado formation and maintenance by enhancing the convergence of angular
momentum. The traditional lower boundary condition in atmospheric models typically assumes an instant equilibrium between the
unresolved stress and the resolved shear. This assumption ignores the physics that turbulent motions are generated and dissipated at
finite rates—in effect, turbulence has a memory through its lifetime. In this work, a modified lower boundary condition is proposed
to account for the effect of turbulence memory. Specifically, when an air parcel moves along a curved trajectory, a normal surface-
shear-stress component arises owing to turbulence memory. In the accompanying large-eddy simulation (LES) of idealized tor-
nadoes, the normal surface-shear-stress component is a source of additional dynamic instability, which provides an extra pathway
for the development of turbulent motions. The influence of turbulence memory on the intensity of quasi-steady-state tornadoes
remains negligible as long as assumptions employed by the modified lower boundary condition hold over a relatively large fraction
of the flow region of interest. However, tornadoes in a transient state may be especially sensitive to turbulence memory.

SIGNIFICANCE STATEMENT: Friction between the wind and the ground can influence atmospheric phenomena
in important ways. For example, surface friction can be a significant source of rotation in some thunderstorms, and it can also
help to intensify rotation when rotation is already present. Unfortunately, the representation of friction’s effects in atmospheric
simulations is especially error-prone in phenomena characterized by rapid temporal evolution or strong spatial variations. Our
work explores a new framework for representing friction to include the effect of the so-called turbulence memory. The ap-
proach is tested in idealized tornado simulations, but it may be applied to a wide range of atmospheric vortices.
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1. Introduction

It is well known that surface friction, at least up to a point, can
intensify vortices by preventing cyclostrophic balance (Fig. 1a)
and promoting radial inflow, thereby promoting the convergence
of angular momentum toward the axis of rotation (Burggraf et al.
1971; Lewellen 1976, 1993; Davies-Jones et al. 2001; Rotunno
2013; Schlichting and Gersten 2017). Friction retards the velocity
of air parcels orbiting the axis of rotation, thereby weakening the
centrifugal force acting on the air, leading to a net inward ac-
celeration of air parcels toward the axis of rotation (Fig. 1b). If
friction becomes excessive, however, the loss of angular mo-
mentum to the ground can overwhelm the radial flow of angular
momentum toward the axis, thereby weakening the vortex.

It is traditionally assumed that the surface friction is directed
opposite the near-surface velocity, with its magnitude being pro-
portional to the product of the wind speed squared and a drag co-
efficient. However, this assumption ignores the fact that friction
really is manifest through the actions of turbulent eddies. Turbulent
motions are generated and dissipated at finite rates—in effect, tur-
bulence (and friction) has a memory through its lifetime. Because of
the memory of turbulence, a more realistic treatment of the effects
of turbulent mixing and friction should not constrain the friction to
be opposite the velocity vector, particularly in the strongly curved
flows of a vortex. In this article we will demonstrate a simple way of
accounting for the memory of turbulence in strongly curved flow.

In the opening paragraph, the inward acceleration of air parcels is
brought about not by an inward-directed friction force, but because
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of the effect of friction in weakening the outward-directed centrif-
ugal force. In this article it will be shown that an inward-directed
friction force acts on air parcels in a vortex (either cyclonic or an-
ticyclonic) when the memory of turbulence is accounted for. On one
hand, the inward-directed friction force potentially could enhance
the convergence of angular momentum toward the axis of rotation,
leading to stronger vortices and/or more rapid vortex formation.
On the other hand, if the magnitude of the friction force is en-
hanced, vortex weakening is a possibility. These two possibilities
will be explored via idealized numerical simulations of tornadoes.

The approach that is used to account for the memory of
turbulence is presented in section 2. The configuration and
results of the aforementioned numerical simulations of torna-
does are presented in sections 3 and 4, respectively. Conclusions
are presented in section 5.

2. Accounting for the memory of turbulence in lower
boundary condition

a. Inconsistency between the traditional lower boundary
condition and the nonzero turbulence lifetime

The traditional lower boundary condition® (also known as
a semi-slip lower boundary condition) in atmospheric models

' The lower boundary condition here is often termed a “wall
model” in the engineering community, in which the walls are not
limited to the bottom of the domain (e.g., pipe flow). Pope (2000,
p. 443 and p. 634) provides expressions of the traditional lower
boundary condition for RANS and LES, respectively.
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(a)

L: a low-pressure center;
PGF: pressure gradient force;
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(b)

Ce

Fr

U: resolved horizontal velocity;
Ce: centrifugal force;

Fr: friction force.

FI1G. 1. A diagram showing the force balance of a cyclostrophic flow (a) without surface friction [similar to Fig. 3.4 in
Holton and Hakim (2013)] and (b) with surface friction.

assumes that the kinematic shear stress at the lower boundary
(7w = ity + j7,;) is opposite the resolved, first-grid-level
horizontal velocity (U, =i#; + ju;):

U
=—ui =L, 1
T T )

Here ux is the friction velocity defined as the square root of
the magnitude of 7,, U, is the magnitude of U}, and i and
j are zonal and meridional unit vectors, respectively. For large-
eddy simulations (LES), the overbar represents a spatial fil-
tering, whereas for Reynolds-averaged Navier—Stokes (RANS)
simulations, the overbar represents an ensemble average.
Equation (1) can be rewritten as

Us U

T, = _i Uz, Z—ll, )
where z; is the first-grid-level height. Equation (2) suggests that
the relationship between the unresolved stress (,,) and resolved
strain rate (U,/z;) is characterized by a scalar,—(u+/U, )(t+21),
which has the same dimensions as kinematic viscosity. Thus,
(1) is an eddy-viscosity model that assumes an instant equi-
librium between unresolved stress and resolved strain rate,
implying that unresolved turbulent motions are generated
at a rate much faster than the rate of change of resolved
motions (assumptions and potential issues associated with
eddy-viscosity models are discussed in detail by Davidson
2015, 169-171).

However, turbulence is always generated and dissipated at
finite rates, corresponding to a nonzero lifetime. According
to Richardson’s concept of energy cascade, the lifetime of a
turbulent eddy is of the order of the so-called turnover time
computed as the ratio between characteristic length and
velocity scales (¢ and u, respectively; see Davidson 2015,
p- 24). These characteristic scales are essential ingredients of
empirical flux—profile relationships like the Monin—-Obukhov
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similarity theory [MOST, proposed by Monin and Obukhov
(1954)]. MOST is applicable to statistically steady, horizontally
homogeneous, fully developed, shear-dominated turbulent
flows above a rigid, flat, rough surface. If shear-production and
viscous dissipation of turbulent kinetic energy (TKE) are in
approximate balance, then mean shear (§U/dz) and viscous
dissipation ¢ are characterized by the same velocity and length
scales (u and /, respectively).

Dimensional analysis suggests that the dimensionless shear,

b= =2 ®

6 == @

where k = 0.4 is the von Kdrman constant. Combining (3) and
(4) suggests that MOST turbulence is characterized by a ve-
locity scale,

12
(@) e
and a length scale,
¢:/2
{=kz e (6)

The turbulence turnover time is given by

™

which characterizes how fast eddies of size ¢ pass most of their
energy onto smaller structures (Davidson 2015, p. 25), meaning
how fast old turbulence is replaced by new turbulence.
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For shear-dominated turbulent flows, 7 + can also be intro-
duced using velocity and length scales associated with only the
shear production of TKE, which are the friction velocity ux
and the Prandtl’s mixing length ¢, respectively. The Prandtl’s
mixing length model uses a scalar eddy viscosity v to char-
acterize the relationship between unresolved stress and re-
solved local strain:

Ui =v,—, ®)

where the eddy viscosity is formulated as (Davidson 2015,
p. 113)

U

=0
Y1 9z

m

. ©)

in which aU/dz is always positive near the surface, and there-
fore the absolute-value operator can be dropped.

Combining the MOST dimensionless shear (3) with (8) and
(9) yields

Us KZ
b =——=— 10
" 9Uldz ¢, (10)
which then yields
KZ
== . 11
T uy U*Cbm (1)

Because ux and ¢, are velocity and length scales associated with
only shear production of TKE, 7 ris a time scale related to shear
production of TKE. The coincidence that 7 = l/u = {,,/ux is
reasonable because MOST is applicable to only shear-dominated
turbulent flows. In other words, 7 + also characterizes how
fast unresolved turbulence adjusts to changes in resolved
motions.

The assumption of an instant equilibrium between surface
shear stress 7,, and near-surface shear (U;/z;) required by (1)
is unphysical because of the finite rate of energy cascade.
Appropriate modification to (1), which, in component form, is

__ ol
=—uz—=— and 12
.= i g (12)
v
Ty = —ui 717 (13)

is needed to account for the effects of the nonzero turbulence
lifetime.

b. A modified lower boundary condition accounting for
turbulence memory associated with the curvature
of an air parcel’s trajectory

Accounting for the turbulence lifetime requires investigat-
ing the history of turbulence statistics. The evolution of the
kinematic stress tensor 7 is governed by

DT T §.Vs=P+T+R+C+B+D,

Dt ot (14)
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where D/Dt represents the rate of change of any flow property
following an air parcel moving with the resolved velocity
u (Pope 2000, p. 84). Here V =i(8/dx) + j(8/dy) + k(8/9z) and
u=iu + ju + kw, where i, j, and k are unit vectors in the zonal
(x), meridional (y), and vertical (z) directions, respectively.
The right-hand-side (rhs) terms are the shear production
P, turbulent transport T, pressure-gradient interaction R,
Coriolis effect C, buoyancy contribution B, and viscous
dissipation D. Wyngaard (2010, p. 188) provides the compo-
nent form of (14) with a mathematical expression for each
term. Integrating (14) from an arbitrary reference time fy to the
current time ¢ yields

rl t ! t
q-(z)=J Pdt’+j Tdt’+J Rdt'+J cadr

f, 1, 17 17

0 0 0 0

ot ol
+ J Bdl + J Ddt' + 7(t)).

) Ty

(15)

Any turbulence property at ¢y, should have been completely
dissipated after a sufficiently long time period of integra-
tion, (t — ty) ~ 107 ;.. Here T, is the Lagrangian integral
time scale that measures the ‘“‘memory’” of an air parcel’s
Lagrangian velocity fluctuation (see definition in Wyngaard
2010, p. 82).

For shear-dominated turbulent flows, once 7(f) no longer
depends on 7(fy), 7(¢) can be modeled as a time-integration
of P(#) modulated by the other terms on the rhs of (14) over
the period between ¢ and t. The simplest relationship between
7(¢t) and P(¢') can be represented using a second-order tensor,
F(z, ¢), which represents influences of turbulent transport,
pressure-gradient interaction, Coliolis acceleration, buoyancy,
and viscous dissipation during the period between ¢ and ¢. The
kinematic stress tensor is therefore modeled as

!
7(t) = [ F(s,7) - P()dr. (16)
Jiy
Combining (16) and the relationship,
7(t) -k=ir (1) +j7yz(l) + k7 (1), 17)

yields

7, () =i (1) +j7yz(t) = r F(z,¢)-P() -kdf —kr_(1). (18)

J1,

The expression for shear production is

P(¢) = —[Va()]" - =(¢) = =(¢) - [Vu(!)],

where the superscript T represents the transpose of a second-
order tensor. If viscous dissipation is a dominant mechanism to
balance shear production of turbulence, then F(¢, ¢) is ap-
proximately isotropic, that is,

(19)

F(t,t')~ F(1,7)8, (20)

where & is the Kronecker delta, and F(¢, ') is a scalar.
Combining (18), (19), and (20) yields
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Because 7,,(¢) consists of only horizontal components by defi-
nition, the vertical component on the rhs of (21) has to vanish.
Without prior knowledge of external forcing terms that drive
the atmospheric turbulence, one can assume that the kinematic
stress tensor components are of the same order of magnitude.
The resolved velocity (u) at the first grid level z; is usually
approximately horizontal, meaning that horizontal velocity
and length scales are typically much larger than vertical ve-
locity and length scales, respectively. Scale analysis at z; sug-
gests that terms associated with vertical gradients of horizontal
resolved velocity components [(d7/dz) and (9v/dz)] are much
larger than the other terms in horizontal components on the rhs
of (21). We then simplify (21) as

Tw(t)~—th F(t,t’)rzz(t’)iaﬁ(;iﬂ)dz’—jJi Fe. 0 0) 0 ar
—J;F(t, ) (1) i, (1) + v, (O] (tl)a: ()] dr
~-[ Feor.o O, 22

fy

which implies that the contribution of shear production to 7,,(¢)
during an infinitesimal time step dt’ is approximately opposite
the resolved first-grid-level horizontal velocity [U; (¢)].
Assuming that the resolved velocity at the first grid level is
predominantly horizontal (u; ~U;), we can define a natural
coordinate system for an air parcel following the resolved
motion in a horizontal plane (Fig. 2). The longitudinal and
normal unit vectors are defined as s(¢) = U;(¢t)/U,(t) and
n(f) = k X s(f), respectively. The traditional lower boundary
condition (1) assumes that 7,,(¢) is opposite to s(¢), meaning

7,() =7, -s(1)
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— 4T —+T —+T ar +7_(0]. (21)
0z = ox 2y Tzz 8

no surface-shear-stress component in the normal direction
[7(¢) - n(¢) = 0]. The model (22) built upon the evolution
equation for kinematic stress tensor, however, suggests that
the surface-shear-stress component in the normal direction is
not necessarily zero.

Specifically, we can use the first-order approximation of
resolved first-grid-level horizontal velocity,

ﬁ1(t/) ~ ﬁl (t)_ (t - t/)ﬁl(t)’

as long as O{[U;(¢)— U (£)])/U;(£)} < O(0.1), where O repre-
sents the order of magnitude, and a; is resolved horizontal
acceleration at the first grid level zy, the component form of
which in the natural coordinate system is

(23)

24

where R; is the curvature radius of the resolved trajectory.
In atmospheric models, R, can be computed using resolved
first-grid-level horizontal velocity (U;) and acceleration (ay).
Specifically, the normal component of resolved acceleration
can be obtained from

a, = (kxs) 8 —k-(sxXa,). (25)
Combining (24), (25), and s = U,/U, yields

w

& 26)

R=— 1l
' k- (U, Xa)

Combining (22) and (23) yields the longitudinal component
of 7,,(¢),

a9z

[ Pty 0 THOZ 0RO,
—J, F. t’)Tzz(t’) 8[U1 (©)s(z) - s(t) ;Z(t —¢ya () - s(t)] W
_J 0 0) a(TUzl)dt/ - Jr Ftyr, () L= ORO SO,

0

F(t,0)r

0

A0 [ et orars

J,
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and the normal component of 7,,(¢),

7,()=7,(0) -n(@)

[0, () —(t— ), (1)] dt (o)
0z

A~.—J't F(t.0)r,(¢)

fy

AU, (1)s() -m(t)—(t — )a, (1) -m(1)] dar

0z

= 7Ji F(t, ), (1)
o~ 9,0 -n()] ,
iz

= Jj F(t,0)r (1)

0

_d[a,(0) -n()] J '
9z

F(t, ), (O)(e—1)dl. (28)

The implication of (27) and (28) is consistent with the lag
of the shear stress behind mean shear in a pressure-driven

afa @ sl NP
o{ﬂ] 0 TJ, F@,O)r, ()¢ —1)dt

0
2

Ui U, (0] [ '
0z

J1

F(t,0)r () dl

[ Fyr 0y W= DB S0,

iU, (0] J"
z

0
17
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0
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three-dimensional boundary layer observed in wind tunnel
experiments (e.g., Bradshaw and Pontikos 1985) and direct
numerical simulations (e.g., Moin et al. 1990). Field data fre-
quently report nonnegligible surface-shear-stress component
in the transverse direction of mean shear (e.g., Mahrt et al. 2001;
Pan and Patton 2017), although direct measurements of accel-
eration are unavailable.

In the absence of resolved acceleration (i.e., a; = 0 for any
time), 7, = st; + nr, must recover the traditional lower
boundary condition (1). Therefore we have

F(t,0)r_(¢)dr,

N A
wW~—§—j (29)

fy
where uy is the friction velocity computed for the traditional

lower boundary condition.
Scale analysis suggests that

J.t F(.0) (1) W dar

LI{?‘Z (t)]J, F@t,0)r () dl

0

[ Rty e LT,

‘o

| o

0
iz | F(t,t)r, (¢)dl

0

WLLAO)
9z

t
J F(t,0)r, (1) dl
7

—a[lglz(z)] L)F(t, r (¢)dl
. (gz n(_t)]Jlo F(t,t)r ()t —1t)df

U t
Y, (] 812 (t)]JzOF(t’ ) () dl

Fe. 0, ) M OBO00O],

Z

|

~0 0
a[

)

Ul , N
z JIUF(I,I)TZZ(I)dl

where the first-order approximation (23) has been applied. The
scale analysis (30) shows that the modulation of the longitu-
dinal component of surface shear stress [7,,(f) - s(f)] due to
the longitudinal component of the resolved acceleration [a; (¢) -
s(#)] can be neglected in (27), because it is an order of magni-
tude smaller than the other term. Combining (27), (29), and
(30) suggests that

T (1)~ —uk.

&)
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F(t7 t/)Tzz(t/) a[(l - gi'ﬁl (t)” dl/
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0, 0] alz(t)]J F(t,()r (1) dl

fy

|

(30)

In the presence of nonzero normal component of resolved
acceleration [a; (¢) - n()], (28) suggests that surface shear stress
has a nonzero normal component [7,,(f) - n(z)], whose sign is
the same as the normal component of resolved acceleration.
We can use the first-order approximation of the angle between
U] (l/) and U] (l),

U,
R (1)’

s

0t )y~@—1)

(32)
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as long as O[6(¢, t')] < O(0.1). Combining (24), (28), and (32)
yields

70~ { [I;Y((?)] }J 070G RO 4

U,
_ o [[0,0F | RO
iz| R(@® [U,@)
where ¢, is a flow-dependent time between fy and t. The as-
sumption that stress components are primarily modulated by

(= 1)F ()T (1)0(1),  (33)

o [[T,0P | RO
T"“)Naz{ R,(0) }U()

_ o [[U,0F | R
oz R [T,0)

s

DT 1)I0(1)]

Here 7 ris the turbulence turnover time, and 7 7y = kz1/ux
is the turnover time at the first grid level in statisti-
cally steady, horizontally homogeneous, neutrally strati-
fied (for which the subscript ““N’’ stands), fully developed
turbulent flow above a rigid, flat, rough surface (hereinaf-
ter referred to as “‘an idealized surface layer”). Note that (32)
suggests that (¢, ¢') and R,(¢) has the same sign, and there-
fore in (35) we have replaced 0(t, t.)R,(¢) with |6(z, t.)||R(¢)]
within the exponential function. The acceleration of an
air parcel along a curved trajectory is characterized by a
time scale

IR|_ Ui

Tv=T 0, xa, (36)
where (26) has been used.
Combining (26) and (32) yields
NAON U0 o
0(t,t)~(t—t, R () =(t- )[U ()] sk-[U; () X a,(2)]
o e 0,050 % 3,0)
~ (- )%8} [k s(0)] 5,0
=0 5,0, @)

meaning that the sign of (s, t.) is the same as the sign of
n(?) - a;(¢). In other words, we have

o(t,t)  n(r)-a,(0)
6(6,2)  In(2) -3, ()]

Scale analysis of terms in (35) suggests that

(38)
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viscous dissipation also implies that F(¢, ') tends to decay ex-
ponentially in time,

F(t,1') ~exp [— Y ([,Z_,Ll/)} )

(34)
where vy, is a flow-dependent dimensionless coefficient, and 7 .
is the Lagrangian integral time scale. Because 7, is defined
based upon a second-order autocorrelation function and =
consists of only second-order turbulence statistics, yo should be
of the order of 1.

Combining (33) and (34) yields

R (DU, (1)
T

L

|6§t t ; exp{ Y100, z)\T TTN\R;ﬂ )
U 2
0((9%{[11/{((?)] }) ~OW R,
R (1) L
olBO _o(r u ),
Ul(t) (‘ s‘ )
TL
T,
~100 O é -1
(7)o,
Olr.(1)] ~ Ow),
O[e(l, tc)] -~ 0[0([, l‘/)] < 0(01)7
O(y,) ~ O(1),
O(u3) ~ O(u?), .

where u and ¢ are characteristic velocity and length scales of
turbulence.

The ratio 7 /7 ; accounts for the difference between tur-
bulence turnover time (which assumes approximate balance
between shear production and viscous dissipation of TKE) and
Lagrangian integral time scale (which measures the memory of
turbulence following an air parcel). For statistically homoge-
neous and isotropic turbulence that has no memory (7, — 0),
and therefore 7, — 0, meaning that the traditional lower
boundary condition given by (12) and (13) is recovered. For
typical atmospheric turbulence, the Lagrangian integral time
scale 7 ; is on the order of the Eulerian integral time scale 7 g,
which measures the ‘“memory” of the Eulerian velocity fluc-
tuation at a fixed point (Wyngaard 2010, p. 36). Although no
simple relationship exists between 7 rand 7 g, we can assume
that they are of the same order of magnitude. Therefore
we have

O(T 1T ,) ~0(1). (40)
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Ty (1) & 7[JF(1.1’) 7. (1) % Y s(r)

0

I
(r—1t9) ~ 107,

FIG. 2. A diagram showing surface shear stress 7,, exerted on
an air parcel moving with the resolved velocity at the first grid
level, given by (22), which is an integration over a time period
from #, to t. The resolved first-grid-level velocity is assumed to
be approximately horizontal (u; ~Uj) so that the air parcel’s
trajectory remains in a horizontal plane at the first grid level.
Blue arrows represent unit vectors in a natural coordinate sys-
tem following the air parcel’s trajectory. The red dashed arrow
represents the contribution of shear production to 7, during an
infinitesimal time step df’, which is opposite U;(¢). The red
dashed arrow reveals that the change in 7,, direction lags behind
the change in U, direction, which introduces an inward-directed
surface-shear-stress component as an air parcel’s trajectory
curves.

The ratio 7 yp/7T 7 accounts for the variation of turbulence
turnover time due to environmental conditions that deviate
from an idealized surface layer. Within the MOST framework,
the Wangara Experiment data suggest that 04 =< ¢,, = 6
for —2 = z/£ = 1 (where L is the Obukhov length, which
characterizes the influence of buoyancy; Kaimal and Finnigan
1994, 16-18), meaning that the turnover time (7) can vary
between 0.17 and 2.5 times 7 7. As mentioned in section 2a,
the turnover time 7 7 is equivalent to the shear-production
time scale /,,/us. In the presence of canopies (e.g., plants
and buildings), the canopy-shear-layer length scale (i.e.,
mean velocity divided by mean shear at canopy top) char-
acterizes shear production. Laboratory and field experiment
data suggest that the canopy-shear-layer length scale ranges
from 0.12 to 0.85 the canopy height (e.g., Table 1 in Raupach
etal. 1996). Given the same characteristic velocity scale, the
turnover time can range from 0.3 to 2.1 times 7 7. Within an
idealized surface layer, us remains approximately constant
with height, and therefore 7 7y = kz/us decreases with de-
creasing height. Within a canopy, the shear-production
length scale ¢, typically remains approximately constant
with height (see Fig. 6b in Poggi et al. 2004), whereas the
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0 20 40 60 80 100
Tr/TrN
FIG. 3. The exponentially decaying rate of the effect of turbu-
lence memory (|7, |/u%) vs the ratio of the curvature’s characteristic
time scale (7 ) to turbulence lifetime (7 7) for different values
of .

friction velocity ux decreases dramatically with decreasing
height (see Fig. 1b in Raupach et al. 1996). Therefore 7 =
{,/us within a canopy increases with decreasing height.
The opposite variations of 775 and within-canopy 7 7
with height implies that the difference between 7 75 and
T r within a canopy can be even larger than the difference
at canopy top. Combining the presence of canopy and at-
mospheric stability can easily lead to a ratio 7 75/7 7 rang-
ing from 0.1 to 10. Accounting for the effects of the other
environmental conditions (e.g., surface heterogeneity, bar-
oclinicity, and nonstationarity) may further increase the vari-
ability of 7 7a/7 1. For shear-dominated atmospheric turbulent
flows, we can assume that

O(T /T ) < 0(10). (41)
Combining (35), (38), (39), (40), and (41) suggests that
SPLC Wy
T, ~Up ——aexp(—y—=—-], (42)
In-a | Ty

where « and vy are flow-dependent positive dimensionless
numbers:

a

_1o {[E 0] }R&(z) (t—1,)7,,(t)]0(t. 1)

oz R() [T,0)
<O HOW* 'R | THO(R Ju")100(1)(fu")
X OW?)O(0.1) ~O(1) and
7,7,y R,
y - 7()0(t, tC) T_LT—T;V ‘Rv‘
< 0(1)O(0.1)O(1)O(10)0(1)

~0(1). (43)

For the idealized study in this work, we specify @ = 1 and
test three y values: 1, 0.1, and 0.05. For the aforementioned
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idealized surface layer, O(7 7p/T 7) ~ O(I), ¥ = 0.1. Decreasing
v increases the turbulence memory, which increases the influ-
ence of trajectory curvature on shear stresses. On the other
hand, larger vy reduces the turbulence memory. Corresponding
values of |7, |/u} against T /7 7 are shown in Fig. 3. Note that
the first-order approximation (23) leads to |7,|/u% < 0(0.1)
according to scale analysis (30).
The modified lower boundary condition is

T, =7, =i (s7,+n7r )=7(i-s)+7,(i-n)

=7(i-s)+7[i-(kXs)]
=7(i-s)+7,[(i XK)-s]

= ’Ts(i -s) + Tn(—j -s)

= TSL* T, ﬂ and (44)

U, U,
T.=i7, =it tnr)=1(j-s)+7,(j-n)

=7,(-8) +7,[i- (kkXs)]

=7,(-8) +7,[( ¥K) -]

=7(j-s)+7,>1-s)
v u

=Tt (45)

-

1

where 7, and 7, are given by (31) and (42), respectively. Table 1
summarizes all assumptions that have been employed to derive
the modified lower boundary condition. Mathematically, a
nonzero 7, associated with a curved trajectory implies that the
relationship between the unresolved stress (7, = iry; + j7,;)
and the resolved strain rate (U;/z;) is no longer characterized
by a scalar. Physically, the modified lower boundary condition
is no longer an eddy-viscosity model but rather is a pseudo-
second-order-closure model based upon the evolution equa-
tion for kinematic stress tensor (14). The normal component of
mean shear stress 7, accounts for a nonlinear dependence
(exponential decay in particular) of unresolved stress on the
history of resolved strain rate (represented by acceleration). In
the limit of a straight trajectory, Ry — %, 7 g — «, 1, — 0, and
the traditional lower boundary condition given by (12) and (13)
is recovered.

3. Numerical simulation configuration

Simulations of idealized tornadoes in a dry atmosphere are
conducted using Cloud Model 1 (CM1, release 19.6), a compress-
ible nonhydrostatic model. Prognostic equations of three veloc-
ity components, potential temperature, and nondimensional
pressure (see appendix of Bryan and Morrison 2012) are solved
in a rotating frame of reference. All of the simulations employ
an LES closure with a subgrid TKE parameterization
scheme (Deardorff 1980). The ‘“‘Fiedler chamber’ approach
(see Fig. 2 of Rotunno et al. 2016) is used to generate and
sustain simulated tornadoes, where a steady updraft forcing
is specified in the middle of a rotating domain (Fiedler 1995).
Comparison to recent LES studies employing a similar
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approach (Bryan et al. 2017; Nolan et al. 2017) are used to
put our results into context.

Each simulation employs a constant grid spacing within
the lowest 1km of a central (4km)? region in the middle of
the domain, hereinafter referred to as the “inner domain.”
Outside of the inner domain, the grid is stretched toward the
lateral and upper boundaries. Two inner-domain grid spacings,
10 and 25 m, in both the horizontal and vertical dimensions, are
evaluated in the current study.

Table 2 summarizes the similarities and distinctions between
the current model configuration and those in Bryan et al.
(2017) and Nolan et al. (2017). One difference between our
simulation configuration and that of Bryan et al. (2017) and
Nolan et al. (2017) is that their lateral boundaries were closed
(rigid and free-slip), whereas ours are open (wave-radiating).
Each simulation starts from a neutral (i.e., constant potential
temperature) atmosphere at rest (i.e., zero velocity every-
where) at ¢ = 0. For simulations in Table 3 whose names do not
contain “NOPERT,” small random potential temperature
perturbations (0.25-K amplitude) are imposed throughout the
domain at ¢ = 0, and along the lateral boundaries” for the du-
ration of the simulations, in order to trigger turbulence. These
simulations do not use the “‘eddy injection” method, which is a
more complicated method to generate turbulence [employed
by one simulation in Bryan et al. (2017) and all simulations in
Nolan et al. (2017)]. The other simulations in Table 3, whose
names contain “NOPERT,” are conducted without the po-
tential temperature perturbations in the initial and lateral
boundary conditions to assess the possible adverse effects of
laminar flow on the LES (Markowski and Bryan 2016).

Along the bottom boundary, Bryan et al. (2017) and Nolan
et al. (2017) employed the traditional boundary condition de-
scribed in section 2a, whereas the present study conduct sim-
ulations using both the traditional and modified (section 2b)
boundary conditions. In all simulations including those using
the modified lower boundary condition, the friction velocity u
is computed by integrating (3) within the MOST framework
over height from a prescribed roughness length z, to the first-
grid-level z [see details in section 1.3.5 of Kaimal and Finnigan
(1994)].> Simulations using the traditional lower boundary
condition in the present study are configured to be most similar
to the simulation without eddy-injection in Bryan et al. (2017).
Differences in simulation results induced by different inner-
domain grid spacing values [(10 m)® and (25 m)? in the current
work and 5m X 5m X 2.5m in Bryan et al. (2017)] can be
interpreted based on the sensitivity of simulated tornadoes to
grid resolution investigated by Nolan et al. (2017).

% Imposing random perturbations along the lateral boundaries
requires a minor modification to the original CM1 code. Without
this modification, unrealistic two-dimensional structures aligned
with the low-level inflow to the tornado emanate from the lateral
boundaries and can induce significant (and unrealistic) tornado
drift away from the origin.

3 The actual mathematical expression in CM1 corresponds to an
integration from z, to (z; + zo) for numerical stability purposes
[e.g., see details in section 2 of Bryan et al. (2017)].
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TABLE 2. Simulation configurations of the current study and two recent studies.

Study Current study

Bryan et al. (2017) Nolan et al. (2017)

Domain size
Grid points 600 X 600 X 240

320 X 320 X 152

4km X 4km X 1km
10m X 10m X 10m
25m X 25m X 25m

Inner-domain size
Inner-domain grid spacing

24km X 24km X 15km

40km X 40km X 15km
1920 X 1920 X 912
1120 X 1120 X 512
720 X 720 312
520 X 520 X212
4km X 4km X 1km
25m X 2.5m X 1.25m
SmX5m X 25m
10m X 10m X Sm
20m X 20m X 10m

40km X 40km X 15km
1120 X 1120 X512

4km X 4km X 1km
SmX5S5m X 2.5m

Lower boundary condition Semi-slip (OLD-) Semi-slip No-slip
Modified (NEW-)
Roughness length (z¢) 0.2m 0.2m 0.2m

Lateral boundary condition

Open (with perturbation except for

Closed, free-slip Closed, free-slip

NOPERT)
Upper boundary Condition Closed, free-slip Closed, no-slip Closed, no-slip
Rayleigh damping layer Uppermost 7 km Uppermost 7 km Uppermost 7 km
Amplitude of updraft forcing 0.359ms > 0.359ms > 0.359ms >
Coriolis parameter 5334 x 1074s7! 5334 x 1074s7! 5334 x 1074s7!
Eddy injection No Yes and no Yes

We now explain the nomenclature used in the remainder of
the paper when referring to the various simulations performed.
Simulations using the traditional (modified) lower boundary
conditions are designated as “OLD” (‘“NEW”). Simulations
employing a 10-m (25 m) inner-domain grid spacing are desig-
nated as “DX10” (“DX25”). In simulations using the modified
lower boundary condition and a value of y that is less than 1 (i.e.,
vy = 0.1 or 0.05), the value of v is appended to the name. Last,
“NOPERT” is appended to names of simulations without small
random perturbations to potential temperature’s initial and
lateral boundary conditions. A summary is provided in Table 3.

4. Results

a. Simulations employing the traditional lower
boundary condition

A simulation is performed using the traditional lower
boundary condition, (10 m)?® inner-domain grid spacing, and
random perturbations in both initial and lateral boundary
conditions (OLD-DX10). The simulation configuration is most
similar to the simulation without eddy-injection in Bryan et al.
(2017). The instantaneous vertical velocity field during the
quasi-steady state is turbulent (see Fig. 4a), similar to Fig. 7b

TABLE 3. List of the name, description, and quasi-steady-state statistics (in boldface font) of each simulation. The indices in order are as
follows: OLD/NEW is traditional or modified lower boundary condition; DX10/DX25 is inner-domain grid spacing = 10 or 25m;
NOPERT is no random perturbation imposed into potential temperature’s initial and lateral boundary conditions (otherwise the potential
temperature field starts with initial random perturbations and runs with random perturbations at the lateral boundary); and y0.1/y0.05 is
vy = 0.1 or 0.05 (otherwise, the modified lower boundary condition’s 7 is 1). Note that the traditional lower boundary condition has no v,
which is computed in the modified lower boundary condition only. The quasi-steady-state maximum tangential (i), inflow (—u,), and
vertical (w) velocity components are computed every 1 min and then averaged over the last 1 h of each simulation.

Fraction of

Lower inner-domain area
boundary Random Inner-domain Max uy, Max —u, Maxw associated with
Case condition  perturbation  grid spacing v (ms™")  (@ms™h)  (ms7h |73 > 0.1
OLD-DX10 Traditional Yes (10 m)? — 117.3 83.4 108.1 —
OLD-DX10-NOPERT  Traditional No (10 m)3 — 91.9 65.8 64.3 —
NEW-DX10 Modified Yes (10 m)3 1 118.4 84.1 107.9 0.0097 %
NEW-DX10-NOPERT  Modified No (10 m)? 120.2 85.1 107.9 0.0093%
NEW-DX10-y0.1 Modified Yes (10 m)3 0.1 118.3 84.1 107.3 3.3%
NEW-DX10-y0.05 Modified Yes (10m)? 0.05 118.1 85.3 103.0 23%
OLD-DX25 Traditional Yes (25 m)°? — 96.9 74.7 74.1 —
OLD-DX25-NOPERT  Traditional No (25m)® — 72.0 54.9 42.2 —
NEW-DX25 Modified Yes (25m)’ 1 94.5 72.5 73.6 0.10%
NEW-DX25-NOPERT  Modified No (25 m)°? 1 95.8 72.8 73.5 0.10%
NEW-DX25-y0.1 Modified Yes 25 m)3 0.1 97.7 74.8 79.0 26%
NEW-DX25-y0.05 Modified Yes (25m)® 0.05 107.0 77.4 101.0 67%
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FIG. 4. Vertical velocity (color shading; ms™") at ¢ = 4 h (quasi steady state) in four sim-
ulations using an inner-domain grid spacing of (10 m)® with both the traditional and modified
lower boundary condition, with and without initial random temperature perturbations:
(a) OLD-DXI10, (b) OLD-DX10-NOPERT, (c) NEW-DX10, and (d) NEW-DX10-NOPERT.

in Bryan et al. (2017). The relatively fine inner-domain grid
spacing used by Bryan et al. (2017) (Sm X Sm X 2.5m) yields
finer-scale structures and larger vertical velocity variance
(see maximum and minimum values annotated on associated
figures) compared to OLD-DX10. The 5-min, time-azimuthal-
averaged, quasi-steady-state wind field of simulation OLD-
DX10 (Fig. 5a) is similar to Nolan et al. (2017)’s CTRL10
simulation, which used a similar inner-domain grid spacing
(10m X 10 m X 5m) but with eddy-injection (see their Fig. 3b).
OLD-DX10 yields a slightly stronger tornado than the CTRL10
simulation in Nolan et al. (2017), consistent with the under-
standing that eddy injection weakens a tornado (see Fig. 18 and
associated discussion in Bryan et al. 2017).

Another simulation using the traditional lower boundary
condition, (10m)® inner-domain grid spacing, but without
random perturbations in initial and lateral boundary condi-
tions (OLD-DX10-NOPERT), is performed to investigate the
sensitivity of simulated tornado to the imposed random pertur-
bations. This simulation yields a laminar flow as characterized by
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an axisymmetric vertical velocity snapshot (Fig. 4b). The
quasi-steady-state tornado vortex obtained using OLD-
DX10-NOPERT is remarkably weaker than that obtained using
OLD-DX10 (comparing OLD-DX10 and OLD-DX10-NOPERT
in Table 3, Figs. 4a,b and S5a,b, respectively). The sensitivity of the
simulation results to imposed random perturbations is expected for
LES employing the traditional lower boundary condition, as re-
ported by Markowski and Bryan (2016) based on LES of a neutral
boundary layer.

b. Simulations employing the modified lower boundary
condition with y = 1

Specifying y = 1 for the modified lower boundary condition
described in section 2b and (41) means O(7 r»/7 7) ~ O(10),
implying that the time taken by unresolved surface shear
stress to adjust to changes in resolved wind direction is
shorter than the lifetime of turbulence in an idealized surface
layer. A simulation using (10 m)® inner-domain grid spacing
with random perturbations in both the initial and lateral
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FIG. 5. Time- and azimuthally averaged mean wind fields in simulations (a) OLD-DX10, (b) OLD-DX10-
NOPERT, (c) NEW-DX10, and (d) NEW-DX10-NOPERT. Gray vector arrows indicate radial and vertical ve-
locity [(u,, w)]. Shading is tangential velocity. The magenta line encloses the inflow layer, which is defined as the
depth at which the inflow (—u,) is equal to 10% of the maximum inflow in that figure. For each of the panels, “max”’
indicates the maximum value of the shading, ““int” indicates the interval of the shading, and ‘‘max vec” indicates the
maximum magnitude of the vector. The time averaging is performed over 7 € [3h 55 min, 4 h 0 min]. This figure can

be compared with Fig. 5a in Nolan et al. (2017).

boundary conditions (NEW-DX10) yields results similar to those
obtained using OLD-DX10 (cf. OLD-DX10 and NEW-DX10
in Table 3, Figs. 4a,c, and 5a,c). With y = 1, accounting for the
turbulence memory associated with curved trajectory has negli-
gible influences on the statistics of the quasi-steady-state tornado.

Similar to the sensitivity study in section 4a, another simu-
lation is performed using the modified lower boundary condi-
tion with y = 1, (10 m)® inner-domain grid spacing, but without
random perturbations in the initial and lateral boundary con-
ditions (NEW-DX10-NOPERT). Employing the modified
lower boundary condition dramatically reduces the sensitivity
of the simulated tornadoes to the imposed random perturba-
tions (cf. NEW-DX10 and NEW-DX10-NOPERT in Table 3
and Figs. 4c,d, and 5c,d, respectively). Simulations performed
using a coarser inner-domain grid spacing, (25 m)?, leads to the
same conclusion that simulated tornadoes become much less
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sensitive to imposed random perturbations when one switches
from the traditional lower boundary condition to the modified
lower boundary condition with y = 1 (cf. OLD-DX25, OLD-
DX25-NOPERT, NEW-DX25, and NEW-DX-NOPERT in
Table 3). When an air parcel changes direction on a horizontal
plane at the first grid level, turbulence memory induces a
normal surface-shear-stress component whose sign is the same
as the sign of normal acceleration (42). The resulting normal
surface-shear-stress component tends to pull the air parcel
away from its original direction, implying that any small dis-
turbance introduced into an air parcel’s moving direction
grows spontaneously, which satisfies the definition of dynamic
instability (Holton and Hakim 2013, p. 213). The development
of such dynamic instability provides a pathway for energy
cascade from large to small scales. Employing the modified
lower boundary condition ensures development of turbulent
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FIG. 6. The ratio of T g to 7 7y at t = 4 h (i.e., during the quasi steady state) in simulations using the traditional
boundary condition and inner-domain grid spacings of (10 m)® and (25 m)*: (a) OLD-DX10 and (b) OLD-DX25.
The white squares mark the inner domain. Extremely large values (where turbulence memory is negligible) ex-
ceeding 100 are shaded magenta. Smaller 7 g/7 7 indicates a larger effect of turbulence memory (Fig. 3).

flow as long as the resolved flow field has curved trajectories, a
condition easily satisfied in both the near-field and far-field
environment of the tornadoes.

c. Sensitivity to variability in turbulence memory

For environmental flows in general, the time taken by un-
resolved stress to adjust to changes in resolved shear can easily
vary by an order of magnitude (see discussion of 7 75/7 7 in
section 2b). Scale analysis (43) suggests that y < 1 may be more
representative to typical atmospheric-surface-layer conditions
than y = 1. Decreasing vy increases the potential influence of
turbulence memory, which may not be limited to only en-
hancing the instability development and energy cascade. We
are particularly interested in whether the modified lower
boundary condition with y < 1 can intensify or weaken a tor-
nado, which is a question raised in the introduction.

The sensitivity study consists of simulations performed using
three choices of y (1, 0.1, and 0.05) and two choices of inner-
domain grid spacing, (10 m)* and (25 m)*. Increasing the inner-
domain grid spacing increases the energy carried by unresolved
motions, and therefore increases the relative importance of
changes made in the parameterization scheme that estimates
unresolved surface shear stress. Mathematically, increasing z;
(which equals half of the inner-domain grid spacing) increases
T rn = kz1/us and decreases T g = |R,|/U; (due to the increase
of U)). Thus, different inner-domain grid spacing leads to
different spatial distribution of 7 /7 7. During quasi-steady
state, tornadoes obtained using (10m)* inner-domain grid
spacing show 7 /7 7 > 100 for the majority of the inner do-
main (the region inside the 4km X 4km white square in
Fig. 6a), whereas tornadoes obtained using (25m)’ inner-
domain grid spacing show 7 z/7 7y < 40 for a significant por-
tion of the inner domain (region inside the 4km X 4 km white
square in Fig. 6b). Consequently, quasi-steady-state tornadoes
obtained using the (10m)> inner-domain grid spacing show
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negligible sensitivity to the three choices of y (cf. NEW-DX10,
NEW-DX10-y0.1, and NEW-DX10-y0.05 in Table 3), whereas
quasi-steady-state tornadoes obtained using a (25m)* inner-
domain grid spacing show significant intensification when v is
reduced from 1 to 0.05 (cf. NEW-DX25, NEW-DX25-y0.1, and
NEW-DX25-y0.05 in Table 3).

Because the derivation in section 2b employs a first-order
approximation for U; (23), scale analysis (30) suggests that
|7.|/uk <0.1 is required for the modified lower boundary
condition to be applicable. Table 3 provides the fraction of
inner-domain area associated with |r,|/u >0.1 for each of
the quasi-steady-state tornadoes obtained using the modified
lower boundary condition. A negligible fraction (<5%) im-
plies that the modified lower boundary condition is well
applicable (e.g., NEW-DX10, NEW-DX10-y0.1, and NEW-
DX25), whereas an excessively large fraction (>50%) indi-
cates potentially unphysical results (e.g., NEW-DX25-y0.05).
Table 3 suggests that quasi-steady-state tornadoes are insen-
sitive to the choice of vy as long as the fraction of inner-domain
area associated with |7, |/u% > 0.1 is within 30%.

The 3-h spinup period of the simulations is also investigated
to understand the influence of turbulence memory on tornado
development. For each of the simulations using (25 m)® inner-
domain grid spacing, the tornado vortex intensity increases
monotonically in its approach to the quasi-steady state, no
matter whether the traditional or modified lower boundary
conditions are applied, or what y value is specified in the
modified lower boundary condition (Fig. 7). However, this is
not necessarily the case for simulations using (10m)® inner-
domain grid spacing and the modified lower boundary condi-
tion. In the NEW-DX10-vy0.05 tornado, the maximum values
of all three velocity components peak betweent = 1hand =
3 h, then decrease to lesser quasi-steady-state values (Fig. 8).
Although the applicability of the modified lower boundary
condition to NEW-DX10-y0.05 is somewhat questionable due
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for simulations OLD-DX25, NEW-DX25, NEW-DX25-y0.1, and
NEW-DX25-v0.05.

to a nonnegligible fraction of inner-domain area associated
with |7,|/u% > 0.1 (23% in Table 3), results during the spinup
period reveals interesting influence of turbulence memory on
the evolution of tornado structure.

All quasi-steady-state tornadoes obtained in the present
study (e.g., Fig. 4) and by Bryan et al. (2017) consist of a central
downdraft. No central downdraft, however, presents at t < 2h
25min for NEW-DX10-y0.05 (e.g., ¢ = 2h 15min shown in
Fig. 9a), when the tornado attains extreme vertical velocities
[max(w) ~ 200 ms~']. Over the next hour (2h25min <t <3h
25min), the downdraft forms aloft and gradually extends to-
ward the surface over the next hour (e.g., = 2h 40 minand 3 h
Smin shown in Figs. 9b,c, respectively). At t > 3 h 25 min the
tornado structure becomes similar to the quasi-steady-state
structure in simulation NEW-DX10 (cf. Figs. 9d and 4c, both at
t = 4h). The region of most intense azimuthal wind becomes
broader, shallower, and weaker as the central downdraft de-
velops and extends toward the surface (Fig. 10). The tornado’s
evolution shown in Figs. 9 and 10 is an example of an initially
low-swirl supercritical end-wall vortex capped by a descending
vortex breakdown bubble that may eventually culminate in a
two-cell structure if the axial downdraft descends all the way to
the surface, which have been investigated from theoretical,
laboratory, and numerical simulation perspectives (Church
et al. 1977; Fiedler and Rotunno 1986; Lewellen and Lewellen
2007; Rotunno 2013; Davies-Jones 2015).

The central downdraft is formed by the development of
downward-directed vertical pressure-gradient force along the
axis, in conjunction with extremely low pressure just above the
surface. The low pressure center is also linked to the inward-
directed pressure gradient force that drives near-surface
convergence. Turbulence memory associated with curved
trajectories leads to an inward-directed surface-shear-stress
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FIG. 8. As in Fig. 7, but for simulations OLD-DX10, NEW-DX10,
NEW-DX10-y0.1, and NEW-DX10-v0.05.

component, which enhances near-surface convergence. In the
early stage (f < 3h) of the NEW-DX10-y0.05 simulation, the
enhanced near-surface convergence due to turbulence memory
intensifies the tornado noticeably faster than the development
of a low pressure center near the surface. For example, at ¢ =
2 h approximately 40% of the inner-domain area is associated
with 7 z/T 7 < 50 (Fig. 11a) and correspondingly |7, |/uZ > 0.1
(can be inferred from Fig. 3). The tornado attains extreme
velocities, while a central downdraft has not developed yet
(Fig. 9a). During the period from ¢t = 2h to ¢t = 4h, values of
T r/T rn within the inner domain gradually increase with time
(cf. Figs. 11a,b), which weaken the inward-directed surface
shear stress associated with turbulence memory and favor the
formation of central downdraft. Once the central downdraft
forms, the tornado structure approaches a quasi steady state.
The quasi-steady-state tornado with a central downdraft is
much less intense than at earlier times prior to the develop-
ment of a central downdraft.

5. Conclusions

The lower boundary condition traditionally employed in
atmospheric models assumes an instantaneous equilibrium
between unresolved stress at the lower boundary (i.e., surface
friction) and the resolved strain rate between the lower
boundary and the first grid level. Therefore, it neglects the
nonzero lifetime of turbulence. In this work, a modified lower
boundary condition was proposed to account for the effect of
turbulence lifetime associated with curved trajectories. In a
natural coordinate system following an air parcel moving with
the resolved horizontal velocity at the first grid level, the sur-
face shear stress has a nonzero normal component, in addition
to the longitudinal component, which is approximately the
same as the surface shear stress computed using the traditional
lower boundary condition. A theoretical derivation starting
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FIG. 9. Asin Fig. 4, but for simulation NEW-DX10-y0.05 at ¢ = (a) 2h 15 min, (b) 2 h 40 min,
(c) 3h Smin, and (d) 4h O min.

from the evolution equation for the kinematic stress tensor
suggests that the normal component of surface shear stress has
the same sign as that of the normal component of resolved
horizontal acceleration at the first grid level. For an atmo-
spheric vortex, the normal component of surface shear stress
serves as an inward-directed friction force, which may
strengthen the vortex by enhancing the convergence of angular
momentum toward the axis rotation. On the other hand, the
magnitude of surface shear stress computed using the modified
lower boundary condition is always larger than that computed
using the traditional lower boundary condition. Thus, the
enhanced surface shear stress magnitude could potentially
weaken a vortex. In addition, when an air parcel changes di-
rection in a horizontal plane, the resulting surface shear stress
tends to pull the air parcel farther away from its original di-
rection. The positive feedback between the normal compo-
nents of surface shear stress and resolved horizontal shear
provides a pathway for dynamic instability development that is
not captured by the traditional lower boundary condition.
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The modified lower boundary condition was implemented
into CM1 to examine potential influence of turbulence mem-
ory on idealized tornadoes. The simulations employed an LES
closure, and tornadoes were generated and sustained using the
“Fiedler Chamber” approach. Simulation results obtained
using the traditional lower boundary condition were first
compared with those of Bryan et al. (2017) and Nolan et al.
(2017), who performed similar simulations. Simulations using
the modified lower boundary condition were performed using
arbitrarily specified parameters, « = 1 and y = 1, 0.1, and 0.05.
Quantifying flow-dependent dimensionless positive numbers,
a and v, using field experimental data remains unfeasible ow-
ing to no direct measurements of acceleration and large un-
certainties in surface shear stress estimates (often >20%).
Nevertheless, scale analysis based upon assumptions made for
the modified lower boundary condition suggests that a < O(1)
and y < O(1). When compared with simulations using the
traditional lower boundary condition, employing the modified
lower boundary condition with y = 1 has negligible influences
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FIG. 10. As in Fig. 5, but for simulation NEW-DX10-y0.05 averaged over ¢ € (a) [2h 10min, 2 h 15 min], (b) [2h
35 min, 2 h 40 min], (¢) [3h O min, 3h 5 min], and (d) [3h 55 min, 4 h 0 min].

on the simulated tornado as long as appropriate random per-
turbations are imposed via the initial and lateral boundary
conditions to trigger turbulence. Without the imposed random
perturbations, simulations using the modified lower boundary
condition with y = 1 continue to yield similar turbulent flow
patterns, whereas simulations using the traditional lower bound-
ary condition yields axisymmetric, laminar flows. The modified
lower boundary condition is capable of triggering turbulence in
the absence of imposed random perturbations because it provides
an extra pathway for dynamic instability development, and con-
sequently an energy cascade from large to small scales.
Decreasing the value of y represents increasing turbulence
lifetime, which increases the influence of curved trajectory on
surface shear stress. With y — oo, the turbulence decorrelation
time scale approaches zero, meaning that the turbulence be-
haves like random molecular motion (i.e., the so-called sta-
tistically homogeneous and isotropic turbulence), and the
traditional lower boundary condition is recovered. With y < 1, the
turbulence is characterized by a lifetime much longer than that in an
idealized surface layer, presumably due to the presence of ABL-
scale convective motions, surface heterogeneity, baroclinicity, or
nonstationarity. The modified lower boundary condition has
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negligible influence on quasi-steady-state simulated tornadoes as
long as the scale-analysis requirement |7,|/u% < 0.1 holds over a
relatively large fraction of the inner domain. Reducing the grid
spacing broadens the flow types to which the modified lower
boundary condition is applicable. Interestingly, simulations using
the (10m)? grid spacing show that turbulence memory can signif-
icantly intensify a tornado before the central downdraft forms
(which is a dynamic structure within a quasi-steady-state tornado).
The modified lower boundary condition is physically more
realistic than the traditional lower boundary condition. The
associated pathway of energy cascade is of potential relevance to LES
without fully developed turbulent inflow conditions. Employing the
modified lower boundary condition may significantly influence nu-
merical simulations of cyclone intensification processes whose char-
acteristic time scales are on the order of an hour or shorter. However,
extending the formula proposed in section 2b to real atmospheric
flows requires careful examination of each of the assumptions sum-
marized in Table 1. Two key parameters for the modified lower
boundary condition, & and vy, were prescribed as constants even
though they are flow dependent. Estimating « and vy values re-
quires novel approaches to reduce uncertainties in surface shear
stress measurements and to quantify acceleration in the field.
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Last, turbulence memory is associated not only with curved
trajectories, but also with longitudinal accelerations, and not
only at the lower boundary, but also in the subgrid-scale mo-
tions in the interior of the flow. Future work will explore how
best to include such effects. Ultimately, formulating and
quantifying the rate of change of resolved shear on unresolved
stress will require difficult-to-obtain field observations. Finally,
quantifying the influences of any modified lower boundary
condition on more realistic tornadoes, and possibly even tor-
nadogenesis, will require numerical simulations with the parent
storm and full representation of its microphysical processes.
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APPENDIX

Implementation into CM1

CM1 employs a C-grid (Fig. Al), in which momentum
budget terms for the horizontal velocity components (% and v)
are computed at U and V points, respectively. The traditional
lower boundary condition [(12) and (13)] interpolates horizontal
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FIG. 11. As in Fig. 6, but for simulation NEW-DX10-y0.05 at = (a) 2 and (b) 4 h.

velocity components to @ points to obtain U; and usy; 7, is
consequently at z = 0 at locations aligned horizontally with the
O points. Last, 7., and 7,, are computed at points aligned hor-
izontally with U and V points, respectively, but at z = 0.

For the modified lower boundary condition [(44) and (45)],
the longitudinal component (31) is computed using us. provided
by the traditional lower boundary condition, and the normal
component (42) takes two prescribed parameters (« and ),
two time scales (7 7n and 7 g), and the direction of U; X a;.
Computing 7 ;v = kZi/ux is straightforward. Computing 7 g
given by (36) requires knowing the magnitude of U; X a;.

The CM1 governing equations for resolved horizontal mo-
tions are (Bryan 2017)

_ _Du_ou _
=y =~ ADV@
0 G+ T 4D +N. and
%% fo+T;+ Dz +N; an )
Dv oo o
a=""="_ADV@)=—-c0 2 —fi+T.+D-+N.
v Dt ot @ =-¢79, ay fut T+ Dyt Ny

(A1)

where @, and @, are horizontal components of resolved accel-
eration, 7 is nondimensional pressure, 6, is density potential
temperature, c, is specific heat of dry air, and fis the Coriolis
parameter. Terms associated with ADV, T, D, and N represent
net momentum fluxes due to resolved advection, unresolved
turbulence, artificial diffusion, and Rayleigh damping, re-
spectively. Turning on the budget-output option in CM1 en-
ables computing all rhs terms in (A1),*! which are then
combined to obtain @, and @, on U and V points, respectively.

A1 The budget-output terms are computed at every time step,
which requires a minor modification to the original CM1 code.
Without this modification, the budget-output terms are computed
at only output time steps.
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F1G. Al. The horizontal configuration of C-grid (vertically aligned
with the first grid level of U, V, and @ points).

Afterward, @, and @, at the first grid level are interpolated to
O point to obtain a;, where U, X @ is computed. In summary,
the modified lower boundary condition is computed at the
same points as the traditional lower boundary condition.
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