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1.1 Abstract

Further analysis of the 3-D severe down-
slope windstorm simulation of Clark and
Farley (1984) is presented. The present
analysis compares the 3-D crossstream
averaged velocity and temperature fields
with those solutions previously obtained
using 2-D models. The source/sink fields
involved in the turbulent kinetic-energy
budget are also presented.

The previous 2-D simulations produced
very similar overall wave fields in a time-
mean sense when compared to the present
solutions. The 2-D simulations are,
though, missing a significant transient
character to the fields that results from a
more realistic modelling of the turbu-
lence in the 3-D solutions.

The turbulent kinetic-energy budget is
shown to be dominated by the shear pro-
duction terms. These terms act most
strongly along the lower level of inflow
into the super-adiabatic region (SAR) of
the main forced gravity wave. The gene-
rated turbulence is advected throughout
the SAR and finally results in eddies
penetrating to the ground resulting in sur-
face gustiness.

1. Introduction

As part of a physical application test of
their numerical code, Clark and Farley
(1984) presented a three spatial dimensio-
nal simulation of the 11 January (1972)
Boulder Colorado windstorm. This
windstorm was one of the few severe
cases that has been observed by instru-
mented aircraft and is reported in Lilly
and Zipser (1972) and Lilly (1978). The
main simulation presented by Clark and
Farley is that from which further analysis
will be presented in this paper. Clark and
Farley suggested that the convective
breakdown of the super-adiabatic region
(SAR) produced by the main forced gra-
vity wave may be an important source of
turbulence. It was also suggested in their
paper that a competition existed between
the surface wave forcing and the turbu-
lent breakdown in the SAR resulting in a
transient response to the surface gusti-
ness. The period of this surface gustiness
was approximately 10 to 20 min in this
experiment and may represent the time
scale of convective overturning in the
SAR. Thus, it seems worthwhile to persue
a better understanding of the dynamics
that was occurring in the SAR through

an analysis of the eddy (or turbulent) ki-
netic-energy budget. It is hoped that such
an analysis will lead us to a better under-
standing of this important atmospheric
phenomenon. The dynamics of severe
windstorm is important not only to the
general understanding of the dynamics of
the atmosphere for purposes of physical
parameterization and eventual improved
predictions but also important to pilots
so that they can better understand the
nature of the phenomenon in which they
sometimes fly.

There now exists a wealth of literature as-
sociated with the simulations of this parti-
cular windstorm. Klemp and Lilly (1978),
Peltier and Clark (1979), Durran and
Klemp (1983) and Hoinka (1985) all stu-
died this event using two-dimensional
numerical codes. These studies all pro-
duced similar strong surface wind speeds
that exceeded 60 m/s which is in general
agreement with the observations. The
two-dimensional solutions did not,
though, result in a gusty or transient cha-
racter to the predictions of these winds
but instead resulted in near steady final
solutions. It is only with the introduction
of the third spatial dimension that Clark
and Farley (1984) were able to obtain a
gusty character to the predicted surface
winds. The frequency of the gustiness
was, however, rather low in comparison to
the observations. The reason may be
attributed to a number of causes such as
too coarse a spatial resolution, the use of
the idealized bell-shaped topography or
the use of two-dimensional far-upstream
boundary conditions. The idealization of
the natural event through numerical
experiments does, though, greatly aid in
developing our understanding of such
events by allowing us to add one compli-
cation factor at a time and then assess
the sensitivity of the solution to this parti-
cular factor.

2. Description of the Experiment

The model employed the three-dimensi-
onal equations of momentum
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v is the i-th component of the three-di-
mensional wind where (X;, X,, X3) repre-
sent the x (east-west), y (north-south)
and z (vertical) directions, respectively.
The main background flow is assumed to
be in the x direction. p is the air density
which is anelasticly approximated as a
function of only z. p’, p and 0’, 0 are the
perturbation and horizontally-uniform
hydrostatically-balanced atmospheric
pressures and potential temperatures, re-
spectively. The stress tensor, Ty, repre-
sents the effects of subgrid scale mixing
and from Smagorinsky (1963) and Lilly
(1962) is taken as
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where the deformation tensor, Dy, is
defined as

The eddy mixing coefficient, Ky, is
approximated as
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where Ri is a local Richardson number
and where the total deformation Def is

defined as
1
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The first law of thermodynamics is taken
as
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where @ represents the total potential
temperature, i.e. 6 = 0 + 0’.

There are many details not presented
here which the interested reader can find
in Clark and Farley (1984). Briefly stated,
equations (1) to (7) are solved using finite-
difference approximations. The equa-
tions are cast into a transformed coordi-
nate system which allows for the treat-
ment of the surface topography

(8) h(x,y) = ho/(1 + (x'/a)?)

(PKHQO)

which is assumed to have no variation in
the y (or cross-stream) direction. hy and
‘@’ are taken as 2.044 and 10.0 km, respec-
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tively. x, is the x distance from the domain
centre of 120 km. Two models are used for
the calculation in an interacting grid nes-
ting sense. The outer model uses 122 by
12 by 42 grid points in the x, y and z direc-
tions with resolutions of 2.0, 1.0 and 0.8
km, respectively. The inner model uses
122 by 12 by 42 grids in the x, y and z direc-
tions with 1.0, 1.0 and 0.4 km, respectively.
The time step varied between 8 and 5 se-
conds for both models. Cyclicity had been
assumed in the cross-stream direction.
Another assumption was the neglect of
the Corriolis terms in (1).

3. Eddy-Kinetic-Energy Equation

One can form a turbulent kinetic energy
equation by first defining all variables in
terms of a y-direction average plus a de-
viation term. For example we let
DS 20, 2 & Vi'
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Variables, such as 0 and p which are al-
ready subdivided into perturbation and
mean components, use a double prime to
denote the eddy component. The eddy
kinetic energy per unit volume is defined
as

1
. (11) ke = p Vi Vi/z

16

and can be represented as a function of
only x, z by considering <ke>. This defi-
nition of ke is a natural one for this
particular experiment. In the case of pure-
ly two-dimensional flow both ke and
<ke> become identically zero. Thus, the
cross stream average <ke> represents the
kinetic energy difference between the
three and two dimensional y-direction
averaged solutions.
Using (1), (2), (9) through (11), an eddy-ki-
netic-energy equation is derived as
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The first term on the left hand side of (12)
represents the local-time derivative of the
y-direction averaged turbulent kinetic
energy and is a function of x, z, t. The
remaining terms on the left hand side of
(12) represent the effects of advection,
pressure work and subgrid-scale diffu-
sional transport. These three effects can
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be neglected when one is considering the
domain-averaged budget of <ke> provi-
ded the domain is sufficiently large. In the
present experiment the inner domain
is only marginally large enough for such
an approximation. The first term on the
right-hand side of (12) represents a pres-
sure-source term. When one uses the
deep equations of Ogura and Phillips
(1962) this term identically vanishes.
Since the present model uses perturba-
tion equations based upon an atmos-

Rt PS
ax; ¥p

phere of constant stability, this term is
very small and negligible. The last three
terms on the right-hand side of (12)
represent the source/sink terms due to
mean wind shear, buoyancy and eddy
mixing (or dissipation), respectively. The
effects of these three source/sink terms
plus <ke> itself will be the main empha-
sis of the analysis.

4. Results from the Eddy Kinetic Energy
Analysis

a. Mean y-direction-averaged 2-D solutions
Before showing the specific fields asso-
ciated with the eddy-kinetic-energy equa-
tion, (12), the fields of <u>, <v>, <w>
and <0> are shown in figs. 1 to 4. It is of
considerable interest to researchers in
this subject to understand how the intro-
duction of the third spatial dimension
affects the solutions. In this present three-
dimensional simulation the vortext twist-
ing and stretching terms are active, which
fundamentally affects the dynamics of
the modelled turbulence. It is of interest
to know how this improvement in the
modelling of the turbulence changes the
results for the specific fluid dynamical
phenomena of severe downslope wind-
storms from that which one would obtain
using a 2-D model. In each of figs 1
to 4 are shown the times of 110, 125, 140
and 155 min. Fig. 1 shows <u> where we
see the flow reversal aloft in the SAR.
These solutions are quite similar to those
obtained in the previously cited 2-D si-
mulations for this particular event, (e.g.

Fig. 1. Plots of cross stream averaged <u>
for the inner model from experiment J11-
FM3D from Clark and Farley (1984).
Times shown are t =110, 125, 140 and 155
min. Solid contours denote positive and
dashed denote negative values. Zero con-
tours are not shown. Contour interval is
8 m/s throughout. z = 0 in this and the
following figures corresponds to about
1.6 km M.S.L.



fig 10 of Clark and Farley (1984)). One dif-
ference, due to the improved dynamics, is
a transient character to the field of <u>.
The magnitude of the minimum values of
<u> are -21.9, -16.9, -10.6 and -22.3 m/s
for 110, 125, 140 and 155 min, respectively.
The maximum values of <u> are 66.4,
69.0, 75.4 and 79.1 for the same times. All
of these values and the overall structure
of <u> are quite similar to the 2-D solu-
tions of the literature. The major
difference between these and the earlier
solutions is that now we have a distinct
transient character in the SAR and
downstream region due, I believe, to the
more realistic modelling of the turbu-
lence. Fig 2 shows the cross stream wind
component <v> which reaches extrema
of approximately & 10 m/s. These fields
are identically zero in the 2-D simula-
tions and the domain average of <v> is
similarly zero in this experiment. Note
particularly how <v> originates in the
SAR. This point is much clearer when
one views plots obtained at slightly earlier
times. Fig 3 shows up- and downdrafts.
Particularly evident is the strong standing
updraft in the lee of the mountain peak.
The maximum values obtained in this
updraft were 39.2,39.0,33.2 and 25.4 m/s.
These are particularly strong values and
probably represent small overestimates as
discussed by Clark and Farley (1984).
Finally fig 4 shows <0> for the four times.
These solutions are again similar to the
2-D solutions but with a strong added
transient character. One sees at the lee
edge of the SAR almost vertical isolines
of <0>. If one views the snapshots of 0 in
the x-z plain in Clark and Farley then one
sees distinct regions of overturning. The
y-direction averaging has wiped out most
of this effect. It is this tendency towards
local overturning which makes the SAR
so convectively unstable. It is also uns-
table because of the extreme values of
shear produced along the SAR lower ex-
tremities.

b. <ke> and the source/sink fields.

Figs 5 to 8 show <ke>, buoyancy produc-
tion, shear production and dissipation y-
direction - averaged fields for the same
four time levels as in figs 1 to 4. We see in
fig 5 how <ke> first builds up in the SAR
and maintains rather intense levels
throughout this region for the remainder
of the simulations. The most intense le-
vels of <ke> occur along the lower extre-
mities of the SAR which corresponds to
the regions of most intense shear produc-
tion. Some patches of <ke> can also be
seen to occur outside the SAR where in
plate (c) we see two regions of intense
short lived <ke> occurring about 38 km
downstream of the mountain peak. One
region is aloft at about z=10 km (near the
tropopause) whereas the second region
extends from the surface to about z =6
km above the ground. The maximum
level of <ke> occurrs in plate (c) and is
approximately 226.0 kg (m - s°).
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Fig. 2. Same as fig 1 except <v>>is shown.
Contour interval is (a) 1 m/s, (b) to (d)
2 m/s.
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Fig 4. Same as fig 1 except <0>> is shown.
Contour interval is 8 Kelvins.
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Fig 5. Cross stream averaged plots of the

eddy kinetic energy density per unit vo-

lume <ke>. Same times as in figs 1-4.

Contour interval is 16 kg/(m - s?).
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Fig 6 shows the convective production of
turbulence. This source/sink term starts
off producing most of <ke> in the deve-
loping SAR but after a short time (~ 5
min) the budget is dominated by the
shear production terms. Note the intense
regions of <ke> buoyant production that
are located adjacent to the strong up-
drafts, i.e. compare figs 6(a) and 3(a)
at t = 110 min. Although this buoyancy
source/sink maintains its intensity
throughout the simulation it appears to
become rather patchy in structure once
the turbulence is established.

Fig 7 shows field plots of the shear pro-
duction of <ke>. This field is characte-
rized by its most intense region, which
corresponds to a source region, being
strongly alligned with the streamlines
flowing into the lower portions of the
SAR that boarder the stable region below.
The contour interval in fig 7 is almost 10
times that used for the convective source.
The shear production is dominated by
source regions whereas the buoyancy
productionwas a mixture of source and
sink regions.

Fig 8 shows the dissipation of<ke> which
is due to the subgrid scale mixing terms.
The dissipation regions, reasonably
enough, correspond to the regions of
existing <ke>. The typical intensity of
dissipation is similar but smaller than
the convective producton. Analytically
and physically negative values of dissipa-
tion should not exist whereas is numerical
models the truncation errors can be such
as to allow some negative values. Nega-
tive values of dissipation did occur in this
model but their values were negligible
with respect to the overall budget. The
obtained extrema for the dissipation were
(.126,-.008), (.145,-.0006), (.1,-.01) and
(.137,-.005) kg/(m - s%) at t =110, 125, 140
and 155 min, respectively. These values
are significantly large when one considers
that a value of 0.1, in the present units,
corresponds to a value of greater than
1000 cm?/s? in the more familar non-den-
sity-weighted dissipation rate. Even so the
magnitudes of dissipation seem to be a
little smaller than required to balance the
strong shear production. This may be due
to the fact that the analysis of the dissipa-
tion has not as yet included the effects of
the model filters.

5. Conclusions

The cross-stream-averaged velocity fields
and potential-temperature fields were
presented and shown to be quite similar
to those previously obtained using two-
dimensional models. The main differ-
ence noted was the presence of a rather
strong transient character in the 3-D
solutions due to the improved modelling
of the turbulence. Thus, while gustiness is
not reproduced by the 2-D simulations,
they do seem to agree quite well with the
3-D results on many of the important
field characteristics.
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Fig 6. Buoyancy or convective <ke>
source/sink fields. These fields corre-
spond to the third term on the right hand
side of (12). Contour interval is 0.03125
for plates (a), (b) and (d) and 0.0625 kg/
(m - s°) for plate (c).

Fig 7. Shear <ke> source/sink fields.
These fields correspond to the second
term on the right hand side of (12). The
contour interval is 0.25 for plates (a) and
(d) and 0.5 kg/(m - s%) for plates (b) and
().
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Fig 8. Dissipation <ke> sink fields.
These _ fields correspond to the fourth
term on the right hand side of (12). Con-
tour interval is 0.0078125 kg/(m - s°)
throughout.

The production of the turbulence was
shown to occur first in the super-adiabatic
region (SAR) and then get advected
throughout the SAR and finally get ad-
vected towards the surface. The buoyancy
production was noted to initialize the tur-
bulence production but only for a short
period of time. Once turbulence had been
produced the shear-production terms
took over and dominated the eddy-kine-
tic-energy production budget.

The introduction of cross-directional
variability in the topography, variable up-
stream forcing and higher spatial resolu-
tion would add further complexity to the
simulation. Even with the present ideali-
zations the simulated event is highly tran-
sient. The highly transient character of
the SAR suggests that considerable care
should be exercised in interpreting obser-
vations of such a situation obtained by
local aircraft observations. The present
simulation suggests that either ground-
based or onboard remote wind sensing
equipment is required to resolve such an
event.
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