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Abstract

The basic science of turbulence has been known for
many vyears, yet the knowledge has hardly become a part
of operational aviation turbulence forecasting. The history
of turbulence forecasting, which has primarily concentrat-
ed at elevations above the boundary layer, has been an
amalgamation of empirical rules of thumb and forecaster
intuition, not of strong theory and conceptual models.
Turbulence sources are examined from the turbulent
kinetic energy equation. Data from « year-long study at
the NOAA/ National Weather Service | Aviation Weather
Center shows that even a simple first order closure scheme
has significant diagnostic skill in the boundary layer for
aviation purposes.

1. Introduction

The flow of energy in the atmosphere cascades from
the larger scales to the smaller. Depending on the refer-
ence scale, eddy motions on smaller scales are considered
turbulent. Eventually energy is dissipated on the molec-
ular scale. The equations of motion describe these
processes, but as every meteorologist has learned, the
equations cannot be closed, and there are leftover terms
that cannot be resolved completely, These leftover terms
describe, or more precisely account for, the turbulence.

The most common approach to account for turbulence
15 to estimate its energy. Turbulence kinetic energy (TKE)
equations have traditionally been an important part of
atmospheric numerical models because models that do
not account for the dissipation of energy at scales smali-
er than the grid spacing will eventually become unstable.
TKE equations range from the simple first order equa-
tions to much more complex second, third, and fourth
order equations (Mellor and Yamada 1982).

Turbulence affects aircraft in flight by causing fluctu-
ations in altitude and speed. The turbulence may be
strong enough to cause pilots to lose control. At cruise
altitudes, the pilot usually has enough time to regain con-
trol. Control loss near the ground can result in a crash.
Since all aircraft are in the atmospheric boundary layer’
zometime during their flight, boundary layer turbulence
‘s a coneern for all who fly.

“ne atmospheric boundary layer is the layer of air in which the
=“ects of the Earth's surface are felt directly (Garratt 1992). It is
-sJally the lowest kilometer above ground level.
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Because of the potential hazard, meteorologists at
the Aviation Weather Center (AWC), Kansas City,
Missouri, and other centers around the world diagnose
and forecast turbulence at all levels which aircraft fly,
including the boundary layer. To date, they have relied
on an amalgamation of mostly empirical rules and
equations mostly applied above the boundary layer
(Dutton 1980, and Knox 1997). Some of these empirical
rules are based on connections between observed atmos-
pheric patterns and aircraft turbulence reports while
others can be traced back to more fundamental process-
es described in a typical TKE equation. Diagnostic and
forecast methods for aviation turbulence in the bound-
ary layer are practically non-existent, although a few,
mostly unpublished, studies exist. Amburn (1992) sub-
jectively related the occurrences of strong winds, solar
insolation, and low-level atmospheric lapse rates to
reports of aircraft turbulence. Even a simple TKE equa-
tion describes how these atmospheric characteristics
produce turbulence.

Aviation meteorologists should become familiar with
TKE equations. They were primarily developed from
understandings of boundary layer turbulence and should
apply directly to their forecast problem. After introducing
some background concepts and simplifying the general
TKE equation, this paper shows that output from the
simple TKE equation is related to aircraft-reported tur-
bulence in the boundary layer.

2. Background

The general TKE equation follows from the equations
of motion and continuity. Garratt (1992) is just one of
numerous textbooks that show its derivation. The proce-
dure is to break the wind into the sum of its mean com-
ponent and the fluctuating component (v = v + v'), substi-
tute into the equation of motion, then multiply the equa-
tion by its fluctuating component (v)). Defininge = {1 %2
as the kinetic energy of the fluctuations (TKE), making

resulting equation becomes
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where v is a characteristic horizontal wind veloeity, w is
the vertical wind, g is the gravitational acceleration, & is
the potential temperature, p is the pressure, p, is the den-
sity, and ¢ is the molecular dissipation. The angle braces
indicate the average over space of the perturbed quanti-



National Weather Digest

. ,
. AL
N
200 N 7
T =3
’\E\ﬁ?f/ P
1008 NN
o N4t ™ -
0 T8 N N -
o] 500 2500 3000
1000

z (m)

2500
X {m)

TN AR !

3000 3500 4000 4500 5000

Fig. 1.  From Moeng and Sullivan’s (1994} large eddy simulations, snapshot cross sections of contours of eddy correlations leading to tur-
bulence production a) in the shear-dominated simulation and b}in the buoyancy-dominated simulation. In a) the lightly shaded values are
significantly negative indicating zones of positive TKE produstion. In b) the darkly shaded values are significantly positive again indicating
zones of positive TKE production. Nole the change in vertical scale between a) and b).

ties, those that are prined. The first two terms on the
right of (1) are the TKE production due to wind shear (S)
and the TKE production due to buoyancy (B). Note that it
is the wind and temperature perturbations in the vertical
that produce the TKE. Terms 3 and 4 move TKE verti-
cally by turbulence (T) and pressure perturbations (P)
and are usually combined into one transport term (T + P).
Terms 1 and 2 are TKE sources, while term 5 is the TKE
sink. The molecular dissipation rate, ¢, is proportional to
¢*” (Moeng and Sullivan 1994).

Moeng and Sullivan (1994) deseribe the importance of
each term in the TKE equation in various flow states of
the boundary layer using a large-cddy simulation (LES).
An LES is a very high resolution numerical model that
explicitly solves the primitive equations for the large tur-
bulent eddies. Resolutions are on the order of tens of
meters.

When shear dominates the flow, most of the shear is
concentrated in the lowest portions of the boundary layer,
s0 most of the eddies and the TKE production are located
there. Figure la shows a cross section snapshot of the
<v'w’> in their shear-dominated LES. The lighter shaded
areas are of negative <v'w’>, and from (1) are regions of
positive TKE production. The mean budget in Fig, 2a
shows that shear production nearly balances dissipation
in this LES. There is very little contribution to the TKE
from B or (T + P).

When buoyancy dominates the flow, the eddics fill the
boundary layer instead of being concentrated near the
ground. Figure 1b shows similar cross section snapshot of
<u’'®'">. There is more buoyancy TKE production at high-
er altitudes than similar TKE production in the shear
case. In fact, the TKE budget in Fig. 2b shows that buoy-
ancy TKE production decreases more slowly with height
than shear TKE production. Furthermore, transport of
the TKE, (T + P), into the upper portion of the boundary
layer is significant. The result is a rather uniform distri-
bution of & in the vertical.

When shear and buoyancy production combine, the
result is a non-linear mix of both effects. However, Moeng
and Sullivan (1994) suggest that the effects may be lin-
carly combined using the appropriate scaling. This com-
bined scaling will be used later in the paper.

Equation (1) and Figs. 1 and 2 describe the complete
mean TKE budget of all eddy sizes. Aircraft do not
respond to all the turbulence but to only a portion of the
turbulence spectrum (Vinnichenko et al. 1980). In large
eddies aireraft move smoothly up and down with the flow.
On the other end of the spectrum. aircraft hardly feel the
small eddies because they create such light loads.
Aerodynamic parameters, such as aireraft design, alti-
tude, speed, and weight also determine how much buffet-
ing an individual aircraft receives.
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Fig. 2. Vertical distributions of the terms in the mean TKE budget
obtained from Moeng and Sullivan's (1994) large eddy simula-
tions: &) shear-dominated simulation and b) buoyancy-dominated
simulation. S is the shear production, B is the buoyancy produc-
tion, (T+P) is the sum of the turbulent and pressure transport
terms, and & is the turbulent dissipation.

3. A Simple TKE Equation

Applying equation (1) in the planetary boundary layer
for aviation meteorclogy involves some simplifications.
First, it cannot be solved analytically but, in practice, is
solved statistically by finding relationships for the terms
in the angle braces. There are equations for these second-
order terms, but they involve unknown terms of the
third-order. These third-order terms have equations that
contain fourth-order terms, and so forth; it is impossible
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to close (1). The higher order terms must be parameter-
ized in terms of known quantities.

The simplest scheme is a first-order closure method
called the flux gradient method or K-theory. Although
higher order closure schemes have been shown to be nec-
essary to describe the structure of the turbulent bound-
ary layer, many times first-order closure is sufficient
(Garratt 1992). In aviation meteorology the time and
space scales are large, and a complete description of the
turbulent boundary layer is not crucial. It is assumed
that turbulence is analogous to diffusion, i.e., that the
average of turbulent fluctuations of a quantity, a term in
angle braces, is proportional to the mean gradient of that

tarm. Thus
terml. 1nus

.
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in which K, and K, are positive eddy diffusivities for
momentum and heat, respectively. For time periods and
spatial resolutions much larger than individual eddies,
de/dt = 0, and the dissipation, ¢, and the production are in
equilibrium, i.e., what is produced eventually is dissipat-
ed. Substituting (2) and (3) into (1) and ignoring trans-
port terms

Pk g 40
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The transport terms can be important, especially in a
convective boundary layer, but K, can be chosen to
account for them, as will be shown below. This equation
describes the spatial and temporal mean TKE produc-
tion/dissipation in a layer.

Except for the eddy diffusivity values, (4) is in terms
of mean quantities that can be measured. Note that
wind shear always causes positive TKE production, no
matter whether the wind is increasing or decreasing
with height. Note also that positive buoyancy produc-
tion occurs only when the potential temperature
decreases with height, 1.e., with a superadiabatic lapse
rate. In stable conditions this term is negative and
suppresses TKE production. Clearly, there is a poten-
tial problem with (4). Turbulent dissipation is always
positive, and the buoyancy production term can be
negative enough to produce negative TKE produection.
However, since it is assumed that dissipation and pro-
duction are in equilibrium, it follows that, in this sim-
ple equation, TKE production/dissipation cannot be
negative and is actually zero whenever the sum of the
production terms is less than zero.

Furthermore, the ratio of the two production terms
defines the Richardson number, Ri:
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the less frequent the turbulence events. The mean TKE
production 1s the integration of all the turbulent events in
space and time within the thick layer. Therefore, turbu-
lence is a probabilistic function of Ri, and the Pr defines
the upper limit of i in which the probability is greater
than zero. As the thick layer Ri approaches 0.25 from
higher values, the probability of turbulence at any one
time and at any one point approaches 100%.

The remainder of this paper describes an experiment
comparing a constant Pr = 0.25 with a constant Pr = 0.8
in a TKE production equation for aircraft turbulence. The
questions are twofold: 1) Given that aircraft do not
respond to the entire turbulence spectrum, does TKE dis-
sipation, equation (4), relate to aircraft turbulence as
observed in the boundary layer? 2) If so, which Prandtl
number gives the best results?

4. Boundary Layer TKE Production

The first task in implementing the simple TKE equa-
tion is to estimate values for the eddy diffusivities, K,,,
and Kj,. Three, not very rigorous approaches are usually
taken: (1) prescribing K-values, (2) prescribing K-profile
shapes, and (3) prescribing K-dynamics (Garratt 1992).
The first is the casiest and simplest. For example, the
familiar Ekman spiral of the boundary wind is derived
when K is set constant (Garratt 1992). The second is pop-
ular and assumes that the K-profile is such that there is
a TKE balance between the local dissipation and the local

and Sullivan 1994). For completeness, K, = K.,/ Pr.

The actual values of K, and K}, used to compute TKE
production are not that important. What is important for
aviation turbulence diagnesis is to correlate the value of
the TKE production in (4) to the turbulence intensity felt
by the aircraft. For each workday between April 1996 and
April 1997, “random” pilot reports of turbulence over the
contiguous United States below 3000 feet (about 900 m)
above ground level (AGL) were gathered at the AWC. The
method was to gather one randomly located report, if
available, from each of four categories, SEVERE, MOD-
ERATE, LIGHT, and SMOOTH. Pilot perception of air-
craft turbulence is very subjective, and, as pointed out
earlier, some of the additional ohjective factors influenc-
ing turbulence severity are aircraft speed and type.
Because of the many variables, all aircraft intensities
were treated equally as reported. Reports were gathered
plus-or-minus one hour at 1500 UTC, 1800 UTC, 2100
UTC and 0000 UTC which are times when there are usu-
ally sufficient pilot reports for random sampling.

To compute TKE production from (4), the wind and
temperature at the top of the layer were at a level 90 mb
above the surface from the Rapid Update Cycle (RUC)
operational numerical model, and surface values at the
bottom of the layer were from the hourly Rapid Update
Cycle surface (RUCS) objective analysis. The eddy viscos-
ity, K,,, was constant and was computed from (8) assum-
ing k=0.05, v.= 1.2 m s, and & = 900 m. The eddy ther-
mal diffusivity, K, was inferred from two different












