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Abstract

The “accepted” cause of clear air turbulence that
plagues aircraft when flying at high altitudes is Kelvin-
Helmholtz instability caused by wind shear: However,
environmental Richardson numbers associated with air-
craft turbulence reports are too high to assume that the
turbulence is caused just by the environmental wind
shear. Forecast techniques developed to date have
assumed that there are layers of local Richardson number
favorable for turbulence within the larger luyer for which
it was measured. The forecasts are probabilistic in the
sense that the lower the environmental Richardson num-
ber; the more likely somewhere in the layer there will be
turbulence, Theory and observations demonstrate that
gravity waves can locally modify the wind shear and sta-
bility so as to produce turbulence. Analysis of model out-
put assoctated with clear air turbulence events suggests
that turbulence and indicators of large-scale atmospheric
imbalance are related. Since highly unbalanced flow
must undergo geostrophic adjustment whickh is o known
cause of gravity waves, clear air turbulence may be caused
by gravity waves. The conclusion, while preliminary, is
that better clear air turbulence forecasts will likely come
from an ingredients-based technique that includes both
environmental wind shear and gravity wave forcing.

1. Introduction

Pilots have always had to consider the possibility of
turbulence along their routes. Pilots expect turbulence
near the ground, especially on windy, sunny days, and
near weather systems such as fronts that produce phe-
nomena such as rain showers or thunderstorms. As
aircraft began flying at higher altitudes, they began
encountering turbulence unexpectedly in regions with-
out significant cloudiness, hence the name “clear air
turbulence.” CAT, as it is known, can be strong enough
to cause significant injuries to passengers and crew
when it is not expected. The news media has reported
several of these events in recent years. However, when
it is expected, occupants can be secured and objects
can be stowed to minimize the damage. An outbreak of
severe CAT over the Ohio Valley in the United States
lasted an unprecedented three days (12-14 December
1997) with hundreds of aircraft and thousands of air
travelers encountering the turbulence, yet no major
damage or injuries were reported by the national
media (Cundy 1999).

To date, CAT forecasting techniques have been an
amalgamation of mostly empirical rules and equations
(Dutton 1980; Knox 1997), most of which are based on
connections between observed atmospheric patterns and
aircraft turbulence reports. Doswell et al. (1996) summa-
rized current thunderstorm forecasting techniques as
being “ingredients-based.” Simply put, there needs to be
a favorable environment and a triggering mechanism in
place for a thunderstorm to develop. This paper outlines
a similar ingredients-based technique for CAT forecast-
ing. The environmental setup can be measured by the
vertical wind shear and the Richardson number. The trig-
gers are gravity waves. While the technique is largely
theoretical, reports from a CAT pilot report database are
compared with diagnostics of wind shear and Richardson
number and with diagnostics of unbalanced flow, a
known cause of gravity waves. The results suggest that
these ingredients are present in many cases.
Environmental observations and numerical forecast
model output is adequate to quantify wind shear and
Richardson number. Much less is known about gravity
waves produced from unbalanced flow. Quantifying this
triggering mechanism requires much more theoretical
and observational research.

2. Background
a. Richardson number

The generally accepted cause of CAT is Kelvin-
Helmholtz instability (KHI) which occurs between two
fluid Iayers that are statically stable but have sufficient-
ly different velocities. The Richardson number is the ratio
of static stability, as measured by the Brunt-Vaisala fre-
quency (often designated as N) squared, and the wind
shear squared:

(1

The notation of this and all subsequent equations is
defined in the appendix.

There is a special relationship of turbulence to the Ri.
Because the denominator is always positive, when the
stability is negative, 1.e., the lapse rate is superadiabatic,
Ri < 0.0 and convective turbulence can develop. When 0.0
< Ri <0.25, KHI can form, and when Ri > 0.25, KHI can-
not form. This critical Richardson number can be shown



theoretically (Miles and Howard 1964) and experimen-
tally (Thorpe 1969) as a threshold below which an atmos-
phere may be turbulent. Stabilities and wind shears as
measured by standard rawinsonde observations yielding
Richardson numbers less than 0.25 are common in the
boundary layer (McCann 1999). Above the boundary
layer where CAT occurs, Ri values less than 0.25 have
been observed in thin layers by special observations
(Browning et al. 1970; Reed and Hardy 1972) but are
rarely observed by standard rawinsondes (Murphy et al.
1982). Because layers with Ri < 0.25 should quickly
become turbulent and raise Ri to more stable values, it is
by chance when a rawinsonde observes one.

Numerous researchers in the 1960s and early 1970s
recognized that customary atmospheric observations
were too coarse to observe the stabilities and wind shears
that result in low Ri values and CAT. As a group, they
made an implicit assumption that the lower the environ-
mental Richardson number (Rig), the more likely that
somewhere within that thick layer, there were thin layers
of local Richardson number (Rij, less than the ecritical
value (e.g., Roach 1970). Since in many cases it was high
environmental wind shear that lowered Rig, quoting from
Knox (1997b), “The mystery of CAT was thought to be
solved when its connection to vertical shear instabilities
was discovered (Dutton and Panofsky 1970).” Forecast
techniques from that era stressed analysis of Rig, espe-
cially the vertical wind shear portion. For example, Roach
(1970) derived a Rig tendency equation. Even the more
recent Ellrod and Knapp (1992) index of wind shear times
deformation is wind shear-based. Frontogenetic deforma-
tion can cause the large-scale wind shear to increase
through the thermal wind relationship, and it was the
rationale in including it in their index. Knox (1997b) ana-
lyzed the theory underlying these methods and found it
incomplete since other dynamic processes can also
increase environmental wind shear.

b. Turbulent kinetic energy

Turbulent kinetic energy (TKE) equations are the
basis for understanding turbulence in the atmospheric
boundary layer (McCann 1999). Since they are based on
the equations of motion, they should also be applicable to
the free atmosphere. The simplest is a steady-state first
order closure equation in which the turbulence is
assumed to be analogous to diffusion, i.e., the turbulent
flux of any quantity is proportional to the mean gradient
of the quantity being transferred (Garratt 1992):
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This relationship is known as the flux-gradient TKE
equation or K-closure equation because of the propor-
tionality constants Ky and K. The term on the left-hand
side of (2) is the TKE dissipation due to molecular viscos-
ity while the two terms on the right-hand side are TKE
production terms due to wind shear and stability.
Because the turbulent fluxes are assumed to be down-
gradient, Ky, and K, are positive.
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The Richardson number as an indicator of turbulence
can only discriminate between turbulent and non-turbu-
lent environments. It does not give any indication of how
strong the turbulence is. On the other hand, with the
TKE equation one can compute not only a yes/no answer
for turbulence, based on positive or negative TKE pro-
duction, but also the amount of turbulence, based on the
quantity of positive TKE production. However, in order to
apply the TKE equation to the aircraft turbulence prob-
lemn, one has to assume that turbulence dissipation at the
molecular level (¢) cascades from larger turbulent eddies.
Vinnichenko et al. (1980) note that turbulence felt by an
individual aircraft is from air gusts associated with
eddies In & size range that is a function of aircraft perfor-
mance factors such as design and speed. Aircraft cannot
feel turbulence from small eddies, and they tend to ride
with larger eddies. For most ajrcraft, eddies on the order
0f 100 m affect them the most. Turbulent intensities from
aircraft observations and TKE dissipation have been
related in some studies (MacCready 1964; Lester and
Fingerhut 1974; McCann 1999), so to use TKE produc-
tion/dissipation to diagnose/forecast turbulence is a cred-
ible hypothesis.

When modeling atmospheric flows, it is important to
include the turbulence. Modelers parameterize the tur-
bulence that occurs in the thin layers between the thick
model layers by the K-values. The parameterization
accounts for the mean turbulence within the model layer.
Straightforward algebraic manipulation of this TKE
equation (McCann 1999) shows that
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The ratio of the eddy viscosity (Km) to the eddy thermal
diffusivity (K»)is called a turbulent Prandtl number (Pr).
Inspecting (3), only when Ri < Pr will the TKE production
be positive. Since the Richardson number must be no
higher than 0.25 for turbulence to begin, it follows that
the Prandt! number should be equal to the critical
Richardson number of 0.25 if positive TKE production is
related to the occurrence of turbulence. However, if the
turbulence is occurring in layers between the model lay-
ers —and it always does, a higher Prandtl number is nec-
essary to parameterize the turbulence. Mellor and
Yamada (1982) suggest Pr ~ (.8 for numerical modeling
of atmespheric boundary layers. Estimating Ky, and Ky
independently in a number of cases of aircraft observed
wind shears and stabilities in turbulent upper tropos-
pheres, Kennedy and Shapiro (1980) computed a range of
Pr from 0.9 to 5.5 and recommended values in this range
to parameterize turbulence in operational numerical
models.

One must be careful in choosing a Prandt] number to
use in the TKE equation as a CAT forecast technique.
Turbulence becomes more intermittent as Rip increases
above 0.25 (Kondo et al. 1978). Thus with increasing Rig,
an aircraft is less and less likely to encounter a turbulent
eddy. Therefore, the existence of turbulence is a proba-
bilistic function of Rig, and the chosen Prandtl number
defines a threshold Richardson number (Rimax) which is
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Fig. 1. Rawinsonde measured sounding at Edwards Air Force Base, California, 1800 UTC 30 January 1998. The temperature and dew

point temperature profiles are displayed on a standard Skew-T/log p diagram. Winds (in knots) are plotted to the right of the display. A hodo-
graph of the winds is in the upper right. A standard atmosphere height scale is located to the right of the winds.

the upper limit of Riy in which the probability is greater
than zero, the lower limit of Rig = 0.25 being 100% prob-
ability. Since the mean TKE is quantitative, the higher
the Rimay, the weaker the relation between the probabili-
ty of turbulence and its mean intensity. The mean TKE
may be the integration of a large number of small turbu-
lence events or of a small number of large turbulence
events. The latter is far more important to aircraft tur-
bulence forecasting than the former. Ideally, the Rinax
should be 0.25 5o the probability of turbulence with Ri <
0.25 is near 100%.

3. Gravity Wave Modification of Wind Shears and
Stabilities

The closer one can estimate Ri; in (3), the closer one can
set Rimax to 0.25 and have greater confidence in (3) as an
aircraft turbulence forecast tool (McCann 1999). A gravity
wave is one mechanism that locally modifies Rig. Kondo et
al. (1978) noted that the turbulence intermittency at Rip >
0.25 was due to gravity waves. The theory of how gravity
waves locally increase wind shear and reduce stability
have been known for many years (Roach 1970).

Consider the following pilot report received at the
Aviation Weather Center (AWC) oy 30 J. anuary 1998:

LAX UUA /OV LAX-LAX 050050/TM 1806/
FL325/TP B767/SK CLR/WV 290/250046 320/
256140 330/260146/TB DURC LAX SMTH 290-
320 MDT SMTH ABV/ RM STG SHR 290-320

Heights are given in hundreds of feet above sea lovel
and winds in knots. The turbulence group (TB) decodes
as smooth during climb out of Los Angeles, California,
(LAX) except for moderate turbulence between 29,000
feet and 32,000 feet (8800 m to 9800 m). Winds (WV)
measured by this modern aireraft’s (Boeing 767) iner-
tial navigation system are typically very accurate and
show a large increase from 250 degrees/46 knots (24 m
sec’) to 256 degrees/140 knots (72 m sec”) in the layer
within which the turbulence occurred.

Compare the aircraft’s observed winds with those
shown in Fig, 1 which are from a rawinsonde observation
launched at Edwards Air Force Base, California, (EDW)
Jjust 40 km to the northwest of the aircrafts location
about the same time as the pilot report. The winds at
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Benjamin 1995), one must conclude
that each observation recorded a
different wind pattern even though
both were taken in close proximity
of each other. The 1800 UTC Rapid
Update Cycle (RUC) wind analysis
‘ at the location of the aircraft shown
AN in Fig. 2 is similar to the rawin-
10 sonde’s. The aircraft reported
SMOOTH at the lowest Rig near

the 27,000 foot (8200 m) flight level.
The wind shear measured by the
aircraft may have been enhanced by
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Fig. 2. A vertical profile of the Richardson number between 500 mb and 200 mb from the
1800 UTC 30 January 1998, Rapid Update Cycle numerical model at a location approxi-
mately 50 nautical miles northeast of Los Angeles, California. This is near the location of the
aircraft in the pilot report in the text. The 350-mb level is about 27,000 feet (8200 m) MSL; the
300-mb level is about 30,000 feet {8100 m) MSL; and the 250-mb level is about 34,000 feet

sion relation for the vertically prop-
agating component of the wave,
Palmer et al. (1986) and Dunkerton
(1997) derived the wave’s impact on

tln lannl wanting < 1 <
the local vertical shear in a non-

(10,400 m) MSL.
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Fig. 3. Curve of the bounding value of the environmental
Richardson number as a function of the non-dimensional ampli-
tude (8). When (&, Rie) falls in the TURBULENT region, a gravity
wave will locally increase the wind shear sufficiently to reduce the
local Richardson number to 0.25.

Fig. 4. The ratio of the total local TKE production to the TKE pro-
ducticn by the environmental wind shear as computed for the
30 January 1998 case of the B767 aircraft ascent out of Los
Angeles. California, using equation (2) in the text. The wind shear
and stability were modified using Egs, (4) and (5) with a = 1.98
Tre turouiert Prandtl number. K-K- = 0.25.
























