ULTURB

Scientific Description

Background

To date, clear air turbulence (CAT) forecast technidna@e been an amalgamation of
mostly empirical rules and equations, most of whichbases on perceived connections between
observed atmospheric patterns and aircraft turbulencetseptcCann (2001) demonstrated that
these techniques look at the environmental setup for &Afeasured directly or indirectly by

the Richardson number
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where@ is the potential temperature avids the wind velocity. The numerator is the layer’'s
stability, and the denominator is the layer's windashe

Layers above the atmospheric boundary layer are rfanadyable for turbulence because it
is necessary faRri < 0.25 for turbulence to form. Assumed in these technigussme undefined
process that locally alters the environment so ti@sgphere can become turbulent. The lower
the environmentdRi, the higher probability of turbulence. Unfortunatehede techniques
overforecast CAT because often IRvenvironments are smooth. The situation is analogmus t
thunderstorm forecasting only considering conditionaainity. Indeed, the thunderstorm
probability increases with a lower Lifted Index, butegsful thunderstorm forecasts include
consideration of triggers. Similarly, CAT forecastieglniques that include a trigger analysis
should reduce the uncertainty of environment-only tegles.

Gravity waves, which are ubiquitous in the atmospladter, both the environmental wind
shear and the stability as they move though. McCaowesth that, under the influence of a gravity

wave, the local Richardson numb&i{:
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whereRe is the environmental Richardson numkers the gravity wave phase angle, @nd the
wave amplitude non-dimensionalized by multiplying the acttzale amplitude by the stability and
dividing by the Doppler-adjusted wind speadc|, wherec is the wave phase velocity. There are
sufficient observations/numerical model forecastdhiefwind and temperature to compute
environmental stability, wind shear, aR@. The gravity wave amplitude and phase velocity are
unknowns that make computiiRy, difficult. Obviously, research must focus on gravity wav
characteristics in order to apply the theory with wharfce.

However, assuming thatcan be computed in some way, the formula shows tlaé¢ loc
increases or decreases in stability and wind shehinvtite gravity wave oscillation depending on
the gravity wave phase angle, Turbulence forecasters are only interested in thdifications
that will produceRi, less than 0.25. Whep=r anda > 1, Ri. < 0.0, a condition for wave
breaking. Whermp =r/2, the local wind shear is maximized, so wha#{2-3) < 1, therRi_ <
0.25. Fora > 2,Ri_ is always less than 0.25. Figure 1 depicts the graph afuhre. Asa — 2,
the upper limit orRig for turbulence approaches infinity. Below the curveRigganda

combinations that are turbulent.



1000

")
2
S 100
Q
-
=
=
=
=
o
=
510
-
S
=4
=
5
g
s
=
=
(4]
0.1 | I | | |
0.0 0.5 1.0 1.5 2.0

Non-dimensional amplitude (&)

Figure 1. Curve of the bounding value of the environmental Ricirdson number as a function of the
non-dimensional amplitude (&4). When & falls in the TURBULEN region, a gravity wave will locally
increase the wind shear sufficiently to reduce the loc&ichardson number to < 0.25.

This theory quantifies current environmental-only Claifecast techniques. The lower the
environmental Richardson number, the higher the prhitgabat a gravity wave with sufficient
non-dimensional amplitude will reduce the local Richardaamber to less than 0.25.

If gravity waves trigger CAT in this manner, then ioying CAT forecasting techniques
requires future knowledge of the gravity waves that cause CAere are many sources of

gravity waves, and any gravity wave may be a potentibllence producer. Rossby (1938) first



noted that whenever forces on air parcels are unkalatice resultant adjustment may excite
gravity waves. There are several techniques for diaggasibalanced flow, and McCann (2004)
found two that were well correlated with organized pat@f turbulence pilot reports.

Two unbalanced flow diagnostics

The Lagrangian time derivative of the continuity equatioisobaric coordinates is

d (awj_ d 0, )

dtl ap ) dt
wherew is the isobaric vertical velocity, apds the pressure. The left side implies a change in the
vertical profile of vertical velocity which implies\ertical acceleration. A vertical acceleration
must be caused by a vertical force which, with posgtadility, causes a gravity wave. Thus the
total time derivative of divergence may be used as aydomthe occurrence of gravity waves.
One can compute the total divergence tendency knowingjubegence at two times.

However, the divergence tendency may be computed froabies at a single time. Taking the
divergence of both sides of the equation of motion atet ebnsiderable algebra (Haltiner and

Williams 1980) the total divergence equation becomes
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whereD is the divergencey,v,andw are the three components of the total wind velodiig,the
Jacobian operatof ,is the Coriolis paramete,is of/oy, ( is the relative vorticityd is the
geopotential, an# is the frictional force. The left hand side areftiimee Eulerian components of
the Lagrangian time derivative of divergence. On the sgle, term A is the effect divergence
has on its tendency, term B is the vertical wind sheazontal gradient of vertical motion
interaction, term C accounts for the horizontal wshear, and term D is the effect due to
convergence of longitude at the poles. Terms E and teans related to the relative vorticity
and the geostrophic vorticity, respectively. Term Gtams the subgrid processes that change

divergence including the turbulence itself. Unfortunatielym G cannot be evaluated like the



other terms. Term D is two orders of magnitude sméiien the other terms and can safely be
ignored. All other terms can be significant contribattor divergence tendency.

With the hypothesis that total divergence tendencyesagsavity waves in a stable
environment, it is further hypothesized that the magieitof the total divergence tendency is
proportional to and may be used to estingatéurthermore, knowing, the maximum production

of turbulent kinetic energyTKE, ) from gravity wave enhanced wind shear is (McCann 2001):
ov

TKE, = Km[gjz (L+Ri¥*a)? a> [2—%}

whereK, is the momentum eddy diffusivity or eddy viscosity.

McCann (2004) showed that, of the individual temmhe divergence tendency equation,
a negative term C showed the best positive coiwalatith pilot reports in strong, organized
turbulence outbreak cases, and a positive term$nes best. The results for term B also
showed good correlation. This suggested two wagstimated, one as the negative of terms B
+ C and the other as the positive term E.
The ULTURB algorithm

Because of the limited knowledge of gravity wangétude and phase velocity,
ULTURB assumes that the magnitude of the two dmeecg tendency diagnostics in a layer is
proportional to the non-dimensional triggering gnawave amplituded) in that layer. This
simple assumption ignores the wave elements tlatgrortant for a complete trigger analysis,
but until research provides theoretical and/or nlag®nal details of wave structure, this
assumption will have to suffice.

ULTURSB treats the two unbalanced flow diagnostissndependent. Each is divided by
its own proportionality constant to compudteThe proportionality constants (#c) = -0.5 x 10
8 sed and G = 1.2 x 10 sec®) were determined from examinifdKE_ production with a sample
of known severe CAT outbreaks.

At each model grid point and in each layer, ULTURBt computes each of the two

divergence tendency trigger terms. The non-dimeas@amplitude is the maximuénof the two



trigger terms. Then ULTURB determines tidRi) combination. If this combination is above the
Fig. 1 curve, the@KE_ = 0. If it is below the Fig. 1 curve, th@iKE,_ is that determined from the
equation aboveK, = .054, from McCann [1999]). ULTURB limits the non-dimemsil
amplitude,a = 2.5to account for nonlinear limitations on wave amgdifion.
Operational interpretation

The following figures show a severe turbulence outbreak case on 13 NoZ@0Ber
Figures 2-4 show the various pertinent divergence tendency terms, and5-ghaes the

resultant ULTURB computation of TKE dissipation and the pilot regedsived.
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Figure 2. The divergence tendency term C as computed frorhé 1-hour RUC2 1500 UTC 13 Nov 2002
forecast.



Figure 3. Same as Fig. 2 except the divergence tendency teem
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Figure 4. Same as Fig. 2 except divergence tendency term B.
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Figure 5. ULTURB TKE production (10°js*) computed from the 1-hour RUC2 1500 UTC 13 Nov 2002

forecast for the layer near FL250. Also plotted are the pilot rports between FL220 and FL280 between
1500 UTC and 1700 UTC



The eddy K-values in ULTURB largely determine the magninfdde TKE dissipation. Because
they were designed similarly to those in the boundasr l@McCann 1999), the threshold values
for choosing between LIGHT, MODERATE, and SEVERE tuebak should be similar. The

table below repeats those thresholds.

Intensity Value
Smooth/Light .000
Light/Moderate .016
Moderate/Severe .035

While ULTURB computes TKE dissipation in all atmospheric laygmsas designed
and tested for turbulence at high performance aircraft cruisingldvélas not been tested in
the lower atmosphere and is not displayed for layers below 700 mb.
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