Danish Meteorological Institute —
Ministry of Climate and Energy

Scientific Report 12-01

An upper-tropospheric clear and cloudy air turbulence
index in DMI-HIRLAM

Niels Woetmann Nielsen and Claus Petersen

T4
, ——ellréd £ / — Hor.Wndmev 15

T4
100
Na 88
mc. 95
0.90
£y9 92
0. 85
[g g
0. 80

0.80
0.75

0.75
0.70

e ]010.70
¢ 0. 65

0. 65
0. 60

“lellrod
[
0.95

0.95
0.90

» 0. 90
8 0.85

0.85
0.80

LERE

0.75
0.70

[ L

0S8

Thu 1 Dec 2011 06Z 406h /

www.dmi.dk/dmi/sr12-01 Copenhagen 2012 page 1 of 19



§ Danish Meteorological Institute
i Scientific Report 12-01

Colophone

Serial title:
Scientific Report 12-01

Title:
An upper-tropospheric clear and cloudy air turbulencexnddeOMI-HIRLAM

Subtitle:

Authors:
Niels Woetmann Nielsen and Claus Petersen

Other Contributers;

Responsible I nstitution:
Danish Meteorological Institute

L anguage:
English

Keywords:

Turbulent Kinetic Energy (TKE), Turbulent potential eng(d@ PE),Clear Air Turbulence (CAT),
Cloudy Air Turbulence (CAT),deformation, shear deformatisinetching deformation, divergence,
relative vorticity, absolute vorticity,shear productidcmuoyancy production/destruction,
frontogenesis function, turbulence index

Url:
www.dmi.dk/dmi/sr12-01

| SSN:

*kkkkk

| SBN:
978-87-7478-608-5

Version:
1

Website:
www.dmi.dk

Copyright:
Danish Meteorological Institute

www.dmi.dk/dmi/sr12-01 page 2 of 19



M Danish Meteorological Institute

il Scientific Report 12-01
Abstract

Two dimensionless clear air turbulence indices valid fadlatitude synoptic-scale flow in the upper
troposphere are developed. One ind€XJ) is applicable to flow with high resultant horizontal
deformation, and the othef'(4) is applicable to flow with low resultant horizontal defortioa.

The regions depicted by the indices generally have litthleaoverlap. It is argued that the/3 type
of turbulence mainly originates from inflection point insiéy in the horizontal flow, while th&'74
type mostly originates from Kelvin-Helmholtz instabilitsyiggered by gravity wave activity in
unbalanced flow. Th&'/3 and7'74 indices mainly point to regions on the cyclonic and antiopat
side of jet streams, respectively. Thé3 index is related to a widely applied dimensional index in
numerical weather forecasting. The latter index is balsithé product of the resultant horizontal
deformation and the magnitude of the vertical wind shedrd&land Knapp 1992)I'/3 differs

from the former index by being an inverse function of theiststiability of the air.7'/4 can be
considered as a dimensionless alternative to a horizoiviiggnce trend term proposed by Ellrod
and Knox (2005). The nondimensional indices depend on tme g@arameters, with the exception
that7'73 in addition depends on the vertical wind shear @id on the planetary and relative
vorticity. 713 andT'[4 are post-processed experimental products in the opesahiiaather
prediction model system at the Danish Meteorological tagtiand so far no verification against
clear air turbulence reports has been possible.

1: Introduction

Turbulence is almost always present in the atmosphericdaryriayer (ABL), but it may also occur
above the ABL, in particular in connection with straight aneived jet streams in the upper
troposphere. The latter type of turbulence is called céarurbulence (CAT), although it can occur
in cloudy conditions as well (e.g. Ellrod and Knox 2005).

Generation of turbulence is directly or indirectly due toioas kinds of instabilities that may
develop in the atmosphere. In some cases CAT can be geneyasbddr instability without
involvement of other instability mechanisms. In other sasgrobably develops from shear
instability due to local enhancement of vertical velocitgar by gravity waves generated by other
types of instabilities among which inertial instability.de Ellrod and Knox 2005) and gravity waves
generated by deep moist convection (DMC) (e.g. Kaplan etdl5Phave been connected with
CAT. Also regions with substantial enhancement of vertical horizontal wind shear due to outflow
near the tropopause from large DMC systems have been medtaspossible CAT-regions (Fritsch
and Maddox 1981).

In the present report the focus is on CAT either generatedttiirfsom shear instability or by shear
instability triggered by gravity waves generated by iraitistability. This means that CAT
generated by orography- induced breaking gravity wavey @MC, including slantwise
convection in symmetric unstable flow conditions, is notsidared.

In the course of time CAT has been responsible for a large nuofl@@rcraft damages and personal
injuries. Efforts have therefore been spend on develoghghie diagnostic tools that are able to
highlight regions where outbreaks of CAT are likely to ocdtihas turned out to be a difficult task
to develop such tools with high reliability, partly beca@&T is highly transient and tends to occur
on horizontal scales down to less than 1 km (Kaplan et al. @0l partly because different
mechanisms are able to trigger CAT.

Two dimensionless diagnostic CAT indices suitable for mitllde synoptic-scale flow are proposed
and discussed in the present report. It is shown that the GKIregions localized by the two
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methods tend to have little overlap. The first index, nafiég, points to an environment with a risk
of CAT related directly to shear instability. This index dade on static stability and is further
closely related to the two-dimensional frontogenesis tionc It therefore mainly points to regions
with strong horizontal and vertical wind shear collocatethwveak static stability. The second
index, named’74, points to regions, where there is a risk of CAT either triggy gravity waves
generated by inertial instability or directly as result béar instability due to a large vertical wind
shear. In the Northern Hemisphere high value%'6f occur where the absolute vorticity becomes
numerically small. The absolute vorticityis the sum of relative vorticity and planetary vorticity

f. On synoptic scales small numerical valueg @k < f) may occur in jet streams on their
anticyclonic sides.

TheTI3 index is related to a widely applied dimensional CAT indextearing the product of
resultant horizontal deformatio®( F') and the magnitude of the vertical wind shéas= |0V /0|
(Ellrod and Knapp 1992), buf /3 is novel, by having a dependence on static stability, defased

N? = (g/6,)00,/0z, whereN is the Brunt-Vaisala frequency add is the virtual potential
temperature. A dependence®f3 on N2 appears plausible, since it is expected that turbulent
kinetic energy at a given vertical wind shear decreasesindtfeasingV?, as discussed in Section 3.
Furthermore, inclusion a2 as a parameter ifi]3 also means that this index can be written in
terms of the gradient Richardson numb&r= N?/S?%. Ri appears in the criterion for
Kelvin-Helmholtz instability (vertical wind shear instiity). The latter is considered as the key
instability mechanism by which CAT is generated. Thgt index is related to the horizontal
divergence (DIV) trend term proposed by Ellrod and Knox @0@ the sense that both terms
mainly points to regions where inertial instability can oica.e to the anticyclonic side of jet streams
with anticyclonic curvature. Knox et al. (2008) showed tthet divergence trend term is related to
dDIV?/dt in the Lighthill-Ford shallow-water wave equation for aldestratified rotating flow.

For synoptic-scale midlatitude flow they found tigdd V2 /0t was the second largest "gravity wave
radiation term" in the wave equation. It must be emphasiaatidutbreaks of CAT occur on
sub-synoptic scales, often in domains with horizontalesfdom less than 1 km to about 100 km.
Therefore, the CAT indices depict synoptic-scale regioriBiwiwhich there is a risk for outbreaks
of CAT on a smaller scale, much in the same way as certain sigreqdle patterns can depict
regions with enhanced risk of DMC.

Since shear instability plays a fundamental role in devalempt of CAT, and in stably stratified air is
the only production term for turbulent kinetic energy, tbdwing Section 2 briefly presents some
fundamentals of the turbulent kinetic and potential eneqgyations. In Section 3 the relation
between horizontal and vertical wind shear instability @4 is considered. Flow with high
resultant horizontal deformation is treated in Sectiond @anondimensional CAT inde¥,13, for

this flow type is presented in Section 5. Flow with low resulifaorizontal deformation is discussed
in Section 6, and is in Section 7 the basis for the presemtatial discussion of a CAT indeX,/4,
applied for the latter flow type. A case study, illustratigpital patterns of '/3 and7'/4 is

presented in Section 8. Finally, conclusions together withief summary are given in Section 9.

2: Turbulent kinetic and potential energy

A useful conception of turbulence can be gained from the budguations for turbulent kinetic and
potential energy. Mean turbulent kinetic energy per unissndKE) is defined ag', = V' - V' /2,
whereV’ =V — V is the deviation of the instantaneous wind velogityrom its mean valu®/. In
practice the average is usually over time, and the averagigmust be short enough to retain
diurnal and synoptic variations of the atmospheric statelanger than a typical time scale for the
turbulent fluctuations. In vector form the TKE budget is (€5@rrat, 1992)
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%( = V. VEx -V -V -VV)+8V0, K=V -(er +p /p)V +V - VV', (1)
where primed variables are differences between instaotsn@nd mean valugs= ¢/0, is the
buoyancy parametey,is gravity,k is the vertical unit vector ang, = V' - V' /2 is the instantaneous
TKE. From a generation and consumption of TKE point of view televant terms on the right hand
side (r.h.s.) of ( 1) are the second, third and last term. &tterlis dissipation of TKE by molecular
friction. Itis always a sink term for TKE\' is negatively correlated with the Laplacian\f, since
the latter tends to be proportional+6v/’). In the dissipation term is the kinematic viscosity of air.
The second term can be rewritten as

—(WNV'Vu+ V'V + 0wV Vo). )

All the terms in ( 2) except the "diagonal” terms.’ 5% 3“ , ' ’a” andw’w’ 32 ‘9“’ are always positive (or
zero in the trivial case of no mean velocity gradlents) Ehesms (sixin total) are therefore called
velocity shear production terms. In the atmosphere sigmifigelocity shear is often present near the
bottom boundary of the atmosphere due to the no slip comdatiahis boundary. Vertical wind shear
production of TKE therefore usually contributes to turlmde in the atmospheric boundary layer
(ABL), i.e. the layer at the bottom of the atmosphere influenmg surface friction and time varying
conditions at the surface and above the ABL. In the ABL the galshear of the horizontal wind is
usually much larger than the horizontal shear. In fact therdmution to turbulence from the
horizontal shear is neglected in many applications.

Basically due to the rotation of the Earth significant velsitear, both horizontal and vertical, can
also be created above the ABL. In the troposphere the mostiargshear regions above the ABL
are located near meandering jet cores in the upper troposphleese jets are often classified into
arctic, polar and subtropical jets, each associated witgrafieant and rather abrupt lowering of
tropopause-height in transversing from the warm to the siold of the jet. The air is normally
stably stratified in the strong shear regions connectedtivélupper-tropospheric jets. Under these
circumstances the mean virtual potential temperatiyfeif the atmosphere increases with height.
Therefore rising turbulent eddy motion’( > 0) tends to carry air parcels with lowéy than outside
the parcel. At some arbitrary level (within the region ofulence) this results iﬁ; < 0when
parcels from below arrive at this level. In the same way sigleddy motion®{’ < 0) leads to

6; > (0 when parcels arrive at the fixed level from above. This melaaisthe buoyancy term, which
is the third term on the r.h.s. of (1), is negative in presesfdarbulence if the atmosphere is stably
stratified. In other words, the buoyancy term is a sink ternTHE in stable stratification. The just
described process is thermal indirect by converting TKE tatbulent potential energlf», given by
Ep = 3(B/N)?0,>.

It is possible to derive an equation f&k similar to the TKE equation (e.g. Zilitinkevich et al.
2007). This turbulent potential energy equation (TPE) atsatains the buoyancy
production/consumption term, but with opposite sign of thahe TKE equation. The total turbulent
energy is defined a& = Fx + Ep, and in the total turbulent energy (TTE) budget equation/or
obtained by adding the TPE and TKE equations, the buoyamsttherefore cancel, leaving the
velocity shear production as the only production termAor

3: Shear instability

It becomes clear from the discussion above that only thecitglshear production term in ( 1) has
the potential to generate total turbulent enefgyin stably stratified air the buoyancy consumption
term is a destruction term fdr'; in the TKE equation, but appears as a buoyancy productiom ter
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for Ep in the TPE equation and vice versa if the air is unstablyifizdt Generation off occurs in

a process named shear instability, consisting of horizama vertical shear instability. A necessary
but insufficient condition for horizontal shear instalyilis that a relative maximum in the vertical
component of shear vorticity is present in the flow. Such aimarn is also an inflection point in the
horizontal wind profile, that is a point where the secondzuntal derivative of the horizontal wind
speed changes sign, and for this reason horizontal sheability is also named inflection point
instability.

Due to presence of negative buoyancy in stably stratifiedeatical shear instability does not require
an inflection point (local maximum in horizontal shear vatyi) in the vertical profile of the
horizontal wind. Instead a necessary but insufficient doodfor vertical shear instability, also
named Kelvin-Helmholtz instability (K-H instability), #hat Ri < Ri, = 0.25, whereRi, is the
critical Richardson number. The criterion for K-H instatyilappears to be less restrictive than the
criterion for inflection point instability, particularlyf the air has weak stable stratification. This
points to K-H instability as the most important shear ingiigimechanism for development of
turbulence in such cases. However, observations indibateéXAT on the cyclonic side of jet
streams typically occurs in a synoptic-scale environmetit Wi larger thanRi,. In a case study
investigated in Section 8 it is found that large CAT index eglon the cyclonic side of
upper-tropospheric jet streams typically occur in an emnnent withR: ~ 1. This seems to
indicate that the instability mechanism responsible fa type of CAT is inflection point instability
rather than K-H instability. The necessary, but insuffiti@ndition for the former type of instability
is fulfilled at points (or lines) where the vertical compohehshear vorticity has a local maximum.
This maximum is located on the cyclonic shear side of the jet.

There are also inflection points on the anticyclonic sidénefjéet, at points (or lines) where the
anticyclonic shear vorticity has a local maximum. Howewersynoptic scales this maximum tends
to be limited by(, > — f — (., where(, and(. are the vertical components of shear and curvature
vorticity, respectively. I, becomes less thanf — (. the flow becomes unbalanced. For this reason
the synoptic-scale magnitude @fon the anticyclonic side of jet streams tends to be much small
than the corresponding values on the cyclonic side. Consdégiuthe likelihood of triggering
turbulence by inflection point instability appears to be Bimathe anticyclonic shear side of jet
streams, in particular if the flow has anticyclonic curvatudnder these circumstances development
of turbulence is more likely to be a result of K-H instabil{tyiggered by gravity wave activity due

to flow imbalance).

From the presentation above we expect that a turbulence asla minimum should be able to
identify flow regions with strong vertical and horizontalngishear and also regions, where flow
imbalance (and gravity wave generation) may occur.

As noted previously, the shear production due to the hot&avind shear is often neglected in the
ABL. However, in the upper tropospheric jet streams stromigbatal wind shear can give a
non-negligible contribution to the shear productiontgf (and £') and (anything else unchanged)
lead to higher turbulent energy levels than without sigaifichorizontal wind shear. As pointed out
turbulence may in fact originate from horizontal shear piigbn in an inflection point instability
process. The latter process can occur independently ohehet not the conditioi: < 0.25 is
satisfied. In presence of vertical wind shéathe inflection point instability also activates vertical
shear production.

www.dmi.dk/dmi/sr12-01 page 6 of 19



il Scientific Report 12-01
4: CAT in regions with large horizontal deformation

According to the discussion above a CAT index should be albtapture the strong velocity shear
regions associated with jet cores in the upper troposplistorically, focus has mainly been on
strong velocity shear regions created by frontogenedis (eview by Knox 1997). The
frontogenesis function on a pressure surfacés defined

M Danish Meteorological Institute

D
F— E|vp0v‘7 (3)

whereD /Dt = 0/0t +V - V,, is the material derivative. Thus the frontogenesis fumgtio,
measures the rate of change of the magnitude of the quagehtal gradient of the virtual potential
temperaturd, of an air parcel moving with the air. In a coordinate systemtexl such that the
shearing deformatioW SH = dv/dxz + Ju /0y is zero, i.e if the x-axis is either along the axis of
dilatation (D.ST > 0) or the axis of contraction/§.ST" < 0), the horizontal frontogenesis function
can be written in the form (e.g. Bluestein 1993)

F=1/2|V,0,|(DST cos2cc — DIV), 4)

whereDST = du/0x — dv/0y is the stretching deformatio®)/V' = du/0x + dv/dy is the
horizontal divergence andis the angle from the x-axis (after rotation) to theisolines. It can be
noted thatD S'T" acts frontogenetically/ frontolytically if the axis of dilation/contraction is along
the x-axis OST > 0/DST < 0) and|a| < 45°.

The most widely used CAT index in the past is perhaps that stgdéy Ellrod and Knapp (1992).
This dimensionaly2) index is defined

TI2 = S(DEF — DIV), (5)

whereDEF = (DSH? 4 DST?)'/? is the total deformation, i.e. the magnitude of the horiabnt
deformation. Based on the observation thdtl” often is much smaller thab £'F' they also defined
another indexy’I1, obtained by neglectin@ V" in (5). TheT'I2 index is derived directly from ( 4),
by applying optimal conditions for frontogenesis, ike= 0°/a = 90° andDST > 0/DST < 0,

and using the thermal wind equation to replg®ed, | with the magnitude of the vertical shear of the
horizontal wind. Since ( 4) is valid in a coordinate systerthwine x-axis along either the axis of
dilatation or contraction it follows thaDSH = 0 and therefored EF' = |DST|. This implies that
high values ofl"/2 may also occur in regions of frontolysis. Unless CAT is not\&nsitive to
whether wind shears increase or decrease with time, thidptm an inherent risk of false alarms of
CAT in the latter regions, when ( 5) is used as a CAT predictor.

A jet streak, which is a wind maximum in the jet core, may seo/dlustrate the difference
between( 4) and ( 5). Consider a case, whete 0 (streamlines parallel to isotherms), which is the
optimal frontogenesis/frontolysis situation. In the ente/exit region of the jet streak

DST > 0/DST < 0, which means frontogenesis' (> 0)/frontolysis ' < 0) due to flow
deformation in the entrance/exit region, but ( 5) prediagthivalues ofl'12 in both the entrance and
exit region. In other words/'/2 is able to recognize a jet streak, but unable to distinguetivéen
the entrance and exit regions of jet streaks.

According to the discussion in Section 3 the relative suse@sl widespread use ©f/2 is probably
related to its ability to identify regions with a local maxam in shear vorticity on the cyclonic side
of jet streams. These regions are also frontal zones wigietarertical wind shea$ and higher
static stability N2 than is typical for the surrounding tropospheric air magsag Figure 10.4a in
Shapiro and Keyser 1990).
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' beta=1 ' beta=1
———————— beta=0.5 --------beta=0.5
—exp ——exp
1.0 deobed ] T Ueda(2012) 1.0 | T Ueda(2012)
0.8
5
=
2 06
o
E
ja}
F 04
0.2 0.2
\X%
0.0 0.0 :
0 1 2 3 4 5 6 7 8 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ri Ri

Figure 1: CAT indexT'13 normalized by its neutral value as function of the gradient Richardson ewRib
Curves are fo = 1, 8 = 0.5 and for alternative stability functionsmp(—0.1x~2) (exp) and(1 + 4.7Ri) !
(Ueda et al. 2012). The figure to the right is an enlargement of the lefiefigith a cut-off atRi = 1.0.

5: A DMI-HIRLAM CAT (clear air turbulence) index for flow with
substantial deformation

T12 defined in ( 5) does not contain any effect of stratificatiothefair, usually measured by?.
However, as indicated by the arguments below, it appeausitlie that CAT also ought to be
dependent o2, Consider for example a flow having a time independent veésiazdl shearS, but

a static stabilityN? increasing with time. For this flow: increases with time, and according to
Figure 3a in Zilitinkevich et al. (2007) the non-diagonal Relds stresses representing the vertical
fluxes of momentumu(w’ andv'w’) decrease with increasing;. It then follows from the second
term on the r.h.s of ( 1) that the shear productioru@f due to vertical wind shear also decreases
with increasingR:. Under these circumstances, including possible contabdtom non-negligible
horizontal shear production, the expectation is thgatas well ast’ decreases aRi increases. The
following dimensionless CAT index, applied fai* > 0, is proposed:

TI2 N2 ' TI2, oy 8
TI3=""2(1—(1+-2) )= "2
s Ng( 1+3) ) N§(1+X>’ ©

wherey = Ri./Ri, Ri, = 0.25, N? = Ri,.S? andNZ = 1077 s~2. The latter make%'73
nondimensional and re-scales the index such that it in akstiatification becomes equal to 1 for
S =10"2s"1, andDEF = 1075 s~1. The latter are typical order of magnitude values for
mid-latitude synoptic-scale flow in baroclinic regions loéttroposphereki, is the critical value
below which K-H instability becomes possible. Tentativelg have chosef = 1. In neutral to
weakly stable stratificatiord(< R: << Ri,) T3 can then be approximated by

TI2
TI3 ~ — 7
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and in strongly stable stratificatio®{ >> Ri,) the approximation becomes

—x(1—x). (8)

The variation of/'/3 normalized by its neutral value as function/®f is depicted in Figure 1 (the
curve marked beta=1). At the critical gradient Richardsomiper R:.. the index is 50 percent of its
neutral value. Three alternatiZ&/3 indices with other stability dependencies are also shown in
Figure 1. These curves, except the curve marked Ueda(204 &)scussed in some details in
Section 8. Incidentally the stability dependencd @B given by ( 6) is close to the stability
dependence of the eddy exchange coefficiéptnormalized by its neutral valug,,,, found by

Ueda et al. (2012) to b&,, - Kmn~' = (1 + 4.7Ri)~'. The eddy exchange coefficients were
measured in the upper troposphere to lower stratosphererigdie and upper atmosphere very
high frequency Doppler radar. Measurements were done & aleand with exclusion of cases with
horizontal wind speeds larger thafim s—1.

As noted previously, in jet streams having strong vertical horizontal velocity shear, the air is
usually stably stratified, and therefore large posiii/e points to regions, where CAT due directly
to shear instability (i.e. not shear instability resultingm gravity wave activity generated by other
instability mechanisms) is likely to occur.

In an observational study of a representative sample ofséuebulence cases (7 out of a total of 44)
Kaplan et al. (2005) noted that all these cases occurretivediaclose to a minimum value in the
vertical variation ofRi, but they also found thaki was not among the 12 most important predictors
of severe turbulence in the 44 cases they investigated. dilsr investigators of CAT found rather
poor correlation betweeRi and occurrence of CAT (e.g. Dutton and Panofsky 1970).

These observations are not necessarily in disagreemdn(&yjtdespite of the fact thdt/3 at a
given value ofl'I2 does decrease with increasifig. Large uncertainties in estimates®f are
likely to contribute to the reported weak correlation bedw&: and observed CAT.

6: CAT in regions with small horizontal deformation

For flow in gradient-wind balance the relation betwdeR F', ( = 0v/dx — du/dy (relative
vorticity), andDIV is
DEF? = (* + DIV? — 4J(u,v), 9)

whereJ (u,v) = du/dz - dv/dy — dv/0z - Ou/Jy is the Jacobian operator. For flow in
gradient-wind balancé = (, + (., where(, = —0V/0n is the shear vorticity ang. = V/R is the
curvature vorticity.R is the radius of curvature of the streamlines and the direction of the
normal vector, which points to the left of the flow directighlolton 2004). Further (u, v) = (.
(Knox 1997). Substitution of, and(. in ( 9) gives

DEF? = ((, —(.)*+ DIV?, (10)

Equation ( 10) impliedD EF > |DIV|,and if DEF >> |DIV|, which is usually the case for flow
on synoptic scales, we haveE' F' =~ |(. — (|, showing thatD £'F andT'12 become small if, ~ (;
regardless of the magnitude Qf

The role of the divergence is to reduce and enhdnkeif the divergence is positive and negative
(convergence), respectively. As noted ab®B/ has usually little influence on the magnitude of
TI2 on synoptic scale, since it tends to be an order of magnitoddler thanD F F'. In fact, in the

quasi-geostrophic framework (a reasonable approximébiofiow on synoptic scales outside the
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equatorial region) the quasi-geostrophic wind is non4gjeat. If such a flow has divergence, the
divergence is in the ageostrophic part of the flow. For a gmeagnitude of the vertical wind shear it
then follows from ( 5) thafl'/2 becomes small iD E'F' is small, and according to ( 10) the latter is
small if (. ~ (,, regardless of the magnitude @f Consequently/’/2 is small for a flow with large
vertical and horizontal velocity shear (the latter given(pyand large curvature (since we consider
the case,. ~ (;). However, development of turbulence by dynamic instgbdlso appears likely in
such flow conditions. This calls for a CAT index giving highwes for the flow conditions just
described and small values in cases, whefer' is large.

6.1: Vertical wind shear

Large vertical shear of the geostrophic wind is created mdiaic zones of the atmosphere. These
zones are frontal regions separating air masses of wid#érelnt origin. If the flow has curvature
the wind field is closer to be in gradient than geostrophicdialance. Following Palém and
Newton (1963)

oV 0V,/0z (POR/Oz
oV _ 11
9. T rac T Frac (11)
and Knox (1997)
OV,  —20.0V,/0z (OR/Oz (12)

0z [+2¢ f+2¢

In (11) and ( 12)/ is the gradient windy, the geostrophic wind and, = V' — V,, the ageostrophic
wind. In the caseé, = (. the denominators in ( 11) and ( 12) becoime ¢ = n, wheren is the
absolute vorticity. Consider, for the purpose of illuswatia circulation. with cyclonic curvature
vorticity and a circulationf{ with anticyclonic curvature vorticity, both witty, = (.. Assume for
simplicity that the circulations have the same numericalevaf ¢, the sameV, /02 and

OR/0z = 0. Thenif(;, = ¢f = —(y and0 < ¢ < 1, the ratio of the vertical wind shear in the
anticyclonic and cyclonic circulation becomes

(0V/0z)u/(0OV/0z)r) = (1 +¢)/(1 —¢), (13)

showing that even in the presence of a rather weak verticatggohic wind shear, the vertical shear
of the gradient wind in the anticyclonic circulatidh becomes large if is close to 1, i.e. if the
absolute vorticityy = f + ¢ approaches zero.

Atmospheric flow on synoptic scales usually satisfies thelitmm » > 0, and it has been shown
(e.g. Markowski and Richardson 2010) that: 0 is a necessary but insufficient condition for pure
inertial instability. The latter results in developmenigoévity waves in connection with geostrophic
adjustment (e.g. Vallis 2006), or, according to the LightRord theory, by spontaneously emitted
inertia-gravity waves (Knox et al. 2008). Triggering ofliutence (CAT) by gravity waves thus
appears to be possible in strongly anticyclonic regionsod or negative absolute vorticity. These
regions have,. ~ —0.5f and(, ~ (., but as discussed previously/2 is small in such cases since
DEF issmall.T'12 is also small if¢. ~ (, > 0, but in such cases the flow is balanced and if CAT
develops it has been argued that it most likely originatesifinflection point instability, which
requires substantial horizontal and vertical wind shdahd vertical gradient of the radius of
curvature is zero ( 11) shows that at a fixed vertical shedrefeostrophic wind the corresponding
gradient-wind shear decreases with increasing cyclomature vorticity. Since we are considering
a case Wwith(,. ~ (, the shear vorticity increases, while the vertical wind sluegreases. Therefore it
is most likely that the probability of CAT decreases or rersairore or less unchanged if the
cyclonic curvature vorticity increases.
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7: A DMI-HIRLAM CAT (cloudy air turbulence) index for flow wit h
little or no deformation

The denominator in ( 11) and ( 12) can be written 2¢. = n + (¢, — ;). According to ( 10)

(¢. — ¢)* = DEF? — DIV?. This suggests that/¢, wheree = n + |¢. — (|, could be a usable part
of a CAT index for the anticyclonic shear regions of anticyibally curved flow. Ife becomes small
the vertical wind shear becomes large and enhances thehjliybaf K-H instability. If ¢ becomes
zero or negative the flow becomes unbalanced, which candedelvelopment of CAT triggered by
gravity waves. Since gravity waves do not develop if thesmeutral or unstably stratified

(N? <0), itis expected that a CAT index applied for the anticyclasiite of jet streams must
contain a measure of the static stability of the air. On tineobhand it is not expected that turbulence
generated by gravity waves can be sustained with high iityeihghe air is strongly stratified.

M Danish Meteorological Institute

Based on the just presented arguments the following CAT irajgpopriate in flow regimes with
weak DEF and applied forv2 > 0, is suggested: IN? > 0

s N2 x Y
TI4—€2(1.—(1_+N2> 1) _62(1+X> ' (14)

Otherwisel'14 = 0. It has been assumed that4 has the same dependenceimasT[3.

7.1: Discussion of the properties of the T4 index

It follows from the definition of that this parameter becomes zerq i ¢,, where
(o=—f—VDEF?— DIV? < —f in the Northern Hemisphere (NH) and
(o=—f++VDEF?— DIV2 > —f in the Southern Hemisphere (SH). The following discussion
will be for NH, i.e. for f > 0. If VDEF2? — DIV? > 0, e is minimized for an unbalanced flow,
since(, < — f, and as the total deformatiodD E F2 increases, the minimization occurs in
increasingly unbalanced flow conditions. In the followimgtsubsections we discuss the factor
(? /€% in some details.

7.2: Anticyclonic flow in the Northern Hemisphere

Consider an anticyclonic flow with = ~ f (y < 0) and{; = a¢. Thenifa < 0.5

e = f(1+2ay) (15)

¢ 7
2 (1+ 2a7)2 (16)

andifa > 0.5

e = f(14+2(1—a)y) a7

2 2
& = . 18)

¢? (1+2(1—a)y)

In the intervald < a < 0.5 the parameter becomes zero if = —f/(2a), and in the interval

0.5 <a <1 ebecomes zero if = —f/(2(1 — a)). The parametes” is larger than zero for any
other value of:. Note that fora = 0 the flow only has anticyclonic curvature vorticity, and to& 1
it only has anticyclonic shear vorticity. These flow typeséé? /¢ = ~2. According to ( 16) and
(18) ¢?/€e* < 42if a < 0, which is the cyclonic shear side of flow with anticycloniaeature, or
a > 1, which is the anticyclonic shear side of flow with cycloniaature. If0 < a < 1 we have
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(?/e? > ~%. The factor? /e approaches infinity asapproaches- f/(2a) if 0 < a < 0.5 (flow with
anticyclonic curvature vorticity larger than or equal te #imticyclonic shear vorticity) and
—f/(2(1 —a))if 0.5 < a < 1 (for flow with anticyclonic shear vorticity larger than orw to the
anticyclonic curvature vorticity). We note thatdfis close to either O or 1 the negative relative
vorticity at whiche = 0 becomes numerically much larger th&n

In summary it can be stated thgt/c* becomes very large only if ~ 0.5, and approaches 1 for

v << —1. Inthe special case = 0.5 (¢. = ¢, < 0) we have(?/e* = ~?/(y — 1)?, becoming infinity
ifv=—1,i.e.if( =—/.

7.3: Cyclonic flow in the Northern Hemisphere

In a cyclonic flow ( = ~vf,v > 0) we get fora < 0.5

e = f1+2(1-a)) (19)
S T (20)
e (1+2l-a))
and fora > 0.5
e = f(142ay) (22)
¢ 22
e (1+2a))

Equation ( 20) and ( 22) show that> f(1 + +) > 0. The minimum value = f(1 + ~) occurs for
a = 0.5. In contrast to the anticyclonic flow this minimum can not leeq sincey > 0. For the
same value of and the samg| we obtaine,; — e.r = —2|(|, wheree,; ande.; are for the
anticyclonic and cyclonic flow, respectively. Under thesaditions the factot?/¢? is therefore
always largest for the anticyclonic flow.

7.4: Summary of section 7

The discussion given in the last two subsections showsttedattor¢? /e2, which is an important
part of theT' 74 index, becomes large on the anticyclonic shear side ofyainically curved flow
and very large if) =~ 0. Otherwise the factor is relatively small, particularlyfiow with large|a|
and|vy|. Since(¢s — ¢.)* = (vf(2a — 1))? it follows from ( 10) that this type of flow has large total
deformation, and the appropriate CAT index should therdberé/3 (or 7'12).

TheT 14 index mainly points to midlatitude regions of the flow where: 0.5. If a is equal to or a
little higher than 0.5, CAT can develop by shear instabiliyg do a large horizontal and vertical
wind shear ( 11). If CAT is less than 0.5, CAT can develop by K-staility triggered by
modulation of the vertical wind shear by gravity waves gatest by the unbalanced flo@./4
becomes infinity it = 0. For practical us@'/4 has therefore been rescaled by the factor

(1+ C*/EQ)_l, where(, = cf. Equation ( 14) then reads

2 2\ —1 B
TI4— E2<1 T ;) (14>fx) . (23)

We have chosen= 0.1 such that, is a typical magnitude of the relative vorticity on synoptic
scales. In the casg = (., corresponding ta = 0.5, the index becomes

TI4= (24 ((1+7)/7)2) " x?(1+ x)? and for¢ = —f the index isI'T4 = ¢=2 - x5(1 + x)°.
If ¢ becomes substantially less tharf, which may happen on sub-synoptic scalés is smaller
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than in cases wherg~ — f. Thereforel'/4 is not expected to be an appropriate CAT index for
sub-synoptic scale flow having a relative vorticity substdly less than— f. However, by
modifying the index such that it reads

B ¢ x
Thn = =op 50 <1+x> (24)

it attains a maximum fo¢ = (, instead of forl = —f. {, has been defined in Section 7.1 as the
relative vorticity at whiche = 0. 774 andT'13(T'12) are complementary in the sense tidtl is
large andl’'/2 small if DEF' is small and vice versa iDEF is large. This behavior is consistent
with Sparks et al. (1977) and Knox (1997), both arguing fooalmear relationship between CAT
and absolute vorticity, with a maximum of CAT @t f ~ 0 (small D EF') and another maximum
when¢ + f >> 0 (large DEF).

8: Case studies

The following example serves to demonstrate the behavitireoproposed two CAT indices. A
verification against CAT observations has not been done ddiffimulties in getting access to pilot
reports of CAT. The presented CAT indices are therefore exyggrial and need to be verified (and if
necessary modified) before possible operational use. &@shows DMI-HIRLAM-T15 6 hour
forecasts off /3 andT'I4,, at model-level 15 (approximately at 9 km height) valid at TPGJon 1
December 2011. The model has 40 unequally spaced vertieds$)enore closely packed near the
surface than aloft, and a horizontal resolution of appratety 15 km. The stability function

Fy = x - (1 + x)~" has been applied in Figure 2 (top) and in Figure 2 (bottompiied stability
function isF, = exp(—0.1x %) = exp(—1.6Ri?). To suppress high values of the indices close to the
ground they have been multiplied Wiﬂ?{/302 at horizontal wind speeds bela® m s~1. It can be
seen from Figure 1 that/3 calculated by using is less/larger thafi'/3 based or¥s if

Ri < 1/Ri > 1. By intercomparison of Figure 2 (top) and Figure 2 (bottontigih be noted that the
regions with7'/3 > 0.6 become smaller wheh; is applied, and it can also be seen that the
maximum values tend to be a little higher. Theref@&iewithin regions wherd’73 > 0.6 (Figure 2,
top) is close to 1 with minimum values a little less than 1 ia tores and values a little higher than 1
in the outer part of the regions. In contrast valueg'o4,, > 0.6 generally decrease whé is
replaced byF,. This is most clearly seen in Figure 3. The latter figure islsinto Figure 2, but for
model-level 12 (approximately at 12 km height). The valuegowithin the regions where

TI4,, > 0.6 must therefore be somewhat larger than 1. Another fornaratiith the stability
function given byF; = exp(—0.1N? - N, ?) has also been applied. With the latter formulatiors
was nowhere above 0.6, while the regions Witht,, > 0.6 expanded somewhat (figures not
shown). This result shows that> < N2 in regions with high values of the indices. The subscripts
andc refer to the anticyclonic and cyclonic side of jet strearespectively. Combined with the
previous resuliRi, > Ri.we can also conclude for vertical wind shear that S, in the

considered regions. These results fit nicely with the ty@gaoptic-scale distribution of static
stability and vertical wind shear in upper-troposphertsjeeams as depicted in Figure 10.4a in
Shapiro and Keyser (1990). The frontpage figure shows sefulthe indices if the stability
functiony!/2(1 + x)~'/2 is applied, corresponding 1= 0.5 in Figure 1.

Previously it has been argued that K-H instability seemsetthie most common instability
mechanism leading to CAT in the stably stratified environnegnthe anticyclonic side of jet
streams. However, the regions depicted/biyt,, in the case under investigation haké > 1. In

order to generate turbulence one or more processes thailarn®eally (on a sub-synoptic scale) to
createR: < Ri, must be activated. It was mentioned in the introduction shiah processes could be
initiated in unbalanced flow. Gravity waves produced by gephic adjustment (e.g. Vallis 2006)
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Figure 2: 6 hour forecasts of CAT indeX13 and7'14,, at model-level 15 (height: approximately 9 km)
valid at 12 UTC on 1 December 2011. (Top) with stability functionand (bottom) with stability functio.
T3 is shown by blue to dark red colors, aifd4,,, by hatched colors (yellow to dark red). Only index values
> 0.6 are shown. Green contour f@i74,, is 0.6. Vertical cross sections in Figure 4 are along the line from
35w-55n to 15w-60n. The indices have been scaled to values betweenlOoy1 — tanh(7737!) and
1 — tanh(27°74~1), respectively.
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Figure 3: Same as Figure 2, but for model-level 12 (height: approximately 12 km).
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Figure 4: Vertical cross sections along the line marked in Figure 2, showing 6 hoerdets off 13 (left)
andT'14,, (right) valid at 12 UTC 1 December 2011. Values shown by color bargatftfigure. Note that
the indices have been multiplied by 10. Wind speed normal to the cross sdutiwn by dashed lines at
5m s~ ! intervals, negative for flow out of the plane.

and spontaneously emitted gravity waves (e.g. Knox et &l8Phave been proposed as possible
mechanisms. Ifi’I4,, the vorticity term¢?((¢, — ¢)* + ¢?)~! points to regions where the flow is
likely to be unbalanced. The stability function is identiagth that for 7'73. Since CAT may
develop by different processes on the cyclonic and anticyclside of jet streams there is no
obvious reason why the stability functions should be id=htiHowever, it appear plausible that
T14,, should increase with decreasing, since larger amplitude of the gravity waves and
associated stronger modulation of the wind is expecteddardt N? is decreased.

Figure 2 and 3 (and other cases not presented) show quitéydleat large values of'/3 and7'74,,
have little overlap. It is also a common feature that the xAfilelds, and in particula¥'74,,,, look

more noisy on the anticyclonic side of the jet streams. Téesss to be related to a tendency of the
model to have more small-scale flow patterns on the antioyckide, where stratiform cloud layers,
often with embedded DMC, usually are present. The spatia@ragipn of the indices is in good
agreement with the analysis presented in Section 7. In thigakcross section in Figure 4 the
spatial separation of the indices is also evident. It candtechthat the horizontal shear of the wind
component normal to the cross section is substantiallytargthe frontal zone, wherE73 has high
values, than on the anticyclonic side of the jet, where spbisgh values ofl'/4,, are found in a
zone with relatively large vertical wind shear.

TheT'I3 index has regularly been compared with the CAT-index preseint significant weather

maps on opmet.dmi.dk and good agreement has generally beed. flt has turned out to be much
more difficult to evaluate the indék/4,,,. So far we only have one report of severe turbulence on the
anticyclonic side of a jet stream. This case is shown in EdurThe reported turbulence was at
flight-level 390 (11.7 km) at the black dot in Figure 5 (botjofihe model (at 6 UTC) failed to

www.dmi.dk/dmi/sr12-01 page 16 of 19



sl
d Danish Meteorological Institute
@il Scientific Report 12-01

2 T
v NGRS

N 0.95
N 0. 90

B18:83
988

0.80
5

oo o0 o0 o
20 9N N~
3& &3 33

ellrod
ERY
0.95
[
0. 90

k 0. 90
5

00 O~ NN N® 0®  ©
S o oS¢ oo o;

H E = W
o0 oo oo oo oo o

TI4
1.00
m 0. 95

0.95
0. 90

B16:83

888

ellrod
ERY
0.95
[
0. 90

0. 90
5

20 O~ NN N® 0®  ©
S o oS¢ o o;

H E = =
o0 oo oo oo oo o

[J Mon 12 Dec 2011 00Z +06h
Figure5: As Figure 2, but for 6 hour forecasts of CAT indéX3 and7'74,,, (using stability function/}) at
model-level 14 (height: approximately 10 km) valid at 06 UTC on 12 Decemitt.2Bottom figure zooms in
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Atlantic. The black dot shows approximate location where CAT was repatt8d53 UTC. Otherwise as
Figure 2.
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predict turbulence at the report-location, but had spotsgif index-values of'/3 and7'74,, within
horizontal distances of about 200 km from the observati@hlato 2 km below the flight-level. The
latter result is not convincing and illustrates the need/@ification of the proposed indices, not
leastT’14,,.

Conclusions

Two dimensionless CAT indices valid for midlatitude synoggcale flow in the upper troposphere
have been presented. The indicé$§ and7'7/4/714,,) are applicable to flow with high and low
resultant horizontal deformation, respectively. It waguad that thd'/3 type of turbulence mainly
originates from inflection point instability in the horizahflow, while theT' 4 type mostly
originates from K-H instability triggered by gravity wavetaity in unbalanced flow. Both indices
are functions of static stability, which is a novel featuoenpared to most CAT indices documented
in the literature. Preliminary results indicate tifathas a local minimum close to 1 in regions with
high values of the indices, and with a tendencyforto be highest in regions whefel4/7'14,, is
high. The TI3 index is related to the indic&g$1 and7'/2 proposed by Ellrod and Knapp (1992).
TheT14/T14,, indices are alternatives to a horizontal divergence trend proposed by Ellrod and
Knox (2005). The former indices point to regions on the amdenic side of jet streams, where the
flow is likely to be unbalanced. Vertical wind shear (in fraintones with large horizontal wind
shear) and total horizontal deformation are key parameteérg3. In 7'14/T14,, the key parameter
Is relative vorticity. The proposed post-processed irglare so far experimental products. Possible
operational use of the indices must wait for a thorough \eatifon of the indices (and in particular
T14/T14,,) against CAT reports.
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