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Abstract

Simulation experiments reveal key processes that organize a hydro-

static environment conducive to severe turbulence. The paradigm

requires juxtaposition of the entrance region of a curved jet stream,

which is highly subgeostrophic, with the entrance region of a straight jet

stream, which is highly supergeostrophic. The wind and mass fields

become misphased as the entrance regions converge resulting in the sig-

nificant spatial variation of inertial forcing, centripetal forcing, and

along- and cross-stream pressure gradient forcing over a mesobeta scale

region. This results in frontogenesis and the along-stream divergence of

cyclonic and convergence of cyclonic ageostrophic vertical vorticity. The

centripetally forced mesoscale front becomes the locus of large gradients

of ageostrophic vertical vorticity along an overturning isentrope. This

region becomes favorable for streamwise vorticity gradient formation

enhancing the environment for organization of horizontal vortex tubes in

the presence of buoyant forcing.

1. Introduction

Turbulence has long represented one of the

most demanding conceptual and forecasting

challenges in meteorology. The fine spatial and

temporal scale of turbulence and the coarse nature

of atmospheric observations make even mapping

the occurrence of turbulence, let alone forecasting

it, extraordinarily difficult. Jet stream entrance

regions have been known for many years to be

preferred areas for turbulence (e.g., Reiter and

Nania 1964; Mancuso and Endlich 1966; Roach

1970; Reed and Hardy 1972; Shapiro, 1976; Gidel

and Shapiro 1979; Kennedy and Shapiro 1980;

Uccellini et al. 1986; Keller 1990; Ellrod and

Knapp 1992). In Kaplan et al. (2002) (Part I) this

finding was reconfirmed in a 44 case study syn-

optic observational analysis of accident-producing

turbulence case studies. However, the dynamical

processes that make these jet entrance regions
favored zones for severe turbulence are not well

understood and, therefore, severe turbulence is

not always accurately anticipated in advance as

many well-organized jet entrance regions are

largely devoid of even light turbulence whereas

some produce extremely severe turbulence.

Previous studies (e.g., Uccellini et al. 1986;

Keller 1990; Marroquin 1998) found that air par-

cels arriving from different regions in vertically

sheared flows produce locally low Richardson

number or Richardson number tendency. Hence,

they produce a region of significant turbulence

probability in evolving frontal zones in confluent

jet stream entrance regions. Low Richardson

number and/or Richardson number tendency indi-

cated that the greatest shear and buoyancy poten-

tial for turbulence kinetic energy generation

existed in the frontal zones accompanying jet

entrance regions. However, forecasting indices,

which typically rely solely on these Richardson

number-based fields, are rarely employed opera-

tionally. These indices alone are not always suc-

cessful at discriminating between turbulent and

nonturbulent regimes because of the very fine

scale structure of the frontal zones that organize

the turbulent event, i.e., the organizing circulation

is so fine that only the environment that produces

it can be sensed or simulated. Rarely can turbu-

lence be accurately forecasted operationally with-

out the inclusion of kinematic forcing, e.g., the

velocity deformation, potential vorticity, and/or

velocity divergence (Ellrod and Knapp 1992;

Sharman et al. 2000). As an example, a useful

index employed by the National Weather Service

is the Ellrod and Knapp index, which is simply

the product of the deformation and the vertical

wind shear. The Intergrated Turbulence Fore-

casting Algorithm (ITFA) index, operationally

employed at the National Center for Atmospheric

Research, is a synthesis of many fields that are

explicit functions of both Richardson number and



flow kinematics.Hence,giventhatbothunique
kinematicaswell asverticalwind shearand
buoyancyforcingarediagnosedin regionsof
turbulence,therecanbe a greatdealof uncer-
taintyconcerningwhatprocessesaccompanying
jet entranceregionsconsistentlyorganizethe
environmentthat createsturbulenceof greater
thanmoderateintensity.Addingto thetheoretical
complexity,Knox (1997)notedhow inertial
instabilityandgeostrophicadjustmentarelikely
maximizedin manycasestudieswhereclearair
turbulencemayoccur.Sinceinertialinstability
canbedirectlyrelatedto low potentialvorticity
andlowRichardsonnumber,whicharetypicalof
anticyclonicallyshearingjet streamsembedded
within strongfrontalsystems,it representsyet
anotherpossiblemechanismof turbulencedevel-
opmentrelatedtojet entranceregions,fronts,low
Richardsonnumber,deformation,andvorticity
(Stone1966).Thus,buoyancy-basedforcing,
shear-basedforcing,kinematics-basedforcing,
andcomplexcombinationsthereofcanberelated
to characterizingtheenvironmentthatorganizes
turbulencebutmayormaynotbea discriminat-
ing conditionfor the developmentof severe
accident-producingturbulence.This issueof
unambiguouslydiscriminatingwhenandwherean
environmentwill organizefine scalesevere
turbulencerepresentsanunsolvedproblemin
appliedmeteorology.

Recently,Andreassenet al. (1998)presented
idealizednumericalsimulationresultsandClark
et al. (2000)presentedreal datanumerical
simulation-derivedaswell as observationally
derivedevidenceofvortextubesin thevicinityof
severeturbulence.Bothgroupshypothesizethe
possiblemutualinteractionof vortextubesatthe
mesoscaleandmicroscaleaskeymechanismsin
theorganizationof severeclearair andterrain-
inducedturbulence.Regionsof strongvertical
vorticity at the mesoscaleoften produce
microscalemaximaof horizontalvorticitydueto
flow blockingand/orchannelingnearterrainor
dueto local solenoidalforcing.Both setsof
simulationsunambiguouslyindicatethata scale
contractionprocesscanfocussignificantrotation
(vortextubes)intoahighlyspecificregion,which
could,in theory,produceaflowobstaclecausing

extremeturbulencein thepathof anaircraft.This
is mostlikely to occurif oneobservesa very
intenseverticaltransportof rotationin theformof
vortices.However,it hasneverbeenunambigu-
ouslyandconclusivelyproventhatvorticescause
the typeof turbulencethatresultsin aviation
accidents,thougha casewasmadefor suchby
Parkset al. (1994).Nevertheless,Clark et al.
(2000)providedunambiguousevidencethat
observedturbulenceandvortextubegeneration
wascollocatedforacaseofmountainturbulence.

Therearetwo fundamentalquestionsto be
asked.Are clearair andconvectiveturbulence,
whichoftenoccurdisplacedfrommountains,the
resultof intensevortextubeformation?Howdo
theyevolvewithinfavoredregionsaccompanying
jet streamentranceareaswherestrongthree-
dimensionalwind shears,low buoyancy,and
largevaluesofpotentialvorticityexist,butwhere
nofixedblockingmechanismis inplace?Clearly,
thereisaneedforacoherentlycraftedmultiscale
theoryor paradigmbasedon severalreal-data
observationalanalysesandmultiscalenumerical
simulations.Thiscouldoffer improvedunder-
standingof howpreferredzonesfor severeturbu-
lenceareorganizedin bothconvectionandclear
air.If suchaparadigmweredeveloped,theresult
wouldbe the formulationof analgorithmem-
ployedin turbulenceforecastingthatrepresentsa
potentialimprovementto thestate-of-the-science.
It is thegoalof thisreport,PartII, tobuildonthe
findingspresentedinPartI bysynthesizingsucha
coherentoriginalparadigmatthehydrostaticsub-
synopticscalesof motionwhoseendproductis to
improvethe accuracywith which accident-
producingturbulenceispredictedinbothconvec-
tionandclearair.Theorganizationof streamwise
gradientsof ageostrophicrelativevorticityin the
preturbulentenvironmentiskeytothisparadigm.
In subsequentreports,i.e.,PartsIII andIV, we
will, first, demonstratethetheorysupportinga
nonhydrostaticsequenceof processesthatorga-
nizesanenvironmentfavorablefor horizontal
vortextubeformationfromstreamwisegradients
of hydrostaticageostrophicrelativevorticity.
Second,wewill endeavortodemonstratethereal-
timeoperationalapplicationof anindex,which
is basedon this theory,for a widevarietyof



moderate-severemountain,clearair,and,primar-
ily,convectiveturbulencecasestudies.

In thispaperwewill utilizemesoalphaand
mesobetascalehydrostaticnumericalsimulations
of recurringmultiscaledynamicalprocessesthat
resultin accident-producingturbulence.Thefocus
will beonturbulencein proximityto deepmoist
convection;however,aclearair turbulencecase
studyis alsoexaminedin aneffortto showhow
thehydrostaticprecursorenvironmentfor both
severeclearair turbulence(CAT) andconvec-
tivelyinducedturbulence(CIT)arequitesimilar.
Thatisnotto saythatweareclaimingto develop
aparadigmthatincludesascalecontractionproc-
essachievingtheturbulent"event."Ourgoalis to
developa paradigmthatsynthesizesa recurring
sequenceof processesfrom thesubsynopticto
mesobetascalesof atmosphericmotion.This
paradigmwill definetherolesof frontogenesis,
vorticity tendencies,and more importantly
ageostrophicmotionsin focusinga streamwise
relativevorticitygradientmaximumaccompany-
ing anageostrophicallyforcedfrontin the loca-
tionof anobservedsevereturbulenceevent.We
seekto understandthelargerscaleorganizing
environmentfor severeturbulence.Theseminal
flow regimethat is keyto theaforementioned
paradigmis associatedwith supergradientwind
flow.By supergradientwindflowwemeanflow
thatsignificantlyexceedsgradientwindbalance
dueto the largemagnitudeof the centrifugal
force.Supergradientwindflowfacilitatesarapid
increaseinmesoscaleffontogeneticalforcingina
rotationalenvironmentpriorto thedevelopment
of nonhydrostaticconvectiveforcing.By fronto-
geneticalforcingwemeannonlinearprocesses
that increasethe magnitudeof a streamwise
mesoscalefront.Supergradientandunbalanced
supergradientwind flowsareveryeffectiveat
increasingstreamwisewindperturbationsasthe
ageostrophicconfluenceaccompanyingsaidflows
is oftenfrontogenetical,thusproducingalong-
streamtemperature(density)gradientsinproxim-
ity to along-streammass(pressure)perturbations.
Fromanisentropicperspectivethisrepresentsthe
convergenceof streamwiseageostrophicrelative
vorticity on a slopingisentropicsurfacein a
buoyantenvironment.Sucha circulationestab-

lishesanenvironmentthatis favorablefor the
forcingof x-spaceandy-spacevorticitythrough
streamwisegradientsof the u, v, andw wind
components,i.e.,ageostrophicflowconduciveto
microscalevortextubeformation.

In section2webrieflydescribethefourcase
studiesto besimulatedthatarerepresentativeof
aircraftaccident-producingclearair andconvec-
tive turbulenceanalogousto thoseanalyzedin
PartI. Wealsodescribethenumericalmodeland
simulationexperimentsemployedto understand
the key sequenceof ageostrophiccirculations,
whichwe describesubsequently.Section3 fo-
cusesonthemesoalphascale(_500km)structure
of the intersectingconfluentjet streamentrance
regions,which organizethe key hydrostatic
severeturbulence-forcingprocessesin section4.
It is thehighlyageostrophicstatecreatedbythese
juxtaposedjet entranceregioncirculationsthat
organizethepotentialforsupergradientwindflow
that leadsto mesobetascaleageostrophically
forcedfrontogenesisaccompanyingstreamwise
ageostrophicrelativevorticity.In section4 we
describestage1of theoverallparadigm,wherein
mesobetascale(_100km) ageostrophicforcing
organizesffontogenesis.Thisinvolvesthedevel-
opmentof supergradientwind flow within two
laterallyandverticallyjuxtaposedjet entrance
regioncirculations.In section5 we summarize
the new hydrostaticcomponentof the severe
tuxbulence-producingparadigm.

2. Model Simulation Experiments

2.1. Numerical Model

The numerical model to be employed in the

hydrostatic real data simulation experiments is the

Mesoscale Atmospheric Simulation System

(MASS) (Kaplan et al. 2000). Table 1 describes

the characteristics of the hydrostatic version 5.13.

The hydrostatic simulations, to be described in

subsequent sections, are the 30-km (coarse) and

6-km (fine) mesh simulations. Initial and time

dependent lateral boundary conditions are derived

from the National Weather Service (NWS) Eta

analyses for the coarse mesh simulation. All con-

secutive finer scale simulations, which are nested,



derivetheir initial andtime dependentlateral
boundaryconditionsfromthenextcoarsermesh
simulation.Climatologicalsoil moisture,clima-
tologicalseasurfacetemperatures,andanaverage
ofbothsilhouetteandenvelopeterrainareutilized
in all foursimulatedcasestudies.Representative
matrixsizesemployed,initializationtimes,and
otherkeydetailsaredefinedintable2.

2.2. Severe Turbulence Case Studies

Two of these four real data case studies repre-

sent accident-producing and severe turbulence
events as described in the archives of the National

Transportation Safety Board (NTSB) analogous to
those described in Part I. Table 3 defines the

details of the turbulence encounter times and

locations and figure 1(e) graphically depicts their

locations. One of the four case studies unambigu-

ously occurs in clear air about 50 km southwest of

Cape Girardeau, Missouri (CGI) at 1453 UTC 28

January 1997 at nearly 7000 m elevation. This

represents one of the two accident case studies.

The other three case studies all are in proximity to

moist convection. Two of these involve deep

moist convection, the first of which occurred

about 60 km southwest of Cross City, Florida

(CTY) at 0045 UTC 2 October 1997 at around

10000 m, which is the second accident case

study. The other deep convection case is NASA-

Langley Flight Experiment 191 about 90 km

southwest of Valdosta, Georgia (VAD) at
1844 UTC 14 December 2000 at around

10000 m. The fourth case study represents an

FAA Flight Operations Quality Assurance

(FOQA) case study wherein equipment recording

severe turbulence was on board a commercial

aircraft. This is the only low-level turbulence case

study, occurring at around 2400 m at 1931 UTC

13 January 2000 nearly 50 km southeast of

Wilmington, Delaware (ILG) in proximity to

relatively shallow convection.

All case studies contain the same general

synoptic structure representative of most of the

44 case studies whose evaluation was presented in

Part I, namely, a jet entrance region location,

upstream curvature accompanying streamwise

gradients of ageostrophic relative vorticity,

nearby convection (except in the clear air case

study), upward synoptic scale vertical motion,

low absolute vorticity, horizontal cold air

advection, and synoptic scale leftward-directed

ageostrophic flow. The VAD and ILG case stud-

ies likely could have been accident-producing
events as defined in Part I where there were no

special circumstances involved in the observation

of severe turbulence, which did occur. CGI differs
from the other three case studies in that there was

no moist convection near the event. These four

case studies were not included in the 44 case

study sample described in Part I. They were

selected for the comprehensive modeling studies,

described in this paper and in Part III, because of

the detailed flight data recorder information that

NASA was able to access for these case studies

from either the NTSB or actual experimental

research flights. Almost all of the 44 case studies

described in Part I did not have any accessible

high quality flight data recorder information.

Hence, the validation of the modeling of these

four case studies from subsequent large eddy

simulation (LES) studies is facilitated by

microscale observations of the dynamics preced-

ing the turbulent event as diagnosed from the

flight data recorder information.

3. Converging Mesoalpha Scale Jet

Stream Entrance Regions

Figures 1 through 3 depict the observed

synoptic National Centers for Environmental

Prediction (NCEP) Eta analysis fields valid at the

rawinsonde time immediately preceding the

severe turbulence event with the exception of the

ILG case study where the data follow the event.

The times of the observational analyses are the

closest possible to the times of the accidents. Fig-

ure 4 depicts important 30-km simulated dynami-

cal fields accompanying the jet streams for all

four case studies while figures 5 and 6 focus on

the two case studies with the strongest jet streams.

These figures of simulated data include the hori-

zontal cross sections of winds and heights near

the elevation of severe turbulence (fig. 4) as well

as perpendicular vertical cross sections of winds

(fig. 5) and isentropic potential vorticity (IPV)

(fig. 6). The times of each simulated cross section



areaboutoneto twohourspriorto theobserved
severeturbulenceevent.Thesecasestudiesvary
substantiallyin the intensityof the mesoalpha
scalejet streamsneartheaccidentlocations,with
theCGIcasestudyintensitybeingthestrongest;
buttherearemanycommonsignalsamongthejet
streams.First,theyrepresentlocationsof three-
dimensionaltransitionbetweentwo jet stream
entranceregionsandtheirsupportingbaroclinic
zones.Thenorthernstreamiscurved,weaker,and
lowerin elevationwhereasthesouthernstreamis
straighter,stronger,andhigherin elevation(note
figs. 1and4). Second,thesejet streamentrance
regionsindicatehighlyconfluentageostrophic
flow with leftward-directedageostrophyin the
southernjet streamand rightward-directed
ageostrophyin thenorthernjet stream,ascanbe
seenin theageostrophicvectorsdepictedin fig-
ure2 andinferredfromthewindandheightdata
depictedin figure4. Third,theverticalstructure
depictedin figure5 indicatesa windmaximum
aboveandjust upstreamfromthe levelof the
accidentwitharegionof strongerwindsextend-
ingdownwardthroughthelevelof theaccident;
thisindicatestheproximityofthedeepjetstreams
thatphaseabovethesamelocationin thevertical.
Fourth,theIPVmaximumin figure6,whichis in
proximityto theaccidentlocationin bothspace
andtime,slopesdownwardasaseparateweaker
maximumandis detachedfroma moreclassic
stratosphericIPV maximumaccompanyinga
tropopausefold.TheIPVmaximumnearthelevel
of thesevereturbulenceeventis locatedwithin
the transitionzone betweenthe jet stream
entranceregions.The shallowerlocationand
separatestructureoftheseIPVmaxima,whichare
locatednearthe accident,suggesta separate
highlyageostrophicorganizationalprocessforthe
lowerlevelandmuchsmallerIPVmaximumas
thesefeaturesarenotdirectlyaccompanyingthe
deeperstrongerquasi-geostrophictropopause
folding eventaccompanyingthe injection of
large-IPVstratosphericair. This indicatesthe
possibilitythataseparatedownstreamandlower
level frontogeneticalcirculationis beingestab-
lishedthatis detachedfromthequasi-geostrophic
front supportingthetropopausefold.Addition-
ally,theageostrophiccirculationvectors(inferred
fromfig. 2) indicatehighlydifferentcirculations

in thetwojet streamentranceregionswhereina
moredominantthermallyindirectcirculation
existspolewardof a moredominantthermally
directcirculation.

Themostsignificantsignalsoftheintersecting
entranceregionsandsecondaryIPVmaximaare
evidentin theCGIandILGcasestudies.Note,in
particular,in thesetwo casestudieshow the
ageostrophicconfluenceis establishedbetween
Illinois and Arkansasand Pennsylvaniaand
Virginia,forCGIandILG,respectively.Thesec-
ondaryIPVmaximaalignrathercloselywiththe
accidentlocationbetweentheseageostrophic
confluentregions.Furthermore,theageostrophic
vectorsareseparatedbyaregionof highlycurved
flow in all fourcasestudiesbutmostnotablyin
theCGIandILGcasestudies.Finally,andmost
dramatically,figures2 and3 indicatethedomi-
nanceof streamwisegradientsof ageostrophic
relative vorticity and ageostrophicrelative
vorticityadvectionin all fourcasestudies.The
streamwiseadjustmentstypically exceedthe
cross-streamadjustmentsin magnitudenearthe
accidentlocation.Additionally,acloselookatthe
CGIandILG casestudies(thestrongestcase
studies)indicatesa signal of an observed
ageostrophiccycloniccirculationin thevectors
depictedin figure2. Thiscirculationis centered
roughlyonMissourifor CGIin figure2(a)and
just offshorefrom the MiddleAtlantic coast
southeastof ILG in figure2(b).Thisrepresents
thejuxtapositioningof a southernstreamandits
ageostrophiccirculationanda northernstream
and its ageostrophiccirculation within an
environmentdominatedby curvedcyclonic
ageostrophicflow.

Juxtapositioningthesetwo very different
ageostrophiccirculationsis effectiveat forcinga
regionof ageostrophicconfluenceinproximityto
thecold air thatis typicallylocatedwithin the
polewardjet streamentranceregion.Hence,
it establishesa favorableenvironmentfor
ageostrophicallyforcedfrontogenesisandfine-
scalestreamwisetemperatureanddensitygradi-
ents.Theseobservedandsimulatedstructuresare
consistentinasynopticsensewiththeconfluence
of twojet entranceregionsoccurringaheadof a



regionof curvedflow.Synopticanalysesof IPV
andageostrophiccirculationvectors(notshown)
cannotmatchthenecessarydetailthatis required
to definethesefeaturesinherentin the 30-km
simulations,thusindicatinghowsubsynopticand
ageostrophicthesefeaturesare.

4. Mesobeta Scale Centripetally

Forced Ageostrophic Vertical

Vorticity and Frontogenesis
Between the Two Jet Streams

All of the analyses discussed in this section are

performed employing the fields simulated with

the 6-km hydrostatic version of the numerical

model. Figure 7 depicts the simulated ageostrophy

in the two strongest case studies on the pressure

surface that is nearly coincident with the level of

the accident. This ageostrophy is located in the

curved flow where the trough and the southern jet

entrance region are juxtaposed. In all four case

studies the simulated ageostrophic wind vectors

have a similar pattern, albeit a large variation of

magnitude, from one case study to the other. This

pattern of ageostrophic flow is somewhat like a

positively tilted cyclonic circulation roughly cen-
tered on the accident location. To the north and

west of the accident location the ageostrophic

wind vectors are directed upstream of the large
scale wind flow and to the south and east of the

accident location they are directed downstream of

the large scale wind flow. This is analogous to a

positively tilted highly confluent cyclonic circu-
lation with a bias towards leftward-directed cross-

stream ageostrophic flow. Not all of the vectors

conform strictly to this state of ageostrophy, as
the shorter the radius of curvature and the

stronger the momentum in the merging jet streams

the more the vectors are likely to split the flow

into upstream and downstream ageostrophic wind

components; note the CGI and ILG case studies.

This simulated pattern, depicted in figure 7,

can be roughly compared to the observed

ageostrophic vectors depicted in figures 2(a) and

2(b) wherein the cyclonic ageostrophic circulation

with upstream-directed flow to the northwest and
downstream-directed flow to the southeast is evi-

dent surrounding Missouri in figure 2(a) and just

offshore southeast of the DelMarVa Peninsula in

figure 2(b). In the CTY and VAD case studies

(not shown) the wind vectors are not sufficiently

ageostrophic to unambiguously split the flow and

produce the cyclonic circulation as in the CGI and

ILG case studies, although a weak signal of the

split flow does exist. The fact that any vectors
conform to this state of imbalance is an indication

of just how misphased the pressure gradient and

Coriolis forces are as they fail to directly balance

one another by large magnitudes. This lack

of direct balancing can be better visualized in

figure 8 by comparing the vector resultant of the

ageostrophic flow not including the centrifugal

force, i.e., the acceleration vector for straight flow

(combined pressure gradient and Coriolis force)

with the total wind vectors. This pattern repre-

sents subgeostrophic flow on the upstream (gen-

erally north and west) side of the accident and

supergeostrophic flow on the downstream (gener-

ally south and east) side of the accident. The

cyclonic rotation of the combined pressure gradi-
ent force and Coriolis force vectors relative to the

trough structure in the total wind velocity vector

can be seen in figure 8. This pattern is in place

prior to any forcing from moist or dry convection.

This type of misphasing between the pressure

gradient force and Coriolis force favors a flow in
which there is a net acceleration directed down-

stream and to the right of the split in the wind

flow well ahead of the trough, and a net accelera-

tion directed upstream and to the left of the split

in the wind flow within the trough. This split in

the ageostrophic flow produces ageostrophic

vectors directed in large part along the stream but

in opposite directions. When curvature of the

wind flow is added to the imbalance of forces, the

centrifugal force is very effective at enhancing the

net accelerations primarily directed downstream

but with the maximum shifted upstream from the

Coriolis force. As a matter of fact, the most highly

curved flow is situated between the upstream-

directed maxima in the pressure gradient force
and downstream-directed maxima in the Coriolis

force, thus dominating the transition between the
two forces.

To diagnose the specific cause of this pattern

of extreme ageostrophy, resulting in large part



fromtheflowcurvature,wecalculatetheEulerian
imbalanceof forcesfor inviscidflowatstaggered
gridpointson thesamepressuresurfacesasthe
previousageostrophicwindvectorsfor theCGI
andILGcasestudies(focusingonthecasestudies
withthestrongestsignals).Thisaccelerativesig-
nalin theimbalanceof forcesis strongestin CGI
andILGbutalsoapparentto alesserextentin the
deeperstrongerconvectiveevents,i.e.,CTYand
VAD (not shown).Theseimbalance-of-forces
fieldsfor theCGIandILG casestudiesarede-
pictedin figures9through12.Thepurposeofthis
calculationis to determinethedominantinstanta-
neousforcingat eachgridpointsurroundingthe
accidentlocation.All calculationsof thecentrifu-
galforcearebasedonthecurvatureof a parcel
trajectoryasdefinedin Dutton(1976).These
figuresindicatethattheupstreamsubgeostrophy
is theresultof thestrongupstream-directednor-
malandtangentialcomponentsof thepressure
gradientforceaccompanyingthenortherncurved
andhighlyconfluentjet streamentranceregion
(fig. 10).Thetroughstructureanditspositively
tiltedandhighlyconfluentheightgradientforces
thepressuregradientforcevector,theresultantof
cross-streamandalong-streamcomponents,to be
directedtothenorth-northwestto west-northwest.
Thisorientationisconsistentwithastrong(asin
subgeostrophicflow) streamwisecomponentof
the pressuregradientforceaccompanyingthe
curvedheight field. Thedownstream-directed
supergeostrophicflow is coincidentwith the
Coriolisforcemaximaaccompanyingthesouth-
ernstraightjet streamentranceregionwhereiner-
tiaisverystrong(fig.9).Thesetwoforcemaxima
arespatiallyseparatedratherthanbalancingone
another,reflectingthe proximityof a curved
heightfield andstraightjet streamflow. The
regionbetweenthe two aforementionedforce
maximais generallyamaximumof thecentrifu-
galforceandsubstantialcentrifugalforcevaria-
tion (fig.11)astheradiusof curvatureis small
andvaryingandthemagnitudeof thevelocity
is large.Theresultantof allthreeforcesdepicted
in figure 12 is analogousto the patternof
ageostrophydepictedin figure7,i.e.,anaccelera-
tionvectorthatincludescurvature.Mostimpor-
tantis the fact that themaximaof thealong-
streampressuregradientforce, cross-stream

pressuregradientforce,Coriolisforce,andcen-
trifugalforceareall misphased,whichfacilitates
the localvariationof ageostrophyandthelocal
dominanceof centripetalflowbetweenthelarge
leftwardandupstream-directedmaximaof the
pressuregradientforceandlargerightwardand
downstream-directedmaximaof the Coriolis
force.Forexample,notehowthecentrifugalforce
vectorin figure11is longerthanthecombined
pressuregradientforcetermsandCoriolisvector
resultantin figure 8 over the regionbetween
southernMissouriandwesternKentuckyfor the
CGI casestudyandoverthe regionbetween
northeasternMaryland,northernDelaware,and
southwesternNewJerseyfortheILGcasestudy.
Thedominanceof centripetalforcingis not as
obviousin theCTYandVADcasestudies,how-
ever,thepatternissimilar(notshown).

Thedominanceof centripetalflowbetweenthe
maximaof the otherforcesproducesa narrow
regionwheretheflowmaybetermedsupergradi-
ent (notefigs. 10and11).Supergradientflow
representsflowexceedinggradientwindbalance
duetothelargecentripetalforcing,or flowhaving
asmallradiusof curvaturewith largewindval-
ues.Thissupergradientflow is a resultof the
misphasingamongall threetermsestablishedby
the juxtapositionof theseuniquejet stream
entranceregion configurationsand coversa
mesobetascaleregion.The centrifugalforce
dominatesanybalanceamongthethreeforces
duringinviscidflowallowingvariationin curva-
tureeffectstocontroltheforcingoveraverylim-
itedregionduringashorttimeperiod.Thelocal
supergradientflowmaximumisverycloseto the
turbulenceaccidentlocationin all fourcasestud-
ies.Theresultis thatthetotalwindverticalvor-
ticity gradientin thishighlyageostrophicstateis
notcollocatedwiththegeostrophicwindvertical
vorticitygradient,thusinitiatingtheprocessof
streamwisegradientsof ageostrophicvertical
vorticity. Centripetalforcing producesthe
streamwiseshearsthatorganizeanageostrophic
verticalvorticitymaximum.

Mesobetascalespatialvariationsin theafore-
mentionedcentripetalforcingresultin narrow
zonesof enhancedvelocity convergenceand



divergenceastheageostrophicverticalvorticity
gradientssharpenovertime.As such,onewould
expectthatthispatternof ageostrophy,in prox-
imity to thejet streamentranceregionthermal
variation,would representa favoredregion
for mesoscalerotational/ageostrophicallyforced
frontogenesisbecausethermalgradientsand
velocityconvergencedueto ageostrophicfloware
largeandcoexisthere.Theaforementionedjuxta-
positionof ageostrophicconfluentflowandther-
malvariationthatis requiredto producefronto-
genesisby thekeyforcingfunctionsin Miller's
(1948)equationcanbeinferredfromequation(1):

Ou 00)[00(0.00__+F=- l OxOx

+--°°(°v°°+°v°°)+oo( oo+__OplOx ox

(1)

As the ageostrophy increases along the curved

flow stream, note the dominance of the

convergence term in equation (1) that primarily

accompanies the streamwise variation of the

predominantly ageostrophic v wind component,

depicted in figure 13, within this region of strong

centripetal forcing variation. This dominant

ageostrophic contribution is coincident with the

short scale length of the variation in centripetal

forcing. This large streamwise variation of the

ageostrophic wind is nearly coincident with the

total frontogenesis in figure 14, which, in turn,

passes very close to if not over the accident
location in all four case studies. It is this

particular forcing function phasing with the larger

scale entrance region variation in the pre-

dominantly streamwise temperature pattern in

figure 15 that dominates frontogenesis. In this

region, the x-space variation of the v ageostrophic

wind velocity component consistent with the

shearing deformation terms (not shown in fig. 15),

is much weaker in magnitude than the x-space

variation of the u ageostrophic wind velocity

component and the y-space variation of the v

ageostrophic wind velocity component, i.e., the

stretching deformation terms and their correlation

with the NNW-SSE jet entrance region's

temperature gradient (note figs. 13 and 15). Con-

fluence of the ageostrophic v wind component in

the along-stream plane is coincident with the

streamwise (WNW-ESE) component of the tem-

perature variation, thus producing the dominant

mesoscale frontogenetical forcing mechanism of

the two deformation terms in Miller's equation.

The role of stretching deformation highlights the

importance of the confluent cold trough as well as

the large streamwise momentum variation typical

of supergradient wind flow. The location of the

confluent ageostrophically forced front is

coincident with the transition from upstream-

directed subgeostrophy and downstream-directed

supergeostrophy, or very close to the significant

local variation of centripetal forcing between the

regions of subgeostrophy and supergeostrophy,

i.e., the region of supergradient wind flow. Hence,

the frontogenesis is strongly controlled by the
streamwise mesoscale variation of the curvature

accompanying the ageostrophic wind and is

roughly coincident with the accident location.

This ageostrophic confluence results from the

lateral variation of centripetal accelerative flow,

which is allowed to occur in a largely unperturbed

manner by the separated maxima of the pressure

gradient force (directed upstream) and Coriolis

force (directed downstream) in this uniquely

determined confluence zone of two jet stream

entrance regions. Centripetal forcing establishes

the region of meridional confluence as the

pressure gradient and Coriolis forces are directed

at substantial angles to the centrifugal force by the

confluence of two different jet stream entrance

regions, i.e., one stream supplying curvature and

cold air and a second stream supplying zonal
momentum. The streamwise variation of the

gradient of the ageostrophic vertical vorticity is

coincident with the ageostrophic stretching
deformation maxima. Hence, mesoscale fronto-

genesis in the curved flow acts to sharpen the

angle between the streamwise ageostrophic

vertical vorticity gradient and Montgomery

stream function gradient as the slope of the

isentropic surface, which accompanies mesoscale

frontogenesis, steepens. Frontogenesis and

steepening isentropes become collocated with the

streamwise ageostrophic vorticity gradient.

The narrow (=50 to 100 km) streamwise

ageostrophically forced front is therefore a region



of intensifyingageostrophicverticalvorticity
gradientsonslopingisentropicsurfaces.Figure16
depictstheageostrophicverticalrelativevorticity
onthekeyisentropicsurfacepassingthroughthe
locationof observedturbulencein theCGIand
ILG casestudies.Evidentis thefocusingof an
ageostrophicverticalvorticitygradientmaximum
neartheturbulencelocationconsistentwith the
narrowmaximumof frontogenesis.Thismaxi-
mumin thegradientof ageostrophicverticalvor-
ticity is alsocoincidentwith the maximumin
ageostrophicdeformation.Thisageostrophicvor-
ticity maximumis largelytheresultof thesub-
stantialvelocityconvergencein thecentripetally
forcedstreamwiseconfluencezonebetweenthe
maximaof the pressuregradientandCoriolis
forces.Thevariationin centripetalforcing,its
subsequentvelocityconvergence,andageostro-
phicverticalvorticityareallphasingtoproducea
mesobetascaleregionof rapidtransitionof den-
sity accompanyingthenewlyformedfront(note
figs.14and15).Ascanbeseenin figures16and
18, the locationof the maximaof increasing
ageostrophicverticalvorticityin timeis closeto
theconvergenceandstretchingtermmaximain
theverticalvorticityequationcalculatedwith the
ageostrophiccomponentof thewindin figure17.
Assuchtheverticalvorticityof thetotalwindand
theverticalvorticityof thegeostrophicwindcan
becomeseparatedwith cyclonicageostrophic
vorticityshifteddownstreamrelativeto cyclonic
geostrophicvorticity.Thisproducesa separate
regionof streamwiseverticalvorticitygradient
formationaheadof thelargerscaletroughwithin
thenewlyformedfront'sslopingisentropeswhere
increasedbuoyancyis beingorganizedaswell.
Consistentwiththisarethemaximain variation
of theadvectionof ageostrophicrelativevorticity
oversoutheasternMissouriandsouthwesternNew
Jerseyfor theCGIandILGcasestudies,respec-
tivelydepictedin figure 18.Theseareregions
becomingdominatedby a flow favoringstream-
wiseageostrophicvorticityadvection.As such,
theenvironmentis becomingmoreconduciveto
horizontalvortextubeformationif a localsource
of buoyancycantilt andconvergesaidvertical
vorticityintohorizontalvorticity.

5. Summary and Discussion

The processes that separate the total wind ver-

tical vorticity and geostrophic wind vertical vor-

ticity maxima and create the intense streamwise

front and accompanying ageostrophic vorticity

gradients depicted in figures 15 and 16 have their

roots in the mesoalpha jet stream structures. The

juxtaposition of highly curved flow, cold advec-

tion, and strong inertial forcing set up an imbal-

ance of forces that is highly ageostrophic. The

signal of this ageostrophy is the fine scale conflu-

ence, which contracts the scale of the centripetally
forced front and its attendant streamwise vertical

vorticity maxima. This sequence of events is es-

sentially about separating the geostrophic vertical

vorticity from the total wind vertical vorticity,

creating the ageostrophic vertical vorticity on a

sloping isentropic surface, i.e., the newly formed

ageostrophically forced front and streamwise

vorticity maxima. As such, the cross product

formed by the gradients of the total wind vertical

vorticity and the pressure gradient force should be

large, indicating just how the ageostrophic front

focuses this separation (note equation (2)). The

pressure gradient force is oriented progressively

more orthogonal to the gradients of ageostrophic

vertical vorticity:

NCSU = V_0 x VM0 (2)

This separation of the horizontal pressure gradient

force from the total wind vertical vorticity can

be a multiscale indicator of the evolving

ageostrophic frontogenesis and the convergence

of vertical vorticity on folding isentropic surfaces.

Hence, this separation is conceivably a useful

forecasting tool for the prediction of regions of

severe turbulence potential. In its most basic

representation, the separation is the location of

most rapidly increasing streamwise vorticity grad-

ient in a progressively more buoyant environment

accompanying the overturning isentropes. The

increase of streamwise vertical vorticity will be

where the total frontogenesis and ageostrophic

vorticity are becoming collocated, as can be



inferredfromfigures13through18. Thestream-
wisedensitygradientaccompanyingthenewly
formedfrontandageostrophicvorticitymaximum
are becomingorthogonalto the streamwise
pressuregradientforceaheadof thetroughin the
massfield.

Thehydrostaticmesoscalesequenceof events
hypothesizedto maximizethepotentialfor both
clearairandconvectiveturbulencefollows:

(1) Two jet stream entrance regions become

juxtaposed resulting in proximity between
curved flow in a baroclinic zone and

stronger straight advective flow, which

vary substantially in magnitude in the
vertical.

(2) The misphasing of the along-stream and

cross-stream maxima in the pressure gradi-

ent force, the centrifugal force, and the

Coriolis force at the interface of the two jet

stream entrance regions produces a local

region of highly confluent ageostrophic

curved flow that may be supergradient.

(3) The confluence resulting from the variation

of the streamwise wind component in this

highly ageostrophic "stretched" state pro-
duces a mesobeta scale frontal zone

and maximum in ageostrophic vertical

vorticity.

(4) The increasingly streamwise-oriented front
becomes the locus of three-dimensional

wind gradients, which are available for

tilting, and vertical convergence into hori-

zontally intensifying vortex tubes if

significant buoyant lifting occurs.

This hydrostatic sequence of events results in

the focusing of maxima of kinematic forcing,

frontogenesis, and minima in Richardson number

in the same place and the same time as the isen-

tropic surface folds in proximity to strong two-
dimensional rotation about the vertical axis. From

a physical perspective, this process represents the

isentropic surfaces folding over in proximity to

strong gradients of ageostrophic vertical vorticity.

Presumably, the turbulent event accompanies the

breakdown of the flow established by this com-

plex sequence of dynamical processes and the

resulting sequence of nonhydrostatic adjustments

that focuses vorticity (vortex tubes) in both of the

remaining horizontal (x- and y-space) planes of

motion. A potentially useful turbulence forecast-

ing index that reflects these dynamics is devel-

oped and is based on the misphasing of the

geostrophic and total wind vertical vorticity gra-

dients on an isentropic surface. Here the pressure

gradient force is orthogonal to the gradient of

vertical vorticity, thus collapsing the scale of

the front and streamwise vorticity gradients.

The downscale growth of ageostrophy and

frontogenesis is nothing more than the increasing

orthogonality between the streamwise pressure

gradient force and gradient of total wind vertical

vorticity.

In a subsequent report, i.e., Part III, the second

and third stages of the paradigm are described

using both nested-grid real data nonhydrostatic

simulations and idealized nonhydrostatic simula-

tions of intense convectively forced three-
dimensional circulations. The scale contraction of

the turbulence index from its hydrostatic maxima

to finer scale nonhydrostatic maxima will be de-

scribed in depth in Part III wherein buoyancy can

lead to a set of adjustments that tilt and converge

the newly formed streamwise vertical vorticity

gradients at the hydrostatic scale of motion into

horizontal vortex tubes at the nonhydrostatic scale
of motion.
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Table 1. MASS Model (Version 5.13) Characteristics

Model Numerics

Initialization

PBL Specification

Hydrostatic primitive equation model

3-D equations for u, v, T, q, and p

Cartesian grid on a polar stereographic map

Sigma-p terrain-following vertical coordinate

Vertical coverage from - 10m to - 16,000m

Energy-absorbing sponge layer near model top

Fourth-order horizontal space differencing on an unstaggered grid

Split-explicit time integration schemes:

(a) forward backward for the gravity mode and

(b) Adams-Bashforth for the advective mode

Time-dependent lateral boundary conditions

Positive-definite advection scheme for the scalar variables

Massless tracer equations for ozone and aerosol transport

First guess from large-scale gridded analyses

Reanalysis with rawinsonde and surface data using a 3D optimum interpolation

scheme

High-resolution terrain data base derived from observations

High-resolution satellite or climatological sea surface temperature database

High-resolution land use classification scheme

High-resolution climatological subsoil moisture data base derived from antecedent

precipitation

High resolution normalized difference vegetation index

Blackadar PBL scheme

Surface energy budget

Soil hydrology scheme

Atmospheric radiation attenuation scheme

Moisture Physics Grid-scale prognostic equations for cloud water and ice, rainwater, and snow

Kain-Fritsch convective parameterization
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Table2.DatafortheFourHydrostaticSimulations

Horizontal Vertical GridCase Simulation InitializationTimeResolution Resolution Dimensions
CapeGirardeau 1 30km 45 0000UTC1/28/97 130x 100

2 12km 45 0600UTC1/28/97 130x 100
3 6km 60 1000UTC1/28/97 200x 200

Valdosta 1 30km 50 0000UTC12/14/00 100x 100
2 6km 50 1000UTC12/14/00 100x 100

CrossCity 1 30km 35 0000UTC10/1/97 140x 130
2 18km 35 0000UTC10/1/97 140x 130
3 6km 35 1500UTC10/1/97 120x 100

Wilmington 1 30km 50 0000UTC1/13/00 100x 100
2 15km 50 0600UTC1/13/00 170x 170
3 6km 50 1200UTC1/13/00 200x 200

Table3.InformationAbouttheTurbulenceEncounterforEachoftheFourCaseStudies

Approximate Date Timeofturbulence Pressurelevelof
accidentlocation encounter turbulence

CapeGirardeau,Mo 1/28/97 1453UTC 400mb
Valdosta,Ga 12/14/00 1844UTC 250mb
CrossCity,F1 10/2/97 0045UTC 275mb
Wilmington,De 1/13/00 1931UTC 775mb
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(a) Valid atthe observation time preceding the accident forthe CGI case study at 400 hPa and valid at 1200UTC

28 January1997.

' "1_ "\_i! _ .....

<

(b) Valid at the observation time following the accident for the ILG case study at 850 hPa and valid at 0000 UTC

14 January 2000.

Figure 1. NCEP Eta analysis observed total wind isotachs (dashed in ms -1) and heights (solid in m) for the manda-

tory pressure level.
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(c) Valid at the observation time preceding the accident for the CTY case study at 250 hPa and valid at 0000 UTC

2 October 1997.

J

(d) Valid at the observation time preceding the accident for the VLD case study at 250 hPa and valid at 1200 UTC

14 December 2000.

Figure 1. Continued.
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(1) 28 Janual 7 1997 Cape Girardeau. MO (CGI)

1 13 January 2000 Wilmington, DE (ILG}"i

(e) Locations of turbulence reports for the 4 case studies.

Figure 1. Concluded.

16



iiiii i iiiiii iiiiii iiiii;; i  i   iiiii  i       !!iiiiiiiiiii  iiiiiiiiii! iiii ;   ii ii ii     i!ii    iiS  i!i!i! iii

(a) NCEP Reanalysis 400 hPa 1200 UTC 28 January 1997.

(b) Eta 850 hPa 0000 UTC 14 January 2000.

Figure 2. NCEP height (light solid in m), ageostrophic wind vectors, and ageostrophic relative vorticity (negative

dashed and positive dark solid in s-1 x 10-6).
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(c) NCEP Reanalysis 250 hPa 0000 UTC 2 October 1997.

(d) Eta 250 hPa 1200 UTC 14 December 2000.

Figure 2. Concluded.
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(a) NCEP Reanalysis 400 hPa 1200 UTC 28 January 1997.

(b) Eta 850 hPa 0000 UTC 14 January 2000.

Figure 3. NCEP height (light solid in m) and ageostrophic relative vorticity advection (negative dashed and positive
dark solid in s-2 x 10-1°).
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(c)NCEPReanalysis250hPa0000UTC2October1997.

(d)Eta250hPa1200UTC14December2000 (S-2 x 10-9).

Figure 3. Concluded.
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(a) Valid on/at 400 hPa 1200 UTC 28 January 1997.

(b) Valid on/at 850 hPa 0000 UTC 14 January 2000.

Figure 4. MASS 30-km simulated total wind isotachs (dashed in ms-l), wind barbs (short barb = 5 ms-l; long

barb = 10 ms-l; triangle = 50 ms-l), and heights (solid in m).
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(c) Valid on/at 250 hPa 0000 UTC 2 October 1997.

(d) Valid on/at 250 hPa 1200 UTC 14 December 2000.

Figure 4. Concluded.
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X = accident location

(a) Valid at 1200 UTC 28 January 1997.

×

(b) Valid at 1800 UTC 13 January 2000.

Figure 5. MASS 30-km simulated jet normal vertical cross sections of total wind isotachs (solid in ms-l).
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(a) Valid at 1200 UTC 28 January 1997.

(b) Valid at 1800 UTC 13 January 1997.

Figure 6. MASS 30-km simulated jet normal vertical cross sections of potential temperature (solid in K) and isen-
tropic potential vorticity (dashed in Kmb-ls -1 x 10-6).
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 7. MASS 6-km simulated ageostrophic wind isotachs (solid in ms -1) and vectors.
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(a) Valid at 400 hPa 1330 UTC 28 January 1997.

(b) 775 hPa 1900 UTC 13 January 2000.

Figure 8. MASS 6-km simulated vector resultant of the pressure gradient force and Coriolis force (thick) versus the

total wind vectors (thin).
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.
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(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 9. MASS 6-km simulated Coriolis force vectors.
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.
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(b) Valid on/at 400 hPa 1330 UTC 28 January 1997.

Figure 10. MASS 6-km simulated cross-stream component and along-stream components of the pressure gradient

force vectors.
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(c) Valid on/at 775 hPa 1900 UTC 13 January 1997.
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(d) Valid on/at 775 hPa 1900 UTC 13 January 1997.

Figure 10. Concluded.
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 11. MASS 6-km simulated centrifugal force vectors.
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

×

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 12. MASS 6-km simulated resultant of all four force vectors.
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 13. MASS 6-km simulated v wind component divergence forcing function term in Miller's frontogenesis

equation (km-ls -1 x 10-8).

32



iiii_iii!_iiiiiiiiiii_i!

(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

\

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 14. MASS 6-km simulated total frontogenesis from Miller's (1957) equation (km-ls -1 x 10-_).
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(a) Valid on/at 400 hPa 1330 UTC 28 January 1997.

• i!

(b) Valid on/at 775 hPa 1900 UTC 13 January 2000.

Figure 15. MASS 6-km simulated temperature (K).
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(a) Valid on/at 314 K 1330 UTC 28 January 1997.

./i

(b) Valid on/at 287 K 1900 UTC 13 January 2000.

Figure 16. MASS 6-km simulated Montgomery stream function (light solid in m2s-2), ageostrophic wind vectors,

and ageostrophic z-space relative vorticity (s -1 x 10-4).
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(a) Valid on/at 314 K 1330 UTC 28 January 1997.

(b) Valid on/at 287 K 1900 UTC 13 January 2000.

Figure 17. MASS 6-km simulated velocity divergence term in the ageostrophic z-space relative vorticity equation

(s -2 x 10 -9 in (a), s-2 x 10 -7 in (b)) on an isentropic surface.
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(a) Valid on/at 314 K 1330 UTC 28 January 1997.

(b) Valid on/at 287 K 1900 UTC 13 January 2000.

Figure 18. MASS 6-km simulated Montgomery stream function (light solid in m2s -2) and the advection of

ageostrophic z-space relative vorticity (s -1 x 10-8).
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