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Summary

Two numericalmodelsareusedto investigateaspectof
thunderstorndynamicsandthunderstorninitiation in the
northernAlpine foreland.The first, an isentropicmodel
of airflow overandaroundthe Alps, is usedto investigate
flow patternsfavourablefor the initiation of deepcon-
vectionin the region. It is found that a stably-stratified
southerlyflow towardsthe Alps leadsto a southwesterly
flow in the Alpine foreland,a situationmostoften found
during thunderstormperiods,andto the formation of a
gravity wave in thelee of the Alps. This wave is accom-
paniedby raisedisentropesvhich, in reality, would lead
to areductionin staticstability andcorvective inhibition
aswell asanincreasen corvectiveavailablepotentialen-
ergy. The secondmodel,a cloud model,is usedto study
thedevelopmenbf anobsenedsquallline over southern
Bavaria. The modelis initialized with wind, temperature
andmoistureprofilesfrom a radiosondesoundingahead
of the squallline andthe squallline is initiated by anar-
ray of thermalbubbles.The modelsimulationis usedto
interpretthe evolution of the squallline.

1. Intr oduction

Severe thunderstormsn the northernAlpine fore-
land area commonphenomenonn summer How-
ever they are lessfrequentthan their counterparts
in the United Statesandthey do not spavn major
tornadoesNeverthelessstormsoccasionallyreach
an intensity sufficient to producelarge hail and se-
verewind gusts,a notableexamplebeing the Mu-

nich hailstormin 1984(Holler andReinhardt,1986).
Statisticsfor storm developmentin Upper Bavaria
shav thatthe Allgauis a preferredregion for thun-
derstormswhereon averagethereare 35 thunder
stormsdayscomparedwith 28 in the Alpine fore-
land (Pelz, 1984). Since the early ninetiessereral
field experimentshave contrituted to an improved
knowledgeof thunderstormén the northernAlpine
foreland.In the summerof 1992the CLEOPATRA
experimentwas carried out in southernGermary
to study aspectf the regional hydrologicalcycle
(Meischneret al., 1993). One componenbf it was
designedo documenthe structureandevolution of
severethunderstormshatdevelop northof the Alps.
It is hypothesizedby Haase-Straubtal. (1997)that
such stormsdevelop in southwesterlyair streams
in early springand summerwhen (i) the low-level
moistureadwectionis large north of the Alps, and
(i) thecross-mountaimirflow inducedow pressure
onthenorthernsideof the Alps leadingto low-level
corvergenceover Switzerlandand Germary. Since
then further experimentshave followed in the re-
gion including the SEerere ThunderstormEXperi-
ment(SETEX)andthe experimentd.INOX (Light-
ning produced\NOx, Holler et al., 1999,Huntrieser
et al., 1998) and EULINOX (EuropeanLightning
Nitrogen OxidesProject,Holler et al., 1998). Test-
ing the foregoing hypothesegalls for numericalas
well asobsenationalstudies.
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RecentlyHagenet al. (1998)analyzedhe propa-
gation characteristicef thunderstorm®ver south-
ern Germany with data from a lightning detec-
tion systemand shaved that thunderstormsnor
mally move from thesectorbetweerwestandsouth-
westwith an averagespeedof 13 m/s. They found
thatthe synoptic-scaldlow patterncharacterizedhy
the Grosswetterlagégreatersynopticsituation,e.g.
Baur 1957) doesnot provide a good indication of
thelikelihoodof stormgenesisRadiosondesound-
ings from Munich and Stuttgartwere analyzedon
thunderstormdays. It was found that higher ver-
tical wind shearsfavour moving thunderstormsor
thunderstornlines. Relatively high valuesof con-
vective available potentialenegy (CAPE) are ob-
senedwhenmaving thunderstormsr thunderstorm
lines are presentStationarystormsoccurin condi-
tionsof low wind speedandlow verticalwind sheay
thelattercorrespondingvith high Richardsomum-
bers.Moving thunderstormandthunderstormines
have similar shearvalues,but thunderstormlines
have higher CAPE values.Hagenet al. found av-
erageCAPE valuesof 700 J/kg for moving thun-
derstormsand 880 J/kg for thunderstorniines, as-
sumingpseudoadiabatiparcelascenfrom the sur
face.Within the frameavork of HERA, Hagenet al.
(1999)investigatedhetracksof Mesoscal€orvec-
tive SystemgMCS) along the northernside of the
Alps usingradarcompositesThey shaved the tra-
jectoriesof fifteen MCSsobtainedfrom the HERA
imagesdn their Figure3. All move from westto east,
nine originatedin France,five in Switzerlandand
onein southwesteriGermary.

Until now, very few modelling studiesof cases
obsered in the recentfield experimentshave been
published.Alheit and Hauf (1994) comparedthe
simulationof a single thunderstormwith airborne
measurementsf the storm.They foundthatin this
casethe Munich radiosondesoundingwastoo dry
closeto the surfaceto initiate deepcorvection. In-
creasingthe low-level moisture(dew point) led to
the developmentof deepcorvectionin their model.
They initialized their modelthunderstormby what
they termedanentrogy bubble,whichwasturnedoff
after 30 minutes. Their mesoscalenodel, MESO-
SCOR hasa very detailedrepresentatiorof cloud
microphysics.

Doms(1994)reranthe EuropaModel (EM) of the
GermanWeatherService (DWD) for a squall-line
casedocumentediuring the CLEOFATRA Experi-

ment. His Fig. 3 for this simulationshavs a gen-
erally southerlyflow at 850 hPa aheadof a frontal
systemapproachingrom the west,with southwest-
erly flow in the northernAlpine foreland.Over the
Adriatic Seahowever, theflow is from the southeast
into the Po-walley, turning aroundthe FrenchAlps
into a southwesterlfflow over southernGermary.
Domsshaws alsothewind field at 10 m from asim-
ulation of the finer resolutionDeutschlandvViodel.
Comparedwith the EM calculation,detailsemepge
in the flow field on accountof the finer scalefea-
turesof theorographyalthoughthewind speedver
the centralAlps is very weak. The approximateo-
cationof flow splitting is nearthe northerntip of the
Adriatic SeaDomsremarledonthesuddermesoB
scaleorganizatiorof theflow whena prefrontalcon-
vemgenceline moved eastvard andcrossedBavaria.
Althoughthis simulationwasperformedwith arela-
tively completerepresentationf physicalprocesses
andshavedvery goodagreementvith obsenrations,
it haslittle to say concerningthe favourablecon-
ditions for corvection. Thesesimulationslend sup-
porttheforegoinghypothesesf Haase-Straubtal.
(1997),but thereasonsemainunclear

Therearewell known generalfavourablecondi-
tionsfor convectionsuchaslow staticstabilityin the
boundarylayer, low-level corvemgence,large-scale
lifting above the well-mixed layer andlarge values
of CAPE.Oftena parcelmustovercomea consider
abledepthof negative buoyangy if it is to riseto its
level of free corvection (LFC). This negative area,
or corvective inhibition (CIN), may be reducedor
eliminatedby surface heating,differential horizon-
tal temperatur@nd/ormoistureadwection,or lifting
of the conditionally-untale ernvironment.The cri-
teriausedto determinewhenandwheredeepcon-
vectionoccursin anumericalmodelarecollectively
termedthe corvective trigger function. Cornvection
schemessuch as thosebasedon entraining-plume
modelsrequirecertainlocal triggers,suchasa pos-
itive temperaturedeviation or vertical lifting larger
thanacertainthresholdo becomeactive. Rotunncet
al. (1984)investigateheimportanceof thelow-level
shearon the maintenancef deepconvection.Wind
profileswith low-level shearwere obsered during
CLEOPRATRA (PeristeriandSmith,1994)andthese
may be presumedo be influencedby the presence
of the Alps.

In this paperwe summarizebriefly the resultsof
two idealizednumericalmodelling studiesrelated
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to corvective stormsin the Alpine region thatwere
carried out as part of the HERA project. In the
first, we investigateways in which the Alps pro-
vide favourableconditionsfor thunderstorminitia-

tion. For this study describedn detailin section2,

we usea simple dry-isentropicmodelin which the
Alps areidealizedas a mountainridge with an el-

liptical groundplanandthe samehorizontalscaleof

the Alps. Sincethereareno major sourceof mois-
ture in the northernAlpine foreland,the moisture
supply for storm initiation must be transportecby
the low-level airflow aroundthe orography There
are mary investigationsof idealizedflow over to-

pographybut mostareconcernedvith gravity wave
breaking Jeewaves,or upstreanblocking. Herewe
focus on the three-dimensionadirflow patternsin

the lee of the orographyand the low-level lifting

producedby the mountain-inducedyravity waves,
which provides a mechanisnfor corvective desta-
bilization.

In the secondmodelling study describedn sec-
tion 3, we usea cloud modelto investigatethe evo-
lution of a squall-linein the nearAlpine flow ervi-
ronment.Themodeldoesnot containorographybut
the simulationis influencedindirectly by the prox-
imity of the Alps throughthe initial soundingused.
Becauseof the models relatve computationakffi-
ciengy, it is possibleto carry out sensitvity studies
relatedto theinitial disturbanceMoreover, the sim-
ulationscanbe comparedvith thefine-scaleanaly-
sesof obserationaldata(seePeristeri,1999).

2. Adiabatic flow over idealized Alpine
topography

2.1 Thenumericalmodel

To investigatethe basic flow patternsthat might
favour deepcorvectionin the northernAlpine fore-
land,we useathree-dimensionasentropicmodelin
arotatingchannelsimilarto thatof Bleck (1984).A
concisedocumentatiomf themodelcanbefoundin
Bauer(1997).1sentropiclayersare allowed to col-
lapse using the so-calledmasslesdayer approach
(seeBleck, 1984, for details).At the lower bound-
ary a corventionaldraglaw with a dragcoeficient
¢p = 0.001is applied.Theinclusionof surfacedrag
reducesthe tendeng for gravity wave breakingin
the model and extendsthe parameterrange,espe-
cially therangeof mountainheights,overwhichthe
modelcanbeapplied.Thereis a Rayleighdamping

spongelayerin the upperpart of the domainto re-
ducewave reflectionfrom thetop lid.

The model domainis chosento be 1230km by
1230km, which is large enoughto encompasshe
entire Alps including the Alpine foreland,and the
Alps arerepresentedy anidealizedelevatedridge
with elliptical ground plan and parabolic vertical
cross-sectionThepeakheightis hpax= 2000m and
the horizontaldimensionsare 600 km by 300 km.
Differentflow directionsareachiazedby rotatingthe
ridge.Eightlayersareusedin theverticalwith apo-
tentialtemperaturelifferenceof 6 K betweerlayers.
The horizontalgrid resolutionis 13.5km. The ba-
sic stratificationcorrespond$o a Brunt-Vaisala fre-
queng of N = 10-2s~L, All calculationsareinitial-
izedwith anuniformflow of 10 ms™2.

Bauer(1997) carriedout a large numberof flow
experimentswith a similartopographyandwith an-
otherconstructedrom analyticfunctions,which has
anextraflankrepresentinghe Sea-AlpsThorsteins-
sonandSigurdssor{1996)summarizeckarlierfind-
ings on blocking and flow splitting for a mountain
with anelliptical groundplan. They focusedon the
streamlinedisplacemenandupstreanblocking for
a rangeof valuesof the three nondimensionapa-
rametersthe Rossbynumbey Ro=U /(fly), thedi-
mensionlessnountainheight,H = Nhy,/U, andthe
nondimensionamountainshapefactor A = Iy/Iy.
Here I, and |y are the lengths of the major and
minor axes of the elliptical ground plan, in the
x- (along flow) and y-directions,respectrely. The
first calculationdescribedherecorrespondsvith the
point in parameterspace(RoH,A) = (1/3,2,2).
Many of the flow characteristicsuchas upstream
influence and flow splitting can be infered a pri-
ori from Thorsteinssorand Sigurdssors diagrams,
which cover the parameteispaceRo= [0..6], H =
[0..6], A= [0..6], althoughthesediagramsarebased
on relatively few experiments.Like Thorsteinsson
and Sigurdssors model, our model cannothandle
streamlineoverturning,to which the foregoing au-
thors attribute only minor importance Eachexper
iment begins with a uniform flow appliedimpul-
sively. After afew hoursof integrationtime the flow
patternchange®nly gradually The periodicbound-
ary conditiondimit thepermissiblentegrationtime,
but this is not a seriousrestriction,since,in reality;
the large-scaldlow is never steadyfor a prolonged
period.Mostfeaturesn themodelneverbecomesta-
tionary in the strict sensewithout excessie damp-
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ing, but undego slow fluctuationswith time. We
displayflow fields after 8 hoursof integration.Cal-
culationsfor more generalinitial conditionswould
enormouslycomplicatethe taskof identifying typi-
cal flow patternsandsuchinvestigationsarebeyond
the scopeof this study

2.2 Flow experiments

For reasonsof spacewe considerhere only basic
flows from a southerlysector After several hours
of integration,inertial effectsareapparentthe low-
level airflow being deflectedto the left of the ba-
sic flow directionalongthe upwind side of the ob-
stacle,as discussediy Pierrehumberind Wyman
(1984). Southerlyflow may be expectedto be de-
flectedaroundthe westernAlpine rim andturn into
southwesterhflow in the northernAlpine foreland,
whereasa westerly or easterlybasic flow will be
more weakly deflected.Such behaiour is repro-
ducedin our calculations,so that we confine the
discussionto common featuresfor flows with a
southerly component.Figure 1 shaws the stream
lines in the lowest layer for southerly flow. The
subdomaindisplayedis 1200 km x 800 km wide.
The approximatepoint of flow-splitting is on the
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Fig. 1. Streamlines andflow speed(shadedscalegiven
below figure)in the lowestlayerafter8 hoursof integra-
tion. Basicflow is from the south(from left to right in the
figure). The topographyis contouredat 500 m intervals.
The maximumwind speedeache80 m/s.

southeasternim of the Alps. The deflectionof the
flow to the southwestndthento westin the north-

ern Alpine forelandand the Foehn-like downslope
windsonthenorthernAlpine rim areprominentfea-
tures.

Vertical motion may play an importantrole in
enhancingcorvection (Emanuel,1994) and verti-
cal windsheaiis importantfor maintainingcornvec-
tion (Rotunnoetal., 1988).Verticalvelocity is nota
prognosticvariablein theisentropicnodelandthere
is no movementof air parcelsbetweerayers.Verti-
calwind shearhasits maximumin the modelwhere
theflow deflectionis largest,northof the Alpine rim.

We investigatenow the possibleconvective desta-
bilization of the airflow. As the potentialtempera-
turewithin alayeris constantthe vertical potential
temperaturgradientcannotbe usedasanindicator
of stability An unexplored factor which may also
favour corvectionis the changein thicknessof the
isentropiclayers.A thickening of the lowestisen-
tropic layer by anamountA h in the flow direction
correspondgo a vertical lifting of parcelsfollow-
ing theslopeof theisentropicinterface,andthis can
beinterpretedasrelative decreasén stability of the
amountA 8/A h. This effect is displayedschemat-
ically in a vertical cross-sectiorin Fig. 2. As the

Fig. 2. De-stabilizationin the lee of a mountainrange
by stretchingof anisentropiclayer Note thatthe cross-
mountainflow is notin asingleverticalplanethisis clear
from the horizontalflow patterndn Figs.1,4,5

flow is threedimensional,by virtue of the Corio-
lis effect, even for a symmetricinitial flow condi-
tions with respecto centerline of the channelthe
cross-sectiolik ethatin Fig. 2 is to beunderstoods
following the flow over the mountainrange.To ob-
tain a three-dimensionaliew of the proposedsta-
bility changewe displaythe thicknesscontoursof
thelowestlayershawvn in Fig. 3. TheidealizedAlps
areagainindicatedby bold ellipses Largethickness
valuesareshadedThereis agradualascenbf isen-
tropeson the windward side of the Alps. In thelee,
atroughhasformeddownstreanof thenortheastern
rim. The reducedayer thicknesswithin this region
would betranslatednto relatively higherstabilities,
therebyfavouring suppressedorvection. The high
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Fig. 3. Thicknesof thelowestlayerin m after8 hoursof
integrationcorrespondingvith Fig. 1

thicknessvaluesonthenorthwestermim, whichim-
ply low static stabilities, representfavourable re-
gionsfor the initiation of convection. It shouldbe
notedthat the lee cycloneis transientasdiscussed
by Penget al. (1995) and drifts slowly westwards
with the basicflow. Their Fig. 8 may be compared
gualitatvely with our Fig. 1.

The isentropic model shaws that a low-level
southwesterhairflow is to be expectednorth of the
Alps when the basic large-scaleflow is southerly
This is the casealso for southeasterlfflow as in-
dicatedin Fig. 4 andto a lesserextent for south-
westerly flow (Fig. 5). Note that the streamlines
andthelayerthicknessesrecombinedn thesefig-
ures. A flow with a southerly componentgives
riseto low-level moistureadvectionfrom the warm
Mediterranearsea,a featureconducve to thunder
storminitiation. A featureassociatedvith southerly
flow favouring the developmentof corvection in
the northern Alpine region is the additional de-
stabilization by layer expansionafter the relative
compressionin the lee of the Alps. This effect,
which is presentin dry and moist models,hasthe
potentialto increasehe CAPE andreducethe CIN.
Theactualamountof destabilizatiorfor typical up-
streamtemperatureand humidity soundings mea-
suredby the actualchangesn CAPE andCIN, re-
mainsto be quantified.

Recently Schneidereitand Schar (1999) per
formed numericalexperimentsin a flow configura-
tion similar to the above with andwithout moisture
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Fig. 4. As Fig. 1 andFig. 3 combined put the basicflow
is from the southeast.The maximumwind speeds very
closeto 30 m/s.
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Fig. 5. As Fig. 4, but with the basicflow from the south-
west.

(seetheir Fig. 6). Their calculationsdo not shawv a
lee-g/clone, althougha vortex is generatedbn the
westernflank of the Alps. Their flow patternsare
difficult to comparewith ours,becausavind vectors
are displayedon the lowest model sigma-surdice
ratherthanin isentropidayers.However, theirmoist
experimentsshav maximaof accumulatedorecip-
itation on the upstreamslope and at a positionin

the lee of the Alps, whereour calculationspredict
thelargestde-stabilizationFurtherwork is required
to establishthe importanceof the effect described
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comparedvith othermechanismsf destabilization,
including orographictriggering. Thereis obsera-
tional evidencethatsomecorvective systemsnten-
sify whencrossinghenorthernAlpine foreland(see
Hagenetal., 1999,their Fig. 2), which might be an
indirectindicatorof de-stabilizatiorin thatregion.

3. A study of squall line development
3.1 Availabledata

The SETEX-94 experimentwas carried out dur
ing the springand early summerof 1994in south-
ern Germary andeasterrnSwitzerlandwith the aim
of documentinghe formation and evolution of se-
verethunderstorm# thatregion. To enabledetailed
analyse®f thesesystemgo beconstructedtherou-
tine data(synopticsurfaceobsenrations,radiosonde
soundingsandsatelliteandradarobsenrations)were
augmentediy extra-operationatadarobserations
andradiosondesoundingsaswell asanetwork of 10
automaticweatherstations,which covereda large
areaof southernBavaria and Baden-Wirttembeg.
An interestingcasewas obsered on 14 July 1994
whena severethunderstorntdevelopedalonga pre-
frontalconvergencdine andcausedeary rainfall in
aregion north of the Alpine rim. On this daya cold
frontextendingfrom northernScandingia to France
wasanalyzedoy the DWD at 0000UTC. An upper
level ridge over the westernAlps induceda north-
westerly flow over Bavaria. The corvergenceline
was analyzedabout500 km to the eastof the cold
front. At 1500UTC asquallline developedover the
northernAlpine region, about100km to the eastof
theconvergenceline. Subsequentlyhe corvergence
line drifted eastvardsand between1500UTC and
1700UTC it decayedwhile the squallline intensi-
fied asit movedeastvards.

3.2 Thecloud model

Numericalcalculationdor this eventhave beencar
ried outusingthenon-hydrostatithree-dimensional
cloudmodelof Klemp andWilhelmson(1978).The
calculationdomainis 280 km in both horizontaldi-
rectionsand18 km in the vertical, with a horizontal
resolutionof 2 km andaverticalresolutionof 400m.
Theinitial wind-, potentialtemperatureand water
vapourmixing ratio distributions, displayedin Fig.
6, aretakento be horizontallyhomogeneouandare
basedon the radiosondesoundingcarriedout near

Munich at 1300UTC on 14 July. Guidedby the re-
gional surface analysisat 1300 UTC, a patternof
nearsurfacethermalbubblesis prescribedttheini-
tial instantin the modelto initiate a patternof con-
vective cells similar to that obsered. Model times
arereferedto in UTC to facilitate comparisorwith
obserations. Sensitvity studiesshaving the evo-
lution of corvective systemawith differentthermal
forcing patternsaredescribedn subsectior8.4.

3.3 Contwol run

Thepatternof bubblesfor initiating themodelsquall
line is shavn in Fig. 7a. Theline of bubblessenes
to generatecorvective cells representinghe model
corvergenceline and the single bubble to the east
initiatesthe modelsquallline. After anhourof inte-
gration,at 1400UTC, cold air downdraughtseach
the surface,accompaniedby arise in surfacepres-
sure.This stagemarksthe beginning of the forma-
tion of thegustfrontsandcold poolsassociateavith
eachbubble. The analysisof obserational dataat
this time shavs the developmentof a high pressure
region just behindthe southernpart of the corver
gencdine. By 1500UTC, themodelgustfrontshave
spreadutandthosealongthecornvergencdine have
meiged. During the next hour the gustfronts from
the corvergenceline andthe squallline collide and
the southernpart of the corvergenceline begins to
decay(Fig. 8a). The obserationalanalyseshav a
furtherextensionof the high pressurereaalongthe
southernpart of the corvergenceline andthe line
itself haddecayedBy 1700UTC themodelcorver
genceline hasdecayedand the squallline, which
hasfurtherintensified hasmovedeastvards,similar
to the obsered behaior (Fig. 8a). The reasonfor
the demiseof the convergenceline in the modelis
the spreadingcold pool of bothdisturbancesyhich
suppressethedevelopmentof new corvective cells.
A risein surfacepressureof 3 hPa associatedvith
themodelcold poolwassimilarto thatobsered.

3.4 Sensitivitystudies

Additional experimentswere performedto deter
minethe sensitvity of the flow evolution to theini-
tial distribution of the thermalbubbles.In the first
experimentthe structureof theinitial disturbances
the sameasin the control case but the distancebe-
tweenthe line of bubblesand the single bubble is
only 20 km insteadof 100 km, seeFig. 7b. In this
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Fig. 6. Radiosondesoundingfor the obsened caseof SETEX. Top left: potentialtemperatureTop right: mixing ratio.
Bottomleft andright: zonal(u) andmeridional(v) wind components.

caseonly the northernpart of the corvergenceline
andthesinglebubbleaheadbf it developed.Thede-
velopmentof the southernpart of the corvergence
line is suppressedby the early developmentof the
gustfront andcold pool from the singlebubble.The
spreadingcold pool from this bubble stabilizesthe
areaaheadof the southernpart of the convergence
line.

In thenext experimentacalculationis carriedout
with the row of bubblesthat representhe conver-
genceline (Fig. 7c¢), but without the single bubble
to the east.Within four hoursof integration, strong
up- anddowndraughtdorm, but in this caseno dis-
turbancedevelopsaheadf the corvemgencdine. In-
deed,the line propagate®astvards without decay
becauseof the continuedgenerationof corvective
cells alongits gustfront. The air aheadof the line
remainsunstableto corvection becausdhereis no
spreadingcold poolto suppresshe convectionasin
the controlcase(Fig. 8c).

In thefinal experimentwe examinethebehaiour

of asinglebubblein thedomain.In this caseathun-
derstormcell developswith weak up- and down-
draughts.The cold pool spreadsout in all direc-
tionsandfurtherweakcorvective cellsdeveloponly
alongtheleadingedgeof thegustfront. The system
movesto the east,but nothingcorrespondingo the
obsered squallline evolves,seeFig. 8d.

Thesesensitiity studiesemphasizethe impor
tanceof the structureof the initial disturbanceor
the subsequentlow evolution. While a single cell
thunderstorntevelopsfrom oneinitial thermalbub-
ble,aline of bubbledeadsto along-livedconvective
line. The interactionbetweentwo convective sys-
tems,whicharetriggeredby differentinitial thermal
bubbles,canleadto a situationwherecorvectionis
suppressed the evolution of oneof the cornvective
cellsis muchfasterthanthe other Thereasoris the
increaseén low-level stability alongthesoutherrpart
of the corvemgenceline by the cell to its eastwhich
evolvesfaster

In summary the ervironment conditionsof the
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Fig. 7. Schematiadescriptiorof theinitial thermaldisturbanceelatedto the squallline eventof 14" July 1994for a)the
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SETEX-94squall-linecasefavour the development
of strong corvection after its initiation. The basic
ingredientsare a low-level wind sheay suficient
CAPE (morethan1000J/kg)anda CIN thatcanbe
surmountedThe structureof the corvective system
that arisesdependsalso on the patternof the ini-
tial thermaltrigger Interactionbetweencorvective
cells leadsto a wealening of corvection, because

thespreadingcold poolsstabilizethe environmental
air.

4. Conclusions

We have carried out idealized calculations with
two different numerical modelsto study aspects
of corvective initiation and evolution in the north-
ern Alpine foreland.We have exploredfactorscon-
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Fig. 8. Three-dimensionailepictionof the surfacepressureleviation (red correspondso high pressureplue with low
pressurepndthe vertical velocity exceedingl.36 m/s (arc-shapedandedstructuresit 16 UTC: a) Patternof bubbles
correspondsvith Fig. 7 a).b) Patternof bubblescorrespondsvith Fig. 1b).c) Patternof bubblescorrespondsvith Fig. 7c.
d) Patternof bubblescorrespondsvith Fig. 7 d. Thebox measure280km x 280km x 18 km

ducive for corvective initiation in this region using
an isentropic-layemodel. Thesefactorsinclude a
large-scalecross-alpindlow with a southerlycom-
ponent.Theisentropicmodelunderlinesgheimpor-
tantrole of the Alps in creatinga southwesterlylow
in the region andindicatesthe existenceof an area
north of the Alps wherethe isentropesareraisedin
themountain-inducedravity wave. Theraisedisen-
tropeswouldimply adestabilizatiorof theairstream
througha reductionof the CIN andan increasen
the CAPE, althoughthe magnitudeof thesechanges
remaingo bequantifiedfor typical upstreansound-
ings.

Numericalsimulationsof theevolution of asquall
line in the northernAlpine forelandusing a cloud
model help to interpretthe obsered evolution of
this event, including the decayof a precedingcon-
vemenceline andthe subsequenintensificationof
the squallline. The decayof the corvemgenceline

wasattributedto thememging of the cold poolit pro-
ducedandthecold pool of thedevelopingstormthat
later becamethe squallline. The modelwasinitial-
ized using an obsered soundingand a distribution
of thermalbubblesconstructean the basisof asur
faceanalysis.

A particularlyinterestingresultof the studyis the
demonstratiorthat the developmentof convective
systemsuchasthesquallline studiedhereis signif-
icantly influencedby the presencenf neighbouring
corvection.In the calculationdescribedthe growth
of a corvective cell aheadof theline of cellsto its
westgreatlyaffectsthe subsequengvolution of the
line. Thesinglecell to the eastgrows atthe expense
of the southerrpartof theline of cellsandbecomes
the dominantfeature.In sensitvity studies,where
only theline of cellsor the singlecell werepresent,
the evolution of the corvective systemshat devel-
opedwas quite different. The interactionbetween
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stormcellsis anareaof researchhatappearso have
receved relatiely little attentionin the literatureto
date.
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