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Summary

Two numericalmodelsareusedto investigateaspectsof
thunderstormdynamicsandthunderstorminitiation in the
northernAlpine foreland.The first, an isentropicmodel
of airflow overandaroundtheAlps, is usedto investigate
flow patternsfavourablefor the initiation of deepcon-
vection in the region. It is found that a stably-stratified
southerlyflow towardstheAlps leadsto a southwesterly
flow in theAlpine foreland,a situationmostoftenfound
during thunderstormperiods,and to the formation of a
gravity wave in the leeof theAlps. This wave is accom-
paniedby raisedisentropeswhich, in reality, would lead
to a reductionin staticstability andconvective inhibition
aswell asanincreasein convectiveavailablepotentialen-
ergy. Thesecondmodel,a cloudmodel,is usedto study
thedevelopmentof anobservedsquallline oversouthern
Bavaria.Themodelis initialized with wind, temperature
andmoistureprofilesfrom a radiosondesoundingahead
of thesquallline andthesquallline is initiatedby anar-
ray of thermalbubbles.Themodelsimulationis usedto
interprettheevolutionof thesquallline.

1. Intr oduction

Severe thunderstormsin the northernAlpine fore-
land area commonphenomenonin summer. How-
ever they are less frequentthan their counterparts
in the United Statesand they do not spawn major
tornadoes.Nevertheless,stormsoccasionallyreach
an intensitysufficient to producelarge hail andse-
verewind gusts,a notableexamplebeing the Mu-

nichhailstormin 1984(Höller andReinhardt,1986).
Statisticsfor storm developmentin Upper Bavaria
show that theAllgäu is a preferredregion for thun-
derstorms,whereon averagethereare35 thunder-
stormsdayscomparedwith 28 in the Alpine fore-
land (Pelz, 1984). Since the early ninetiesseveral
field experimentshave contributed to an improved
knowledgeof thunderstormsin thenorthernAlpine
foreland.In the summerof 1992theCLEOPATRA
experimentwas carried out in southernGermany
to study aspectsof the regional hydrologicalcycle
(Meischneret al., 1993).Onecomponentof it was
designedto documentthestructureandevolution of
severethunderstormsthatdevelopnorthof theAlps.
It is hypothesizedby Haase-Straubet al. (1997)that
such stormsdevelop in southwesterlyair streams
in early springandsummerwhen(i) the low-level
moistureadvection is large north of the Alps, and
(ii) thecross-mountainairflow induceslow pressure
on thenorthernsideof theAlps leadingto low-level
convergenceover SwitzerlandandGermany. Since
then further experimentshave followed in the re-
gion including the SEevereThunderstormEXperi-
ment(SETEX)andtheexperimentsLINOX (Light-
ning producedNOx, Höller et al., 1999,Huntrieser
et al., 1998) and EULINOX (EuropeanLightning
NitrogenOxidesProject,Höller et al., 1998).Test-
ing the foregoing hypothesescalls for numericalas
well asobservationalstudies.
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RecentlyHagenet al. (1998)analyzedthepropa-
gationcharacteristicsof thunderstormsover south-
ern Germany with data from a lightning detec-
tion systemand showed that thunderstormsnor-
mally movefrom thesectorbetweenwestandsouth-
westwith an averagespeedof 13 m/s.They found
thatthesynoptic-scaleflow patterncharacterizedby
theGrosswetterlage(greatersynopticsituation,e.g.
Baur 1957) doesnot provide a good indication of
the likelihoodof stormgenesis.Radiosondesound-
ings from Munich and Stuttgartwere analyzedon
thunderstormdays. It was found that higher ver-
tical wind shearsfavour moving thunderstormsor
thunderstormlines. Relatively high valuesof con-
vective available potentialenergy (CAPE) are ob-
servedwhenmoving thunderstormsor thunderstorm
lines arepresent.Stationarystormsoccurin condi-
tionsof low wind speedandlow verticalwind shear,
thelattercorrespondingwith high Richardsonnum-
bers.Moving thunderstormsandthunderstormlines
have similar shearvalues,but thunderstormlines
have higher CAPE values.Hagenet al. found av-
erageCAPE valuesof 700 J/kg for moving thun-
derstormsand880 J/kg for thunderstormlines, as-
sumingpseudoadiabaticparcelascentfrom thesur-
face.Within the framework of HERA, Hagenet al.
(1999)investigatedthetracksof MesoscaleConvec-
tive Systems(MCS) alongthe northernsideof the
Alps usingradarcomposites.They showed the tra-
jectoriesof fifteen MCSsobtainedfrom theHERA
imagesin theirFigure3.All movefrom westto east,
nine originatedin France,five in Switzerlandand
onein southwesternGermany.

Until now, very few modelling studiesof cases
observed in the recentfield experimentshave been
published.Alheit and Hauf (1994) comparedthe
simulationof a single thunderstormwith airborne
measurementsof thestorm.They found that in this
casethe Munich radiosondesoundingwas too dry
closeto the surfaceto initiate deepconvection.In-
creasingthe low-level moisture(dew point) led to
thedevelopmentof deepconvectionin their model.
They initialized their model thunderstormby what
they termedanentropy bubble,whichwasturnedoff
after 30 minutes.Their mesoscalemodel, MESO-
SCOP, hasa very detailedrepresentationof cloud
microphysics.

Doms(1994)rerantheEuropaModel(EM) of the
GermanWeatherService(DWD) for a squall-line
casedocumentedduring the CLEOPATRA Experi-

ment. His Fig. 3 for this simulationshows a gen-
erally southerlyflow at 850 hPa aheadof a frontal
systemapproachingfrom thewest,with southwest-
erly flow in the northernAlpine foreland.Over the
Adriatic Seahowever, theflow is from thesoutheast
into the Po-valley, turning aroundthe FrenchAlps
into a southwesterlyflow over southernGermany.
Domsshows alsothewind field at10m from asim-
ulation of the finer resolutionDeutschlandModel.
Comparedwith the EM calculation,detailsemerge
in the flow field on accountof the finer scalefea-
turesof theorography, althoughthewind speedover
the centralAlps is very weak.The approximatelo-
cationof flow splitting is nearthenortherntip of the
Adriatic Sea.Domsremarkedonthesuddenmeso-β
scaleorganizationof theflow whenaprefrontalcon-
vergenceline movedeastwardandcrossedBavaria.
Althoughthissimulationwasperformedwith arela-
tively completerepresentationof physicalprocesses
andshowedverygoodagreementwith observations,
it has little to say concerningthe favourablecon-
ditions for convection.Thesesimulationslend sup-
port theforegoinghypothesesof Haase-Straubetal.
(1997),but thereasonsremainunclear.

Therearewell known generalfavourablecondi-
tionsfor convectionsuchaslow staticstability in the
boundarylayer, low-level convergence,large-scale
lifting above the well-mixed layer andlarge values
of CAPE.Oftenaparcelmustovercomeaconsider-
abledepthof negative buoyancy if it is to rise to its
level of free convection (LFC). This negative area,
or convective inhibition (CIN), may be reducedor
eliminatedby surfaceheating,differentialhorizon-
tal temperatureand/ormoistureadvection,or lifting
of theconditionally-unstable environment.The cri-
teria usedto determinewhenandwheredeepcon-
vectionoccursin anumericalmodelarecollectively
termedthe convective trigger function. Convection
schemessuchas thosebasedon entraining-plume
modelsrequirecertainlocal triggers,suchasa pos-
itive temperaturedeviation or vertical lifting larger
thanacertainthresholdtobecomeactive.Rotunnoet
al. (1984)investigatetheimportanceof thelow-level
shearon themaintenanceof deepconvection.Wind
profileswith low-level shearwereobserved during
CLEOPATRA (PeristeriandSmith,1994)andthese
may be presumedto be influencedby the presence
of theAlps.

In this paperwe summarizebriefly the resultsof
two idealizednumericalmodelling studiesrelated
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to con� vective stormsin theAlpine 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, describedin detail in section2,
we usea simpledry-isentropicmodel in which the
Alps are idealizedasa mountainridge with an el-
liptical groundplanandthesamehorizontalscaleof
theAlps. Sincethereareno majorsourcesof mois-
ture in the northernAlpine foreland,the moisture
supply for storm initiation must be transportedby
the low-level airflow aroundthe orography. There
are many investigationsof idealizedflow over to-
pography, but mostareconcernedwith gravity wave
breaking,leewaves,or upstreamblocking.Herewe
focus on the three-dimensionalairflow patternsin
the lee of the orographyand the low-level lifting
producedby the mountain-inducedgravity waves,
which provides a mechanismfor convective desta-
bilization.

In the secondmodellingstudy, describedin sec-
tion 3, we usea cloudmodelto investigatetheevo-
lution of a squall-linein thenear-Alpine flow envi-
ronment.Themodeldoesnotcontainorography, but
the simulationis influencedindirectly by the prox-
imity of theAlps throughthe initial soundingused.
Becauseof the model’s relative computationaleffi-
ciency, it is possibleto carry out sensitivity studies
relatedto theinitial disturbance.Moreover, thesim-
ulationscanbecomparedwith thefine-scaleanaly-
sesof observationaldata(seePeristeri,1999).

2. Adiabatic flow over idealizedAlpine
topography

2.1 Thenumericalmodel

To investigatethe basic flow patternsthat might
favour deepconvectionin thenorthernAlpine fore-
land,weuseathree-dimensionalisentropicmodelin
arotatingchannel,similar to thatof Bleck(1984).A
concisedocumentationof themodelcanbefoundin
Bauer(1997).Isentropiclayersareallowed to col-
lapseusing the so-calledmasslesslayer approach
(seeBleck, 1984,for details).At the lower bound-
ary a conventionaldraglaw with a dragcoefficient
cD � 0 � 001is applied.Theinclusionof surfacedrag
reducesthe tendency for gravity wave breakingin
the model and extendsthe parameterrange,espe-
cially therangeof mountainheights,overwhich the
modelcanbeapplied.Thereis a Rayleighdamping

spongelayer in the upperpart of the domainto re-
ducewave reflectionfrom thetop lid.

The modeldomainis chosento be 1230 km by
1230km, which is large enoughto encompassthe
entire Alps including the Alpine foreland,and the
Alps arerepresentedby an idealizedelevatedridge
with elliptical ground plan and parabolicvertical
cross-section.Thepeakheightis hmax � 2000m and
the horizontaldimensionsare600 km by 300 km.
Differentflow directionsareachievedby rotatingthe
ridge.Eight layersareusedin theverticalwith apo-
tentialtemperaturedifferenceof 6 K betweenlayers.
The horizontalgrid resolutionis 13.5 km. The ba-
sic stratificationcorrespondsto a Brunt-Väis̈alä fre-
quency of N � 10� 2s� 1. All calculationsareinitial-
izedwith anuniform flow of 10 ms� 1.

Bauer(1997)carriedout a large numberof flow
experimentswith asimilar topography, andwith an-
otherconstructedfrom analyticfunctions,whichhas
anextraflankrepresentingtheSea-Alps.Thorsteins-
sonandSigurdsson(1996)summarizedearlierfind-
ings on blocking andflow splitting for a mountain
with anelliptical groundplan.They focusedon the
streamlinedisplacementandupstreamblocking for
a rangeof valuesof the threenondimensionalpa-
rameters:theRossbynumber, Ro � U

���
f lx � , thedi-

mensionlessmountainheight,H � Nhm
�
U , andthe

nondimensionalmountainshapefactor, A � ly
�
lx.

Here lx and ly are the lengths of the major and
minor axes of the elliptical ground plan, in the
x- (along flow) and y-directions,respectively. The
first calculationdescribedherecorrespondswith the
point in parameterspace

�
Ro� H � A� � �

1
�
3 � 2 � 2� .

Many of the flow characteristicssuchas upstream
influenceand flow splitting can be infered a pri-
ori from ThorsteinssonandSigurdsson’s diagrams,
which cover the parameterspaceRo �
	 0 ��� 6� , H �
	 0 ��� 6� , A �
	 0 ��� 6� , althoughthesediagramsarebased
on relatively few experiments.Like Thorsteinsson
and Sigurdsson’s model,our model cannothandle
streamlineoverturning,to which the foregoing au-
thorsattribute only minor importance.Eachexper-
iment begins with a uniform flow applied impul-
sively. After a few hoursof integrationtimetheflow
patternchangesonly gradually. Theperiodicbound-
aryconditionslimit thepermissibleintegrationtime,
but this is not a seriousrestriction,since,in reality,
the large-scaleflow is never steadyfor a prolonged
period.Mostfeaturesin themodelneverbecomesta-
tionary in the strict sensewithout excessive damp-
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ing,� but undergo slow fluctuationswith time. We
displayflow fieldsafter8 hoursof integration.Cal-
culationsfor moregeneralinitial conditionswould
enormouslycomplicatethe taskof identifying typi-
cal flow patternsandsuchinvestigationsarebeyond
thescopeof this study.

2.2 Flow experiments

For reasonsof spacewe considerhereonly basic
flows from a southerlysector. After several hours
of integration,inertial effectsareapparent,the low-
level airflow being deflectedto the left of the ba-
sic flow directionalongthe upwind sideof the ob-
stacle,as discussedby Pierrehumbertand Wyman
(1984).Southerlyflow may be expectedto be de-
flectedaroundthewesternAlpine rim andturn into
southwesterlyflow in thenorthernAlpine foreland,
whereasa westerly or easterlybasic flow will be
more weakly deflected.Such behaviour is repro-
ducedin our calculations,so that we confine the
discussionto common featuresfor flows with a
southerly component.Figure 1 shows 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

Fig. 1. Streamlinesandflow speed(shaded,scalegiven
below figure)in thelowestlayerafter8 hoursof integra-
tion.Basicflow is from thesouth(from left to right in the
figure).The topographyis contouredat 500m intervals.
Themaximumwind speedreaches30 m/s.

southeasternrim of the Alps. The deflectionof the
flow to thesouthwestandthento westin thenorth-

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

Vertical motion may play an important role in
enhancingconvection (Emanuel,1994) and verti-
cal windshearis importantfor maintainingconvec-
tion (Rotunnoetal., 1988).Verticalvelocity is nota
prognosticvariablein theisentropicmodelandthere
is nomovementof air parcelsbetweenlayers.Verti-
cal wind shearhasits maximumin themodelwhere
theflow deflectionis largest,northof theAlpine rim.

Weinvestigatenow thepossibleconvective desta-
bilization of the airflow. As the potential tempera-
turewithin a layer is constant,theverticalpotential
temperaturegradientcannotbeusedasan indicator
of stability. An unexplored factor which may also
favour convection is the changein thicknessof the
isentropiclayers.A thickening of the lowest isen-
tropic layer by an amount∆ h in theflow direction
correspondsto a vertical lifting of parcelsfollow-
ing theslopeof theisentropicinterface,andthiscan
beinterpretedasrelative decreasein stability of the
amount∆ θ

�
∆ h. This effect is displayedschemat-

ically in a vertical cross-sectionin Fig. 2. As the

�

� � ��� �
+ � ��

Fig. 2. De-stabilizationin the lee of a mountainrange
by stretchingof an isentropiclayer. Note that the cross-
mountainflow is notin asingleverticalplane:thisis clear
from thehorizontalflow patternsin Figs.1, 4, 5

flow is threedimensional,by virtue of the Corio-
lis effect, even for a symmetricinitial flow condi-
tions with respectto centerline of the channel,the
cross-sectionlikethatin Fig.2 is to beunderstoodas
following theflow over themountainrange.To ob-
tain a three-dimensionalview of the proposedsta-
bility change,we displaythe thicknesscontoursof
thelowestlayershown in Fig. 3. TheidealizedAlps
areagainindicatedby boldellipses.Largethickness
valuesareshaded.Thereis agradualascentof isen-
tropeson thewindwardsideof theAlps. In the lee,
a troughhasformeddownstreamof thenortheastern
rim. The reducedlayer thicknesswithin this region
would betranslatedinto relatively higherstabilities,
therebyfavouring suppressedconvection.The high
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Fig. 3. Thicknessof thelowestlayerin m after8 hoursof
integrationcorrespondingwith Fig. 1

thicknessvaluesonthenorthwesternrim, which im-
ply low static stabilities, representfavourable re-
gions for the initiation of convection. It shouldbe
notedthat the lee cyclone is transientasdiscussed
by Penget al. (1995) and drifts slowly westwards
with the basicflow. Their Fig. 8 may be compared
qualitatively with ourFig. 1.

The isentropic model shows that a low-level
southwesterlyairflow is to beexpectednorthof the
Alps when the basic large-scaleflow is southerly.
This is the casealso for southeasterlyflow as in-
dicatedin Fig. 4 and to a lesserextent for south-
westerly flow (Fig. 5). Note that the streamlines
andthelayerthicknessesarecombinedin thesefig-
ures. A flow with a southerly componentgives
rise to low-level moistureadvectionfrom thewarm
MediterraneanSea,a featureconducive to thunder-
storminitiation. A featureassociatedwith southerly
flow favouring the developmentof convection in
the northern Alpine region is the additional de-
stabilizationby layer expansionafter the relative
compressionin the lee of the Alps. This effect,
which is presentin dry andmoist models,hasthe
potentialto increasetheCAPEandreducetheCIN.
Theactualamountof destabilizationfor typical up-
streamtemperatureand humidity soundings,mea-
suredby the actualchangesin CAPE andCIN, re-
mainsto bequantified.

Recently Schneidereitand Scḧar (1999) per-
formednumericalexperimentsin a flow configura-
tion similar to theabove with andwithout moisture

Fig. 4. As Fig. 1 andFig. 3 combined,but thebasicflow
is from thesoutheast.Themaximumwind speedis very
closeto 30 m/s.

Fig. 5. As Fig. 4, but with thebasicflow from thesouth-
west.

(seetheir Fig. 6). Their calculationsdo not show a
lee-cyclone, althougha vortex is generatedon the
westernflank of the Alps. Their flow patternsare
difficult to comparewith ours,becausewind vectors
are displayedon the lowest model sigma-surface
ratherthanin isentropiclayers.However, theirmoist
experimentsshow maximaof accumulatedprecip-
itation on the upstreamslopeand at a position in
the lee of the Alps, whereour calculationspredict
thelargestde-stabilization.Furtherwork is required
to establishthe importanceof the effect described
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compared� with othermechanismsof destabilization,
including orographictriggering. There is observa-
tional evidencethatsomeconvective systemsinten-
sify whencrossingthenorthernAlpine foreland(see
Hagenet al., 1999,their Fig. 2), which might bean
indirectindicatorof de-stabilizationin thatregion.

3. A study of squall line development

3.1 Availabledata

The SETEX-94 experiment was carried out dur-
ing the springandearly summerof 1994in south-
ern Germany andeasternSwitzerlandwith the aim
of documentingthe formationandevolution of se-
verethunderstormsin thatregion.To enabledetailed
analysesof thesesystemsto beconstructed,therou-
tine data(synopticsurfaceobservations,radiosonde
soundingsandsatelliteandradarobservations)were
augmentedby extra-operationalradarobservations
andradiosondesoundingsaswell asanetwork of 10
automaticweatherstations,which covereda large
areaof southernBavaria and Baden-Ẅurttemberg.
An interestingcasewasobserved on 14 July 1994
whena severethunderstormdevelopedalonga pre-
frontalconvergenceline andcausedheavy rainfall in
a region northof theAlpine rim. On this daya cold
front extendingfrom northernScandinavia to France
wasanalyzedby theDWD at 0000UTC. An upper-
level ridge over the westernAlps induceda north-
westerly flow over Bavaria. The convergenceline
wasanalyzedabout500 km to the eastof the cold
front. At 1500UTC asquallline developedover the
northernAlpine region, about100km to theeastof
theconvergenceline. Subsequentlytheconvergence
line drifted eastwardsandbetween1500UTC and
1700UTC it decayed,while thesquallline intensi-
fiedasit movedeastwards.

3.2 Thecloudmodel

Numericalcalculationsfor thiseventhave beencar-
riedoutusingthenon-hydrostaticthree-dimensional
cloudmodelof KlempandWilhelmson(1978).The
calculationdomainis 280km in bothhorizontaldi-
rectionsand18 km in thevertical,with a horizontal
resolutionof 2 kmandaverticalresolutionof 400m.
The initial wind-, potentialtemperature-andwater
vapourmixing ratio distributions,displayedin Fig.
6, aretakento behorizontallyhomogeneousandare
basedon the radiosondesoundingcarriedout near

Munich at 1300UTC on 14 July. Guidedby there-
gional surfaceanalysisat 1300 UTC, a patternof
near-surfacethermalbubblesis prescribedat theini-
tial instantin themodelto initiate a patternof con-
vective cells similar to that observed. Model times
arereferedto in UTC to facilitatecomparisonwith
observations. Sensitivity studiesshowing the evo-
lution of convective systemswith different thermal
forcingpatternsaredescribedin subsection3.4.

3.3 Control run

Thepatternof bubblesfor initiating themodelsquall
line is shown in Fig. 7a.The line of bubblesserves
to generateconvective cells representingthe model
convergenceline and the single bubble to the east
initiatesthemodelsquallline. After anhourof inte-
gration,at 1400UTC, cold air downdraughtsreach
the surface,accompaniedby a rise in surfacepres-
sure.This stagemarksthe beginning of the forma-
tion of thegustfrontsandcoldpoolsassociatedwith
eachbubble.The analysisof observational dataat
this time shows thedevelopmentof a high pressure
region just behindthe southernpart of the conver-
genceline.By 1500UTC,themodelgustfrontshave
spreadoutandthosealongtheconvergencelinehave
merged.During the next hour the gust fronts from
theconvergenceline andthesquallline collide and
the southernpart of the convergenceline begins to
decay(Fig. 8a).The observationalanalysesshow a
furtherextensionof thehighpressureareaalongthe
southernpart of the convergenceline and the line
itself haddecayed.By 1700UTC themodelconver-
genceline hasdecayedand the squall line, which
hasfurtherintensified,hasmovedeastwards,similar
to the observed behavior (Fig. 8a). The reasonfor
the demiseof the convergenceline in the model is
thespreadingcold pool of bothdisturbances,which
suppressesthedevelopmentof new convectivecells.
A rise in surfacepressureof 3 hPa associatedwith
themodelcoldpoolwassimilar to thatobserved.

3.4 Sensitivitystudies

Additional experimentswere performedto deter-
mine thesensitivity of theflow evolution to the ini-
tial distribution of the thermalbubbles.In the first
experimentthestructureof theinitial disturbanceis
thesameasin thecontrolcase,but thedistancebe-
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 observedcaseof SETEX.Top left: potentialtemperature.Top right: mixing ratio.
Bottomleft andright: zonal(u) andmeridional(v) wind components.

case,only thenorthernpartof theconvergenceline
andthesinglebubbleaheadof it developed.Thede-
velopmentof the southernpart of the convergence
line is suppressedby the early developmentof the
gustfront andcoldpool from thesinglebubble.The
spreadingcold pool from this bubblestabilizesthe
areaaheadof the southernpart of the convergence
line.

In thenext experiment,acalculationis carriedout
with the row of bubblesthat representthe conver-
genceline (Fig. 7c), but without the singlebubble
to theeast.Within four hoursof integration,strong
up- anddowndraughtsform, but in this caseno dis-
turbancedevelopsaheadof theconvergenceline. In-
deed,the line propagateseastwardswithout decay
becauseof the continuedgenerationof convective
cells along its gust front. The air aheadof the line
remainsunstableto convectionbecausethereis no
spreadingcold pool to suppresstheconvectionasin
thecontrolcase(Fig. 8c).

In thefinal experiment,weexaminethebehaviour

of asinglebubblein thedomain.In thiscasea thun-
derstormcell develops with weak up- and down-
draughts.The cold pool spreadsout in all direc-
tionsandfurtherweakconvective cellsdeveloponly
alongtheleadingedgeof thegustfront. Thesystem
movesto theeast,but nothingcorrespondingto the
observedsquallline evolves,seeFig. 8d.

Thesesensitivity studiesemphasizethe impor-
tanceof the structureof the initial disturbancefor
the subsequentflow evolution. While a single cell
thunderstormdevelopsfrom oneinitial thermalbub-
ble,aline of bubblesleadsto along-livedconvective
line. The interactionbetweentwo convective sys-
tems,whicharetriggeredby differentinitial thermal
bubbles,canleadto a situationwhereconvectionis
suppressedif theevolution of oneof theconvective
cells is muchfasterthantheother. Thereasonis the
increasein low-level stabilityalongthesouthernpart
of theconvergenceline by thecell to its east,which
evolvesfaster.

In summary, the environment conditionsof the
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Fig. 7. Schematicdescriptionof theinitial thermaldisturbancerelatedto thesquallline eventof 14th July1994for a) the
basiccalculation, b) thecalculationwith areduceddistancebetweentheline andtheseparatedbubble,c) thecalculation
with a line of bubblesonly andd) thecalculationfor a singlebubbleonly.

SETEX-94squall-linecasefavour thedevelopment
of strongconvection after its initiation. The basic
ingredientsare a low-level wind shear, sufficient
CAPE(morethan1000J/kg)anda CIN thatcanbe
surmounted.Thestructureof theconvective system
that arisesdependsalso on the patternof the ini-
tial thermaltrigger. Interactionbetweenconvective
cells leadsto a weakening of convection, because

thespreadingcoldpoolsstabilizetheenvironmental
air.

4. Conclusions

We have carried out idealized calculationswith
two different numerical models to study aspects
of convective initiation andevolution in the north-
ernAlpine foreland.We have exploredfactorscon-
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Fig. 8. Three-dimensionaldepictionof the surfacepressuredeviation (red correspondsto high pressure,blue with low
pressure)andtheverticalvelocity exceeding1.36m/s (arc-shapedbandedstructures)at 16 UTC: a) Patternof bubbles
correspondswith Fig.7 a).b) Patternof bubblescorrespondswith Fig.1b).c) Patternof bubblescorrespondswith Fig.7c.
d) Patternof bubblescorrespondswith Fig. 7 d. Thebox measures280km � 280km � 18 km

ducive for convective initiation in this region using
an isentropic-layermodel.Thesefactorsinclude a
large-scalecross-alpineflow with a southerlycom-
ponent.The isentropicmodelunderlinesthe impor-
tantroleof theAlps in creatingasouthwesterlyflow
in the region andindicatesthe existenceof an area
northof theAlps wherethe isentropesareraisedin
themountain-inducedgravity wave.Theraisedisen-
tropeswouldimply adestabilizationof theairstream
througha reductionof the CIN andan increasein
theCAPE,althoughthemagnitudeof thesechanges
remainsto bequantifiedfor typicalupstreamsound-
ings.

Numericalsimulationsof theevolutionof asquall
line in the northernAlpine forelandusing a cloud
model help to interpret the observed evolution of
this event, including the decayof a precedingcon-
vergenceline and the subsequentintensificationof
the squall line. The decayof the convergenceline

wasattributedto themergingof thecoldpool it pro-
ducedandthecoldpoolof thedevelopingstormthat
laterbecamethesquallline. Themodelwasinitial-
ized usingan observed soundinganda distribution
of thermalbubblesconstructedon thebasisof asur-
faceanalysis.

A particularlyinterestingresultof thestudyis the
demonstrationthat the developmentof convective
systemssuchasthesquallline studiedhereis signif-
icantly influencedby the presenceof neighbouring
convection.In thecalculationdescribed,thegrowth
of a convective cell aheadof the line of cells to its
westgreatlyaffectsthesubsequentevolution of the
line. Thesinglecell to theeastgrows at theexpense
of thesouthernpartof theline of cellsandbecomes
the dominantfeature.In sensitivity studies,where
only theline of cellsor thesinglecell werepresent,
the evolution of the convective systemsthat devel-
opedwas quite different. The interactionbetween
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storm� cellsis anareaof researchthatappearsto have
received relatively little attentionin the literatureto
date.
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97.

Hagen,M., H.-H. Schiesserand M. Dorninger, 1999:
Monitoring of mesoscaleprecipitationsystemsin the
Alps andnorthernAlpine forelandby radarand rain
gauges.Submittedto Meteor. Atmos.Phys.

Juckes, M. and R. K. Smith, 1999: Convective desta-
bilization by upper level troughs.Q.J.R.Meteorol. in
press

Klemp. J. B., andR. B. Wilhelmson,1978:TheSimula-
tion of Three-DimensionalConvective StormDynam-
ics.J. Atmos.Sci., 35, 1070-1096.
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