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ABSTRACT

During FASTEXIOP-8 intensivewaveactivitywasobservedover thesoutheastslopesof Greenland.
At the sametime an extratropical cyclonepassedto the northeast betweenIcelandand Greenland,
leavingbehinda troughwith a secondarylow in thesurfacepressurefield.

Numericalsimulations reveal that the wavesare very sensitiveto horizontal resolutionand by
simulating at coarse-griddedresolution,they can be almosteliminated. In spiteof beinglarge and
amplified,thewaveshavevery little impacton thesynopticflow field in thetrough. Boththetrough
andthesecondarylow arenonethelessa productof theGreenlandtopography, not through wavesbut
via permanentdescentof potentially warmair in theGreenlandwake. Orographic PV is produced,
but much lessin simulationswith nowavebreakingthanin simulationswhere thewavesaredamped.
Yet, the upstreamflow is blocked. At very coarseresolution, the topography of SouthGreenlandis
reducedsignificantlyandsois thesouthernmostpart of thesurfacepressure trough.

1 INTRODUCTION

Oneprominent featureof meansurfacepressuremapsfor thenorthernhemisphereis the“Icelandic
low”, situatedto thesouthwestof Iceland.ThewintertimeIcelandiclow is relatively deep(lessthan
1000hPa) andpositionedcloseto the eastcoastof SouthGreenland,while in late summer the low
is muchshallower (about1009hPa) andcenteredcloseto thesouthcoastof Iceland.At the500hPa
level, thereis a vortex centreover NE-Canada,but not a well definedtrough in the region of the
Icelandiclow, e.g.[11], suggestingthattheIcelandiclow is primarily a low level feature.

In anextensivestudy, [4, 5] analyzedall cyclonesovertheN-Atlantic from satelliteimagesduring
a 2 yearsperiodandseveralcharacteristicsof cyclonesin theareabetweenIcelandcanbededucted
from their results. Firstly, the cyclonesin this areaaremuchmorefrequentin autumnandwinter
thanin springor summer. This is indeeda generalresultfor thewholeN-Atlantic, but theseasonal
variationappearsto begreaterbetweenIcelandandGreenlandthanin mostotherareascoveredby the
study. Secondly, thewintercyclonesin theareaarepreferablyof arathersmallsizewith aparticularly
highconcentrationof cyclones200-400km in diameter. Thirdly, almost70%morecyclonesleavethe
areathantherearecyclonesenteringthearea.Furthermore,thereis a strongtendency for cyclones
to remainin the areaall their life (58%). In short, the wintertime areaof the Icelandic low is a
preferred spotfor creationof mesocyclonesof which many do not travel far. A combinedcaseof a



deformedcyclonewith a troughbetweenGreenlandandIcelandandamesocyclonewastheobjectof
a numericalstudyby [10], (hereafterKM99). Themesocyclone (“residual” low), which they found
to be largely barotropic,formedinsidethe Icelandictroughthat formedafter the “mother” low had
passedthroughthearea.Being barotropic,the residuallow hadthe characteristicof a leevortex in
blockedflowsasdescribedby [13] and[16]. If thetopographyof Greenlandwasremovedtheresidual
low did notappear, but themothercyclonebecamedeeper.

TheKM99 casegivesvery convincing evidencethat thetopographyof Greenlandis indeedcon-
tributing to the Icelandiclow throughits impacton a passingextratropicalweathersystem.It does
however not rule out otherpossible sources,suchasthermalforcing. In fact, an Icelandiclow still
appearsin largescalesimulationsaftertopographyhasbeenremoved[6].

Themainobjectof this studyis to investigatethe impactGreenlandhason the formationof the
Icelandictrough,either throughgravity wavesaloft or throughotherorographicprocessessuchas
blockingof theairflow. For thispurposewehavechosento studyin depthacasefrom theFrontsand
Atlantic StormTrackEXperiment(FASTEX) campaign[7] wherenumeroussurfaceandupperair ob-
servationswereprovidedin additionto theregularoperationalobservationnetwork. FASTEX wasan
internationalfield projectthattookplacein JanuaryandFebruary1997to makedetailedobservations
of extratropicalcyclonesover the North Atlantic. During FASTEX several Intensive Observational
Periods,or IOP’s, wereconductedandwe useoneof these,theIOP-8,which took placeon the27th
to the29thof January1997.Most importantly, thisFASTEX IOPprovidesdropsondeobservationsof
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intensivewaveactivity overGreenland.In the
following sectionthereis a shortdescription
of thenumericalmodelusedin thisstudyand
thesetupof experiments. Section3 describes
the synoptic flow in the caseand presents
the resultsof the simulations. Thesearedis-
cussedin section4 which is followed by a
shortconcludingsummary.

2 MODEL SETUP

The numericalmodel usedfor this study is
the fifth generationPennsylvania StateUni-
versity/National Centerfor Atmospheric Re-
search(PSU/NCAR)mesoscalemodelMM5
[3, 17].

Unlessotherwisestated,the simulations
are run with a twofold nesting; a horizon-
tal resolutionof 12 km inside a motherdo-
main with 36 km resolutionanda 4 km res-
olution in the innermostdomain. As canbe
seenin Fig.1, themotherdomaincoversmost

of Greenland,all of Icelandandextendsto GreatBritain in the east. The motherdomainsize is�������
	��������
km

�
, domaintwo is

�
�����
	��
�����
km

�
anddomainthreeis

�����
	������
km

�
in dimension.

Threetypesof verticalresolutionhavebeenemployed,25,40and65 � layers(referedto asFX25,
FX40 andFX65, respectively). Themodeltop is at 100hPa in all cases,exceptfor FX65, whereit
is set to be at 50 hPa. At the top level a radiationboundarycondition minimizesthe reflectionof



vertically propagatinggravity waves[9]. Themodelemploys a parameterizationschemefor subgrid
turbulence[12]. Initial conditionsandboundaryvalueswereacquiredfrom theECMWF reanalysis.

3 RESULTS

3.1 Synoptic overview and comparison with observations

Figure2 shows theevolution of themeansealevel pressureandthe low level temperaturefields as
simulatedin FX40. At 28/12UTC (t � +00h), thereis a 1004hPa low betweenIcelandandGreen-

29/00 UTC (t � +12h) 30/00 UTC (t � +36h)

Figure 2: Synopticoverview: Meansealevel pressure [hPa] and potential temperature [K] at 850
hPa for FX40.

land anda stationaryhigh over GreatBritain. The low moves to the NE anddeepens,but leaves
behinda trough with a secondarypressureminimum along the southeastcoastof Greenland. At
30/00UTC (t � +36h), the main low hasdeepenedto 984 hPa andpassedJanMayenandthe trough

Table1: Comparisonof measuredmeansealevel pressure (MSLP)andgeopotentailheight(GH) at
500hPa andcalculatedone. Pressure is in hPa andgeopotential heightin meters.

Location Meas. Calc. Diff. Meas. Calc. Diff.
MSLP MSLP 500hPa GH 500hPa GH

JanMayen 996 998 +2 5270 5270 0
Scoresbysund 1000 1005 +5 5100 5100 0

Keflavík 1012 1013 +1 5370 5380 +10
Narssarssuaq 1023 1022 -1 5280 5290 +10

Thorshavn 1029 1029 0 5650 5650 0



with the secondarylow hasdisappeared.The deepeningof the main low is associatedwith a low
level temperaturegradientandthereis a relatively warmairmassat low levels in the troughbehind.
Theevolution of the500hPa flow field is shown in Fig. 3. As in a classicalexample of a developing

29/00 UTC (t � +12h) 30/00 UTC (t � +36h)

Figure 3: Synopticoverview: 500 hPa geopotential height [m] and potential temperature [K] for
FX40.

baroclinicwave, theupperlevel troughis situatedbehindthesurfacelow. At 28/12UTC (t � +00h),
the 500 hPa troughis to the SSWof capeFarewell andduring the following 36 hoursit movesto
theNE andendsup over JanMayen,beinglesspronouncedthanat thebeginning. Theflow is def-
initely baroclinic. The simulatedflow describedin Figs. 2 and 3 is in very goodagreementwith
surfaceandupperair observations from Greenland,Icelandand JanMayen, including all supple-
mentaryobservations of theFASTEX campaign.Comparisonof measuredandcalculatedmeansea
level pressureandgeopotentialheightat 500 hPa is shown in table1. The validation time is 29/12
UTC (t � +24h). It is only at Scoresbysundthat the meansealevel pressuredeviatesconsiderably
from measurement,this is mostlikely dueto stronglocal topographicaleffects. We may therefore
regard this asa referenceflow or control simulation. The choiceof casefor this study is heavily

Figure 4: Positionof dropsondes.

basedonthehigh-resolution dropsondedatafrom theflight of theNOAA Gulfstreamaircraftin FAS-
TEX IOP-8. During this IOP, theflow disturbanceover Greenlandwasgivenparticularattention. as
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Figure5: A crosssectionalongtheline in figure
4 showingpotential temperature[K] at approx-
imately29/12(t � +24h).

can be seenin Fig. 4, which shows the position
of dropsondes during the flight. Figure 5 shows
thepotentialtemperaturefield constructedfrom the
dropsondeobservations. There is obviously very
strongwave activity and presumablywave break-
ing, reachingfrom thestratospheredown to approx-
imately500hPa. From500hPa anddown to about
mountaintop level theflow is smoother, while fur-
therbelow therearesteepwavesandpossibly wave
breaking. The flight took placeat approximately
200hPaandatthatlevel therewassignificantturbu-
lence(M. Shapiro,personalcommunication).Sim-
ulationof theflow in thesamesectionasin Fig. 5,
using65 � -levels, revealsindeedstrongandsteep
waves(Fig. 6). The flow is highly non-stationary,
but both time-stepsshown in Fig. 6 show more
wavesandwavebreakingbelow 600hPaandin the
stratospherethanin theuppertroposphere.Between
500hPaandthetropopause,thesimulatedflow is in
otherwordsmoresmooth thanobserved.Themodel
produceshowever someturbulenceat theselevels,
but lessthanat thelower levels.

29/12 UTC (t � +24h) 29/14 UTC (t � +26h)

Figure6: Cross-sectionAA’: Simulatedpotentialtemperature [K] andTKE[J/kg] for FX65.Contour
intervalsfor TKE is 2 J/kgand2 K for isotherms.



3.2 Sensitivity tests

3.2.1 Horizontal and vertical resolution

To testthe impactof thenesting, thesamecasewassimulatedusingonly thefirst domain,(Fig. 1),
with a horizontalresolutionof 36 km. This is comparableto many of theNWP modelsthatarerun
operationallyin thearea.The resultingsurfaceflow field betweenIcelandandGreenlandis almost
identicalto thenestedsimulation. With decreasedhorizontalresolution, i.e. the36 km run, theflow
is smoothwith only littl e wave activity in thetroposphereaswell asin thestratosphere.Turbulence
kineticenergy (TKE) is alsomuchlesscomparedto thebreakingwavesin thenestedrun.

Togiveamorecompleteview of theimpactof resolution,thehorizontallynestedflow hasbeenrun
with differentnumbersof verticallevels. Thereis noqualitativedifferencebetweenthesesimulations.
Both have intensewave activity in the lower troposphereandin thestratosphere,with moresmooth
flow inbetween.

3.2.2 No-Greenland

Previousexperimentswith variablehorizontalresolution, of whichsomealmosteliminatethegravity
wavesoverGreenland,doall show almostidenticaldevelopmentof thesurfacepressurepatternin the
leeof Greenland.Ournext stepin investigatingtheconnectionbetweentheGreenlandtopographyand
theflow field betweenIcelandandGreenlandis to reducetheheightof Greenlanddown to onemeter.
Figure 7 shows the resultingsealevel pressureandpotentialtemperatureat 850 hPa. Comparing
this to Fig. 2 shows large differences.In the No-Greenlandrun, thereis no troughleft behindthe
main low andthesurfacepressureat theeastcoastof Greenlandis some20 hPa greaterthanin the
control run. At CapeTobin (70� N), the No-Greenlandsimulation gives on the otherhandabout10
hPa lower surfacepressurethanthecontrol run. Figure8 shows thedifferencebetweenControland

29/00 UTC (t � +12h) 30/00 UTC (t � +36h)

Figure 7: Synopticoverview: Meansealevel pressure [hPa] and potential temperature [K] at 850
hPa whenthetopographyof Greenlandhasbeenreducedto onemeter.



No-Greenlandin potentialtemperatureat 850hPa. It is especiallyinteresting to notethewarmzone

29/12 UTC (t � +24h) 30/00 UTC (t � +36h)

Figure 8: Differencein potential temperature [K] betweenControl and No-Greenland(Control -
No-Greenland)at 850hPa.

eastof Greenlandthat advectsto the east. At the 500 hPa level thereis a slight troughover Cape
Tobin at 30/00UTC (t � +36h)in thecontrolrun which is not presentin theNo-Greenlandrun. Apart
from this, the500hPa flow fieldsarealmostsurprisinglysimilar, in view of the largedifferencesin
thesealevel pressurefield.

3.2.3 Potential Vorticity

WhenGreenlandis presentin thesimulations,therearestreamersof PV thatoriginateoverthemoun-
tainsand extend far downstream. Figure 9 comparesthesestreamersfor the areaof our smallest
domainat differentresolutions.Themagnitudeandstructureof thePV streamersclearlydependon
thehorizontalresolution,showing bothfinerstructureandmuchhighervaluesat4 km resolutionthan
at 36km resolution.In agreementwith theanticyclonic flow field, thereis little or negativePV in the
No-Greenlandcase.

4 DISCUSSION

Thesimulationspresentedheremanageto a certainextent (althoughnot quiteaswell as[2]), to re-
producethe observed strongwave activity over the easternslopesof SouthGreenland.The steep
andpresumablybreakingwavesin the stratosphereandlower tropospherearesimulated,while ob-
servationsindicatewave activity that is strongerthansimulatedin theuppertroposphere.Very high
verticalandhorizontalresolutionsdonotalterthis. Thesurfaceand500hPapressurefieldsto theeast
of Greenlandandover Icelandarevery well reproducedin thesimulations. If horizontalresolution
is decreasedfrom 4 to 36 km over the Greenlandlee slopes,the wavesare largely eliminatedand
yet thesurfaceflow field eastof Greenlandis almostunchanged.Smallvaluesof TKE in the36 km
simulationsconfirmthatapossible effectof wavebreakingis notbeingdealtwith by thesubgridtur-
bulencescheme.Theapparentlack of connectionbetweenthewavesandthesurfaceflow field is an
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Figure 9: Comparisonof potential vorticity [PVU] for different horizontal resolutionat 925 hPa
height. Thesub-area of Domain1 is the area which Domain3 covers. Arrows indicatehorizontal
wind speed.

interestingresult,sincethescaleof theobservedwavesis largeenaughto allow for somegeostrophic
adjustmentandtherebyanimpacton thesynopticflow.

Removing Greenlandhaslarge impacton thesurfacepressurefield, but smalleffect at 500hPa.
Theeliminationof theresidualtroughthatthemotherlow leavesbehindbetweenIcelandandGreen-
landis in agreementwith thecaseinvestigatedbyKM99. They explainedthisbyGreenland’sblocking
effect,hinderingadvectionof coldlow level air to thewestof themother low. Anotherwayof looking
at this is to comparethelow level flow field (Fig. 2) andthedifferencein potential temperatureat850
hPa in thecontrolrunandtheNo-Greenlandrun(Fig. 7). Fromthesefiguresit becomesapparentthat
Greenlandforcesa permanentdescentof warm air to levels below the mountain top, similar to the
idealizedsetupof blockedflow in [14]. Theresiduallow appearsasa sourcefor thewarmair that is
beingadvectedto theeast,over Iceland.Theremoval of Greenlandreducesthesealevel pressureat
CapeTobin,aneffect thatwealsorelateto blockingof Greenland.Thedenselow level air is diverted
to thesouthalongtheeastcoastof Greenland(northof 70� N) giving a pressurerisecomparedto the
No-Greenlandflow. This featureis alsopresentin KM99, confirmingthat their resultshave a more
generalvaluethanin thecasethey studied.Thesimilarity of the500hPa flow fields in simulations
with andwithout Greenland,is somewhatsurprisingsincetheperturbationsover the leeslopetravel
easilyup throughthe troposphere.This is however consistentwith the aforementionedclimatalogy
showing theIcelandiclow to bemainlya low level phenomenon.

The differencein PV in the lee of Greenlandin simulationswith andwithout wave breakingis
consistentwith theresultsof [1], indicatingthatdissipationby wavebreakingis actively contributing
to the generationof PV. The streamersof PV in the coarseresolutionexperimentare in fact also
relatedto steepeningof isentropesin a hydraulicjump-like flow pattern. In this aspect,the flow is
morereminiscentof thenon-blockedwavebreakingcaseof [16], andyettheflow in ourcaseis indeed
blocked. Theresultof KM99 andthepresentstudyindicatethat the“Icelandic trough” is to a large



extentaresultof theinteractionbetweenthetopographyof Greenlandandtheairflow. Consequently, a
poorrepresentationof Greenlandin coarseresolutionGCM’smayleadto anoverestimationof surface
pressurebetweenGreenlandandIcelandanderroneousinterpretationof changesin theregionalwind
climate. The economicimpactof this may be significant. The surfacewind field andparticularly
the frequency of strongsouthwesterlywindsareknown to influencethebiologicalconditionsin the
oceanandthegrowing conditionof codlarveat thesoutwestcoastof Iceland[8, 15]. As fishingis of
primaryimportancein theeconomyof this region, indicationsof changesin thewind climatehave a
potentiallylargeeconomicvalue.

5 CONCLUSIONS

Thenumericalexperimentsof theFastex IOP-8caseof wavesover Greenlandindicatethat thesyn-
optic flow, especiallythe deformationof a cyclonepassingbetweenIcelandandGreenlandis not
significantlyinfluencedby themountainwavesoverGreenland,in spiteof thewavesbeingamplified
andbreaking.Greatlydampedwave activity by reducedhorizontalresolutionhassignificantimpact
on thestructureandthemagnitudeof thePV generationin the leeof Greenland,suggesting thatal-
thoughthelow level flow is blocked,wave breakingcanremainanimportantdissipationmechanism
preceedingthe creationof PV in real flow aroundmountains. Thenumericalsimulations presented
herehave confirmedmountainwavesandmountain wave breakingto be a highly transientprocess,
which is moresensitive to horizontalresolution in the rangeof 4-36 km thanto vertical resolution
from 25-65sigmalevels. This mayof coursebesiteandcasedependent.Althoughthesimulations
show litt le connectionbetweentheGreenlandmountainwavesandthesurfacetroughandresiduallow
betweenIcelandandGreenland,thetopographyof Greenlandappearsneverthelessto bea governing
factorin thedeformationof thepassingcyclone,not throughgravity waves,but blockingof cold air
at low levelsandpermanentdownwarddeflectionof potentiallywarmair.
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