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1Introduction

1.1CompositionofairintheUTLSregionandits

climatologicalrelevance

Stratosphere-troposphereexchange(STE)acrossthetropopauseisanimportantbi-directional

processinfuencingthecompositionoftheuppertroposphereandlowerstratosphere(UTLS,

Holtonetal.(1995))and,consequently,theEarth’sradiativebudget(Solomonetal.,2010;Riese

etal.,2012). Thecompositionofairenteringthestratosphereismainlydeterminedbythe

transportprocesseswithinthetropicaltropopauselayer(TTL)couplingtheHadleycirculation

inthetropicaltroposphere(timescaleofdays)withthemuchslower(timescaleofmonths)

Brewer-Dobsoncirculationinthestratosphere(Fueglistaleretal.,2009).Complementarytothe

upwardtransportthroughtheTTL,thedownwellingbranchoftheBrewer-Dobsoncirculationis

associatedwiththestratosphere-to-troposphereexchangethatmainlyoccursintheextratropics

withintheExtratropicalUpperTroposphereLowerStratosphere(ExUTLS)(Gettelmanetal.,

2011)(seefg.1.1).

TheBrewer-Dobsoncirculationisoverlaidbyafast(timescaleofdaystoweeks),quasi-

horizontaltransportassociatedwithisentropicmixing,i.e.two-wayirreversibletransport,in-

cludingSTE(Holtonetal.,1995).Notethatthisbi-directionalisentropicmixingdoesnotinfu-

encethedistributionofmass(becausethesetwomassfuxesarealmostequal),butsignifcantly

affectsthedistributionofchemicalspeciesduetothedependenceoftracertransportonthehor-

izontalgradientsoftheconsideredspecies.Furthermore,transportoftroposphericairintothe
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Figure1.1:Aschematicstructureoftheuppertro-

pospherelowerstratosphere(UTLS)regionover-

laidwiththeBrewer-Dobsoncirculation(BDC).

TTL-TropicalTropopauseLayer,ExUTLS-

ExtratropicalUpperTroposphereLowerStrato-

sphere.Foramoredetaileddiscussionoftheseat-

mosphericcompartmentsseeHoltonetal.(1995),

Fueglistaleretal.(2009)andGettelmanetal.

(2011).
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2.2Lagrangianviewoftransport 13

whereasthepathofeachairparcel,r(t),isthesolutionofthetrajectoryequation,i.e.

dr(t)

dt
=u(r(t),t), r(0)=r0. (2.16)

320 K

350 K

360 K

450 K

380 K

420 K

600 K

Tropopause

High Latitudes

Mid−Latitudes

Stratosphere (Overworld)

Tropics

Eulerian grid

Lagrangian air parcel

x

z

∆z

∆z

z∆ x∆

α= r r

Figure2.1:Top:EuleriangridfxedinspaceversusLagrangiangridmovingwiththefow.Theboldblack

pointsdenotetheairparcelswhichcanbeunderstoodasmassless,pivotalpointsfxedeitherinspace

(Euler)orinthefuid(Lagrange).Inbothframesofreference,thehorizontalandverticalresolutions∆x

(orr=∆rdescribingthe2Dhorizontaldistancebetweentheairparcels)and∆zshouldbeconsistently

chosen.Bottom:...andaslightlymoreartisticview:Left:CasperDavidFriedrich’sfamous“Wanderer

abovetheSeaofFog”,wholooksattheatmospherepassinghimby(Eulerianview).Right:Montgolfer

balloonoverRocamadourmovesapproximatelywiththeatmosphere(Lagrangianview).

Thus,accordingtoeq.(2.15),thetimedependenceofµiisdeterminedonlybymixing.D=0,

i.e.nomixing,impliesthatthemixingratiosµiareconstant.
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Figure2.4:Dispersionversusdissipation.ElongationordispersionofasphericalGaussianplumeina

shearedfowwithashearratesv. Whentheaspectratioα=r/∆zexceedsacriticalnumber,typically

largerthan100,theplumedissipates,i.e.mixingsetsinandtheplumebecomesindistinguishablefrom

thebackgroundatmosphere.

decreases.Thequantitativevaluesofαarecontrolledbytheturbulentdiffusionthatisstrongin

thetroposphereandratherweakandpatchyinthestratosphere.Theturbulenceitselfisdrivenby

theenergycascadefromlargealmost2Dhorizontaleddieswhichareformedbybreakingwaves

onaplanetaryscaleandwhichdecayintosmallerandsmaller3Deddies.

Asimpleexample(seefg.2.4)ofhowlargevaluesofαariseintheatmosphereisobvi-

ousfromthedispersionofasphericalGaussianplume(i.e.ofaplumewithaGaussiantracer

distribution)inahorizontalandlinearshearfowwithaconstantverticalshearsandconstant

vertical/horizontaldiffusivities(Konopka,1995;Schumannetal.,1995;Schlageretal.,1997)

(forthedefnitionofapure2DshearandstrainfowsseeappendixA.4).

Thus,inastablystratifedandshearedfowasphericalGaussianplumebecomeselongated.

AsshowninKonopka(1995),theaspectratioαofsuchaplumeincreaseswithtimetlike

≈(st)2,i.e.theoriginalsphericallysymmetricalsourceisdeformedintoastronglyelongated

andalmosthorizontalflamentthat,intherealatmosphere,woulddissipateafterαexceededa

certaincriticalnumber.However,beforedissipationoccurs,i.e.beforetheGaussianplumebe-

comesindistinguishablefromthebackgroundatmosphere,thevaluesofαroughlyquantifythe

asymmetrybetweenthehorizontalandverticalscalesdiscussedhere.Thus,abalancebetween

dispersionanddissipationoftheplume,or,inotherwords,betweenadvectionandmixing,de-

fnestheatmosphericaspectratioα.

Usingarandom-strainingmodeldescribingasteadystateofverticaldiffusion,verticalshear

andhorizontalstirring,HaynesandAnglade(1997)arguedthatαestimatestheratiobetween

thehorizontalandverticaldiffusivitiesDhandDvthrough

α2=Dh/Dv. (2.17)

Eq.(2.17)wasderivedontheassumptionthattheinteractionoftheverticaldiffusionandof

theverticalshearproducesslantedflaments,which,afterbeingtransportedbythe(isentropic)



−

α
−

α
α

Δ Δ Δ < Δ /

Δ

≈ Δ /Δ



Δ

Δ

Eulerian frame of reference Lagrangian frame of reference

Δ = Δ = =

∂ ≈ Δ /Δ
Δ Δ < (∂ )− = Δ /Δ

Δ

/ ∼ Δ /Δ ≈ /Δ = α ,



∼ Δ /Δ = Δ ∼

∼ Δ ∂

∼

∼ ∇

Δ

Δ

Δ



θ

×

θ

(θ ,ρ) = ρ
θ
θ

ρ
θ
=

θ
ρ ρ θ

= Δ Δ



2.5Entropy-andstaticstability-basedgrid 21

Stratosphere

Troposphere

Mesosphere

S

T

T

∆

ref

ref S   +    Sref

adiabatic

S∆

S∆

∆S

Carnot cycle

"same available work"

Figure2.7:TheairparcelswithdifferentvolumesVapbutwiththesameamountofentropySap=∆S=

Vaps(sisgivenby(2.20))areadiabaticallytransformedintoastatewiththesametemperatureT(notethat

althoughhavingthesametemperature,theseairparcelsdifferintheirpressuresandnumberofmolecules).

Theseairparcels,ifincludedintheCarnotcycleworkingbetweenthetemperaturesTandTref(T>Tref)

andentropiesSrefandSref+∆S,wouldtransformheatintothesameamountofavailablework(reddashed

rectangle).Intheatmosphere,suchworkismanifestedaslarge-scaleeddieswhichmaydrivemixing.In

asystemwithnoadditionalinformation,thiscriteriondefnesairparcelswiththe“samepotentialfor

mixing”.

amountofavailableworkdonealongtheisothermal-isentropicbranchesoftheCarnotcycle

(i.e.W=∆T∆S,∆T=T−Tref).Duringthiscycle,heatistransportedfromthewarmerreservoir

withtemperatureTtothecolderreservoirwithtemperatureTref.

Anexampleofhowtorealizesuchprocessesintherealatmosphereisthetransportofheat

bybreakingsmall-scaleplanetaryorgravitywaves.Thus,althoughwavesthemselvescanbe

consideredasadiabaticprocesseswithθ=const,thebreakingofsuchwavesandtheassoci-

atedmixingarediabaticandnon-conservative.E.g.,breakingplanetarywaveswhichdrivethe

Brewer-Dobsoncirculation,transportheatfromthetropicstotheextratropics.Anotherexample

isgravitywaveswhichbreakduetosomeshearinstabilitiesinthefow.Thus,ifnothingelse

isknownaboutthesystem,thesameentropyoftheairparcelsmeansthe“samelikeliness”that

suchirreversibletransportmayhappen.

InaLagrangiantransportschemewhereeachmixingeventisparametrizedbythenumerical

diffusionresultingfromthe(adaptive)re-griddingprocedure,itisnecessarytocoverthewhole

atmospherewiththe“sameaccuracy”withrespecttothe“resolutionofmixing”.Thismeans

thatonlyafewairparcelsarenecessaryinregionswithstrongmixing(e.g.thewell-mixedlower

troposphere)whereasfowdomainswithweakmixingandhighspatialvariabilityoftransported

speciesrequiremoreairparcels(e.g.thestablystratifedlowermoststratosphere).

Thus,weproposeadistributionofairparcelsovertheentireatmospherebyusingtheweight-

ingdefnedbytheentropys.Wefxtheentropyofeachairparcel,Sap,by

Sap=Vaps(θ,ρ), (2.21)



= Δ
= / =

Δ
Δ

α = /Δ
θ/ =

( /θ)( θ/ )

θ/ >

α

α = / = Ω (φ)
Ω φ

α = ( ) = ,

= α / = α
α = = . · − − α

θ =

θ
Δ

Δ
= ,

Δ
=

=

( )
, Δ =

( ) ( )

=

= Δ =
α



ζζ
ζζ

∼ N

∼ s

θ θ
θ = θ (λ ,φ) λ φ

Δζ
Δ

ζ

=

α = Δ = =α /

= . −

α =

Δ

α = /Δ
= ( Δ )−

α

α



24 LagrangiantransportwithCLaMS

Figure2.9: Entropyandstaticstability-based

scaleswhichuniformlycoverthewholeatmo-

sphere.s,V,andα=r/∆zdenotetheentropy,vol-

umeandtheaspectratioofthreerepresentativeair

parcelsinthetroposphere(TR),stratosphere(ST)

andinthevicinityofthetropopause(UTLS),re-

spectively.
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enhancingtheverticalnumericaldiffusion.Inaddition,thehighestdensityofairparcels,which

isaconsequenceoftheentropycriterion,hastobeexpectedabovethetropopauseinthepolar

lowerstratosphere(fg.2.8bottom),i.e.inregionswherestrongflamentarystructuresareformed

bythechaoticadvectiondrivenbythejets.

2.6Re-griddingprocedure

Asdiscussedattheendofsection2.4,Lagrangiantransportoffersatwo-stepprocedurehowto

implementphysicalmixingintoatransportschemesothatnumericaldiffusionmimicsrather

thandisturbsthephysicaldiffusivity. Afterdefninganappropriategridintheprevioussec-

tion(frststep),thequestionariseswhichphysicalprocessestriggermixingintheatmosphere

andhowsuchprocessescanbenumericallyimplementedintothetransportschemeusinggrid

interpolationsor,inotherwords,byusinganappropriatere-griddingscheme(secondstep).

Ourheuristicideafordefningamechanismtriggeringmixingeventsistoidentifyregionsin

theatmospherewhichare“unstable”andwhichmayundergo“strongdeformations”.Thefowis

calledunstableifasmallperturbationatinitialtimewillgrowsignifcantlyduringthecourseof

theevolutionofthefow.FromtheLagrangianperspective,thismeanthatthedistancebetween

theadjacentairparcelsincreases“suffcientlyfast”.Thus,bymonitoringthispropertyinthe

Lagrangiangriditispossibletodetectsuchregionsinthefowand,subsequently,byre-gridding

thesepartsofthegrid,totriggernumericaldiffusionthroughtherelatedinterpolations.

AfurthermotivationisbasedonthegradientRichardsonnumber,i.e.onadimensionlesscrit-

icalratioRicdescribingtheonsetofinstabilitiesdrivenbywindshearand/orbuoyancy(Turner,

1973).Riisdefnedas

Ri=
N2

∂u
∂z

2
+ ∂v

∂z

2
(2.26)

withu,vdenotingthehorizontalwindcomponentsandNtheBruntVaisalafrequency.Ric,is

about0.25(althoughreportedvalueshaverangedfromroughly0.2to1.0)withthefowbecom-

ingdynamicallyunstableoreventurbulentwhenRi<Ric.Suchturbulenceoccurseitherwhen
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FigureA.3:Plumedispersiondrivenbyun-

resolvedhorizontalwind(inx-yplane)with

typicalverticalandhorizontalshearratessv
andsh,respectivelyandauniformcontribu-

tionofallhorizontaldirectionsofthewind.

Inparticular,theelongationofthe2Dplume

(inx-zplane)isshown,whichresultsina

slantedblueellipsewiththehorizontaland

verticalvariancesgivenbyσhandσv.

s

sv

h

z

x

σv σh

distribution(Konopka,1995)thatcanbetransformedtotheprincipalaxes.

Thus,fora2Dcasewithaprescribedwindalongthexaxis,the2Dplumeinthex-zplaneis

elongatedbytheverticalshearsvandbythediffusivitiesD
0
handD

0
vintoanalmosthorizontal

ellipsewiththehorizontalandverticalvariancesσhandσv,respectively(blueellipseinfg.A.3).

Inthe3Dcaseandafterasuffcientlylongtimeduringwhichweassumethatthehorizontalwind

hasuniformlycoveredallpossibledirections,asymmetric(aroundthez-axes),pancake-like

Gaussiancloudisexpected.Thisrotation-symmetricdistributioncanbeexpressedintermsof

onlytwovariancesσhandσvwithσh≫σvbecausesh≪svandD
0
h≫D

0
visvalid(moreprecisely,

σhandσvarethediagonalelementsoftherotation-symmetricvariancematrixdescribingthe3D

widthoftheGaussiancloud).Thetimeevolutionofσhandσvisgivenby:

dσh
dt

= −shσh+D
0
h (A.3)

dσv
dt

= −svσv+D
0
v (A.4)

Inasteadystate,i.e.,wheneffectsofadvectionanddiffusioncanceleachother,theleftsidesof

theaboveequationsvanish,i.e.thefollowingisobtained:

α2≈
σh
σv
=
sv
sh

D0h
D0v
=:
Dh
Dv

(A.5)

withthehorizontaleffectivediffusivityDh=(sv/sh)D
0
hquantifyingtheadvectiveanddiffusive

contributionsoftheunresolvedscales.Furthermore,withDv=D
0
v,weassumethatthevertical

diffusivityisroughlythesameontheresolvedandunresolvedverticalscale.

Theratiooftheverticalandhorizontalshearrates,sv/shcanbeapproximatedthroughsv/sh≈

10−3/10−5=100(D̈urbeckandGerz,1995;BalluchandHaynes,1997),andD0hisasmall-

scale,horizontaldiffusivitywithD0h≈10m
2/s(Schumannetal.,1995)(D0hcanbeinterpreted

asahorizontaldiffusivityinawind-freeatmospherevalidonhorizontalscaleswithintherange

1−100m).Thus,usingthesenumbers,Dhisexpectedtobeoftheorderof10
3m2/s.
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Lagrangian view

Eulerian view

i−1 i+1

FigureA.4:Idealized1DtransportintheEulerian

(blue)andLagrangian(orange)frameofreference.

Theerrorofinterpolationcanbere-interpretedas

thenumericaldiffusion(fordetailsseetext).

A.3Interpolationandnumericaldiffusion

Inthisappendix,weshowthatina1-Dtransportproblem,bothfromtheLagrangianandEule-

rianpointofview,theerrorconnectedwiththere-griddingandassociatedinterpolationcanbe

understoodasanumericaldiffusionwithaconstantdiffusivityD∼∆x2/∆t,where∆xand∆t

describethegridwidthandtheintegrationtimestep.

LetusfrstconsidertheLagrangiancase,i.e.twoairparcelsseparatedbythedistance∆x

(pointsi−1andi+1infg.A.4),whichafteratimestep∆tmovesofarapartthatanadditional

airparcelhastobeinsertedin-between(redpointi).Thus,themixingratioµiofapassivetracer

atthepointicanonlybederivedfromµi−1andµi+1,whicharethemixingratiosofthenext

neighborsoftheairparceli.Theeasiestformofinterpolation,i.e.linearinterpolation,gives:

µ∆ti =
1

2
(µ∆ti−1+µ

∆t
i+1)=

1

2
(µi−1+µi+1) (A.6)

becauseµi−1andµi+1aretransportedalongthetrajectorieswithoutchangingtheirvalues(beige

arrows).

However,inthiswayanerrorhascreptintothenumericalscheme,becauseµ∆ti deviatesfrom

µidescribingthe“true”mixingratioatthei-thairparcel.Theoriginofthiserrorbecomesalso

apparentinthefactthatthemiddlepointbetweentheairparcelsi−1andi+1att=t0(open

circle)isnottransportedtothepositionofthei-thairparcelatt=t0+∆t(redflledcircle).Thus,

evenifµiatthemiddlepointbetweentheairparcelsi−1andi+1att=t0wereknown,this

wouldnothelptodeterminethe“true”valueµ∆ti attheredpoint(anyway,thisinformationfalls

belowtheresolution∆xand,consequently,isnotavailable).

Theerrorofinterpolationcanbeestimatedasµ∆ti−µi,i.e.:

µ∆ti−µi=
1

2
(µi−1−2µi+µi+1) (A.7)

or
µ∆ti−µi
∆t

=
1

2

µi−1−2µi+µi+1
∆x2

∆x2

∆t
. (A.8)
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FigureA.9:Voronoipolygons(dashedlines)and

Delaunaytriangulation(boldlines)defningthe

nextneighborsina2Dgrid(boldflledcircles).
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(seefg.A.9wherebeigedashedregiondenotestheVoronoiregionofthepointwiththenumber

7surroundedbythenextneighborsnumberedfrom1to6).

ThebordersoftheVoronoiregionsarecalledVoronoiedges(dashedlines)andarethesetof

pointsofequaldistancetotwonearestgridpoints.TheVoronoiedgesaresymmetryaxesfor

nextneighborgridpointpairs.EverygridpointlieswithinexactlyoneassociatedVoronoiregion.

TwogridpointswhicharenextneighborsareconnectedbyaDelaunayedgewhichinthe2Dcase

formanetoftriangles,theDelaunaytriangulationor,in3D,theDelaunaytetrahedration.Fora

comprehensivediscussionofallrelevantgeometricpropertiesoftheDelaunaytriangulationsee

Wikipediaandreferencestherein.

TodeterminetheDelaunaytriangulationforanarbitraryirregulargridink-dimensionsisa

challengingnumericalproblem.Oneofthestrategies,theconvexhullapproachisbasedonthe

ideathatthefndingoftheDelaunaytriangulationforasetofpointsink-dimensionalEuclidean

spacecanbeconvertedtotheproblemoffndingtheconvexhullforasetofpointsin(n+1)-

dimensionalspace(e.g.,PreparataandShamos,1985).

TheconvexhullofasetofpointsXintheEuclideanspaceisthesmallestsetthatcontains

X.Foraplanarsetofpoints,theconvexhullmaybeeasilyvisualizedbyimagininganelastic

bandstretchedopentoencompassthesepoints;whenreleased,itwillassumetheshapeofthe

requiredconvexhull(seefg.A.10).Fig.A.11showsschematicallyfora1Dcasehowtheconvex

hullstrategyworks.Thus,frstthe1Dirregulargridpoints(blackflledcirclesonthehorizontal

line)areprojectedontothecirclearch(2Dspace).Thentheconvexhullisiterativelydetermined

(i=1to4)wherenewpointsaregraduallyaddedtothepolygonalchain(frombluethrough

greenandpinktocyan)untiltheconvexhullisfoundthat,inthissimplecase,isgivenbythe

minimalsetcontainingallthepointsonthecircle.
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FigureA.10:When Xisasetofpointsonthe

plane(likenails),theconvexhull maybevi-

sualizedastheshapeformedbyarubberband

stretchedaroundX.Thegreennailsdefnetheedge

oftheconvexhullwhereasthegraynailsbelongto

theinterioroftheconvexhullofX(seeWikipedia).
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FigureA.11:Strategyoftheconvexhullalgorithm

tofndthenextneighborsinthe1Dcase.

Thus,aftereachiterationstepianewpointisaddedtotheexistingpolygonalchainthatis

outsidethechain,i.e.outsidethei-thiterationoftheconvexhull.Onlythosepartsofthechain

aremodifedwhich“areseen”fromtheperspectiveofthenewpoint.Forexample,duringthe

4thsteppointBseesonlythepointsAandCbutnotthepointD.Thiscriterioncanalsobe

formalizedbyusingthescalarproductbetweenthenormalvectors.Theiterationisfnishedif

allpointsareprocessedandtheconvexhull(cyan)isfound.

Finally,theedgesoftheconvexhullareprojectedbacktothe1DspacedefningtheDelaunay

triangulationthatreducesinthis1Dcasetoasetoflines.Thissetalsodefnesthenextneighbors

oftheoriginalgridpoints(cyanarches).

The2D/3Dcasesarenaturalgeneralizationsofthisprocedurewithtrianglesandtetrahedra

replacingthestraightlinesasthebasicunitsoftheconvexhull.Inparticular,inthe2Dcasethe

circlearchinfg.A.11hastobereplacedbyahemisphereandtheconvexhullisformedbyaset

oftrianglesdefningtheDelaunaytriangulation.Inthispaper,onlythecasewithaco-spherical

gridisrelevant,i.e.whenallgridpointswhichhavetobetriangulatedareonasphere.The

computationaltimes,t2D/3Dareoftheorder∼NlogNandbetterthanN
2forthe2Dand3D

triangulation,respectively,withNdenotingthetotalnumberofgridpoints(Barberetal.,1996).





























Schriften des Forschungszentrums Jülich 
Reihe Energie & Umwelt / Energy & Environment 

Band / Volume 386 
IEK-3 Report 2017 
Sector Coupling – 
Research for an Integrated Energy System 
(2017), 175 pp 
ISBN: 978-3-95806-258-0 

Band / Volume 387 
Photochemistry of Highly Oxidized Multifunctional Organic Molecules: 
a Chamber Study 
L. I. M. Pullinen (2017), II, 96, xviii pp
ISBN: 978-3-95806-260-3

Band / Volume 388 
Poröse Transportschichten für die Polymerelektrolytmembran-
Wasserelektrolyse 
M. Höh (2017), VI, 186 pp
ISBN: 978-3-95806-262-7

Band / Volume 389 
Modelling of High Temperature Polymer Electrolyte Fuel Cells 
Q. Cao (2017), 173 pp
ISBN: 978-3-95806-263-4

Band / Volume 390 
Potential use of nitrification inhibitors for mitigating N2O emission  
from soils 
D. Wu (2017), 206 pp
ISBN: 978-3-95806-264-1

Band / Volume 391 
Mechanical Characterization of Solid Oxide Fuel Cells and Sealants 
J. Wei (2017), II, 151 pp
ISBN: 978-3-95806-266-5

Band / Volume 392 
Microcrystalline Silicon Carbide for Silicon Heterojunction Solar Cells 
M. B. Pomaska (2017), 150 pp
ISBN: 978-3-95806-267-2

Band / Volume 393 
Einfluss der Kristallisation auf das Fließverhalten oxidischer Schmelzen 
S. Seebold (2017), 168 pp
ISBN: 978-3-95806-268-9



Schriften des Forschungszentrums Jülich 
Reihe Energie & Umwelt / Energy & Environment 

Band / Volume 394 
Water vapour in the UTLS – Climatologies and Transport 
P. R. Neis (2017), x, 124 pp 
ISBN: 978-3-95806-269-6 

Band / Volume 395 
Neutronenaktivierungsanalyse mit gepulsten 14 MeV Neutronen  
zur Charakterisierung heterogener radioaktiver Abfälle 
F. Mildenberger (2017), vi, 128 pp 
ISBN: 978-3-95806-271-9 

Band / Volume 396 
Coupled biotic-abiotic mechanisms of nitrous oxide production in soils 
during nitrification involving the reactive intermediates hydroxylamine 
and nitrite 
S. Liu (2017), xvii, 148 pp 
ISBN: 978-3-95806-272-6 

Band / Volume 397 
Mixed-phase and ice cloud observations with NIXE-CAPS 
A. Costa (2017), xviii, 117 pp 
ISBN: 978-3-95806-273-3 

Band / Volume 398 
Deposition Mechanisms of Thermal Barrier Coatings (TBCs)  
Manufactured by Plasma Spray-Physical Vapor Deposition (PS-PVD) 
W. He (2017), ix, 162 pp 
ISBN: 978-3-95806-275-7 

Band / Volume 399 
Carbonyl Sulfide in the Stratosphere: airborne instrument development 
and satellite based data analysis 
C. Kloss (2017), vi, 84, 1-14 pp 
ISBN: 978-3-95806-276-4 

Band / Volume 400 
Lagrangian transport of trace gases in the upper troposphere  
and lower stratosphere (UTLS) 
P. Konopka (2017), 70 pp 
ISBN: 978-3-95806-279-5 

Weitere Schriften des Verlags im Forschungszentrum Jülich unter 
http://wwwzb1.fz-juelich.de/verlagextern1/index.asp 





Energie & Umwelt /  
Energy & Environment
Band/ Volume 400
ISBN 978-3-95806-279-5

M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Energie & Umwelt /  
Energy & Environment
Band/ Volume 400
ISBN 978-3-95806-279-5

Lagrangian transport of trace gases in the upper 
troposphere and lower stratosphere (UTLS)

Paul Konopka


	400 Titelei.pdf
	Leere Seite

	Leere Seite
	Leere Seite



