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1. Introduction

Many tracegasesin the atmosphereareemittedinto
theplanetaryboundary(PBL) nearor at thesurfaceand
destroyed by chemicalreactionsasthey move aboutin
the atmosphere.Theseprocessesgeneratefluctuations
in concentrationwhich can be usedto infer residence
timesof species,or alternatively, if the residencetimes
areknown, we maybeableto infer transportproperties
of the atmosphere,or surfaceemissionpatterns. One
way to studythis is to analyzethe variationsof a suite
of chemicalspeciessampledat variouslocationsandat
varioustimes. For example,an airplanecanbe usedto
collect samplesduring a flight, or seriesof flights, and
the standarddeviationsof the speciesconcentrationsσi

obtainedfrom thecollectionof samples,normalizedby
their meanconcentrationsSi, canbecalculated.An ap-
plication of this is to estimateresidencetimesof trace
specieswhich areunknown by usinga suiteof species
of differentresidencetimesτi to establisha relationship
betweenσi

�
Si andτ.

This procedurewas apparently first describedby
Junge(1963and1974)who suggestedthatσi

�
Si should

beinverselyproportionalto τi; i.e.,

σi
�
Si � Aτ � α

i (1)

with A a constantand α � 1. Definitive testsof this
hypothesisareonly now beingreported. Jobson,et al.
(1999)have analyzedseveralarchiveddatasetsof quite
extensive observationscollectedunderdifferent condi-
tionsandfoundthatfor measurementsin theremotetro-
posphere(i.e. far from localizedsources),the valueof
α wasabout1/2. Colmanet al. 1999)useddatafrom
the NASA PEM-Tropics-A (Pacific Exploratory Mis-
sion) aircraft flights in 1996to estimatethe lifetime of�
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CH3Br, andobtaineda valueof α considerablylessthan
one.Ehhaltet al. (1998)useddatafrom PEM WestB to
infer theconcentrationof OH fromtheresidencetimesof
a suiteof hydrocarbonswhich reactwith OH andfound
a valueof α � 0 � 48,verycloseto 1/2.

Ehhalt et al. (1998) also developeda hierarchyof
scalar diffusion models to illustrate aspectsof diffu-
sion of reactive species.They startwith a simpleone-
dimensionalmodelof steady-stateverticaldiffusionwith
a constantturbulentdiffusivity that illustratesthe inher-
entpropertyof asecond-orderdiffusionequationto give
a meanconcentrationthat is proportionalto τ1� 2. They
thenshowed,using2-and3-dimensionalmodels,thatfor
continentalsourcesof speciesthey could simulatefluc-
tuationsin speciesconcentrationsthatfollowed(1) with
α � 0 � 5.

HereI developa model,alsousingtheconceptof an
eddydiffusionequation,but addingto this theprocessof
massexchangeacrossthetop of thePBL, aswell across
the tropopause,to study in moredetail the behavior of
tracereactive speciesin thePBL, aswell astheoverly-
ing free atmosphere.This global modelassumeshori-
zontalhomogeneity, sotheonly sourceof fluctuationsis
verticalexchange.

2. Model

Thebasisfor this modelis thatmassexchangeacross
the top of the PBL, as well as acrossthe tropopause,
cangeneratefluctuationsin speciesconcentrationsin the
PBL andfreeatmosphere.We parameterizethis by con-
structingamodelwhichconsistsof threelayers:a lower
layer (L1) that is well-mixedby direct interactionswith
thesurface,assumedtobe1 kmdeep(thePBL);amiddle
layer (L2), which is the restof the troposphereextend-
ing up to 15 km, wherevertical transportis described
by a constantdiffusivity; and an overlying layer (L3),
the stratosphere,assumedto extend up to infinity and
describedby a diffusivity which increaseswith height.
Eachof theselayersis assumedto beseparatedby adis-
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Figure1: Modeledvertical profile from the surfaceup
into thestratosphereof a reactive speciesreleasedin the
PBL with aresidencetimeτ � 107 s � 116daysnormal-
izedby thePBL concentration.

continuouschangein concentrationacrossan interface
wherethetransportis assumedto occurvia anexchange
velocity 
 achangein concentrationacrosstheinterface.
Thus,theverticalflux acrossthetopof L1 is

F1 � w12 � S1 � S2 
 � (2)

Figure1 showsthelocationsandnamesof thelayersand
interfaces.

The one-dimensionalconservation equation for a
speciesS with anatmosphericresidencetimeτ is

∂S
∂t

� 1
ρ

∂ρF
∂z � S

τ � 0 � (3)

whereρ is air density. We assumesteadystate.For L1
weassumeaperfectlymixedPBL andτ � z1

�
w � , where

w � is theconvectivevelocityscale.Thatis, theresidence
time is assumedto be � the mixing time scalewithin
thePBL, which is typically lessthananhour. Theninte-
grating(3) from thesurfaceto thetop of thePBL z1 we
obtain

F1 � F0 � z1

τ
S1 � (4)

For L2, weassumeaconstanteddydiffusivity K2 � 10
m2 s� 1 (MassieandHunten,1981).SubstitutingF2 � z 
 �� K2S �2 � z 
 into (3), weobtain

1
ρ

∂
∂z

ρK2
∂S2 � z 


∂z � 1
τ

S2 � z 
 � 0 � (5)

We usetheapproximationthatρ � ρ0e ��� 2z, where � 2 �
0 � 1134 
 10� 3 m� 1 for a standardtroposphere,so that
(5) becomes

∂2S2 � z 

∂z2 � � 2

∂S2 � z 

∂z � 1

K2τ
S2 � z 
 � 0 � (6)

For L3, weassumeK3 � z 
 � K3 � z2 
 ekz, whereK3 � z2 
 �
0 � 0711m2 s� 1 andk � 0 � 103 
 10� 3 m� 1 (Liley, 1995).
For density, we assumea standardisothermalstrato-
sphere,� 3 � 0 � 157 
 10� 3 m� 1. Then,

∂2S3 � z 

∂z2

� � k � � 3 
 ∂S3 � z 

∂z � 1

K3 � z2 
 τ e � kzS3 � z 
 � 0 � (7)

At the top of thePBL, I estimatetheentrainmentve-
locity (2) from the Earth’s surfaceenergy budget (ne-
glectingshear).Sellers(1965)estimatedtheaveragesen-
sibleenergy flux overlandandoceanas31.9W m� 2 and
10.6W m� 2, respectively, andthe correspondinglatent
energy fluxesas33.2and98.3W m � 2, respectively, with
70.8%of theEarthcoveredby ocean.Thisleadstoanav-
eragesurfacevirtual temperatureflux of 0.023m s� 1 K.
Applying thesimpleTennekes(1973)mixed-layermodel
to estimatethejump in temperatureacrossthePBL top,

T2 � T1 � γz1

2
�

m � 1 � (8)

where � m is theratioof virtual temperatureflux at z1 to
thesurfaceflux andγ is thelapserateof potentialtemper-
aturejust above z1. HereI assumem � 0 � 2 andγ � 6 � 5
K km � 1. From(2), (8), andthesurfacevirtual tempera-
tureflux, we estimatew12 � 0 � 005m s� 1. This givesa
troposphericturnovertimeof about20days.

At the top of the troposphere,we estimatethe en-
trainmentvelocity w23 from the estimateof Holton et
al. (1995)of a two-yearturnover time of air above the
100 hPa level. This leadsto an exchangevelocity of
w23 � 10� 4 m s� 1.

Additional boundaryconditionsareprovided by flux
continuityacrosstheinterfacebetweenL1 andL2,

F1 � z1 
 � w12 � S1 � S2 � z1 
�
 � � K2S �2 � z1 
 � (9)

andbetweenL2 andL3,

F2 � z2 
 � w23 � S2 � z2 
�� S3 � z2 
 � � K2S �2 � z2 
� � K3 � z2 
 S �3 � z2 
 � (10)

A solutionto (6) is

S2 � z 
 � C1 exp

��� � 2 ��� � 2
2
� 4

K1τ � z
2 ��

C2exp

��� � 2
� � � 2

2
� 4

K1τ � z
2 � (11)



whereC1 andC2 areconstantsto be determinedby the
boundaryconditions.A solutionto (7) is

S3 � z 
 � e  3z
2 !C3I � ν � ζ 
 � C4Iν � ζ 
#" (12)

whereν � � � 3 � k 
 � k,

ζ � � 2
k $ e � kz

K3 � z2 
 τ � (13)

I % ν � ζ 
 aremodifiedBesselfunctionsof orderν, andC3

andC4 areconstants.
Scalar fluctuations in a horizontally homogeneous

PBL are generatedby fluxes at the surfaceand top of
thePBL.Thisconceptof bottom-upandtop-downscalar
diffusionin theconvectivePBL wasdevelopedby Wyn-
gaardandBrost(1984).For thecaseof areactivespecies
releasedinto thePBL at a locationremotefrom theob-
servationpoint with no surfacedeposition,PBL fluctua-
tionsresultonly from exchangeof air with differentval-
uesof S acrossthePBL top. Thetop-down formulation
obtainedfrom large-eddysimulationof the convective
PBL by MoengandWyngaard(1989)predictsthat

σ � F1 � z1 

w � f 1� 2

t � z � z1 
 (14)

where ft � z � z1 
 is thetop-down variancefunction,

ft � z � z1 
 � 3 � 1 � 1 � z
�
z1 
 � 3� 2 � (15)

Substituting(9) into (14)yields

σ � w12 ! S1 � S2 � z1 
#"
w � f 1� 2

t � z � z1 
 � (16)

We seethat as z & z1 or w �'& 0, ft � z � z1 
 becomes
large. That is, aswe approachz1, or as the turbulence
becomessmall,thevariancebecomeslarge. However, it
cannotrealisticallyexceed ! � S1 � S2 � z1 
#" unlesssignifi-
cantgradientsin S exist aboveor below z1.

Herewe considerthat σ bothabove andbelow z1 re-
sultsnot only from small-scaleturbulentmixing, aspa-
rameterizedin (14), but alsomesoscalecirculationsthat
exchangeair betweenL1 andL2. Suchexchangecan-
not mix out as rapidly as small-scaleexchange,so we
expect that σ is moredirectly relatedto the concentra-
tion differencebetweenthetwo layers.Furthermore,we
expect that larger fluctuationsmay exist in L2 thanL1
sincemixing is lessandS canvary with height in L2.
Therefore,weparameterizethestandarddeviationby

σ � C ! S1 � S2 � z2 
(" (17)

whereC is aconstant) 1 in thePBL.

3. Results

Equations(4), (9), (10),(11),and(12)weresolvedfor
τ � 107 s � 116daysandthe resultsfor themeancon-
centrationsareplottedin Figure1. This valueof τ was
selectedbecauseit producesconcentrationfluctuations
in the PBL andtroposphere,with relatively low strato-
sphericand uppertroposphericconcentration.We can
approximate(11)by

S2 � z 
 � S2 � z2 
 e � z �+* K2τ � (18)

andthus

S �2 � z 
 � � S2 � z 
,
K2τ

(19)

From(9),

� K2S �2 � z1 
 � S2 � z1 
 � K2

τ � w12 ! S1 � S2 � z1 
#" � (20)

or
S1 � Sz � z1 


S2 � z1 
 � 1
w12

� K2

τ
� (21)

Substituting(17) into (21),

σ
S2 � z1 
 � C

w12
� K2

τ
� (22)

Thus we get the predicted τ � 1� 2 dependency for
σ
�
S2 � z1 
 , andfrom (1), we find thatif τ is givenin days

(asis thecasein therelevantliterature),

A � CK1� 2
2

w12
� 2 � 15C � (23)

Jobsonet al. (1999)obtainedvaluesof A from about
2 to 4 for datasetsobtainedfrom lower troposphericob-
servationalstudies,which meansthat our resultsarein
reasonableagreementwith theobservationsfor C of or-
derunity.
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