34

FLUCTUATIONSIN TRACE GASCONCENTRATIONS GENERATED BY
ENTRAINMENT IN THE BOUNDARY LAYER AND FREE TROPOSPHERE*

Donald H. Lenschow’
NationalCenterfor AtmosphericResearchBoulder CO

May 16,2000

1. Introduction

Many tracegasesn the atmospherare emittedinto
the planetaryboundary(PBL) nearor at the surfaceand
destrgyed by chemicalreactionsasthey move aboutin
the atmosphere.Theseprocessegeneratdluctuations
in concentrationwhich can be usedto infer residence
timesof speciespr alternatvely, if the residencdimes
areknown, we may be ableto infer transportproperties
of the atmospherepr surface emissionpatterns. One
way to studythis is to analyzethe variationsof a suite
of chemicalspeciessampledat variouslocationsandat
varioustimes. For example,an airplanecanbe usedto
collect samplegduring a flight, or seriesof flights, and
the standarddeviationsof the speciesconcentrations;
obtainedfrom the collectionof samplesnormalizedby
their meanconcentrations, canbe calculated.An ap-
plication of this is to estimateresidenceimes of trace
specieswhich are unknovn by usinga suite of species
of differentresidencdimest; to establisharelationship
betweero;/S andrt.

This procedurewas apparentlyfirst describedby
Junge(1963and1974)who suggestedhato; /S should
beinverselyproportionalto t;; i.e.,

0i/S =Atr " @)

with A a constantand a = 1. Definitive testsof this
hypothesisare only now being reported. Jobson et al.
(1999)have analyzedseveralarchived datasetsof quite
extensize obsenationscollectedunderdifferent condi-
tionsandfoundthatfor measuremenis theremotetro-
pospherd(i.e. far from localized sources) the value of
o wasaboutl/2. Colmanetal. 1999)useddatafrom
the NASA PEM-Tropics-A (Pacific Exploratory Mis-
sion) aircraft flights in 1996to estimatethe lifetime of
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CHsBr, andobtaineda valueof a considerablyessthan
one.Ehhaltetal. (1998)useddatafrom PEM WestB to
infertheconcentratiomf OH from theresidencéimesof
a suiteof hydrocarbonsvhich reactwith OH andfound
avalueof a = 0.48,very closeto 1/2.

Ehhalt et al. (1998) also developeda hierarchy of
scalar diffusion modelsto illustrate aspectsof diffu-
sion of reactve species.They startwith a simpleone-
dimensionamodelof steady-stateerticaldiffusionwith
a constanturbulent diffusivity thatillustratestheinher
entpropertyof asecond-ordediffusionequatiorto give
ameanconcentratiorthatis proportionalto t/2. They
thenshaved,using2- and3-dimensionamodelsthatfor
continentalsourcesf specieghey could simulatefluc-
tuationsin speciesconcentrationshatfollowed (1) with
a~0.5.

Herel developa model,alsousingthe conceptof an
eddydiffusionequationput addingto this the procesof
massexchangeacrosghetop of the PBL, aswell across
the tropopauseto studyin more detail the behaior of
tracereactve speciedn the PBL, aswell asthe overly-
ing free atmosphere.This global modelassumesori-
zontalhomogeneitysothe only sourceof fluctuationss
verticalexchange.

2. Mod€

The basisfor this modelis thatmassexchangeacross
the top of the PBL, aswell as acrossthe tropopause,
cangeneratdluctuationsin speciesoncentrations the
PBL andfree atmosphereWe parameteriz¢his by con-
structinga modelwhich consistof threelayers:alower
layer (L1) thatis well-mixed by directinteractionswith
thesurface assumedtb be1l kmdeep(thePBL); amiddle
layer (L2), which is the restof the tropospherextend-
ing up to 15 km, wherevertical transportis described
by a constantdiffusivity; and an overlying layer (L3),
the stratosphereassumedo extend up to infinity and
describedby a diffusivity which increaseswvith height.
Eachof thesdayersis assumedo be separatethy adis-
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Figure1: Modeledvertical profile from the surfaceup
into the stratospheref areactve specieseleasedn the
PBL with aresidenceimet = 10’ s~ 116daysnormal-
izedby the PBL concentration.

continuouschangein concentratioracrossan interface
wherethetransporis assumedo occurvia anexchange
velocity x achangén concentratiomcrosgsheinterface.
Thus,theverticalflux acrosghetopof L1 is

Fi=w12(S - ). 2)

Figurel shavsthelocationsandnamef thelayersand
interfaces.

The one-dimensionalconseration equation for a
speciesswith anatmosphericesidencdimeT is

0S }6pF_§=O 3)

ot + poz 1

wherep is air density We assumesteadystate. For L1
we assume perfectlymixedPBL andt > z; /w., where
W, is thecorvective velocity scale.Thatis, theresidence
time is assumedo be > the mixing time scalewithin
thePBL, whichis typically lessthananhour. Theninte-
grating(3) from the surfaceto thetop of the PBL z; we
obtain

R-R=2s. (@)

For L2, weassume constaneddydiffusivity K, = 10
m? s~ (MassieandHunten,1981). Substitutingm(z) =
—K32S,(2) into (3), we obtain

k222 _lgm -0 5)

19
275z T

ooz’

We usethe approximatiorthatp ~ ppe~¢2?, wherel, ~
0.1134x 10~% m~1 for a standardroposphereso that

(5) becomes
0%(2) 1

S _, 1
072 275z Kot

S(2) =0. (6)

For L3, weassumes(2) = K3(2)e?, whereKz(z) =
0.0711m? s~1 andk = 0.103x 10-3 m~1 (Liley, 1995).
For density we assumea standardisothermalstrato-
spherefs ~ 0.157x 103 m~L. Then,

0°S3(2) S 1
022 0z Ks(z)t

+(k—13) e’S(2) =0. (7)
At thetop of the PBL, | estimatethe entrainmente-
locity (2) from the Earth’s surface enegy budget(ne-
glectingshear) Seller1965)estimatedheaveragesen-
sibleenepgy flux overlandandocearas31.9W m~2 and
10.6 W m~2, respectrely, andthe correspondindatent
enepy fluxesas33.2and98.3W m~2, respectiely, with
70.8%0f theEarthcoveredby ocean.Thisleadsto anav-
eragesurfacevirtual temperaturdlux of 0.023ms 1 K.
Applying thesimpleTenneles(1973)mixed-layemodel
to estimatehejumpin temperaturecrosshe PBL top,

Y21

e

(8)

where—miis theratio of virtual temperaturdlux atz; to

thesurfaceflux andy is thelapserateof potentiattemper

aturejustabove z;. Herel assuman= 0.2 andy = 6.5

K km~1. From(2), (8), andthe surfacevirtual tempera-
ture flux, we estimatew;, ~ 0.005m s™1. This givesa

troposphericurnovertime of about20 days.

At the top of the tropospherewe estimatethe en-
trainmentvelocity wo3 from the estimateof Holton et
al. (1995)of a two-yearturnover time of air above the
100 hPa level. This leadsto an exchangevelocity of
Woz~ 104 ms 1.

Additional boundaryconditionsare provided by flux
continuityacrosgheinterfacebetween.l andL2,

Fi(z1) =wi2(S1 — S(z1)) = —K2Sy(z),  (9)
andbetweerl.2 andL3,

F(z2) = Wa(S(2) - S(2) = —K2Sy(22)
—K3(2)S5(22)-

A solutionto (6) is

4 \z
Clﬁpl(ﬁz— €%+ K_lT> E]
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whereC; andC, are constantgo be determinedoy the
boundaryconditions.A solutionto (7) is

S(2) = e [Cal_u(Q) + Cal(D)] (12)
wherev = (3 —Kk)/K,
2 | ek
Z - _E K3(22)T, (13)

l.v({) aremodifiedBesselfunctionsof orderv, andCs
andC4 areconstants.

Scalar fluctuationsin a horizontally homogeneous
PBL are generatedy fluxes at the surfaceand top of
thePBL. This concepbf bottom-upandtop-dovn scalar
diffusionin the corvective PBL wasdevelopedby Wyn-
gaardandBrost(1984).For thecaseof areactive species
releasednto the PBL at a locationremotefrom the ob-
senationpoint with no surfacedeposition PBL fluctua-
tionsresultonly from exchangeof air with differentval-
uesof Sacrosshe PBL top. Thetop-davn formulation
obtainedfrom large-eddysimulation of the corvective
PBL by MoengandWyngaard(1989)predictsthat

o= B /2y, 14)
wherefi(z/z) is thetop-davn variancefunction,
fi(z/z1) = 3.1(1—2/z) %2 (15)
Substituting(9) into (14) yields
o Wi2[S1 — S(z1)] i2(2)20). (16)

Wi

We seethatasz — z or w, — 0, f;(z/z;) becomes
large. Thatis, aswe approacty;, or asthe turbulence
becomesmall,the variancebecomedarge. However, it
cannotrealistically exceed[(S; — S(z1)] unlesssignifi-
cantgradientdn Sexist above or below z;.

Herewe considerthat o both above andbelowv z; re-
sultsnot only from small-scalgurbulent mixing, aspa-
rameterizedn (14), but alsomesoscaleirculationsthat
exchangeair betweenL1 andL2. Suchexchangecan-
not mix out as rapidly as small-scaleexchange,so we
expectthat o is moredirectly relatedto the concentra-
tion differencebetweerthetwo layers.Furthermorewe
expectthat larger fluctuationsmay exist in L2 thanL1
sincemixing is lessand S canvary with heightin L2.
Thereforewe parameteriz¢he standardleviation by

0=C[S1— S(2)] (17)

whereC is aconstank 1in the PBL.

3. Results

Equationg4), (9), (10),(11),and(12) weresolvedfor
T =10’ s ~ 116 daysandthe resultsfor the meancon-
centrationsareplottedin Figurel. This valueof T was
selectedbecauset producesconcentratiorfluctuations
in the PBL andtropospherewith relatively low strato-
sphericand uppertroposphericconcentration. We can
approximatg11) by

S(2) ~ S(z)e VK, (18)
andthus %)
yd
From(9),

—K2S,(z1) = Srz(h)\/? =w12[S1 —S(z1)], (20)

or
S(z)  wV T 1)
Substituting(17)into (21),
o C K2 (22)

S@)  wV T

Thus we get the predicted 12 dependeng for
0/S(z1), andfrom (1), we find thatif T is givenin days
(asis thecasen therelevantliterature),

ok
Wi

A =2.15C. (23)
Jobsoret al. (1999)obtainedvaluesof A from about
2 to 4 for datasetsobtainedirom lower tropospheriob-
senational studies,which meansthat our resultsarein
reasonablagreementvith the obsenationsfor C of or-

derunity.
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