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=iagnosing(controls(on(water(vapor(in(the(TTL(region

We( use( the( isotopic( composition( of( water( to( quantify( the( role( played( by( convective( vs( large/scale(
processes( in( the( water( budget( of( the( tropical( tropopause( layer( ;TTLé8( Those( processes( are( of(
importance( for( the( climate( system.( TTL( water( sources( drive( TTLb cirrusb formationR( which( has(
disproportionate( radiative( impactR( and( may( affect( stratosphericb dryness8( Lack( of( understanding(
hampers( projections( of( possible( effects( of( future( climate( change8( Hy( fitting( the( results( of( a( simple(
model( to( isotopic( observationsR( we( show( that( overshootingb convectionb isb likelyb theb dominantb
sourcebofbwaterbinbthebTTLR(in(the(94/9[(km(range(at(leastR(with(moistening(rates(P(to(P3(times(higher(
than(those(from(uplift(or(large/scale(isentropic(mixing8(((

ProcessesbcontrollingbTTLbmoisture

Addedbvaluebofbwaterbisotopicbcomposition
?sotopic(composition(allows(diagnosis(because(it(is(altered(by(condensation.(ice(is(isotopically(heavier(
than( the( vapor( it( comes( from8( ( Under( the( combined( effect( of( fractionation( and( mixingR( air( masses(
acquire( a( unique( isotopic( signature( that( integrates( the( history( of( water( phase( transformations( since(
their(last(contact(with(the(oceans8

Simple(model(of(environmental(isotopic(profile(in(tropics
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=euterium/enriched(air(source(is(required8(Jas(to(come(from(convection8(
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Gradualbascentb+bdehydrationbonly
=euterium(would(be(progressively(distilled(out(of( the(air8(
Water(vapor(cannot(be(set(solely(by(cold/trapping(along(
upwelling( tropical( trajectories8( Ab sourceb ofb deuterium-
enrichedbairbisbneeded.bb

...b+blarge-scalebmixing
'xtra/tropical(air( is(somewhat(enriched(since(it(has(been(
affected( by( methane( oxidation8( ?t( is( however( notb richb
enoughb norb isb large-scaleb mixingb intenseb enoughb tob
explainbobservations.bbb

...b+bconvectivebmixing
The( only( feasible( explanation( is( that( the( sourceb ofb
deuterium-enrichedbairbhasbtobcomebfrombconvection.(
The( enrichmentb reflectsb theb bulkb compositionb overb
vaporb andb ice( of( the( moisture( detrained( in( the(
environment(;ice(being(richer(than(vapor(in(the(cloudé8(

?sotopic(composition(is(sensitive(to(the(magnitude(of(the(moisture(recycled

+onvection(provides(several(times(more(moisture(than(uplift(or(isentropic(mixing(
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The(more(moisture(is(injected(by(convectionR(the(more(
must( redeposit( as( iceR( forming( cirrus( clouds( in( the(
TTL8
We( find( that( the( moisture( convectively( injected( ;over(
vapor( rvc( and( ice( ricé( is( well( quantified( by( the(
relationship.(rvc(N(ric(-(P(rsat8
The( turnover( of( δ=( reflects( the( bulk( composition( of(
detrained( moistureR( increasingly( dominated( by( ice( as(
overshooting(depth(increases8

The( ratio(of(moistening(by(convection( to(moistening(
by( uplift( or( large/scale( mixing( is( consistently( higher(
than( P( and( increases( with( altitude8( Mostb ofb theb
moistureb provisionb forb cirrusb cloudb formationb
comesb fromb convection.b Neglecting( or( mis/
representing( overshoots( could( result( in( dramatically(
underestimating(cloudiness8

+onvectionAs(role(in(energy(budget(can(alter(inferred(vertical(velocities

?sotopic(composition(of(vapor(observed(by(~+'/OTS(;tropical(
occultationsR(Oeb8(P330(to(~ug8(P33]é(and(by(the(Jarvard(?+OS(

?sotope(?nstrument(during(+R/~V'(;+osta/RicaR(Jan8(to(Oeb8(P33[é(

WaterbvaporbisotopicbratiobRv

DetrainmentbratebDVerticalbspeedbwresbSoutsidebcloudsQ

Ratebofbcondensationbc

Sourcesbofbdata

'R~/?nterim(;rvR(rvexR(sR(QradéR(Mote(et(alR(9]]k(;KéR(~+'/OTS(;RvexéR(Holot(et(alR(P39F(;rvcR(Rvcé

Overshooting(convection(carries(a(deficitbofbsensiblebheatbinbtheb
TTL8( The( export( of( that( heat( deficit( with( detrainment( partiallyb
offsetsbradiativebheating8(Oor(undilute(convectionR(the(difference(
is(significant8
To(interpret(isotopic(measurementsR(we(construct(a(simple(model(
that(balances(budgets(of(water(and(dry(static(energy(and(assume(
unmixed(convection( ;no(entrainmenté8( (The(vertical(velocity(wres(
in( our( model( is( much( smaller( than( a( pure( radiationally/driven(
value(;e8g8(Oolkins(et(alR(P336é8
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Questionsbtobanswer

What(are(the(separate(contributions(of(upliftR(mixing(
and(convective(injection(to(TTL(moistening(ratesj

Jow(much(ice(is(sublimating(in(the(TTL(at(a(given(
momentj

What(fraction(of(water(in(in/situ(cirrus(originates(in(
convection(vs8(large/scale(upliftj

+onclusion(and(follow/up(work

+onvection(is(the(only(source(of(deuterium/rich(air(that(can(produce(observed(isotopic(profiles(
in(the(TTL8

Vertical(velocities(and(detrainment(rates(in(the(TTL(may(be(different(than(previously(assumed8(
To(resolve(thisR(we(need(to(understand(the(mixing(properties(of(convection8(The(most(logical(
tracers(for(this(purpose(are(non/condensing(short/lived(species8

+onclusions(on(convective(sources(are(somewhat(dependent(on(cloud(properties8('ven(if(the(
mean(isotopic(profile(were(well(knownR(in/situ(campaigns(are(still(needed(to(determine(isotopic(
properties(of(cloud(ice8

+onvection(seems(to(provide(most(of(the(moisture(for(cirrus(cloud(formationR(at(least(in(the(
94/9[(km(rangeR(followed(by(uplift(and(large/scale(mixing8
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Our(model(allows(estimation(of( the( ice(water(content(
of( convective( cirrus( that( eventually( sublimates8( We(
compute(the(rate(of(sublimation(of(convective(ice(D ric8(
With( the( assumption( of( a( sublimation( timescale( of( 9(
dayR( this( translates( to( an( ultimately/sublimating(
convective( ice( load( equivalent( to( 389/38[( ppm8( This(
estimate( is( comparable( to( observational( ice( loads(
from(+~L?PSO(and(~ura5MLS(;Oleury(et(alR(P399é8
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