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Abstract

The dr&ness of the_stratosphere has been explaihed, in geheral terms,
asvﬁater condensation‘troﬁ the rising branch_of the Hadley cell at the
tropical tropopause [Brewer, 1949], but Ellsaeésser [1974] suggested that
the‘mean tropical tropopause is not cold enough to account for the
observed water-vapor mixing ratios. During.intense thunderstorms‘that,
ihbpart,vpenetrate the”tropopaose,'inVestigators'have observed (a) an
increase in'local‘stratospheric water vapor and (b) the temporary presence
of air’parcelsvsubstantiaily colder than and higher than the tropopause.
These cold parcels are calculated to have'eXtremely low water-vapor
mixihgvratios, ano their occurrence in the stratosphere suggests a
mechanism whereby‘the effective condensation'temperature could be
systematically colder thahbthe tropopause.' Ice crystals from the cloud
evaporatlng in the warmer stratosphere, presumably cause the observed
iricrease in water vapor, but mixing of cold de531cated air parcels with
lower stratospheric air‘would tend to decrease its water content. Thus
there are opposing factors concerning the role of severe cumulonimbus .
storms on stratospheric water, andlit may recuire detailed; microphysical

analysis to see which effect is larger.
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- branches provided the sink.

Introduction

_ The stratosphere has been observed to have a relatively low mixing

:ratio of wétef'[Mastenbrobk, 1971; Harries, 1976]; In his classic paper,
Brewer [1949] explained this phendménon'ﬁy a "dynamic process ... of a-

. circulation in which air enters the stratosphere at the equator, where

it-is‘dried'by condensation, travels in the strétosphere to temperate and
polar regions, and sinks into the troposphere.' The dryness of the

stratosphere was interpreted in terms of what has come to be called a

. "cold trap" mechanism. The rising branch of the Hadléy—cell model of the

'generalAcirculation supplied stratdspheric water vapor, and the descending

‘

‘In recent years additional sources and sinks
hQVe.beén,proposed.

. Stanford [1974] suggested an additional sink for stratospheric water

as condensation and precipitation during the Antarctic winter night. -

Ackerman et al. [1977] reviewed the .various measurements of strato-

_spheriC'méthane and gave an average profile showing 1.5 ppmv (parts per

:million by-volume)-at 12 km and about 0.1 ppmv:at 45 km,. This.decréase‘

of mixinglratio_with altitude deﬁonstrates in-a'dirgctkmannerlthevdestrué—
tion §f methane in. the uéper at@osphere. Thiszdéstruqtion is primarily
'initiated b§ hydfoxyl free radiCals, involves a.complex set of rgactidns
withvformaldehyde and carbon monoxide as intérmediates, and éccurs

according to the overall chemical equation

CH, + 2’ 0, = 2 H,0 + CO, .

The global rate'(kg yr_l)'of this reacfion in the stratosphere has been

estimated by ééverai investigators, for example: > 1.x lOlO [Nicolet,



19711, 5 x 1010’[Nicolét and Peetermans, 1973], 5.8 x 1010 [Crutzen,

19731, 6'toil9 X 10lO [Ehhélt-énd Schmidt, 1978]. These rates of water
, production"in the stratosphére greatly exceed the raﬁe of exospheric

escape'of_hydrogen from the upper atmosphere [Liu and Donahue, 1974], so .

that the transfer of water from the stratosphere to the troposphere must
-exceed the transfer of tropospheric water to the stratosphere.

Barrett et al. [1973] proposed an additional source of stratospheric

water vapor in terms of thundefstorms that penefréte the tropopause.
They méasuged the watér—vépdr ové:burden by_an‘infféréd radipmetric
 technique from a U=2 aircraft-that‘flew éround and.bvef two penetrating
‘thunderstorms in thé sbuthwestéfn U.S.A. In clear air away from thevstorm__
cloud, they observed wéter vapor mixing ratios of 2.7 ppmm (pérts per
million:by_mass) at the tropépadse-height‘and 2.4 ppmm‘at_the peak

| heigﬁtzreachedvbybtﬁe.stofm. At»the mature stage of_the;storm they
observed an increase in water vapor'downWind:of the storm cloud; the
valueé were 7.2 ppmm at the tropopause height and 18.6 ppmm at the maxi- -
mum cloud height. The authors'céncluded "that a significant fraction of
thﬁnderstdrms in.the plains and southwest of the u.Ss. do penetrate the
tropopause and defosit significant amounts of waﬁe;'vapor in'the strato-
sphere near and downwind of their tops."

Ellsaesser.[l974]-reviewed the literature onithe net mass flux of
aif froﬁ troposphere to sfratospherevin.the tropical Hadley call and ‘on -
thé mean tropicai,trbpopause temperatures. He stated that there appeared
to bevé discrepancy in the watér budget with respect-to the global,circu-
lation model éndAasked: “How'dqes ﬁhe stfa;osﬁhere mainfain a mean mixing

ratio df.arouhd 2.5 ppmm [Mastenbrook, 1971] when ali air entering.the



.strateephere passesvthrough a ceid trap whose eharecteristic mixing ratio
is not less thaﬁ 3.4 ppmm" (saturation at mean tropical trepopause
tempereture)-"and when there is presumptiee evidence for direct strato-

O via CH oxidation, the subtropical

2 4

‘tropopause gaps, and cumulonimbus penetration of the tropopause?"

spheric injections of additional H

In part'responding te Ellsaesser,'Harries [1976] reviewed_the obeer—'

vatienal-data.for stratospheric weter vapor as gathered_over the past
.25 years. He emphaéized:the great experimental difficuities invplved_

in measuring stratospheric water vapof and cautioned that all measuremenes
should be regarded as poesibly sﬁbject to large systematic errors.. There
are large variations of measured water vapor mixing ratios with height,
latithde;_time,wand seasoe. Harriee noted that a small change in the
temperature of ‘the tropical tropopause "cold trap" could markedly affect
'.the'magnitude of (or even the exiétence of) a conflict with Brewer's ‘w
general ﬁodel.

We believe.that_the discrepancy Ellsaesser perceived in the general
circulation ﬁodel proposed by Brewer [1949]'may be removed if one exaﬁines
the physical processes_occurring in the upwerd branch of the Hadley cell:‘
Bates [1972] stated: "The oetstanding feature ef the tropical circulation
is the Hadley cell..... In the asceﬁding branch, where the lateptvheat
of evapqretioﬁ from‘theetropical oceaﬁ is COnﬁerted_into‘sensiblevheat,
theeprimary aceivity takes.plece iﬁ motions.of‘cumulonimbus scale." In
discussing an intense cumulonimbus storm Bgégg [lé67].stated: "It seems
likely that the rate of exchange of air between the stratosphere and
troposphere is small compared to the total flux through the storm."

These ‘two statements, taken together with. Brewer's model, suggest that



‘a major net input of tfoposphericféir_into the stratosphere may be the
smaii.diffé:ence between large}riéing and éinking mptioné iﬁ cumuloﬁimﬁus
storms. | |

We'ha§e surveyed the extensive megeorologiéal'litgfature on this
pféblem,‘and by.ﬁgans qf direct and indirectvquotétioqé we seek to frame
a hypothesis about'hb& the rising and:falling foﬁmoS; towers of strong
éuﬁulonimbus storm clouds could act as a mechanism for limitingvthe

mixing ratio of waﬁer in'thg lower stratosphére_and.uppér troposphere, .

“both in tropical and mid;latitude fegionsf This hypothesis migﬁt be

termed the "coldvfingerﬂ,mpdification of the "cold trap" mechanism.

. Classical Parcel Theory,and Penetrating Thunderstorms

There is‘a'standard; meteorological, idealizéd theory that gives a
first—ordér\épproximatiOn to the physical proéesses that occur dhring
gcumulbﬁimbus éctivity [Rbgers,>1976]."Although many_of the assumptions
of the theory are noﬁ realized under actual conditibns,wglaSSical parcel
theory_brovides simple limiting predictions against_WhichAreal phenomena.
can be compared and élassified,

Malkus [1960] used classical parcel theory to indicate that the
‘teﬁperature of‘airvparcelé in.éeVerevstorms could be expected to be

aroﬁnd 12.5 K colder than the environmental temperatufe.' Briefly, a

diagram such as ;he inset in Figure 1 is constructed [Wurtele and Finke,
1961];v_The obserVed environmeptal temperature.profile is indicated by
the line A ﬁ C D. In our-exémple, the temperature prdfile isvthat for
Panéma, 9 degfees.north; 21  February 1963'tHering, 1964]. It was

.assumed that the temperature at the surface increased to 304 K and that
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the parcel adiabatically rose to 1.2 km where condensaﬁion set in at 292 K,
0.0158 grams water per gram of air, and equivalent potential temperature
of 347.46 K. it was further assumed thaﬁ watér precipitated from the
parcel as it cooled to 273 K and ice precipitated ffom the parcel at
lower temperatures. The calculated parcel temperature profile is A ECF
of Figure 1. The parcel cools less rapidly than the environment along
AE C, is warmer than the surrounding air, and being Buoyant’rises
upwafd. in cumulonimbus clbuds, this region is sometimes referred to

as the "hot tower." At the neutral point C, the parcel has the saﬁe
temperatufe andvpreSSurevasvthe surrounding air; but it has upﬁardly
diregted kinetic energy, equal to the area I. The idealized parcél
overshoots tﬂe neutral.point C and rises.to‘é maximum height‘F, where
area 1I equals:area I. In rising to F, whicﬁ is the stratosphere, the

parcel has become colder, denser than, and negatively buoyant with

. respect to the surrounding air. The region C F is sometimes referred to

aévthe "cold dome" or "stratospheric turret." After it comes to rest

at F, the parcel.spoﬁtaneousljvdescéhds. For this example, the numberé
written in on thé expanded diagram in.Figure 1 represent the saturation
mixing ratios of water vapor (ppmm) with respéct to ice on both the
énvironmental and parcél profiles. At the tropopause, the satufétion '
mixing ratio of water vapor is 1.2 ppmm in the parcei but 3.5 ppmm in
the eﬁvironment. At its maximﬁﬁ aititude, thev parcel has a temperature
of 170 K.and a saturation mixing ratio of water vapor over ice of 0.05
ppmm. However, fbr actual stérms; théAprocess of entrainment (mixing of

environmental air with the parcel) acts to prevent the parcelvfrom

‘reaching the heights predicted by the thedry; and a line intermediate

between C F and C D is more nearly to be expected [Roach, 1967].



:'Newton [1966j;stﬁdied thé:éir‘flow-in an intense supercell storm.
Thé folloﬁing ﬁuptatioﬁs.are'takenjfrom~Newton's article: "The.cores
of thé qp&rafts are considered;to be eSsentially unmixed, while their
outer sheaths ﬁndergp strong mixing with the enviromnment... Although v

the air in the core at times rises to heighté’predicted by parcel theory,

Loy

only é limited portioﬁ of the air in the updraft can do so.,.-‘At the
height of maximﬁm penetration into_the Stratosphere,_a draft parcel,
beipg around 30° coider than the environment, is subjected to powerful
downward acceleration. Its subsequent behavior depends on the degree of -
entrainment. ... the downdraft would lose all its momentum at 10.5 km.
Being buoyant at ﬁhat level, this air would accelerate upwérds.again,
and under the inflﬁence of further;entfainmeﬁt undergo a damﬁed oscil-
lationv... eventually remaining beléw the tropopausé but in the upper
.troposﬁhere."

Roach {1967] analyzed photometric_aﬁd radiometric records of aircraft
flying above and around a series Of.gévere‘thunderstorms in Oklahoma in
1962. Stofms_were obéerved~whicb were 10 K colder at the
topvof the cloud than in the surrounding air. Because of cloud particles,
.. the radiometer coﬁl& penetrateaonlyvloo,to 200 meters into the‘cloud,
leaving open the possibility fhat the central corg mightvbe even colder.
Tbe observed maximum cloud heightsvﬁeré ofﬁen close, to those expected .
from idealized parcél theory. The.cold dome was observed to contain a
large amount of condensed water (p;esumably_iée), which was lifted to
this greét height by the strong updraft.

In studying anfihtense_cumulonimbus cloud at 16.4 km above Brownsville,

Texas, Fujita's [1974] aircraft entered a relatively clear layer of air



above the mean tropopause with a temperature of 189 K, which he characterized

as a storm-produced '"meso-high aloft:'" Schereschewsky [1977] observed

“cases where stratospheric turrets above intense cumulonimbus storms had

temperatures about 10 K below the environmental temperature.

Suggested Mechanisms

Intense thunderstorms that penetrate the stratosphere are exceedingly
more complicated than the representation of Figure 1, but the regions in

Figure 1 still supply useful nomenc¢lature. Roach [1967], Fujita [1974],

and Schereschewsky [1977] have observed cases where the stratospheric

towers of intense thunderstorms were 10 K or more colder than the environ-

ment. The.temporary existehce.of‘large parcels of air above and colder
than the tropopause suggests several mechanisms whereby the qyershooting
cumulonimbus clouds could provide a "cold trap" effectively colder than
the mean tropopause.

Schereschewsky [1977] proposed that stratospheric water vapor might

condense on the surface of the cold dome.

An extension of the direct_contact mechanism ié that stgatospheric
air 1ifted,‘say 2 + 1 km, by the rising dome would cool 18 * 9 K by
adiabatic expansion and form a pileus cloud in the stratosphere, which
in part might precipitate into the cold dome before it retreated back
into the troposphere.‘ Since the life-time of a given stratospheric
turret is only a matter of a few minutes [Roach, 1967; Fujita,‘l974],
one cannot expect the iée crystals in such a stratospheric cloud to grow
very large or to fall very fast [Stanford, 1974]; Even so, this

mechanism may be worthy of a quantitative study.
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The primary mechanism offered here for thunderstorms acting as a
net removal'mechanism for water from the stratosphere cbncerns the
processes that occur iﬁ overshooting cold domes. .Whether thunderstorms
act as a source or sink for stratospheric watef strongly depends on what
hgppens to thé ice particles in the cold dome. At the point of maximum »
heigh; in a thunderstorm (éompare F in Figure 1), it is colder than the
surrounding air, the mi#ing ratio of water vapor is extremely low, but
the parcel contains a large burden of iée particles. These particles‘
formed ovef a relatively long pefiodvof time as the”cloud rose through
the upper troposphere, and presumably they are large. As the cold dome
sinks from F toward C in Figure 1, it will heat by adiabatic compression,

. tend to bécome unéa;urated, and statrt to'evaporaté its ice particles.
ﬁowéver, the ice parficles would fall relative to the air parcel’and
'wqulé not neCeésarily remain in equilibrium with respect to water vapor.

Ice particles have been shown experimentally [Braham and Spyers-Durran,

'1967] and theoretically [Hall and Pruppacher; 1976] to survive in un-
séﬁurated air over significant distances of fall (order of magnitude of
kilometers,kdepending on initial particle size, degree of unsaturation,
temperature). This precipitation of ice particles constitutes a non-
 equ£iibrium, physic%l separation of solid water from extremely dfy air.

Schereschewsky [1977] investigated the outflow in' the clouds that . .

overshoot thé neutral buoyancy point, C of Figure 1. He stated that
there is relatively little mixing between the rising cold dome- and the
surrounding stratosphere. ' Such mixing as does occur wi£h~the rising
ice-rich cold dome would be expected to add ice particles which would

evaporate in the stratosphere. Barrett et al. [1974] observed high

stratospheric water vapor mixing ‘ratios during the mature stage of a storm.
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TypiCally, it réquires about 4 minutes for a cold turret to break
through the buoyancy neutral point; fise to maximum height, and sink back
through the neutral point [Roach, 1967; Fujita, 1974]. For a wide range

of intermediate sizes, ice particles have a fall velocity of about 50 cm

'séc-; [Rdgers, 1976, p 127]. 1Im the.approximately 120 seconds it takes

a penetrating turret to sink from its maximum height back to its neutral

point, ice particles would fall about 60 meters relative to the air parcel,

‘tending to dessicate the topmost layer of the retreating parcel. Only a

small fraction of the air that circulates through the stratospheric
dome remains in the.stratosphere [Roach, 1967]. The region between the
top of the penetrating.turref and the stratosphere above has a steep
temperature inversioh (Figﬁré 1), which inhibits mixing; but the
inversionvdecreases to zero as the sinking parcel passes tHrough the
buoyancy neutral point, leading to relatiyély fast mixing between the
stratdsphefe and the penetrating parcel ésvit exits the sfratosphere

[Schefeschewsky, 1977]. Thus it is reasonable: to postulatelsystem&tically

favored mixing between the‘stratbsphefe and the top surface of the parcél,

~which over'thé micrbmeteorological scale qf a few tens of meters had been

dried by bartiéle precipitation relative to its contained cold dry air.
Any'oscillationsuof the parcel;,though.dampéd [Newfon, 1966], would tend
to. prolong the period of particle precipitation.

In general, loﬁer straﬁospheric and upper tropospheric air would
havg‘its Watéf‘gontent loWgred as it mixéd Wiﬁhbthe dessicated

portion of the sinking parcel. As the cold dome leaves the»stratosphere,

~ its vertical motions are damped by entrainment with the environment, and

eventually it comes to rest typically in the upper troposphere [Newton,
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1966]." In'tropical regions subsequent. upward motions of the Hadley cell

 (Whether generalized upwelling}driVen by_large scalé convergence or by .

cumulus activity on subsequent dayé or both) &ould tend to propagate

.intolphé stratdsphere>thisvdrying acﬁion pf the upper tréposphere. e
- To the/éxtent‘that,sé#ere_thuﬁdérstormsvoccur.atgmi&-latitudes, this .

'mechanism_bf drying thé»lower-sfrat§sphere aﬁd‘upper troposphere should

act to supplement theiprimary.drying efféct thét océurs in the tropical

zbne. Fof example, the saturation mixing ratio of Qater vapor 6ver ice

would be about 1.6 ppmm in Fujité’s [1974] "meso-high,aloft" (189 K,..
16.4 km, about 104 mb). . - |
Qfdef of:Magnitﬁde Calcﬁlationg.
| We cannot offer célqulatigns that'confirm the.gpeculayions preséﬁted

here, but Orde¥—of—magnitude calcﬁlationsbare appropriate qu interesting;

If 3.4 ﬁpmm is faken to be tﬁe éaturation.wa;gf vapor mixing_ratio
ay‘ihe:ﬁean tr6p1c31 tropopause of»about 194 K, fhen the dynamical
processes discussed here need to reduce the tgmpera;ure df the air fhat
enters fhe stratosphe#é by only 2 K below the meaﬁ,;popépause temperature
‘té pfdvide a saturation mixing ratidvof aboﬁt'2.5 ppﬁm. This teﬁperéture
difference is small.gompared to the difference betwéen the-tropopéuse
“and the'minimum.temperéture_reéched by é éenetratiﬁg cﬁmulonimbusféold
'dome, | |

Simiiarly, one may ask whgt_must be the differepcé in water mixing
ratio between the input and 6q£put of the Hadley ceil in order fdr:it to
remove the water.vabor prodﬁced by'ﬁethane oxidation,'for example .

* Ellsaesser [1974] feviewed_lZ estimdtes from the literature of the
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Hadléy cell air flux, the values quoted ranged from 0.76 x 1017 to
9.2 x 1017 kg yrflg and the adverage of the 12 values was 3.8 x 1017 kg
yrfl. We adoptv6 X 1010 kg yr_1 as an estimate of the mass of water

17 1

produced by methane oxidation. If 3.8 x 10" kg air yr = removes
6 x 1010 kg water>yr‘-l from the stratosphere, the mixing_ratio of water
éntering the stratosphere must be 0.16 ppmm less than that which leaves

the stratosphere, which is only 6 percent less than a typical strato-

spheric mixing ratid of 2.5 ppmm. At 194 K and 110 mb_on the environ-

mental curve of Figure 1, a change of 0.16 ppmm in water vapor mixing

ratio over ice corresponds to less than 0.4 K. Thus a very small

fraction of the temperature difference between the tropopause and F in

Figure 1 when applied to the entire Hédleyvcell_fldx is sufficient to
remove the water produced by methane oxidation. An additional temperature
decrease for thelagr that'étayed in tﬁe stratospﬁere.would be required

to bélaﬁce the input of ice‘crys;éls to thg étratosphere [compare,

Barrett et al., 1974].

These considerations concern the field of cloud physics, and we
hope that cloud physicists will take an increased interest in this
probleﬁ.
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Figure 1.

17
_’Figure'Caption"

Inset: Pseudo-adiabatic lapse rate and an envirbhmental

profile for'Panama,.9°N, 21vFebruary 1963 [Hering, 1964].

Surface temperature assuméd‘to'tise to 304 K. Absolute.
temperatﬁre T éhd-nafural 1anri£hmzof pressure in mb.
Expanded scale; Portion of cdfﬁe aSove'plotted as absolute
temperatﬁre and altitude‘in km. Numbefs indiéate saturatioﬁ

water vapor mixing ratios with respect to ice on the

_ environmentai:énd calculated "parcel-theory" profiles

ppmm.
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