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Mesoscale Temperature Fluctuations and Polar Stratospheric Clouds
D. M. Murphy
Aeronomy I-aboratory, NOAA, Boulder, CO
B. L. Gary
Jet Propulsion Laboratory, Pasadena, CA
Using both remote sensing measurements of temperature fluctuations on isentropic surfaces and insitu measurements, we show that even high resolution trajectory calculations seriously
underestimate the rate of change of temperature experienced by air parcels. Rapid temperature
fluctuations will affect the activation of polar stratospheric cloud (PSC) droplets. Mesoscale
temperature fluctuations are large enough to produce significant departures from equilibrium in
established PSCS. Together, the enhanced cooling rates and departures from equilibrium provide a
new view of denitrification and dehyckation: after activation of nearly all condensation nuclei to
form a PSC, mass can be redistributed to arger aerosols during the evolution of a PSC.

Introduction

Polar stratospheric clouds (PSCS) are important to stratospheric chemistry, especially the chemistry
involved in polar ozone depletion. PSCS are usually grouped into two categories: Type I PSCS
occur at temperatures colder than the condensation point of nitric acid trihydrate (NAT), have parts
per billion of condensed material, and consist of NAT, other phases of nitric acid and water, and
possibly other species. Type II PSCS occur at temperatures colder than the frost point, have parts
per million of condensed material, and consist mostly of ice. This paper discusses the impact of
mesoscale fluctuations on the nucleation and evolution of both Type I and Type II PSCS.

The nucleation of PSCS depends on the rate of charlge of temperature, as well as the temperature
itself [Toon et nL, 1989; Salawitch et al., 1989; Drdfa and 7’urco, 1991]. A rapid temperature
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reduction as an

air parcel cools across the threshold for forming a PSC will favor nudcalion on all

CXiS(iIl~ ]) M[iC]CS, W]lilC :1 S]QW (C1l)l)Cr:ltLlrC rCCiUCtiOll Wi]] fflVO~ thC ~lOWth Of Olliy tilC hr~Cr

prccxisling pwliclcs. Wc show here ttml lhc rate of change of [cmpcrtl[urc is scriotlsly
undcrcslimatcd by Wajcclory calculations. ]n fact, the ralc of change of tcmpcraturc is strongly
influenced by fluctuations on scales smaller than J O km. In con(mst to the rate of tclnpcmturc
Chll~C,

trajectory

CELICLlh(iOIIS dO rcproducc

most of the ir/agllii[4dc of tcmpcraturc flLlctuations,

cxccpt in mountain wave events.

“J’hc supcrstituration of a condensing spccics responds differently 10 (cmpcra[urc flt]c(L]iltions fas[cr
than a characteristic

I“ClilXaliO1l

time ihan 10 slower flUctLlatiOlls. Using high

Si)illiill rcsoIu[ion

[CIllpCILLtllfC IllCaSUrCIllCIltS dOl)~ With SCdiIl~ kWS, WC ShOW tht hC SJ1l:L]] tCIllpCIdU1’C flUCtLlatiOnS
at short time scales can alter the size

distribution of aerosols in cstablishccl PSCS. This could

cnhancc dcnitrification and dehydration if there is also a diffcrcncc in the stability of some particles,
such as the ctiffcrcncc bctwccn nitric acid trihydratc and a mctastablc phase, Although a full
microphysical model will bc ncccssary to quantify the effects of mcsoscalc fluctuations on
dcnitrifica(ion and clchydration, the brief treatment prcscntcct here dcmonstra[cs that sma]l but rapid
tCIll~)CIiltUrC flLICtU~tiOIIS Cilll illlC~ (IIC cvoILltion Of ZL

I’SC.

Mcsoscalc tcmpcraturc fluctuations in the lower stratosphere have been mcasurccl by tllc h4icrowavc
‘J’cmpcraturc Profiler (MI’P) aboard the NASA ER-2 aircraft. The Ml’]’ measures air tcnll)cratL]rc
over an altitude region cxtcncling from approximately 2 km below to 3 km above the iii~craft
[Dcnning et al,, 1989]. Exccl]cnt mcasurccl correlations during ciivcs ancl ascents bctwccn the
tcnlJ)cra[urcs dcrivec] from

MTP data and in situ tcnlpcratLwcs give a very high dcgrcc c)f confidence

[hat the M’1’P diita accuratc]y rcprcscnt :iir tcmpcraturcs above and below the airplane. The
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sho~villg the altit Lldc ofpoten[i:~l

temperature surfaces. If the 13<-2 is flying parallel to the wind, then sLlch cross sections rcprcscn[
the actual alti~ucic and hence temperature excursions cxpcricnced by air pmcels undcrgoin:
adiabatic heating and cooling. Typical wave amplitudes am 0.S K over water and 1.6 K o~rm land at
altitudes near 20 km [Gaty, 19S9; Zlacmeisfer et al., 1990]. Figure 1 shows an example of lNITP
data for an ER-2 flight from California to Maine.

It is evident in examples such as Figure 1 that the heating and cooling rates are much larger in the
finely resolved data than for the curve, which is smoothed to the resolution of typical tmjectory
calculations. For the data in Figure 1, the mean absolute value of the cooling rote is >2.00 K day-l
73 K clay-l when smoothed to 200 km resolution, and -12 K day-l
for the data at full resolution, --when smoothed to 400 km resolution.

Po}wr Spectra

The spectral density of measured temperatures shows the importance of small scales to the rate of
change of temperature. Since mcsoscale motions in the stratosphere are approximately isentropic,
the desired cluantity for computing temperature fluctuations is the spectra] density of temperature at
constant potential temperature. Except for the limited amount of MN? data used here, \ve are not
aware of any high resolution data sets of temperature at constant potential ternperaturc. The Global
Atmospheric Sampling Program (GASP) providccl one of the most extensive sets of data for
computing spectral densities [Gage and Nastro)n, 1986; Ncrstro)n et c1l., 1986]. GASP potential
temperature spectral ckmsities were obtained along the flight paths of commercial airliners. Since
airliners fly at quite constant pressure during flight legs, the measured spectra of potential
tcrnpcraturc are approximately ecjual to the spectra of tcrnpcraturc at constant pressure, except for a
scdc factor ((~ 000/p)L~G)~ where p is the flight pressure in mbar.
3

Figure 2 shows the spectral density of tcmpcraturc fluctuations versus lcnglh scale for the hfll’1’ and
GASP data. Also shown on ]iigurc 2 arc spcclra of in-silu tcmpcraturc measured on the 131<-2 for
three cast-wcs[ flights [Sco~/ et al., 1990]. There is agrccmcnt bctwccn the GASP and ER-2 Ma in
spite of different fli@t allitLdcs (9 to 14 and 18 to 21 km, rcspcctivcly). in gcncrul, the spectral
dCINi(iCS

Of

tCJllpCratLJIC [it COJIS[all[ prCSSUrC (2S ill thC GASP dfita) aJ’C 1)0[ llCCCSSMi]y C(]lld tO thC

spectral clcnsitics at constant potential tcmpcraturc

(as in the MI’P data). However, the spectral

densities in ]:igurc 2 arc Similar (Or a]l.three nlclho(is, lCllding some confidcJlcc that GASP daln can
bc used tO Sllp@CJnCllt

thC

131<-2 data,

‘HIC

]31{-2 iJ~-situ data fall off Jnorc rapidly at high

frcc]Llcncics than the other data, lt is not clear whether this rcprcscJlts a real cliffcrcncc
corresponding to lhc way the data were acqLlircd or if the diffcrcncc is iJlstrLIJncntal. A sJnall
aJnoLIJ~t of noise in the MTI> and GASP data coLlld accoLmt for the diffcrcJlcc. Aircraft allitLdc
“bobbing” may also affect the high frequency cnd of the spcctruJn. A more detailed trcatJncnt of
the MTP-based spectral densities is uJldcrway (B. Galy, JnaJ~uscript iJl prep.aration).

Two general properties of spectral densities arc of iJltcrcst here. First, the integral of the spectral
dcJ)sity @ bctwccn two frcqLlcJlcics is cqLlal to the coJltribulion of those frcqLmJlcics tc] the variaJlcc
of the data, Second, the spectral density of the lime derivative of a time varying sigJlal is just oWP,
where m is lhc frcqucJlcy [Tolstov, 1962]. A conscqLlcJlcc of the dcJ”ivativc properly is that small
scales doJnina(c the rate of chat)gc of tcmpcratLlrc if lhc slope of the spcct ml dcnsi ty of tcJnpcratLlrc
flLlctLlatioJls is greater than -2, whereas large sca]cs donliJmtc if the slope is lCSS than -2. A variety
of data shows that atJnosphcric spectral densities in the lower stratosphere have slopes bctwccn -1.6
and -3, with slopes coJnnlonly ncnr -S/3 al horizontal scales of lCSS than 800 kJn [Gage ald
Nas[rom, 1986; A411t-p/Iy, 1989]. Obscrvccl slopes near -2 imply that all spatial scales contribLllc
significantly to the ralc of chansc of tcnlpcratLlrc for air parcels. The abscissa of 17igLlrc 2 can bc
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convcrtcd

between wavcnumbcr and angukm frcqLmncy by using the wind speed.

Figure 2/) shows the spectral density of the spatial clcrivative kW, where k is the spatial frequency.
l’hc spcc(ral density of the derivative shows a clear peak at synoptic scales. A wind spccLi 11 is
needed to transform kzdl, the spectrum of the spatial derivative, to @@ = k4./W~, the spectrum of
the time derivative. An average wind speed of 24 m s-l is used for the GASI’ data [Arc~smom and
(hge, 1985]. Average observed winck for each flight lcg, r:mging from 19 to 50 m s-l, arc osecl for
the F,R-2 data. By integrating uncicr the spectra in Figure 2, wc obtain estim(cs of the mean
fluctuations of the temperature and the derivative. Results arc shown in Table 1. hfost of the rate
of change of tcmpcraturc comes from Wavenumbcrs above 0.1 km- 1, or wavelength.s of less than 60
km.
Table 1. Temperature fluctuations by length scale
—
——. —
WavenuJnbcr Ransc
0.04-0,1 km-l 0,1-0.4 km-l
0.01-0,04 km-l
0.0004-0.01 km-l
————
——
-..
0,4
K
0,3 K
0.7 K
4.2 K
‘1’cmp. Fluctuation
51 K day”l
S(I K day-l
19 Kday-1
140 Kday-[
Rate of Change
-——
._——. ——_—
..——. —
Note: Contributions from more than onc range shoLIld bc addccl as the scILIarc root of the sum of
squares.
Trajcctoly calculations using operational meteorology models will rcproducc tenlpclature
fluctuations up to the highest spatial scale resolved by the model, A very high rcso]ution (T213)
model

can

resolve spatial frcqucncics k = 27tlL up to about 0.06 km-l [lmpri.se, 1992] and a lower

resolution model with 100 km grid spacing up to k = 0.03 km-l. “I%c actual frequency limit will bc
ICSS bccausc numerical models arc strongly darnpcd near their upper frequency limits. ‘1’able 1
shows thnt although a trojcctory based on an operational model can capture most of the magnitude
of the tcmpcraturc fluctuations, such tr~~jcctorics do not rcproducc the instantaneous rates of cooling
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and heating slIown by the observations.
[km even the faslcst tcnq3cratLm-3

“r]lc ObSCI”VCC] ralCS O f [CIllpC1’tltllrC Ch:Ul~C :II°C lllLICh fWtCr

oscillations in Drdl(i f~nd Turn) [ 1991

], whose scenarios covcrccl

oscillations wi(h periods of 1 to 5 clays.

C o o l i n g R a t e s During I’SC F o r m a t i o n

The microphysics of aerosols sets the rallgc of frcqucncics [0 bc consikrcd in plots like [hose in
Figure

2. ‘1’wo Iimc constants arc of interest for 1’SCS: lhc time 10 signiiican[ly change parliclc

diameters and the time to add or significantly change the partial pressure of [hc condensing spccics.
A simplified mass transfer cclLmtion is

(1)

dnllclf = 47ccdl~p4

where m is the mass of a single aerosol pmliclc of radius a, D is the diffusion constant of the
condensing spccics, /3= 1/( 1 +4 Kn/3) is tllc transitional corrcc[ion

faclor of lhc

KnLldscI) number

Kn, and PA= (p< - pv)M/RT is the parlial density caLlscd by the diffcrcncc bctwccn lIIc paltial
pressure and vapor

pressure

of [llc condensing spccics. At WC conditions. lklLm(ion (1) is

acc Llrtitc to abo LJt 20°/0 compared to a full lrcatmcnt of mass Wmsfcr [Wf/g/~cr, 1982]. If pA is
approximately cork+ tanl, then an aerosol parliclc will grow in radi Lls by d2 or evaporate completely
in a time

T,, = 27ca3p,, /(dnl/dt) = @p,,/2D/3pA

wllcrc p,, is the density of the particle.

(2)

Convcrsc]y, if a and lhc tcmpcraturc arc approximately

constant, then the parlial pressure will relax exponentially to the vapor pressure with a lime constanl
6

t~ = P4 /( N(cbH/dl)) = l/(4KaD~N)

(3)

where N is the number density of aerosol particles. QLlalitativcly, ~p atld ‘tg S11OW that WiICn
particles are small, they grow qLlickly in a propollional sense but gas phase concentrations change
slowly. When the departures from equilibrium PA arc large the particles grow or evaporate quickly,
but the gas phase time constant is unaffected until the particles change size. If zP anti ~g are
comparable, then the partial pressure of the condensing species and the aerosol size chi~tl~e
simultaneously in a more complicated manner,

We separate a discussion of ZP and Zg into time scales appropriate to PSCS as they start to form and
once the PSCS are establishccl. Growing aerosol particles will essentially integrate out tcrnpcraturc
fluctuations on time scales much sheller than ~P. ‘llcrcforc, the initial size distrib~ltiorl of a PSC
will be determined by the cooling rate over a time of order ~P after the condensation point is
rcachcd. For a forming Type I PSC with ~4 equivalent to 2,4 ppbv of HN03, p = 50 mbar, and a =
0,2 ~rn, ~P is abo~lt 60 rein, using a diffusion coefficient for nitric acicl D = (0.0077 /p)(T/200) 175
Inz s-l

where p is in mbar. At a wind speed of 24 m s-l the maximum spatial frequency is aboLlt

0.07 km- I ancl the corresponding rate of temperature change due to all larger spatial scales is greater
than 50 K day-l (Table 1). The asslmlcd wind spcccl parlially cancels out of this derivation: a
higher wincl speed implies a smaller maximum spatial frequency but a higher cooling rate for a
given spatial frequency, For a spectral density @ that varies as k-z the cooling rate scales as ~(t.

An analogous

calculation

for a forming Type 11 PSC with PA equivalent to 0.2 ppmv of 11 20 and

a = 0.9 }Lm yiclcls 7P = 7 min. I) Llring PSC formation, ‘cP and ‘c~ arc comparable; hcncc, ~~IC

7

sul>clsalt]r:l[ioll and acmsol size change sillltll[:illcollsly. ‘Ilis

conq)]icalcs lIIC inlcrprctation of lhc

l“:ltc d lClllpCIdlJIC Ch:lIlgC OVCJ’ h ])CriOcl Tl), bill will not ~l~tCL’ t h e ConClllsion [h;it ly~)i~al cooling
Htcs arc >50

K day-1 over the lime it lukcs to cs(:lblisl) [hc initial size dis(rilxl(ion.

Sill]ers:ltllr:ltioll in IMablishcd I’SCs

The

time conwmts Tp ancl Tg arc

initial condcnsdion. For n “1’ypc
a Type 11

very

different for an cstabliskd I’SC thWI IhCy NC LIllring thc

I PSC with N = 8 cm-~, and a = 0.t5 pm, Tg is

about

2,3 min.

For

PSC with N = 4 c1ll-3, and (i = 2 ~nl, Tg is qboui 80s. ln bo(h cases, Zl) >> ~g so gas

phase responds more quickly (ban (he parliclcs. ‘1’his is duc to the incrcascd surface area in an
csiab] ishcd PSC and [hc rcduccd

:LIIIOLIIIt

of gas phase material present after conclcnsation. Time

scales for boll] forming and established PSCS arc shown in Table 2.
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Table 2. Samplc Time Constants for hlass ‘1’ransfcr
—
_ —— __
——___
——
Formin: PSCS

—_____

..

_— __..
Type I
Type 11
.— ___

I
K

Na
CI1l-S
~ml

194.1
188.0

8
4

0.2
0.9

Condensed+

s

~{’
~p ldr/dt]
~~1 nun. K day-1
— — . . . — .
—___
0.6 ppbv
0.8
(2.4
p@V) 68 86 60
5(I
0.2
ppmv
0.04
(0,2 ppmv) s 7 7
>100
—
..—
—.—_
~~
ml n.

Established
—

. . _

PSCS
— _ — _ _

— _ _ _

T
K

Na
~g:l:
Condcnscd$
Tg
~
2TP @ ~q
CIII-S
pm
mi
n
km.
hr
——
.-_.
.
.
—_
.
_ —_
—. —.._
Type I
193,1
8
0.35
4 . 2 p p b v 23
33
0.45 (0,8 ppbv)
13 ‘“rypc 1
191.0
0,37
5.5 ppbv 21
30
0.45
(0.2
ppbv)
64
Tyj)c 11
185.4
! 2.o
2.0 ppmv 1.3 2
0.035 (o. 1 ppnlv)
2
— —
_ _ _
-.——a.
—
$ AIIK)UIlt of conclcnscd }IhT03 or H20 as derived from number and radius assuming a 0,1 pm
radius nonvolatile core,
* Assuming a wind speed of 24 m s-l,
AH calculations at 50 mbar.
——__

——__ . — —— ..-

-—

——

—

Over [imcs much larger than ‘cg, the gas will have time to rcsponcl to the tcmpcraturc by condensing
onto or evaporating from the particles, For times ICSS than Tg the gas phase cannot stny in
——_

cqui]ibrium with the par(iclcs. Wc define 1~11 ~ as the typical tcmpcmture fluctuation over time
sca]cs too shor{ for lhc gas phase to stay in cqui]ibrium with

the I’X

parliclcs, By integrating from

——
the right in l;igurc 2a or Tab]c 1 wc obtain IAT] ~ = 0.6 K for the Type I PSC conditions and ~g
= 0.2 K for Type II PSC conditions. Tcmpcraturc fluctuations with pcriocls near Tg contribute most
heavily to the sl]])crs{]tu]”:~liorl since fluctuations over vcly short times are clui[c small,

An npproxima[c method to estimate the mean absolute supcrsatur:ltiot) s = p</pv - ] is (o sirllp]y
——.

multiply IATI ~ by the slope of supcrsoturation versus tcmpcraturc y, However, the spectral density
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of the slij]cl.s~ltl]ri~tioll can bc found an;dy(ically under the assumption that the tcmpcratL]rc
f]u~(u[l(iol~s t~[’c s]]ltdl cl]ough to lil]c[lri~.c (hc v~]por ]>]”cssurc j>” =~>V,(,(’]’–”l’,,).
dots not cross the condensation poin(,

]ftllCIC1llj)Cr:ltLllC

lhcn the response of [hc stll>crstltllr:ltio]l to the lcmpcralurc is

a ]incar systcm and will rcsponcl imlcpcndcntly 10 the Fourier components of the tcmpcratLlrc
fluctuations. Under linear conditions, the response to a tcmpcratLlrc pcrlurtmtion L3T(t) = A~ci~~ is
s(t) = ‘yA~ci~x(-iku@( 1 +-ikll~gt)). 7’l~c SPCCtrUII~ Of sLll~crs~ltllr:ltioll follows :~s

where

0s is (l)c spectral density of sLll)cl”s:ltllr;\(ic)ll md @I. is tile spcc[ral dcnsi(y of tcmpcIatLlrc.

Wit]] a change of variables, Ecluation 4 is fmiliar to clcclrical cnginccrs. IiigLlrc 3 shows
d(sz)/cl(ln(k)) = k@s evaluated for ‘~ypc I PSC conditions. By plotting k@s, the contributions of a
frcclucncy bard to the variance s

2

is visually equal 10 the area umlcr the curve when using a

logarithmic scale for lhc inclcpcn(icnt axis, For Type I 1’SCs, most of the variance is duc to
wavelengths of -100 km. For Type 11 PSCS, most of the variance is dLlc to wavelengths of -10 km.
Equation 4 is not accum[c for frcqL]cncics ICSS than about

0,02

km-l bccausc the

linearity

assure JXion fails for iargc amplitude pcrturba(ions. 1 lowcvcr, these frcqtlcncics contribLltc Iitllc to
(I1c sll])crs:illlrtltioll.

The Jncan absolulc value of [hc slll)crs;lltlr;~tiorl can bc solvccl analytically for the special case lvhcn
@l= bk-z (Figure 2a), ]n that case, l~qualion 4 may bc integrated over all wavcnmbcrs to yield

.——. —

-~j =

y,Jibwc / 2

(5)
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where b is a

scaling factor. AhhoLlgh the distriblltion is not ncccssariiy $ylussian,m is ana]ogoLls to

the standard deviation of sLll>crs:lttl~;ltiorl. For this sl)ccial case, the clcviation incrcascs Jvith (I1c
—.
squwc mot of the averaging time, just w in a randon~ walk poccss. llIC ValLICS Of Is I in thc
remainder of this paper were obtained by numerically integrating Equation 4 using the fit to d~r
shown in Figure 2. Our fit to @I uscs a Slope of -5/3 bctwccn 0.0006 km I and 1 km 1, a slope of
-3 above 1 km-l, and an added gaussian centcrcd near 0.002 km-l.

Dkcussion

PSCJormalioll

Small bLlt rapicl tcrnpcraturc flLmtuations dominate the rate of tcrnpcraturc change over the time
scales that clcfinc the initial aerosol size distribLltion for both Type I and Type 11 PSCS. Typical
cooling rates over the appropriate t imc scales arc 250 K clay-1. The rates of temperature change
considered here, which involve cooling and heating about a slower cooling trend, m-c not exactly
a[lalogous to those in nlost microphysical models, which Llsually prCSLmlC lllOnOtO1liC COOlitlg., An
cxccption was the rnodcl of Dtdla a?ld 7’l(rco [ 1991], but that model

did not

incluclc tcnlpcratL]rc

fluctuations with periods lCSS thtm a fcw hours.

Such large rates of tcmpcraturc change mean that there is very little discrimination bctwccn
condensation nuclei (CN). WoJly cf al. [1990] founcl that cooling rates of more than about 1 K
day- [ prodLlccd parliclcs too small for substantial scdimcnta[ion, Even wi(h solnc partic]cs serving
as prcfcrcntial nucleation sites, the observed rates of [cnlpcrOtLlrc change cluring PSC formation arc
too Iargc for significant prcfcrcn~ia] growth of those particles. Some preliminary Inodc] calculations
using preliminary MTP observations of mcsoscalc tcn~pcratLlrc fluctuations showed that all of the

11
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collclc~~s:itioIlllL1clci arcactivahxl in ll~oslc~lscs (l.. I]oolc, LlllJJLllllisllcCl lcsLllts, 1989). Dyccldl.
[1990] found number dcnsilics of aerosols inside a Type 1 PSC as large or iargcr than (11c CN
r~ull~bcr dcl~sity oL1tsi(lc thccloll(l. As:l])ossiL)lc cxl)laIl:llioll, wcsLlggcsttll:ltril~>i(i tcmpcraiurc
flLlctLmtions during cloLld formalion activated CN smaller than those measured by the CN
instrument.
Type 1

Rapid temperature chmgcs may also promote the formation of mctastablc phases in

PSCS, such as liquid solutions [Hanson, 1990; 1,1(o ct al., 1994], nitfic acid dihydratc

[Wor,wop, 1993], or amorphous NAT [Kochlct- ef al., 1992].

lhlal~lisllcci PSCS

As a PSC is forming, Lcmpcralurc fluctLwtions will tend 10 caL]sc many small particles. However,
the effect of tcmpcraturc fluctLlations is different on an established l’SCO ‘1’hen, tcmpcraturc
flUChINjOIN can lHNISpOIl mass

bctwccn acrosok. The transient supcrsaturations ~1 arc

surprisingly large, over 40% for Type I PSC conditions and 3.5% for Type 11 PSC conditions
(Tab]c 2), If anything, the fit to GASI) data taken at -11 km Lmclcrcstimatcs the sLlpcrsaturations in
PSCS bccausc some mcsoscalc motions, such as gravity waves, amplify with altiludco

These transient slll)crsilturatiolls can help resolve the

difficulty poin[ccl

out by TOOH cl al. [1989].

‘1’heir calculations showed that dcni(rification was difficult to rcproducc in a micropllysical mo(icl,
even with dehydration. At synoptic scale cooling rates, nitric acid Icnds to bc deposited on aerosols
too small to s,cdimcnt out, Al that point, the nitric acici is locked into the acmsols an(i is unavailable
for transfer 10 any icc parliclcs that form lalcr, even though it is tllcrlllo(lyll~illlic:illy favorable for the
nilric acici 10 move [0 the larger and more dilute pwliclcs. Turco et (/1. [ 1 989] found that
CIctlitt”ificillioll was possible only for a Iimitcd range of cooling ra(cs, A Iatcr calcLlla(ion t)y ‘li)o)l et
al. [1990] showed that an air parcel nccclccl to spcncl over a week in a ‘1’ypc

12

I’SC for

dcnitrification. Dehydration in lypc II PSCS probably takes at most a fcw days [Kelly e( al., 1989].

hkSC)SC:dC tcmpcraturc fluctLmtions can change this sitLlntion, since they arc vcly effcctivc in
producing sLlpcrs:\tllrLltiorl. These cicviations from equilibriLlnl wc substantial and offer a way for
nitric acid or ice to move between particles. During each cycle of warming and cooling, a small
amount of each pfirticlc evaporates and rccondcnscs. The vapor can diffuse n distance of order @
cl Llring [hc warm pcrio(i. 13vcn for t < 10 minutes, there arc hunckcds of pzrticlcs within this
clistance. If some particles tire thermodynamically mom stable then others, then during each
tcmpcraturc cycle, a little lCSS will evaporate and a little more vapor will condcnsc than on lCSS stable
particles.

An approximate time scale for altering the aerosol size distribution is 2’$) evalLlated for

the conditions of the moclcrate sLlpersaturations generated by mesoscale tcnlperatLire fluctuations
(the factor of 2 is to allmv for half the time each warmer and cooler than cc]uilibrium). In a Type I
PSC~ at= 193 K, transient supcrsatLlrations of 40% can alter the size clistribution in less than 1 day.
At 191 K, altering the size clistribution takes longer, aboilt 3 clays, because there is less vapor to
transfer at a given supcrsatLlration, The corresponding time for altering aerosol size in a Type 11
PSC at 3.5% supersaturation is only hoLu’s (Table 2).

An accelerating change in size distribution can possibly talw place if some of the particles arc more
stable than others by an anloLlnt greater than the transient changes in saturation. In that case, the
more stable particles can take up vapor even as the lCSS stable particles evaporate dL1ring a warming
cycle, After many cycles, some of the lCSS stable particles can evaporate completely to the
nonvolatile cores. As particles get bigger b~lt fewer, total EICI”OSO1 surface :Lrca dccrcases and ~g
incrcascs. With larger ~g, the supcrsaturatiom produced by nlcsoscalc tclnpcraturc jlllctuations
may get Iargcr ancl the altcrutions in the size clistributicm may accclcratc.
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‘1’his paper dots not adclrcss the reason why some parliclcs may bc more stable than others. Inclccd,
the Airborne Arctic Stratospheric Expedition (AASI.1) data show that tcmpcraturc fluctuations
cannot bc (IIC only factor controllin~ nitric acicl vapor pressure. Tcnlpcralurc Iluctualions shou]ci
rcsu]t in supersaturation and subsatura~ion with

aboLIt cqLml

frccplcncy, but AASE observations

found that supcrsaturations with respect to NAT were much more common than sLlbsatLuations
[Kawu et aI., 1992]. “I%C nitric acid vapor prcssuuc was probably controlled by some other phase
[]1:11)

NAT [I](III,w)II, 1990; h’(mlllcr Ct al, , ~ 992;

\i~Ol”SWO]), ]

993; hm ct al., 1994]. @c c1 (!/.

[ 1992] and lzirscn [1994] proposed that the formation of NAT or a mctas(ablc phase could depend
on whether some or all of the sLllfLwic acid condensation nuclei were frozen instead of supcrcoolcd,
Mcsoscalc fluctuations cause tcmpcraturc fluctuations so rapicl that O(IICI CN inay bc activated even

in the prcscncc of a subset of frozen sulfuric acid nuclei. Ilowcvcr, (hose frozen patliclcs would
provide

higldy favored si[cs

There

arc considerable unccrtainlics

for mass transfer as lhc

PSC evolves,

in the estimates of transient

dcpar[urcs from cquilibriLml vapor

pressure, ‘Mc estimates of 45% for ‘1’ypc I and 3,5% for ‘1’ypc 11 PSCS arc basc(i m] a linear
approximation, More accLu-atc csiimatcs COUIC1 bc made by imposing mcsoscalc tcnqmra[~wc
fluctua(icms

011 :i dCtililC(l

n]icrophysica] I]ldd, The obscrva[icms for [cmlxmlurc fluctuations arc

also sparse in the lower stratosphere. There arc only a l~iii~dful EJ<-2 fligll~s parallel (o the wind,
and tllc large CJASP data SC( was collcctcd at Jowcr al[ilLldcs than PSCs, I~inally, (I]c charac(cristic
[cmpcraturc fluclLlalions LJSCCI for this discLlssion arc based on the average of the entire CIASI} data
I

set, even though there arc definite diffcrcnccs in the an@itLldc of tcmpcraturc fluctuations above

lanLI and water lGary, 1989; Naslrol)l C[ al., 1987]. Wind speeds arc also systematically larger
along the cclgc of the polar vortex than near the ccntcr. Besides the obvioLls diffcrcncc that the edge
of the polar vorlcx is warmer than the ccntcr, lhc diffcrcncc in wine] speed could

caLIsc a sys[cn]atic

diffcrcncc in the microphysics of stratospheric dchydmtion and dcnitrifica[ion bctwccn the edge and
ccntcr of [Ilc polar vortex. The onc flight showing as an outlicr in Figure 31} did not have especially
14

large temperature flLlctuations.

Instead, it was a ilight tdong the edge of the vortex (Feb. 20, 1989)

that cncountcrcd 50 ms - 1 winds.

01(1.side [he Stratosphere

Dehydration at the tropical tropopausc will have time constants similar to the PSC Type I case
shown here, so tcmpcraturc fhctua[ions may be impor[ant to tropical clchydration. Because most
tropospheric clouds have more conclcnscd and

gys phase IINNS, the titnc SCalCS rl, and ‘Cg ~rc both

shorter in the troposphere than in the st rat osphcre. The mean supcrsaturat ion bccomcs vcly small
but the mass transfer between aerosols is faster at a given supersaturation. “Nlcse two effects
roughly cancc] so the time for redistribution of mass remains in the range of few hours to clays for
upper tropospheric clouds just as in PSCS. For example, a calculation for the high tropical clouds
reported in Knollcnberg et al. [1993]

yields Tg =

12s and ~ = 0.7%. Even so, the time to transfer

mass bctwccn aerosols remains WC1l under a day. These estimates are cxtrcmcly uncertain because
they involve extrapolating the spectral densities in Figure 2 and the spectral densities may roll off at
higher frequencies. Pofitovic}t md Cooper [1988] calculated the spectral density of supersaturation
duc to turbLllencc in

CUtnLIIUS C1OUC!S, The

mean departure from cqL1ilibriLml was found to be a fcw

tcn[hs of a pcrccnt, which may bc sLlfficicnt to broaden the droplet size distribLltion [Pahmh, 1971 ].
The importance of mesoscalc flLlctuations in the troposphere will be limited on occasions when the
supcrsatLlrations produced by other mechanisms arc larger than those froln”thc tcrnpcraturc
flllctuations

Jensen a)ul l“}?oinas [1994] found that tcn~pcratL1re fluctuations caused by gravity waves
significantly aficct the albcdo of noctiluccnt clouds. There, the effect is to suppress cloud
formalion bccausc the exponential dcpcndcncc of the I 120 vapor prcssLlrc versus tcrnpcraturc
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causes more evaporation in tlm war])) plmsc of a wave than con~icnsa(ion in ll]c cold phase. WC
I]avc invcsligatcd the magniludc of this slowing in growth for Type. I PSCs by comparing the
growth

ra(c at CO]~st:i]~t ICIII]>CHIIUIC tO a gN)wlh IXIC wilh gaL]ssiil[l fltlcluations. A sti[[l(lil[.(l

dcvia(ion of 0.85 K wm acloptcd k) correspond to conditions awily from moun[ain waves. The
Cffccl 011 the growth ra(c was on] y significant if average tC11113Cr:l(LlrCS WCrC within abollt 1 K oft hc
condensation point.

Conclusions

Mcsoscn]c tcmpcraturc fluctuations may have imporlant effects on the microphysics of PSCS, The
large rates of tcmpcraturc chance impliccl by observations suggest that most and perhaps all of the
availab]c CN will be activa[cd when a PSC first forms. Tcmpcraturc fluctuations may also affect the
formation of mctastab]c phases. Once PSCS arc formed, tcmpcratLlrc fluc[Llalions al different time
SC:dCS h21VC (j Lli\lit21tiVCly diffCL’CIlt CffCCt S.

AL

tilllCS ]Oll~Cr [hall il C]laI’:lCICriSt iC lCl:lX:l[ioll [i INC fOr

the condensing vapor Tg, conctcnsdion and evaporation can Hl:lilltilill
tcmpcraturc

sLll)crs;ltLlrtltioIls near zero and

fluctuations result in changes in k partial pressure of the con(lcl)sing spccics, At

scales shorler [ban Zg, the condensing spccics cannot respond quickly and tcmpcraturc llLlc[uations
proclLlcc departures from cc~LlilibriLull,

‘1’I”i\iMiCllt sul)crs:itt]r:itiol]s I1:lVC Illcall a b s o l u t e Valllcs OVcr

40(% in Type I PSCS ant] about S.5% in ‘rypc II PSCS. Ilcvious modc]s of PSC microphysics,
which have only considered time scales longer than ~g, could not have includccl the effects of these
brief flLlctuat,ions, Onc of (hc intentions of this paper is to s{imLlhl[c cictailcd microphysical
modeling that includes the different cffcc(s of tcmpcraturc flLlcluatiom on time scales both longer
{Illd SllOltC~

tllilll ‘Cg,

The convcntiona] view for dcnitrification requires tl]c activation ancl growth of a small Ir:iction of
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,

(4,

CN in order for the nitric Xid to accunml:ltc onto plt-ticleS large cnoLl@l to fall to 10wu’ ahitudes. A
variety of explanations h:~vc been offered for why some CAT are prcfcrrcd, but all the cxpkmations
require cooling rates slow enough for preferential activation to occur. The hypothesis presented
here is th:~t cooling rates are usually large enough for the activation of all CN, but temperature
fluctuations on short time scales redistribute the aerosol mass to the most stable particles as the
PSC evolves. This mass redistribution could bc rapid: less than o day to a few days for Type I
PSCS and lCSS than a dfiy for Type II PSCS. If couplecl with a mechanism to explain why some
particles tire more stfiblc, temperature fluctufitiom offer rm cxpkmation for the apparent rapidity of
dcni~rificution and clchyclration which has been clifficult to reproduce in models.
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Figlm c a p t i o n s :

Figure 1. Temperature of the 490 K iscntropc measured by the Microwave Tmnpcrature Profiler
aboard the F,R-2 on November 2, 1991 smoothccl to a resolution of 5 km. The right hand scale
shows the corresponding altitudes. The data smoothed to include only wavelengths longer than 200
km is also shown (displaced 2.5 K for clarity). Although the smoothed data prcscrvcs the

.——
magnitude of the temperature fluctuations, it dots not capture the rate of change. For these data, IcIT / dtl
is over 200 K day-l at full resolution and 23 K clay-l when smoothed.
liigure 2. (a) Spectral density of observed tcmpcraturc fluctuations for the GASP data (symbols),
MTP ciata on the ER-2 (solid lines), and ER-2 in-situ data (dashed lines). A fit to the GASP data at
low frccplcneies and the ER-2 in-situ clata at high frequencies is also shown (thin line). (b)
Spectral density of the spatial clcrivativc of temperature fluctuations. MTP data are from flights
881231890221,911102, and two legs of 940204. Jn-si[u data are from flights 881231,890220,
and 890221. The fit is displaccci a factor of 10 for clarity.
Figure 3, Contribution to the variance of supcrsaturations by wavenumber for the CTASP data
(symbols), MTP data on the ER-2 (solid lines), and ER-2 in-situ data (dashed lines). The plot is of
k@s so that the variance of the supersaturation is proportional to the visual area unclcr the curve.
These data were not taken in PSCS but rather represent the supcrsamration in a PSC for
reprcscntativc tcmpcraturc fluctuations. (a) Type I PSC conditions. (b) Type II PSC conditions.
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Figure 1. Tcnq]cra[urc of the 490 K iscntropc measured by the Microwave Tcmpcraturc Profiler
aboard the MI-2 on November 2, 1991 srnoo[hcd to a rcsoluiion of 5 km. The right lHU]C! scale
shows the corresponding altitudes. The data smoothed to include only wavelengths longer than 200
km is also shown (clisplaccd 2.5 K for clarity). Although lhc smoothed data prcscrvcs the
.——
magnitude of the tcmpcraturc fluctuations, it dots not capture the rate of chang,c, For these clata, ldT / dtl
is over 200 K day-l at full resolution and 23 K day-l when sIJ~ooIhcd.
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