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Abstract. Recent in situ measurements at tropical vailed throughout the tropics, then the calculated occurrence
tropopause temperatures as low as 187 K indicate supersatrequency and areal coverage of TTL cirrus would be signif-
urations with respect to ice exceeding 100% with little or no icantly suppressed. However, the simulations also show that
ice present. In contrast, models used to simulate cloud foreven if in situ TTL cirrus form only over a very small frac-
mation near the tropopause assume a supersaturation thredien of the tropics in the western Pacific, enough air passes
old for ice nucleation of about 65% based on laboratory meathrough them due to rapid horizontal transport such that they
surements of aqueous aerosol freezing. The high supersategan still effectively freeze-dry air entering the stratosphere.
rations reported here, along with cloud simulations assumingrhe TTL cirrus simulations show that even if very large su-
a plausible range of temperature histories in the sampled aipersaturations are required for ice nucleation, these large su-
mass, indicate that the vast majority of aerosols in the airpersaturations should occur very rarely.

sampled on this flight must have had supersaturation thresh-
olds for ice nucleation exceeding 100% (i.e. near liquid water

saturation at these temperatures). Possible explanations for

this high threshold are that (1) the expressions used for calcul ~Introduction

lating vapor pressure over supercooled water at low temper-

atures give values are at least 20% too low, (2) organic filmsRecent studies have demonstrated the importance of cold ice
on the aerosol surfaces reduce their accommodation coefficlouds formed in the tropical tropopause layer (TTL) for the
cient for uptake of water, resulting in aerosols with more con-Earth’s radiation budgetfQomstock et a).2002 and regula-
centrated solutions when moderate-rapid cooling occurs an¢glon of the amount of water vapor entering the stratosphere
correspondingly inhibited homogeneous freezing, and (3) ifacross the cold tropical tropopauséefisen et 8l.1996
surface freezing dominates, organic coatings may increasklolton and Gettelmar2001; Gettelman et al. 2002 Jensen

the surface energy of the ice embryo/vapor interface resultand Pfister2004). Understanding the processes controlling
ing in suppressed ice nucleation. Simulations of in situ cloudstratospheric water vapor concentration to the degree that fu-
formation in the tropical tropopause layer (TTL) throughout ture concentrations can be predicted is important because
the tropics indicate that if decreased accommodation coeffistratospheric water affects polar stratospheric cloud forma-
cients and resulting high thresholds for ice nucleation pre-tion and ozone destructiofi¢on et al, 1989 Solomon et al.
1986, gas-phase ozone destructi@wvprstov and Soloman
Correspondence tcE. J. Jensen 2001, and the earth’s radiation budgdtafster and Shine
(ejensen@cirrus.arc.nasa.gov) 2002.
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852 E. J. Jensen et al.: Ice nucleation thresholds

In spite of the likely importance of these clouds, basic Pre-Aura Validation Experiment (Pre-AVE). In this analy-
processes controlling the conditions under which they will sis, we use three measurements of water vapor concentra-
form and their microphysical properties are poorly under-tion: the Harvard water vapor instrument (HWV) photodis-
stood. In particular, the conditions under which ice crys- sociates HO molecules with 121.6 nm (Lymaam) radiation
tals can nucleate near the cold tropical tropopause are nand detects the resulting OH photofragment fluorescence at
known. Previous in situ measurements of ice saturations ra315nm Veinstock et al. 1994; the Jet Propulsion Lab-
tios ranging from 1.1-1.7 (i.e. supersaturations of 10—70%)oratory laser hygrometer (JLH) measures absorption with
near the tropical tropopauséensen et gl200)) indicated a near-infrared tunable diode lasdidy, 1998; the Har-
that substantial supersaturations were required for ice nuclevard total water instrument (HTW) uses the same princi-
ation on the majority of aerosols in this region of the atmo- ples as the HWV instrument to measure total water with
sphere. Relatively small numbers of effective ice nuclei (IN) a front-end heater and heated duct to evaporate hydrome-
might also be present allowing nucleation of a few ice crys-teors (Weinstock et al., 2085. Pressure was measured
tals at lower supersaturations but would not often quench suwith a Weston DPM 7885 pressure transducer and temper-
persaturation and prevent homogeneous freeZiigdher ature with two Rosemount platinum resister probe. Dur-
2004. Modeling studies of in situ cirrus formation generally ing the NASA Cirrus Regional Study of Tropical Anvils and
assume (as a baseline case) that the aerosols are pure sulfdirrus Layers—Florida Area Cirrus Experiment (CRYSTAL-
ric acid, and parameterizations are used to calculate nucleFACE), this temperature-pressure measurement system was
ation rates versus temperature, saturation ratio, and aerosaked along with the Meteorological Measurement System
size (e.g.Koop et al, 2000. These nucleation parameter- (MMS) on the WB-57 and an independent MMS system on
izations are based on laboratory measurements of the cothe ER-2. The three temperature measurements agreed to
ditions under which homogeneous ice nucleation occurs irwithin a few tenths of a K during an ER-2/WB-57 formation
agueous aerosols with a variety of compositions includingflight segment on 13 July, 2002.
sulfuric acid (e.g.Bertram et al.1996 Koop et al, 1998. On 29 January, the WB-57 descended across the relatively

In situ measurements of upper tropospheric relative hu-cold (~187 K) tropical tropopause over the Pacific south of
midity have previously been used to infer ice nucleation Costa Rica. Figurd shows the profiles of water vapor con-
thresholds in a number of studies. For examplaag et al.  centration, temperature, and ice saturation ratio. The two
(2003 used clear-sky, in-situ relative humidity measure- water measurements give very similag®mixing ratios at
ments in the southern hemisphere and northern hemispherstitudes below the cold-point at 17.1 km. The measurements
midlatitude upper troposphere to infer the predominanceindicate a monotonic decrease in water vapor concentration
of homogeneous freezing nucleation in the clean southermwith increasing altitude down to about 5.2 ppmv at the cold-
hemisphere and an important contribution from heteroge-point. The ice saturation ratie;{ at the tropopause indicated
neous nucleation in the polluted northern hemisphere. by the water vapor and temperature measurements is about

In this study, we present recent measurements indicatin@.3-2.4 (i.e. about 130—140% supersaturation with respect to
ice saturation ratios as high as about 2.3 can occur underce). Note that the higher peak supersaturation indicated by
cold tropical tropopause conditions without substantial icethe JLH measurement does not reflect a discrepancy between
nucleation. The implications of these measurements for icéhe JLH and HWV water measurements. The 1-Hz JLH mea-
nucleation are evaluated using simple simulations assumingurement simply better resolves the sharp peakihan the
a plausible range of temperature histories for the air masse8.1 Hz HWV measurement.
prior to measurements of high supersaturations. Possible The Harvard water vapor instrument is rigorously cali-
physical mechanisms allowing these large supersaturationisrated in the laboratory before and after each deployment,
are considered. Next, we evaluate the potential implicationsand the calibration is checked by direct absorption measure-
of these high ice nucleation thresholds for TTL cloud for- ments. During the 29 January flight, short term increases
mation and dehydration using simulations of TTL transportin water vapor in cloud-free air were encountered during
and cloud formation throughout the tropics. We show thatascent at about 12.5km and descent at around 11.5km.
these increased thresholds result in simulated in situ cloudhese increases relative to background values allow for
formation over only a very limited region in the tropics, but measurements of water vapor by two independent methods:
dehydration of air entering the stratosphere is still quite ef-photofragment fluorescence and direct absorption of Lyman-
fective even though the clouds occupy a very small fractiony radiation at 121.6 nm using Beer's law. On ascent the
of the tropics. maximum amount of water vapor in the feature was about

25 ppmv while on descent it was about 225 ppmv. For both
features agreement between the two methods was better than
2 Ice supersaturation measurements

) ) ) Iweinstock, E. M., Sayres, D., and Pittman, J.: Total water mea-
During January 2004, NASA conducted a series of flightssurements on the WB57 aircraft in thin and thick cirrus, J. Geophys.
with the WB-57 out of San Jose, Costa Rica as part of theRes., in preparation, 2005.
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3% with fluorescence measuring slightly higher during the
ascent feature and slightly lower during the descent feature.

certainties of£0.5 K, and+0.5 mbar, respectively. Assum-

ing a conservative 10% uncertainty in the water vapor mea-
surement, the combined uncertainties in water vapor concen-
tration, temperature, and pressure give an an uncertainty ing
saturation ratio of about 13%. We have included error bars 3
of this magnitude in Figl, along with the saturation ratio
thresholds for freezing of sulfate aerosols for aerosol radii of ~
100, 50, and 20 nmKpop et al, 2000. Even if most of the

sulfate aerosols at the tropopause on this flight were unusu-
ally small (<20 nm), they should still have frozen at ice su-
persaturations well below those measured on this flight. One 15
would assume that when the air cools sufficiently to dsjve

above the threshold, aerosols will rapidly begin freezing until

Hintsa et al (1999 estimated the accuracy of the instrument 185 190 Temperature (K) 200 205
0, L L L L ]
to be+5b /t.J. ' ' ' 18 o Jan. 29, 2004 .
For estimation of the supersaturation uncertainty, we use ¢ oo 1
conservative estimates for the temperature and pressure un- oy threshold 1
¥ (r =100, 50, 20 nm) B

Altitude (

. . L. 0.5 ‘1.0““1.5““2.0““2.5
enough ice is generated such that deposition growth depletes Ice saturation ratio

the water vapor concentration and the increasg is halted _ _
or reversed. Given the |arge concentrations of aerosols typ|FIg 1. In situ measurements from a WB-57 descent across the cold
cally present (at least 10 cm and often much largeBfock tropopause south of Costa Rica are shown. Ice supersaturations at

the tropopause are far larger than the threshold for ice nucleation
due to freezing of aqueous aerosols (in equilibrium with the ambient
water vapor) indicated by a measurement-based parameterization
(Koop et al, 2000 (blue curves). See text for discussion.

et al, 1995), one would expect that; would not signifi-
cantly exceed; ,, even for brief time periods or under rapid
cooling. We present modeling results below that confirm this
expectation.

If rapid cooling occurs, the diffusion of water vapor to

aerosols is too slow to keep the aerosol activity in equilib-2005. As a result, the uncertainty in the total water mea-
rium with the ambient saturation ratio with respect to Super-gyrement is larger than that for the water vapor measure-
cooled liquid. This effect could allow the supersaturation o ment partly due to hysteresis in the total water measurement
Oexceed the Koop threshold shown in this figure by severalyhen the water concentration changes rapidly. The total wa-
% (Haag et al. 20033, but the peak supersaturations should {erpyater vapor measurements agree within their uncertain-
still be well below the observed values. . ties. The lack of apparent enhancement in total water near
Using the expressions for vapor pressure over ice and sine tropopause constrains the condensed (ice) mixing ratio to
percooled liquid recommended bjurphy and Koop2009 g more than about 1 ppmv.
at the minimum temperature of 187.1K, saturation with re-  the only direct measurements of ice crystal properties
spect to liquid water occurs at an ice saturation ratio of 2.05 —during this flight came from the Video Ice Particle Sampler
well below the peak observed value of about 2.3, but within(V|pS) instrumentieymsfield and McFarquhat996. The
the range of uncertain_ty. Satgration rgtios _significantly €X-VIPS images during the cold tropopause crossing consid-
ceeding water saturation are implausible since water dropgreq here indicated no ice crystals present in the detectable
would be activated and quench further increase in saturationsj, range*10—20,:m diameter) anywhere in the supersat-
However, as discussed further below, the vapor pressure ovefaied layer. The VIPS noise limit is abouk 205 gm3

supercooled water cannot be directly measured at these te”&brresponding to about 0.2 ppmv at 90 mbar pressure. Crys-
peratures and is very uncertain. As a result, we argue that thg,;s smaller than 20m may have been present, but given

saturation ratio measurements do not necessarily have a highe |ack of condensed water in excess of water vapor and the

bias. lack of evidence for removal of water vapor at the temper-

The Harvard total water measurement actually indicatedyy,re minimum, we conclude that little or no ice nucleation
somewhat lower water concentrations near the tropopausfaq occurred recently in the air sampled.

than the water vapor measurements. The HTW instrument

uses the same detection technique as the HWV instrument,

and its laboratory calibration is identical as well. However, 3 Implications for ice nucleation

in order to maintain ambient particle densities in the HTW

instrument, an isokinetic inlet is used that results in slowerln order to clarify the implications of the measurements de-
mass flow than in the HWV instrument (Weinstock et al., scribed above, we next use a cloud model to investigate what

www.atmos-chem-phys.org/acp/5/851/ Atmos. Chem. Phys., 588212005



854 E. J. Jensen et al.: Ice nucleation thresholds

1992. Results are insensitive to the deposition coefficient as

Ice Saturation Ratio (color) and N, (black contours, cm®)  dT/dt = 0.4 K hour*

380 0. long as values larger than about 0.1 are assumed. Coagula-
160 tion of ice crystals is neglected. We use the parameterization
< 375 1.50 . . .
T 140 given byKoop et al.(2000 to calculate ice nucleation rates
£ i due to aqueous aerosol freezing as a function of water ac-
g ] tivity along with the expressions recommendedNyrphy
£ 4 Hoso and Koop(2005 for saturation vapor pressure over ice and
& o supercooled liquid. This combination of expressions gives a
sl ‘ ‘ ‘ ‘ ‘ ‘ s threshold ice saturation ratio for ice nucleation of about 1.65
0 2 . © e (hours. 10 12 at 190 K. Using different expressions in the literature for va-
H,0 mixing ratio (color, ppmv) and IWC (black, pg/m?) por pressure over supercooled water can give threshold ice
*F : : : : : : [ saturation ratios as much as 20-25% higher or lower than

this value. This uncertainty is discussed further below.

Within each of 25 sulfate mass bins (spanning the dry
aerosol radius range from 0.01x8H), we keep track of the
time-dependent aerosol radius, sulfate mass fraction, and ac-
tivity by calculating the diffusion of water to the aerosols.
The HO saturation vapor pressure over sulfuric acid aque-
‘ ‘ ‘ ‘ ous solutions is calculated using the expression given by

S me (hours) Tabazadeh et al1997% (their Table 1). When very rapid
cooling occurs, the diffusion of water vapor to larger aerosols
Fig. 2. Color shading shows saturation ratio (top panel) and wa-is too slow to keep them in equilibrium with the vapétaag
ter vapor mixing ratio (bottom panel) versus time and height for anet al, 20033. For the most rapid cooling rates considered
idea!ized simulation with a column o_f air cooling over seve_ral hours below, the kinetic limitation of water uptake by aerosols can
!ea}dlr?g up to the WB_—57 sampling tlm(_e. Location of the ice cloud increase the peak supersaturations by 5-10%.
1S 'n.d'ca.teq by bli.iCk ice ””f.“ber d.ens'ty contours. The cloud for- We initialize the model with the observed water vapor
mation limits the ice saturation ratio t91.65 and dehydrates the L - . ]
region near the tropopause. mixing ratio profile and_ a temperature prqfll_e 5K warmer
than the observed profile such that the air is initially sub-
saturated with respect to ice. Using the measured water va-
possible sequence of temperature evolution and cloud propor profile is equivalent to assuming that no dehydration oc-
cesses might have led to the observed saturation ratio prceurred upstream. Aerosol size distributions were measured
file. Rather than running back trajectories from the flight on the WB-57 with the Nucleation-Mode Aerosol Size Spec-
time and location, we use a more general approach of contrometer (N-MASS) Brock et al, 2000 and Focused Cav-
sidering a range of temperature histories for the observed airity Aerosol Spectrometer (FCAS) instrumenisigsson et gl.
mass. Since the tropopause region was observed in unusualy995. Based on the measurements made during the descent,
extreme conditions of low temperature and high supersaturawe initialized the simulations with a log-normal aerosol size
tion, presumably the air cooled prior to the aircraft sampling. distribution using a concentration of 100Tf a mode ra-
We initially assume the air cooled monotonically and exploredius of 0.025.m, and a distribution width of=1.4. This
the impact of cooling rate and aerosol freezing propertiesassumption is actually conservative since we are effectively
Hence, we assume the entire column of air cooled steadily agxcluding any larger aerosols that might have been scavenged
a particular rate in the hours—days leading up to the samplingby ice nucleation upstream. The sensitivity of results to the
The impact of temperature oscillations is discussed below. assumed aerosol size distribution turns out to be minimal

For the simulation of cloud formation ancb,® mass ex-  unless no aerosols larger than 10—20 nm are assumed to be
change between the vapor and condensed phase, we useeesent.
detailed, one-dimensional microphysical model that tracks As a reasonable range of cooling rates, we use 0.04—
the growth and sedimentation of thousands of individual ice40 K h™1, corresponding to adiabatic ascent rates of about
crystals in a vertical columnlénsen and Pfiste2004. Wa- ~ 0.1-100cmst. This range includes slow synoptic-scale
ter vapor is tracked on an Eulerian vertical grid with potential motions, mesoscale motions, small-scale gravity waves, and
temperature as the vertical coordinate. The vertical domairshallow convection. Figur2shows the evolution of ice satu-
and grid spacing ar6=358-390K andd6=0.18 K. This ration ratio and water vapor mixing ratio in a simulation with
model has been used to investigate the climatological effects typical synoptic-scale cooling rate of 0.4 K'h As speci-
of TTL cirrus on water vaporJensen and Pfiste2004 and  fied by the aerosol freezing parameterization, ice nucleation
for simulating TTL cirrus sampled during CRYSTAL-FACE occurs first at the cold point whepn exceeds about 1.65 and
(Jensen et al., 2004). We assume a deposition coefficient afubsequently above and below the cold point as the column
0.5 for calculating ice crystal growth rateslgynes et aJ.  of air continues to cool. Nucleation and deposition growth
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Fig. 3. Vertical profiles of temperature, water vapor concentration, ice mixing ratio, and ice saturation ratio are plotted at the end of
simulations for comparison with the measured profiles shown inFig-he temperature profile at the end of each simulation is equal to
measured profile(a) Cooling rate=0.4 K i11; (b) cooling rate=4 K it1; (c) cooling rate=0.04 K hl; (d) cooling rate=0.4 K i1 and vapor
pressure over supercooled water increased up to 23% (temperature-dependent) suck; ttraesteld for ice nucleation is increased (See

text for details.).

of ice crystals prevents from exceeding the 1.65 threshold  Increasing the cooling rate to 4 Khresults in higher ice
significantly at any time or location in the simulation. The number densities (up to a few ¢ limiting crystal growth.
ice crystals grow to diameters of 20—36h resulting in sig-  The smaller crystals fall more slowly, and they have less time
nificant sedimentation. The water vapor mixing ratio is de-to fall since the air is cooling more rapidly; hence, most
pleted in a layer centered on the cold point due to growth andf the ice mass remains near the tropopause @hj. At
sedimentation of ice crystals. the end of the simulation, the water vapor mixing ratio pro-
The impact of the cirrus layer on the final water vapor andfile shows significant depletion near the tropopause and con-
saturation ratio profiles is shown in Figa. The upstream densed mass roughly equal to vapor mass, in stark contrast
ice cloud has irreversibly dehydrated the region around thgo the measurements. As in the simulation with a moder-
cold-point tropopause such that the ice saturation ratio peaite cooling rate, the peak ice saturation ratio is above the
(~1.65 at=373K) is well above the tropopause. Very little tropopause and limited to about 1.7.
condensed mass remains at the WB-57 sampling time (no Decreasing the cooling rate results in correspondingly
more than about 2 ppmv), and most of the ice resides neasmaller ice concentrations and larger crystals. The crystals
the bottom of the saturated layer well below the tropopause.fall out of the tropopause layer before they can drive the ice

www.atmos-chem-phys.org/acp/5/851/ Atmos. Chem. Phys., 588212005
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saturation ratio down toward unity. However, the ice crys- Recent laboratory experiments with the Aerosol Interac-
tals still prevents; from significantly exceeding; ,,.. The  tion and Dynamics in the Atmosphere (AIDA) cloud cham-
final profile shows a broad layer with roughly equal to this  ber have provided direct measurementssgf,. (Mohler
threshold value of about 1.65 (Fi8c). A slightenhancement et al, 2003. The water vapor concentration in the cloud
of water vapor concentration due to sublimation of crystalschamber was measured with a Lymarikygrometer allow-
below the supersaturated layer is apparent as well. ing calculation of the ice saturation ratio threshold without
If cooling cycles upwind of the observed profile had driven use of the uncertain supercooled liquid vapor pressure. The
ice nucleation events, then most of the aerosols available fothreshold freezing rates are in approximate agreement with
ice nucleation might have been activated and removed byhe Koop et al.(2000 parameterization (with an estimated
sedimentation, possibly allowing the ice supersaturation touncertainty of about 10%), suggesting that the error in the
build up to the observed values. To evaluate this possibility,supercooled water vapor pressure may not be large. Ad-
we have run a number of simulations with temperature os-ditional laboratory experiments with direct measurement of
cillations superimposed on a slow cooling rate. We discountwater vapor partial pressure should be conducted to confirm
this scenario for two reasons: the AIDA chamber results.
Another possible explanation for the observed high super-
1. in these simulations, whenever the aerosols were desaturations is that the aerosols in the region sampled have a
pleted by ice nucleation and scavenging, the water vapocomposition that is very different from the aerosol composi-
profile also showed clear evidence of dehydration (i.e. ations used in laboratory freezing experiments. Although lab-
dry layer as evident in the examples shown in Bjg. oratory experiments with dicarboxylic acids indicate little or
no effect on the activity at which aerosols free¥ége et al,
2. the measured aerosol size distribution was typical with2004), a wide variety of organic compounds can be present
no evidence of an absence of relatively large particles. in aerosols, and the issue remains open. Recent field mea-
surements of ice nucleation onset have suggested that homo-
As discussed bilurphy and Koo2005, the vapor pres-  geneous freezing of aerosols may be delayed until near liquid
sure over supercooled water at these low temperatures camvater saturation is reached when the mass of organic compo-
not be measured directly and is relatively poorly constrainednents in aerosols is unusually highgMott et al, 2003. Fur-
Most of the aerosol freezing laboratory experiments measurenher, Cziczo et al (2004 showed that organic-rich particles
the water activity (assumed to be equal to the liquid waterpreferentially remain unfrozen when ice nucleation occurs,
saturation ratio in equilibrium with the aerosols) at the pointindicating an increased barrier to freezing of these organic-
where ice nucleation occurs. Calculation of the thresholdrich aerosols. Measurements made with the Particle Anal-
ice saturation ratio requires multiplication of the threshold ysis by Laser Mass Spectrometry (PALMS) instrument dur-
liquid saturation ratio by a vapor pressure ratiQ, i/ psa;,i-  ing WB-57 flights in the tropics have shown that the tropi-
Hence, one possible explanation for the high supersaturationsal upper tropospheric aerosols typically have significant or-
reported here is that the vapor pressure over supercooled wganic componentdurphy et al, 1998.
ter is larger than that calculated by integrating the Clapeyron During the January 29 descent from about 18 to 14 km,
equation using best available estimates of supercooled wat®®ALMS sampled 11 particles. Although these particles
thermodynamic properties. The uncertaintieg/y ; attem-  were not sampled in the narrow layer with high ice super-
peratures below 190 K reported Murphy and Koo2005 saturations, their composition was similar to others sam-
are sufficient to account for the discrepancy between the icgled in tropical upper troposphere/lower stratosphere re-
supersaturations reported here and those inferred from labagion: primarily mixed sulfates with organics, a few particles
ratory measurements of the aerosol activity at which sulfatecontained mercury and iodine, and one particle contained
freezing occurs. potassium indicating a biomass-burning source. Hence, the
To demonstrate this effect, we multiplied our expressionavailable in situ measurements do not indicate that the air in
for psar by a factor (30.018200-7)) for temperatures  the vicinity of the high supersaturation layer was necessarily
below 200K. This adjustment resulted in increasing,. atypical for the tropical tropopause region. However, rela-
to about 2.04 at 187 K, such that ice nucleation would onlytively few particles were sampled, they were not in the spe-
have begun shortly before the WB-57 sampling (assumingcific layer of interest, and we cannot constrain the detailed
the air was cooling prior to the observations). The resultingchemical composition of the aerosols present.
final profile (Fig.3d) shows that even i; ;. is only slightly If we assume that organics (or other impurities) and sul-
lower than the observed peak saturation ratios, then a notcfates are both present and, at least to some degree, exter-
in thes; profile results in contrast to the observed profile that nally mixed, then a fraction of the aerosol population should
was sharply peaked at the temperature minimum. Our interfreeze at supersaturations indicated by the laboratory mea-
pretation is that the supersaturation had not quite gotten higlsurements. For simplicity, we assume that some fraction
enough to trigger ice nucleation at the time of the WB-57 of the aerosols has composition such that they freeze at su-
decent across the tropopause. persaturations indicated by the laboratory measurements and

Atmos. Chem. Phys., 5, 85862, 2005 www.atmos-chem-phys.org/acp/5/851/
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Fig. 4. Peak ice saturation ratios achieved at any location or time inFig- 5. The ratio of aerosol radius divided by the equilibrium radius
simulations with different initial concentrations of sulfate aerosols IS plotted versus equilibrium radius for different accommodation co-
and cooling rates are plotted. The range of ice saturation ratioé_afflments (red and blue curves). The aerosol size distribution used

shown here correspond to relative humidities with respect to liquidin the simulations is shown for reference.of is significantly de-
ranging from about 80—100%. creased by surface impurities, the aerosols can be much more con-

centrated and less likely to freeze than they would be in equilibrium

that the rest of the aerosols include sufficient impurities suchith the vapor.

that they do not freeze at any supersaturation. If the num-
ber of aerosols available for ice nucleation is decreased far
enough, then cooling will eventually lead to supersaturationChen and Lepwhile other studies show little or no effect
with respect to liquid water. Once sufficient liquid supersat- (Hansson et 811998 Wagner et a.1996. However, mass
urations occur, liquid droplets will be activated, followed by accommodation coefficients as low as 100 10 have
growth, dilution, and freezing. Since we are calculating thePeen measured, with the magnitudespfdepending on the
time-dependent uptake of water by aerosols in the model, thightermolecular organization of the organic films. Compar-
process is treated properly. isons between predicted and measured cloud condensation

We have run a series of simulations varying the fraction of "Uclei concentrations during periods with high organic mass
aerosols available for homogeneous freezing. Figwieows ~ cOntent in aerosols provide circumstantial evidence for sup-
the peak ice saturation ratio achieved at any time in the simuPréssed accommodation coefficients of atmospheric aerosols
lations versus the sulfate aerosol concentration for the rang€Cantrell et al. 2003). The suppression of water vapor con-
of cooling rates considered. The peak ice saturation ratio§l€nsation by organic films will likely be more effective at
only approach the measured values if the sulfate aerosol codoW temperature since surface films tend to take on a more
centration is less than about 0.01-1¢ndepending on the ~ Solid-like state with decreasing temperatufglgmson and
cooling rate. Note that the maximum cooling rates consid-Gast 1997.
ered here (40 Kht) are extremely unlikely for the air sam- To evaluate the impact of reduced aerosol accommodation
pled on the 29 January flight. There were no convective syscoefficients, we have run a series of simulations with cooling
tems anywhere near the air sampled, and the profile shown irates of 0.4—-40 Kh! and a range of accommodation coef-
Fig. 1 shows no evidence of strong wave activity. The inhibi- ficients. As discussed above, we are calculating the time-
tion of aerosol freezing due to impurities would only permit dependent aerosol radius and composition by calculating the
the observed high supersaturations if the vast majority of thediffusion of water to the aerosols. Figuseshows the effect
aerosols contained sufficient impurities to prevent homoge-of a low accommodation coefficient on the aerosol radii for
neous freezing. the moderate cooling rate simulation (4 K. If « is larger

As discussed recently b§ziczo et al(2004 andKarcher ~ than about 0.01, then for all sizes where significant numbers
and Koop(2004), a plausible physical mechanism for delay- Of aerosol present (less than about0r8), the aerosols are
ing aerosol freezing is that films of organics on the surface ofessentially in equilibrium with the surrounding water vapor.
aerosols limits their water uptake rate by reducing the accomHowever, if the deposition coefficient is significantly sup-
modation coefficienty,. Numerous laboratory experiments Pressedd.=5x10-* curve), the aerosols cannot take up wa-
have investigated the impact of surface coatings on water upter fast enough to stay in equilibrium. The aerosols are more
take (seeBarnes 198§ Chuang 2003 for reviews). Even concentrated than the equilibrium composition, resulting in
at room temperature, the impact of surface active organicéeduced activity and reduced probability of freezing.
on accommodation coefficients is unclear; some studies indi- Confirming the results oKarcher and Koo2004), we
cate that a coating reduces water uptakieiig et al, 1996 find that decreasing the accommodation coefficient results in
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2.4 "T5100.0 suppressed. As with the reduce accommodation coefficient
I 1 hypothesis, laboratory measurements are required to deter-

mine the plausibility of this mechanism.

[ dT/dt = 40 K/hour
2.2~ dT/dt = 4 K/hour
+ dT/dt = 0.4 K/hour

=
o
=}

- 4 Implications for TTL cirrus formation
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Peak S,
Peak N, (cm®)

As discussed above, simulations of cirrus formation in the
upper troposphere generally assume the aerosols freeze atice
supersaturation ratios of about 1.65 as indicated by the lab-
oratory measurements and supercooled water vapor pressure
N expressions. If the high ice nucleation thresholds indicated
10 104 107 102 10t by the Pre-AVE measurements apply generally throughout
Aerosol accommodation coeflicient the tropics, then one would expect that calculated cirrus fre-
Fig. 6. The impact of reduced aerosol accommodation coeffi- duencies would be reduced. Further,_sinc_e air could ascend
cient on peak ice saturation ratios (solid) and ice number densiirough the tropopause cold-trap having higher supersatura-
ties (dashed) is shown for different cooling rates (colors and sym-tions without ice nucleation, the flux of water to the strato-
bols). With rapid cooling and.<8x1073, large ice supersatu- Sphere should be increased.
rations build up. Even with slow—moderate cooling, large ice su- To evaluate these effects, we use a set of cloud simula-
persaturations are possibledf<5x107° to 5x1074. Also, ice  tions described bylensen and Pfist¢2004. Specifically,
concentrations increase dramatically with decreasing deposition cogye yse the cloud model described above to simulate cirrus
efficient in slow-moderate cooling rate simulations. formation driven by “temperature curtains”. The tempera-
ture curtains are generated by running isentropic back trajec-
tories and extracting vertical profiles of temperature from the
increased peak ice saturation ratios and increased ice comNational Centers for Environmental Prediction meteorologi-
centrations (Fig6). For the rapid cooling rate (equivalent cal analyses along the trajectories. Adjustments are made to
to 1 ms ! adiabatic ascent), simulations that are likely unre- account for gravity wave perturbations and tropopause tem-
alistic for the Pre-AVE profile reported here, deposition co- perature biases in the analysdsrfsen and Pfiste2004. A
efficients would only need to be suppressed to values belowslow upward motion£0.3 mms!) is imposed in the simu-
about 8¢1073 to allow supersaturations comparable to the lations to balance the clear-sky radiative heating in the TTL.
Pre-AVE measurements to build up. Even with moderateSeveral hundred simulations were run using 40-day trajec-
and slow cooling (equivalent to 10 and 1 cnt} large ice  tory curtains throughout the tropics for the December 1995—
supersaturations are possiblesf<5x10~* and 5<10~°, January 1996 time period. These trajectories ended at points
respectively. Note also that the peak ice concentrations iron a regular grid betwees2(° latitude with 5 latitude-
the simulations with moderate—slow cooling increase rapidlylongitude spacing allowing us to construct fields of water va-
with decreasing:.. When ice nucleation is initiated, the first por throughout the TTL.
crystals nucleated start to grow and deplete the vapor concen- For this study, we have run a set of simulations with the
tration. In the simulations with deposition coefficients neartypica| aerosol freezing ice nucleation expressionsl super-
unity, the aerosols rapidly shrink in response to the decreascooled water vapor pressures, and unity mass accommo-
ing humidity, and ice nucleation is quickly shut off. But if dation coefficient for uptake of water by aqueous aerosols
a. is very small, the aerosols shrink slowly, allowing more (the baseline case) as well as a set of simulations with
aerosols to freeze and large ice concentrations to build upthe accommodation coefficient reduced te %> result-
For the smallest deposition coefficients considered here ifing in enhanced supersaturation threshold for ice nucleation
the moderate cooling simulations.0.001), a large frac-  when moderate-rapid cooling occurs. Cloud frequencies and
tion of the aerosols freeze resulting in ice concentrations eXtropopause water vapor concentrations from these sets of
ceeding 30 cm?® and ice crystal diameters limited to a few sjmulations are shown in Fig. Increasing the threshold for
pm. ice nucleation substantially decreases calculated cloud fre-
In addition to the kinetic effects on water uptake by quencies. The peak cloud frequencies are decreased from
aerosols, surface active organics may also affect the thermaabout 40% to 20%, and, more significantly, cloud forma-
dynamics of ice nucleation in aqueous aerosols. If aerosotion in thea,=5x10"° set of simulations is restricted to the
surface freezing dominates over volume freezing, then thevestern Pacific. Throughout most of the tropics, the temper-
ice nucleation rate will be very sensitive to the surface en-atures never get cold enough to drive the ice saturation ratio
ergy of the ice embryo/vapor interfadgjikaev et al, 2002 above the increased threshold. The air sampled during Pre-
Tabazadeh et al2002. If surfactants increase the surface AVE (Fig. 1) provides an example of this situation. No de-
energy of this interface then surface freezing may be stronglytectable cloud was present, but if the ice nucleation threshold
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Fig. 7. The top two panels show the simulated tropical distribution of tropopause water vapor concentration and cloud frequency. The
color shading indicates the water vapor mixing ratio at 380 K potential temperature at the end of the trajectory simulations, and the black
contours are the cloud frequencies from the entire 40-day simulations. Increasing the threshold for ice nucleation by decreasing the mass
accommodation coefficient for uptake of water by aerosols (middle panel) decreases peak cloud frequencies by more than a factor of 2 anc
restricts the region where clouds form to the western Pacific. On the other hand, the final tropopause water vapor concentrations are only
slightly affected by the change in nucleation threshold as shown in the bottom panel.

had been lower, then a cloud necessarily would have formedsulting in dry parcels reaching 380 K over a large fraction of

Note, however, that the occurrence of high supersaturationthe tropics.

in the simulations is rare: saturation ratios greater than 170%

occur less than 2% of the time. Hence, it is perhaps not sur-

prising that the relatively small number of past in situ TTL 5 Conclusions

relative humidity measurements have not revealed such high

supersaturations. We have presented in situ measurements from the Pre-AVE
Somewhat surprisingly, the final tropopau$e=880 K) mission indicating unexpectedly high supersaturations with

water vapor concentrations are only slightly affected by therespect to ice at low temperatures in the absence of an ice

increase in nucleation threshold. Averaged throughout thecloud. Along with cloud simulations, the measurements

tropics, the tropopause mixing ratio increases less than 10%ead to the conclusion that the vast majority of the aerosols

and in the driest regions, there is little or no change. Transpresent were highly resistant to ice nucleation via homoge-

port of air through the relatively small western-Pacific re- neous freezing or any other mechanism. In particular, the

gion, where clouds form, effectively flushes the water, re-ice saturation ratio thresholds for homogeneous freezing of
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available aerosols must exceed,,.~2.3 at temperatures Three possible explanations for the high nucleation thresh-
approaching 187 K (near saturation with respect to liquid olds were discussed. First, most of the laboratory experi-
water), whereas parameterizations based on laboratory meaents measure the water activity at which sulfate aerosols
surements of sulfate aerosol freezing givg,.~1.65-1.75, freeze. Calculation of; ,,. from the liquid water satura-
depending on the aerosol size distribution and cooling ratetion ratio threshold requires multiplication by the vapor pres-
Both of the WB-57 in situ water vapor measurements wouldsure over supercooled liquid. The supercooled water vapor
need to be reduced by at least 25% for consistency with thgressure is not directly measured at these temperatures and is
laboratorys; ., values. This offset is well beyond the exper- poorly constrained. A-20% increase ip;,;,; Over currently
imental uncertainties. Although anecdotal, these measuredsed values would be consistent with the high ice supersat-
ments suggest that expressions used for ice nucleation calcurations measured here. However, the recent AIDA cham-
lations in cloud simulations may need to be revised for suchber experiments provide direct measurements of. values
cases. also well below those inferred from the Pre-AVE measure-
The Pre-AVE flights were not the first measurements ofments. Additional laboratory experiments with direct mea-
ice saturation ratio at the tropical tropopause. During pastsurements of the water vapor concentration at the point of
airborne science missions, the NASA ER-2 aircraft has oc-homogeneous ice nucleation in aqueous aerosols are needed
casionally made ascents and descents across the tropictd confirm the AIDA experiment results.
tropopause. These profiles indicated substantial ice super- Second, we explored the possibility that ice nucleation
saturations near the tropopause but not the extreme supersatight be inhibited because organic films on the aerosol sur-
urations reported herel¢nsen et 312001). However, the faces hinder the uptake of water in rapidly cooling air. We
highest supersaturations are likely to be transient events ocshowed that if the accommodation coefficient is suppressed
curring only in very cold air just before ice nucleation occurs, to values below about:610~° to 8x 102, depending on the
and, as discussed above, simulations along trajectories indeooling rate, then aerosols cannot take up water fast enough
cate that these high supersaturations occur very rarely. to stay in equilibrium. Hence, they remain more concen-
In addition, several balloon-borne frostpoint hygrometer trated, with lower activities, and lower freezing probability,
soundings were made during March 1988 and April 1989allowing ice supersaturations to build up to the observed val-
and January 2004 from San Cristobsbfnel et al, 2002, ues. We also found that peak ice concentrations increase
which is very near the location of the WB-57 profile reported rapidly with decreasing deposition coefficient due to the re-
here. In none of these profiles were ice saturations exceedinduced rate of aerosol activity decrease when ice crystals be-
~1.5 observed. A long-standing and yet to be resolved disgin to nucleate.
crepancy between the balloon-borne frost-point hygrometers Third, if surface freezing dominates ice nucleation in
that made these measurements and the aircraft hygrometeagjueous aerosols, surface active organics might increase
used in this study has been reported previouSlynians and  the energy of the ice embryo/vapor interface, resulting in
Rosenlof 2000. The Harvard and JPL instruments gener- strongly suppressed ice nucleation. Additional laboratory
ally give water vapor concentrations about 15-30% (or aboutand field measurements are required to explore this possi-
1 ppmv at stratospheric values) higher than the balloon-bornéility.
cryogenic measurements. If this difference represents a sys- The latter two of these hypotheses suggest that aerosol
tematic high bias in the Harvard and JPL water vapor meacomposition inhibits ice nucleation. Our simulations indi-
surements, this could explain the discrepancy with labora-cate that in order to allow the supersaturation to build up to
tory measurements of ice nucleation thresholds. Howeverthe observed values, the vast majority of available aerosols
this explanation would require that the two aircraft measure-would need to be resistant to homogeneous freezing.
ments exhibit systematic errors yielding a virtually identical ~ Simulations of TTL transport and cloud formation
high bias for completely different physical reasons, and itthroughout the tropics show that the increased nucleation
disregards the well-documented calibration and validation ofthreshold would have a large impact on the calculated fre-
the WB-57 instruments. quency and regional coverage of thin cirrus formed in situ
It should be noted that very large ice supersaturationswithin the TTL. In particular, the simulated TTL cloud for-
have previously been reported from satellite limb-soundingmation is limited to the western Pacific cold-pool region.
microwave measurementSichtinger et a).2002. De- Lidar measurements have documented the presence of lami-
termination of the relative humidity frequency distribution nar cirrus apparently formed in situ elsewhere in the tropics
from Microwave Limb Sounder measurements is problem-(Pfister et al.2001; Winker and Treptgl998. However, the
atic given the relatively poor precision of the MLS rela- simulations presented here do not include injection of ice or
tive humidity retrieval Jensen et g11999. However, the  water vapor into the TTL by deep convectiokassie et al.
Spichtinger et al(2002 analysis showed that the slope of (2002 used trajectory analysis to show that about half of the
the relative humidity frequency distribution did not notice- thin cirrus in the TTL can be traced back to deep convec-
ably change at about 160% suggesting that larger supersattive origins within five days. In many of these cases, deep
rations did indeed exist. convection may have provided a source of water vapor to the
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tropopause region followed by cooling downstream resultingComstock, J. M., Ackerman, T. P., and Mace, G. G.: Ground

in in situ cloud formation. Hence, we anticipate that inclu- based remote sensing of tropical cirrus clouds at Nauru Island:

sion of a deep convective water vapor source in the simula- Cloud statistics and radiative impacts, J. Geophys. Res., 107,

tions will increase the frequency and geographic coverage of d0i:10.1029/2002JD002203, 2002. .

in situ TTL cirrus. Cziczo, D. J., DeMott, P. J., Brooks, S. D., Prenni, A. J,,
Unexpectedly, the concentration of water vapor in air Th.omson’ D. S., Baumgardner, D Wilson, .J' c. Kre'de'ﬁ'

. . . . . seis, S. M., and Murphy, D. S.: Observations of organic
crossing the tropopause is only slightly increased by the high

. : . species and atmospheric ice formation, Geophys. Res.Lett., 31,
supersaturation threshold for ice nucleation and correspond- .:.10 1029/2004GL019822. 2004.

ing reduction in cloud frequency. It turns out that even apewmott, P, J., Cziczo, D. J., Prenni, A. J., Murphy, D. M., Kreiden-

relatively confined cloud-formation region over the western eis, S. M., Thomson, D. S., and Borys, R.: Measurements of

Pacific can effectively freeze-dry air entering the stratosphere the concentration and composition of nuclei for cirrus formation,

since a large fraction of air parcels pass through the west- Proc. of National Acad. Sci., 100, 14 655-14 660, 2003.

ern Pacific cold region at some time during their slow ascentDjikaev, Y. S., Tabazadeh, A., Hamill, P., and Reiss, H.: Thermo-

through the TTL. dynamic conditions for the surface-stimulated crystallization of
It should be noted that we only have a single profile across_ tmospheric droplets, J. Phys. Chem., 106, 10 247-10 253, 2002.

the tropical tropopause indicating the high supersaturation@Vorstov. V- L. and Solomon, S.: Response of the stratospheric tem-

with respect to ice. The tropical tropopause region has been pera_tu_res and ozone to past and future increases in stratospheric

s . humidity, J. Geophys. Res., 106, 7505-7514, 2001.

§ampled In S_'tu with accurate Water_\(apor_anq temperatureForster’ P. M. F. and Shine, K. P.: Assessing the climate impact

instrumentation only very rarely. Additional in situ measure- ¢ trends in stratospheric water vapor, Geophys. Res. Lett., 29,

ments at cold tropopause conditions are required to evaluate 1014, 2002.

whether the high supersaturation threshold for ice nucleatiorgettelman, A., Randel, W. J., Wu, F., and Massie, S. T.: Transport

inferred from the Pre-AVE measurements is typical. of water vapor in the tropical tropopause layer, Geophys. Res.

Lett., 29, 10.1029/2001GL013818, 2002.
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