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Abstract. Factors controlling the microphysical link be- 1 Introduction

tween distributions of relative humidity above ice saturation

in the upper troposphere and lowermost stratosphere and citknderstanding the formation of cirrus clouds in the upper
rus clouds are examined with the help of microphysical tra-troposphere and tropopause region is a necessary prerequisite
jectory simulations. Our findings are related to results fromin developing the ability to understand and predict the radia-
aircraft measurements and global model studies. We sugtive effects of cirrus clouds, their role in precipitation pro-
gest that the relative humidities at which ice crystals formcesses and in the hydrological cycle, and hence their impact
in the atmosphere can be inferred from in situ measurement8n climate. High-altitude ice clouds are thought to freeze-dry
of water vapor and temperature close to, but outside of, cir-air entering the tropical lower stratosphere, thereby influenc-
rus clouds. The comparison with concomitant measurementlg the stratospheric water vaporA8) budget (Danielsen,
performed inside cirrus clouds provides a clue to freezing1982; Jensen et al., 1996); modify heating rates in the
mechanisms active in cirrus. The analysis of field data takeriropical tropopause region, thereby influencing stratospheric
at northern and southern midlatitudes in fall 2000 reveals dis0zone and the stratospheric circulation (Dessler et al., 1996);
tinct differences in cirrus cloud freezing thresholds. Homo-lead to vertical redistribution of 0 and freezing nuclei,
geneous freezing is found to be the most likely mechanism bywith a potential to modify the development of supercooled
which cirrus form at southern hemisphere midlatitudes. Thelow level clouds (Braham, 1967); and trigger heterogeneous
results provide evidence for the existence of heterogeneoughemistry at middle and high latitudes, thereby possibly con-
freezing in cirrus in parts of the polluted northern hemi- tributing to the observed decline of ozone in the midlatitude
sphere, but do not suggest that cirrus clouds in this regiodower stratosphere (Borrmann et al., 1996).

form exclusively on heterogeneous ice nuclei, thereby em- Despite the recognition of the importance of cirrus clouds,
phasizing the crucial importance of homogeneous freezingdetails of their formation mechanisms are not very well un-
The key features of distributions of upper tropospheric rela-derstood. In particular, the relative humidities over ice, RHI,
tive humidity simulated by a global climate model are shownat which cirrus ice crystals form (hereafter referred to as
to be in general agreement with both, microphysical simula-freezing thresholds) are difficult to infer from in situ mea-
tions and field observations, delineating a feasible methocsurements, because the freezing of aerosol particles occurs
to include and validate ice supersaturation in other largevery rapidly (seconds to minutes) and the thermodynamical
scale atmospheric models, in particular chemistry-transporvariables controlling the phase transition are highly variable
and weather forecast models. over the time scale of cloud formation.

The present work uses information about temperature and
specific humidity from atmospheric trajectories in conjunc-
tion with a microphysical model (Sect. 2 and Appendix) to
simulate frequency distributions of RHI with and without
prescribed cirrus cloud formation processes (Sect. 3). In par-
Correspondence tdV. Haag ticular, the factors controlling the slopes and cut-offs appear-
(Werner.Haag@dlIr.de) ing in the distributions of RHI in ice-supersaturated regions
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are examined and related to freezing thresholds and freezmore detailed investigation of these basic aspects is presented
ing mechanisms, thereby establishing the microphyical linkin a separate study @¢cher and Haag, 2003).
between distributions of RHI and cirrus clouds. In the present work, we compute fields of RHI by advect-
Building on the simulations, this study provides a detaileding H20O along domain-filling atmospheric trajectories and
interpretation of the measurements of RHI outside of and in-allowing ice formation and evaporation, that is, the formation
side cirrus clouds during the Interhemispheric Differencesand disappearence of cirrus clouds. We use an aerosol-cirrus
in Cirrus Properties From Anthropogenic Emissions (INCA) model (the Advanced Particle Simulation Code, APSC)
field experiment (Ovarlez et al., 2002). Relating the numer-along each trajectory that includes detailed particle micro-
ical results to field measurements of RHI allows important physics and an approximate treatment of the loss of ice crys-
conclusions to be drawn regarding freezing mechanisms irials through sedimentation. We focus on cold cirrus that form
midlatitude cirrus clouds. By means of global climate model directly from freezing aerosol particles. Different aerosol
studies we demonstrate that the key features of distribution§reezing thresholds are imposed in the model to investigate
of RHI in ice-supersaturated regions can be simulated withtheir impact on the distributions of RHI.
large-scale models. A discussion relating our findings to In air that is subsaturated with respect to the ice phase
long-term aircraft measurements and global satellite observafmore precisely, up to RHI=95%), we ugethe air pressure,
tions of RHI is also given. The paper concludes with a shortand the specific humidity directly from the European Cen-
summary of the main results and a brief outlook (Sect. 4). tre for Medium-Range Weather Forecasts (ECMWF) model
We expand on previous work (Heymsfield and Miloshe- to_ calculate the time evolution of RHI along the trajector!es
vich, 1995; Heymsfield et al., 1998; Pfister et al., 2001; Get-With the APSC. The ECMWF has been shown to provide
telman et al., 2002) by using more accurate tools to sepRHl fields below ice saturation in good agreement with in
arate measurements of RHI inside and outside of cloudsSitU data (Ovarlez and Velthoven, 1997).
by presenting new inferences concerning the dependence of However, the ECMWF model, as most other global mod-
the freezing thresholds on properties of freezing atmospheri€lS, does not predict ice supersaturation (Lohmann and
aerosols and by highlighting differences between freezingkarcher, 2002). For this reason, at RHI values above 95%,
mechanisms in cirrus; and by delineating an improved treatWe keep the HO mixing ratio fixed on each trajectory and

ment of ice supersaturation and cirrus in global models. 1€t RHI vary according to changes &f, air pressure, and
the calculated rates of 4 deposition onto and evaporation

from aerosol and cirrus ice particles. The®imixing ratio

is reinitialized from the actual ECMWF fields after the cir-
rus cloud vanishes (typically forced by synoptic warming).

_ o ) If cirrus formation does not occur within 6 hours after RHI

A growing body of in situ observations shows that the up-first increased above 95% (because the prescribed freezing
per troposphere and tropopause region at low and middignresholds are not surpassed), thgdHmixing ratio is like-
latitudes are frequently supersaturated with respect to icyise reinitialized. This procedure allows us to predict realis-
(Jensen et al., 2001), allowing the formation and persistencgc. RH] fields in cirrus-forming regions.

of cirrus clouds and aircraft contrails. The occurrence of thin  The APSC calculations are based on a subset of trajecto-
cirrus clouds extending well into the lower stratosphere inyjas within the tropopause region with mostly cokd235 K)

the wintertime polar regions is a well known phenomenontemperatures (see Appendix). From this subset, we have re-
(Karcher and Solomon, 1999). Recent satellite data providgnoved all RHI data belonging to temperatures outside the
further compelling evidence for the widespread existence Ofrange of temperatures measured during INCA, to enable a
subvisible cirrus at the tropopause (Spang et al., 2002). proper comparison between calculated and obsefyBeHl).

Observations suggest that the distribution of RHI in ice The mean temperature of the remaining data in the computa-
supersaturated regions follows an almost exponential decayional domain is 223 K. This is close to the observed mean
indicating that the underlying processes that cause this funcyalue near 225 K. We have also checked that the minimum
tional dependence act in a statistically independent mannefemperatures~211-216 K) were low enough and the ob-
(Gierens et al., 1999). The question arises of how realisticserved temperature distributions had sufficient variability to
probability distributions of RHI can be generated with the produce RHI values above the homogeneous freezing thresh-
help of a model to be studied systematically. olds in both campaigns @cher and Haag, 2003).

We suggest that such distributions are primarily brought The trajectories follow the motions caused by atmospheric
about by vertical air motions that cause a certain distributionwaves with wavelengths sufficiently long to be resolved by
of atmospheric temperatur@s Variability of HoO also plays the ECMWF model. However, smaller-scale gravity waves,
a role, but is less influential. When distributions Bfand non-hydrostatic waves, and deep convection are not explic-
H>0 concentrations are combined to derive RHI, the result-itly resolved. The trajectories reflect these processes only to
ing distributions of RHI exhibit a quasi-exponential decreasethe extent that the physical parameterizations feed back on
towards high RHI values, in agreement with observations. Athe grid-scale winds, generally underestimating mesoscale

2 Distributions of relative humidity
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temperature variability along the trajectories. To account forolds. In the second type (MIX, black and green curves),
mesoscale dynamic features, we superimpose rapid tempecompetition of homogeneous nuclei with few=0.1 and
ature oscillations to the ECMWF-based, synoptic tempera-0.001 cnt3) but more efficient ice nuclei (IN) during ice ini-
tures, with random amplitudes (up to 2 K) and mean periodgiation is allowed. In the third type (HET, blue curves), we
(~20 min) consistent with the INCA measurement&(éher  consider pure heterogeneous freezing of all aerosol particles.
and Stbm, 2003). The prescribed nominal IN freezing threshold (defined in
More details of the employed meteorological fields, the the Appendix) was 130% in cases MIX and HET. In princi-

trajectory model, and the microphysical simulations includ- ple, the heterogeneous freezing threshold could lie anywhere
ing some technical issues are outlined in the Appendix. between 100% and the homogeneous freezing limit; this spe-

cific choice is motivated by the field experiments discussed

later in Sect. 3.3. Apart from this, it is not necessary to spec-
3 Results and discussion ify the chemical nature of the IN in the model.

The most obvious change of the cloud-fréeRHI) (left

We work out the main features of the RHI distribution and panel in Fig. 1) introduced by ice formation compared to
study their microphysical link to cirrus clouds (Sects. 3.1 case ADV is the appearance of a cut-off in the supersatu-
and 3.2). To provide a link to observations and global sim-rated region. In case HOM (MIX/HET), no data points above
ulations, we relate our findings to the INCA field experi- ~147.5% (127.5%) are found outside of clouds. The cut-
ment (Sect. 3.3), to simulations of RHI carried out with the off is the value of RHI where the very first ice crystals form
general circulation model (GCM) ECHAM (Sect. 3.4), and from freezing aerosol particles. The calculated cut-offs are
to longer-term aircraft- and satellite-based measurements adverages over all individual ice formation events, involving

RHI (Sect. 3.5). different cooling rates and therefore different portions of the
freezing particle size distribution. They are not perfectly
3.1 Distributions of RHI outside of cirrus sharp, because of aerosol size effects and the action of waves

that change RHI during freezing, especially in the cases MIX
Figure 1 displays the calculated distributions of relative hu-and HET, and the dependence of the nominal freezing thresh-
midity over ice, f(RHI), outside but near cirrus clouds (left olds onT (Koop et al., 2000a) in case HOM. As we have only
panel) and inside cirrus clouds (right panel). We first con-considered model output every 360 s (see Appendix), the ex-
sider a hypothetical case (labelled ADV in the left panel) act homogeneous cut-offs are slightly (up+@%) larger
where ice formation was not allowed in the APSC, repre-than those reported here, as a finer output would better cap-
senting pure advection of® mixing ratios. ture the absolute maximum RHI prior to nucleation.

The distribution ADV (purple curve) shows a continuous,  There is no significant difference in the distributions MIX
guasi-exponential decrease of RHI somewhat above saturaand HET outside of clouds, because in both cases the same
tion. It has been shown analytically that the slopg¢RHI) freezing properties have been assumed for the IN from which
in case ADV is mainly determined by the spread of the distri- the first ice particles form. If we prescribed lower or higher
bution of temperatures and by the properties of the saturationN freezing thresholds, the cut-off in the cases MIX and HET
vapor pressure curve over ice, or equivalently, the Clausiuswould shift accordingly to lower or higher values. The total
Clapeyron equation (&cher and Haag, 2003). The prob- number density: of IN present does not affect the onset of
ability to find a given supersaturation with respect to ice isfreezing in the cases MIX. By implication, the locations
primarily determined by the subset of upward moving trajec-of the cut-offs do not depend on the choice of the trajectory
tories on which cooling of air parcels carrying relatively high space and time domain or on details of the cirrus cloud mi-
H>O content from lower tropospheric levels generate highcrophysics other than the lowest freezing thresholds.

RHI values. As the underlying cold ECMWF tropopause We have argued earlier in Sect. 3.1 that in case ADV
temperatures exhibit a large variability, the resulting distri- the slope off(RHI) is mainly determined by the Clausius-
bution is rather flat. Clapeyron equation. How does the change of the slopes be-

To study the impact of cirrus formation on the cloud- tween the different cases shown in the left panel of Fig. 1
cleared distributions, we allowed the nucleation of ice in comes about ?
the simulations and collected all data points where no cir- As we sample out-of-cloud points to determifiéRHI),
rus particles were present. As described in the Appendix, wehe cirrus clouds themselves cannot alter the properties of the
vary the ice nucleation properties of the freezing aerosol. Indistributions between ice saturation and the cut-off. How-
the first type of calculations (HOM, red curves in Fig. 1), ever, cirrus formation and persistence (and implicitly, ice
pure homogeneous freezing of supercoolegS&,/H,0 crystal depositional growth and sedimentation) indirectly af-
aerosols is considered. The assumption of aquea®Ol  fects the slope off(RHI). In case HOM, all data points
as freezing aerosols is not crucial, as the experimental unabove 147.5% are turned from out-of-cloud into in-cloud
certainty in RHI would not allow to resolve activity-induced data points. They are considered in case ADV, but no longer
(non-equilibrium) differences in inferred freezing thresh- in the HOM data set. As the neglected data points belong to

www.atmos-chem-phys.org/acp/3/1791/ Atmos. Chem. Phys., 3, 1791-1806, 2003



1794 W. Haag et al.: Relative humidity and cirrus cloud formation
T T T I T T T I T T T I T T T
10° ¢ E 5 10°
= - ] - ]
St 1t :
o 107 F i1 F H 10t
c 2 ADV 3 - 3
=3 B | HOM ] B ]
. - HET -
;:1025_ I MIX 0.1 3 3 —5102
O - WL MIX 0.001 3 2 E
. i ] i ]
5 1073 | i F 4107°
- g | 3 g 3
b [ | ] [ ]
2 1070 E 1 F o107
SN 1t E
10—5 | | | | | | | | | | | | | | | 10—5
100 120 140 160 180 100 180

RHI [%] RHI [%]

Fig. 1. Calculated distributions of RHI above ice saturation outside of (left panel) and inside (right panel) cirrus clouds. The distributions
are normalized with the number of data points in the respective 100% bin and all RHI values were binned into 1% intervals. Liquid aerosol
particles and heterogeneous ice nuclei freeze with different nominal ice nucleation thresholds, ¢(Mi&noting the total concentrations of

ice nuclei in cnr3); the entire particle distribution freezes homogeneously (HOM), heterogeneously (HET), or not at all (ADV, left panel
only). For details see text.

trajectories that primarily produce large supersaturations and All distributions fall off rapidly above saturation and ex-
eventually lead to ice nucleation, the slope increases whehibit rather sharply marked peak values. The cut-off of the
homogeneous freezing is considered. The same selection eifa-cloud distribution is the maximum value of RHI reached
fect further increases the slope in the cases MIX and HET, asluring cloud formation. All ice crystals nucleate between the
even more such data points along cloud-forming trajectorieout-of-cloud and in-cloud cut-offs @cher and Lohmann,
(all above 127.5%) are excluded from the analysis. 2002, their Fig. 1). In case HOM/MIX (HET), no data points
Summarizing the findings concerning distributions of RHI above~156.5% ¢-140.5%) are found inside the clouds.
in ice-supersaturated regions close to, but outside of, cirrus The difference between the out-of-cloud and in-cloud cut-
clouds, we have shown that (1) the cut-off is directly relatedoffs in the absence of wave activity for an aerosol that freezes
to the onset of freezing in cirrus clouds (the relative humid-solely homogeneously is of the order of several percent
ity where the first ice crystals form) and (2) the slope is con-depending on cooling rates and temperatures (Haag et al.,
trolled by a combination of temperature variations and cirrus2003). The same holds for an aerosol that freezes solely het-
microphysical processes (including ice crystal growth anderogeneously. The larger differences in the range 9% (13%)
sedimentation). Because of point (2), a quantitative compariseen in the present calculation HOM (HET) are caused by
son of the slopes of modeled and measured RHI distributionghe high cooling rates introduced by the mesoscale tempera-
is difficult, unless the meteorological wind fields and physi- ture oscillations. Such oscillations are capable of generating
cal relations governing cirrus formation, growth, and persis-transient, high peak values of RHI, even in the presence of
tence are well captured by models. We reiterate this issue ifice crystals in the cloud formation stage&i¢her, 2003).

Sects. 3.3 and 3.4. An exception seem to be the MIX cases, where the differ-
ence between the out-of-cloud and in-cloud cut-offs are even
larger (29%). This holds for the two IN concentrations con-
sidered here in cases MIX 0.1 and MIX 0.001. This is easily
The modeled distributions of RHI inside cirrus are shown explained by the fact that the few IN that freeze first, and thus
in the right panel of Fig. 1. This data set is complemen-determine the low out-of-cloud cut-off value, cannot prevent
tary to that shown in the left panel, as now all data pointshomogeneous freezing of the more abundant liquid aerosols
where cloud particles were present have been collected fronfrom occurring at the prevailing cooling rates. Subsequent
the simulations. freezing of the liquid particles determines the high in-cloud

3.2 Distributions of RHI inside cirrus

Atmos. Chem. Phys., 3, 1791-1806, 2003 www.atmos-chem-phys.org/acp/3/1791/
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cut-off value. We will show in Sect. 3.3 that the MIX cases water saturation at almost constant temperatures: these high
provide a clue to the interpretation of the INCA field mea- values were likely caused by sampling and evaporation of
surements. cloud particles in the instrument.

The slope of the in-cloud distributions is controlled by the  The absolute uncertainty, or precision, of RHI48%
microphysical processes affecting the interactions gOH (one standard deviationg), so that the scatter in the RHI
molecules with cloud particle surfaces and by cloud dynam-observations is primarily caused by natural variability. Be-
ical factors such as dilution or turbulence not resolved incause the conditions during the two campaigns were compa-
our model. When sampling RHI data points in a young rable, a possible bias of the RHI measurements would shift
cirrus cloud, where ice particles are still growing at high all deduced locations of cut-offs (and hence, inferred freez-
supersaturations, the time needed to complete the growting tresholds) by the same amount, but does not affect the
and approach saturation is longer the lower the temperatureconclusions about differences in the freezing mechanisms.
Hence the probability to sample supersaturated data pointén indication that the bias in RHI data is small is given in
increases. We thus may expect generally flatter distributions$Sect. 3.3.2. The increase in RHI due to evaporation of small
at colder temperatures and increasing average RHI values iffdiameter 1 um) ice crystals or water-rich aerosol particles in
side cloud. the air inlet is estimated to be well below 1%.

In this context we like to stress that in actual atmospheric  The aircraft flight patterns were designed to probe young
measurements, the shape of the in-cloud RHI distributioncirrus clouds (Karcher and Sétm, 2003, their Sect. 2). Our
is also affected by the sampling strategy. It is not a uni-criterion to distinguish between data points inside and out-
versal function as is the cloud-free distribution which fol- side of cirrus clouds was more conservative than the one
lows a quasi-exponential decay §kcher and Haag, 2003). based on cloud extinction used by Ovarlez et al. (2002). Here
Measurements that primarily probe formation regions andwe define a data point as being outside of clouds when the
air parcels containing freshly nucleated cloud particles will ice particle number density; measured by the Counterflow
show more supersaturated events than measurements carrigitual Impactor (CVI) was below.=0.009 cnt3 (NH) and
out mostly in thick, developed cloud elements. belown.=8x10~% cm~3 (SH). An explanation for the par-

Summarizing the findings concerning distributions of RHI ticular choices of:. is given later in Sect. 3.3.3.
in ice-supersaturated regions inside cirrus clouds, we have The data are archived at 1 Hz time resolution in the INCA
shown that (1) the cut-off of the in-cloud distribution repre- data base. The hygrometer has a response timetaf. We
sents the peak value of RHI reached during cloud formationhave checked that the analyzed distributions do not signifi-
and (2) the difference between out-of-cloud and in-cloud cut-cantly change when we applied the criterigr:n,. for 4 con-
offs is directly related to the aerosol-induced freezing mech-secutive seconds. Further, tfféRHI) remain similar when
anism in cirrus (pure freezing or competition between parti-4 s-means of RHI are calculated, or when 4 s-meansg,of

cles with different freezing properties). air pressure, and #D mixing ratio are calculated and RHI is
derived from these values. We have binned the data into 4%

3.3 Interpretation of the INCA measurements intervals to roughly account for the experimental uncertainty.
The use of other bin widths (up to 8%) just leads to more or

3.3.1 Overview and data analysis less data smoothing, leaving average slopes and locations of

the cut-offs almost unchanged.
Two field campaigns were performed during INCA, one in

the midlatitude southern hemisphere (SH) out of Punta Are3.3.2 Freezing thresholds and freezing mechanisms
nas, Chile, and one in the midlatitude northern hemisphere
(NH) out of Prestwick, Scotland, under comparable meteoro-The resulting distributions derived from the INCA data as
logical conditions in local autumn in the year 2000. Through- outlined in Sect. 3.3.1 are shown in Fig. 2. As in the model
out this work, we use the abbreviations NH and SH only toresults displayed in Fig. 1, the distributions outside of and in-
distinguish between the two locales. We do not claim that theside clouds are shown in the left and right panel, respectively.
two data sets represent conditions covering other parts of the A comparison with the modeled out-of-cloy@RHI) (left
hemispheres or other seasons. panel in Fig. 1) reveals a good agreement between the loca-
Water vapor mixing ratios were measured in situ by a frost-tion of the cut-offs, or freezing thresholds, within the mea-
point hygrometer and these measurements were converteglirements uncertaintiesdimits). The model cut-offs ap-
into RHI using the measured air temperature and pressurguear at 127.5% (MIX/HET) and at 147.5% (HOM), marked
Details of these measurements are reported elsewhere (Ovawith arrows in Fig. 2. In the observations, they are centered
lez et al., 2002; Krcher and Haag, 2003). We excluded all at 132% (NH, black curve) and 156% (SH, red curve).
data points above water saturation and above 235 K to focus The nominal homogeneous freezing thresholds at the
on cold cirrus that form by freezing of aerosol particles, as inmean INCA temperature (225 K) for freezing of particles
the model analysis, recall Sect. 3.1. This also removes a fewvith radii between 0.05 and 5 pm within 1 min range be-
events (spikes) where the RHI taken inside cloud surpassetiveen 146% and 150%, based on laboratory measurements

www.atmos-chem-phys.org/acp/3/1791/ Atmos. Chem. Phys., 3, 1791-1806, 2003
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Fig. 2. Distributions of RHI above ice saturation outside of (left panel) and inside (right panel) cirrus clouds measured during INCA in Punta
Arenas (SH) and in Prestwick (NH). The distributions are normalized with the number of data points in the respective 100% bin and all
RHI values were binned into 4% intervals. The precision of the RHI measuremeh8%49 1o -limits), with horizontal bars depicting the
3o-limits. The colored arrows mark the cut-offs derived from the modeled distributions, taken from Fig. 1 (HOM: red, HET: blue, MIX 0.1:
black, MIX 0.001: green).

assuming thermodynamic equilibrium between the freezingence in the slopes. In both cases, the slope of the NH data
droplets and the pD vapor (Koop et al., 2000a). It is known (cases MIX or HET) is steeper than the slope of the SH data
that non-equilibrium effects in rapidly cooling air parcels can (case HOM). This strongly increases confidence in our pro-
increase these freezing thresholds by several percent (Hagmpsed interpretation of RHI cut-offs taken outside of cirrus
et al., 2003), this increase becoming larger with decreasinglouds with respect to freezing thresholds.

temperature. We now focus attention orf (RHI) taken inside clouds

In the model case HOM, we assume homogeneous freezright panels in Figs. 1 and 2). In the SH (NH) data set, the
ing as the underlying cirrus formation mechanism. This im- cut-off is centered at 164% (160%). In the SH measurements,
plies a satisfactory agreement between the freezing threstthe mean cut-off found inside clouds is 8 % above the cut-off
olds deduced from the INCA SH data and the APSC HOM found outside of clouds. This is consistent with the APSC
results, and establishes high confidence in the RHI measureesults in case HOM, where a difference of 9% is predicted.
ments. In particular, the RHI data mlght have only a small Hence we may conclude that homogeneous freezing was
bias towards lower values, likely within about 5%. the predominant pathway to form cirrus during the SH cam-

The heterogeneous (HET) or mixed (MIX) freezing mech- paign. However, this does not necessarily imply that all
anisms nicely explain the observed, significantly lower cut-freezing particles were supercooled liquid droplets. Part of
off in the NH data set. Recall that contrary to case HOM, the freezing aerosol in the SH may have consisted of hetero-
the nominal freezing thresholds in the APSC cases MIX andgeneous IN which had freezing thresholds smaller but close
HET have been chosen on purpose to come into good agre¢e the homogeneous limits (see also Sect. 3.3.3). Such poor
ment with the NH observations. Importantly, the NH data IN could possibly alter the core particles that remain from
cannot be explained by pure homogeneous freezing of soluevaporating ice crystals, but would not significantly affect
tion droplets, as cut-off values outside the-Bmits 132+£9%  the observed cut-offs.

(NH) and 156-9% (SH) are extremely unlikely. As we will ~ The situation is completely different in the NH measure-
show later in this section, the case HET cannot explain thements. The observed mean cut-6f.60% inside clouds is
observations taken inside clouds. significantly above the mean cut-6#132% found outside of

While we cannot compare the slopes of the calculated andlouds. This marked difference of 28% cannot be explained
observed distributions quantitatively as explained at the endy experimental uncertainty, and is not consistent with the
of Sect. 3.1, we find another remarkable agreement betweeAPSC results from case HET, in which the difference is only
model and measurements with regard to the relative differ-13%. The model assumption in case HET regarding the
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Table 1. Observed (INCA) and calculated (APSC) cut-off relative 170 =TTy
humidities over ice of the distributions of RHI oustide of and inside

cirrus clouds. The SH and NH observations compare well with the | detection limit |

model cases HOM and MIX, respectively. No distinction is made - / _

between the cases MIX 0.1 and MIX 0.001 because the cut-offsare 160 |~ ‘ —

identical (see Fig. 1). oy - N —>

— o inside |

INCA APSC = xide cloud ]

RH, % SH NH HOM MIX HET ., 150 | cloud _

outside 156 132 1475 1275 1275 5 B i

inside 164 160 156.5 156.5 140.5 T L |

difference 8 28 9 29 13 a5 - .

140 — —

heterogeneous freezing mechanism (pure heterogeneous ni - SH

cleation of ice in chemically uniform aerosols) is incorrect. i NH 7

However, the NH observations can be fully explained by 130 b vl v vl vl v
the two model cases MIX 0.1 and MIX 0.001, irrespective of 107* 107% 10® 107t 10° 10! 10?2

the assumed IN concentrations. Here, the calculated cut-ofi n
inside clouds is significantly (29%) above the calculated cut-
off outside of clouds, as observed in the NH measurements.Fig. 3. Cut-off values of the observed distributions of RHI as a func-
We have summarized observed (SH, NH) and modeledion of the cloud-clearing parameteg. The value of:. are based
(HOM, MIX, HET) cut-off relative humidities in Table 1, for on CVI measurements of the (total) ice crystal concentration, with
convenience. The agreement between the cases HOM aridetection limit near 8104 cm3. The black and red curves
SH on the one hand and the cases MIX and NH on the othe?how the Elransitigon in cut-offs between out-of-cloud valuess for
hand in terms of differences between cut-offs inside and outZ¢ <8x 10 cm™= (SH, red diagonal arrow) ang: <0.009 e,
side of cloud is very remarkable. In the APSC case MIX, we (NH, black d'agonflg arrow) to 'n'dQUd Value$ mfj>0‘4 cm
L . (SH) andn.>4 cm™ (NH), respectively. As in Fig. 2, all RHI
_COUId h{:lve opt_lmlzed the agreemgnt OUtS'dfa cloud by Chos\'/alues are binned into 4% intervals, roughly accounting for data ac-
ing a slightly higher (by~4%) nominal freezing threshold. ¢3¢y The step-like curves become smoother when finer bins are
In the other cases where homogeneous freezing is relevangnosen.
we have no such freedom in the model as the nominal homo-
geneous freezing thresholds are determined from laboratory |n symmary, cirrus formation in the SH is consistent with
data (Koop et al., 2000a). homogeneous freezing of particles exhibiting a freezing be-
It appears that the cut-offs predicted by the APSC in casenavior very similar to that of supercooled liquid aerosols.
HOM are close to the lowest possible values consistent withereezing in the NH was likely initiated by a limited number
the SH measurements, see red arrows in Fig. 2. We idenof efficient IN that triggered ice formation well below the
tify five reasons, perhaps partly compensating each othelyomogeneous limit, explaining the comparatively low cut-
that could improve the agreement between model and obopffs measured outside of clouds. Our simulation results of
servations. (1) The coarse model output of 3 min, which isthe cases MIX demonstrate that the rapid cooling rates pre-
of the order of the duration of many freezing events, miSSGS/ai”ng during the Campaign were h|gh enough on average
the peak values for the calculated cut-offs. (2) The calcu+o frequently activate homogeneous nucleation in the much
lated cut-offs increase when using the samén the APSC  more abundant supercooled aerosol particles, in addition to
to perform the cloud clearing as in the observations, insteadhe few IN. This explains why the cut-offs measured inside

of n.=0 which is a much more stringent criterion. (3) The clouds were near the homogeneous limit in most cases.
simulation likely misses some of the variability in the dynam-

ics and aerosol properties present in the observations. Poin$3.3 Further analysis and interpretation

(1)-(3) would lead to an increase of the modeled cut-offs.

Point (2) is further elucidated in Sect. 3.3.3. (4) The mea-Investigating the transition from cloud-free to cloudy cases
surements of RHI could have a positive bias. (5) The CVI

does not detect ice crystals when they are smaller than 5 urm Fig. 3 we show cut-off relative humidities over ice
in diameter (see Sect. 3.3.3). Points (4) and (5) would causas a function of the ice crystal number concentratign

the real cut-offs to be lower than those deduced from the RHlabove which we define a measurement to be an in-cloud
data. Point (5) is used by 8m et al. (2003) to infer the measurement. This definition depends on the instrument
freezing thresholds from cloud occurrence data taken withused to probe the clouds, as discussed in more detail by
the Polar Nephelometer probe. Strom et al. (2003).

[em™]

[o4
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right hand side of the figure. At this point, is of the same
order as the average number of ice crystals measured during
INCA (Karcher and Stim, 2003). Figure 3 underlines the
importance of using an accurate tool to separate measure-
ments outside from inside cloud.

The analysis off (RHI) presented in Sect. 3.3.2 is based
on the premise that the CVI typically probed cloud-forming
regions, i.e., young cirrus clouds. When ice crystals have
grown to many tens of um size, they may sediment into lower
layers of air. These layers could be (slightly) supersaturated.
In such cases, we would measure RHI above 100% along
with some low value of:; (because only few crystals grow

HOM large and fall), and this RHI could be misinterpretated as a
MIX freezing threshold. (Note that this misinterpretation is not
possible in our model owing to the simplified treatment of
| | | | | sedimentation, but must be avoided in more detailed cloud-
107% = n n n resolving simulations.)
107* 107® 107 107' 10° 10' 10R Whil ful lude th ibility of havi
n [em-?] ile we cannot fully exclude the possibility of having

probed sedimenting ice crystals without the simultaneous
presence of high number densities of small crystals, we

X ; believe that these cases were rare and that sedimentation
the concentratiom of large mode aerosol particles calculated by

the APSC at average INCA conditions using a bimodal freezingaffected only a small fraction of the data setfther and

aerosol. The only difference between the cases HOM (red curve)>tOM, 2003, their Sect. 3.4, point 2.). Also, if sedimentation
and MIX (black curve) is the assumed freezing threshold of theWas important, we would expect to find more variability
large mode particles, which is near 152% (HOM) and 130% (MIX). in the deduced cut-offs, but the data show a rather stable

The minimumn in case MIX denotes the upper limit IN concen- freezing threshold of 130% (see also Fig. 5).
tration below which homogeneous freezing still takes place, albeit
with reducedn;. The reduction of:; due to the presence of IN  Constraining IN concentrations in the NH measurements
becomes small for <0.01 cn3, consistent with the NH observa-
tior_ls. At the minimum, homogeneous freezing is completely shutyyg try to constrain the prescribed number densityf
off in case MIX. IN in case MIXn. It has been shown earlier that heteroge-
neous IN could suppress homogeneous nucleation under two
The values:. used to produce Fig. 3 are based on the CVI gssumptions (Krcher and Lohmann, 2003). (1) Ice nuclei
measurements. The CVI detects particles with aerodynamignyst be present in addition to liquid aerosol particles, and
diameters between 5 and 60 pum; most ice crystals fall in thigyoth types of particles are, at least to some degree, externally
size range, as we have checked by inspecting the campaiginixed. (2) The peak number of IN present must exceed
averaged size distributions, so the CVI data approximate they critical value, this value depending on the IN freezing
total number of ice crystals in young cirrus clouds. We point threshold, on temperature, and on the vertical wind speed.
out that the employEd CVlis ESPECia”y sensitive to rather Based on these facts, we have performed APSC simula-
low concentrations of small ice crystals. This feature, alongtions of cirrus formation in adiabatically rising air parcels,
with the sampling strategy to focus on young cirrus, is re-at the average INCA temperature (225K, the initial value
quired to effectively clear the INCA data from cloud events. ysed in the simulations that start at ice saturation) and up-
The cut-offs shown in Fig. 3 do not change from to the draft speed (25 cnTs) and using the same bimodal aerosol
CVI detection limit (see arrow in the upper left corner) up to parameters as described in the Appendix. The only variable
then, values indicated by the diagonal arrows on each curveparameter is the prescribed concentratioof IN. While in
(SH:n.=8x10"%cm~3 and NH:n,=0.009 cn13). We have  all other APSC results discussed in this work the large mode
used these, values as criteria to produce the distributions concentratiom has been fixed to 0.1 cm in case HOM,
of RHI shown in Fig. 2 to capture cut-offs as close to the here we vary: also in case HOM to enable a proper compar-
true freezing thresholds as possible and at the same time t@on between HOM and MIX. In Fig. 4 we plot the results
maximize the number of data available to produce the distrifor the cases HOM (red curve) and MIX (black curve),
butions. Using lowen, values would reduce the number of with » varied in the range 1@ — 100 cn3. This range is
RHI points and thus increase the statistical error, but wouldvery large in order to properly explain the physics underlying
not affect the cut-offs. these simulations. The cases MitXagain assume a nominal
The cut-offs in both data sets increase whenrtherite- IN freezing threshold of 130% for particles residing in the
rion is relaxed, approaching pure inside cloud values on thdarge mode, while all particles freeze homogeneously in case

Fig. 4. Total number density of ice crystals as a function of
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HOM regardless of size, so this remains the only difference
between the simulations shown in Fig. 4.
We first discuss the HOM case (red curve). For low num- 10°
ber densities of particles in the large mode<(0~3 cm3),
n is too small to affect the freezing process. The freezing
aerosol size distribution is practically unimodal; only parti-
cles in the small mode centered at 18 nm radius freeze, pro
ducingn;~0.83 cn1 3 ice particles. Whem increases, the
mean radius of the portion of the aerosol size distribution
that freezes increases. The freezing aerosol size distribu.=
tion becomes bimodal. At the prescribed conditions (tem-
perature, cooling rate, size distribution), this cauget® de-
crease (Karcher and Lohmann, 2002, their Sect. 2.4.4), until
a minimum develops at~0.2 cm 3. Around the minimum,
n;~n; increasing: further leads to a proportional increase of high CN (> 400 cm~?)
n; with n, because now only particles from the large mode low CN (< 170 em™)
centered at 420 nm radius freeze. The mean radius of the | | |
freezing aerosols does not change any more, and the free: 100 110 120 130 140
ing aerosol size distribution becomes unimodal again. The RHI [%]
only change now is the increase in the number of large mode
particles, which increases (Karcher and Lohmann, 2002, Fig. 5. Distributions of RHI above ice saturation outside of cir-
their Sect. 2.4.5). For>10 cnt3, n; saturates to a value of  rus clouds measured during INCA in Prestwick (NH, black curve,
0.73 cn13. The change im; due to aerosol size and number repeated from the left panel of Fig. 2). The green (blue) curve com-
effects is probably larger than typical for pure homogeneousprise a subset of these data, representing relatively clean (polluted)
freezing ¢; decreases by a factor of 3.5 at the minimum) be-airmasses with low (high) concentrations of condensation nuclei
cause we use unusually high concentrations of large particle&N) larger than 14 nm in diameter. The CN concentrations in the
(see Appendix). _clean NH case are similar to the typical CN concentrations observed
In case MIXn (black curve), we obtain the same result for " e SH-
n<10-3 cm3 as in the pure HOM case. Although the IN
contained in the large mode freeze earlier than the bulk ofPaign was almost identical to that observed in the SH and
liquid droplets from the small mode, the number of IN is too consistent with what is expected from homogeneous freez-
small to affeck;. Increasing: leads to a decreasesipthatis ~ ing (Karcher and Sém, 2003). Together this implies that
much more pronounced than in case HOM; a sharp minimunthe actual IN concentrations must have been lower than the
develops ak=0.025 cn13, wheren;=n. This happens be- above deduced upper limit. Figure 4 suggeststhas only
cause the IN gradually prevent the liquid droplets from freez-weakly affected by the presence of IN that freeze at 130% at
ing, and completely shut off homogeneous freezing exactly aiN number densities<0.01 cnt3.
the minimum. While the minimum in case HOM results from  The above simulations have been carried out with con-
a change in the aerosol size distribution only, the cusp-likestant cooling rates. The rapid temperature fluctuations often
minimum in case MIX is caused by competitive freezing of present in cirrus conditions likely introduce scatter in the
externally mixed IN. When increases further, only IN parti- predicted values of;, rendering a precise determination of
cles freeze and; rises strictly in proportion ta, because; an upper limit value consistent with the INCA NH data more
is only limited by the availability of IN in this regime up to difficult. At any rate, the current results shown in Fig. 4
n=0.6 cn3. Later,n; saturates near=6 cni3. The value  should provide a reasonable estimate. In fact, our deduced
of n; for n>10 cn7 2 in case MIXn slightly exceeds thatin IN concentrations<0.01 cn2 likely present during the NH
case HOM because of the difference in freezing threshold€ampaign are in very good agreement with existing in situ
(Karcher and Lohmann, 2003, their Sect. 2.1.3). measurements of IN in the continental upper troposphere at
The suppression of ice crystals in cirrus due to the addi-northern midlatitudes (Rogers et al., 1998): highly variable
tion of IN (negative Twomey effect) has been described pre-IN concentrations observed with a continuous flow diffusion
viously (Karcher and Lohmann, 2003, their Sect. 4.2), andchamber ranged from 16 — 0.5 cm 3, whereby 60% of
leads to a strong decreasemgfby a factor of 28 at the mini-  the data fell between>210~2 cm~3 and 0.02 crm3.
mum (Fig. 4). The minimum in case MIX is the minimum
concentration of IN above which homogeneous freezing doesSpeculating about the chemical composition of IN
not take place anymore. However, homogeneous freezing
did take place in the NH campaign, as we have shown inAerosol sources were variable during the NH campaign;
Sect. 3.3.2. Moreover, the mean observeth the NH cam-  thus one may argue that the freezing threshold-@B80%
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in the NH is caused by a combination of IN that started signatures appeared as banded structures suggesting aged air-
freezing very early (near 100%) and very late (near thecraft plumes as the source of soot, while the current analy-
homogeneous limit), i.e., not all aerosol particles initiated sis shows no sensitivity of the freezing thresholds on the IN
freezing around 130% are assumed here. With the help ofource region. Further, the freezing threshold of black car-
Fig. 5 we demonstrate that the apparent threshold of 130%on particles of 138% observed in the laboratory (DeMott
was unlikely to be caused by particles with very different et al., 1999) is~8% above our deduced NH threshold and
freezing properties. was only measured at 5-10 K lower temperaturesr¢ker

In Fig. 5, the black distribution is the same as plotted in and Lohmann, 2003). This observation does not rule out soot
Fig. 2 (left panel) for the NH measurements. Additionally, acting as IN during INCA, as soot particles from different
we show distributions computed with a subset of the datasources may exhibit different freezing properties.
representing measurements in clean (green curve) and rel- Taken together, these findings have two implications. (1)
atively polluted air masses (blue curve). The distinction be-The deduced NH freezing threshold was likely caused by par-
tween clean and polluted cases has been made on the basistafles with similar freezing properties, almost independent of
measured concentrations of condensation nuclei (CN) largetheir source region, suggesting that even the NH background
than 14 nm in diameter. Approximately 30% of the NH data aerosol exhibits signatures of pollution (expressed here in
are associated with low(170 cnt3) and high &400 cnt3) terms of freezing RHIs below the homogeneous limit). (2)
ambient CN concentrations. We note in passing that the cleailone of the detected differences in aerosol particle con-
NH cases are similar to the average SH data in terms of CNeentrations (total CN, accumulation mode, total nonvolatile)
concentrations (Minikin et al., 2003). between the NH and SH (Minikin et al., 2003) are asso-

The three distributions shown in Fig. 5 are almost iden-ciated with the differences observed in the distributions of
tical within the range of experimental uncertainty, although RHI between the two hemispheres. Therefore, differences
they represent conditions with markedly different CN num- in chemical or morphological particle properties might have
ber densities and, presumably, different IN source regionscaused the difference in freezing thresholds as presented in
The total number of CN likely contains all of the freezing Fig. 2. Based on the freezing properties known from labo-
particles, but may overemphasize the relative contribution ofratory studies and on their source regions, candidates for IN
particles that did not freeze (typically more than 90% of the are black carbon (NH) and mineral dust (SH), but definite
total). Therefore, we have also analyzed other data subsetsonclusions cannot be drawn at this point.
namely accumulation mode particles with diameters above Recent analyses of residual particles evaporated from the
100 nm and nonvolatile particles (those remaining after be-irrus ice crystals measured during INCA (Seifert et al.,
ing heated to 25TC) with diameters above 10 nm, and have 2003) suggest that the size distribution of particles involved
classified them into clean and polluted cases. The respectivi cirrus nucleation could not possibly be explained by pure
number densities were10 cnt 3 (accumulation mode) and  homogeneous freezing, supporting the crucial role of size-
<10 cnt2 (nonvolatile) in the clean cases an®0 cnt3 dependent aerosol chemistry in determining the freezing
(accumulation mode) angl40 cni3 (nonvolatile) in the pol-  properties of aerosol particles inferred from Fig. 5.
luted cases. The results we have obtained are almost identical
to those presented in Fig. 5 and are therefore not shown. 3.4 GCM results

We can only speculate about the chemical composition of
the IN involved in cirrus formation during INCA. The mea- Most global models of the atmosphere that include high-level
surements of light absorbing particles are not yet fully an-cirrus clouds apply the saturation adjustment scheme. In this
alyzed. From the point of view of global source regions, scheme, excess ice supersaturation created during a time step
mineral dust could have been involved in ice formation dur-is transferred to cloud ice. Therefore, supersaturation with
ing the SH campaign, besides liquid particles. The freezingrespect to ice is not allowed to occur in these models. Only
threshold of dust particles immersed in ammoniated sulfatgecently, the adjustment scheme could be abandoned with the
aerosols of 144% (at 220 K) determined in the laboratoryhelp of a novel parameterization of cirrus cloud formation.
(Zuberi et al., 2002) is not inconsistent with our findings, as This allowed to calculate probability distributions of RHI in
this value is only~7% below the pure homogeneous limit ice supersaturated regions along with cirrus clouds formed
(Karcher and Lohmann, 2003). Another candidate for non-by homogeneous freezing of supercooled aerosols in a GCM
volatile material could be sea salt aerosols, expected to be ifLohmann and lrcher, 2002).
a fully liquid state at the high observed RHIs (Koop et al., The ECHAM version used here differs from the one
2000b). previously used for the comparison with relative humidity

The high concentration of nonvolatile particles present indata from the Measurement of Ozone on Airbus In-service
the NH campaign may point to black carbon (soot) as aAircraft (MOZAIC) project. The main change relevant to
source of IN, especially when previous NH in situ measure-our study described below is that the number of hygro-
ments are taken into account @tr and Ohlsson, 1998). On scopic aerosols that is present in the upper troposphere has
the other hand, in these previous measurements absorptidmeen increased by assuming newer observed aerosol size
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Fig. 6. Distribution of RHI above ice saturation outside of cirrus clouds derived from MOZAIC data and from ECHAM simulations (SEMIL,
SPITF, SPITF-HIGHW). Both observed (in the years 1995-1997) and modeled distributions are representative for the North Atlantic region
at 200 hPa (left panel) and 250 hPa (right panel). Data from MOZAIC above 150% have not been analyzed. For details see text.

distributions and increasing the minimum number densityulations SPITF and SPITF-HIGHW, the latter case assumes
of aerosol particles assumed to always be present from 1 ta higher contribution from the turbulent kinetic energy as is
10 cnt3, in better accordance with observations (Minikin used for cloud droplet formation.
etal., 2003). For a more detailed description, see Lohmann Figure 6 depicts distributions of RHI derived from
et al. (2003); differently from what has been described thereMOZAIC data taken on commercial aircraft mainly over
the advection of cloud droplet and ice crystal number con-the North Atlantic region (Gierens et al., 1999), along with
centrations is now formulated in terms of number of particles f(RHI) derived from ECHAM simulations in the same re-
per unit mass of air rather than per unit volume of air. gion, assuming homogeneous freezing as the only path to
The updraft velocityw needed for ice crystal formation is form cirrus clouds. The cloud-clearing criterion used in
given as the sum of the grid mean vertical veloaityand ECHAM was the same as in the APS&£0). In ECHAM,
a turbulent contributiom w obtained from the turbulent ki- we used the semi-Lagrangian advective transport scheme
netic energy (Lohmann andékcher, 2002):w=w+cAw, (SEMIL) and the superior transport scheme (SPITF). These
wherec is a tuning parameter. We have shown that thistwo simulations have been carried out witk0.7 to calcu-
simple approach provides a reasonable estimate for the tdate vertical wind speeds. The simulation SPITF-HIGHW
tal number density of cirrus ice crystals averaged over a assumes a subgrid-scale turbulent contribution about twice
grid box, assuming homogeneous freezing as the dominaras large (=1.33), leading to more frequent cloud formation
pathway to nucleate the cloud particles, but is unable to re€vents and a larger mean number density of ice crystals.
produce the variance af in more detail (Karcher and Stm, We first focus attention to the left panel, showing data
2003). around the 200 hPa level. Compared to case SEMIL, the
In the reference simulation SEMIL discussed below, use of the superior transport scheme SPITF slightly lowers
we use a semi-Lagrangian transport scheme (Rasch ariéte probability to find RH:120%, keeping the lower val-
Williamson, 1990). No semi-Lagrangian scheme is per seues almost unchanged. Increasing the vertical wind speeds,
mass conserving due to the interpolation of the Lagrangiarhowever, reduces the overall probability to find ice supersatu-
departure points onto a regular grid at every time step. Thererated regions, keeping the slope almost unchanged, compare
fore the masses of water vapor, cloud water, and the aeros&PITF with SPITF-HIGHW. While more clouds with higher
mass mixing ratios are conserved by employing a mass fixeraverage crystal concentrations form in case SPITF-HIGHW,
Rasch and Lawrence (1998) developed an improved transpothe cut-off remains unchanged as we have not altered the un-
scheme (Spitfire) by introducing a separate mass continuitglerlying homogeneous freezing mechanism.
equation and casting it in flux form. Thus, it now conserves Generally, the slopes of the SPITF and SPITF-HIGHW
tracer mass and is almost monotonic. It is used in the simcases agree well with the MOZAIC data at 200 hPa, but
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the agreement is worse in the 250 hPa level (right panel ir215 hPa level do not exhibit cut-offs even at high values
Fig. 6). According to the point made at the end of Sect. 3.1,(180%) of RHI (Spichtinger et al., 2002), while we argue
we cannot expect a perfect agreement, inasmuch as the méhat a cut-off must be present due to ice formation processes
teorological conditions that prevailed during the airborne becoming active above a certain freezing threshold. To in-
measurements are not perfectly similar to the climatologicalterpret these data, we note that the instrument has a large
mean calculated by the GCM. Further, the GCM simulationsfield of view (vertical resolution:~3 km, horiziontal res-
not yet cover all details of real cloud formation processes. olution ~100x 200 kn¥) and is unable to detect ice crystals
We stress that it is difficult to accurately determine the lo- smaller than about 100 um in size (typical of particles present
cation of the freezing threshold in the GCM simulations, asin rather young clouds) which could cause retrieved RHI val-
subgrid-scale cloud nucleation is parameterized and not calues to be higher than the actual RHI values in the presence
culated explicitly as in the APSC. Because in most cases thef such crystals.
total number of ice particles is generated within one time More importantly, the above-mentioned high values have
step, and the time step is rather large (30 min), differencedeen found only in Antarctic air masses at temperatures
between the threshold RHI and the maximum RHI achievedmuch lower than typical midlatitude temperatures. The lab-
during a freezing event cannot be resolved. Also, RHI isoratory data for homogeneous freezing suggest equilibrium
computed every 12 hours from the ECHAM output of®H  freezing thresholds of 165% for droplet diameters of 0.1 pm
mixing ratio andT" after time integration. This includes the (Koop et al., 2000a). Hence, non-equilibrium values of up
possibility that high RHI values are built up in between, with to 180% may in fact be observable under these cold condi-
artificially high values of RHI to be removed in the next tions. Above 180%, the MLS data become very noisy due to
time step by freezing and ice particle growth. Therefore, wea worsening counting statistics.
understand that the thresholds predicted by ECHAM (165-
170%, see Fig. 6) may lie close to the actual peak values.
We like to add that the version of Spitfire used in the
prfasent study diﬁerg from the one used in Lohmann andWe summarize the following main points:
Karcher (2002), which unfortunately cannot be repeated.
Therefore, the cause of the difference between the simula- 1. The slope of the probability distribution of relative hu-
tion SPITF discussed above and the simulation TRANSP ~ Midity above ice saturation taken close to, but outside
in Lohmann and Krcher (2002) (their Fig. 9) can only be of, cirrus clouds is primarily determined by the under-
guessed. Very likely, these authors did not use a properly lying temperature distribution. Cirrus cloud formation

coded Spitfire version as their Spitfire results did not look ~ a@nd persistence increases the slope indirectly by reduc-
promising. ing supersaturation in regions that would otherwise re-

main cloud-free.

4 Conclusions

3.5 Other data sets 2. The cut-off of RHI distributions outside of cirrus in

ice-supersaturated regions is determined by the onset
of freezing of cirrus ice particles, indicating a feasible
method to infer freezing threshold relative humidities of
cirrus from atmospheric measurements of relative hu-
midity.

In contrast to the modeled distributions shown in Fig. 6,

the MOZAIC data set does not exhibit a cut-off, because
relative humidities over ice exceeding 150% have not been
analyzed in the measurement analysis owing to the diffi-
culty to separate cloud-free and cloudy cases properly (Klaus
Gierens, personal communication, 2002). We have argued in 3. The comparison between threshold relative humidities
Sect. 3.3.1 that a highly sensitive device is required to iso- outside of cirrus and peak relative humidities inside cir-
late the subtle effects of IN on the cloud-free distributions of rus is a useful tool to infer details of freezing mecha-
RHI presented in the present study. Such a cloud-clearing  nisms in cirrus clouds.

tool was not available.

In any case it is difficult to derive specific conclusions
about freezing thresholds and freezing mechanisms from the
full set of MOZAIC data, as we have done using the INCA
data set. The MOZAIC data are long-term (three year) av-
erages taken in a rather large spatial area. This likely av-
erages out signatures of even significantly different individ- 5. The onset of freezing in the midlatitude northern hemi-
ual freezing thresholds and renders inferences about individ-  sphere during INCA occurred at relative humidities over
ual freezing mechanisms almost impossible as very many of ice significantly lower (by~ 24 %) than required for
them may contribute to the overall distribution. homogeneous freezing, suggesting that the background

The distributions of RHI derived from satellite-borne mea- aerosol in this region exhibits signatures of pollution in
surements of the Microwave Limb Sounder (MLS) at the terms of cirrus formation.

4. The onset of freezing in the relatively clean midlatitude
southern hemisphere during INCA is consistent with
homogeneous freezing, although this does not necessar-
ily imply that only pure liquid particles were involved
in cloud formation.
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6. The freezing mechanisms at work during INCA have 12:00, 18:00 UTC) and 3-hour shifted forecasts (at 03:00,
likely involved competition between different types of 09:00, 15:00, 21:00 UTC) in order to achieve the maximum
freezing nuclei, especially in the northern hemisphere.temporal resolution available from ECMWF.

A likely cause for the observed difference in freezing FLEXPART normally calculates and outputs the concen-

thresholds between the two data sets are differences itrations of tracers, based on the advection of a large number

chemical or morphological particle properties. of particles that are released at the locations of tracer sources
) ~ (e.g., pollutant emissions). Here, we have used a new fea-

7. The INCA data do not support the notion that ice yre of FLEXPART, where particles are initially distributed
crystals exclusively form on heterogeneous ice nuclei,nomogeneously in the atmosphere, according to the distribu-
stressing the paramount importance of homogeneougion, of atmospheric mass, and are then followed throughout
freezing in the formation of midlatitude cirrus clouds.  {he simulation (3 months in our case, see below). Particle po-

An advantage of our proposed method to infer details Ofsitions were written to output files at regular intervals, such
freezing processes from in situ measurements of RHI is thaIhat individual particle trajectories could be followed. While
a Lagrangian approach to probe the clouds is not required't cannot be claimed that trajectories are accurate over the
Lagrangian measurements are difficult to perform with air_entire duration of the simulation, we used the trajectory set

craft. However, only dedicated, short-term field campaigns:only in a §tatistical sense where accuracy 'S r_equir_ed only
carried out in a limited area, ideally characterized by uniform]cor the trajectory segments between the reinitializations of

sources of aerosol acting as freezing nuclei, allow a meaningt—he RHI values. The convection and turbulence schemes of

ful interpretation of RHI distributions, provided (1) enough FLEXPART were not used in this study, such that the particle

RHI data points (order 1,000 or more above ice saturation)traln‘c’trr’]Ort was dle;irén;gidR?OI_ely ?yt'the Efggvggowmds"l
are available; (2) the data exhibit enough variability in tem- nthe 0r|g||nah b 5|m|u z_lon_sb, d' pﬁr 'Clei’
perature; (3) an accurate cloud-clearing tool is available; an@' @' parcels, have been evenly distributed over the globe,

(4) the impact of sedimenting ice crystals in the data set car?nd_ their mpvements have been tracked over a 3-months
be minimized or eliminated. period, starting 1 September 2000. In the combined FLEX-

We hope that the results and inferences of this work heIpPART/APSC simulations, we only considered particles

improve the representation of cirrus clouds in Iarge-scalem't'a”y lying within the global _mldlatltude northern hemi-
80N). These particles can leave and reenter

models, along with a proper simulation of relative humidity fﬁhe(;e (2(_)_ d exhibit | tical disol s |
above ice saturation. This is important in the context of at- IS domain and exhibit farge vertical displaceéments. — in

mospheric chemistry, where cirrus clouds may scavenge ang‘s Srgcro%hi/smallosggIatlotr_ls pre]i[(;nted beltgvlv, tvve Ir(arII Fhe
vertically redistribute aerosols and reactive trace gases (suc mocelon 10, sections of these particie tracks fying

as HNG; or HO,) and trigger heterogeneous chemical re- within 20-80 N and above 400 hPa, i.e., we splitted the

actions, as well as in numerical weather prediction models,3"months trajectories into shorter segments. This keeps the

where the replacement of saturation adjustment schemes by%?mpl)utt.atlonal.tﬁffort for the bclon;blne((j:i FLIZXPARL/APS%.
physically-based parameterization of cirrus formation woulgS'mulations within manageablé bounds and provides Sufli-

help improve important aspects of the radiation balance an&ient coverage of the computational domain with trajectories
the hydrological cycle over the simulation period. In the final analysis of the RHI

data, we only considered data points within the tropopause
region (from 2 km below to 1 km above the local tropopause).
Appendix: Trajectories and microphysical simulations
Microphysical model
We combine the microphysical aerosol/cirrus model APSC
(Karcher, 2003) with three-dimensional trajectories derivedThe microphysical simulations were carried out as de-
from high-resolution ECMWF wind fields with the help of scribed by Haag et al. (2003). Freezing and growth
the Lagrangian particle dispersion model FLEXPART (Stohl processes of aerosol and ice particles were treated using a

etal., 1998, 2003). scheme that exactly conserves the total mass,€f present
in the gas and patrticle phase along a given trajectory, without
Trajectory model making equilibrium assumptions. Only water vapor was

allowed to interact with the particle phase.

The trajectory calculations were driven with opera- The aerosol size distribution consisted of two lognormal
tional ECMWF data, covering the time period September tomodes, with a total number density of 400 th{n), a mean
November 2000. The ECMWF operational forecast modelnumber radius (dry particles) of 18 nm (420 nm), and a ge-
had a spectral truncation of T511 (equivalent4d0 km  ometric standard deviation of 1.45 (1.3), respectively. While
horizontal resolution) and 60 vertical levels. We retrievedin one case all particles were allowed to freeze homoge-
the ECMWEF data on a global latitude/longitude grid 6f 1 neously (referred to as case HOM), we also studied sim-
resolution. Analyses were used every 6 hours (00:00, 06:00ulations labelled MIXn where the particles in the larger
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mode (with variable total number density acted as effi- exceeded 90%A¢ was further reduced to 4 s. Around the
cient ice nuclei (IN). In case HOM; was fixed at 0.1 cm?® time of freezing, we seht=0.25 s. After the ice formation
with the exception of the calculations presented in Sect. 3.3.phase, we used a constant time step of 4 s as long as ice par-
(Fig. 4), wheren was varied as in case MIX for didactic ticles were present. The variable time steps ensured that the
purposes. Finally, the case HET was considered where all theimulations were fast, as we ran the APSC along ten thou-
particles from both modes froze heterogeneously, again wittsands of trajectories, and accurate, as required to precisely
n=0.1 cm 3. The use of 0.1 c® for the concentration of  resolve details of water uptake and freezing.
particles in the larger mode can be considered as an extreme Along each trajectory, we stored the RHI and other mi-
case, as such high concentrations of um-sized aerosol partgrophysical information every 360 s to mimick uniform sam-
cles are probably rare in the tropopause regioar@er and  pling of data points, which is required to avoid statistical ab-
Solomon, 1999; Sclider et al., 2002). berations in the resulting frequency distributions. This re-
The aerosol particles were either composed of aqueouguirement is not necessarily met in field measurements, but
sulfuric acid freezing homogeneously at RHI generally abovecan easily be accounted for in the calculations. The model
145% according to an activity-based parameterization of nu-output interval of 360 s was chosen to keep data storage re-
cleation rates (Koop et al., 2000a), or represented some typguirements sufficiently small. Data points with nonzero to-
of ice nuclei (IN) with a prescribed (nominal) heterogeneoustal ice particle number densities were considered as in-cloud
freezing threshold of 130%. To calculate heterogeneous nueata points in the APSC.
cleation rates, we applied the shifted-activity method de- Exemplary cirrus calculations including the effects of ice
scribed elsewhere (@cher and Lohmann, 2003). These nuclei and mesoscale waves are presentediicher (2003).
rates include the above homogeneous rates as limiting casea. comprehensive discussion of our results concerning the
The saturation vapor pressure over ice was taken from Martphysical properties and frequency of cirrus cloud occurrence

and Mauersberger (1993). Ice crystals are assumed to bgill be subject of a future publication (Haag andit€her,
hexagonal columns with an aspect ratio of 3 for radii  manuscript in preparation).

of volume-equivalent spheres above 12.5 um, becoming in-

creasingly spherical at smaller sizesafher, 2003). AcknowledgementsiVe thank Sabine Eckhardt for processing the
We define the nominal heterogeneous threshold of INECMwF data used for the trajectory calculations. This research
such that one particle in equilibrium with ambieng®lwith  was conducted within the projects “Particles in the Upper Tropo-
r=0.25 pum freezes in 1 s at a relative humidity over ice of sphere and Lower Stratosphere and Their Role in the Climate Sys-
130%. In the model, depending on the cooling rates at theéem” (PARTS) and “Interhemispheric Differences in Cirrus Prop-
point of ice formation, particles with very different sizes may erties From Anthropogenic Emissions” (INCA), funded by the Eu-
contribute to cirrus formation. Therefore we expect a rangefopean Commission and contributes to the project “Particles and
of freezing thresholds as in the homogeneous case, where tHgus Clouds” (PAZI) supported by the Helmholtz-Gemeinschaft
freezing thresholds additionally depend Bn Deutscher Forschungszentren (HGF). Ulrike Lohmann is grateful

. S . . . for support from the project “Modelling of Global Chemistry for
. Thg vertical red|.str|but|gn of ice crystals (sedlmentat!on) Climate” funded by the National Science and Engineering Research
is difficult to treat in a trajectory approach, but is required

- . " . Council of Canada and the Canadian Foundation for Climate and
to correctly simulate cirrus evolution over the entire cloud Aymospheric Science.

lifecycle. As a first order approach, we reduce the ice

crystal number density in every time stép by the factor

exp(—At/t) in each size bin. The sedimentation timesaale

is defined byAz/v(r), with the ice crystal terminal fall speed

v(r) and the vertical thicknesaz=1 km. Expressions for  ggrmann, s., Solomon, S., Dye, J. E., and Luo, B.: The potential

v(r) are given by Karcher (2003). The value @z has been of cirrus clouds for heterogeneous chlorine activation, Geophys.

chosen to bring calculated and observed frequency distribu- Res. Lett., 23, 2133-2136, 1996.

tions of the total number densities of ice crystals measuredraham, R. R.: Cirrus cloud seeding as a trigger for storm develop-

during INCA (Karcher and Stim, 2003) into good agree- ment, J. Atmos. Sci., 24, 311-312, 1967.

ment; this issue will be subject of a future publication. As Danielsen, E. F.: A dehydration mechansim for the stratosphere,

long as we do not extract information about cirrus properties  Geophys. Res. Lett., 9, 605-608, 1982.

from individual vertical levels, but rather perform statistical Det'i\g(ijlittt’ z-f‘:éeﬁ‘ggri;’io?{ iﬁ'han:rf:s'doesn";’l‘zﬁé iio'\SasTtgei ﬁ:;iep-

analyges of RH'. and cloud parameters in the computqtlonal ble ayerosol components, J?%eoph@s. pRes., 102, 19575-19 584,

domain, we believe that the proposed approach provides a 1997,

reasonable estimate for the acFuaI loss of ice particles and ICBeMott, P.J., Chen, Y., Kreidenweis, S. M., Rogers, D. C., and

water from the tropopause region. Sherman, D. E.: Ice formation by black carbon particles, Geo-
When RHI was below 50% along a trajectory, we used a phys. Res. Lett., 26, 2429-2432, 1999.

constant time step of 120 s to advance the calculations. In th@essler, A. E., Minschwaner, K., Weinstock, E. M., Hintsa, E. J.,

range 50%RHI<90%, At was reduced to 20 s, and if RHI Anderson, J. G., and Russell, Ill, J. M.: The effects of tropical
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