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ABSTRACT

In situ observations of the microphysical properties of upper-tropospheric contrails and cirrus clouds have
been performed during more than 15 airborne missions over central Europe. Experimental and technical aspects
concerning in situ characterization of ice clouds with the help of optical and nonoptical detection methods
(preferably FSSP-300 and Hallet-type replicator) are addressed. The development of contrails into cirrus clouds
on the timescale of 1 h is discussed in terms of a representative set of humber densities, and size distributions
and surface areadistributions of aerosols and cloud elements, with special emphasison small ice crystals (diameter
<20 pm). Contrails are dominated by high concentrations (>100 cm~3) of nearly spherical ice crystals with
mean diameters in the range 1-10 um. Young cirrus clouds, which mostly contain small regularly shaped ice
crystalsin the range 10—-20-um diameter and typical concentrations 2-5 cm~2, have been observed. M easurement
results are compared to simple parcel model calculations to identify parameters relevant for the contrail—cirrus
transition. Observations and model estimates suggest that contrail growth is only weakly, if at all, affected by

preexisting cirrus clouds.

1. Introduction

Ice clouds in the upper troposphere cover about 20%—
30% of global surface and play an important role in the
earth’'s radiation budget, with a substantial impact on
climate. Their radiative properties strongly depend on
microphysical characteristics such as number concen-
tration, crystal shapes, size distribution, and the crystal
diameter. Small ice crystals below 20-um diameter
would strongly affect radiative transfer through a cloud
if they were present in larger numbers. However, in situ
measurements of crystal distributions in that size range
have previously been rare and frequently found unre-
liable (e.g., Platt and Spinhirne 1989; Heymsfield and
McFarquhar 1996; Gayet et al. 1996). Only afew recent
case studies demonstrate the existence of larger numbers
of ice cloud particles below about a mean diameter D,
= 30 um (e.g., Noone et al. 1993; Strom et al. 1994,
1997; Crutzen and Ramanathan 1996; Goodman et al.
1998; Heymsfield et a. 1998a,b). Thus, model param-
eterizations of cirrus cloud radiative properties still suf-
fer from the lack of empirical information about the
small ice crystal range (e.g., Fu and Liou 1993).
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Besides natural cirrus clouds, contrails resulting from
jet aircraft exhausts have become of considerable in-
terest with respect to the question whether and in which
way aviation emissions could modify upper-tropospher-
ic ice cloud microphysics on regional and global scales
(e.g., Friedl 1997; Brasseur et al. 1998). Aircraft exhaust
may trigger cloud formation in two ways, either directly
or indirectly. In the direct case, a contrail forms im-
mediately behind the aircraft. This requires a special
thermodynamic state of the atmosphere, especially low
(<230 K) temperatures at typical flight altitudes (~250
hPa) (e.g., Schumann 1996). After a short (about 1 s)
initial growth stage (Karcher et al. 1996), the contrail
will evaporate within tens of seconds if the air is dry.
In contrast, contrail growth will continuein background
air that is supersaturated with respect to ice. Eventually,
the line-shaped contrail may transform into a cirrus
cloud, as demonstrated by satellite observations (Schu-
mann and Wendling 1990; Minniset al. 1998; Mannstein
et a. 1999). The indirect way can occur when aging
aircraft exhaust, consisting of an internal mixture of
black carbon soot and liquid volatile aerosols (mainly
composed of H,SO,/H,0), leads to the nucleation of
ice crystals and, hence, the formation of cirrus clouds,
where no cloud would have formed in absence of aircraft
(Jensen and Toon 1997; DeMott et al. 1997; Kéarcher et
al. 1998). Thismay occur when aircraft exhaust particles
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have an increased ice-forming ability compared to back-
ground particles.

Although several model studies concerning the for-
mation and evolution of cirrus clouds and contrailshave
been performed (Starr and Cox 1985; Heymsfield and
Sabin 1989; Sassen and Dodd 1989; Jensen et al. 1994;
De Mott et al. 1994; Karcher et al. 1996; Gierens 1996;
Gierens and Jensen 1998), the detailed processes are far
from being understood by now, mainly due to the few
observational data available. New in situ and remote
sensing case studies on single contrails have recently
been reported (Petzold et al. 1997; Gayet et al. 1998;
Baumgardner et al. 1998; Baumgardner and Gandrud
1998; Goodmann et al. 1998; Spinhirne et al. 1998;
Minnis et al. 1998; Lawson et a. 1998; Heymsfield et
al. 1998b). Experimental in situ characterizations alone
will possibly not be sufficient for a complete under-
standing of cirrus formation, so that accompanying lab-
oratory studies will be required.

This study summarizes a comprehensive set of recent
in situ observations of cirrus and contrail ice crysta
size distributions, which have been performed using a
combination of optical and nonoptical detection meth-
ods. Ice clouds and contrails are examined that are rep-
resentative for the midlatitude Northern Hemisphere,
typically at temperatures between —50° and —60°C and
altitudes between about 9 and 12 km. We have assem-
bled empirical information into a compact, exemplary
dataset, illustrating contrail and cirrus microphysical
properties down into the submicron range. The obser-
vations may aso be helpful to develop a parameteri-
zation of the effective diameter of contrails for use in
climate models. In addition to thein situ data, wediscuss
the transformation of contrails into cirrus clouds by
means of a simple parcel model. The numerical study
identifies atmospheric variables that control the contrail
development, and explores the respective parameter
ranges needed to match the observations. Such infor-
mation is anecessary first step in assessing the radiative
impact of contrails and contrail-induced cirrus clouds.

2. Experimental
a. Instrumentation

During the airborne experiments Sulfur 4 and Sulfur
5, Contrail, and Aerocontrail in 1996-97, the DLR re-
search aircraft Fal con was equipped with changing com-
binations of instrumentation for aerosol and cloud re-
search (compiled in Table 1) to measure, among other
topics, the microphysical structure of jet exhaust
plumes, contrails, and cirrus clouds in the tropopause
region (Schumann et al. 1996; Petzold et al. 1997). Op-
tical spectrometers FSSP-300, FSSP-100ER and OAP-
2DC, PCASP-100X, and a polar nephelometer (Crepel
et al. 1997; Gayet et al. 1998), all mounted at outside
wing stations of the aircraft, were used to determine
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aerosol and ice crystal size distributions in the diameter
range from nominally 0.1 um up to about 800 um.

The FSSP and OAP spectrometers (e.g. Baumgardner
et a. 1985, 1992, 1996; Baumgardner and Spowart
1990) allow an almost unperturbed in situ detection of
aerosol and cloud elements, the first by forward light
scattering (diameter range 0.3-100 um), the latter by
two-dimensional projection of particle shadow images
(20750 wm). During most of the experiments the
FSSP-100ER has been operated in the ** extended range’
(698 wm) to achieve an optimum range overlap with
the FSSP-300 and OAP-2DC instruments. The PCASP
(Strapp et a. 1992) aerodynamically focuses an aerosol
sample volume shielded by a dry, warm sheath airflow
into a He-Ne laser beam where it is classified by the
scattered power. This instrument evaporates the water
fraction of the aerosol prior to detection (RH < 10%)
and the measured size commonly referred to as the
‘“dry” size of the aerosol within the diameter range 0.1—
3 pum.

Two nonoptical methods have been applied to achieve
additional information on crystal shape, size, and num-
ber. 1) A Hallet-type replicator (REP) yielded impact
images of ice crystals (replica) on 16-mm film material
(Hallet 1976) for crystal diameters above about 1 um.
Although thisinstrument suffersfrom not-yet-quantified
aerodynamic particle losses below about 3 wm and from
breakup effects of large ice particles, it alows rough
estimates of crystal number and size distribution over
the FSSP range. 2) A counterflow virtual impactor (CVI;
Noone et al. 1985; Noone et al. 1993; Anderson et al.
1993; Strom and Heintzenberg 1994; Strom et al. 1994),
which inertially separates supermicron particles from
the surrounding atmosphere, has been operated in the
diameter range of 5 um to about 80 um. For interpre-
tation of CVI data, one single condensation nucleus per
ice crystal is assumed and the actual concentration of
ice crystalsis determined by individually counting their
residues.

Various condensation nuclei counters (modified com-
mercial CNCs; Schroder and Strom 1997; Mertes et al.
1995) have been operated to determine the integral con-
densation nuclei (CN) number concentrations. Ther-
modynamic atmospheric parameters were deduced from
the Falcon meteorological air sensor set as previously
described by Busen et a. (1997). Namely, the reported
ambient RH values have been monitored by several sen-
sors, but mainly based on data from a cryogenic mirror
with a relative measurement uncertainty of at least
+5%. Unless stated otherwise, all concentrations are
reported as ambient atmospheric number densities per
cubic centimeter of air. Several measurements of con-
trails produced by commercial aircraft types have been
performed. More detailed studies have been carried out
behind the DL R twin-engine research aircraft Attas (Pet-
zold et al. 1997). We select representative cases from
our dataset that are most completely documented and
that help to illustrate the microphysical evolution of
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TABLE 1. Listing of applied instrumentation during the Contrail, Aerocontrail, and Sulfur 5 experiments.

Nominal diameter

Short name Instrument range (um)
OAP-2DC PMS Two-Dimensional Cloud Optical Array Probe 20-750
FSSP-100ER PMS Extended Range Forward Scattering Spectrometer Probe 6-98
FSSP-300 PMS Aerosol Forward Scattering Spectrometer Probe 0.4-20
PCASP-100X PMS Passive Cavity Aerosol Spectrometer Probe 0.12-3
REP Hallet-Type Replicator >1
CVI Counterflow Virtual Impactor 5-80
CNC Condensation Nucleus Counter, Type TSI 3010 >0.01

contrails in time. The dataset is also used to compare
contrails with natural cirrus and to document contrails
embedded in cirrus clouds.

b. Data evaluation and interpretation

Since the emphasis of this study lies on small ice
crystals, it is important to overcome the uncertainties
of particle sizing by FSSP laser spectrometers, espe-
cialy for the key instrument FSSP-300 (Baumgardner
et al. 1992), which covers the size range most sensitive
to ambiguities in light scattering according to the Mie
theory. The FSSP-300 raw information obtained in con-
trail and cirrus environments has been treated in the
following manner as the result of measurements with a
forward—backward scattering instrument [Multiangle
Aerosol Spectrometer Probe (MASP); Baumgardner et
al. 1996] and comparisons with FSSP-100, PCASP, and
the RER. The overall size resolution of the FSSP-300
has been reduced. The size bin limits related to super-
micron particles have been regrouped for a refractive
index of 1.33 corresponding to water, and the channel
bin limits related to the submicron range according to
n = 1.46 + 0.05i. Channels 5-12 have been summed
up. The remaining spectral resolution contains 13 size
intervals between 0.4 um and about 20 um, with in-
terval size limits of 0.36, 0.41, 0.46, 0.52, 0.58, 1.2, 2,
3.1, 5.2, 7.1, 10, 11, 13, and 21 um. Therefore, we
consider the changes of refractive index between fine
and coarse mode of particle ensembles that can be ex-
pected in a contrail environment. This data treatment is
in agreement with recent field measurements with the
MASP (Kuhn et al. 1998), which indicate large fractions
of submicron particles with refraction indices above
1.46 plus an absorbing component, both in contrails and
in the background atmosphere. The FSSP-300-derived
distributions are also consistent with recent microphys-
ical simulations of contrail formation (Karcher et al.
1998) and related experimental findings (Petzold et al.
1996; Schroder et al. 1998). Other concepts of regroup-
ing FSSP-300 channel information, for example, by pre-
scribing an ellipsoidal shape for the ice particles using
the T-matrix method (Borrmann et al. 1996; S. Borr-
mann 1998, personal communication), have been fol-
lowed as well, but did not cause major changes in the
ice crystal spectra that would affect the conclusions of
this work.

A dead-time correction (e.g., Baumgardner et al.
1985; Brenguier 1989; Brenguier et al. 1994) has been
applied to the FSSP-300 data when concentrations ex-
ceeded about 800 cm~2. Following Baumgardner et al.
(1992), the combined sampling losses of the FSSP-300
exceed 5% above about 500 cm~2. The dead-time cor-
rections resulted in an increase of total concentrations
up to a factor of about 2. Measurements carried out in
very young plumes (plume age < 8 s, characterized by
very high crystal abundance) apparently suffer from
higher underestimation, possibly much larger than afac-
tor of 2. Further, coincidence effects on the particle
spectra (e.g., Cooper 1988) are observed in such cases,
but they do not seem to change the shape of the crystal
spectra significantly. However, only two of the near-
field distributions presented are concerned here.

The FSSP-100ER has mostly been operated in the
6-98-um range, occasionaly aso in the 2—47-um
range. The crystal concentrations observed in contrails
and cirrus over these size ranges have been sufficiently
low so that no coincidence or dead-time correctionshave
been applied. Even corrections for the relatively high
true airspeed (>160 m s*) during the measurements
have neither been applied to FSSP-100 nor to FSSP-
300 data. According to Baumgardner and Spoward
(1990), the velocity effect will be limited to about 20%
intensity reduction in the probe’s response, causing
about 10% systematical undersizing (Baumgardner et
al. 1992). We are also aware that FSSP-100 instruments
|ose detection efficiency toward their lower size detec-
tion limit (Cooper 1988; Wendisch et al. 1996) and that
this possibly holds even for the channels at the upper
detection border. The OAP-2DC tends to underestimate
particle concentrations in the lower channels, because
diffraction effects are known to cause oversizing of par-
ticles with real diameters up to 100 um and an over-
estimation in channels for sizes larger than about 120
um (e.g., Korolev et al. 1991, 1998). Another uncer-
tainty of OAP-derived data in the diameter range up to
150 um arises from a reduction of the effective sample
volume due to high true airspeeds, which has been the
case performing the OAP on board the Falcon (at true
airspeed around 180 m s ). Recent work of Baum-
gardner and Korolev (1997) has been applied to the OAP
spectra presented in section 3b. In certain cases we thus
exclude the border-channel information of FSSP or OAP
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from the graphical illustrations of the crystal spectra.
Spectral raw information from the OAP has been re-
trieved from a processing code previously discussed by
Duroure et a. (1994). In summary, about 30% error in
concentration seems to be realistic for all optical in-
struments and discrepancies in the overlap ranges of the
instruments within a factor 2 have thus been regarded
as tolerable within the measurement uncertainties. For
a more detailed review on the main Particle Measuring
Systems (PMS) type of optical probes refer to Larsen
et al. (1998) and Gayet et al. (1996).

Replicaimages from the REP film have been enlarged
photographically and areas corresponding to exposure
times of about 1 s have been analyzed manually by
counting. For the cases where the sampling has been
performed in contrails, the replica have been grouped
into three to four size classes between 1, 5, 10, and 30
pm. Counting has been repeated independently and the
subjective results agreed well within 15%. In a cirrus
environment the evaluation of replica datais more prob-
lematic, because in the presence of ice crystals presum-
ably larger than about 80—100 um, the REP suffersfrom
crystal breakup and subsequent distortion of the mea-
surement by the breakup products. Commonly, the im-
pact of larger crystals can be clearly identified by a
““crater’’ -shaped image on the substrate coating and the
radial orientation of the fragments. Evaluating the num-
ber of such cratersyieldsarough estimate of theintegral
number concentration of cirrus ice crystals above about
80-100 um.

The age of a contrail—as long as fresh plumes up to
about 20 s are investigated—has most commonly been
determined by analysis of global positioning system data
and/or video pictures of the heading aircraft, as de-
scribed by Schroder et al. (1998). Contrail ages of typ-
ically 1-20 min were derived from the direct video re-
cordings of the air traffic radar control monitoring at
Munich Airport ATC. Such recordings were very help-
ful in determining contrail age with an accuracy of about
10 s and, further, in estimating a minimum age of un-
identified contrails by investigating the time window
ahead with respect to passing air traffic at the actual
cruise level.

3. Observations and discussion

Contrails older than a few minutes proved to be dif-
ficult to sample in situ because such contrails, even if
visible from far below or aloft, are in most of the cases
difficult to recognize and thus to follow while flying on
the same level. In most of the cases the optical contrast
to the environment was very low. Following different
jet aircraft during more than 60 occasions, contrailsold-
er than about 10-15 min could only be identified and
sampled in very few cases. This raises the question
whether very low concentrations of upper-tropospheric
ice crystals frequently occur under conditions that are
also favorable for contrails to form and persist. Such
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“subvisible” cirrus clouds, although optically thin in
the vertical, would cause much more optical depth on
horizontal scales of several tenths of kilometers and
could explain the poor contrast of aged contrails com-
pared to their environment. A simple calculation shows
that very few ice particles, 1 L -* and 20 um in diameter,
will cause a low optical thickness of 6 = 3 X 10-°
throughout a 0.5-km-thick layer in the vertical, while &
easily passes the visibility threshold (5 = 0.02) on a
horizontal scale of less than 40 km. Because the ex-
tinction coefficient of ice crystals increases in propor-
tion to their geometric cross section, the presence of
very few larger ice crystals in a widespread horizontal
layer can strongly affect the optical identification of a
contrail in situ. Future studies of aged contrails would
therefore require a ground-based lidar support leading
the aircraft through the cloud.

In thiswork we focus on contrail and cirrus properties
derived from ice crystal spectra, which have commonly
been achieved by flying inside and visually following
the contrail. Since many of the structures discussed be-
low have been fairly inhomogeneous and not widely
spread, the spatial resolution of contrail properties
turned out to be problematic. In fact, the geometrical
structure of contrails of an age up to about 2 min (the
end of the vortex phase) can be expected to be com-
plicated and highly variable (e.g., Gerz and Holzapfel
1999). Thus, the contrail ice crystal spectra presented
are distributions averaged over time intervals of a few
tenths of a second to typically afew seconds and mostly
refer to the most dense contrail regions. Table 2 sum-
marizes relevant information on all contrails and cirrus
clouds discussed in the following sections. Besides air-
craft types, plume age, temperature, and relative hu-
midity, the different moments of the crystal distributions
as deduced from the optical spectrometers are listed.

a. Observations in contrails

Figure 1 contains a representative selection of ice
crystal number size distributions, which illustrates dif-
ferent pathways of contrail evolution: evaporation of
short-lived contrails in dry air as well as growth of
persistent contrails under ice-supersaturated conditions.
Fresh contrails in the jet phase start developing from a
narrow ice crystal mode close to 1-um mean diameter.
The distribution AT represents such a typical fresh
contrail of the Attas aircraft a few seconds after emis-
sion. Such a primary ice crystal mode is mainly com-
posed of jet engine—emitted ice water nucleated on ex-
haust aerosol (Karcher et al. 1996), as experimentally
documented by Petzold et al. (1997). Notethe difference
between the in situ FSSP-300 spectrum AT and the ** dry
nonvolatile emissions’ (mainly soot particles) as rep-
resented by distribution S. The latter represents a com-
bination of PCASP and FSSP-300 spectra obtained un-
der noncontrail-forming conditions in the near field be-
hind the Attas aircraft at distances comparable to AT.
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Fic. 1. Representative selection of particle concentrations illustrating the transition of contrails
into cirrus clouds. Contrail cases: AT (solid diamonds), A (open diamonds, solid line), A1 (open
squares, solid line), A2 (open triangles, bold dotted), O (solid circles, dashed), and U (open
circles, bold line); case Cf: young cirrus cloud (solid triangles, solid line); case S: dry exhaust
jet aircraft emissions (combined PCASP and FSSP-300 spectra; solid squares and circles, re-
spectively). Error bars added to S mark the typical measurement uncertainty range of 30%
representative for al distributions. For more details, see text.

Differences such as those between distributions AT and
S are systematically found comparing jet exhaust dis-
tributions under contrail- and noncontrail-forming con-
ditions and imply that the main mass content of the
particles detected in excess of S is ice water.

Distributions A and B in Table 2 (A aso shown in
Fig. 1) represent two exemplary cases of nonpersistent
contrails: A, aless than 3 s aged contrail of an Airbus
A-310 jet aircraft measured close to the plume edge
(actualy in the upper mixing region); and B, a contrail
of a Boeing B-757 approximately 20-30 s past for-
mation. Contrail A, strongly subsaturated at RH = 30%,
already vanished after approximately 1 n mi (plume age
5-8 ¢) flight distance, while B, measured at about RH
= 40%, evaporated more slowly.

The distributions to the right-hand side of AT in Fig.
1 illustrate growing contrails sampled close to or above
ice-saturated conditions at altitudes between 9.5 and
11.5 km. Such contrails have been found to be more
stable in time and their mean crystal diameters reach
larger values, up to about 8-10 um. Case Al (Fig. 1)
belongs to an A-310 contrail of 70-s age, and case A2
(Fig. 1) shows an approximately 3-min-old A-300 con-
trail. Cases B1 and B2, respectively, represent one and
the same B-737 contrail about 1-2 min and 10 min past

generation, and case D a DC-9 contrail about 3 min past
exit.

Older contrails structures are O (Fig. 1), an uniden-
tified, at least 12—15 min old, and U (Figs. 1, 2), mea-
sured in arare case of acontrail that was definitely older
than 0.5 h. The broadening of the spectra during the
transition from, for example, AT to O, could result from
mixing processes inside an aging contrail that lead to
superposition of crystal modes with different mean sizes
formed due to spatial variations of humidity and tem-
perature. The contrail crystal distribution U, with con-
centrations of n = 10-20 cm—3and D,,, = 9 um, comes
closest to that observed in a young cirrus (case Cf in
Fig. 1 and section 3b) and illustrates the almost com-
pleted transition state between a contrail and a young
cirrus cloud. Unfortunately, neither FSSP-300 and ac-
curate RH measurements, nor information on the gen-
erating aircraft is available for case U. No ice crystals
larger than about 25 uwm have been detected by the OAP-
2DC inside or in the vicinity of that particular cloud
structure.

Contrails with progressively increasing age (from AT
to U) obviously exhibit a continuous decrease of ice
crystal concentrations caused by plume dispersion. At
the same time, their mean diameters increase from ini-
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FiG. 2. Comparison of contrail ice crystal distributionsderived from
optical spectrometers (lines with small symbols and error bars) with
replicator data (large symbols). Replicator data concern cases E and
U, PCASP data (stars), and FSSP-100 data (line group) refer to case
U only. Comparisons between FSSP-300 data (circles) and FSSP-
100ER data (triangles) concern the cases E (solid symbols) and F
(open symbols) and overlap in the diameter range of 6-20 um. For
interpretation, see text.

tially 1 um to about 10 um on the timescale of about
30 min.

Figure 2 contains a comparison of spectral informa-
tion retrieved from different instruments. Distributions
E and F are an unidentified contrail about 5-8 min
downwind of ahighly frequented air corridor and a 10—
12-min aged contrail of the Falcon aircraft, respectively.
They demonstrate the most common response charac-
teristics of FSSP-300 and FSSP-100ER in the overlap
region of their detection ranges between about 6 and 20
pum where sampling has been conducted in contrails.
For cases E and F both instruments agree within afactor
of about 2. We note that only in very fresh plumes with
very high crystal concentrations do the FSSP-300 read-
ings exceed those of the FSSP-100, possibly an effect
of multiple particle coincidences. On the other hand, in
cases of very short sampling periods (<1 s) the FSSP-
300 readings occasionally fall below those of the FSSP-
100, most likely due to poorer sampling statistics (much
smaller effective sampling volume) of the FSSP-300.

A direct comparison of FSSP/PCASP with REP data,
applied to the cases E and U, is also documented in Fig.
2. For these cases concentrations fit within a factor of
2 in the diameter range 5-30 um. (Other cases where
Nesspi00 WOUld have strongly exceeded nge» have not been
observed.) Only the concentrations for particles smaller
than about 5 um for case U significantly disagree, due
to reduced sampling efficiency in the lowest FSSP-size
channel (The FSSP-100ER has here been operated in
the 2—47-um range.) The real spectrum of U can be
expected to resemble the combined trend of PCASP and
REP data points comparable to the shape of case F (and
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also case O) toward smaller diameters, thus in agree-
ment with all other observations including FSSP-300
information.

Figures 3a—c, containing replica images of the con-
trails E (Fig. 3b) and U (Fig. 3c), show that almost all
ice crystals in fresh contrails (Fig. 3a) are formed quite
regularly (close to spherical shape) and that this holds
even for the major fraction of the crystals at contrail
ages up to about 0.5 h. Thus, the contrail crystal shapes
correspond closely to the assumption upon which the
FSSP-measurement analysis is based. This result, to-
gether with the agreement between FSSP and REP crys-
tal concentrations, is usually found in contrails and
yields a strong support for the reliability of both FSSP-
derived crystal concentrations and size distributions in
contrails, at least for the observed cases with mean di-
ameters below D, = 15-20 pum.

In summary, growth of the observed contrailsis char-
acterized by an increase in mean diameter from 1 um
to about 8 um (D4 = 1.5-10 um) on timescales up to
about 1 h. During that period the crystal concentrations
decrease by almost three orders of magnitude from
>2000 cm~3 down to 10-15 cm~2 caused by plume
dilution. The variability of observed concentrations and
crystal spectrais high in the near field (which includes
the jet and vortex phases up to about 2 min). The ice
crystal spectra exhibit typical variations roughly char-
acterized by distributions A, AT, B1, and D on spatial
scales of only several tenths of ameter (<0.1 s) inflight
direction, some of them indicative of ice-saturated, iso-
lated plume regions (like AT) and others representing
the conditions close to the plume border (like A). Typ-
ical near-field contrails contain much more than 1000
cm-3ice crystals. Less variability in the crystal spectra
is observed after the near-field phase, where concentra-
tions have decreased to several 100 cm~2 and the par-
ticles passed beyond diameters of D,, = 2 um (Dy; >
3 um). Here, the sampled regions were much more ex-
tended and homogeneous, permitting changes in the
spectra to be related to the environmental conditions
(see also section 4).

b. Observations in cirrus

In Fig. 4 we show cases of visible cirrus clouds in
between 7.5- and 9.8-km (case C) and 10.5- and 10.8-
km altitude (case Cf), at relative humidity around 60%—
65% (80%—-85%) and temperatures of about —50°C
(—60°C); see also Table 2. Here C is represented by
two distributions that characterize the typical variability
range throughout dense cloud regions. In both casestwo
modes can be distinguished: one cloud mode around D,
= 1520 wm (Cf: 10 um) and a second one toward
submicron sizesto the left, which we call ** haze mode.”
These two modes have been present in all cirrus cases
observed with the FSSP-300 besides C and Cf and they
are typically separated by a local minimum where the
crystal concentrations decrease more than a factor of
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Fic. 3. Replica of contrail and young cirrus ice crystals: (a) contrail aged 1 min, (b) contrail
aged 5-10 min (case E), (c) contrail older than 30 min (case U), and (d) developing cirrus (case
Cf). The smallest scale unit is equal to 10 um for al cases.

10. In reality, the haze mode and the cloud mode can
be expected to be even more distinct than indicated in
Fig. 4, since the technical limitations of FSSP instru-
ments generally imply a spectral spreading (e.g., Baum-
gardner et al. 1992) that will to some extent *‘fill up”
a concentration gap within two local maxima. The haze
mode likely consists of aerosol particles that have been
hydrated but not activated as cloud condensation nuclei.
The number concentrations of the haze mode show val-
ues of 5-8 cm~2 (Cf: 3—-4 cm~2), consistent with aerosol
distributions commonly present in the atmospheric ac-
cumulation mode size range. The actual upper-tropo-
spheric background distribution measured in the cloud-
free vicinity of C and Cf (Fig. 4) additionally illustrates
that parts of the dry aerosol spectrum would have to
experience hygroscopic growth by about a factor of 3
in diameter to appear as the haze mode of C or Cf.
Hygroscopic growth as indicated by horizontal arrows
in Fig. 4 is quite reasonable since in case Cf the RH is

80%—-85%, above the deliquescence point for many
known atmospheric aerosol types. This aso holds for
the cirrus C insofar as we know that this cirrusis more
developed (meaning that C must have experienced high-
er RH in its early stage) and that a hydrated aerosol
does not instantaneously fall back to its dry size when
RH drops back below the deliquescence point (hyster-
esis effect; Pruppacher and Klett 1978). Further eval-
uated PCASP data that correspond to the old contrail
case (U) additionally support that the haze modes of C
and Cf contain hydrated aerosol. In the submicron di-
ameter range—such aerosols are effectively dried out
inside the instrument—the PCASP concentrations fall
to the indicated tropospheric background values.

The number concentrations of the cloud mode ice
crystals remain at values of 1-2 cm=2 (Cf: 3-5 cm=3).
For case C the presence of larger ice crystals up to about
300—400 um in diameter (Fig. 4; OAP and REP) and
a humidity close to ice saturation indicate an advanced
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FiG. 4. Comparison of the size spectra of an aged contrail (U, no symbols, dashed lines; derived
from FSSP-100 and PCASP), ayoung cirrus (Cf ), adeveloped cirrus cloud (C), and an atmospheric
background aerosol distribution (FT). Case Cf: large circles, bold line, open symbols for FSSP-
300, solid symbols for FSSP-100ER; case C: two distributions (small open symbols for FSSP-100
data, small solid symbols for FSSP-300 and OAP data) representing an approximate range of
variability inside dense regions of the developed cirrus; case FT: star symbols, represents the actual
free tropospheric background aerosol (averaged over several min) in the wider vicinity of C and
Cf. Representative 30% error bars are added to one distribution of C and to FT. A comparison
with REP-derived crystal concentration (>80-100 um diameter) is given by the large ellipsoid.
Potential hygroscopic growth of background aerosols toward the coarse mode is indicated by short
horizontal arrows. The mean mode diameter position of Cf and C is shown by upward-pointing

arrows. For further interpretation, see text.
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Fic. 5. Variahility of the cloud mode sampled in cirrus clouds at
different altitudes and temperatures on 14 Oct 1996. Case C1 (solid
triangles): T = —57°C, z = 9.9 km; case C2 (solid diamonds): T =
—50°C, z = 10.1 km; case C3 (solid squares): T = —62°C, z= 10.6
km. Cases C (open circles, dotted) and Cf (open triangles, dashed
line); see also Fig. 4.

stage in the cloud's life cycle. Within the diameter range
50-100 um we also observe good agreement (within a
factor of 2) between FSSP-100 and OAR According to
Gayet et al. (1996), such agreement in the spectral over-
lap region of the instruments represents a criterion for
the reliability of FSSP information obtained in the ice
cloud.

With the help of Fig. 5, we discuss the variability of
developed cirrus clouds sampled in the tropopause re-
gion between about 9.9- and 10.6-km altitude (C1-C3).
The crystal concentrationsvary between 0.3 and 3cm~3,
while the cirrus cloud modeistypically centered around
20 um (Dy; = 25 um). Specific crystal surface areaand
ice water content from Table 2 (here exclusively derived
from FSSP data) decrease with altitude. Note that the
steep decline of C1-C3 toward 50-um diameter can
possibly be attributed to a lowered sampling efficiency
close to the FSSP range border (47 um) so that the real
distributions more likely lie closer the shape of case C.
This is also confirmed by the corresponding OAP in-
formation (not plotted). In case Cf almost no irregularly
formed crystal shapes have been observed. Their quasi-
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Fic. 6. Vertical profile of cirrusice crystal and background aerosol concentrations, containing
cases C and Cf, measured on 25 Apr 1996. From left to right: OAP > 100 um (open circles),
REP > 80 um (solid squares), OAP > 20 um (open diamonds), FSSP-100ER > 6-8 um (solid
triangles), CVI > 5 um (bold line), FSSP-300 > 0.4 um (bold points), and CN = 0.01 um
(right-hand panel). FSSP- and OAP-derived profiles are smoothed by a moving average over
several seconds. The tropopause is located at about 11 km (see temperature profile, right-hand

panel, thin line).

spherical, amorphous shape is documented by the REP
images in Fig. 3d. In contrast to the developed cirrus
(C, C1-C3) no crystals larger than about 30 um have
been detected in case Cf. Since Cf was further located
within a few-hundred-meters-thick layer with a0.25 m
st average updraft and high relative humidity (>80%),
it was most probably in a developing stage, justifying
our assumption that Cf indeed represents ayoung cirrus
cloud. Further, concentrations and shape of the distri-
bution Cf agree with a detailed model study of cirrus
cloud formation by Lin et al. (1998).

Figure 6 illustrates in more detail the vertical distri-
bution of ice crystal and aerosol particle concentrations
related to C and Cf. Note the agreement between in-
formation derived from different optical and nonoptical
detection methods: the vertical concentration trends and
variability are mostly reflected similarly by the different
instruments. We find REP cumulative concentrations of
large crystals (>80-100 um) lying between OAP con-
centrations derived from readings =channel 2 and
=channel 4 (>40 um and >100 um, respectively), as
well as ne,, between Neggpr00 AN Neggps00- FOF case C and
with respect to the crystal breakup artifacts of the RER,
Ny, has been used to compare cirrus ice crystal con-
centrations between about 5 and 80 wm with the FSSP-
100-derived concentrations. Here ng,, mostly exceeds
Nesseioo DY @ factor of 1.5-3 (Fig. 6). Regarding the
FSSP-100ER lower size detection limit of 6-8 um
(which is close to the limit of 5 um for the CVI), one

would expect more comparabl e concentrationsindicated
by both instruments. The assumption of one residue
particle per ice crystal for the CVI becomes problematic
and perhaps aerosol scavenging on cirrus crystals as
well as crystal breakup effects inside the probe can lead
to higher-than-real concentrations indicated. We admit
that the CVI probe used in these experiments contains
a second virtual impactor internally, which reduces
some of the potential sampling problems (see Strom and
Heintzenberg 1994; Strom et al. 1994), while limiting
the upper detection limit. However, expecting (e.g., Platt
and Spinhirne 1989) that the FSSP-100, in the presence
of many large crystals, indicates more than an order of
magnitude higher than real crystal concentrationswould
then lead to higher concentrations compared to the CVI,
which is obviously not the case and thus serves as an
argument for the reliability of the FSSP-100 data.
Note aso the strong aerosol loading below and
throughout the tropopause around 10.5-km altitude,
which represents a distinct difference of the environ-
mental conditions in which the cold cirrus Cf compared
to case C have been formed (100-200 cm~2 for C, 500
cm-2 for Cf). Such high abundance of fine aerosol par-
ticles (1000 cm—3) in the tropopause region is often
observed in the Northern Hemisphere midlatitudes. This
region is frequently affected by air traffic particle emis-
sions (Schumann 1997; Mannstein et a. 1999), a yet
poorly quantified anthropogenic source of aerosols. We
wonder whether or not the Cf particle spectrum (con-
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taining more and smaller crystals compared to C) could
in any form be linked to the higher CN concentrations
in the atmospheric background. In fact, one single model
study of Lin et al. (1998) predictsadoubling of resulting
cirrus crystal concentrations and a decrease in effective
crystal diameter if the initial aerosol number concen-
tration is increased from 150 to 500 cm~3. However,
this study is alone among several others (e.g., Heyms-
field and Sabin 1989; Jensen and Toon 1997; DeMott
et al. 1994) that claim that at least an order of magnitude
higher aerosol concentrations is needed to cause a dou-
bling of crystal concentrations for comparable scenar-
ios. Regardless to which extent the strong tropopause
loading with Aitken-mode aerosol (as shown in Fig. 6)
is of natural or anthropogenic origin, the consideration
of an aerosol-to-cloud linkage appears to be a decisive
issue in understanding the life cycles of ice clouds.

The presented observations may also support the idea
that homogenous freezing of solution dropletsisan im-
portant process of cirrus cloud generation in the upper
troposphere (as, e.g., suggested by Heymsfield and Sa-
bin 1989; Heymsfield and Miloshevich 1993). A few
haze droplets per cubic centimeter have been detected
in al cirrus clouds sampled by the FSSP-300. Such
micron-sized particles can beregarded asfavorable sites
for water vapor deposition compared to less abundant
icenuclei, and thus are potential candidatesfor thetrans-
formation into the quasi-spherical ice crystals of 10-15
pm that have been imaged by the replicator in the young
cirrus Cf (Fig. 3d).

¢. Comparison of contrails and cirrus

Figure 7 shows a selection of surface area distribu-
tions corresponding to the cases listed in Table 2. The
persistent near-field distributions AT, B1, and D clearly
exceed specific surface area values of 10* um? cm=2
and effective diameters of 2 um, whereas the evapo-
rating contrails A and B stay below 4000 um?cm~2 and
Dy = 1.5 um. In contrails in the dispersion regime (E,
A2, B2, O, and U), the surface area density decreases
to typically 3500 um? cm~2 and does not change sig-
nificantly thereafter. From this stage on crystal growth
by deposition of ambient water vapor in persistent con-
trails tends to compensate ongoing plume dilution in-
dicated by the shift of the surface distributions toward
larger diameters along E, A2, B2, O, and U. Cirrus
clouds like Cf and C extend the trend toward larger
crystal diameters, characterized by surface area densi-
ties of about 3100 and >3500 wm?2 cm~3, respectively,
values comparable to those of the persistent contrails.
As soon as the contrail has reached a few minutes of
age, the specific surface area apparently represents an
almost invariant property with no significant trend along
the growth from D, = 1.5 um to about 15 um. At least
the displayed cases of the dispersion regime contrails
(including the young cirrus Cf) do not vary within more
than afactor of 2 (Table 2). Considering this variability
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FiG. 7. Evolution of ice crystal surface area distributions inside
aging contrails. (upper) Near-field distributions, showing the effect
of plume dilution on the spectra: A (open squares, solid line), B (open
diamonds, dotted), AT (solid diamonds, solid line), B1 (open circles,
dashed), D (solid triangles, dotted). (lower) Dispersion regime con-
trails and cirrus clouds, showing crystal growth during the transfor-
mation of contrail into young cirrus clouds: E (solid squares, solid
line), A2 (open triangles, solid line), B2 (solid circles, dotted), O
(open diamonds, solid line), U (no symbols, bold line), Cf (open
circles, dotted), C (no symbols, dashed line).

in observations together with about 30% measurement
uncertainty for optically derived crystal number den-
sities suggests a range of about SA = 3500 um? cm—2
+ 40% as characteristic value for persistent contrails
on timescales of afew minutes up to an hour. Since the
extinction efficiency Q. for water droplets (here cal-
culated for 0.5-um wavelength) does not vary morethan
2.3 = 25% (Seinfeld and Pandis 1997) within the con-
sidered diameter range (1.5-15 um), Q. is nearly con-
stant (with respect to already =40% uncertainty in SA).
Hence, the optical extinction coefficient (at 0.5-um
wavelength) of the discussed contrailsin the dispersion
regime can be regarded as a quantity proportional to the
specific particle cross section within a =50% uncer-
tainty range. Considering this limitation the measure-
ment results shown in Fig. 7 demonstrate that the spe-
cific optical extinction coefficient (per unit length) of
persistent contrails can be expected to be comparable
to that of atypical (young) cirrus, variable within about
a factor of 3. However, whereas aged contrails and
young cirrus exhibit similarities in terms of their mi-
crophysical properties, most contrails are confined to
relatively thin layers compared to many cirrus clouds.

Finally, two examples (A3 and B3) shown in Fig. 8
demonstrate the coexistence of contrails and cirrus
clouds as measured by the FSSP-100ER limited to the
2—47-pm diameter range (not included in Table 2). Two
distributions for each case have been achieved by sam-
pling 10-20 s inside as well as in the vicinity of the
contrails that were embedded into visible cirrus. Case
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Fic. 8. Comparison of ice particle distributions measured inside
cirrus clouds with (circles) and without (squares) embedded contrail
structures. Cases B3 (dashed lines) and A3 (bold lines) represent
distributions sampled in upper-tropospheric cirrus clouds; case O1
(stars, solid line) represents afew-minutes-aged contrail outsidecirrus
under comparable conditions. These cases are limited to FSSP-100
(2—-47-pm range) data and thus are not documented in Table 2.

A3 represents a 1.5-min-aged A-320 contrail (T =
—56°C, z = 10.9 km) and B3 a 2.5-min-old B-737 con-
trail (T = —52°C, z = 10.2 km). Although these cases
are limited to FSSP-100 observations (2 um < D < 50
um) they demonstrate how embedded contrails domi-
nate the crystal concentrations below D, = 10 um.
Between 2 and 10 um, about two orders of magnitude
higher crystal concentrations are found in the embedded
contrails compared to the haze mode of the pure cirrus
clouds. On the other hand, the distributions correspond-
ing to embedded contrails and pure cirrus do not deviate
significantly from each other in the diameter range
above 10 um, proving that those crystals almost com-
pletely originate from the surrounding ice cloud. Fur-
ther, the distribution O1, a somewhat more aged (un-
identified) contrail measured under similar conditions
as A3 and B3, but in the absence of a visible cirrus,
principally resembles A3 and B3 in the range below 10
pm. The fact that the smaller crystals in case O1 have
not grown to significantly larger diameters compared to
A3 and B3 seems to indicate that contrail growth is not
necessarily quenched by the presence of a cirrus cloud.
This suggestion will be addressed, among other topics,
in the following model section.

4. Contrail transition into cirrus

The questions of how fast contrails transform into
cirrus-type clouds and which are the most important
atmospheric conditions that control this contrail—cirrus
transformation are of central importance in studies aim-
ing at an assessment of the chemical and radiative im-
pact of contrails. In the following, we present some
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estimates based on a simple parcel model to work out
the general features of contrail evolution. The results
are compared with the observations discussed above and
allow further conclusions.

a. Model description

Contrails require air that is supersaturated with re-
spect to ice [relative humidity over ice (RHI) > 100%)]
in order to be persistent (e.g., Gierens 1996; Jensen et
al. 1998). When the contrail forms in an aircraft plume
at plume ages 0.1-0.3 s after emission of the exhaust,
the aircraft wake is ice saturated and typically contains
several 104 ice particles per cubic centimeter with mean
diameters around 1 wm or below (Karcher et al. 1996).
In this initial contrail growth stage, the water vapor
emitted by the aircraft engines condensed onto the ice
particles. They can continue growth by further depo-
sition of H,O that is entrained into the wake from ice-
supersaturated background air by mixing processes. The
mixing processes cause dilution of both ice particles
and H,O vapor in the contrail. We use the following
approximate equations for the evolution of the H,O vol-
ume mixing ratio x,,, H,O mass per contrail crystal (rep-
resented by one single size) m, crystal volume mixing
ratio x,, and temperature T, inside the contrail as a
function of the time after contrail formation t:

dx,/dt = —j, X — (X, — X)alt (D)
dm/dt = m,j,, 2
X(1) = Xo(to/t)" (39)

T@) = T, + v(dT/dt)4(t — t5). (3b)

Number densities (n) and volume mixing ratios (x) are
linked by the ideal gas law to compute the air density
M (at the pressure p = 250 hPa) and calculate x = n/M.
In (1) and (2) j,, denotes the flux (per unit time) of H,O
molecules from the gas phase toward the small ice par-
ticles as defined by Karcher et al. (1996), taking into
account the transition between the free molecular and
diffusion-limited regimes. This flux is driven by the
relative humidity in the contrail, given as RHI = 100%
X n,/ng, where ng, is the H,O equilibrium number
density over ice. An H,O deposition coefficient on ice
of 0.5 isused in the calculations. Ventilation and latent
heat corrections of the flux, crystal coagulation, and
breakup processes, and sedimentation losses are un-
important due to the relatively small contrail crysta
sizes below about 10 uwm and at the cold temperatures
and short timescales considered here. Radiative effects
on the growth of young contrails are expected to be
small (Gierens 1996) and are not considered. In (1) X
is the ambient (subscript a) H,O mixing ratio entrained
into the plume, and « is a constant mixing parameter.
In (2) m,, denotes the mass of one H,O molecule. The
volume mixing ratio x(t) of the monodisperse ice crys-
tals follows from the dilution law (3a) starting with an
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initial concentration x, = X(t,), and (3b) gives T(t) when
a constant updraft velocity v is prescribed, assuming an
adiabatic lapse rate of (dT/dz),, = 0.01 K m-*. The
initial values T(t,) = T,, v, X,, and x,,, are free param-
eters.

Both (1) and (2) are integrated numerically starting
at t, = 10 s at ice saturation in the plume. To simulate
atypical dilution and mixing history of a contrail, we
use @« = 0.9. The first 2-3 min are characterized by
reduced dilution rates (Gerz et a. 1998), which we mod-
el using /10 in the interval t, < t < 2 min. This
approachisin fair agreement with dilution ratesinferred
from in situ measurements compiled by Schumann et
al. (1998) and with lidar observations of the horizontal
spread of contrails by Freudenthaler et al. (1995). Later
we will vary « to estimate the sensitivity of the average
contrail crystal diameter D (initial value D, = 1 um)
to account for a possible variability of the contrail di-
lution. The size D is evaluated from the particle mass
m assuming spherical particles. As seen in the REP data
in Fig. 3, this is a good approximation during the con-
trail—cirrus transformation period (i.e., during the first
hour after contrail formation). The updraft velocity is
kept constant as the parcel is lifted by 500 m and af-
terward set to zero. Lifting by this distance corresponds
to an adiabatic cooling of 5 K, while the relative hu-
midity can be increased from ice to approximately water
saturation under upper-tropospheric conditions. Finally,
we compute the number density of entrained H,O vapor
fromn,, = (RHI,/100%)n.(T,) and assumethat it stays
constant over the simulation period. Thus, the air parcel
including the contrail particlesis lifted in a background
with constant absolute humidity. At the same time, we
do not allow additional crystals to nucleate, athough
the humidity may acquire values sufficient to induceice
nucleation. Of course, these assumptions only allow a
highly simplified description of the development of per-
sistent contrails, but the general conclusions drawn will
not be changed by including such details.

b. Model results and discussion

We discuss solutions of Egs. (1)—(3), varying the
model parameters within ranges that we believe are typ-
ical for persistent contrails under upper-tropospheric
conditions, that is, v = 0-0.4 m s7%, n, = 1000-5000
cm—3, and RHI, = 100%-150%. The initial ice number
density n, in this range is consistent with a visibility
analysis of new contrails (Karcher et a. 1996) and in
situ observations (Petzold et al. 1997). Variability of n,,
which may even be smaller than 1000 cm~3, is mainly
introduced by the fact that we do not know a priori
which portion of the near-field plume (characterized by
apronounced spatial variability in terms of particle con-
centrations) grows in the atmosphere, and to a lesser
content, due to uncertaintiesin aerosol growth processes
leading to ice nucleation in the nascent plume (Karcher
et a. 1998). The prescribed range of RHI comprisesice
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humidity values observed in the upper troposphere. It
isimportant to note that regionswith up to RHI = 150%
devoid of cirrus clouds have frequently been observed
(Heymsfield et a. 1998b).

Figure 9 depicts the mean contrail crystal diameter
D after 1 h of growth as a function of RHI (Fig. 9a), v
(Fig. 9b), and n, (Fig. 9c) in an atmosphere with an
initial temperature 223 K (solid lines), 213 K (dashed
lines), and 233 K (dotted—dashed lines). The model-
derived size D should be compared with the mean di-
ameters inferred from our observations as compiled in
Table 2. From the above discussion of contrail evolution,
t = 1 h is a representative time span after which we
expect that the microphysical properties of persistent
contrails approach those of young cirrus clouds (cf. Figs.
1 and 4). We remark that variations of the mixing rate
a within values 0.8-1 translate into changes of D of the
order =0.5 um (at 213 K) to =1 um (at 233 K), where-
by faster contrail dilution leads to lower relative hu-
midity and smaller particle growth rates.

Figure 9a shows that D increases with increasing hu-
midity and with increasing temperature. A higher rel-
ative humidity serves to increase the available H,O va-
por n,, and a warmer temperature increases the crystal
growth rate at fixed RHI. Placing the contrail in a mod-
erate updraft (0.25 m s™t) and using a value 2500 cm—3
for the initial contrail ice particle number density at 10
s, thisleadsto D = 7-9 um at 223 K. The increase in
Ny, With increasing T enhances the growth rates (and
causes D valuestoincreasewith T) in all casesdiscussed
below.

Figure 9b depicts the crystal diameter at fixed values
RHI and n, as afunction of the updraft velocity. Clearly,
increasing v leadsto larger crystals because higher cool-
ing rates are reached in the air parcels when v rises.
(Note that the total cooling is limited to 5 K in each
case, but T decreasesfaster when v ishigher.) Thiseffect
saturates for v > 0.2 m s~ because cooling for larger
updraft velocities is nearly instantaneous with respect
to the crystal growth timescales at the prescribed tem-
peratures.

Finally, Fig. 9c displays the sensitivity of D on the
assumed number of initial contrail ice particles. Clearly,
D decreases when n, rises because at fixed values RHI
and v the same amount of available H,O is distributed
among more particles, decreasing their averagesize. The
changed scale for D indicates that n, is the most sen-
sitive parameter for contrail growth within the given
parameter space.

c. Contrail growth in the presence of preexisting
cirrus clouds

The evolution of the average size of crystalsin grow-
ing contrails depicted in Fig. 9 islargely consistent with
the observations discussed in Figs. 1 and 7. The model
roughly confirms both the high concentrations of small
ice crystals between 2 and 10 um, as well as typical
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Fic. 9. Results from the simplified parcel model equations (1)—(3)
for the microphysical evolution of a contrail at 250 hPa. The average
contrail crystal diameter at 1 h after contrail formation is shown as
afunction of (a) relative humidity over ice RHI, (b) updraft velocity
v, and (c) initial ice crystal number density n,. Solid, dashed, and
dotted—dashed lines are for an initial temperature of 223, 213, and
233 K, respectively. The legends indicate which parameters are kept
constant in each case. In the simulation, the updraft lasted until the
parcel was lifted by 500 m, corresponding to a temperature decrease
of 5 K. The ice crystals and water vapor are diluted in the contrail
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growth times of about 0.5-1 h. Observations and model
results only describe properties of the contrail core.
Crystals located at the contrail edges, which are less
abundant, may experience higher supersaturations over
longer timescales, and thus grow larger and undergo
gravitational settling. If the temperature gradient is suf-
ficiently steep in the atmosphere and ice supersaturation
can be maintained, growth of these larger crystals will
be further enhanced, because temperature and deposi-
tional growth rates increase during sedimentation, pro-
ducing the fall streaks that are occasionally observed
(Knollenberg 1970).

It is further interesting to estimate the effects of pre-
existing cirrus crystals on the growth of contrail ice
particles. Thiswill in general require the use of a com-
prehensive cloud physics model, but a simple estimate
can be given by inspecting the mass growth rate j,, that
enters Egs. (1) and (2). If cirrus particles compete with
contrail particles for the available H,O, the H,O res-
ervoir will be depleted according to (neglecting entrain-
ment processes)

dn,/dt = —j,n) — jucNes (49)

where j,. and n. denote the H,O flux to the cirrus crys-
tals and the cirrus particle number density (both as-
sumed constant), respectively. Keeping the spherical ap-
proximation for the growth law and the above-men-
tioned assumptions, the cirrus particles will preferen-
tially grow as soon as the second term on the right side
of Eq. (4a) exceeds the first term. At fixed values
RHI, and T, and defining the mean cirrus crystal di-
ameter as D, the relationship

R = D.,n/(Dn) > 1 (4b)

yields the requirement for the cirrus particles to grow
faster (and hence dominate the loss of H,O vapor) than
the ice particles in the contrail. In Fig. 10 we plot the
time evolution of the product Dn at a constant temper-
ature 220 K (no updraft) and RHI = 110% for three
different contrail crystal abundances, as indicated by
the lines. All curves eventually decrease because dilu-
tion of n overcompensates the growth of D. Most of the
observed contrails (open sguares in Fig. 10, calculated
from values in Table 2) fall into the range of the cal-
culated Dn product, while al observed cirrus clouds
(filled squaresin Fig. 10) confirm D .n. < 100 umcm~3,
the latter values in agreement with other in situ obser-
vations (Strom et al. 1997) and model simulations (Lin
et a. 1998). Comparison between contrail and cirrus
data yields R < 1 in all cases. Putting the parcel into
an updraft region would decrease R further. It is thus
clear that the presence of cirrus has avery limited effect

—

according to an average mixing law. Entrainment of water vapor at
a fixed background humidity (as indicated) is taken into account. Ice
nucleation is not included.
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FiG. 10. Product Dn of ice crystal diameter and number density of
contrail particles as a function of time at T = 220 K and RHI =
110% (no updraft) for different initial ice particle concentrations.
This quantity is proportional to the mass growth rate j,, of the crystals
and determines the rate of H,O vapor depletion by the growing ice
crystals. Open squares mark the position of the already discussed
contrail cases (values taken from Table 2). Solid squares correspond
to the measured cirrus cases listed in Table 2. For the parameter range
and time span indicated, contrail particlesremove H,O from the vapor
phase faster (2000 = Dn = 100) than young cirrus clouds (100 =
D.n.). Arrows indicate the direction of a possible uncertainty, since
for these cases only the minimum age could be determined.

on the growth of contrails on the timescales of about 2
h. It appears to be unlikely that preexisting cirrus can
effectively deplete the H,O reservoir and prevent per-
sistent contrails from growing, which is in agreement
with the observations of the distributions A3, B3, and
O1 shown in Fig. 8. Only older contrails (cases O and
U) fall somewhat below the predicted Dn values, pos-
sibly due to dynamically induced diffusion that islarger
than assumed in the model. All findings show a rea-
sonable consistency between data and model estimates.
The situation may be different in cirrus clouds which
depleted supersaturation before contrails form. This is
an important way that cirrus limit the growth of con-
trails.

5. Summary and conclusions

In situ microphysical measurements of contrails and
natural cirrus clouds have been performed in the upper
troposphere and tropopause region during several air-
borne experiments over central Europe in 1996-97.
Aerosol particle and ice crystal size distributionsin the
size range 0.01-500 um are presented, mainly com-
prising PMS-type optical spectrometer data, but also
obtained from a Hallet replicator, from condensation
nuclei counters, and from a counterflow virtual impac-
tor.

Instrumental comparisons show that ice crystals ob-
served in the contrail core region and in young cirrus
come close to spherical shape and that measurements
of forward scattering spectrometers for these cases can
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be regarded as reliable for both concentrations and size.
Typical ice crystal concentrations and specific surface
areas of fresh contrails (age < 1 min) exceed a few
1000 cm~2 and 104 um? cm-23, with mean diameters
around 1 wm. During the aging process (up to 1 h) the
contrail ice crystal concentrations decrease by two to
three orders of magnitude (specific surface areas only
by a factor of 2-3) while mean diameters increase up
to about 9 um, clearly demonstrating the transformation
of persistent contrails into ice clouds resembling young
cirrus. Observed crystal concentrations, specific surface
areas, and mean crystal diameters (effective diameters)
of young cirrus are typically up to 5 cm=23, 2000 um?
cm—3, and about 10 uwm (20 uwm); for more developed
cirrus, 1-2 cm~3, 2000—-7000 wm? cm~3, and about 20
pm (>30 um), respectively. All observed cirrus clouds
own a distinct haze mode with at least 4 particlescm—3
in the size range between fine and coarse particle mode,
supporting—together with the observed amorphous,
quasi-spherical replica images of ice crystals in young
cirrus—the concept of freezing haze as an important
formation process of upper-tropospheric cirrus. Young
cirrus and contrails aged on timescales of 1 h show
similar crystal size distributions with mean diameters
around 10 um. Computations of contrail crystal growth
using a simplified parcel model generally confirm these
observations and identify relative humidity, updraft ve-
locity, and crystal concentrations in fresh contrails as
important parameters driving the microphysical trans-
formation of the contrail core region into ayoung cirrus
cloud. They also suggest that contrail growth should
only be weakly affected by the presence of a cirrus
cloud.

The experiments suggest that a more detailed reso-
lution of the small-scale microphysical and dynamic
structures related to contrail growth are hard to achieve
by in situ measurements bound to a fast moving mea-
suring platform like a jet aircraft. Poor sampling statis-
tics for larger ice crystals, limited visibility at the site,
and the difficulty in determining the sampling position
within the corkscrew-shaped trail are three examples of
experimental limitations. Radiative measurements be-
low, inside, and aloft contrails often require much more
stable and homogeneous conditions than those com-
monly achieved in practice.

A promising concept for future airborne experiments
should aim at a more systematic investigation of larger
cirrus cloud fields to answer the question of if and to
what extent current and future aviation influences the
formation of new, or alters the properties of existing,
cirrus clouds in the tropopause region. Such a concept
presumes detailed knowledge of the meteorological his-
tory of the air masses involved, including weather fore-
casting and back-trajectory calculations. Systematic
sampling of larger cloud fields will be easier to compare
with satellite radiative information and will be more
representative for average impacts (and variability) of
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aged contrails or contrail-induced cirrus clouds on ra-
diation (compared to natural cirrus clouds).
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