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Abstract. Crystal sublimation/loss is a dominant feature cirrus properties. Thus, in a first step Large Eddy Simula-
of the contrail evolution during the vortex phase and has aion models (LES) should be used to better understand the
substantial impact on the later contrail-to-cirrus transition. contrail-to-cirrus transition and quantify the dominant atmo-
Previous studies showed that the fraction of crystals survivsspheric and aircraft parameters affecting it. Recently, the
ing the vortex phase depends primarily on relative humid-transition of single contrails into a contrail-cirrus was exten-
ity, temperature and the aircraft type. An existing model for sively studied with a high resolution numerical modéh¢
contrail vortex phase simulations (with a 2-moment bulk mi- terstrasser and Gierer010ab). Among other things these
crophysics scheme) was upgraded with a newly developedimulations revealed that the early contrail evolution during
state-of-the-art microphysics module (LCM) which uses La-the jet and vortex phase affects the optical properties and the
grangian particle tracking. This allows for explicit process- lifetime of the contrail-cirrus even hours later, emphasising
oriented modelling of the ice crystal size distribution in con- the need for realistic vortex phase simulations.

trast to the bulk approach. We show that it is of great impor-

tance to employ an advanced microphysics scheme to detet-2 Contrail evolution

mine the crystal loss during the vortex phase. The LCM-

model shows even larger sensitivities to the above mengenerally, the contrail evolution can be splitinto three phases
tioned key parameters than previously estimated with theC|AP, 1975: the jet phase, the vortex phase and the disper-
bulk model. The impaCt of the initial CryStal number is stud- sion phase_ During the first 15-20s (Jet phase) the vortic-
ied and for the first time also the initial width of the crystal jty along the wings transforms into a counter-rotating vor-
size distribution. Both are shown to be relevant. This corrob-tex pair. During the mixing of the hot exhaust and the cold
orates the need for a realistic representation of microphysicaymbient air, ice crystals nucleate and form a contrail, if the
processes and knowledge of the ice phase characteristics. schmidt-Appleman criterion is fulfilledSchmidt 1941; Ap-
pleman 1953 Schumann1996. During the vortex phase
(up to 2—4 min) the vortex pair travels downward, referred to

1 Introduction as primary wake, and captures most of the ice crystals. While
descending the air becomes warmer due to adiabatic com-
1.1 General pression and the saturation pressure rises. After a certain ver-

tical displacement initially supersaturated air becomes sub-
Still itis not possible to determine the global coverage and ra-saturated and the ice crystals start to sublimate. Quite a
diative forcing (RF) of contrail-cirrus with suitable accuracy. 1arge fraction of the crystals can be lost depending mostly
Observations of contrail-cirrus are rare, since contrails loosén relative humidity and temperatur&riterstrasser et al.
their linear shape after a while (few hours) and the evolv-2008 Huebsch and Leweller2006 Sussmann and Gierens
ing contrail-cirrus can hardly be discriminated from naturally 1999. A minor fraction of crystals is detrained from the

formed cirrus. This results in poor knowledge on contrail- Primary wake which forms a curtain of ice between the pri-
mary wake and the original emission height, i.e. flight level.

These crystals, forming the secondary wake, are not prone to

Correspondence tdS. Unterstrasser sublimation since they can take up the excess water vapour
m (simon.unterstrasser@dlr.de) of the supersaturated ambient air. Clearly, we only consider
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supersaturated cases as the contrails are not persistent oth-The purpose of the present study is to demonstrate that mi-
erwise. Thus, they experience a quite different microphys-crophysical aspects are of primary importance and advanced
ical evolution during the vortex descent than the crystals inmicrophysics schemes are necessary to investigate the con-
the primary wake. The crystal loss and the vertical expan-rail's vortex phase.
sion of the contrail are prominent features of the vortex phase The paper is structured as follows: We begin with a brief
evolution, which are both relevant for later properties of the description of the basic model and the employed micro-
evolving contrail cirrus, i.e. width, optical depth and lifetime physics routines in the following section. The various numer-
(Unterstrasser and Gierer2g)10b. Early differences in the ical studies and results are presented in Sect. 3. We discuss
ice mass evolution, however, have no long-lasting effect onmore general implications of our results in Sect. 4 and draw
contrails, since the total ice mass of spreading contrails inconclusions in the final Sect. 5. A list of symbols is given in
supersaturated air usually increases by a few orders of magfable3.
nitude. Thus, studies of the contrail's vortex phase should
focus on the ice crystal number rather than mass evolution.

2 Model description and setup
1.3 Numerical studies of the contrail’'s vortex phase

) We shortly repeat the description of the numerical model,
Most of the Iat?st studies rely on 3-D-m0d.eilxe(vellen and a5 it is explained in detail in UGS08. The model core is
Lewellen 2001 Huebsch and Lewelle2006 Paugam etal. gy oG (Smolarkiewicz and Margolinl997 which solves

2010 with advanced dynamics, resolving in detail the fea- e anelastic formulation of the momentum and energy equa-
tures of vortex decay (vortex descent, Crow-instability, short-4io s and employs the positive-definite advection algorithm

wave instlability). One_major drayvback of the 3-D-approach \ppaTA (Smolarkiewicz and Margolir.998. The micro-
are the high computational requirements, ePgugam etal.  physics modules are fully coupled to EULAG. We restrict

(2010 presents only one simulation run. Contrarily 2-D- rselves to a 2-D-approach which allows to perform a large
models are considerably faster and can be used to explore &, mper of simulations.

large number of atmospheric parametéiaterstrasser et al. _ Generally the vortex decay is too slow in a 2-D-model,
2.008' As t_he present study also uses a Z—D—approach we Wilkince the Crow-instability (an oscillation along the flight di-
discuss (dis)advantages over 3-D-models in a later section. rection and the main process for the vortex decspw
Moreover, the various models use di_fferent microphysicaI197Q is a 3-D-phenomenon and is not resolved in our model.
schemes.Huebsch and Lewelle(2008 incorporated size-  \ye geyised a module, which monitors the vortex evolution
res_olved ice mmrophysms (bin scheme) into an existing CON-and assures a realistic vortex decay as based on the pa-
tral|l mgdel ?S L;]SGS |m§wellﬁn ar?d Lewellliar(ZOOJ) anld q rameterisation oHolzapfel (200§. The correction is ac-
pointed out for the first t|m¢t att gcrysta 0ss strongly ?'complished by artificially increasing the diffusion coefficient
pe”qs on the employed microphysics module. In the earlleraround the vortices. More details are given in UGS08. At
version of the modellfewellen and Leweller200]) the as- 5t ime the enhanced diffusion was applied to all model

sumption of a monodisperse ice crystal size distribution Iedvariables Applying it to the velocity componentsand w
to a substantial underestimation of the crystal loss. With they,, enerdy of the vortex system was suitably reduced More-
present study we want to underline the relevance of MICTO%ver, the resolved velocity fluctuations were smoothed out

physics. InUnterstrasser et 82008 (from now on abbre- which possibly suppressed exchange processes between the

viated asIUG§08)da ;[]wo-momer;t EUIK mlcrcl):ahysms chemeﬁrimary wake and its surrounding. As a compensation the en-
was employed and the extent of the crystal loss agreed wey, ;o4 giffusion coefficient, especially for the ice variables

with Huebsch and Lewelle{2009 using a bin scheme. Nev- 54 water vapour, increases the detrainment of ice crystals
ertheless, further simulation runtrfterstraer2008 not 5,4 the entrainment of water vapour. For the present study
shown in UGSO08) revealed that the extent of the crystal Iossthe diffusion was solely enhanced foandw. The diffusion

depends in a non-negligible way on details of the sublimation., ficient computed via the tke-approach was provided to
parameterisation. Although the general ﬁndings/statement@ither microphysical model

are not affected, this ambiguity gave the motivation to up-
grade the existing contrail model as described in UGS08 withm
the Lagrangian LCM-scheme which explicitly simulates the physics module was used in the model, we call the model
crystal sublimation and loss. In contrail studies a mixed EU-\ersion either “BM” or “LCM". ’

lerian/Lagrangian two phase flow approach was first used by

Pa?jli et al.(20049), although there the jet phase was consid- 2.1 Bulk microphysics module (BM)

ered.

In the next sections we describe the two microphysics
odules used in this study. Depending on which micro-

For the calculations of the ice microphysics in the original
model version we use a recently developed parameterisation
of bulk microphysics $pichtinger and Gieren2009 based
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on a two moment scheme (i.e. prognostic equations for icavhereg, is the ice mass mixing ratio. Then the fractional
crystal mass and number concentration) incorporating mi+teduction of number concentratigi is simply deduced by
crophysical processes like deposition growth, sublimation of a

ice crystals and sedimentation. The homogeneous freezingfn =Jm" ®)

and heterogeneous nucleation routines are turned off for thg, hareq is set to 1.1. A sublimation parametefta <15

present study. Contrary to the published microphysics mod-,q suggested by numerical studiesfafrington et al(1995,
ule we used an earlier version that does not include correc

! ¢ all € i == 0 " ~“implies thatf, < f,,. The largerr is chosen, the fewer crys-
tions in the kinetic regime and for ventilation effects which 55 s plimate, sincg, is smaller for the same,,. For our

are described in Sect. 3.3 8pichtinger and Gieren®009.  qel problem the sublimation parameterisation turned out
However, comparisons of this version which was alreadyy, e not sufficiently sophisticated as the computed fractional
used in UGS08 and the latest one showed negligible d'ﬁer'reductionf,, is independent of the mean mass and width of
ences. o . the crystal size distribution which leads to irreducible uncer-
For the ice crystal mass distribution we prescribe a 10g-tainties in the crystal loss computatiodriterstraBer2008.
normal distribution with a fixed geometrical width, but T handle this uncertainty in our model task, we used the
variable geometric mean mass: LCM microphysics module that directly simulates the crys-
tal number loss and avoids this ambiguity.

N 1/Inm/mg 2
nm) = V27 Ino,,m X €Xp _§< Ino,, ) ' (1) 2.2 Lagrangian particle tracking microphysics module
(LCM)
The total ice crystal number concentratidhis the zeroth
moment of the mass distribution. Analogously, the ice massThis section presents the recently developed microphysics
concentration IWC is the first moment. In case of a log- module LCM &0lch and karcher 2010, originally de-
normal distribution the width of the distribution can alter- Signed to study the formation of natural cirrus clouds with

natively be given by the parameterdefined as a thorough, explicit representation of size-resolved non-
equilibrium aerosol and ice microphysical processes. In its
, ::exp((lnam)z). ) complete form the LCM comprises explicit aerosol and ice

microphysics, covering nonequilibrium growth of liquid su-
The meaning of this parameter is explained in detail in percooled aerosol particles, their homogeneous freezing, het-

Spichtinger and Gierer(2009. The relationship of the geo- erogeneous ice nucleation of ice nuclei in the deposition or

metric mean masso and the mean mags=IWC/N is then immersion mode, growth of ice crystals by deposition of
water vapour, their gravitational sedimentation, aggregation

mo=m//T. € between ice crystals due to differential sedimentation, tur-
bulent dispersion, latent heat release, and radiative impact
The sensitivity study addressing the impact of the width will on particle growth. Coupled to EULAG, a combined Eule-
be presented in terms of rian/Lagrangian approach is used to simulate the formation
We assume droxtal shape for crystals with maximal lengthand evolution of cirrus and contrails. While dynamics and
L<7.41pm and hexagonal columnar shape for larger crys-gas phase are treated using a fixed Eulerian grid, the ice phase
tals. We assume a mass-size-relatinga L? (L and m is tackled by tracking a large number of simulation ice parti-
in cgs-units) witha=5.261x10"1 and»=3.0 for the drox-  cles (SIP) individually. Each SIP represents a number of real

tals anda=1.649x10~4 and b=2.2 for the larger crystals ice crystals ranging between 10-€1@pically O(10%)) usu-
(Heymsfield and laquint2000). ally determined by the conditions prevailing during the for-
For simulations of natural cirrus the parametrisation of Mation ofiice crystals. In a statistical sense, average ice phase
the sublimation process may not be of dominant importanceProperties per grid box containing, SIPs converge with in-
as the BM generally shows good agreement with observacreasing sample size1/,/N,, (Soich and Karcher 2010.
tions as several validation exercises have profesina and N the special case of the simulations in the present work, we
Spichtinger 201Q Joos et a].2009. However, in our sim- only model the deposition/sublimation process, sedimenta-
ulations of the contrail's vortex phase additional aircraft- tion, and turbulent dispersion.
triggered phenomena occur and the sublimation parameter- Growth and sublimation of ice crystals are calculated for
isation becomes significant for the estimate of crystal lossindividual SIPs governed by the deposition equation. SIPs
Hence, we explain this part in more detail. In subsaturated¥ith sizes smaller thah i (10~ m) are treated as com-

air a certain fractionf,, of ice mass sublimates within one Pletely sublimated. The actual value bt depends on the
timestep. assumed ice nuclei size. Within a grid box volume, each

SIP interacts with the volume-averaged grid point values of
_qc(t)—qc(t+At) 4 the Eulerian model variables. While the exact SIP positions
- g () DEP. (4) are known, subgrid scale variability of the resolved model

Jm
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variables is not known without further physical models. We Although aggregation by differential sedimentation is in-

refrain from interpolating grid point values to the SIP posi- cluded in the EULAG-LCM §dlch and Karcher 2010, we

tions, as we claim to use sufficiently fine spatial resolution.neglect this process in the simulations. In the presence of the

Interpolating would yield smoother fields of model variables, wake vortices and smaller turbulent eddies during the break-

but would not improve the simulation results physically. up the collision efficency may be raised by different accel-
For the calculation of the trajectories of an individual SIP erations of the inertial ice crystals. Studies for water clouds

an additional turbulent velocity component is added to thequantify the turbulent enhancement of the collision efficiency

grid scale velocities. This accounts for turbulent dispersionfor spherical droplets with radii below 30 urilfain et al,

of the ice crystals. The standard deviation of these velocitie007 Pinsky et al. 2008. However, these studies assume

is taken to be proportional to the turbulent kinetic energy perthat each collision leads to coalescence of the droplets. This

unit mass, which is prognosed in the EULAG model and is,assumption does not hold for compact (i.e. droxtal or spher-

therefore, consistent with the subgrid scale closure schemial shaped) ice crystals, especially in the cold temperature

of the underlying dynamical core. Additionally, the turbu- rangeT <225K where contrails form. Hence, the sticking

lent velocity components are assumed to be autocorrelatedfficency is very low HHobbs 1965.

over the Lagrangian time scale. Unavoidable numerical dif-

fusion in the Eulerian transport of the water vapour may lead2.4 Simulation setup

to slight discrepancies in the dispersion rates for ice and the

water vapour field. However, it is not necessarily true that\We model contrails generated by a large aircraft like Airbus

these dispersion rates have to be the same, due to the inertf340 or Boeing B747 (see Tablefor aircraft and further

of the ice crystals and their relative motion to the sourround-mModel parameters). We follow the contrail evolution in a 2-D

ing air by sedimentation. domain with extensions df, =256 m andL ;=500 m in hor-
For a detailed description of the LCM we refer $lch izontal and vertical direction, respectively. The atmosphere
and Karcher(2010. is stably stratified withVgy =102 s~1. White noise is added
to the velocity and temperature variables. Open boundaries
2.3 Microphysical aspects are chosen in the lateral direction. Sensitivity studies with

a doubled domain size or periodic boundary conditions do
We want to emphasise that in both models the same micropractically not change the results and the chosen conditions
physical processes are considered. Differences in the simare suitable.
ulation results only arise due to the different approaches to At initialisation we assume that the vortex roll-up process
represent the ice phase and its transport. is fully completed and impose two counter-rotating vortices
Inthe BM the present ice mass is mapped to a predescribegith an Hallock-Burnham profile of tangential velocity and
lognormally-shaped distribution(m) after each time step. an initial circulationl'oc=650 n?s~1. The vertical velocity
The mass growth rate for the bulk ice phase in a grid boxfield induced by the two wake vortices is sketched in HBig.
is computed via the assumed distribution. In contrast, in thean analytical description of the vortex velocity field is given
LCM the ice mass distribution is allowed to develop freely in UGS08.
and the growth rate for the population of crystals is based on Wwe assume that the initial ice crystals contain exactly the
the depOSition of water vapour on individual CryStalS. Their amount of the water vapour emitted due to fuel burning_
sublimation and loss is treated explicitly, whereas in BM the An assumed fuel flow of ;=3 kg/s and an emission index
sublimation process is parametrised, yielding differences irof water Ej,0=1.25 kg/kg yield Z3=1.46x 10-2kg/m ice
the crystal number concentrations. Nevertheless, under idermass per meter flight path. The number of ice crystals per
tical thermodynamical cond!tio_ns both versiong compute themeter of flight path ig\/’oz./\/'a‘;=3'4x1012 m~1, which cor-
same bulk mass valqgs, pointing out that t_hg intermodel defesponds to an “emission” indexiélcrysta|s=2.3xl014 kgL
viations of the deposition process are negligible. and an initial mean crystal diameter of 2.2 um. The crystals
The treatment of ice crystal advection is also different. Thege spatially uniformly distributed inside two circles around
BM uses an Eulerian approach and the ice crystals are homgpe vortex cores with radiu®=20m representing the ap-

geneously distributed over one gridbox. Contrariwise, in thep oximate plume dimension (as indicated by the black circles
LCM the ice crystals are transported in an Lagrangian sensg, Fig. 1).

and have specified position within one gridbox and as a con- A paseline simulations use the above settings and are fi-
sequence suffer less numerical dispersion. nally characterised by prescribing the relative humidity'RH

In both models, radiative heating of crystal surfaces isgnq the temperaturg*. The humidity field in the domain
switched off since contrail particles are rather smalefens (also in the plume area) is uniform with constant Rigpart

1994 and the simulation time scale is shodnterstrasser iati ;
d4)G' <2010 r( from small turbulel_"nt dev.latlons around RHand 7* is the
and Gieren . temperature at cruise altitude.
To allow conclusive comparisons between the two model
versions BM and LCM, we initially prescribe the same

Atmos. Chem. Phys., 10, 100083015 2010 www.atmos-chem-phys.net/10/10003/2010/
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Table 1. Numerical, aircraft and atmospheric parameters, Brunt-
Vaisala frequencyNgy, eddy dissipation rate, wing spanbspan
aircraft massM, cruise speed/, initial circulation of each vortex

Ip.

Numerical parameters

10007

sults any longer. Moreover, the mass distribution is then well
resolved over time and a large range.

3 Results

In previous studies the impact of basic parameters like rel-

Ax,Az 1m At 0.01s ative humidity and temperature was investigated (UGSO08;
Ly 256 m L, 500m Huebsch and Lewelle2006 Lewellen and Leweller20017).
Tsim 140s In this paper we will repeat simulations with the newly de-
Atmospheric parameters veloped LCM-microphysics to study the impact of the basic
Npy 1072571 € 35x10°° parameterd” and RH and check whether the results previ-
po 250 hPa /s’ ously obtained with the two-moment bulk scheme are reli-
Aircraft parameters able.
A{j 3;28%0/59 bspan 60m Instead of focusing on further atmospheric parameters as
done in UGS08, we exploit the skills of the LCM-module
\ortex parameters . . o
Io 650 /s foreakup 1355 in qr(jer to study.h_o.vv thg contra|! evolution is affected.by
Microphysical parameters variations o_f the initial m|crophy§|pal properties _of the ice
To 1.46x10-2kg/m No 34x1012m-1 phase. For mslta.n.ce, we vary the initial number of ice crystals
Elicecrystals  24x10 4kg=1 Dy 2.3um as well as the initial width of the SD.
om 3046 , 4 To analyse the crystal loss during the vortex phase, we de-
fine several quantities, following UGS08. The total ice crys-
tal number (per meter of flight path) is
w / (ms™) Nt (1) =//N(x,z,t)dxdz. (6)
I _
150 s O'O 7'5 150 In order to determine the ice crystal number in the pri-
) ) ) mary wake, denoted a¥im(7), the integral is confined to
S00FfT ' ' ' ' R=50m circles around the centres of the two vortices. The
ice crystal number in the secondary wakées can be de-
450 . duced by subtracting the primary ice crystal numb&fim
c from the total ice mas8/iot.
Since the study focuses on the crystal loss, we define the
N raction f of crystals present in a certain wake segment:
350 L ] In.a(t) =Ny(1)/No with #= "tot’, 'prim’, 'seé¢. (7)
i ] The corresponding quantities for ice mass(z), Zprim, Zseo
300 L : : : ] and f7 4(1) are defined analogously with IWC replacihg
64 96 128 160 192 The term “surviving” ice crystals/mass refers to the time
x / m of vortex breakuppreakup@nd the fraction of surviving ice

crystals/mass is denoted with an additional subseript
Fig. 1. Initial vertical velocityw in the x—z-plane containing two The vortex life time as parameterised Hyplzapfel (2006
vortices with a Hallock-Burnham radial profile of tangential veloc- represents a best guess within an envelope of possible val-
ity. The ice crystals are initialised inside the two black circles. ues oftyreakup The envelope gives upper/lower bounds for
treakup @nd accounts for inherent variability of the vortex
evolution. The point of timepreakupWhere we evaluate the
lognormal ice crystal mass distribution (see Eqwith r*=4 microphysical contrail properties may easily be shifted by
andmg as indicated above. For convenience the mass distri-+5s for the same prescribed ambient conditions. For the
butions are converted into size distributions (SD), using thechosen stability and ambient turbulence level (see values of
mass-size relationship, presented in S&ct. In LCM the Ngy ande in Tablel) tpreaku=135s.
crystals are represented by, =1000 SIPs in each gridbox. = The mean diameter of the (mass-equivalent spherical)
Overall, we track more tham2l0® SIPs, each representing crystals is given by
on average 5x 10° ice crystals. In a sensitivity experiment, L
N, was varied. For the chosen value 8f, we found that Tu(t) 6 \3
a further increase oW, did not change the simulations re- Dy() = (/\T(,) ﬂpice) : ®)

www.atmos-chem-phys.net/10/10003/2010/ Atmos. Chem. Phys., 10, 100055-2010
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4 ' ' Table 2. Range for the parameters relative humidity Rkemper-
E ] atureT*.

Parameter Parameter range

RH 100% 103% 105% 110%
120% 130% 140%
T* 209K 212K 217K 222K

ing the first 20-40s the ice mass increasessfor0 un-
til the excessive water vapour completely deposits on the
ice crystals and saturation is reached in the plume (we call
this deposition phase). The timescale of this initial deposi-
tion (due to the high crystal number concentrations) is short
and barely interferes with the relative humidity decrease in-
duced by the adiabatic heating. Hence, the added ice mass
AT depends in a more or less linear fashion on the (ini-
tial) supersaturation;” and the area of the primary wake
] Aprim (AZ~const<s* x Aprim). Subsequently, the ice mass
] starts to decrease, since the plume is steadily subsaturated as
] the temperature increases adiabatically during the descent.
y This temporal segment is referred to as “sublimation phase”.
- g Generally the mass evolution in the different model versions
0.0 - - - ] agrees well, pointing out that the implementation of the phys-
0 50 100 150 ical process of deposition mass growth raises only few inter-
t /s model deviations. The small differences of the peak values
during the deposition phase can be easily explained by the
Fig. 2. Temporal evolution of the fraction of ice crystal mass different advection schemes used in the two models. The
7, prim (Ieft) and numberf 7, prim (right) in the primary wake for ~ LCM-model is less dispersive and the ice crystals are dis-
various relative humiditieg[100% 140% (see legend). The solid tributed over a smaller area and thus less vapour deposits on
lines show the BM-results, the dotted lines the LCM-results. them than in BM. However, these early differences are not
relevant since they are practically gone aite60s. After
aboutr=100s the ice mass decreases more slowly, since the
All the results discussed in following sections refer to base-decaying vortex pair sinks down at a slower rate (slower de-
line case simulations with specified temperatliteand rela-  crease of relative humidity due to adiabatic compression).
tive humidity RH'=1+s;" (supersaturatios;). The variable While the mass evolution is similar in BM and LCM, the
names superscripted with a star refer to the simulation settemporal evolution of the crystal number is qualitatively and
ting, whereas RHand 7 denote the value at a certain loca- quantitatively different for both models. Contrary to the mass
tion and time. In the following subsections the sensitivity of the normalised crystal number does not increase and always
the spatial and temporal ice distribution to various parame-stays below unity since nucleation is completed at the time of
ters like relative humidity, temperature and parameters of thenitialisation. In BM the crystal number starts to decline from
initial size distribution (short ISD) is discussed. the very beginning. In the BM crystal loss occurs in each
We want to emphasise that several particular comparisogridbox where the ice mass decreases within one timestep
results only hold for the two specific microphysical models and is independent of the actual size (distribution) of the
used here and cannot be generalised to any combination afrystals for a specificf,, (see Eg5). Contrariwise, in the
a Lagrangian-based and a bulk model. Especially the twoLCM-model the sublimation term is treated explicitly con-
moment bulk model results depend on the choice of the subsidering the actual size of the individual crystals. Therefore,

0 50 100 150

f./V’,prim

limation parametew as outlined in Sect. 1.3. no crystals are basically lost during the deposition phase.
And even when the majority of crystals starts to shrink af-
3.1 Temporal evolution of microphysical properties terwards, the crystal number is still conserved. Crystal loss

sets in delayed, as it takes time until the smallest crystals are

Figure2 summarises the temporal evolution of the fractions totally sublimated. Once the crystal loss started, the LCM
of ice Massfz prim(t) and ice NUMbeIfx/. prim(?) in the pri- shows a faster decrease than the BM since many crystals are

mary wake for various humidity values afid=217 K. Dur-  close to the sublimation threshalgi.

Atmos. Chem. Phys., 10, 100083015 2010 www.atmos-chem-phys.net/10/10003/2010/
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T T . total wake primary wake secondary wake

1013;

1012;

1on

1010}

(d Mot / d log L) / m~

0.1 1.0 10.0
L/ um

Fig. 3. Size distribution inside the primary wake =217 K and 8
RH=120% at various times (see legend). The size distribution is

given in units “per meter of flight path”, not “per:?‘h

Ds / um

Figure 3 shows how the SD evolves with time for
RH;=120% in the LCM. The red curve represents the ini- 0
tial size distribution. In the first 20 s water vapour deposits 100 110 120 130 140 100 110 120 130 140 100 110 120 130 140
on the ice crystals in the supersaturated air and the size dis- relative humidity / %  relative humidity / % relative humidity / %
tribution is shifted to larger crystal dimension. Starting at
t=60s (not shown), the number concentration of small parti-Fig- 4. Fraction of surviving ice crystal numbefy ; (top) and
cles increases, forming a sublimation tail (se€05s). Sub-  Mass/z s (middie) as well as the mean diamet®y (bottom) as

sequently, the crystals reaghy;; and sublimate completely. a fgnctlon of relatlye humidity. The results of BM and LCM have
] . . solid and dotted lines, respectively. The colour denotes the tem-
Such a tail can principally not be represented in BM.

e peratureT*:209K (red), 212K (green), 217K (blue) and 222K
The LCM _ShOW_S a stronger sensitivity to Rihan the (brown). The three columns show the values for the total, primary
BM. For the investigated RHrange from 100% to 140% at  and secondary wake, respectively.

T = 222K, between 4% up to 88% of the initial crystals sur-
vive in the primary wake. In contrast, in BM the values range
between 8% and 65%.

sublimate in the LCM. However, in BM the crystals are prog-

nosed to be lost as soon as the ice mass starts to decrease.
The fraction fa 1o s also depends strongly on tempera-

In this section we investigate how the ice Crysta| num- ture. The Sensitivity ta* is Iargest at low to moderate su-

ber/mass and the mean crystal diameter at the end of the vopersaturations aroungi~0 — 20%, where thg (ot s-values

tex phase (abreakup=135 s) depend on relative humidity and range over a large interval for the various temperatures. At

temperature. In Fig4 the results are plotted for the total, the upper part of the humidity rangéy ot s converges for

primary and the secondary wake and the two models. all temperatures. In a colder environment more crystals sur-
Generally, the surviving ice crystal number and mass ag/ive since the mass sublimation proceeds more slowly. At

well as the mean diameter increase with relative humidity.s; =0%, fx’.tot.s ranges from nearly 0 (at*=222K) to 0.6

As most crystals are part of the primary wake, the total num-(at7*=209 K). At high supersaturations the spre®fh ot s

ber of ice CWSta'Sf/\/’,tot,s is Strongiy Coupied to the number decreases to.R and 012 in the BM and LCM, reSpeCtiVEly.

of primary ice CryStaISfN,prim,s- For low Supersaturations The SenSitiVity to temperature is similar in both model ver-

57520%, fartors iNCreases strongly witk*, especially for ~ SIONns.

higher temperature. For larger supersaturatifiQSor s in- The number of crystals in the secondary wake is nearly

creases less strongly with humidity. Qualitatively, the resultsindependent of the ambient conditions, except for small su-

of both models are similar. Yet, the BM values gradually persaturations. In this case the secondary wake contains

converge to~0.8, far below unity and the LCM converges fewer crystals, since detrainment from the primary wake

to ~1. For high supersaturations the SD barely reaches thstops early. Furthermore, turbulent motions are more likely

Lrit-threshold atryreakupand very few crystals completely to generate subsaturated patches where crystals are prone to

3.2 Impact of relative humidity and temperature
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3.3 Impact of the initial width of the ice crystal size
distribution

In this section we investigate how the width of the initial
size distribution (ISD) affects the crystal loss. We varied
the width parameter from=4 (broad) tor=1.1 (narrow).
Since it seems that the standard vaitie-4 gives a rather

y broad SD (see discussion section), we only considered nar-
rower distributions. We want to emphasise that only the ISD

f.Y,pm'm

0.0 , , is varied, the total ice crystal mass and number are the same

0 50 100 150 in all simulations. The geometric mean masg increases

for decreasing (see Eg3) which is apparent in the ISD (see
100 Fig. 6, top-left).
I Figure5 shows the ice crystal mass/number fraction in the
0.8 ] primary wake at RE=120% andl'*=217 K. For both mod-

[ els the ice mass evolution is similar irrespective of the width
£ 0.6 ] of ISD. Again, the differences in the details of the SD do not
< ! affect the mass evolution.

— 0.4r ] Concerning the ice crystal number the BM shows the same

- ] loss for all studied ISDs. This is a consequence of the subli-

0.2 i mation parameterisation and the assumption loéing con-
0.0 ) ) stant with time. This reveals that BM is inadequate to ex-
0 50 100 150 plore this microphysical parameter. Therefore, we will only

t /s discuss the LCM-model results in this section.
For the specific ambient conditions (RH120% and
Fig. 5. Temporal evolution of the fraction of ice crystal mass T *=217K) the standard simulation<r*=4) shows the
fz,prim (left) and numberfx/ oim (right) in the primary wake  largest crystal loss which decreases with decreasinghe
for various widths- of the initial size distribution (see legend) for fractions fus 1ot s () Spread over a range from 0.47 to 0.83,
T*=217K and RH=120%. proving that the width parameteris significant for crystal
loss. If the ISD is narrow, it takes longer until the sublimation
tail of the SD reaches the critical dimensibgi; and crystals
complete sublimation. The maximum number of crystals isstart to sublimate completely (see left panel of fiyg.
slightly different for the two models (0.06 BM, 0.04 LCM).  The right panel of Figb shows the total SDs as well as
More crystals are detrained from the Sil’lkil’lg vortices in thethese in the primary and Secondary wake after 120s. As most
BM, reflecting the reduced diffusivity of the Lagrangian ap- crystals are part of the primary wake, the SD of the total wake
proach. However, these specific numbers depend on severgésembles the primary SD. More surprising, however, is the
aspects of the model setup and the shortcomings of a strictlyact that the SDs in the secondary wake are practically inde-
two-dimensional model approach. For example the initial pendent of the initial setting. This implies that the properties
spatial distribution of the ice crystals affects the extent of thepf the secondary wake are far more controlled by ambient
secondary wake. If the crystals were distributed over a largeeonditions than by the initialisation.
area and further away from the vortex cores than in the stan- |n a next step we normalise the results for the varidsis

dard run, then the secondary wake contains up to 15% ofuith the default run and introduce a sensitivity function
the ice crystals initially present. In UGS08 the bulk model

showed a larger detrainment rate and up to 15% of the crys+, . ) := SN tots () ) 9)
tals belonged to the secondary wake due the enhanced diffu- IN tots ()
sion applied to the ice variables. _Figure 7 shows f;.norm(r) and the corresponding scaling

_ The ice mass fraction (middle row) depends more sensitactors £y, o, (r*) for several ambient conditions. Thus,
tlvgly on relative humidity the_tn the ice number fracrlon, im- fr.norm(r) contains solely the sensitivity tq while the scal-
plying th*at also the mean diameter (bottom row) increasesng factors comprise all other sensitivities of the standard run.
with RH}.  The ice mass fractiofz prim,s in the primary  The nearly horizontal curve for the BM simulations cor-
wake matches very well for both models. This again eluci-porates the insensitivity of the BM to the variationsrin
dates that the sublimation parameterisation is the main reasog, the LCM the largest relative change jianorm occurs for
leading to different/y prim ,-values. It also demonstrates pyyx_10506. Around 10% of the ice crystals survive for an

that the feedback of the ice crystal number evolution on theyqad 1SD and nearly four times more ice crystals (38%) for
ice mass evolution is small in this case. a narrow ISD.
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- t=40s, total wake t=120s, primary wake has more larger particles than a narrow distribution, more
g 10" 1o crystals survive in this case. Contrary to the latter cases at
ooy oo | T*=217K now the shape/position of the right part instead
g 1orr 1o 1 of the left part of the ISD is significant for the crystal loss.
A 102 1 Although it seems to be a rather rare phenomenon in the
10T \ 1 10 1 present study, in ambient situations supporting longer vor-
> m; w - . m; w - . tex lifetimes and a larger vertical displacement of the vortex
' L/ pm ' L/ um system this situation might occur more often. Moreover, a
B t=80s, total wake {=120s, secondary wake change in aircraft geometry/mass and water vapour emission
g 1om ToM can favour it as well.
10t I 1 3 The sensitivity tor was tested for various spatial initial
2 107} 1 107 ] distributions. In further simulations the initial ice crystals are
o 1o} { 1ok 1 uniformly distributed inside a circular ring between the radii
3 100 1 10} ] 10< R <20m or 15< R < 25m and the sensitivity towas
S o 109 very similar to the runs with the standard spatial distribution
oo WL'O/ i 10.0 01 ‘L-O/ i 10.0 (not shown). Thus, the sensitivity to the width of the size

distribution clearly dominates and the results obtained hold
Fig. 6. Size distributions for various widths of the initial size  irrespective of this additional uncertainty.

distribution (see legend) for the LCM-model @t*=217K and If narrow ISDs were more likely to occur, the basic prob-
RH=120%. The time of evaluation and the sampling area is givenlem of quantifying the crystal loss would intensify. Com-
on top of each plot. pared to the standard runs with a broad ISD, for narrower

ISDs only slightly more crystals survive at low supersatura-
tions, whereas at higher supersaturation considerably more

4 ' ' ' N survive (in terms of absolute numbers). This increases the
] sensitivity to relative humidity and other meteorological pa-
3 e ] rameters like temperaturE* (not shown). In the limiting
c E ) (yet unrealistic) case with a monodisperse SD (preserving its
5 ok o ERe shape), hypothetically crossing the critical dimensigp in
= A ) Ui, ER one instance, the functiofiy ot s (RH) would resemble a
= A 1 step function. Above a certain critical humidity Réd: none
1F o 2! ! é/,,u - of the crystals would be lost, below all crystal would be lost.
of . . . . ; ] 3.4 Impact of initial ice number
1.5 20 3.0 4.0 In this section we vary the initial number of ice crys-
r talsNo=N{ x s with 8,€{0.1,0.5,1.0,5.0,10.0} under sev-

eral ambient conditions. Since the emitted water vapour
(oam ¢) and accordingly the initial ice mass are unchanged,
the ISD is shifted towards smaller or larger values. The
the relative humidity: 100% (red): 105% (green); 110% (blue); variation in Ny can also be interpreted as a variation of

. 3 5 k1
120% (brown). The symbols at' = 4 identify the scaling factors Elicecrystai[2.3x 10" ’2-3X.101 Tkg o _ N
FN tot.s *) for the model runs: LCM 100% (plus); LCM 105% Analo_gously to the previous section, we define a sensitiv-
(star); LCM 110% (diamond); LCM 120% (triangle); BM 120% ity function
(square).

Fig. 7. Sensitivity functionf; norm(r) (see Eq9) at temperature
T*=217K in the BM (solid) and LCM (dotted) and at tempera-
ture T*=222K in the LCM (dashed). The different colors denote

_ I tot.s (NO)
TN tots NG

For very dry conditions and a relatively high temperature Figure 8 shows how the fractiorfa; norm(No) is affected
at cruise altitude (RH=100% andr*=222K) the effect of by Ap. For all studied cases, the fewer crystals are initially
a r-variation is opposite to the latter case. This means thapresent, the larger the fraction of surviving crystals isVif
the fraction of surviving ice crystals is largest when the ISD is small, the crystals are larger on average at the end of the
is broad and fewer crystal survive for a narrower ISD. Gen-deposition phase (not shown). Hence the ice crystal surface
erally, in a drier environment more crystals are lost. All crys- area is reduced and the subsequent mass sublimation pro-
tals initially belonging to the left part of the SD will be lost ceeds slower, which in turn raises the fraction of surviving
anyway for all~’s and only initially large crystals are likely ice crystals. Apart from the different deposition/sublimation
to survive the vortex phase. Since a broader distributionrates, £ is larger for lowerNy for a second reason: Iy

f/\/o,norm(NO) : (10)
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is small, the SDs are located around a larfjexnd it takes ¥ T T
longer until the sublimation tail reaches the critical dimen-
sion L¢it. This second effect occurs only in the LCM. o~
The loglog-plot reveals thafa tors approximately de- ! Aﬁ 4
pends on\jp in a powerlaw fashion. So the fraction of surviv- = ’ 12
ing crystals for any suitabl&/s may be approximated using c A & R 2
N 1oty NZ) of the default run, = S
*
Y
FNo.norm(No) & (j:;g) . (12) 0.1F o .
0 . . ]
The exponenty depends on the ambient conditions. For 0.1 1.0 10.0
T*=217K and RH=105% it is about 0.25 in the BM and Bs

0.3 in the LCM. In a more humid environment, the crystal

loss is less critical and the SenSitiVity rd) is lower. For Fig. 8. Sensitivityfunctioanoynorm(r) (see Eq10) at temperature
RH?=120%y is approximately @5 in the LCM. The ex-  7*=217K in the BM (solid) and LCM (dotted) and at temperature
ponenty also depends on temperature and width of the ISD.7*=222K in the LCM (dashed). The different colors denote the
For increasing temperature and narrower |$Ds likely to  relative humidity: 105% (green); 120% (brown). The symbols at
increase (( at 7*=222K and RH=105% in the LCM). " =4 show the scaling factorgy/ (o s (V) of the correspond-
From Eg. (1) we can derive the total number of surviving ng curves. LCM 105% (diamond); BM 105% (star); LCM 120%

ice crystals (triangle).

Mo
Sk
Niots(No) ¥ Not.s ) (j\[*) : 12) " jimitation to ultimately correct a two—moment bulk model.

Since sublimation is a dominant feature in the simulation of

The rat|0 descrlbes the variability in the ice crystal num- the vortex phase a Lagrangian treatment of the ice phase or

. size-resolved microphysics should be applied.
ber prior to the vortex phase, wher to:Y((N‘i)) describes the Pny PP
s 0

ability in the i tal ber after’th ; h But not only the environmental variables have to be con-
vanabiiity in the ice crystal number after the vortex phase. strained, also microphysical characteristics of the initial ice
Since -y ranges between 0 and 1, we can state that for

fixed ambient diti th . h duc crystal population have to be well known. The detailed ap-
Ixed ambient CoNAitions the Vortex phase processes redu Sroach in the LCM discloses the sensitivity of the results on
the variability in the ice number generated by different fuel

" q ¢ oh diff h | the width of the initial size distribution. This is a new find-
properties and various jet phase processes (different nuc Eing since the variability is not reproducible using the bulk

ation, fuel sulphur content, emission indices). Including theapproach.

variation of the ambient conditions, the variability Mot s . .
is clearly larger than itNo, sinceNiots depends very sensi- pnfortunately, the typical width values of very young con-
tively on relative humidity and temperature. trails are nqt precisely known and thus the uncertainty in-
duced by this parameter can hardly be reduced at present.
In-situ measurements less than 5 s behind an aircraft are gen-
4 Discussion erally rare Petzold et al.1997. Hence, statistics of typical
size distributions are not available. Additionally, measure-
In the present study we investigated the consequences of usaents of small crystals in young contrails are further affected
ing a detailed microphysical module (LCM) compared to a by interference with large aerosol particles and uncertainties
previously employed bulk approach (BM) on determining in the retrieval algorithms of the instruments, due to ambi-
the crystal loss during the vortex phase of contrail evolu-guities inherent to Mie-scatteringihnick and Auvermann
tion. Generally, stronger sensitivities to several parameterd979. Karcher and Yy 2009 use a boxmodel to simulate
are found with the LCM compared to the bulk approach usedhe contrail formation by homogeneous and heterogenous
in Unterstrasser et a2008. This intensifies the problem of nucleation. The majority of the ice crystals form hetero-
accurately quantifying the fraction of surviving ice crystals. geneously on soot particles. Only for small soot emission
We attributed this to the differing microphysical treatment of indices homogeneous nucleation can become important and
the sublimation process on the fraction of surviving crystals.yields bimodal size distributions. For a soot emission index
Gierens and Brei2009 discuss the sublimation parametri- greater than 1% (which holds for the present aircraft fleet)
sation issue in two-moment bulk models. Testing the subli-only heterogeneous nucleation is relevant and the size distri-
mation parametrisation against an analytical solution of thebutions can be fitted by a unimodal log-normal distribution.
growth equation they found that there is no unique functionBy comparison with their Fig. 2 we found that the width
relating crystal loss to mass loss. This reveals a fundamentats around 2 or even smaller. However, the estimated value
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represents an lower bound for as only microphysical and In this rather crude sense, the parameterisatiofizdfot
no dynamical variability is captured. Turbulent fluctuations with a power law relationship (see Eq 5.1 of UGS08) remains
of velocity and humidity are likely to broaden the size spec-valid within the specified parameter range £ 209-222K
trum. This leaves it an open question whether our defaultand RH = 100-120%). For RH>120% one may extend the
valuer*=4 is an optimal choice or not. In future, better esti- functional relationship in a linear manner, obeying continu-
mates can be obtained by combining suitable microphysicaity at RH; = 120% as already done Karcher et al(2009.
modules with 3-D-LES models, which are capable of accu-There it was assumed th#t, (ot linearly increases to 75% at
rately simulating early plume dilution and inhomogeneities. RH; = 150%. In consideration of the new findings with the
In our simulations the number of surviving ice crystals is LCM model, we recommend to use 100% as maximum value
evaluated atpreakug=135s. This value is obtained from lidar for f o at the upper humidity limit.
measurements and 3-D-LES and represents the best estimateln order to validate our model results by observations, very
within an envelope of possiblgreakupvalues for the studied precise measurements of temperature, relative humidity and
meteorological condition (sedolzapfel 2009. This consti-  the ice phase are necessary, considering the large sensitiv-
tutes a further uncertainty on the evaluation/af iot. ities to these parameters. Moreover, in-situ measurements
In UGSO08 the impact of the ambient turbulence and strat-provide data of intensive properties along a certain path and
ification was examined. Followinglolzapfel (2006, both rarely the whole plume is sampled. Our model approach,
parameters affect the lifetime of the vortex pair and its decayhowever, focuses on extensive properties like the total num-
is slower in a less turbulent and/or less stable atmosphereber of ice crystals which can be hardly derived from measure-
For supersaturations RH120% (as discussed in UGS08) ments. For this reason, we cannot decide which model yields
the moderate sensitivity to both parameters should be presemt more realistic estimate of crystal loss. Nevertheless, the
in the LCM as well (not simulated). Analogously tothe RH LCM-results seems to be more plausible in several aspects
sensitivity also a more pronounced dependence can be exhan the BM-results.
pected in the LCM. The number loss raftg o has a steeper
gradient in the LCM once the sublimation has started and
thus a shift ofrpreakup affects the extent of the crystal loss 5 Conclusions
more strongly than in the BM. For high supersaturations and
lower temperatures the crystal loss is generally less critical,The existing contrail model obnterstrasser et a(200§
the number and mass loss rates are smaller and thus a motBM) was upgraded with a detailed ice microphysics mod-
erate change inyeakuphas a limited effect on the eventually ule (LCM) of Solch and Karcher(2010 using a Lagrangian
surviving fractions. particle tracking approach. The purpose of the present study
Some of our results may be affected by the 2-D approachwas to reduce uncertainties in the quantitative description of
We are not able to fully resolve details of the vortex dynamicsice phase properties of a contrail during the vortex phase, in-
or to study variations along flight direction. Especially the herent to the bulk approach binterstrasser et a2008.
ice crystal detrainment, which determines the extent of the Generally, the BM showed good agreement with obser-
secondary wake, is rather imposed than freely simulated anslations of natural cirrus as several validation exercises have
is also affected by the employed advection scheme. Moreproven fusina and Spichtinge201Q Joos et al. 2009.
over, a sensitivity study (not discussed in detail) showed thatHHowever, in the present simulations of the contrail’s vortex
the initial spatial distribution of the ice crystals affects the phase additional aircraft-triggered phenomena occur and the
later extent of the secondary wake and consequently slightlysimulation problem is dominated by sublimation contrary to
the primary wake. However, our detrainment rates are similaimany natural or contrail-cirrus simulations which rely more
to those of the complex 3-D-model Baugam et al201Q heavily on deposition growth (and nucleation). We singled
see section 3.2) and give similar fractions of ice crystals inout the sublimation parametrisation in BM to be not sophis-
the secondary wake (roughly one tenth of all crystals). Sinceicated enough for our purpose. In LCM the sublimation pro-
in any case the majority of ice crystals remains inside thecess can be simulated directly and moreover the ice crystal
vortex system the crude treatment of the secondary wake forsize distributions can develop freely. Consequently, several
mation has a limited effect on the microphysical evolution in aspects of the LCM-results are more plausible than in BM.
the primary wake. It is the the first time the contrail evolution was studied
Regarding the presented uncertainties and sensitivitiedor a large humidity range from RH-100% to 140%. Vary-
it seems plausible that the obtained extents of crystal los$ng atmospheric and microphysical parameters we found that
should be interpreted as best values in a statistical sense, bt#ie new results qualitatively agree witinterstrasser et al.
ing able to reflect the general sensitivities to many fundamen{2008. The fractions of surviving ice crystals decreases
tal parameters and allowing to study the impact of the vor-with decreasing humidity, increasing temperature and higher
tex phase processes in regional/global-scale models (GCNhitial crystal number. However, quantitative deviations be-
or Lagrangian plume models). tween the two models occur. For RH 120% (i.e. humidity
conditions not studied ibnterstrasser et aR008 the LCM
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Table 3. List of symbols and abbreviations.

Symbols

symbol units meaning/value

To kgm~1 initial ice mass per flight meter

z; kgm~1 default value off(:1.46x10 2 kgm~1

Mo m—1 initial ice crystal number per flight meter

N§ m-—1 default value of\:3.4x1012m~1

Niot, Nprim: Nsec m-—1 number of crystals per flight meter in the total, primary and secondary wake, respectively
Tiot, Zprim> Zsec kgm™1  crystal mass per flight meter in the total, primary and secondary wake, respectively
N m—3 ice crystal number concentration

IWC kg m~3  ice water content

IN# fT8 normalised ice crystal number/mass, see Ey. (

SN #.5: ST #s Jn #and fr 4 evaluated at=rtpreakup

fa fractional reduction of ice crystal number per timestep in the bulk model
fm fractional reduction of ice mass per timestep in the bulk model
r width parameter of the lognormal mass distribution

r* 4 default value of

mg kg geometric mean mass

m kg mean mass

Lit m critical dimension for total sublimation

RH; relative humidity

RH ambient relative humidity (simulation parameter)

S supersaturation RH-100%

T* K temperature at cruise altitude (simulation parameter)

Bs scaling factor of\p=ps x Nz

Tbreakup s breakup time of the vortex pair followirtdolzapfel (2006

At 0.01s timestep

Pice density of ice crystals

Abbreviations

LCM Lagrangian cirrus module or contrail model equipped with it

BM Bulk microphysics module or contrail model equipped with it

SD Ice crystal size distribution

ISD Initial ice crystal size distribution

SIP Simulation ice particle

shows a weaker crystal loss than the BM. Especially for high Furthermore, the more crystals are present initially, the

supersaturation and cold temperatures the LCM barely progsmaller the fraction of surviving ice crystals is. The crys-

noses any crystal loss. We attributed these differences to thials are smaller on average and sublimate faster. A ten

sublimation parameterisation in the BM. We note that thistimes higher initial number yields only a 2.9-3.9 times higher

particular comparison result cannot be generalised to othenumber after the vortex phase for selected ambient condi-

bulk models. tions. Therefore, under identical meteorological conditions
In the LCM the sublimation process is treated explicitly the variability in the initial ice crystal number (due to jet

and a “sublimation tail” develops in the size distribution of phase processes) is reduced during the vortex phase, espe-

the primary wake. This further enables us to study the impactially for low supersaturation.

of microphysical details of the initial size distribution on the

contrail evolution. We showed that the width of the initial

distribution has a non-negligible impact on the fraction of

surviving crystals. Present knowledge from measurements

and numerical studies are inadequate to determine the initial

characteristics of SDs with required accuracy, increasing the

uncertainty to quantify crystal loss in the vortex phase.
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