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Abstract. Simulations of contrail-to-cirrus transition over up so called Schmidt-Appleman criterion is fulfilled, which re-
to 6 h were performed using a LES-model. The sensitivity quires the ambient temperature to be below a certain thresh-
of microphysical, optical and geometric contrail propertiesold (Schmidt 1941 Appleman 1953 Schumann 1996.

to relative humidity RHEl, temperaturel’” and vertical wind  The initially line-shaped contrails can spread in favourable
shears was investigated in an extensive parametric study.ambient conditions (i.e. ISSR = ice-supersaturated region)
The dominant parameter for contrail evolution is relative hu-and exist for many hours. Eventually, the contrails lose
midity. Substantial spreading is only visible for REL20%.  their characteristic shape and these evolving clouds are re-
Vertical wind shear has a smaller effect on optical proper-ferred to as contrail cirrus. While the additional coverage
ties than human observers might expect from the visual im-of young line-shaped contrails can be deduced from satel-
pression. Our model shows that after a few hours the watelite measurements with some accuracy, this is not the case
vapour removed by falling ice crystals from the contrail layer for aged contrail-cirrus for two reasons. First, contrail cir-
can be several times higher than the ice mass that is actualljus cannot be distinguished from natural cirrus by currently
present in the contrail at any instance. available methods and second, clouds with optical thick-
nesses below the satellite instruments’ detection limit are not
taken into account. The second point is especially important
for contrail cirrus since they can form and spread in weakly
supersaturated areas contrary to natural cirrus which form
mainly at humidities above the threshold for homogeneous
nucleation RHyc>145%. Thus contrail-cirrus might tend to
have smaller optical thickness than natural cirrus, e.g. see
probability distribution functions of contrail-cirrus’ optical
gwickness Karcher et al.2009. Correlations between cir-

1 Introduction
1.1 Contrails and climate

Aviation is responsible for 2-8% of the total anthropogenic
radiative forcing Forster et al.2007). Since the aviation
sector is supposed to have strong growth rates in the futur

(ICAO, 2007, which efficiency enhancements might not be rus coverage (or its temporal trend) and air traffic density
able to compensate, the relative climate impact of this secindicate that aviation leads to enhanced cirrus coverage and

tor is likely to increase. Aircraft change both the chemical that the climate impact of the contrail cirrus (+ indirect ef-

composition of the air and the properties and amount of icefECt) is higher than the ane of line-shaped contrails alone

clouds in the UTLS (upper troposphere — lower stratosphere Boucher 1999 Zerefos et a].2003 Minnis et al, 2004
tordal et al.2005 Stubenrauch and Schuma2005 Eleft-

region. Cloudiness can be changed on two pathways, b t t 212007, H loudi h |
the indirect aerosol effect and by contrail formation. The eratos et a/.2007. However, cloudiness changes can also

indirect effect describes a modification of the natural cir- 2 tdue to other effectshe.gl. gl|r|natedcrl1ange. bBeS|de|s thedrte-
rus by emission of aerosols (especially soot), which can g/ Mote sensing approach, global models can be employed to
ter the characteristics of cirrus formatioBt@m and Ohls- assess the radiative forcing of contrail cirrus. So far global

son 1998 Hendricks et al.2005. Contrails form when the models only account for line-shaped contrae(ater et a.
n 8 l 9 1996 2002 2005 Marquart et al.2003. Recent research,

however, aims at including the whole life cycle of contrails
Correspondence tdS. Unterstrasser and their transition to cirrusBurkhardt et al. 200§. The
BY (simon.unterstrasser@dir.de) quality of the global modelling results depends also on how
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the contrail evolution is parameterised in the model. Cloud- Our goal was to investigate systematically the contrail-to-
resolving models can help to formulate or improve the pa-cirrus transition which happens during the dispersion phase.
rameterisations and the present work tries to bridge this gapVe designed a numerical model setup that can run a large
in presenting a systematic study of contrail-to-cirrus transi-number of simulations with moderate computational de-

tion for a large variety of ambient conditions. mands. We opted for a 2-D-model. In Sect. 4, we will show
. . that this approach is justified. We use results of a previ-
1.2 Phases of contrail evolution ous study on vortex phase simulatiotdnerstrasser et al.

) ) o ) 2008 abbreviated as UGS08) for initialising the dispersion
Contrail evolution can be divided into three phases from aphase simulations. This turns out to be important because

flow dynamical viewpoint €IAP, 1979, an initial jet phase  cerain initial contrail properties (ice crystal number) affect
(about 20's), a vortex phase (about 2min), and a final dispergqnirajl evolution during its total life span. It is the first time
sion phase (minutes to hours). First the exhaust gases leayRa; contrail-to-cirrus simulations have realistic initialisation
the engine with a high speed and get quickly mixed with €n-fie|4s that regard the different evolution during the vortex
trained ambient air. Contrails form, i.e. ice crystals nucle- phase.

ate, dgring this phase_when the ambient conditions. fulfil the The paper is structured as follows. Section 2 presents a
Schmldt—Appleman crlterl_o.n. A pair of countgr-rotatmg VO™ hrief sketch of our model and describes its setup and initial-
tices is shed from the trailing edges of the wings during the'sation. The parameter studies and the results are given in
et phase. Most of the emissions and ice crystals (if presenty;o ., 3, and several validation examples follow in Sect. 4. In

will be trapped inside the vortices. The vortex system MOVeSga .t 5 \we discuss some implications of our results, and we
downward and the air inside is heated adiabatically, such thali . . o.ir conclusions in the final Sect. 6. In Partnier-

the smaller ice crystals sublimate already during this phase, trasser and Gierer@009 further sensitivity studies follow.
The crystal loss depends sensitively on relative humidity andS

temperature of the ambient air. A smaller fraction of the ice

crystals can leave the vortex system at its upper edge whil% Model description and setup

the primary vortex induces a secondary vortex on its way

down. This mechanism gives the contrail an initial height 5 1  General model

of a few hundred meters after the vortex phase. The vortices

become unstable about 2min after their formation, and deThe present study uses simulations starting at the end of the
cay. The ice crystals that survived the adiabatic heating argqtex phase after about 2—-3 min contrail age. The numeri-
released into the ambient atmosphere. During the dispersiopy| model resembles the one used for vortex phase simula-
phase atmospheric turbulence and wind shear dilute the icgyns in UGS0S. Differing aspects are the deactivation of
crygtal co'ncentration. The horizoqtal spreading depends. 0B special tool used for vortex decay monitoring in a 2-D-
vertical wind shear and the contrail height. In some studiesyogel and a better representation of the turbulent flow in the
(Gerz et al. 1998 Paugam 200§ a fourth phase is intro-  hresent model. The numerical simulations have been carried
duced (called dissipation phase), which takes into accoungt with the non-hydrostatic anelastic model EULAG{o-

in particular the enhanced aircraft-induced turbulence. Thigg kiewicz and Margolin1997. This numerical model al-
phase denotes the transition between vortex phase and digsys to switch between a semi-Lagrangian advection scheme
persion phase. Since the physical processes (mainly mixingng an Eulerian approach. We opted for the Eulerian mode
and ice microphysics) in dissipation and dispersion phaseghich employs the positive definite advection scheme MP-
are the same, we will not particularly distinguish between pata (Smolarkiewicz and Margolirf.998. MPDATA is an
them. iterative advancement of the fundamental upstream differ-
encing method minimising its dispersiveness. The subgrid
turbulence model uses the TKE-approach. A two-moment
microphysics scheme was coupled to EULAG to solve prog-

Most contrail models focus on one of the three phases of con-

trail evolution, since different physical processes and quan-nOSt'C equations for ice crystal mass and number. It will be

tities are relevant. For example, the jet phase was numeriSketched in the subsequent subsection. The horizontal di-

cally investigated byaoli et al (2003, Garnier et al(1997), rectiqnx is along wingspan andis thg vgrtical coor(.jinate..
Paoli et al.(2004, Karcher et al(1996, whereas the stud- The tlme_t=03 _corresponds to the beginning of the dispersion
ies of Sussmann and Giere(&999; Lewellen and Lewellen ~ Phase simulations. , _ _
(2002); Huebsch and Lewellef2008): Paugan(2008 focus A simulation consists of two successive sub-simulations.

on the vortex phase evolution. The dispersion phase whicIJ]n the first sub—simulation the height/width. of the domain
covers the transition to a contrail-cirrus is treatediémsen 'S L:1=1km andL,;=5.7km, respectively, with mesh sizes

et al.(1998; Gierens and Jens¢h999. d)_clzdzlz5m. _Thg timeste_zp is 1s_0r 2s depending on _the
wind shears (differing maximum wind speeds + CFL cri-
terion). The first sub-simulation stops aftefzsi,n1=2000s

1.3 Focus of the present study
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Table 1. Total simulation timegisp, the domain widthl. > of the second sub—simulation for different vertical wind shear.

shears 010 3s1 2103s ! 41081 61031t
tot. sim. timergjsp 20000s 17000s 11000s 7000s
width Lxp 17km 34km 34km 34km
time stepAty 15s 5s 3s 2s

and all meteorological fields are embedded in the enlargedircraft with wingsparbspa=60m and mas3/=310000kg
domain of the second sub-simulation with heighp=2km were used. The initial number of ice crystals per meter of
and widthL ,»,=17— —34km. The mesh sizes ade,=15m flight path wasN;j,=3.4- 102m~1. At the beginning of
anddz;=10m. The widthL,, as well as the time step and the the dispersion phase onlyo= f,, x5, Crystals are present,
total simulation timergisp=tsim1+#sim2 depend on the given where f, is the fraction of crystals surviving the vortex
shear (see Tablefor details). phase. In our model this quantity depends on‘RIHd 7ca,

The ambient relative humidity RHs uniform in the mid- but not on wind shear since this parameter was not treated in

dle part of the domain (a 1km deep layer) and decreases [inUGS08. Hence the dispersion phase simulations with differ-
early to 50% in the bottom and top 500m-layer of the do- €nt wind shear, but equal temperature and relative humidity
main. Throughout the paper relative humidity is given with Use the same microphysical initialisation. For the parameter
respect to ice. From now on the ambient relative humid-range used herg;, varies between 0.01 and 0.7.

ity denoted as RHis used to define the simulation setup, ) )

whereas RH refers to the value at a specific time and lo- 2.2 Microphysics module

cation in the domain. The ambient turbulence is charac-

terised in terms of eddy dissipation rate3.5- 10-5m2/s3 For the calculations of the ice microphysics we use a

and the rms of the velocity fluctuations 0.2Bn A detailed ~ 'eCcently developed parameterisation of bulk microphysics
description of the background turbulent flow is deferred to (SPichtinger and Gieren009 based on a two-moment

Sect. 4.1 The atmosphere is stably stratified with a Brunt- SCheme (i.e. prognostic equations for ice crystal mass and
Vaisala frequencyNey=10-2s"1. The temperatur@ca at number concentration) incorporating the microphysical pro-

cruise altitude ranges between 209K and 222K. A shift of S€SS€S depositional growth/sublimation and sedimentation.
flight altitude is solely effected by a change Ta in the Unless explicitly noted, the homogeneous nucleation and

simulations and the pressure profile is unaffected (see moddl€t€rogeneous nucleation routines are turned off in our
setup in UGS08). During the vortex phase the microphysi-mOdEI' Coagulation and radiative heating of crystal surfaces

cal/meteorological fields were saved every 20s. We initialise'S Not included, since contrail particles are rather small. For

the dispersion phase simulations with the 120s-fields. Théhe i_ce prystal_l mass distribution we pr_escribe a lognormal
actual break-up of the vortices occurst@bakup= 135 for dls'grlbunon with a fixed geometrical width,,=3.246 but
the standard case. Thus the wind fields still contain two vor-variable modal masso:
tices in their final stage. As the intensity of the vortices is

2
overestimated in the vortex phase model (see chapter 3 in(m) = —— x exp [—} <M> } 1)
UGSO08), the wind fields are suitably modified, as follows: V2 In om 2 In o,

Asa simple_compensation Mmeasure alarge part (argun_d 80%I)he total ice crystal number concentratiorMsthe ice mass
of the kinetic energy of the vortex system was r(ad'SmbmedconcentratioriWC is the first moment of the mass distribu-
onto a larger area in the neighbourhood of the vortices Wher(%ion Via the mass-size-relation=a L* (Heymsfield and

the turbulent fluctuations are thus amplified. This emulateﬁa uinta 2000 the size distribution is also of lognormal type
the effect of aircraft-induced turbulence in the present model. guinta 9 yp

It takes around 500s until the fluctuations relax to ambi-Wlth a geometrical standard deviationaf=1.708. It turned

ent values. This transient phase is called dissipation phas(éUt that the parameterisation of ice crystal loss in subsatu-

and the actual dispersion phase where only atmospheric br rated air is significant for the ice crystal number evolution.
b P y P! P%he growth/sublimation equation of a single ice crystal is in-
cesses are relevant starts aroua®00s. However it is not

. t%grated over the crystal mass distribution and one yields a
necessary to analyse the two phases separately, since th . . .
prognostic equation of the ice mass change. In case of sub-

phys!cal Processes, namely turbulent mixing and ice MICTO"saturation a certain fractiofy, of ice mass sublimates within
physics, dominating the phases are the same. one timestep. i

Finally we repeat parameters which were used to initialise
the vortex phase and are implicitly part of the present ini- qc(t)—qc(t+AL)
tialisation. The exhaust and geometric properties of a large/” — qe(t)

)

9
DEP
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Fig. 1. Ice crystal concentratiotv, ice mass concentratidiVC, extinction x and relative humidity RHat Tco=217K, RH'=110% and
s=2.10"3s~1 for the given times. Note the different numbers of displayed orders of magnitudes and different horizontal scales.

wheregq, is ice mass mixing ratio. Then the fractional re- numerical computation of E@ the integrals are written in
duction of number concentratiofj, is simply deduced by terms of moments of the distribution(Z). In Appendix A
fn=ry, wherea is set to 1.1. A sublimation parameter of Fusina et al(2007), an analogous derivation of is pre-
1.0<a<1.5 as suggested by numerical studieHairing- sented.

ton et al.(1995 implies thatf, < f,,. The largew is chosen, The extinction of the crystals in each gridbox is given by
the fewer crystals sublimate. This crude approximation is
reasonable for cirrus studies with prescribed synoptic scalel = IWC x (asw + bsw/re) (4)

updraught events. In our model setup with a calm atmo-, i, asw=3.448n7/kg andbsw=2.431x 10-3m3/kg. The

sphere (no synoptic scale vertical motion) however the Sim'formula is valid in the solar spectrum from 250nm to

ple crystal loss parameterisation leads to slight limitations in3500nrn Ebert and Curry1992. The optical thickness
the interpretation of our microphysical results which are eX-ig given ast=/ydz. In our analysis we also evaluate

p!ained later. 'I_'he effective radiug and the extinctiory are o optical thickness along a horizontal viewing direction
diagnosed offline from th8NC- and N-fields. We use the Thor= [ x dx

re-definition of Ebert and Curry(1992

~ 32 2.3 Simulation example
Jo (%) n(L)dL 3
f0°°(42)n(L)dL (3) Figure 1 shows the ice crystal concentration, ice wa-
i ter content, extinction and relative humidity of an exem-
where we express the surface a®a=0(L,R) of a sin-  plary simulation with parametersca=217K, RH'=110%
gle crystal as a function of maximal lengih and aspect ands=2-10"3s"! at r=2000s 8000s and 17000s. This
ratio R. We assume droxtal shape for crystals with max-illustrates the whole life cycle of this exemplary con-
imal lengthL <7.41um and hexagonal columnar shape for trail. At t=2000s the maximum ice concentration is about
larger crystals. The aspect ratibof the larger crystals in-  N=10cnT3 and declines below values of 1¢cf The main
creases with the crystal dimensidnaccording toRxLY process is spatial dilution, especially in horizontal direction
with y=(3—b)/2=0.4. This is derived from the mass-length (note that the displayed domain width increases with time).
relationm=a L? with ¢=0.04142 and=2.2 (L andm nor- Crystal sublimation is of minor importance in contrast to the
malised with Sl-units m and kg) which is also part of the vortex phase. The fallstreaks show much lower ice concen-
assumptions in the microphysical module. For a fastertrations than the core region. The ice water content is slightly

Te =
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above 1mgm? atr=2000s and 8000s and decreases muchis limited, as we suppose that the contrail evolution gets af-
slower with time thanV, since the dilution is partly com- fected by synoptic variations after some hours. In Part 2
pensated by depositional growth. Moist air is entrained atwe prescribe atmospheric vertical motions in few sensitivity
the edges of the contrail and the total ice mass of a contraistudies and test how the contrail evolution changes by depo-
(shown later) can grow over several orders of magnitude. Atsitional growth and potential secondary nucleation events.
t=17000s the effects of sedimentation are evident. In the In this chapter many properties of contrails and their sen-
layer where the maximunV andIWC was initially located  sitivity to the three mentioned parameters are discussed.
sedimentation leads to a decreasBMC. However, the max- Namely they are: width, height, total ice mass and number,
imum number concentration is still in the same layer, as onlyconcentrations of ice mass/number, effective radius, optical
a small fraction of crystals falls out. The extinction panel thickness and total extinction. This study is important for de-
shows roughly the part of the contrail which would be de- termining the fundamental parameters controlling contrail-
tected by a lidar (the outermost contour lipg=1-10"°"m—1 to-cirrus transition.
resembles the lidar detection limit in this atmospheric re- In this paper all total quantities are integrated oventhe
gion). Parts of the fallstreaks with non-negligit#WC can-  z-plane and are thus "totals per flight meter”, i.e. there is no
not be detected, since the extinction of the large ice crystal$ntegration along the flight direction.
is too low. The extinction thresholgy will be used to de- Often one is interested in average values of contrail prop-
fine the cross—sectional area and the width of a contrail. Irerties like mean optical thickness or typical number concen-
the displayed case evaluating the width gives 2, 9 and 17kmtrations. Clearly the mean values depend on the definition
respectively, for the different points in time. of the contrail area over which is averaged. Especially in a
The lowermost row shows the relative humidity RH numerical model there are lots of conceivable ways. We pro-
within the range 85%—-115%. In the white area ;R pose the following way to obtain a meaningful characteristic
smaller than 85% with a minimum of 50% at the lower value for the contrail that does not depend on the definition
boundary. The top layer with RHdecreasing to 50% is of the contrail area.
not depicted. Turbulent motion leads #5%-fluctuations [4. X2dx dz
around the prescribed RHalue outside the contrail. The Xpe= Asi
inner part of the contrail features a homogeneous region with

RH;~100%. whereX is a nonnegative quantity which tends to 0 outside
the contrail area. We will call this characteristic value the
. _ ) . predominant value. The integration domain is the simulation

3 Parametric study —_|mpact of relative humidity, domain Agim. The result is independent dsim as long as
temperature and wind shear the model domain contains the contrail completely. This av-

Studving the climatic i t of trails. the alobal eraging method will be used for optical thickness, ice water
udying the climatic Impact of contralls, the global COVer- ., it and ice number concentration.

age and the mean optical thickness is of interest. To estimate
the global coverage, knowledge of geometric properties an 1 parameter space
lifetimes of single contrails is helpful. The optical thickness
depends on microphysical properties. In this section the senfhe three parameters relative humidity RHemperature
sitivity to relative humidity RH (throughout the text rela-  Tca and vertical wind shear each take one of four possible
tive humidity with respect to ice is used), temperatiliga values within the ranges given in Tal#leThis gives a set of
and vertical wind shear is investigated and the temporal 43=64 simulations. The upper limit of the temperature range
evolution of geometric, microphysical and optical propertiesis Tca=222K. At this temperature contrails always form in
is presented. Generally, the shape and optical thickness adn ice-(super)saturated region (RH00%) for all common
a contrail over several hours depend on shear and relativealues of pressure at cruise altitude and propulsion effi-
humidity/temperature. For higher Rland T' more excess cienciesy (Schumann1996. The temperaturéc, =217K
moisture can be deposited on the ice crystals. The total iceepresents standard cruise conditions, whef@as=212K
mass increases as long as the contrails spread and fresh sand 209K are found at higher flight leveBgichtinger2004
persaturated air is entrained. On the other hand shear andarcher et a.2009. The relative humidity varies between
atmospheric turbulence dilute the contrails and lead to opti-105% and 140%. In this range no cirrus is formed via ho-
cally thinner, yet broader clouds. The question is whether themogeneous nucleation. Although heterogeneous nucleation
dilution can be compensated by depositional growth in ordemay not be excluded, we turn off the nucleation routines
to maintain visibility and the total effect on the atmospheric in the microphysical model and solely study contrail evolu-
radiation field. tion in an otherwise cloudfree environment. In Part 2, we
We do not take into account atmospheric vertical motionsswitch on heterogeneous nucleation in several simulations
and thus the environmental temperature and humidity are asand study the potential of secondary nucleation (heteroge-
sumed constant. Hence the interpretation of lifetime resultieous freezing of soot particles released from contrail ice

LIS 5
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Table 2. Range for the parameters relative humidity Riem- Bext = Z((maxx (i,k)) > XO) X dx ©)
peratureTca and vertical wind shear. The colour and linestyle k

coding is used in Fige2 (left panel only),4, 5, 6, 7, 9, 10 (colour

= “RH*", linestyle = “shear”) and right panel of Fig (colour = .

RH;"Z linestyle = “Tca”). Except Fig.3, all figures of Sect3use ~ BOD = Z(f(’) > 70) | x dx
the coding outlined in this table. !

i

©)

The boolean expressions likgi,k)>xo are 1, if true and 0

parameter Parameter range otherwise. Itis summed over all gridboxgé, k) or columns
RH: /% 105 110 120 130 7(i) with horizontal/vertical index/k, respectively. The ver-
colour red green  blue  brown tical distribution of a contrail is studied evaluating vertical
== EE == profiles of horizontally integrated extinction. They turned
out more useful than vertical profiles of horizontally inte-
Tca/K 209 212 217 222 grated ice mass or ice number concentrations, for the fol-
linestyle solid  dotted dashed dash- lowing reasons. The fallstreaks contain only few ice crys-
dotted tals relative to the contrail core region and are not evident in

***** Tt T T T the N-profile. This is different from naturally formed cirrus
where crystals are not as abundant as in contrail cores. On

—34-1
S/I(iln(()est;e ) sglid doztted d:shed ?:iash- the other hand, the ice mass of the sedimenting patrticles is
dotted large (esp. in deep supersaturated layers) anteprofile

overestimates the fallstreaks relative to their radiative impact.
This is also unigue to contrails, since the contrail core region
consists of many small particles with large extinction relative
to their ice mass.

crystals that sublimated during the vortex phase) triggered; » 1 =ontrail width
during updraught events and how this affects the contrail evo-

lution. Figure2 (top left) shows the temporal evolution of the width
Durbeck and Ger1996 used ECMWF analysis data to B, at Tcao=217K for various humidity and wind shear val-
derive PDFs of wind shear in the North Atlantic Flight Cor- yes. The width increases with time for all environmental con-
ridor. Due to the resolution they represent scales of ordegitions. In a shear-free atmosphere (solid curves) the expan-
O(1km). They found a mean of=0.003s* and 0.95-  sjon stagnates anBk: reaches values of 5km. Higher shear
quantile of 0008s™*. Own analysis of wind shear using data rates can lead te-20km broad contrails after 2-3 h and the
of the DLR research aircraft Falcon showed that higher val-expansion is sustained over the total simulation time. Fig-
ues are more probable when the studied vertical scales argre 2 (top right) shows thaBgy; increases with shear and
smaller (0 (100m). It seems reasonable to use shear valuessecond that the expansion rates become more sensitive to
between 0 and.006s 1. The observed shear values higher RH¢ andTca with increasing shear. The widtBop (shown
than 0006s* are probably not present in the atmosphere forin the lower row of Fig.2) using optical thickness as cri-
several hours and the effective shear is smaller than the sheagrion is generally smaller thaBgy. A lidar can detect
itself since only the component perpendicular to the flightsubvisual parts of the contrails and thus thecriterion is

axis leads to spreading. stricter than theyo-criterion. In shear-free conditions the
_ _ qualitative behaviour is the same for both width definitions
3.2 Geometric properties (solid lines, left panel). However, if shear is presép

starts to decrease after some time for small supersaturations
The cross-sectional are of a contrail is defined as the (RH,=105%, red non-solid lines) and the contrail becomes
area where the extinctioy of the ice crystals is above gypyisible, i.e. Bop=0. Figure2 (bottom right) shows that
xo=1-10"°m~L. The threshold value resembles the detec-yisible growth of a contrail strongly depends on relative hu-
tion efficiency of a lidar and thus the model results can bemidity and shear. Only if RH>120% (brown and blue lines)
compared to lidar measurements. The width can be define@ne can expect a substantial spreading of the visible parts at
via two alternative ways using the extinctioBe:) or optical  high shear rates. At small supersaturations (red lines) the di-
thickness Bop) as criterion. The threshold optical thickness |ytion is not fully compensated by depositional growth and
10 IS equal to the visibility threshold 0.02 and leads to width increasing shear reduces the visible width. At;RHL0%

values as observed by the eyes of a human. (green lines), the two opposing effects compensate each other
more or less. Sensitivity studies (not shown) usipg0.03
. as visibility criterion show that increasing wind shear de-
F= k) > dx x d 6 o .
(;(X (k) = XO)) xax xdz () creases the visible width also for R#110%.
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Fig. 2. Left: Temporal evolution of widttBgy; (top) andBgp (bottom) atTca=217K for different values of R;H(colour) and wind shear
(linestyle).

Right: Width after 5000s as a function of wind shear for different values df Ridlour) and temperature (linestyle). See Tebfer colour
and linestyle codes.

The effect of temperature (right panel, linestyle) on con-i.e. optical thickness along a horizontal viewing direction
trail width depends on relative humidity. In situations where (perpendicular to the flight direction). The vertical profiles
weak contrails are present a higher temperature leads to evesee Fig3) at a fixed point in time are similar for all choices
weaker contrails, whereas for large supersaturation contrailsf parameters.
are broader in warmer environments. It seems reasonable to divide a contrail into a core re-

The overall conclusion is that at small supersaturationsgion and a fallstreak. The upper part of the contrail is called
many contrails become invisibled6p—0), but still spread  core region which has high ice crystal number concentrations
(Bext increases). Loss of visibility does not imply a physical more or less homogeneously distributed over this area. The
disappearance in such a way that all crystals have sublimatedore region turns out to be confined to a layer~800m

depth. Vertical turbulent diffusion is too weak to consider-
3.2.2 Contrail cross-sectional area ably expand the height of the core region over time as the ver-

tical turbulent diffusivities are much smaller than horizontal
The temporal evolution of the cross-sectional aFea (N0t gnes. Although our 2-D-model underestimates the vertical

shear-free cases the increasd’pf; stagnates and in sheared consider this difference as unimportant.

cases the expansion is unbounded over the studied time inter- The centre of the core region sinks less than 100m dur-
vals. The values ofx can only be taken as rough estimates, jng the simulation time, as most particles are small and sed-
since they are sensitive to the threshold vafgeValues are  jment slowly. The extinction is nearly homogeneously dis-
summarised in the validation section (Subse€3), where  yibyted within the layer as diffusion is initially increased
the results are compared with lidar measurements. through aircraft-induced turbulence. Moreover, the primary
wake has a higher potential temperature (at least in a sta-
ble atmosphere) and rises towards cruise altitude. This leads
to a homogenisation of the ice crystal concentration, since
the vortices are broken up and detrainment occurs during
the ascent. It takes some hours for fallstreaks to develop by
sedimentation and they become apparent in the profiles af-
Thor(z) = /X(xvz)dx’ 9) terr=6500s.7or Of the fallstreaks increases over time while

3.2.3 Vertical structure

The vertical structure is displayed by vertical profiles of hor-
izontally integrated extinction
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Fig. 3. Vertical profiles of horizontally integrated extinctiafg, (optical thickness along the horizontal) &a=217K for r=2000s (top

row), t=6500 (middle row) and=11000s (bottom row). From left to right the relative humidity increases froni-RH5% to 130% as
indicated above each column. Each figure shows the profiles for different shear valuégreat, s=2.10-3s~1 (green),s=4.10-3s~1

(blue) ands=6-10"3s~1 (brown). The flight level is at=800m. The black bars indicate the approximate location of the contrail core
region. For the sake of clarity, it is noted that this figure contrary to many other figures in this section does not use the colour coding as listed
in Table2.

thor Of the core region slightly decreases. Thus the core remore than 500m deep. A sensitivity study investigates the
gion becomes less distinguishable from the fallstreak in theémpact of the thickness of the ISSR and will be presented in
Thor-profiles. Part 2.

The fallstreaks consist of very few, large crystals which
are transiently present. Less than 5% of the total number 08.3 Microphysical properties
crystals is lost over the total simulation time. They either fall
out of the domain or sublimate in the subsaturated layer adThis section shows the evolution of microphysical properties
jacent to the lower boundary. As already shown in Eighe like ice mass/number (totals and concentrations) and effec-
ice water content can be as high as in the core region. Nevetive radii.
theless the extinction is smaller, since the concentrations are
lower. 3.3.1 Contrail ice mass

The high ice crystal numbers are confined to a small area.
The ice crystals are not well-mixed over large vertical extentsThe total ice mass of a contrail is defined here as:
of O (km). Thus the thickness of the ISSR mostly affects the
o neee varsions, as oo as tne superenurares yer fm = [ [, 1we v @0

, g as the supersaturated layer is re < 80
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Fig. 4. Left: Temporal evolution of total ice maggoum at Tca=217K for different values of RH(colour) and wind shear (linestyle).
Right: Total ice masZggum after 5000s as a function of temperature for different values df Ridlour) and shear (linestyle). See Table
for colour and linestyle codes.

The condition effective radius <80um is necessary in order flux is stronger. This results in an earlier start of the ice mass
to neglect large crystals in the fallstreak. In our default setuploss. A discussion on the lifetime of contrails will follow in
the supersaturated layer is more than 1km thick. Falling iceSubsect3.4.2

crystals grow a lot and become very large especially in the

lower part of the fall streaks. The ice mass strongly depends3-3.2 Water vapour depletion

on the layer depth, as these very big crystals contribute con- ,

siderably to the total ice mass. However, they are radiatively" this section we study how much water vapour has been
unimportant and fall out of the domain anyway. Thus the converted to the solid phase up to a certain contrail age,
additional condition assures that only the core region and ral-€: the accumulated depositi@gee This accumulated depo-
diatively important parts of the fallstreaks are taken into ac-Sition is actually the sum of the current contrail ice mass plus
count. Varying ther,-threshold or using &> yo-condition the ice mass lost by sedimentation so far_. Partl'cles are Ipst by
changes the integration area and can be used to estimate tfgdimentation when they fall out of the simulation domain or
mass fluxes between different parts of the contrails. Figure SuPlimate in the lower subsaturated layer. The quattity
shows the total ice mass as a function of time. At the begin—may be used _to assess the potential of contrails to dehydrate
ning of the dispersion phase the ice mass varies between $1€ UTLS region. _

and 100¢gm depending ofca and RH. Over time the ice Figure 5 displays the temporal evolution dfacc for
mass increases by several orders of magnitude. Especiallfca=217K. During the first hour the evolution is nearly
in moist and sheared environments the mass uptake is up U@ t0Zgoum since no crystals are larger than 80pm or
5kgm* per hour (brown and blue lines that are dashed or/0St Py sedimentation. Contrary @sopm(?), the accumu-
dash-dotted). The ice mass increases as long as fresh slted depositiofaccincreases monotonically and the differ-
persaturated air is entrained into the contrail core region angnCeS PetweehaccandZsoum become larger and larger over
the excess moisture can deposit on the crystals. The moistdfmMe- After three to six hourBaccis about a factor 4-7 larger
the air and the higher the spreading is, the more ice mass i&'@"Zsoum for RH;>120%. In a weakly supersaturated at-
contained in the contrail. Simulations that run longer than™MoSphere the sedimentation impact is smaller. Hehee
+=10000s show an ice mass loss or at least a strongly decef"d Zsoum differ only by a factor of 1.5 to 3. Our model

erated growth after 3-4h. The losses due to sedimentatioghows that during their life span persistent contrails are able
cannot be compensated by spreading anymore. to turn-over several times the water mass that is actually in

To confine the analysis on a smaller core region and fa)ithe contrail f"‘t any m'ornerjt. . . .
streak, we prescribe=50um or a highyo-threshald, which The relative humidity in the expanding contrail core is
reduces the area over which th&C is integrated. Then the constantly close to ice saturation because the entrainment of
total ice mass starts to decrease already after 2 h. The small resh supersaturated air oceurs on a much !onger timescale
we choose the integration area, the earlier the mass flux o ours) thap the growth of the ice grystals (minutes). T_he ac-
of it is positive. This implies that the contribution of the fall cumulated ice mass of the contrail increases proportionally

streaks to ice mass and optical thickness increases with timi the contrail core area while the ice mass in the contrail

and that the layer containing the core region becomes deh)ﬁore do_es not bec_ause Of the ste_ady flux of falling Ice Crys-
drated. tals. Without sedimentation the ice water concentration in

As we will see later, temperature has the largest effect Onthe contrail core would be conserved because the ice mass

crystal sizes. In a warm environment the crystals becomeand the area would increase with the same rate.
larger than in a cold environment and thus the sedimentation
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80[ 3.3.4 Ice number and mass concentration
%, 60 . Figure 6 shows the temporal evolution of the predominant
= 3 i ice number concentratiaNyre and ice water contedtVCpre.
: a0fF . ) n The initial values forNpre range from 50cm?® to 250cnT3
o i depending on relative humidity. Over several hours the ice
€ oF s number concentration drops by about 3 orders of magnitude.
3 st Initial differences are still apparent at later stages of the con-
ol e trail.
0 5000 10000 15000 20000 In Fig. 6 (right) the predominant ice water contéWCpye
time /s is displayed. Initially the values range from 0.5 to 4mgfin

_ _ o Within the next minutesWGCge increases sharply. During
Fig. 5. Temporal evolution of accumulated deposition (i.e. sum of yq \ortex phase the ice crystals face subsaturation inside the
actual ice mass and sedimentation loss)ig{=217K for different primary wake. After vortex break-up, fresh ambient air is
values of RH (colour) and wind shear (linestyle). See TaBlor . . . .
colour and linestyle codes. entfame_d into the primary wake an(_j these air parcels start

to rise since the primary wake has higher potential tempera-
ture than its environment. The relative humidity rises beyond
the saturation level and the crystals take up water vapour and
grow. After this initial regeneration phase the values start
. to decline. Contrary to the number concentrations, the ice
The total ice crystal numbek/ decreases by less than one water contents stay at the same order of magnitude, since

8[gg;socv?r?guqlt:L?besiV(;I”et:Z?eGV\?r;i?fﬁ ﬁzsttrégta;r:%Sp_?ﬁzCe)c(?enr;tdepositional growth counteracts the dilution. The IWC-field
: C 7. contains strong local maxima in some simulations which are
of crystal loss during the vortex phase (duration 2—3min) is

similar or higher and thus sublimation during the dispersion?epdpiﬂ?\?ésa)sigel:?gg E;;ﬁgc’”“'curves (brown and blue dot-
phase is not really relevant considering the much longer sim- In the appendix a parameterisation Mfr(t) is shown.

ulation time. The differences at later stages are primarily duel_hiS analytic description of the dilution effect simplifies

to a different |n|t|ql|sat|pn (strongly depepdmg on .Rblnd' comparisons of our results with existing (plume) dispersion
Tca) and not to diverging evolutions during the dispersion : . .
models. Further we give estimates on how strongly the dis-
phase. ; : ] .
ersion of ice mass is balanced by depositional growth and

. . 0
The loss due to sedlfnenta_uon .'S less than 5% of the tota he evolution o WCpe is different from that of passive trac-
number over the total simulation time. ers

A second effect that we term “turbulent sublimation” oc-
curs in situations of very weak (or no) vertical motion when 3 3 5 Effective radius
a cloud undergoes random humidity fluctuations around ice
saturation. Gierens and Bret(2009 explain it: Turbulent  Figure7 shows the spatial distribution of the effective radius
fluctuations lead to 5%-super/subsaturations in an on averfor various shear values. Only areas with yo=1-10°Pm~1
age saturated region inside the contrail. This leads to smalhre shown. Apparent is a vertical layering with increasing
oscillations inWC, however the effect o is more last-  crystal sizes in downward direction consistent wignsen
ing. In subsaturated patchésis reduced and the original et al. (1999. In the core regiorr, is smaller than 50um,
concentration will not be restored when the same parcel risef the first hour even below 20pum. In the fallstreak crystals
again, since the supersaturation is far below any nucleatiogan have radii-100um. On the right a vertical profile of the
threshold. The extent of this steady crystal loss depends othorizontally averaged) extinction-weighted effective radius
the so called sublimation paramete(see description of the s depicted. In the shear-free case (solid lines) the crystals are
microphysics module, Subse@t2). 30% of the crystals can  slightly smaller in the fall streaks, since all sedimenting crys-
be lost by turbulent sublimation over 3 h when we set the de-+als fall into the same region with slowly but steadily decreas-
fault valuea=1.1. The effect is overestimated in our model. ing supersaturation and thus reduced depositional growth. In
We carried out some sensitivity studies with a largevhich Fig. 8 the extinction-weighted effective radius
substantially reduced the fraction lost by turbulent sublima- i
tion. Itis largely an artefact of the chosen formulation of the F, = S/ x xredxdz (11)
sublimation procesJierens and BretP009. [ [xdxdz

Nevertheless the present simulations show that the impact . . N .
on sedimentation which limits the contrail lifetime (see Sub- 1S s.hown asa f_unct|on of t'me' _T_he weighting functlpr_ls

. . N optimal, since it counts the individual crystals according to
sect.3.4.2 and optical properties is only of minor importance : S
. . o their radiative impact.

and does not change the contrail evolution qualitatively.

3.3.3 Total ice crystal number

Atmos. Chem. Phys., 10, 2017836 2010 www.atmos-chem-phys.net/10/2017/2010/



S. Unterstrasser and K. Gierens: Contrail-to-cirrus transition: Parametric study 2027

1000.00
100.00 A
§ 10.00F £
~
e 1.00 >
= a
0.10 g

0.01

0 5000 10000 15000 20000 0 5000 10000 15000 20000
time / s time / s

Fig. 6. Temporal evolution of predominant ice number and mass concentration (left/ridiai) &217K for different values of RFH(colour)
and wind shear (linestyle). See Talléor colour and linestyle codes.
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Fig. 7. Effective radii of the ice crystals a&=3500s (top) and=6500s (bottom) afca=217K and RH=120%. The left panel displays a

shear-free case, the middle panel a case witB 103571, Only areas withy > xg are considered. Note the variable range of both axes.
The right column shows vertical profiles of effective radii, extinction-weighted and horizontally integrated. Se@ Tabike linestyle
code. The flight level is at=1300m.

The particle sizes grow linearly with time for the first 2— parameter for,, as can be seen in Fif§, right. During the
3h (Fig.8, left). Afterwards the growth rates are smaller or vortex phase more crystals are lost in a warmer environment
even negligible. The,-values converge to saturation levels since depositional growth/sublimation proceeds faster. On
which vary slightly with shear and humidity within the range the other hand, more water vapour is available during the dis-
30-40um. One might expect a stronger sensitivity to humid-persion phase. Both effects lead to an increase of the mean
ity, since the total ice mass depends more or less linearly ommass of the crystals and larger effective radii in warm envi-
supersaturation. This is clearly not apparent in the crystaronments.
sizes. The reason is that the number of crystals surviving the
vortex phase increases with RHFinally it turns out thatthe 3.4  Optical properties
mean mass of the crystals is about the same for all humidi- ] )
ties, since the two effects (change of ice mass and ice crysta-4-1 Optical thickness
number with humidity) compensate each other. These tw

effects are also the reason that temperature is the domina i} '.:'g' 9 _(Ieft) the te_lmp_oral evolution (.Jf. t_he predominant
optical thicknesgpre is displayed. The initial values range
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Fig. 8. Left: Temporal evolution of mean extinction-weighted effective radiutxat=217K for different values of RH(colour) and wind
shear (linestyle). Right: Mean extinction-weighted effective radius after 5000s as a function of temperature for different vaIL;Es of RH
(colour) and wind shear (linestyle). See Tabl®r colour and linestyle codes.
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Fig. 9. Left: Temporal evolution of predominant optical thicknesTgh=217K for different values of RH (colour) and wind shear
(linestyle). Right: Mean extinction-weighted effective radius after 5000s as a function of temperature for different valués(a:rﬂalﬂ‘)
and wind shear (linestyle). See Taléor colour and linestyle codes.

from 0.05 to 0.6 depending on RHWithin the first 500s  climatic impact. In a first step we study the quantity termed
the contrails become much thinner, because crystals are lostotal extinction” which is the horizontal integral of the ex-
in the sinking vortex and turbulent sublimation is stronger tinction 1—e~*™) wheret(x) is the optical thickness of a
due to aircraft-induced turbulence. As stated in the initial- column.
isation section, the first 500s simulate the end of the vor-
tex phase and the dissipation phase. In the actual dispersioA = (1—e_f)dx%frdx = /fxdx dz =17 x B (12)
phase (>500s) the optical thickness decreases slowly with
time. The decrease is clearly stronger for higher shear rate$he approximation uses*~1—(1—x)=x which is rea-
(dashed and dash-dotted lines). However, relative humidity isonable for small optical thickness. For the studied contrails
as important as shear for determiningt later stages, since  the approximated and the trizvalues differed by less than
the initial differences are still in effect hours later. This is 10%. Then the total extinctioB can be interpreted as prod-
also apparent in Fi (right). The curves of same humidity yct of characteristic optical thicknessand width B and
(i.e. the same colour) are more closely grouped together thagomprises information about microphysical and geometric
the curves of same shear (i.e. same linestyle). properties. An advantage of this quantity is that the definition
As expected from the ice mass evolution, high tempera-does not use any thresholds like the definitions of total ice
tures lead to optically thicker contrails, especially in moist mass or geometric properties. Total extinction measures the

environments. disturbance of the shortwave radiative flux. Figaf(left)
shows the temporal evolution of the total extinction. Quali-
3.4.2 Total extinction tatively, E is strongly coupled to the total ice mass. During

the first 3hE increases, afterwards it stagnates or declines.
Wind shear has a strong influence on the appearance of th€he point of time the gradient changes sign is defined in this
contrail. However it is not clear whether a narrow and opti- paper as intrinsic timescale of a contrail. For the simulations
cally thick contrail or a broad yet thin contrail has a stronger shown here (no synoptic evolution, no radiation) it turns out
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Fig. 10. Left: Temporal evolution of total extinction d&ica=217K for different values of RH (colour) and wind shear (linestyle). The

black lines indicate roughly the intrinsic timescale for the various temperaturesicdfte217K-line is marked with stars to highlight the

peaks in the displayed data. Right: Mean extinction-weighted effective radius after 5000s as a function of temperature for different values of
RH? (colour) and wind shear (linestyle). See Tablir colour and linestyle codes.

to be about half the lifetime of a contrail. The word intrin- geometric properties of contrails up to one hour. Finally, in
sic describes that the contrail-evolution is governed by a case study we try to model old sedimenting contrails as
the sedimentation process and not driven externally by thebserved by an airborne lidé8¢humann1994)
synoptic evolution which is not studied here.
Although in the model synoptic effects are not consid-4 1 Tyrhulent background flow and implications on
ered which (_jon_unate natural_cw_rus evolut_lon_ an_d s_hould also natural variability of contrail properties
control the lifetime of contrail-cirrus, the intrinsic timescale
is nevertheless important. Unlike natural cirrus formation, ] ] )
contrail formation and persistence (at least over some hours‘?hear’ sedimentation and atmospheric turbulence control the

does not require a large-scale cooling of the air mass. OfteffliSPersion of a contrail. - Atmospheric turbulence is mod-
one can ohserve contrail decks with ne natural cirrus in ap_elled via resolved turbulent fluctuations and a subgrid turbu-
parently calm atmospheres. The simulations show that in thé€nce model (TKE-approach). This section shows that in the
absence of subsidence the lifetime is limited due to sedimenPrésent 2-D-model turbulence is suitably well represented to
tation. Although it was stated that only5% of the crystals study the spreading of contrails. Since the mgsh_ S|zes. of or-
are lost due to sedimentation, this leads to a strong verticafi€r © (10m) are much smaller than the contrail dimensions,

flux of ice mass out of the contrail core and dehydrates thdhe diffusion is mainly achieved by resolved fluctuations and
contrail core region. to a lesser extent by subgrid turbulence. This is confirmed by

The dominant parameter for the intrinsic timescale is tem-test simulations with an alternative subgrid turbulence model

perature (as indicated by the black lines), as the crystals Size@mago_rmsky) which show negligible differences to simula-
(see Fig10) are most sensitive tdca. However integrating tions using the TKE-approach.
E over time the effect of longer lifetimes at lower temper- In order to initialise the model with realistic background
atures is outweighed by larger ice masses and the generall&OW fields, a priori simulations were carried out to produce
higher E-values at higher temperatures (not shown). In athem. These a priori simulations were initialised with white
further study,E should be related to radiative forcing, which noise where the energy is evenly distributed over all scales.
also considers the longwave component and the varying stateuring a spin-up phase the rms-value of the fluctuations
of the atmosphere. decays quickly since the initial deviations are not spatially
correlated. Once the rms-value is quasi-constant over time
(i.e. decays slowly) and the flow features the typical patchy
4 Validation pattern, the flow fields can be used to initialise the contrail
simulations. It turned out that it is not necessary to include

This section shows several comparisons with numerical mod@n external forcing mechanism in the model to sustain the

els and measurements. First the dispersion properties of odkrbulence in the present simulations.

model are compared to 3-D-computations. Then we compare Since turbulence is a 3-dimensional phenomenon, we per-
with several observational studies, which focus on contrailsform test runs in a separate study to investigate the disper-
of different ages. In-situ measurementsSyfhidder et al.  sion properties of our model and validate our 2-D-approach.

(2000 show microphysical properties of young contrails. These simulations are initialised with Gaussian plumes of

The lidar study ofFreudenthaler et a[1995 investigates passive tracers and are set—up analogously to the study of
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Durbeck and Ger1996. A two-dimensional Gaussian sensitivity analysis of the various ambient parameters and for

plume is characterised by the variance matrix the selection of presented results and paid attention to dis-

o o cuss only significant changes. It should be noted that these

A :( GE“ U'“’) uncertainties are irreducible because the turbulence field can-
v Yvv

not be determined other than statistically; that is, these un-
with onn, ow,ony horizontal, vertical and diagonal vari- certainties cannot be reduced by more advanced simulation
ance. The initial plume has dimensiongno=1.4- techniques. This fact implies also limits to any validation
104m2,a\,\,,0=7- 10°m? and ohv,0=0. In the 3-D-study of exercise. Even more since, for example, the relative humid-
Durbeck and Ger£1996 the tracer concentration is homo- ity in nature is spatially non-homogeneous in contrast to our
geneous along the third dimensign The variance matrix  simulation setup. Also moderate changes of the grid reso-
A of the plumes are evaluated with time in the two mod- lution leaves the results mostly within the uncertainty range
els, e.gahh(t):Zi’kxl?ci,k(t)/Zi’kci,k(t) (where the coor- induced by the turbulence initialisation.
dinate(0, 0) is identified with the centre of the plume). Fig-
ure 11 shows the temporal evolution ef,, oy andoy,y for 4.2 Comparison with in-situ data
Npy=0.019s! ands =3-10"3s~1. On the left panel the 3-
D-results oDirbeck and Gergl996 are shown for different ~ Schibder et al.(2000 show in-situ measurements of con-
realisations of the turbulence fields. On the right hand sideirails in the dispersion phase. For each contrail the aircraft
our 2-D-EULAG results are shown. The black curves showtype, estimated age, characteristic values of number concen-
the evolution for specific turbulence realisations, whereas thération and ice water content as well as the ambient tem-
red curve shows the ensemble average. The curves of theerature and humidity are given. The observed values of
3-D-simulations are smoother, since the variance matrix isNops and IWCgps Of contrails older than 150s are plotted in
evaluated after averaging the tracer concentrations along theig. 12. These are compared to simulation resltg, and
third dimension. On the other hand the fluctuations in thelWCsjm with RH;=110%/130% andca=212/217K. They
2-D-results illustrate nicely that different realisations of the are obtained by averaging and I WC, respectively, in an
initial turbulent fluctuations (of the same strength, nota bene)3x 10*m?-area around the maximuii-values. A small av-
can lead to apparent differences in the geometric propertiesraging area is chosen, since the measurement values repre-
of the plumes. The turbulence in a stratified atmosphere isent only the densest part of the contrdilVCops is within
anisotropic and the vertical spreading is much smaller tharthe range ofWCsjm. The observed increase IWC,ps with
the horizontal spreading. The horizontal variangg in- time can not be seen in the model. Howegehibder et al.
creases by 2—-3 orders of magnitude. The evolution of both(2000 never sampled the same contrail at different ages and
ohh andopy matches very well for both models. The verti- thus it might be just a selection phenomenon, since only a
cal variancery increases by 30% in 3-D-model, in the 2-D- few contrails were examined. It seems that M@gsvalues
model it is only by 10%. The vertical expansion of contrails are slightly larger than th&sim-values. Sensitivity runs with
is not only driven by turbulence, but also by radiation, releaseinitially doubled ice crystal concentrations (dashed lines)
of latent heat and sedimentation. Actually these sources arehow better agreement. The one observational datapoint with
more important than turbulent diffusion. Hence we deem theNons=890cnT 3 can not be explained with the model, unless
small difference obyy in the passive tracer test run not sig- the initialisation uses unusually high emission indices for ice
nificant. crystals.

Different turbulence initialisations lead to different geo-
metrical properties of a plume of passive tracers as we havd.3 Comparison with ground-based scanning lidar data
seen. The differences in horizontal and vertical spreading
reach up to 15% (Figll). This is in principle also true Freudenthaler et a{1995 used a ground—based scanning li-
for active tracers like the contrail ice which allows contrails dar to measure the backscatter signal of 81 contrails. Typical
to evolve slightly differently in the same ambient conditions cross-sectional areas, and widthsB;, for contrails up to
(temperature, vertical wind shear, relative humidity). Theseone hour old could be derived from it. In the model, two dif-
differences could be represented as uncertainty bars in ouerent definitions of width using extinction or optical thick-
figures. The magnitude of the uncertainty depends on theéness were employed in the preceding sections which we will
considered quantity itself, the contrail age and the ambientise here for comparison. In general, the observations and
conditions. The predominant optical depth, for example,the model data for the width match very well. Moreover,
has a small uncertainty range since the evolution is generthe numbers (see Tab8 nicely illustrate the importance of
ally smooth and monotonically decreasing. In contrast, thethe width-definition. TheBop-values are all slightly smaller,
definition of predominant ice water content is not very ro- whereas theBey are all slightly larger than the observation
bust (see SecB.3.4 and the evolution of this quantity is data.
non-monotone, which both yields larger uncertainty bars. The computation of the cross-section in the model depends
We considered these differences in natural variability in ourstrongly onyo. The table show#gy; for xo=1x—5m~1 and
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Fig. 11. Temporal evolution of horizontal, diagonal and vertical variance (from top to bottom). The left panel shows the 3-D-results of
Durbeck and Gergl996 (their Fig. 7), on the right the 2-D-EULAG results of the present model.

xo=3x—5m~1 to point out the differences. In any case, the contrail-cirrus. We found that ambient relative humidity is
modeled contrails have larger areas than the lidar measurdghe most important parameter for most contrail properties,
ments suggest. One possible reason are the differing core.g. ice mass, width and optical properties, discussed in this
trail definitions. Freudenthaler et a(1995 define the con- paper. Unfortunately, measurements of the; Reld in the
trail area relative to the maximum backscatter signal whichUTLS are notoriously difficult. Equipping a greater num-
changes over time. The contour line of 10% of the maximumber of commercial aircraft with humidity probes that are de-
value defines the contrail border. In contrast we use an absaigned especially for use in the UTLS and delivering the data
lute threshold. Moreover, the values at 60min differ the most,via the AMDAR system (Aircraft Meteorological Data Re-
sinceFreudenthaler et a(1999 fitted their data with a lin-  porting) to the weather centres would certainly improve the
ear function in time, whereas our model shows a non-lineaknowledge about the UTLS humidity field. This would also
increase offyt. help aviation weather forecasts to predict ISSRs (important

for operational contrail avoidance strategies).

Substantial horizontal spreading of a contrail is only

5 Discussion visible to a human observer and to satellite borne detec-

tors if RH2120%. In weakly supersaturated conditions
The results of our numerical experiments have several im{R H; <110%) the depositional growth of the contrail crys-
plications for the interpretation of contrail observations tals is too small to balance dilution; that is, to a human (or
and judgements of climate impact from contrails and for satellite detectors) such contrails appear as not spreading
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Table 3. Comparison of lidar dateFfeudenthaler et al1995 and model results. Minimum and maximum growth rate¢for contrail
width) as well as mean valugs and their standard deviationsare listed. Analogously, contrail area growth rates are given in the bottom
part.

lidar model
width By, Beyxt Bop
x0=10""m1 10=0.02
minB/(mmin~1) 18 35 -
maxB,/(mmin—1) 140 195 160
(B=%o)/km (1=30min) 1.95 2.45:1.08 1.65:0.95
(B+o)/km (t=60min) 3.90 5.18:2.53 3.192.18
area Fr Fext Fext
x0=10"°"m1 »;=3.10°m1
minFm2min—1 3500 6000 4300
maxF mZmin~—1 25000 50000 30000
(F+0)/km? (:=30min)  0.24 0.410.23 0.32:0.14
(F+0)/km? (t=60min)  0.48 1.5:1.32 1.04-0.7
8 - - - - 1000 1000
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Fig. 12. Temporal evolution of ice water content (left) and ice crystal concentration (middle). Observation data (black) and model results
with RH, Tca,s is (130% 217K, 0s1) green,(110% 212K, 0s™1) red and(130% 212K, 0s™1) blue. Runs with initially doubled crystal

concentrations have dashed lines. Right: Size distribution of the ice crystal concentration for model r(lllfBﬂ%QlZK,Os‘l) after 200,
400, 600 and 1800s.

or even as dissolving. Consistentljensen et al(1999 Spreading contrails that become invisible are one source of
show that the visible width of a contrail increases only for sub-visible cirrus.Schmidt et al(1993 estimate that glob-
RH;>125% and the case study@ferens and Jens¢h999 ally up to 5% of sub-visible cirrus is due to old contrails.
shows a contrail that vanishes within half an hour in weakly This fraction should evidently be larger in regions of heavy
supersaturated region. Even when contrails are no longer visair traffic. In such regions, formation of a contrail should oc-
ible to the naked eye, the contrails may still exist and spreadcur quite often in an environment where contrail-generated
which can be detected by a lidar, and is expressed in this pasub-visible cirrus already exists. Using lidar measurements
per as the increase of the widBgy;. Estimating the climate and visual inspectionmmler et al.(2008 found that most
impact of spreading contrails should not be based on visuatontrails form and are persistent within pre-existing optically
and satellite observations alone without proper correctionsthin or subvisual cirrus. The origin of these surrounding cir-
These corrections might however be large. rus clouds (natural or anthropogenic) was not detailed there,
although it appears that these authors considered the ambi-
ent cirrus clouds as of natural origin. However, as the lidar
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measurements were performed at Lindenberg near Berlin  The core is characterized by a high ice number concen-
(Germany) in a region of heavy air traffic our results make it tration, the fallstreak by a high ice mass concentration.
plausible to assume that the surrounding cirrus at least partly
consists of aged contrails. In this case it would be no surprise
to find contrail formation in regions with sub-visible cirrus.

In cloud-free air the frequency of relative humidity
decreases exponentially with RHGierens et a). 1999

— Although only a small fraction of ice crystals is lost by
sedimentation (less than 5%), this process is very ef-
ficient in dehydrating the contrail core region and the
contrail layer, respectively.

Spichtinger et a).2002 and weakly supersaturated regions  _ Sedimentation limits the lifetime of contrails.

are much more frequent than regions with;RH20%. Thus,

we cannot exclude that optically thin contrail-cirrus due to — Shear has a large impact on the optical appearance of
their potential abundance contribute substantially to the over-  contrails. However, total extinction which combines op-
all contrail climate effect. tical and geometric information depends to a lesser ex-

We have taken into account in this paper neither synoptic-  tent on the acting shear than on relative humidity and
scale nor mesoscale (e.g. gravity waves) vertical air motions ~ emperature.
because it seems to be easier to understand the main influ- _
ence factors on contrail-to-cirrus transition when such com-
plications are neglected for the first studies. However, it is
obvious that these vertical winds and their associated cooling
or heating rates have a major effect on contrail-cirrus evolu-
tion. We have stated above that ambient relative humidity — Temperature has the largest impact on the crystal sizes
is the most important parameter for the evolution of contrail because water vapour concentrations increase with tem-
cirrus. This statement remains probably valid in more real- perature. Additionally, more ice crystal are lost during
istic cases, however, the ambient relative humidity will then the vortex phase in a warmer environment.
become a function of time (and location). To study synoptic
effects is the topic of future research.

We found that sedimentation reduces the contrail ice mass
after some hours when the depositional growth can no longer
balance the sedimentation loss. This is consistent with pre-

Although the total ice mass depends almost linearly on
supersaturation, the mean mass of the crystals is similar
for all RH;. This is a consequence of the ice sublimation
during the vortex phase.

— In our simulations (without synoptic uplift) the optical
thicknesses decrease with time. We found typical values
of 0.05..0.4 for RH>120% and<0.1 for RH <110%.
Shear and relative humidity are similarly significant pa-

vious studies Chlond 1998 Gierens 1996 Gierens and rameters for optical depth.

Jensen1998 which simulated only up to an contrail age  _ Synoptic lifting and/or radiative heating (see Part 2) are
of 30min and showed minor sedimentation effects. Besides needed to keep the 0ptica| thickness constant or even
subsidence this is a second effect to limit the life time of con- increasing over some time.

trails. It is not clear which process is more common and ef-
ficient on a global scale and long—term average. Solving this — The relative humidity inside the contrail core is approx-
question is, however, not possible with cloud—resolving mod- ~ imately at ice saturation, since the high ice crystal con-
els alone. Global models equipped with sufficiently detailed ~ centrations result in fast water vapour deposition rates.
cloud physics and with contrail sources from an air traffic |, Part 2 we will present further sensitivity studies.

In par-
inventory should be the right tool to tackle this problem. P

ticular effects of radiation on contrail-to-cirrus transition will
be studied. The next step to a better understanding must then
be to include synoptic effects. This step requires new model

6 Conclusions o ’ : .
capabilities which are in preparation.

From the extensive parametric study presented in this paper

we can draw the following conclusions: Appendix A

— Relative humidity is the dominant parameter for
contrail-cirrus evolution and controls the total ice mass
and total extinction.

Dilution of ice crystal concentrations

In Sect.3.3.4we wrote that the ice crystal concentration de-
creases over time by several orders of magnitude. We found
that the temporal evolution can be parameterised for all sim-
ulations by

— A substantial contrail spreading is only vis-
ible for RH;=120%. At weak supersaturation
(RH;<105...110%), the deposition cannot compensate

for the shear-driven dispersion. Npre(t) = Npre(t=tg) x [(t+10)/3600§~°, (A1)

— Spreading contrails consist of a core region and a fall-whererg is approximately the contrail age at the beginning of
streak which have distinct microphysical properties. the dispersion phase (in our studre240s) and increases
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linearly from 1.3 atro to 2.2 at the end of our simulations with saturation pressure;, lapse ratel'; and updraught
(6h). It turned out thas can be set independently of any speedwg. If the contrail layer rises and cools correspond-
meteorological parameter. Especially the decreaggfr) ingly, the saturation pressure decreases and excess water
differs only slightly for the various wind shears. The rela- vapour becomes available which deposits on the contrail
tive humidity and temperature (not shown) conthgle only crystals.

via Npre(to), which implies that the evolution of ice crystal ThelWCye-evolution (see SecB.3.4and Fig.6) only re-
number concentration during the jet and vortex phase argards the first two terms of EB1, as we used constant back-
significant. The paramete¥, in the definition above, ac- ground conditions in our model setup. ﬁés’dvt"—c|upd can be
counts not only for dilution, but also for turbulent sublima- a fairly large term, the interpretation of the results is lim-
tion and sedimentation. As discussed above, we believe thated. Nevertheless, it is interesting to see hiMCpre be-
turbulent sublimation is largely overestimated in our simula- haves compared to (nearly) passive tracers Nk and the
tions, hence we introduce a corrected predominant ice crysresults can help to adjust contrail plume models, often using
tal number concentratioNprecon(t)=Npre(z)xﬁ% in order much simpler microphyiscal models.

to filter out sublimation and sedimentation processes and to The dilution effect can be described in terms of the en-
consider only dilution (i.e. spreading). Théfyecorrcan be  trainment rateu:%dd—f, whereF is the cross-sectional area
parametrised by\/precon(t)szre(tzto)x[(t+to)/36003—“ of the plume or contrail. Often one assumes that the plume
with constan$=1.3 for all times. It turns out that the linear area is inversely proportional to the tracer concentrations in
increase of found above was mainly an effect of the unre- the plumes. This assumptions alllows to define the entrain-

alistic turbulent sublimation. ment rate in terms of maximum or average concentrations;
The parameterisations can be used to deduce an entraimere we usey =— "3 or ¢y -=— L1091 ¥ Core
i 4ol . i .
ment ratew which ranges between 1®and 104s~1 in our Usually,w=10"3 — 10-4s~1 for aircraft emissions during

case. This matches well with findings Bfirbeck and Gerz  tne dispersion phase in the upper-tropospheric atmosphere
(1996 see also for definition ab). Schumann et al1998  (Durbeck and Gerz199§. We found the same-values for
comprise many plume measurements at different ages and prre (see appendi). In cases of non-passive tracers we
the dispersion of aircraft emissions with a power law as well,introduce to call an “effective” entrainment rate. This con-
wheres is 0.8. The discrepancy to our work might stem from yention should emphasise thaty ¢, for instance, considers
the fact that they used the evolution of the maximum concengjjjytion as well as deposition growth. Our simulations show
trations to obtain dilution rates, whereas we use predominanfnat the “effective” entrainment rate fOWCpre is about a
concentrations. factor 5 lower thanwy for all times (neglecting the initial
IWC-increase in the regeneration phase).
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Appendix B

Dilution of ice mass concentrations
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“Ice-supersaturation and cirrus clouds” at the ECMWF.
dIwcC
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