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Abstract

We investigate the evolution of contrails during the vondrase using numerical simulations. Emphasis is
placed on microphysical properties and on the verticatitligion of ice mass and number concentration at
the end of the vortex phase. Instead of using a 3D model whimhidvbe preferable but computationally
too costly, we use a 2D model equipped with a special tool &otrolling vortex decay. We conduct a
great number of sensitivity studies for one aircraft tygetutns out that atmospheric parameters, namely
supersaturation, temperature, stability and turbuleeeel Inave the biggest impact on the number of ice
crystals and on the ice mass that survives until vortex hnealnd that therefore makes up the persistent
contrail in supersaturated air. The initial ice crystal tn@mdensity and its distribution in the vortex, are of
minor importance.

Zusammenfassung

Die Entwicklung von Kondensstreifen wahrend der Wirbefghavird mit Hilfe numerischer Simulationen
studiert. Besonderes Augenmerk wird auf mikrophysikaksEigenschaften und die vertikale Verteilung des
Eises (Masse and Anzahlkonzentration) am Ende der Wirbsklgelegt. Anstelle eines 3D-Modells, was
wilinschenswert, aber zu rechenzeitintensiv ware, verwendeein 2D-Modell, das mit einem Spezial-
werkzeug zum Steuern des Wirbelzerfalls ausgeristet Wiednit kann eine grof3e Anzahl von Sensi-
tivitdtsstudien fur einen festgelegten Flugzeugtyp dgettihrt werden. Es stellt sich heraus, dass atmo-
spharische Parameter, namlich Uberséttigung, Tempettalilitit und Turbulenzniveau den gréRten Ein-
fluss auf Anzahldichte und Massenkonzentration der Eisltiéshaben, die bis zum Wirbelzerfall Gberleben
und die folglich den persistenten Kondensstreifen in tdiggier Luft bilden. Die anfangliche Anzahl der
Eiskristalle und deren Verteilung in den Wirbeln sind higge von untergeordneter Bedeutung.

1 Introduction JENSEN, 1998; ENSENet al., 1998), so that the vast va-

o o _ riety of possible evolution pathways of aging contrails
Of all aviation effects on the radiative forcing of the athas not yet been fathomed in the least.

mOSphere that due to perSiStent contrails that evolve into In order to prepare for more numerical studies of the
contrail cirrus is potentially the largest (IPCC, 199%ontrail-to-cirrus transition it is necessary to provide ini-
SAUSEN et al., 2005; MNNSTEIN and SSHUMANN,  tial conditions. It is generally not a good idea to start a
2005; srueer et al., 2006). However, the degree of sCkimulation of a contrail cirrus at the jet exit because this
entific Understandlng of contrail cirrus’ share of aviayould require to resolve small scales of the order 1 m
tions radiative fOfCing is still jUdged so low that authorgime step of a fraction of a second) in a domain of per-
of the IPPC special report and of the TRADEGHEUdY haps several kilometers and for a simulation period of
(SausEN et al., 2005) didn’t dare to ascibe a best eggyeral hours. A better strategy seems to be to use conc
timate to this effect. Indeed, it is very difficult to setions at the end of the vortex phase as initial conditions
up a climatology of contrail cirrus, a prerequisite fofor simulations of the contrail-to-cirrus transition. Vor-

any attempt to quantify its radiative forcing. While it isex phase lidar observations and numerical studies b
relatively easy to detect line-shaped contrails in sat&dyssmann and QERENS (1999, 2001) show that the

lite images automatically (MNNSTEIN et al., 1999), no early evolution of a contrail depends sensitively on the
method is Currently known to dlStIﬂgUlSh contrail Clrrugmbient relative hum|d|ty and on the type of aircraft.
from natural cirrus in satellite data after a contrail hasther strong sensitivities are conceivable, yet have no
lost its characteristic line shape. Numerical studies @gen studied systematically so far. Thus we think, be-
the contrail-to-cirrus transition are rare GRENS and fore starting simulations of the later contrail evolution
*Corresponding author: Simon Unterstrasser, Deutsches ZentrWr“h more O_r less fh’ld hoc estimates of initial conqmons,
fir Luft- und Raumfahrt, Institut fiir Physik der AtmosphareWe should first strive for a more complete overview for
Oberpfaffenhofen, Germany 82234 Wessling, Germany, e-mail: giossible contrail evolution during the vortex phase, pro-

mon.unterstrasser@dir.de viding a better justified set of initial conditions.
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Therefore, in this paper we will carry out numerifixed geometrical widtto,, = 3.246 but variable modal
cal simulations of contrail evolution during the vortexnassm:
phase. Our main purpose is an investigation of the fac-
tors that mainly determine how much ice mass and how N 1 /Inm/mp\?
; : f(m=———-exp|—=
many ice crystals survive the vortex phase and how they N 2\ Inoy,
are spatially distributed after vortex decay. To facilitate a m

systematic investigation we need a fast numerical moqq{e total ice crystal number concentrationNs the

that enables to run a large number of simulations in r6as ass concentratioRVC is the first moment of

sonable time. Hence, we perform 2D simulations Witle mass distribution. For the ice crystals columnar
a special method for a proper representation of vortgﬁape is assumed. Via the mass-size-relation a- L°

decay, described in detail below in sections 2 and 3. EYMSFIELD and lAQUINTA, 2000) the size distribu-

sults are presented in section 4 and discussed in sec -BH is also of lognormal type with a geometrical stan-
5. Finally, conclusions are drawn in section 6. dard deviation oby — 1.708.

We do not use explicit ice nucleation (as e.g. homo-
geneous nucleation) in the vortex but we prescribe the
2 Model setup ice crystal number density and the ice water content a
the start of the simulations.
The present study covers only the vortex phase of con-The configuration of the baseline case is: The do-
trail evolution, that is, the simulations start at a plumgain has a horizontal/vertical extentxgf = 256 m and
age of about 20 s when the vortex roll-up is comg, =500 m with a 1 m-resolution in each direction. The
pleted and the temperature of the exhaust jets has tifrestep isAt = 0.02 s and the simulations stop after
laxed to ambient values @Rz and BHRET, 1997). t, =160 s. A large aircraft (Airbus A340, Boeing B747)
The formation of contrail ice particles takes only &ith wing spanbspan = 60 m is located atca = 400 m
few seconds and is completed at the beginning of tigtuise altitude). The real height of the flight level is de-
vortex phase (see Fig. 2 inTSOM and GERENS termined by the choice of temperature at cruise altitude
2002). Ice nucleation therefore is not needed to pexplained below). The body of the plane is in the mid-
simulated. The large-eddy simulations have been cafe of the domaingy = Xp/2. The engine exits are 20 m
ried out with the non-hydrostatic anelastic model Eup the left/right of the body. The mass of the plane is
Lag (SVOLARKIEWICZ and MARGOLIN, 1997). The M = 310000 kg and the flight speedls= 250 m/s. As
tool allows to switch between a semi-lagragian adveghe simulations start at the beginning of the vortex phas:
tion scheme and an Eulerian approach. We opted for {b& assumed that the vortices have fully rolled up and
Eulerian mode which employs the built-in positive defieach vortex can be initialized with a Hallock-Burnham
nite advection algorithm MPDATA (8OLARKIEWICZ profile of tangential velocity\p):
and MARGOLIN, 1998). MPDATA is an iterative ad-
vancement of the fundamental upstream differencing Mo r?
method minimizing its dispersiveness. The horizontal Vo (r) = 2mr 242’
directionx is along wingspan anziis the vertical coordi-
nate. The computation of eddy viscosity uses Smagorifie critical radius is chosen to bg= 4m and the initial
sky’s closure. circulationlp = 650 n? /s (usinggM = pairMoboU with
For the calculations of the ice microphysics we useténsity of airp,y = 0.4 kg/m?3). Horizontal separation
a recently developed parameterisatiorPiS{TINGER distance of the two vortex centredig= 7 bspan. Weaker
and QERENS, 2008) of bulk microphysics based on @&econdary vortices with opposite circulation shaping uf
consistent two moment scheme (i.e. prognostic eqdar certain flap/wing configurations are not taken into
tions for ice crystal mass concentration and numbaccount. The resulting maximum horizontal/vertical ve-
density). The following microphysical processes frodocity is 13 m/s and 15 m/s. We assume that all the wate
the parameterisation are used for this study: depositizeppour emitted due to fuel burning is contained in the ice
growth and sublimation of ice crystals ¢&NIG, 1971; crystals. Assuming a fuel flow ofi; = 3 kg/s and given
GIERENS, 1996), and sedimentation. In contrast to othéine emission index of wateEly,o = 1.25 kg/kg the
models, for instance the classical approach IBgKELER emitted water per flight path I®VCq = 1.46- 102 kg/m.
(1969), all ice crystals start to fall relative to the ambiFhe ice crystals are assumed to be uniformly distrib-
ent air once they are formed, i.e. there are no differeuted in circles (, = 20 m) centred at the vortex cores.
classes for cloud ice and sedimenting ice. Crystal aggiigtie number of ice crystals per meter of flight path is
gation is neglected because it is unimportant for youtNy = 3.4- 10'2. Sensitivity tests investigating the effect
contrails (GERENS, 1996). For the ice crystal mass disef changing the initial concentration and distribution of
tribution we prescribe a lognormal distribution with d@he contrail ice will be presented in section 5.3.
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Since we are particularly interested in the fraction§ 600K 1.06 0 25
of ice number and mass that survive the vortex phase, ¢ .04 E 2.0
we only consider low to moderate supersaturations upfo ¢ 400 ~ 1:02 - 15
20%. As shown later these fractions are most sensitive 2 1.00 ]
to relative humidity at low supersaturation. Althouglt g 200 2 0.98 N 1.0
higher supersaturations exist in the upper troposphe’ge, 0.96 § 0.5
we do not consider such cases. At low supersaturations olo). 0.9410). & 0.0lCL.
cirrus clouds usually do not form; hence we assume tffe 0 75 150 o 75150 . 0 75 150
atmosphere to be cloud free. The humidity field in the time t in s time t in s time t in s
domain is uniform with constariRH;. Figure 1: a) Evolution of the circulatio s_45 for the baseline

The (ambient) turbulence is characterised in terms@ise [ ¢, solid line; M nym, dotted ling; um with CC-tool turned
eddy dissipation rate = 3.5- 10-°m?/s>. Following the off, dashed line). The dash-dotted line displays the evolution of the
turbulence classification ofF B\RMAN (2005), this rep- height of the vortex center. b) Ratjo= 'um/Icc Vs. time is dis-
resents an atmosphere with light turbulence. The eddsyed. c) Descent speeds vs time are displayed. The solid/dashe
dissipation rate can be transformed into the root me# shows the theoretical evolution (excluding/including buoyancy).
squareq = (u’z)l/ 2 of the turbulent velocity fluctuations The dotted line shows the simulated values.

1

usinge = 8%3. The typical length scalé is chosen to

be 100 m. lage. The two vortices mutually induce an initial down-

The potential temperature increases at cruise altitugigird transport at a speew, approximated by:
approximately with 2 K/km and the temperature it-

self, Tca, ranges from 209 K to 222 K. Temperatures
below the thresholds, = 225 K for RH,, = 60 %~ Ve(bo) ~ 2 O 3.1)

RH; = 100 % satisfy the Schmidt-Appleman criterion

(SCHUMANN, 1996), that is, contrails can form. A shiftThe relationship of circulation and descent speed is no
of flight altitude is solely effected by a changeTef in linear, as (3.1) might suggest. The shape of the radial ve
the simulations. The pressure at the lower boundarylégity profile changes, as the critical radigsncreases.
kept constant app = 250 hPa for all simulations. ThisTypically the circulation initially decreases without
is reasonable, since simulations showed no significansiderably slowing down the downward movement.
differences wherpp was varied by+30 hPa while the Buoyancy effects may become important in a strongly

temperaturdca was kept constant. stratified environment. The restoring force can become
large at late stages (great vertical displacement of the
3 Treatment of vortex decay vortex), such that the vortex motion halts or even re-

_ _ _ verses. Baroclinic instability around the upper stagna-
As stated earlier we prefer 2D simulations for the sak@n point of the vortex system leads to detrainment of
of saving computing time. Unfortunately, the most etir that, being warmer than its environment, starts to rise

ficient vortex decay mechanism, the Crow instabilit buoyant plume arises in the vertical along the pathway
(Crow, 1970), is a 3D phenomenon, hence cannot bethe sinking vortex pair.

simulated in 2D. In order to cure this deficiency of 2D For a single vortex its circulation is evaluated inte-
simulations we have implemented a circulation contrgtating the vorticityn = %\;(V - % over the whole do-
tool (CC-tool) to artificially enforce and monitor an acmain. For a two-vortex system, the integration domain
curate vortex decay. This method is based on resultsryist be restricted to the vicinity of the according vortex

HoLzAPFEL (2003, 2006) on vortex decay. The CC-toatentre in order not to include opposite-sign contributions

tracks the vortex cores and computes the circulation, dg-the counterrotating vortex:

pending on the current circulation the diffusion is artifi-

cially increased in the neighborhood of the vortex secur- ropgmeo ,

ing a proper vortex decay. The microphysical properties Mr :/0 /o n(r,)rdedr.

of a contrail depend on how fast the vortex pair sinks

(w(t)) and how long it livestfreaup) as the ice crystals In our analysis circulation is given in terms of a

trapped in the vortex may face subsaturation due to adidius-averaged measure (using the discrete level

abatic compression and eventually sublimate. r = {5m,..,15m}), M's_15 = & S0 I (following
During the jet phase (roughly the first 20 s) théloLzAPFEL, 2003). Starting a simulation withg =

circulation around the wings (Kutta-Joukowski law) i650 n?/s corresponds to &5 js-value of about o =

transformed into a pair of counterrotating vortices with75 n?/s, since not all circulation is contained within

downdraughts inside and updraughts outside of the ctire inner circles. The decay of the vortex pair depends ol

responding vortex centres which dig/2 off the fuse- meteorological parameters (stratificatiNg, and eddy
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e A 10.000 tion control are obviously not adequate for our purpose

as the decay is much too slow. Figure 1b shows the ra
tio y vs. time. During the diffusion phase the simulated

circulation deviates less than 2 % frdrac and at the
beginning of the rapid phase one still has good agree
ment with Holzépfel’s results. Close to break-up time
threakups [ num IS Not reduced fast enough, since the dif-
fusion cannot be further increased due to the diffusion-
stability criterion. In Figure 1c) the vortex descent speed
for the baseline case is shown. The solid/dashed curve
show Holzapfel's benchmark values (ex- and including

buoyancy effects, see dizAPFEL, 2003). The dotted
curve shows the simulated values. Initially the down-
ward transport is slightly underestimated and towards
: : the end it is overestimated. However, the descent speec

0.0071 Livwsbusiatiniiiinn, 0.0071 Livwsbusiialiniiiinn, are in good agreement with ¢1zApPFEL (2003) and
100105110115 120 100105110115120  the final vertical displacement is within the uncertainty
relative humidity in % relotive humidity In % range of Holzépfel's results. Due to the too strong down-
Figure 2: Normalised totals of surviving ice crystal number (leftyqrd transport in the final stages, the sublimation of ice
and ice mass (right) as a function of relative humidity. The curves gi¢5ss is overestimated. As a simple compensation me:

shown for two temperature3ds = 222 K, trianglesTca = 209 K, - gyre N andIWC at vortex breakup are evaluated roughly
asterisks). The linestyle denotes the integration over the total Crossheforety, eakup-

section (solid), primary (dotted) and secondary (dashed) wake.

1.000 1.000

0.100 0.100

normalised ice mass

0.010 0.010

normalised ice crystal number

o : 4 Results
dissipation rate) as well as on aircraft parameters (ini-

tial circulationl"o and initial vortex separatiobp). The Thjs section presents the results of the numerical sim

vortex decay occurs in two phases. During the diffygations. First we stipulate some definitions. The total

sion phase the vortex pair weakens slowly, independefymalised ice mass (per meter of flight path) is
of the meteorological parameters. After a certain onset

time T,y (using the definition of l®LzAPFEL, 2006) a
phase of rapid decay sets in. Generally, is smaller
and the rapid decay is faster for stronger turbulence . . _
and for more stable stratification. A stronger circulalh€ total normalised number of ice crystalé is de-
tion for the same aircraft geometby (e.g. higher pay- fined ana_log_ously. In _order to determi_ne the quantities
load) leads to a faster break-up, since the interaction(®; IWC) inside the primary wake, the integral is taken
the two vortices is more intense. The temporal evol@verr =50 m circles around the vortex centres:

tion of 's_15 is parametrised in HLZAPFEL (2003),

henceforth labelled dscc. The end of the vortex phase

tIWC(t) = / / IWC(x, 2, t) dxdz/IWCo.

toreakup iS reached when the vorticity fluctuations due t§lWC(t) = // IWC(x,zt)dxdz | /IWC,.
the swirling vortices reaches ambient turbulence levels. Fleft OF Tright <50m

In the simulations this is characterized by dropping

below 1% of the initial value. pN (number of ice crystals in the primary wake)

The CC-tool tracks the vortex cores (their height fas computed in an analogous way. As stated earlier,
the baseline case is depicted in Figure la and evabouyant plume of ice arises between the original flight
ates the radius-averaged circulatiog 15 which is de- altitude and the upper stagnation point of the vortex pai
noted byl ,,m. Depending on the ratig = % the dif- (also called secondary wake). The ice mass in the sec
fusion coefficient in the simulations is artificially in-ondary wakeslWC, can be deduced by subtracting the
creased around the vortex cores and adapted each pecaary ice maslWC from the total ice masdWC; a
ond in order to ensurgto be close to 1 and to maintaincorresponding procedure gives the number of crystals il
a realistic decay. Figure 1la shows the evolution of tllee secondary wakeN.
circulation's_15 for the baseline case. The solid line The term "surviving" ice crystals/mass refers to the
showsl cc, the dotted oné& ,,m and the dashed one theime of vortex breakup (taking into account the 5s cor-
simulation with the circulation control turned off (i.erection, see section 3). All the results discussed in this
no increased diffusion). Simulations without a circulesection refer to baseline case simulations with specifie
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temperaturdca and relative humiditRH; = 1+ s (su- 10.000 [T 10.000

persaturatiors), unless it is mentioned explicitly. In the a)
following subsections the sensitivity of the spatial and
temporal ice distribution on various parameters like ref-
ative humidity, temperature, ambient turbulence, strag-
fication and aircraft weight is discussed.

1.000 1.000

4.1 Variation of relative humidity

e crystal n

0.100 0.100

The left panel of Fig. 2 shows the normalised numg

ber of surviving ice crystals as a function of relative
humidity for two flight levels Tca = 222 K: triangles, s

Tea = 209 K: asterisks). Since there is no nucleation (@f 0.010
new ice crystals, the normalised value must be less than
unity. Not surprisingly, the moister the environment, the

more crystals survive. The sensitivity of the surviving -_ o
fraction to relative humidity increases with temperature. 0-007 bt biiibin, 0.001 Lovwabuiiibinsdliin
At the lower temperature crystal sublimation is slower 225 210 215 220 255 225 210 215 220 2;5
than at the higher one, so that &a = 209 K only crmperatare o emperatire
slightly more crystals are lost at ice saturation (40 % SLﬁj_gu.re 3: Norm.allsed totals o'f surviving ice crystal number (left)
viving) than at 20 % supersaturation (60 % surviving?.nd ice mass (right) gs afunc.tlg.n of temperailgg The curves are
At Tea = 222 K this sensitivity is much larger (0.3 % vs>noWn for three relative humiditiesRH; = 120 %, squaressH; =

30 %). In the cold case the primary vortex contains tH@> - @SterisksfHi = 100 %, diamonds). The colour and linestyle
dominant fraction of the crystals at all supersaturatio gnote the integration over the total cross—section (black,solid), pri-
considered. However, in the warm case (triangles) tRg" (red.dotted) and secondary (green,dashed) wake.

primary wake only dominates f& approaching 20 %.

At lower supersaturation the fraction in the secondajy |arger in the warmer than in the colder case, since
wake clearly dominates, and is even the only fractiqRe absolute humidity is higher. In the warm case at all
surviving below 5 % supersaturation. In that case dgimulated ambient supersaturations the major part of ice
trainment of ice from the sinking primary vortex ceasgfiass is in the secondary wake, althougtsat 20 %
beforetyreakup is reached, which has the effect that thghe major fraction by number is in the primary wake. In
contrail does not achieve its full vertical extent. the COId case the major fraction Of ice is in the primary
The right panel of Fig. 2 shows accordingly the nofyake, both by number and by mass.
malised surviving ice mass, which can exceed unity be-
cause of crystal growth. As all curves are steeper tha>  \/griation of temperature or flight
their counterparts in the left panel, one sees that the ice  gjtitude
mass evolution during the vortex phase is more sensitive
to ambient supersaturation than the evolution of cryBig. 3 reveals more clearly the influence of temperature
tal number because with increasing supersaturation ooflight level, respectively, on ice mass and number con:-
only the number but also the individual mass of the suwrentration. Results are shown for three different super
viving crystals increases. During the vortex phase, tBaturationsRH; = 120%: squareRH; = 105 %: aster-
ice mass initially increases by deposition growth of thieks,RH; = 100 %: diamonds). The total number of sur-
crystals until all the excess moisture from the ambieniving ice crystals (black/solid lines, left) decreases with
supersaturation in the vortex system is consumed. iAtreasing temperature. While the temperature influenct
small ambient supersaturation the majority of ice cryss weak in the moistest casg £ 20 %) itis very strong
tals in the primary vortices experience subsaturatian,the slightly supersaturated cases, in particular in the
hence it turns out that the surviving crystals have smalletimary wake, which totally vanishes whdg, is too
mean mass than the ice crystal population had initiallyigh. In these cases the persistent contrail is made u
In a moister environment, & eacp the crystals still ben- exclusively of the ice in the secondary wake. However,
efit from the substantial initial growth, hence the meaaiso the number of crystals in the secondary wakes de
size of the surviving crystals can be larger the meaneases with increasing temperature, because the sour
size of the initial population. Especially the ice mass ifi.e. the ice in the primary vortex) runs dry before the
the secondary wake grows since it has significant exartex reaches its final vertical position.
posure to the ambient supersaturated air. The earlier anOn the right panel the surviving ice mass is dis-
ice crystal is detrained, the larger it will be in the engblayed. Comparing both graphs one sees that in the ma:
The growth rate of the crystals in the secondary wakeidget the increasing loss of ice crystals with increasing

normalised ice mass

0.010
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Table 1: Breakup time and fraction of surving ice crystals as a fun04 4 Variation of stratification
tion of ambient turbulence.
ginm2/s 35.10° 35.104 35.105 35.106 1he §_ubs_equent set of S|mulat|or_15 shows the impact c
toreakup iN S 100 118 135 150 stratification, again computed witfea = 217 K and
tN 0.28 015 0062 0030 s =5 %. € is kept constant at.3-10~° m?/s®. Runs
with three different stratifications (neutral, baseline case
and strongly stable atmosphere) are compared (for val
Table 2: Various effects of varying stratification on vortex break-ug;ag ofNgy see Table 2). FoNgy = 0, the standard do-

and number of ice crystals. main was enlarged in the vertical direction, in order to
Ngy in 51 0 102 2.10°2 avoid boundary effects of the far-travelling vortex pair.
threakup iN S 165 135 117 According to HoLzAPFEL (2003) the vortex pair de-

AZyreakup iNmM - 300 250 200 cays faster in a more stable atmosphere, hence more i

tN 0.013 0062 Q33 should survive. With increasing stability the vertical ex-

tN(s =10%) 004 041 047 tent of the contrail is decreased, since the vortex break

IN(T=209K) 028 Q41 059 up earlier and the buoyancy drag additionally retards the

descent. Figures 4c, d show the vertical profiles of hori-
zontally integratedN andIWC, with the initial distribu-
ans (black lines) included for orientation as before.

temperatures is partly balanced by an increased grO\X) Let ider first foat fthe st v st
rate of the surviving ice crystals, which is apparent etus consideriirst some teatures ot the strongly sta

i .
the curves that increase with increasing temperature.alﬁ ctasfetrgblue_ curves).tTh(_a reduced ?oan\_/rargl d'ZSpl_?_‘ﬁE
particular the ice in the secondary wake contributes Ef[n o deprlmarylvor exh|§ ﬁlopgren (stee 3 € %t E
this effect. This can lead to a higer total ice mass at t glrained air parcels are highly buoyan (updraughts uj

upper end of the considered temperature range, altholdQl — 4 mis), such that the secondary wake even reache

the number of crystals strictly decreases with increasi ltudes a_bﬁ"’? the |_n|t|a| flight level. The strgngth .Of
Tea. the baroclinic instability at the upper stagnation point

increases with increasing stability, such that the numbe
o ) of ice crystals in the secondary wake becomes as high &
4.3 Variation of ambient turbulence in the primary wake.

. . . Incase of a neutral atmosphere, the ice in the primar
In the following three subsections parameters aﬁectn;}\ga P P )

> . ke is completely lost. The vortex cores have movec
the breakup timéyeaup are varied, namely the am-qq

bient turbul the stratificati 4 the initial wn toz= 100 m and the small bump in ice concentra-
ient turbulence, he stratification, an e inal Cltson aroundz = 150 m is formed of detrained particles,
culation. First, the impact of ambient turbulence giv

in terms of eddy dissipation rate is investigated foremat s, it does not belong to the the primary wake. The

: ice concentration in the secondary wake decreases wit
Tea =217 K ands = 5 %. Stronger ambient turbulenc y

. [ f flight level i hi -
leads to faster decay of the vortex system (reductlone?P \rg\/t?;l;/ ?;(:hdi(l)s;ance rom flight level in a roughly expo

threakup; S€€ Table 1) and smaller vertical displacement. The total number of surviving crystals varies be-

The studied turbulence strengths cover the full rangge o o o :
= 6 2 . B een 1.3 % (neutral) and 33 % (strong stability), which
of null (¢ = 35.10°% m?/s’), medium-strengthe( shows that the stratification of the ambient atmosphere i

.10~% m?2 —35.103 m? : . .
t3'5b 1IO m /53)t ar:/(\j/ extrerlne i(h_ 3:5 1|0_ IT /53)| an important parameter for contrail evolution. It must be,
urbulence events. Ve employ the upperievel turbu'e ever, remarked, that this sensitivity is weaker wher

classification (valid for h_eights above flight Ieyel 200, is colder or moister than in the cases considered abov
from SHARMAN (2005). Figures 4a, b show vertical pro(seetN(TCA — 209 K) andtN(s = 10 %) in Table 2).

files of horizontally integratetll andIWC for a variety T o
of eddy dissipation rates. The black curves, included for ’ blue;o = 650 /s, rediTo = 700 n¥/s, green).

better orientation, show the vertical profile of the initia}l_5 Variation of initial circulation

distribution of N and IWC, that is, crystals uniformly

distributed over two circles (one per wing) with radiughe initial circulation of each vorteX,g, is proportional

r =20 m at heightzca = 400 m. With decreasing tur-to the weight of the aircraft which changes during flight
bulence strength the fractiaN of surviving ice crystals due to fuel consumption (note that the fuel weight con-
gets smaller (see Table 1), in particular in the primatyibutes a significant part to the overall weight of an air-
wake, because the vortices exist longer and sink dowraft). Here, we test how a variation B§ that is typical
farther. The variation of the vortex sinking with differfor the range of fuel filling levels during a flight affects
ent turbulence levels also affects the number and mass contrail’'s vertical profiles of ice mass and number
of ice in the secondary wake, as can be seen in the figncentration. Ambient conditions are as in the previous
ure. subsection. Aircraft geometry and speed are unchange
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for the smallest circulation (fuel filling level low). Thus,
ICE CRYSTALS ICE MASS the effect of the initial circulation on contrail evolution
[ wam injme [ me as 0 g/ is much smaller than the effect of the other factors dis-
SRE A cussed before.

500

400

Table 3: Various effects of varying initial circulationg on vortex

300 break-up and number of ice crystals.

I inm?/s 500 600 650 700
threakup iN' S 160 140 135 128
AZyeakup inm 215 230 250 260

200¢

TURBULENCE
height z in m

100

tN 0.13 0089 0062 Q056
0 L " L L 0 n L L
108 107 108 109 10'0 10" 10-7 10-¢ 10-5 10-*
500 e T i, 500 : 7 y
400 F—= B 400 =
= A 5 Discussion
[SEEN
S 5 200} 200f 5.1 Impact of the temperature and relative
R - humidity variation — theoretical
I i ) 1 background
c) d
b rerer N e g The results of the preceeding section revealed that th
500 BT, 500 R number of surving ice crystals depends critically on am-
200 = e bient humidity as well as on ambient temperature. Here
s we want to give some theoretical explanation for the
2 £ 300 300¢ simulation results.
3z | N B During the downward transport the air trapped inside
g §2%0 i the vortex undergoes adiabatic heating. We can estimat
100E 100 the vertical displacementz;j; where the relative hu-
e) K midity falls below saturation, when for now we simply
g g | M e s e assume that the ice crystals do not grow or evaporat

during the vortex falling. Then the air within the vortex
Figure 4: Vertical ice crystal number (left) and mass (right) profilgyagtg up according to a dry adiabatic process, such th:
for various simulations at vortex breakup time. The black lines shogm — Fqdzwith Mg = g/cp ~ 9.8 K/km independently
the initial distribution of ice crystal number and maszat=400m. 5f the ambient lapse rate. It does not make sense to us
a) and b) effect of turbulence levet & 3510 ° m?/s*, green; g jce adiabatic lapse rate, because the ice is not in equ
£=35-10"° m?/s’, red; £ = 35-10 * m?/s’, blue;e = 35 |ibrium with the vapour, and the ice mass sublimating is
10°° m?/*, purple). ¢) and d) effect of stratificatioNyy =0, 5o small that the release of latent heat only weakly af
green;Nay =102 s, red;Nay = 2-102 5%, blue). €) and f) fects the lapse rate. Also, the effect of the stratification
effect of circulation (o = 500 n?/s, purple;To =600 MF/S oy the pressure profile and thus on the lapse rate is neg
ligible. The total amount of vapour of an initially super-
rs(_ﬂa\_turated air parcel at cruise altitude matches the one ¢

The results are given in Table 3 and the profiles are p .
a saturated parcel at some higher temperature, namely

sented in Figures 4e, f).
During flight, whenl"g decreases, the life time of the
vortex pair increases, since the interaction of the two
vortices gets weaker with decreasifhg. This has two
main effects, (1) later onset of the rapid decay pha
and (2) slower descent. The dominant impact of desc
speed on the final vertical displacemé#y cap (SEE

(1+s) as(Tea) = ds(Tea+ g OZrit)-

Here,qs is the saturation mixing ratio of water vapour

ith respect to ice). Taylor expansion of the rhs and us-
£ Ings = 0.9 Ine (the constant ® accounts for

. . .the adiabatic atmospheric pressure change during the d

;Ii';bele 3) is partially balanced by the changed vortex I'tecent of the plume, argl is saturation vapour pressure)
The vertical profiles oN andIWC (horizontally in- gves. S

tegrated, see Fig. 4e, f) differ only weakly for the in- OZyit = r ~09i(ln (T ))'

flight variation of the circulation. In the present case, the d-5-9 g1 (NS lca

total number of surviving crystatdN varies from 56% The threshold i9zyi; = s - 750 m for cold conditions

for the largest circulation (fuel filling level high) to 13%(Tca = 205 K) ands; - 910 m for warm conditionslga =
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soprrTTTTTT T the plume is condensed. The rate of deposition increase

considerably with temperature. Initially, the total ice
mass per flight path is.46- 102 kg/m (water emitted
by the engines). The excess ambient moisture inside th
plume with radius'p = 20 m isdq = sqs(T)er,npajr.
Fors = 10% andTca = 220 K, dq = 0.66 kg/m. Vary-
ing Tca Within the simulated range can in/decrea@sg
by a factor of 2-3. Thus, the total ice mass can increas
by 20% (cold, 5% supersaturation) up to 300% (warm,
20% supersaturation). Since there is no nucleation dur
ing the vortex phase, the initially existing crystals can
grow substantially.
ol - S The sinking vortex pair reachégir some time af-

O 20 40 80 80 100 120 ter all the excess vapour is condensed. The plume al

fime in s is subsaturated and the crystals lose mass in order t
] _ _ _ _ maintain saturation. Typically, the relative humidity is

Figure 5: Temporal evolution of primary ice mass for various temébout 95-98 % inside the plume, as the sublimation lag
peratures and relative humiditifch = 222 K ands = 10%, dash- poping the adiabatic heating. The sublimation is faste
dotted; Tca = 209 K ands = 10%, dashedllca = 209 K and ¢, higher temperatures, but more ice is necessary t
§ = 0%, solid;Tca = 222 K ands = 0%, dotted). saturate the air. How far below the threshold altitude

B ARt 4 e Zca — 0Zqjt the ice crystals survive, depends most sensi-
a) b) tively on temperature and cannot be easily answered b

theoretical reasoning. Hence we resort to the presente
numerical simulations.

In Fig. 5 the temperature sensitivity of the sublima-
tion process is demonstrated. The temporal evolution o
the primary ice mass is shown faga = {209,222} K
ands =0 %, 10 %. Fors = 0 %, the displacement
thresholddzyi; is 0 m and subsaturation sets in imme-
diately. ForTca = 222 K the ice has been completely
sublimated within 100 s, whereas foga = 209 K still
more than 20 % of the ice mass surives the vortex phas
(toreakup = 135 8). Ats = 10%, it takes about;iy =40 s
until the vortex falls below the critical heighdZ.i: =
75 m), hence it takes at least 40 s more than in the othe
cases § = 0 %) to sublimate the ice completely. At
Tea = 222 K the estimated minimum survival time of the
crystals (100$-40s) is close tdyyeakup- It turns out that
about 1% of ice mass and crystals (not shown here) sul
) . _ . vive. At Tca = 209 K, the initial condensation of excess
Figure 6: Power law fits (see equation 5.1) for the surviving number{]oisture is slower than dka = 222 K, nevertheless the
and mass of ice crystals vs. relative humidity for different tempe(r:- Ider plume contains more ice mz;lsstai 70 s and
atures. The curve labels correspond to the line number in Tablenlgarly 50% of the ice mass still exist at vortex break-up.
Diamonds represent the results from the simulations. We can conclude that the survival of the ice in the pri-
mary vortex depends on the interrelationship of differ-

225 K). Threshold values numerically computed witNt timescales, namelyi: (most sensitive t8)), toreakup

the full nonlinear equations are abait50 m smaller. (depending on aircraft parameters, stratification and am
For our moistest case this means that subsaturatiorPi@nt turbulence), and the growth/sublimation timescale
reached in the vortex at a vertical distance of less th@hthe ice crystal population (most sensitiveTth

about 180 m, a distance that is reached in all our simu- 9Zrit was eventually reached in all our simulations
lations. Hence, all our simulations reach subsaturatidigfore vortex breakup. The question then arises whethe
The total ice mass does not fall below its initial valulere are cases where this does not occur, and whe
as long as the plume is displaced less thagi.. Actu- therefor(_a allice cr_yste}ls should survive. This _could hap-
ally the ice crystals grow during the first 10 to 40 s unt?en for instance in highly supersaturated air, but ther
all excess vapour from the ambient supersaturationfatural cirrus may have formed anyway. Another pos-

normalised IWC

normalised totals
o
normalised totals

0.5

(O] I Y I P

100 105110115120 100105110115120
relative humidity in % relative humidity in %
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Table 4: Fit parameters for equation 5.1 at various temperatures. that the sensitivity oflWC andtN on ambient humidity
increases strongly with increasing temperature.

No. quantity Yo B

tN atT=209K 38210 965% 025 53 Testing minor sensitivity parameters
tIWC atT =209K 267-1001 893% 143 _ _ _ _
tN atT=212K 176-10! 983% 047 Inour simulations we have used a fixed number of ice

tIWCatT =212K 069-101 965% 156  crystals per meter of flight, in order to allow the same
tN atT=217K 659-102% 980% 177 normalisation for all simulations. Actually, this num-

tIWCatT =217K 279-10° 990% 214  ber can vary within about one order of magnitude, de-

tN atT=222K 269-10% 938% 34  pending for instance on ambient temperature, fuel sul

tIWCatT =222K 918-103 969% 295  phur content, soot particle emission index for various

engines etc. For testing the sensitivity of the results with

o regard to the ice crystal number density we have taker

Table 5: Ice crystal number density in a plume of 3s age as a fumffom KARCHER et al. (1998) temperature-dependent
tion of ambient temperature (taken from Fig. 4 iAkCHER et al., estimates ofN assuming a medium sulphur content.

coO~NO OIS WN P

1998). These are listed in Table 5. The temperature-depender
Teain K 209 212 217 222 ice humber density equals our standard choice (8
Nini0*cm3 15 12 8 1 10* cm3) at Tca = 217 K. N is higher at colder and

considerably smaller at higher temperature. Simulation:
with the variedN ands = 5% were performed for the
o ] ) two cold cases, yet it was found that the normalised

sibility is given for smaller aircraft than the simulateg,,mper of surviving ice crystals and mass do not changs
one, when the vortices sink slower than here such t'l‘?énificantly compared to our standard choice Nf
their maximum downward travelling distance is lesgowever afTca = 222 K there is a non-negligible sen-
than ozt sitivity to N: a larger fraction of crystals survive when
- less crystals are present initially.
5.2 Power-law fitting Fig. 7 shows the fraction of surviving crystals and

The number and mass concentrations of ice crystals sGf mass for the warm cas&cp = 222 K) at supersat-
viving the vortex phase increases monotonically witffations ranging from 0 to 20 %, comparing the runs
ambient relative humidity. It turns out that the depenf¥ith our standardN and the one correspondingTga =

dence can be fitted with a power law. The functiod22 K from Table 5. Note the large factor of eight be-
f (RH;) approximates the normalised quantitibgyC tween these two ice number concentrations. We see th

andtN for the baseline scenario: with N = 1-10% cm~2 considerably more crystals sur-
vive both, in the primary and secondary wake, than in the
F(RH,) = RHi—B \* (5.1) standard cases. The threshold supersaturation at whic
i) =Yo 100%— 3 : say, 1 % of ice crystals survives in the vortices is higher
when the initial ice number density is lower. Neverthe-
The three parameteys, B, a are fitted (chi-square) for less, the absolute number of surviving ice crystals is
tIWC andtN using the simulation results at the five huhigher for the standard than for the smaller value &
midity levels RH; = 100 %, 103 %, 105 %, 110 %,(due to the large difference between these two values)
120 %. The parameter values for all temperatuigs More excess vapour from the ambient supersaturation i
are listed in Table 5. At most data points the absolutieposited on the detrained crystals in the case with star
error | f(RH;) —tN(RH;)| and | f(RH;) —tIWC(RH;)| is dardN than in the other case. Thus, the secondary wak
below Q005. The simulation results and the corresponi$ stronger and the total surviving ice mass fraction is
ing approximations are shown in Fig. 6. larger in the standard cases than in the cases with th
In equation 5.1yp is the surviving fraction (masssmall value ofN.
or number) when the environment is just saturated. As We investigated several more modifications of the
seen from the tablgj decreases strongly with increasinitial ice distribution. We introduced random density
ing temperature. The paramefers that relative humid- fluctuations of up tat30% on the uniform distribution.
ity where f becomes zero, i.e., the ice sublimates conihis had no impact and the concentration is smoothe
pletely during the vortex phase. As the table shows, allit quickly, since the diffusion is very high (controlled
values off3 range from about 90 to 99 %, consistent withy the CC-tool). Generally, we found out that the choice
the fact that a contrail does not survive significantly abf distribution is not critical as long as the fraction of
ter the end of the vortex phase even when the air is omlg/entrained particles is similar.
slightly subsaturated. The exponeaticrease strongly A vortex features a low pressure at the centre
with increasing temperature which expresses the fastcompensate for centrifugal forceseWEeLLEN and
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LEWELLEN (2001) report of a typical underpressure of '2-000f T T 10.000

aboutp, = 2 hPa. Accordingly, the temperature in a vor- o)
tex core must be lower than at its limb; if we assume
an adiabat, a cooling b¥ ~ 0.5 K would result. Cool- © ! 000 | 000
ing, in turn, reduces the saturation vapour pressure and
the sublimation rate during the descent of the vortex. A
test simulation showed that the effect is negligible sinc%;e
the depression is confined to a small area of the primar
wake. S

y 0.100 0.100

normalised ice mass

5.4 Comparison with recent 3D results

0.010 0.010

ormalised ic

Although 2D simulations have the advantage that one
can test quickly a number of major and minor sensitivi-
ties, they have also some disadvantages compared with Qi
a full 3D model. The most obvious one is that the vortex ©-°°' 0.007 bwnBsiatunuitinss
decay process due to Crow instability can be achieved gjﬁ&gihﬁ;iszo 100105 110115 120
X X X 7 . y in % relative humidity in 7%
using numerical tricks, but the variations due to tth 7N lised totals of sUrviving i tal ber (left
instability along the flight path cannot be representeol.gure - Normalised fotals of SUIVIVIng 1ce crystal number (left)
. . . . . and ice mass (right) as a function of relative humidity. The curves
However, the question is, is this variation so |mportan{] o
o are shown for temperatuiiea = 222 K with initial ice crystal con-
that it is worth the effort of a full 3D model to com- _ _ ~
; L centrationN = 1-10* cm~3 (squares) andN = 8- 10* cm2 (as-
pute it. To our view it is not. As stated before, the ulti-" . . .
L s R terisks). The line style denotes the integration over the total cross
mate goal of this investigation is to provide initial condi-"_ ) _
tions for later studies of the contrail-to-cirrus transitioR o " (solid), primary (dotted) and secondary (dashed) wake.
and the resulting contrail cirrus. For such a purpose the
initial variations along the flight path, for example the
mammatus like structures that often appear in supersat-
urated cases (an example can be found ErRGet al.
(1998), Fig. 2) are irrelevant since they will be forgottewith 10 % supersaturation. Our simulations give frac-
hours later. tions ¢N) of 0.07 and 0.35 for 222 and 217 K, respec-
If we had a 3D simulation we would eventually avettively, whereas the 3D simulation at 220 K gives a frac-
age the results anyway. In this sense our 2D simulatiton of 0.28. At 20 % supersaturation we gbt of 0.21
is hoped to give results that are close to these desiaa 0.46 for the two considered temperatures, wherea
averages. It is then possible that due to non-linearititge 3D simulation gavéN of 0.81. Hence the differ-
this 2D average would be wrong (i.e. strongly differingnces are larger than for the less supersaturated ca:s
from the true 3D average). A comparison with recent 3Bowever, this difference is most likely due to the differ-
results shows that this is not the case. We use the simultey assumptions in the microphysics parameterisations
tions of LEWELLEN and LEWELLEN (2001) and HHEB- HUEBSCHand LEWELLEN (2008) have shown that use
SCH and LEWELLEN (2008) for comparison. First, weof a monomodal size distribution as irElELLEN and
note by looking at their drift-plots that there is not muchEweLLEN (2001) leads to overestimation tifl, so
along-flight-path variation in the cross-stream integratélge value 0.81 is too large. Since we use a broad log
fields during the vortex phase. Stronger variations evolaermal size distribution, our values o are accord-
later in the beginning dispersion phase into which ourgly smaller than that of EWELLEN and LEWELLEN
simulations do not reach. As already said these var{@001).
tions will be smoothed away or otherway randomized Summarising, in view of the later evolution into a
by the atmospheric turbulence and shear motions anddmntrail cirrus and the then dominant atmospheric mo-
crystal sedimentation in the course ot the transition tions the 3D variations in the early structure of a contralil
contrail cirrus. are of minor importance. The surviving fraction of ice
LEWELLEN and LEWELLEN (2001) investigate number compares well with those of recent 3D simula-
cases of 2 % up to 30 % ice supersaturation, wittons when the conditions are similar. The ice mass is
T = 220 K (similar to ours), a slightly smaller lapseanyway determined by the ambient humidity. We con-
rate and turbulence than ours, but a larger crystal nuotade that a our 2D approach is accurate enough to con
ber density. A look at their Fig. 7 shows their vortepute the surviving fractions of ice number and mass anc
breakup times, which are similar to ours, and the surence does justice to our next goal, to study contrail-to-
viving fraction of ice number. Let us consider the casarrus transformation.
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6 Conclusions spatial distribution and the temperature profile
within the vortices have only a minor influence on
In the present paper we have used numerical 2D simu- the surviving ice fraction.

lations of the contrail’'s vortex phase to determine major W that the struct d mi hvsical
and minor factors of influence on the mass and num- ' ¢ S€€ that the structure and microphysical proper

ber concentration of ice crystals that survive the vortdgs (hence_ QISO the opt|c_a| appear_e}nce) of a co_ntrall de
phase. As we had to perform a large number of si _g:nd sensitively on ambient conditions durlng its early
ulations we decided not to use a 3D model but to iSOy Up to the end of the vortex phase_:, which is abOL!‘
stead equip a 2D model with a circulation control to to 3 minutes after _exhaust. The most |mportanF condi
to ensure a realistic vortex decay. Surviving fractiorfNs are atmqs_pherlc parameters, supersaturation, ter
and the final vertical profile of ice concentration are i _eratu_re, Stab'“ty and _turbulence level. We expec_t tha
portant initial conditions for studies of contrail-to-cirruSC Wind shear is an important parameter, but this ha

transformation. The simulations have been perform 8_t yet been tested because it will affect the vqrtex evor
for only one aircraft type; the influence of wing spal tion ”?”Ch stronger than the parameters StUd'e.d s0 fa
and flight speed has not y1et been tested ence it deserves a separate study. With the informa

We can state the following conclusions: tion gained duri_n_g_thg presented StUdiFT'S We aré now abl
to reasonably initialise larger scale simulations of the
e The fraction of ice number and mass that sugontrail-to-cirrus transformation.
vives the vortex phase depends strongly on the
ambient supersaturation with respect to ice. THSCKnowledgments
dependence can be fitted by a power law. Té}

dependence is strongest for the highest temp Hgma;sthcc;r:zwgr?(;dFlrlgﬁktfd)Egigtﬁ?‘gﬂgfEglR,
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