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Abstract

The interaction of contrail-cirrus and natural cirrus formed by homogeneous nucleation is studied over up to
ten hours by means of a LES model equipped with a Lagrangian ice microphysics module. A pre-existing
contrail evolves in an ascending air mass and becomes surrounded by natural cirrus. Such scenarios are
compared to scenarios, where the ascent stops, before natural cirrus formation sets in. It is found that in
high updraught cases contrail spreading is inhibited by surrounding cirrus and contrail total extinction is
strongly reduced. In a slow updraught the cirrus forms later around a mature contrail and the contrail’s further
evolution is not considerably perturbed by the cirrus. Analysing the simulated extinction coefficient of such a
dual-origin ice cloud suggests that contrails becoming embedded in cirrus do not generally remain identifiable
as such in observations. It is further demonstrated that cirrus ice crystals exist in large parts of the contrail.
If the contrail is located in the middle of a moist layer and the surrounding cirrus, it can happen that the
complete contrail is “contaminated” with cirrus ice crystals within several hours. Finally, contrail properties
are computed with and without considering the co-existing cirrus ice crystals which aids the interpretation of

potentially “contaminated” contrail observations.
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1 Introduction

Contrail-cirrus are probably the largest aviation contri-
bution to climate change in terms of radiative forcing
(BURKHARDT and KARCHER, 2011). Process-based nu-
merical simulations can deepen process understanding
and eventually help reducing the uncertainties associ-
ated with such climate estimates. In a companion pa-
per (UNTERSTRASSER etal., 2016) separate simulations
of both contrails and cirrus were presented. Those simu-
lations helped clarifying how different both cloud types
are and whether it is possible to deduce microphysi-
cal criteria that allow distinguishing contrails from cir-
rus in observations. In the present study, the focus is
on the interaction of both cloud types, that is, when a
pre-existing contrail becomes embedded in natural cir-
rus. The impact of a surrounding cirrus on contrail evo-
lution is analysed first with regard to integral contrail
properties. These are then compared to scenarios where
no cirrus clouds form. Whether a contrail remains iden-
tifiable as such after it got embedded into cirrus is dis-
cussed. Parts of the contrail eventually become seeded
with crystals from the surrounding cirrus, which might
be considered “contamination”. How such contamina-
tion modifies local contrail properties, is discussed as
well and aids the interpretation of potentially “contami-
nated” contrail observations.
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To simplify the description of our simulation results
we refer to cirrus if we speak of a naturally formed
cirrus. The term contrail refers both to linear contrails
and aged contrails where the term contrail-cirrus would
be more appropriate. Conveniently, this circumvents the
need to distinguish between contrail and contrail-cirrus.
The neutral term ice cloud is used, if the cloud type is
unspecified or if it is a mix of both cloud types.

This paper is organised as follows. Section 2 presents
the methods and introduces the employed model to-
gether with the design of the numerical set-up. Simula-
tions of interacting contrails and cirrus are described in
Section 3. The simulation results are analysed in Sec-
tion 4, namely the aspect of contrail identification in
Section 4.1, the mixing of both cloud types (contami-
nation of the contrail with cirrus crystals) in the Sec-
tion 4.2, and finally, how much this contamination af-
fects local contrail properties in Section 4.3. Further dis-
cussion is given in Section 5 and conclusions are drawn
in the final Section 6.

2 Methods

This section introduces the employed model and the
numerical set-up. Quantities that will be used in the later
analysis have been defined in PART 1 (UNTERSTRASSER
etal., 2016). These definitions will not be repeated here.

2.1

The numerical simulations have been carried out with
the non-hydrostatic anelastic model EULAG (Smo-

Model description
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LARKIEWICZ and MARGOLIN, 1997) which employs the
positive definite advection scheme MPDATA (Smo-
LARKIEWICZ and MARGOLIN, 1998) in its Eulerian oper-
ation mode. A microphysical module using Lagrangian
tracking of ice crystals (SOLCH and KARCHER, 2010) is
fully coupled to EULAG and forms the version EULAG-
LCM. With this model version the simulation of both
natural cirrus and contrails is possible. Recent examples
are studies of a mid-latitude cirrus cloud system with
special focus on aggregation (SOLCH and KARCHER,
2011) and contrail evolution during the vortex phase
(UNTERSTRASSER, 2014; UNTERSTRASSER and GORSCH,
2014).

The microphysical module LCM uses an explicit rep-
resentation of size-resolved non-equilibrium aerosol and
ice microphysics. Ice crystals (IC) are represented in the
model by Lagrangian simulation particles (SIPs). Ev-
ery SIP represents a large number of ICs with identi-
cal properties, and the actual number of SIPs as well
as the number of ICs a SIP represents vary dynamically
during a run of the model (UNTERSTRASSER and SOLCH,
2014). In its complete form the LCM comprises non-
equilibrium growth of liquid supercooled aerosol parti-
cles, their homogeneous freezing, heterogeneous nucle-
ation of ice nuclei in the deposition or immersion mode,
growth of ICs by deposition of water vapour (WV), their
gravitational sedimentation, aggregation between ICs
due to differential sedimentation, turbulent dispersion of
ICs, latent heat release, and radiative impact on parti-
cle growth. Not all of these processes are switched on in
the present simulations in order to reduce the complexity
of the situations. Heterogeneous nucleation, aggregation
and radiation are deactivated, although they can strongly
alter the evolution of cirrus and contrails (e.g. DOBBIE
and JoNas, 2001; Liu etal., 2003; SPICHTINGER and
GIERENS, 2009a; UNTERSTRASSER and GIERENS, 2010b;
SOLCH and KARCHER, 2011; LEWELLEN, 2014).

The information contained in the SIPs is mapped on
the Eulerian grid, which is used for all non-ice variables.
For instance, the IC number concentration n in a grid
point is computed by summing up the number of ICs
represented by each SIP belonging to this grid box and
dividing the sum by the volume of the grid box.

The subgrid turbulence model uses the TKE-ap-
proach. Synoptic scale updraught motion is prescribed
via an external forcing term in the temperature equation
in order to accommodate for the adiabatic temperature
change. Details of the implementation can be found in
UNTERSTRASSER and GIERENS (2010b).

The data structure of the SIPs was extended such that
the origin of each SIP, i.e. the mechanism by which the
ICs formed (contrail or cirrus), is saved. Compared to
Eulerian approaches, where a second instance of prog-
nostic variables had to be introduced, this separation
feature comes at virtually no extra computational cost
(CPU time and storage) in our Lagrangian approach.
This greatly enhances the analysis capabilities, e.g. sep-
arate contrail and cirrus size distributions can be com-
puted offline. Moreover, regions of co-existing contrail
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and cirrus ICs can be identified and analyses can be con-
fined to this region.

2.2 Simulation set-up

The simulation set-up used in this study has already been
introduced in UNTERSTRASSER etal. (2016, denoted as
INTERACTION simulation) but will be repeated here.
A L, = 40km times L, = 3km domain with a resolu-
tion of 10 m in each direction is used. A 5 minute old
contrail, about 500 m deep and 200 m broad and pro-
vided by a 3D simulation of a young contrail (UNTER-
STRASSER, 2014), served as starting point. It consists of
about Ny = 1.7 - 10'2 ICs (per flight meter) correspond-
ing to an IC ‘emission’ index of 2.8 - 10'*(kg fuel)~! and
roughly half of the ICs surviving the vortex phase. Un-
like to the contrail simulations shown in PART1 (UN-
TERSTRASSER etal., 2016), homogeneous nucleation is
switched on and cirrus forms around the contrail once
the relative humidity RH; surpasses the critical humid-
ity threshold. The cruise altitude of the contrail generat-
ing aircraft is at temperature Tc4 = 217 K, which corre-
sponds to typical upper tropospheric conditions, and is
located at zc4 = 2000 m above the bottom of the simu-
lation domain.

In the default case, the contrail forms slightly below
the top of an ice-supersaturated (ISS) layer, which is
around djssg = 1200m deep. Distances d,, = 100m
and d;,,, = 1100m lie above and below the contrail
formation altitude in the ISS layer, respectively. Thus,
the top of the emerging cirrus and the contrail core re-
gion eventually occupy similar altitudes. In a sensitiv-
ity study the ISS layer is shifted upwards by 500 m, im-
plying d,, = dgown = 600m. Then, the contrail lies in
the middle of the ISS layer and of the emerging cirrus.
Due to the upward shift, the ISS layer and the cirrus are
cooler by around 3 K—4 K. As z¢4 is unchanged, con-
trail formation occurs at 217 K in both scenarios. Both
humidity profiles are depicted in Figure 1 bottom.

In UNTERSTRASSER etal. (2016) contrails were sim-
ulated in atmospheric situations where ambient relative
humidity RH; rose from 120 % to around 150 % (cor-
responding to an adiabatic cooling of 2 K). For such a
scenario it was reasonable to assume that natural cirrus
formation by homogeneous nucleation does not happen
since the nucleation threshold was not reached. Now a
longer updraught is prescribed with final adiabatic cool-
ing of 4 K where ambient relative humidity would rise
from 120 % to 190 % (or, equivalently supersaturation
would rise from s;,;; = 0.2 t0 spp = 0.9, with super-
saturation s = RH; — 1 with respect to ice). Then, natu-
ral cirrus will form around the pre-existing contrail once
the nucleation threshold RH,,;; ~ 150 % is reached and
surpassed. Depending on the updraught speed wy,,, the
natural cirrus forms at different contrail ages (see verti-
cal lines in Figure 4). The time of cirrus formation in the
4 K-cases is similar to the time the updraught comes to
a halt in the 2 K-cases of PART1 (UNTERSTRASSER et al.,
2016). The temporal evolution of ambient relative hu-
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Figure 1: top: Temporal evolution of relative humidity RH;(f) at
z = 2000 m for updraught speeds wy,, = 2cms™ (blue), 5cms™
(green) and 20 cms™! (brown). The final adiabatic cooling is either
2K (dotted) or 4K (solid). bottom: vertical profile of RH; in the
beginning (solid) and after an adiabatic cooling by 4 K (dashed). The
flight altitude of the contrail-producing aircraft is at zc, = 2000 m.
The black lines show the standard case with the contrail at the top of
the ice-supersaturated (ISS) layer (‘default’). The red lines show the
case, where the ISS layer is shifted upwards by 500 m (‘ISS_up’).

midity is shown in Figure 1 top. Cases with wy,,, = 20, 5
and 2cms~! are treated.

The initial contrail is represented by around 10° SIPs.
To increase computational efficiency, several numerical
improvements have been introduced in LCM to optimise
the number of SIPs used (UNTERSTRASSER and SOLCH,
2014). A splitting technique is periodically applied to
contrail SIPs in order to maintain sufficiently high SIP
concentrations in the diluting contrail. The natural cir-
rus is represented by up to 35 - 10® SIPs. By employing
a stochastic nucleation implementation and a SIP merg-
ing technique, the SIP number could be considerably re-
duced compared to earlier simulations.

Table 2 summarises important simulation parame-
ters.

3 Interaction between contrail and
cirrus

3.1 Theoretical considerations

Before the interaction between contrail and cirrus will
be discussed, the basic mechanisms of contrail growth
in the absence of cirrus formation are repeated.
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Table 1: Characteristics of the various updraught scenarios: up-
draught speed wy,,,, updraught duration #,4,2x and t,p44x fora2 K or
4K cooling, respectively and the approximate time of cirrus forma-
tion t,,,.. The right-most column indicates the colours used in several
plots throughout the paper.

Wsyn tupdr,ZK t updrAK thue colour
incms™! ins ins in %
2 10000 20000 10200  blue
5 4000 8000 4000  green
20 1000 2000 1000  brown

Table 2: Parameters of the simulation set-up: temperature at cruise
altitude T4, Brunt-Viisild frequency Npy, initial relative humid-
ity RH;, depth of ice-supersaturated (ISS) layer djssr, root-mean
square of initial turbulent velocity fluctuations i, vertical wind
shear du/dz, initial number of ice crystals in the contrail Ny, depth
of ISS layer above/below cruise altitude d,,,/don-

Tca 217K Npv 1072571
RHi,im't 120 % dISSR 1200 m
i 0.12ms™! du/dz  0.002s7!
No 1.7-102 m™!

default ISS_up
dy 100 m dup 600 m
Aiown 1100 m iown 600 m

Following LEWELLEN (2014) and UNTERSTRASSER
and GIERENS (2010a) it is reasonable to divide the con-
trail into two distinct parts:

1. The contrail core has high concentrations of small
ICs whose bulk settling velocity is very small (say,
mm/s)

2. The fall streak has fewer, yet larger ICs with consid-
erable settling velocities.

Even though the fall streak usually covers a larger
area than the core, the total IC number of that part
constitutes only a small fraction of the total population.
Four types of growth mechanisms can be identified for
the ice crystals in a contrail:

* mechanism G1: growth of ice crystals in the contrail
core

* mechanism G2: growth of ice crystals at the periph-
ery of the contrail (core), mainly due to entrainment
of moisture from supersaturated air by horizontal
mixing

* mechanism G3: growth of ice crystals falling into a
moist, so far ice crystal free, area below the contrail

* mechanism G4: growth of ice crystals within the fall
streak

The essential difference between G3 and G4 is that
a cirrus can form in the G3-region, but not in the G4-
region, where RH; is usually kept below the nucle-
ation threshold RH.,;; due to contrail ICs. Figure 2 (left)
schematically illustrates the various growth processes in
the absence of cirrus.
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Figure 2: Schematic illustration of the growth processes of a contrail in the absence of cirrus (left) and with surrounding cirrus (right). CC,
FS and Ci denote the contrail core, the contrail fall streak and the cirrus, respectively. G1-G4 denote various growth processes and T1-T3
transport processes that lead to the co-existence of contrail and cirrus crystals and competition for the available water vapour (red blobs).

See text for more information.

We introduce a deposition timescale as

e—e*

de/dt

3.1

Ty =

with vapour pressure e and vapour pressure at ice sat-
uration e*. Following GIERENS (2003, Eq. 18), 7, o
n~23571/3_ Following Eq. 19 of the latter publication,
an updraught time scale can be defined as

(%)=l ()
s/ 60\K/ \mss

which quantifies the supersaturation change due to adi-
abatic cooling in an ascending air parcel. In the present
simulations, the updraught time scale ranges from one
to ten hours. To quantify the combined effect of depo-
sition and updraught on the supersaturation evolution, a

supersaturation timescale 7 is introduced. From Eq. 11
of the latter publication follows:

3.2)

= — !

3.3
In the following, the focus is on situations in mature
clouds, where s decreases, i.e. 7, < 7, and 74 > 0 is
guaranteed. In such an idealised competition, supersat-
uration converges to the asymptotic limit § = 74/71,. At
this point, 7, approaches 7, §/(1 + §).

In the contrail core, relative humidity is quickly re-
laxed to saturation (see Figure 13 of PART1, UNTER-
STRASSER etal., 2016) as 74 core < 7,. After this growth
period, which typically lasts not longer than a few min-
utes because of the high IC number concentrations, the
supersaturation is consumed and s — 5., very close
to 0. From then on, only the updraught time scale re-
mains important, as it measures how much WV becomes
available per unit time and controls the further growth

of ICs in the contrail core, G1. ICs in the contrail core
grow only as long as an ascent prevails. Mechanism G2
was identified to trigger the formation of the fall streaks
(HEYMSFIELD etal., 1998). Few ICs at the periphery
grow (G2) and start to precipitate into the undepleted en-
vironment below where they continue their growth (G3).
LEWELLEN etal. (2014) coined the term precipitation
instability for this process. In the fall streaks, number
concentrations are low, T, pas and T pays are large and
excess WV is slowly depleted and §gg is higher than
Score- Hence, the precipitating ICs do not necessarily
have to fall into new crystal-free areas; they can continue
their growth also inside the fall streaks (G4). There, IC
growth usually continues beyond the point where the as-
cent comes to a halt. In contrast to the contrail core, its
growth rate can be decoupled from 7.

Next the effect of cirrus on the contrail evolution is
discussed. The time span, f,q., defines the period be-
tween contrail formation and cirrus formation. It follows

Scrit = Sinit
Tage < s
Wsyn

34

where s;,;; is the ambient supersaturation at contrail
formation. The closer s;,;; is to the nucleation threshold
scrir and the higher wyy, is, the earlier cirrus forms.

The maximum amount of WV, My, that is eventually
available for deposition depends on:

Mdep & tupdrwsyn < Sfinal (35)

This mass is distributed among the two populations in
different shares. Details depend on the magnitude of the
involved time-scales.

Once contrail and cirrus ICs share the same space
(how this happens is explained later), they compete for
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the available WV. Of course, depletion of WV is ac-
celerated once two populations of ICs contribute since
Tg(ny + ny) < 74(ny) and 74(n2). However, each popula-
tion grows less in the presence of the other one. But, how
is the deposited WV distributed among the two popula-
tions? The mass growth of a single IC can be cast into
the form (KoENIG, 1971; SPICHTINGER and GIERENS,
2009b)

d
= =an’

(3.6)
and the mass growth of a population with a certain mass
distribution is proportional to the moment of order b
(= 1/3, see Figure 4 of SPICHTINGER and GIERENS,
2009b). The moment of order b is in turn proportional to
m? (with mean mass /), such that the growth of the total
mass M = nin is approximately proportional to nm”. The
relative growth of two populations is then simply given

by

dM,/dt _ n b n

dM,/dt B nip np '
As b =~ 1/3, the IC mass ratio has a smaller effect
than the IC number ratio. If corresponding sizes instead
of IC masses had been considered, the exponent would
be even smaller, of the order 1/9...1/5, depending on
mass-size-relations of the ICs (MITCHELL, 1996); thus

IC size ratios are not nearly as relevant as number ratios
for this consideration.

In the following, let us consider the question where
cirrus can form and whether homogeneous nucleation
of cirrus ICs is possible inside the contrail. In the con-
trail core, s = 0 after the initial growth period, and the
contrail IC number concentration is too large to drive
s far above 0 even if the updraught would get stronger
as Tg core << Ty,. Thus, no homogeneous nucleation is
possible in the contrail core (even heterogeneous nucle-
ation is highly improbable unless it would proceed at
very low supersaturation of the order 5.,.). In the con-
trail fall streak, Tgpans < 7, in the simulations. Thus,
here it is neither possible that the ongoing updraught
drives the supersaturation beyond the threshold for ho-
mogeneous nucleation (heterogeneous nucleation might
happen in nature, but is switched off in our simulations);
cirrus forms only outside of the contrail in the present
simulations.

Hence, interaction of two IC populations, here con-
trail and cirrus ICs, requires that both populations be-
come mixed by transport processes so that they occupy
the same space and compete for the excess WV. Three
types of transport processes may lead to co-existence of
contrail and cirrus ICs. These are:

(3.7)

* mechanism T1: Turbulent mixing at the contrail pe-
riphery

e mechanism T2: Cirrus ice crystals from above fall
into the contrail
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e mechanism T3: Ice crystals from the contrail fall
streak fall into the cirrus underneath

Figure 2 (right) schematically illustrates the various
transport processes and how the co-existence of two IC
populations affects the contrail growth processes.

Mixing is not instantaneous and it takes a certain time
T, for both IC populations to get mixed and to start to
compete for the available WV. Before mixing, the ini-
tial supersaturation is locally reduced to some value s;
by just one of the two populations at a rate o T;l. Af-
ter mixing, both populations compete for the remaining
supersaturation s; plus the WV that becomes available
due to adiabatic cooling. Eq. 3.7 roughly estimates the
WYV share each population receives. How important the
competition between both cloud types is depends on an
interplay of all time scales introduced so far and on the
question, whether the amount of WV that deposits on
ICs before mixing or the amount that both populations
compete for after mixing is larger. The latter partitioning
also depends on sj,ir, Scrir and Sgnq. Such questions can
only be answered by simulations that model this inter-
action in detail.

The importance of the mentioned transport and inter-
action processes is discussed next. In the core, contrail
growth is not much affected by cirrus. Cirrus ICs from
above may fall into the core (T2) or mix laterally into the
core (T1). Usually, 74 core is much smaller than 7,4, +7,,,
which is the time it takes the cirrus ICs to arrive in the
core. Hence, the contrail ICs have enough time to de-
plete all excessive WV. Even, if the updraught continues
beyond the point, where cirrus ICs populate the contrail
core (i.e. typgr > tage + Trn) and additional WV becomes
available, the cirrus ICs are just too few to get a substan-
tial share of it.

At the contrail periphery turbulent mixing of both
IC populations could impact the interaction. In order
to test this, we compute how far a contrail can ex-
pand horizontally by turbulent diffusion within a time
Ts.ci» using the Einstein-Smoluchowski relation between
the (turbulent) diffusion coefficient, D;,,;, and the root
mean square displacement due to diffusion, d,,,;: dyus =
2Dy Ts’cl')l/z. Dy is of the order 10 to 20 ms~2,
(DURBECK and GERz, 1995), and, if for instance 7y c;
is of the order 1000 s, then the contrail can grow another
L = 100m laterally until the cirrus ICs consumed the
initial excessive WV. L is small compared to the typi-
cal horizontal scale of a contrail. Any further turbulent
dispersion of the contrail is limited in the sense that su-
persaturation has been driven towards zero in the more
remote parts of the cirrus and further growth of con-
trail ICs via G2 occurs only if the ascent continues. The
aforementioned precipitation instability may be largely
choked off by the cirrus. Similarly, cirrus ICs can be
mixed into the contrail. In most cases, the excessive WV
inside the contrail is depleted long before cirrus ICs ex-
ist or mix into the contrail. Hence, this effect is rated to
be ineffective.
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Figure 3: Extinction coefficient y of a contrail and an emerging cirrus for the indicated simulation times and the default simulation with

Weyn = 5cm s~!. Note the different ranges of the colour bars.

As a next step, mixing of the two populations by
(differential) sedimentation is considered. It may take a
time 75 = dFs/v:ici (with the depth of the fall streak,
drs and the terminal velocity of the cirrus ICs, v;¢;)
for cirrus ICs to invade the contrail fall streak down
to its lower edge. Within a similar period of time, ICs
of the contrail fall streak may fall into the cirrus. The
simulations show that the deposition time scales in the
cirrus and the contrail fall streak are at least similar if
not even longer than the sedimentation time scales Tyeq.
Then, the initial supersaturation is not yet consumed by
the time both populations start to compete for the WV.

Hence, one can expect that 1.) growth in the contrail
fall streak (mechanism G4) is reduced once the cirrus
ICs arrive there and 2.) mechanism G3 is reduced once
cirrus forms in the contrail’s environment and starts to
deplete the WV before the contrail ICs arrive there. In
the latter case, the G3-region is not ice crystal free any
longer (as stated in the original definition of G3), but
populated with cirrus ICs that precede the contrail ICs.

It can also happen that cirrus ICs reduced the super-
saturation in regions where they fell out by the time the
contrail ICs arrive. In this case, the contrail growth is
affected, even though there is no strict co-existence of
both populations.

Whether these general expectations are confirmed by
the simulations is analysed next.

3.2 Simulation example

In order to set the stage for further detailed discussion,
an example simulation is described first, where a con-
trail spreads in an ascending air mass which at some

point allows for cirrus formation by homogeneous nu-
cleation in the surrounding air. Figure 3 shows a contour
plot of the IC extinction coefficient y, which is propor-
tional to the surface area of the ICs per unit volume. In
the remainder of this text, we refer to y simply as ex-
tinction. The extinction increases for increasing ice wa-
ter content /WC and number concentration n. About one
hour after its formation at + = Oh, the contrail is mod-
erately tilted due to vertical wind shear and a fall streak
is evident with the lowest ICs penetrating into the sub-
saturated layer below approximately z = 800 m. Even
though the mean relative humidity in the ISS layer is
still below the nucleation threshold in the example with
Weyn = Scm s~ turbulent fluctuations generated spots
where the nucleation threshold was already surpassed
and cirrus ICs are present. After two hours nucleation
occurred across the complete ISS layer. At that time the
presence of a contrail inside the cirrus is not obvious.
Contrail spreading is apparently inhibited by the sur-
rounding cirrus. In the cloud top region there are IC-
free areas where crystal growth has reduced supersat-
uration to values below the nucleation threshold. Nu-
cleation thus ceased and the ICs already fell out of this
layer due to sedimentation, leaving a cloud free volume
behind. The ascent of the air mass and the correspond-
ing increase of RH; stop after around 2h 15 min and
formation of ICs soon ceases. After four hours the ef-
fect of sedimentation is apparent, as the cirrus top level
sank from z = 2000m down to z = 1500m. In con-
trast, the contrail core with its many small ICs still re-
sides around its initial altitude. After 6 hours, the cir-
rus is about to decay and confined to the lowest part
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of the domain. This layer was initially strongly sub-
saturated, but became hydrated over time by sublimat-
ing ICs and now contains the remnants of the cirrus.
The contrail, then again, conserved high extinction val-
ues in its core which is only 200 m below the origi-
nal formation altitude. Compared to a contrail which
has not become surrounded by cirrus (UNTERSTRASSER
etal., 2016), the tilted contrail is thinner and covers a
smaller area. This is due to the fact that mechanism G2
is not as effective and hence contrail expansion by sed-
imentation is smaller. In this example, the contrail life-
time is larger than the cirrus lifetime. The latter depends
strongly on the updraught speed as seen in PART 1. (UN-
TERSTRASSER et al., 2016)

3.3 Contrail evolution under the influence of a
surrounding cirrus

The evolution of a contrail under the influence of a sur-
rounding cirrus is discussed in this section. By varying
the depths dgow, and d, of the ISS layer below/above
the contrail and updraught speed wy,,, various ambient
scenarios are prescribed. These variations affect the cir-
rus as well as the contrail properties. According to the
design of our scenarios, the implications of such varia-
tions on the interaction between contrail and cirrus are
twofold: The stronger the updraught is,

1. the earlier the cirrus forms and the less time the
contrail has to spread freely and

2. the higher n¢;, the longer the cirrus lifetime and the
smaller 7, ¢;.

All these sensitivity studies are performed for both,
contrails in clear sky (unperturbed contrail, the uplift
stops after a cooling of 2K) and contrails becoming
embedded in cirrus clouds (perturbed contrail, the up-
lift stops after a cooling of 4 K). With a total cooling
of 4K, contrail growth in the perturbed cases via G1 is
more substantial than in the corresponding unperturbed
cases. In turn, the presence of a cirrus would reduce
the strength of G2 and G3. These implications of a sur-
rounding cirrus for the growth mechanisms will be sig-
nified in the following with simple symbols, for instance
G17,G2| and G3 | for the impacts just discussed. The
impact of a cirrus on G4 is not as easily predicted be-
cause enhancing (more excess WV) and weakening ef-
fects (smaller fall streak) are present simultaneously.

Figure 4 displays the temporal development of total
extinction, effective diameter and total crystal number
(per metre of flight path) for perturbed (solid lines) and
unperturbed (dotted lines) contrails in situations with
contrail formation at the top (left column) and in the
middle (right column) of the supersaturated layer. Total
extinction E is a metric for the (radiative) significance of
an individual contrail. Note that in the perturbed cases
too, the displayed quantities refer only to the contrail,
not to the whole ice cloud. Different colours refer to dif-
ferent updraught speeds. For wyy, = 20cm s~ (brown
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curves), the cirrus forms at a contrail age of 20 min-
utes and contrail spreading is strongly inhibited. The to-
tal extinction of the perturbed contrail is several times
smaller than that of the unperturbed contrail. For this
fast uplift cirrus formation causes the strength of mech-
anisms G2, G3 and G4 to decrease more than that of
mechanism G1 to increase (i.e. in our simple symbols:
G2l +G3|l+G4]l>G17).

For a weaker updraught of wyy, = 5cm s7!, the cir-
rus forms about one hour later and the contrail already
covers a larger area. In this case, E of the perturbed con-
trail is only slightly smaller than that of the unperturbed
contrail (implying G2 | + G3 | + G4 | 2 G17). The in-
crease of E gets weaker in both cases after one hour; in
the perturbed case due to the cirrus, which diminishes
G2, G3, G4, and in the unperturbed case because the up-
lift ceases, which immediately stops G1 in the contrail
core and gradually decreases G4 down to zero.

In the case with the weakest considered uplift, wy,, =

2cms™!, the contrail spreads for almost three hours be-
fore the cirrus forms. Opposite to the latter two cases, the
perturbed contrail has a higher total extinction than the
unperturbed one (i.e. G2 |+G3 | < G1 T+G4 7). E of the
perturbed contrail rises over the whole updraught period
and drops quickly once the ascent stops after around six
hours. This demonstrates the strong dependence of G1
on the current cooling rate.

In the ISS_up sensitivity simulations (see right col-
umn of Figure 4) contrail formation occurs in the middle
of the ISS layer. The smaller distance to the lower end of
the supersaturated layer leads to smaller fall streaks than
in the default case. This leads to lower E-values in the
unperturbed contrails since dgyyn | = G3 | + G4 |. The
effect of a surrounding cirrus on contrails in the middle
of the supersaturated layer is smaller, but qualitatively
similar to the default case with the contrail at the top of
the ISS layer.

The evolution of the effective diameter is shown in
the middle row of Figure 4. Common to all unperturbed
contrails is the pattern of an initial growth followed by a
period of quasi-constant D.y-values. In the default case
(contrail formation close to the top of the ISS layer), val-
ues of 50 um—60 pum are reached compared to < 40 um in
the ISS_up simulations. Earlier simulation studies using
dgown = 1100 m showed no dependence of these quasi-
constant effective diameters on updraught speed and fi-
nal adiabatic cooling (UNTERSTRASSER et al., 2016), nor
on aircraft type (UNTERSTRASSER and GORSCH, 2014).
The ISS_up simulations suggest that d,,,, is the domi-
nant parameter for the D g-evolution. This will become
clearer by an analysis of crystal size distributions (given
below).

Values of D,y are generally smaller in a perturbed
than in an unperturbed contrail. The earlier the cir-
rus forms, the smaller the contrail fall streak is. In
these cases, drs < dgown. Then, the contribution of the
small ICs in the contrail core dominates over that of
the large ICs in the fall streak in the computation of
D.g. Hence, Dy starts to decrease, once cirrus forms
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Figure 4: Temporal evolution of various contrail properties for various updraught speeds (for colour codes see Table 1 or legend in bottom
right panel): total extinction E, effective diameter D,4 and ice crystal number N (from top to bottom). Solid lines: scenario with surrounding
cirrus and ATy, = 4 K; dotted lines: scenario without cirrus and AT, = 2K.

Left column shows the default simulations and the right column the ISS_up simulations. The vertical bars indicate, on the one hand, the
onset of cirrus formation in the 4 K-simulations and, on the other hand, the stop of the updraught in the 2 K-simulations.

(Wsyn = 2cm sV or5cms™) or D . remains small right
from the beginning (wyy, = 20cm s7h).

Figure 4 bottom shows the evolution of IC num-
ber N. Surprisingly at first glance, the crystal loss is
smaller if a contrail is perturbed by surrounding cirrus.
However, this effect can be easily explained: the pres-
ence of the cirrus chokes off of the precipitation insta-
bility which otherwise (in clear sky) would lead to larger
contrail ICs via growth mechanisms G2 and G3. No-
tably, the differences between the default and ISS_up-
set-up are very small.

Figure 5 shows IC size distributions (SD) of 4 hour
old contrails. All SDs have a characteristic shape with
a strong peak at small IC sizes and a second mode with
larger ICs. The prominence of the second mode depends
on the simulation scenario. Large ICs are generally less
abundant, when the formation of a strong contrail fall
streak is hampered, either by cirrus formation below the

contrail (solid vs. dotted curves) or a shallower ISS layer
below the contrail (right vs. left panel). For a dg,,, =
1100 m thick ISS layer below the contrail (left panel),
the maximum IC sizes are well above 200 um, whereas
for a shallower ISS layer (djon, = 600 m; right panel)
L is well below 200 pum. If cirrus forms shortly after the
contrail generation (i.e. the updraught is strong and 7,
is small), ICs are usually smaller than around 100 pym.
In the slow updraught case, cirrus formation sets in at a
time, where the contrail has already developed a mature
fall streak. In this case, the IC sizes are similar to the
unperturbed case.

3.4 Further sensitivity studies

The evolution of a contrail that is embedded within a
cirrus may be effected by further circumstances, e.g. the
thickness of the ISS layer and vertical wind shear, to
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Figure 5: Ice crystal size distributions of 4 h old contrails for various updraught speeds wy,, (colour coding see Table 1 or legend in right
panel). The left panel shows the default simulations, the right panel the ISS_up simulations. Solid lines: scenario with surrounding cirrus
and AT}, = 4K; dotted lines: scenario without cirrus and AT, = 2K.

name only two. These circumstances are considered in
the following.

Assuming a shallower ISS layer with dg,,,, = 600m
and d,, = 100m, the ISS layer below the contrail is
as thick as in the ISS_up-configuration from above, but
the smaller d,, results in a thinner cirrus deck above
the contrail. It seems that this difference is not so im-
portant: both the unperturbed and the perturbed con-
trails evolve very similarly to their corresponding coun-
terparts in the ISS_up set-up (not shown). This demon-
strates again the importance of dy,,, for the contrail
evolution while the influence of the thickness of the
cirrus layer above the contrail is of minor importance.
The latter might have had a larger effect if we had al-
lowed aggregation or radiative heating which may in-
duce contrail lifting (LEWELLEN, 2014; UNTERSTRASSER
and GIERENS, 2010b).

In clear sky, contrail width and total extinction in-
crease with increasing vertical wind shear (cf. UNTER-
STRASSER etal., 2016). The higher the wind shear, the
faster the contrail core and fall streak become laterally
displaced. Hence, the curtain of ICs that sediment out of
the core is broader, i.e. the ICs have access to more am-
bient WV (du/dzT = G27). Thus the cross sectional
area of a contrail at the time of cirrus formation in-
creases with increasing wind shear. From this one could
expect that after cirrus formation the growth by G4 is
substantial and balances the reductions of G2 and G3.
However, the opposite trend is found in the sensitiv-
ity study. Contrail evolution in terms of total extinc-
tion is more strongly constrained with high wind shear
(du/dz = 0.006s~" with Weyn = Scm s~1) than with low
wind shear (du/dz = 0.002s7!); E decreases substan-
tially after cirrus formation. A possible explanation is
that cirrus ICs can mix more efficiently into the contrail
once wind shear has led to strong tilt and elongation of
the contrail. Moreover, the lateral displacement of con-
trail core and fall streak leads to the situation that the
ICs of the core more likely fall into the surrounding cir-

rus than in its own fall streak, i.e. G2 is strongly reduced
compared to the unperturbed case.

3.5 Effects of the lag between contrail and
cirrus formation

So far, the uplift speed determined the time lag between
contrail and cirrus formation, and since contrails can
evolve unperturbed before cirrus appears, the volume it
occupies at the time of cirrus formation is the larger the
slower the uplift proceeds. Thus varying wyy, has two ef-
fects, it determines the duration of unperturbed contrail
development but also the crystal number concentration
of the cirrus that eventually impacts on the contrail. If
it could be achieved that cirrus forms in the simulations
with a time lag that is independent of wyy,, the time lag
effect could be separated from the crystal number effect.
This is achieved by a retarded onset of the uplift
in the wyy, = Scm s~! and 20 cm s~ !-simulations such
that cirrus forms at a contrail age similar to that of
the wyy, = 2cm s~!-case. This is simply done by let-
ting the uplift start at a certain contrail age (6300 s and
9100s, respectively). Before the updraught starts, the
background RH; is held constant at 120 %. Then the cir-
rus forms at around # = 10200 s in all three cases.
Initially, total extinction increases slower as in the
original simulations, as less WV is available. Once the
ascent starts, total extinction rises quickly because WV
becomes available at a high rate over a large contrail
area and moreover it continues beyond the point of cir-
rus formation. Eventually, the attained peak values of
E, Doy and N are similar to the wyy, = 2cm s~!-case
and much higher than in the original simulations with
Weyn = Scm s~! and 20cms~!. This suggests that the
age of the contrail at the time of cirrus formation, 7.,
is of crucial importance for contrail properties. The sub-
sequent competition for excess WV does not seem to
be overly sensitive to the actual cirrus crystal concentra-
tion. In particular, mechanism G4 is the more important
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the later the cirrus forms and the larger the contrail fall
streak is at that time. A similar conclusion can be drawn
when cirrus formation in the wyy, = 2cm s~!-cirrus is
forced to proceed earlier by first prescribing a fast up-
draught until RH; is closely below the nucleation thresh-
old and then switching back to wyy, = 2cm s~!. In this
case, the total extinction is smaller than in the original

simulation with wy,, = 2cm s7L.

4 On the co-existence of contrails and
cirrus clouds

Once cirrus clouds form in a region previously occupied
by contrails alone, there is a more or less intimate co-
existence of ICs from both origins. Of course one would
like to know whether there is anthropogenic influence
on ice clouds of unknown origin (cf. questions listed
in PART1, UNTERSTRASSER etal., 2016). Several issues
become relevant in such interaction scenarios and give
rise to the following questions:

e QI: Is it possible to identify contrails as such once
they become embedded in cirrus clouds?

¢ (Q2: Can or should a contrail be considered a contrail
after it loses its identity in a cirrus cloud?

¢ Q3: How does the entrainment of cirrus ICs alter the
microphysical signature inside the contrail?

Concerning question Q1, a large-scale (global scale)
identification of the anthropogenic influence in ice
clouds is desirable. Hence, our analysis in Section 4.1
will focus on optical/radiative signatures in the simula-
tions since they can be measured with lidars and passive
sounders from satellites.

As mixing between both cloud types can blur the
identity of both, it may get less and less meaningful to
speak of contrails on one hand and cirrus clouds on the
other hand. Instead, one may speak of an ice cloud of
dual origin, with no clear separation into a natural and
anthropogenic component. Fortunately, contrail and cir-
rus ICs can be still distinguished in numerical simula-
tions which helps to answer question Q2. Analyses in
Section 4.2 will detail how strongly contrail and cirrus
are interwoven. We call this state co-existence.

In-situ chemical tracer measurements and soot
residues in ICs can serve as indicators of the aviation
impact and help to identify regions with contrails. Those
methods can be employed in the framework of measure-
ment campaigns. As cirrus ICs can be present in the
sampled contrail regions, derived microphysical proper-
ties have to be interpreted with care and may not be rep-
resentative of contrails that occur isolated from cirrus.
Section 4.3 addresses Q3 and exemplarily analyses how
co-existing cirrus ICs can affect size distributions and
PDFs (probability density functions) of number concen-
trations that are evaluated inside contrails.

4.1 Contrail identification inside cirrus

Figure 6 shows a lidar observation of an ice cloud along
a 190 km long path. It was measured on 18 Oct 2008
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over central Europe with a high spectral resolution lidar
WALES (WIRTH et al., 2009). The backscatter data show
a relatively faint cloud with low backscatter ratio (1-20,
see the colour bars) over most of the area. However,
some spots are present in the cloud with much higher
backscatter ratio, exceeding 30 and even approaching
100 (see bottom panel). These spots resemble the tilted
and elongated shapes of contrails that have been de-
scribed above in context of the simulation with enhanced
shear value. Thus it is conceivable that these spots are
old contrails embedded in the large cirrus cloud. This
view is supported by the heavy air-traffic in that region at
that time. However, extreme scenarios, namely that the
cloud completely consists of aged contrails or that it is of
purely natural origin cannot be excluded without further
information from beyond the reach of remote sensing.
The simulation examples can be used to illustrate this
point.

Figure 3 displays the field of simulated extinction
coefficients, which serves here as a proxy for lidar
backscatter ratio. After two hours the contrail is fully
embedded in the cirrus cloud. Many tilted and elongated
spots with enhanced extinction appear throughout the
cloud which renders the identification of the contrail dif-
ficult.

The simulation shows that the contrail has indeed
a higher extinction than its immediate neighbourhood,
caused by its large IC number concentration (see Fig-
ure 7). However, the cirrus has large extinction values
as well (more in the lower part of the cloud where the
temperature and thus /WC is higher).

After four hours, the contrail appears at cloud top
because the cirrus sedimented downwards, while the
highest extinction values are found in the lower part of
the cirrus, i.e in its fall streak. After six hours, when
the cirrus has sunk even more, the contrail is visible
far above the main part of the cirrus, but it is doubtful
whether this patch of high extinction would actually be
identified as a contrail from remote sensing data alone.

The incidental position of a contrail at the top of an
ISS layer might support its later detection, when it reap-
pears at cloud top. But when the contrail is formed in the
middle of the ISS layer, it will not reappear, see Figure 8.
After t = 2h and 4 h it is hardly possible to identify the
contrail without prior knowledge. In particular at = 4 h
many of the tilted elongated bands with enhanced ex-
tinction are present that could be easily misidentified as
contrails.

With a high spectral resolution lidar it is possible
to determine horizontal distributions of optical thick-
ness, 7. It might be possible to identify contrails in such
data as peak values. From the simulations just described
the optical thickness can easily be computed by integrat-
ing the extinction coefficients along the vertical direc-
tion.

Its horizontal distribution is plotted in Figure 9 where

contributions of the contrail to T are displayed by dot-
ted lines, the total optical thickness is given by the
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Figure 6: Lidar backscatter ratio from an airborne measurement of a cloud scene over central Europe in logarithmic scale (upper panel), the

same data set in linear scale (lower panel).
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Figure 7: Number concentrations (in units L™!) of a contrail and an
emerging cirrus for the indicated simulation times. Same simulation
as in Figure 3.

solid lines and different colours refer to different con-
trail ages.

The simulation with wy,, = 5cm s7! (top row) shows
no obvious contrail signal in the 7-distribution except
shortly after the onset of cirrus formation (¢ = 1 h 7 min,
black curve), where the contrail peak is apparent. This
young contrail could probably be identified anyway due
to its line shape. Once nucleation has occurred through-
out the ISS layer, 7 fluctuates around 0.8. In columns
where the contrail is present, it contributes with roughly

20 40

x / km

10 30

Figure 8: Extinction coefficient y of a contrail and an emerging cir-
rus for the indicated simulation times and wyy,, = 5cms™!. Identical
to Figure 3, except that the ice-supersaturated layer is shifted up-
wards by 500 m. Note the different ranges of the colour bars.

0.25 to this value. But this contribution does not appear
as an addition, thus the contrail does not show up in the
7-distribution.

If the updraught is weaker (wyy, = 2cm s~!, bottom
row), the contrail has more time to spread and develop
a fall streak. After 3.5 hours nucleation just occurred
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optical thickness

optical thickness

Figure 9: Horizontal distribution of optical thickness for the default
simulation with wy,, = 5cm s7! (top; simulation as in Figure 3)
and wy,, = 2cm s~! (bottom). Solid lines show the values for the
total cloud (cirrus + contrail), the dotted lines show the contrail
contribution. The displayed times are indicated in each panel.

across the complete ISS layer and 7 reaches values of
0.35 on average. In the ‘contrail’ columns, the contrail
ICs provide the dominant contribution to the optical
thickness. But again, the local 7 is not considerably
higher than in the ‘cirrus only’ columns. The strongest
peaks happen even to occur in the ‘cirrus only’ columns
at around x = 25 km and, notably, 7 is below its average
in the region occupied by the right part of the contrail.
After six hours, these relations are inverted.

For the presented simulation cases it is obvious that
the contrails do not add sufficient optical thickness to
the general field of optical thickness of the ice cloud to
remain identifiable. Although academic homogeneous
situations have been considered, the (homogeneous)
background turbulence induces enough noise in the 7-
distributions, that renders the detection of a contrail sig-
nal in optical thickness at least difficult. Evidently, the
problem will be more difficult in realistic situations with
inhomogeneous background conditions.

Independently of the identification aspect the latter
case showed an example where the contrail substantially
increases the radiative impact of the total ice cloud.
In an upcoming study we will focus on this climate-
related aspect which becomes particularly interesting
when several contrails are embedded in a cirrus.
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4.2 Loss of identity by co-existence

Figures 10 and 11 show the same extinction fields as in
Figures 3 and 8, however now with separation of con-
trail (upper panels) and cirrus ICs (lower panels), re-
spectively. The contrail area is marked by red polygons
in each panel. These figures show for 2h and 4h old
contrails how strongly ICs from both cloud types are in-
terwoven and co-exist.

The 2h panels of both cases show situations where
parts of the contrail are still free of cirrus ICs, evident
from the white patches within the red polygons in the
cirrus panels. Obviously, the contrails leave holes in the
cirrus, because homogeneous nucleation was suppressed
in volumes with pre-existing contrail ICs.

Nevertheless, quite large fractions of the contrail ar-
eas are already populated with sedimenting cirrus ICs
that form a curtain in the upper part of the contrail
(mechanism T?2). In the lower left corner of each con-
trail, it was the contrail that penetrated into the surround-
ing cirrus (fall streak, mechanism T3). In this region the
contrail ICs are larger than the cirrus ICs. Mechanism
T1 seems of minor importance in both examples, as the
coexistence areas at the lateral contrail borders are small
compared to the horizontal scale of the contrails.

After four hours, the complete contrail is populated
with cirrus ICs in the case where the contrail is located
in the middle of the ISS layer, while a segregation takes
places in the case with a contrail at the top of the moist
layer (caused by sedimentation of the cirrus ICs). This
is quite interesting, since it means that identities get not
only lost by interaction of the cloud types, but the iden-
tity can revive by later segregation of crystal types (this
effect would be diminished by aggregation). Anyway,
even here most of the contrail has lost its identity, mainly
by mechanisms T2 and T3, less so by T1.

For a more quantitative analysis it is useful to intro-
duce a nomenclature that simplifies the description.

The sketch in Figure 12 schematically shows the
area of the pure cirrus, of the pure contrail and of their
co-existence region. The corresponding areas are de-
noted as Aci, Acon and Ac,ex. The total contrail area is
Arorcon := Acon + Acoex. In order to focus on the contrail
core, the analyses are additionally restricted to the 500 m
deep layer below cruise altitude (z = [1500 m, 2000 m]).
The corresponding areas are labelled Acizup, Acontop
and Acoextop- The total top 500 m contrail area is then
AtotConTop-

The same indices are used to denote the IC number
in those areas (Ncoex O Nipicontops €.8.). In the co-
existence area, ICs of both origins appear and a second
index is used, if only ICs of a specific origin are counted.
Then, e.g., Ncoex,ci 1s the number of cirrus ICs in the co-
existence area, whereas No:conTop,con 18 the number of
contrail ICs in the top 500 m layer.

With this terminology it is possible to evaluate var-
ious ratios and their temporal evolution, for instance
the contrail fractional area that contains co-existing
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Figure 10: Extinction coefficient y of either the contrail ice crystals only (top) or the cirrus ice crystals only (bottom), respectively for the
indicated simulation time. The red polygons illustrate the contrail area. The ISS_up-simulation with wy,, = S5cms™! is depicted. Note the

different ranges of the colour bars.
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Figure 11: As Figure 10, but for the default simulation with wy,, = 5cms™'. Note the different ranges of the colour bars.

cirrus ICs, n4 = Acoex/Awrcon (black curves in Fig-
ure 13) and the corresponding fraction of ICs, ny =
Ncoex.Con! Niotcon,con (ted curves). Initially, there is only
contrail and the co-existence fractions are zero. Once the
cirrus forms at = 1 h it takes around another two hours
until 4 and 5y reach unity, meaning that the complete
contrail is covered with cirrus ICs. This happens for con-
trails both at the top (solid lines) and in the middle (dot-
ted) of the ISS layer. However, then they develop differ-
ently. For the contrail in the middle of the ISS layer, the
co-existence fractions remain close to unity over many
hours while the identity recovery for the contrail at the
top of the ISS becomes manifested in the decreasing val-
ues of 174 and 7.

Note that the extent of co-existence area depends on
the resolution of the underlying mesh which implicitly
determines the scale at which co-existence is rated. Our
analyses use 10 m x 10 m-grid boxes. Even a larger con-
trail fraction would be classified as co-existence area,
if a coarser resolution were used. Moreover, our analy-
ses benefit from the low numerical diffusion of the La-
grangian microphysics which does not overestimate the
IC mixing.

4.3 Alteration of properties by co-existence

Once cirrus ICs are mixed into a pre-existing contrail,
the individual local properties of either get modified.
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Figure 12: Sketch of the contrail, cirrus and the co-existence area.
The areas of the pure contrail, the pure cirrus and co-existence area
are denoted as Ac,n, Aci and Ac,.y, respectively. The corresponding
areas restricted to the contrail upper part are called Aconrp, Acinp
and Acoexrop- The total area of the contrail is denoted as Ao con-
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Figure 13: Contrail fraction with co-existing cirrus ice crystals
relative to the total contrail, in terms of area 74 = Acoex/Asorcon
(black) and ice crystal number 7y = Ncoex.con / Niotconcon (red). See
text and Figure 12 for definitions of A, and N,. The solid/dotted
curves show the default/ISS_up simulation with wy,, = 5cm sl

There are two components of such a change. First, all
microphysical process rates are changed because the two
IC populations compete for the excess WV. That is, ini-
tially growth rates are altered, and subsequently all other
process rates, like sedimentation, are altered as a conse-
quence. The impact of these changes on overall contrail
properties like total extinction, average effective crystal
diameter and total crystal number have been discussed
above in Section 3.3. Second, even when the process
rates would not change due to growth competition (for
instance when there was saturation everywhere, such
that growth rates were zero), the local properties of the
combined cloud are different from the local properties
derived from the contrails IC alone. Such analyses are
relevant for the interpretation of in-situ measured con-
trails where methods like IC residue technique or chem-
ical tracer analyses are available that can at least identify
parts of contrails (see Section 4.2 in UNTERSTRASSER
etal., 2016). However, measurements inside contrails
can be contaminated by an undetermined contribution
of cirrus which can lead to qualitative changes. Some of
these contamination effects are studied next. This will
be done by first determining how many cirrus ICs are
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Figure 14: Relative cirrus contribution to the total ice crystal num-
ber N inside the contrail. Red: Cirrus N in co-existence area Aco.x
relative to the total NV (cirrus + contrail) in the complete contrail
Aoicon- Green: Cirrus N in Ac,e, relative to the total N in Acpex.
Black: Cirrus N in Acoevop relative to the total N in the contrail up-
per part Ajpcontop- The solid/dotted curves show the default/ISS_up
simulation with wyy, = 5cms™.

typically present inside contrails. As an example, the re-

sults for the wyy, = Scm s~ !-simulations are depicted in

Figure 14, both for the contrail at the top of the ISS layer

(solid curves) and in the middle of the layer (dotted).
The following three ratios are computed:

1. the number of cirrus ICs in the co-existence area to
the total number of ICs in the whole contrail area,
NCoex,Ci/NtotC(m (red Curves),

2. the number of cirrus ICs to the total number of ICs in
the co-existence area, Ncoex.ci/ Ncoex (green curves),
and

3. the same as in 2.), but for the top 500 m below flight
altitude, i.e.Ncoextop,ci/ Ncoextop (black curves).

Over the complete contrail (red curves), the cirrus
contributes at most 25 % to the total number of ICs in
the contrails (i.e. Ncoexci < 0.25 Niecon). Hence, we
find at least three times more contrail ICs than cirrus
ICs in the contrail area. The cirrus contribution is larger
when the contrail is in the middle of the cirrus instead
of on top of it. If the analysis is restricted to the co-
existence area (green curves), the share of the cirrus is
larger and can make up around 40 %. The contrail core,
roughly approximated by the top 500 m (black curves)
is only little contaminated by cirrus ICs, even for the
lower of the two contrails the cirrus fraction does not
reach 10 % and for the higher contrail this value is rather
a few percent.

Figure 15 (left and right column) displays various
probability density functions (PDFs) of IC concentra-
tions n for 2h (top) and 4 h (bottom) after contrail for-
mation. These PDFs refer to the complete contrail area
(red), the co-existence area (green), and the top part of
the contrail (black). The left column shows the PDFs of
n irrespective of the crystal origin (i.e. both contrail and
cirrus ICs, solid lines), while the right column shows the
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PDFs for contrail ICs only, where cirrus ICs are delib-
erately not counted in the computation of n in each grid
box. To support the comparison of these PDFs, the mid-
dle row displays the cirrus ICs’ share in each concen-
tration interval. A further comparison can be made with
the dotted curves in the left column which shows the
PDFs of a pure cirrus (from a simulation without con-
trails from PART1 (UNTERSTRASSER etal., 2016); cloud
ages are the same).

Crystal concentrations vary over several orders of
magnitude, with maximum values of the order 10cm™>.
Expectedly, these maxima are contributed by the con-
trail. Hence, the right tails of the PDFs in the left col-
umn (contrail + cirrus ICs) and the right column (only
contrail ICs) are basically identical. The middle panels
accordingly show the strongly decreasing cirrus share at
high crystal concentrations. The most frequent concen-
trations of the pure cirrus (dotted curve) and the com-
bined cloud (left column) are quite similar, of the or-
der 107> cm™!. The cirrus contribution to these mode
values is quite large, exceeding 50 % (indicated by the
horizontal black line in the middle panel). Not counting
the cirrus contribution inside the contrail (right column),
the most frequent concentrations are around one order of
magnitude smaller, i.e. 1072 cm™3. Hence in this exam-
ple, the cirrus ICs qualitatively change the PDFs of n
measured inside contrails.

How the formation of a surrounding cirrus affects
the size distribution (SD) of the embedded contrail has
been shown above (cf. Figure 5) for the contrail ICs
only. These were the changes brought about by the al-
teration of the microphysical process rates. However,
mixing of the two crystal populations leads to quali-
tatively different changes in the size distributions, and
these are considered next. Figure 16 shows for three sit-
uations with different updraught speed (columns) and
for contrails at the top (top row) or in the middle of
the moist layer (bottom row) the combined SDs (black
dashed curves), which are superpositions of the contrail
SDs (red solid curves, the same as in Figure 5) and the
SDs of co-existing cirrus (blue solid curves). The blue
dotted curves show the SDs of the total cirrus (i.e. in-
cluding contrail and contrail-free areas).

The latter, that is the SD of the whole cirrus, tends in
all cases to a bimodal shape, with a weak sublimation
tail at small crystal sizes and a main mode at sizes
ranging from 40 pm to about 100 um. The pure contrail
SD is bimodal as well, but with a main mode at small
sizes and a secondary accumulation mode (fall streak)
as already reported in PART1 (UNTERSTRASSER etal.,
2016) . In this sense, these SDs are mirror images of
each other, and the combined size distribution features
a prominent bimodality with two strong local maxima,
the one at smaller sizes due to the contrail contribution,
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Figure 16: Size distribution of all ice crystals (black dashed), contrail ice crystals only (red) or cirrus crystal only (blue solid) inside 4 hour
contrails. Analogous to the total and the contrail SD, the cirrus SD is averaged over the total contrail area, even though cirrus ice crystals
may not cover the complete contrail. Then the black curve is the superposition of the red and blue curve. The SD of the complete cirrus (blue
dotted) is given for comparison (here the average is taken over the cirrus area). The top/bottom row shows the default/ISS_up simulations
for the indicated updraught speeds. Note the different ranges of the x-axes in the various columns.

the one at the larger sizes contributed by the cirrus. The
cirrus contribution increases with increasing updraught
speed. It is very weak in the slow uplift cases; an even
weaker uplift would probably not suffice to produce a
true second maximum in the SD. In the ISS_up case, the
contrail ICs in the smaller fall streak do not grow as large
as in the default case, thus the cirrus ICs substantially
contribute to the L > 80 um IC population.

Microphysical properties measured in contrails (as
exemplified for PDFs of n and SDs) can be contami-
nated by co-existing ICs. The few analysed examples
show already a large range of possible modifications.
The direction and size of any modification depend on
the respective situation which makes it difficult to ab-
stract generally valid conclusions of such an interaction
from the simulations. But sometimes indications for an
interaction can be found. KUBBELER etal. (2011) mea-
sured large ICs in young contrail cores, which could not
be explained by contrail-intrinsic processes. Hence, they
concluded that those ICs originate from cirrus aloft. Our
findings support their interpretation of the contrail ob-
servation.

5 Discussion

Anticipating the complexity of the problem we tried to
keep the simulations for this paper relatively simple by

deliberately switching off certain processes like hetero-
geneous nucleation, radiation and aggregation. This sec-
tion discusses what can be expected if these simplifica-
tions would not have been made.

Probably the most serious simplification is to ne-
glect heterogeneous nucleation. Cirrus measurements
in the INCA experiment (Interhemispheric Differences
in Cirrus Properties From Anthropogenic Emissions;
http://www.pa.op.dlr.de/inca and STROM etal., 2003)
showed that cirrus formation in the northern mid-
latitudes is probably always influenced by heteroge-
neous nucleation. In fact, one of the questions driving
INCA was whether naturally formed cirrus (i.e. formed
purely by homogeneous nucleation) does exist at all at
northern mid-latitudes. Ice nuclei (IN, e.g. soot) origi-
nating from aviation itself but also from industrial emis-
sions occur in cruise altitudes in the northern hemi-
sphere and it is probable that they affect cirrus forma-
tion (STROM and OHLSSON, 1998; HaAG etal., 2003;
SOLcH and KARCHER, 2011). The large land masses of
the northern mid-latitudes provide additionally mineral
dust particles serving as heterogeneous IN. We must ac-
cept therefore that probably most aviation takes place
in regions that are polluted by anthropogenic emissions
and where IN of natural origin occur. In spite of that
we decided to make the idealistic assumption that cir-
rus formation is not influenced by heterogeneous nucle-



Meteorol. Z., PrePub Article, 2016

ation. This was to our view necessary and justified. It
was necessary to keep the complexity of the simulation
tractable and it was justified because heterogeneous nu-
cleation does not exclude later homogeneous nucleation
(GIERENS, 2003) and when this happens, cirrus clouds
are still often dominated by ICs formed homogeneously
(SPICHTINGER and GIERENS, 2009a).

Heterogeneous ice formation can proceed at lower
supersaturations than homogeneous nucleation, but it
leads to cirrus with low crystal concentrations, that is,
thin cirrus. For the present problem this means on one
hand that the time span 7,4, between contrail and cir-
rus formation would be reduced and the contrail con-
finement would start earlier, but on the other hand the
confinement would be weaker. Should homogeneous nu-
cleation set in at a later time, it would only lead to
lower crystal concentrations because the pre-existing
heterogeneously formed ICs retard the rate at which
the supersaturation changes at the nucleation threshold
(SPICHTINGER and GIERENS, 2009a). Heterogeneous nu-
cleation can even inhibit later homogeneous nucleation
when the pre-existing ICs have a concentration that suf-
fices to consume excess vapour faster than it is replaced
by further uplift (that is, when their deposition time scale
is smaller than the updraught time scale). In such case,
a purely heterogeneously formed thin cirrus would sur-
round the contrail and the contrail might stand out as a
very strong peak in 2D maps of number concentration,
extinction and lidar backscatter. It is conceivable that
the lidar measurement displayed in Figure 6 shows just
such a case. There is much larger (factor ten) contrast
between several “hot spots” in backscatter than in the
extinction maps of the simulations with homogeneously
nucleated cirrus only. However, this is just speculation.
It seems impossible to make general predictions on the
possible behaviour of the contrail’s total extinction, for
instance, should there be both types of cirrus formation;
too large are the possible ranges of critical supersatura-
tion and ice nucleus number concentrations.

Another simplification is the disregard of aggrega-
tion. ICs in the contrail core have very small fall speeds,
but cirrus ICs, formed above the contrail core can grow
large enough in their supersaturated environment to at-
tain fall speeds of several 10 cm s~'. GIERENS (2012) es-
timates that such a cirrus can collect a considerable num-
ber of contrail core ICs after a few hours, thus enhance
the erosion of the contrail core and reduce possibly the
contrail lifetime. This requires that there is a continu-
ous source of falling ICs above the contrail core during
a couple of hours which is only possible in a contin-
uous updraught with recurrent nucleation events at the
upper part of the ISS layer. The thickness of the ISS
layer may play a role in this case. While our simula-
tions showed similar results for a thinner and a thicker
ISS layer, with similar d,,,, in both cases, the smaller or
larger source of falling ICs potentially produces differ-
ences in the contrail a few hours after cirrus formation.

Radiation effects can be strong in contrails (UNTER-
STRASSER and GIERENS, 2010b; LEWELLEN, 2014), in
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particular under weakly stratified conditions, on sunny
summer days without other clouds. Lower, mid-level
clouds and cirrus below a contrail weaken the infrared
irradiance entering the contrail. Cirrus above the contrail
can emit long-wave downward radiation of much higher
intensity than the clear atmosphere. This is an energy
source for the contrail. The effect of cirrus around a con-
trail is thus probably a complex one, depending on the
details of the situation. Studies of such effects deserve
an investigation on its own and are therefore beyond the
scope of the present paper.

Finally, we have not considered the case where a
contrail is formed within an already existing cirrus. This
may be a quite frequent situation since pilots usually
do not circumvent the passage of cirrus clouds. A few
simple questions concerning this case have been treated
analytically elsewhere (GIERENS, 2012). For a general
treatment, a new class of simulations would have to be
performed. This is beyond the horizon of the present
paper.

Contrail and cirrus evolution is affected by many
more parameters (stratification, temperature, aircraft pa-
rameters, radiation-related parameters, nucleation mech-
anism), which we did not vary in this study. Already
the modest range of investigated parameter settings pro-
duces a diversity of phenomena due to a complex in-
teraction of contrails and cirrus. The selected scenarios
give merely a first impression of what is possible.

The simulations of PART1 (UNTERSTRASSER et al.,
2016) demonstrated that different parameters are impor-
tant for contrails on one hand and cirrus on the other
hand. The present simulations show additionally that
both cloud types undergo a complex interaction and
compete for the available WV. This can cause non-
linear effects on instantaneous radiative forcing (RF)
values. Hence, approaches in large scale models that
consider a separate contrail cloud class, the feedback
with the hydrological cycle and the competition for the
available WV (BURKHARDT and KARCHER, 2009; SCHU-
MANN etal., 2015; Bock and BURKHARDT, 2016) have
to be preferred over approaches where the contrail mod-
ifies only the cirrus cloud class (CHEN etal., 2012) or
contrails are treated offline (SCHUMANN, 2012).

6 Conclusions

The Lagrangian ice microphysical module LCM to-
gether with the flow solver EULAG has been used to
perform simulations of contrail-cirrus interacting with
natural cirrus formed by homogeneous nucleation af-
ter contrail formation. For this, idealised scenarios with
constant updraught speed (i.e. cooling rates) over a cer-
tain period of time were used, where cirrus forms around
a pre-existing contrail. Such scenarios are compared to
scenarios, where the ascent stops, before natural cir-
rus formation sets in and contrails evolve in an unper-
turbed manner. We first formulated several theoretical
expectations and then examined the simulation results.
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We find that in high updraught scenarios, where cir-
rus forms shortly after the contrail generation, the con-
trail spreading is inhibited by the surrounding cirrus
and contrail total extinction is strongly reduced com-
pared to a contrail in clear sky. In particular, the de-
velopment of a strong fall streak is hampered and large
contrail ice crystals (IC) are less abundant than in an
unperturbed contrail. In a slow updraught, cirrus forms
later around a mature contrail and the contrail’s fur-
ther evolution is not considerably constrained by the cir-
rus. In a sensitivity study, the contrail formation alti-
tude was shifted from the top to the middle of a 1200 m
deep ice supersaturated (ISS) layer. Clearly, the emerg-
ing fall streak is smaller and the contrail total extinc-
tion is smaller compared to the default case. Moreover,
the effect of a surrounding cirrus is not as strong, as the
contrail development is anyway limited due to the shal-
lower ISS layer below the contrail. The effective crystal
diameters of unperturbed contrails increase within the
first 1-2 hours and then reach a quasi-constant value
of 50 p—60 um for contrails at the top or of < 40um
for contrails in the middle of the ISS layer. Once cir-
rus forms around a contrail, the contrail effective diam-
eter starts to decrease with time and much smaller effec-
tive diameters around 20 um can occur. Moreover, the
contrail ice crystal number loss due to sedimentation is
decelerated by surrounding cirrus, as ice crystal growth
at the contrail periphery is slowed down and fewer ICs
fall out.

We analyse the extinction coefficient as a proxy of
the lidar backscatter ratio as measured for instance by
airborne lidars. Although there are qualitative differ-
ences between the real lidar curtain (Figure 6) and our
proxies from the idealised scenarios, we see that it can
be difficult to identify a contrail as such once it is embed-
ded in a thick natural cirrus. This even turned out diffi-
cult when the simulated cirrus was less strong (slower
updraught cases). Moreover, we find situations where
internal dynamics lead to natural cirrus fields that con-
tained band-like structures that resemble the shape of
contrails. It might be easier to identify embedded con-
trails in cirrus clouds that are thin (low crystal concen-
tration) either because of very slow updraught or be-
cause of a dominance of heterogeneous nucleation or
both.

We further demonstrate that cirrus ICs exist in large
parts of the contrail. Mainly, differential sedimentation
leads to their co-existence. Cirrus ICs overtake smaller
contrail ICs, particularly in the contrail core. ICs in
the contrail fall streak can be larger than those of the
surrounding cirrus and the fall streak penetrates into
the cirrus. An only 100-200 m thick cirrus layer above
the contrail suffices to produce enough ICs such that
eventually the whole contrail is populated with cirrus
ICs. If the contrail is located in the middle of the ISS
layer and a much thicker cirrus lies above the con-
trail, this state of complete contrail “contamination”
can persist over several hours. These findings imply
that a strict separation into a cirrus area, on the one
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hand, and a contrail area, on the other hand may not
be meaningful. Aggregation (which we neglected in this
study) may produce aggregates with mixed origin, that
is, even single ICs could not be attributed to a unique
source. We must accept that in such cases the two crys-
tal populations are so intimately connected that it is
no longer possible and moreover no longer meaning-
ful to separate their effects on radiative forcing, for in-
stance.

We found that one fourth of all ICs inside a spe-
cific contrail were of natural origin. In the contrail core,
where most of the contrail ICs reside, the cirrus con-
tribution to the total ice number is less than 10 %. The
microphysical properties computed from all ICs in a
contrail can be perturbed by the co-existing cirrus ICs,
e.g. size distributions feature a second “cirrus” mode.
The cirrus signature is more pronounced, when the up-
draught is stronger (i.e. the cirrus forms earlier and has
higher number concentration) and/or the contrail is in
the lower part of the ISS layer.

The theoretical considerations and the idealised sim-
ulations both indicate a large degree of variability in
the interaction of pre-existing contrails with later form-
ing cirrus. The situation is even much more involved
in nature, where processes like heterogeneous nucle-
ation, aggregation and radiation are not “switched off”,
where updraught is controlled by synoptic-scale dy-
namics, where medium-scale dynamics leads to much
more medium-scale (say 10-20km) structure in the cir-
rus than in our simulations, where also contrails can be
formed within pre-existing cirrus of various types, and
where many contrails may interact in regions with dense
air traffic. All this shows that the interaction of contrail-
cirrus and natural cirrus is a tremendously large field of
research in which we have just scratched the surface.
Much remains to be done.
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