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Abstract

The radiative forcing of contrails is quantified for a hypothetical fleet of cryoplanes in comparison with a
conventional aircraft fleet. The differences in bulk optical properties between conventional and cryoplane
contrails are determined by numerical simulations of the microphysical evolution of conventional and cryo-
plane contrails, under several ambient conditions. Both types of contrails contain about the same ice mass,
but the mean effective particle radius is found to be smaller by about a factor of 0.3 in conventional contrails
than in cryoplane ones. Hence, in case of cryoplanes the contrail optical depth is lower, which counteracts
(with respect to radiative forcing) the effect of increased contrail cover due to the higher specific emission of
water vapour. If the information gained from the microphysical simulations is translated to the framework of
a global climate model, the global mean radiative forcing of cryoplane contrails is simulated to be between
about 30% lower and 30% higher compared to the radiative forcing of conventional contrails, depending
on the quantitative assumptions made for the mean particle properties and also depending on the time slice
considered. Our results indicate that the effect of decreased optical depth is about the same magnitude as the
effect of increased contrail cover. Current state of knowledge does not allow a conclusive assessment whether
the net radiative impact of cryoplane contrails will be smaller or larger than that of conventional contrails.
Uncertainty with respect to radiative forcing arises mainly from insufficient knowledge regarding the mean
effective ice crystal radius for both conventional and, especially, cryoplane contrails.

Zusammenfassung

Der Strahlungsantrieb von Kondensstreifen auf Grund einer hypothetisch angenommenen Flotte wasser-
stoffgetriebener Flugzeuge (“Cryoplanes”) wird mit dem entsprechenden Effekt einer herkommlichen
Luftverkehrsflotte verglichen. Die Bestimmung des Unterschiedes der mittleren optischen Eigenschaften fiir
die beiden Typen von Kondensstreifen geschieht durch numerische Simulationen der mikrophysikalischen
Entwicklung unter verschiedenen Umgebungsbedingungen. Fiir beide Arten von Kondensstreifen stimmt
die Masse des gebildeten Wolkeneises nahezu iiberein, aber der mittlere Partikelradius ist fiir Teilchen in
herkdmmlichen Kondensstreifen um etwa einen Faktor 0,3 kleiner. Somit ist die optische Dicke von Kon-
densstreifen aus Cryoplanes geringer; dieser Effekt wirkt — im Hinblick auf die Grof3e des Strahlungsantriebes
— dem Effekt eines sich vergrofernden Bedeckungsgrades durch den hoheren spezifischen Emissionsindex
von Wasserdampf entgegen. Wird die aus den mikrophysikalischen Simulationen gewonnene Information
in ein globales Klimamodell iibertragen, so verringert oder erhoht sich der Strahlungsantrieb fiir die Kon-
densstreifen aus Cryoplanes gegeniiber dem konventionellen Fall um etwa 30 %, je nachdem welche An-
nahmen fiir die Partikelgrofe und -gestalt im Referenzfall und fiir die Zeitebene der Betrachtung gemacht
werden. Die Ergebnisse deuten darauf hin, dass der Effekt der sich verringernden optischen Dicke und der
Effekt des sich erhéhenden Bedeckungsgrades der Kondensstreifen im Cryoplane-Fall etwa gleich stark
sind. Der gegenwirtige Wissensstand erlaubt kein abschlieBendes Urteil, ob die Strahlungswirkung von
Cryoplane-Kondensstreifen kleiner oder grofer sein wiirde als diejenige konventioneller Kondensstreifen.
Die verbleibenden Unsicherheiten in der Abschitzung der Strahlungsantriebe sind vor allem auf eine man-
gelhafte Kenntnis des absoluten mittleren Partikelradius in den beiden verglichenen Fillen zuriickzufiihren.

1 Introduction

Aircraft emissions presently contribute by about 3% to
the total radiative forcing from anthropogenic emissions
(IPCC, 1999). Since, in the foreseeable future, aviation
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is likely to be one of the fastest growing economic sec-
tors, it is strongly desirable to reduce its environmental
impact. This could be achieved, for instance, by improv-
ing aircraft and engine technology resulting in lower
specific emissions, or by regulating flight altitudes to
ecological flight levels, where the radiative impact of
aircraft emissions is minimised. Considering the limited
availability of conventional kerosene, the use of alter-
native fuels such as biomass fuels, liquid natural gas,
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and especially liquid hydrogen, has also been discussed
(LEWIS and NIEDZWIECKI, 1999). The European re-
search project CRYOPLANE (which lasted from April
2000 to Mai 2002) produced a comprehensive assess-
ment of the technical, economical, and ecological as-
pects associated with liquid hydrogen powered aircraft
(so called cryoplanes) for the first time.

A first estimate of the climate impact of cryoplanes
was provided by MARQUART et al. (2001), who com-
pared a fleet of cryoplanes with a conventional, kerosene
powered fleet of aircraft, assuming a complete substitu-
tion of the conventional fleet by cryoplanes in the year
2015 and a constant air traffic density afterwards. The
radiative forcing values of aircraft-induced changes of
carbon dioxide, ozone, methane, water vapour, contrails,
and aerosol abundance were estimated for both the con-
ventional and the cryoplane scenarios: The radiative im-
pact of all substances except for water vapour and con-
trails was found to be substantially smaller in the cry-
oplane case. However, the radiative forcing of contrails
was suggested to be large enough to question any en-
vironmental superiority of cryoplane operation. Simul-
taneously, this component was attributed the largest un-
certainties, because the specific optical properties of cry-
oplane contrails were purely speculative at that time. For
example, possible differences in ice crystal properties
between contrails from cryoplanes and conventional air-
craft could not be accounted for by MARQUART et al.
(2001).

As there is no cryoplane in flight operation, lack
of information about cryoplane contrail properties from
measurements is persisting, making it inevitable to rely
on numerical model calculations in order to improve
knowledge about the specific optical properties of cry-
oplane contrails. Quite recently, the microphysical evo-
Iution of cryoplane contrails was simulated for the first
time (STROM and GIERENS, 2002). Assuming that, in
comparison with “conventional” kerosene powered air-
craft, cryoplanes do not emit particles but nearly three
times more water vapour, two pairs of simulations were
conducted. The results suggested that (under equal am-
bient conditions) cryoplane contrails contain similar ice
masses but significantly less ice crystals than conven-
tional ones, rendering cryoplane contrails optically thin-
ner than their conventional counterparts.

In our present study, we focus on an update of the ra-
diative forcing estimate for cryoplane contrails relying
on microphysical information provided by the STROM
and GIERENS (2002) model. In order to quantify the
differences in microphysical and optical properties of
cryoplane and conventional contrails for a representa-
tive parameter space, we run the numerical model of
STROM and GIERENS (2002) for quite a number of com-
binations of ambient temperature and humidity. The re-
sulting information is translated into the framework of
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a general circulation model (GCM) extended by a spe-
cific contrail parameterisation (PONATER et al., 2002) to
yield an estimate of the related radiative forcing on the
global scale. The contrail parameterisation has already
been used for investigating the future development of
contrails in case of conventional air traffic (MARQUART
et al., 2003).

In the following section, the microphysical simula-
tions and their results are described. The GCM simula-
tions, as well as results for coverage and radiative forc-
ing of cryoplane contrails are presented in section 3,
in comparison with conventional contrails. Conclusions
are drawn and a short outlook is given in section 4.

2 Microphysical contrail simulations

2.1 Method

Relying on the approach of STROM and GIERENS
(2002), the microphysical evolution of contrails (up to
an age of 30 minutes) is simulated using the MESO-
SCOP model (SCHUMANN et al., 1987), which has
been completed by routines for simulating the thermo-
dynamics of the exhaust and the dynamics of the aircraft
wake (SUSSMANN and GIERENS, 2001). The MESO-
SCOP model has proved its suitability for microphysi-
cal contrail simulations in several earlier studies (e.g.,
GIERENS, 1996; GIERENS and STROM, 1998; GIERENS
and JENSEN, 1998).

The two spatial dimensions of the model domain are
span direction and height. The different phases of con-
trail formation (jet, vortex, and dispersion phase) are
simulated using different resolutions, domains, and time
steps. Combustion of kerosene or liquid hydrogen, re-
spectively, is characterised by two sets of initial exhaust
specifications: Cryoplanes emit 2.6 times more water
vapour per unit of flight path than kerosene powered air-
craft, but, in contrast to conventional engines, they do
not emit aerosols. Therefore, while ice crystal produc-
tion in the cryoplane case is modelled by nucleation of
the background aerosol, for the conventional case an ini-
tial ice crystal distribution can be prescribed, which has
been chosen in consistence with in situ measurements
(SCHRODER et al., 2000). Prognostic variables are wa-
ter vapour, ice water content, number density of ice crys-
tals, and number densities of two modes of aerosol in the
ambient air. More details about the numerical model, the
initialisation of the vortex circulation, and the included
cloud microphysical processes can be found in STROM
and GIERENS (2002).

In all microphysical simulations performed for the
present paper, we assume a background vertical temper-
ature gradient of —0.65 K/100 m, and a contrail forma-
tion at 11 km (247 hPa) altitude. Random fluctuations
of vertical and horizontal velocity components (up to
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Figure 1: Different combinations of temperature and relative humid-
ity with respect to ice, which were used as input to the microphysical
simulations for cryoplanes and conventional aircraft.

+1 m/s) are added to the velocity field for a most simple
representation of atmospheric turbulence. For the two
aerosol modes, the geometric mean radii, the geomet-
ric standard deviations, and the initial particle number
densities are prescribed. The distribution of the back-
ground aerosol is assumed to be homogeneous, i.e., a
possible minimum of particles available for nucleation
in the exhaust core is not considered. Such a minimum
may form if part of the ambient aerosols slip through
the engine bypass while the rest is burned in the com-
bustor. Another potential process, as proposed by CHEN
(1999) and discussed by STROM and GIERENS (2002),
is recondensation of small particles in the exhaust af-
ter the larger ambient aerosols have been burned in the
combustor; most of these small particles will probably
be rather ineffective as condensation nuclei. There are
no measurements in a cryoplane wake that would allow
to verify the various possibilities. However, the differ-
ence in contrail ice crystal density developing in a “ho-
mogeneous background” case and in a “zero particle”
case appears to be small compared to the uncertainty and
variability of the background aerosol density and the ice
crystal density produced by kerosene engines, accord-
ing to sensitivity experiments presented by STROM and
GIERENS (2002).

We perform 11 pairs of simulations (each consist-
ing of a conventional and a cryoplane case) for vari-
ous combinations of temperature and relative humidity
with respect to ice, scanning the possible range of am-
bient conditions where contrails may form (Figure 1).
For quite high temperatures (—45°C), and moderate rel-
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ative humidities with respect to ice (<120%), only cry-
oplane contrails can be simulated since conventional air-
craft do not lead to contrail formation at those condi-
tions according to the thermodynamic theory of contrail
formation (SCHMIDT, 1941; APPLEMAN, 1953; SCHU-
MANN, 1996). In most simulations no wind shear is pro-
vided, but in order to check the importance of this sim-
plification for the simulated microphysical properties of
contrails, we do sensitivity runs for one case of ambi-
ent conditions, underlying two different wind profiles
(with maximum wind speeds of 2.5 or 5 m/s at 11 km
altitude). In contrast to STROM and GIERENS (2002),
who assessed the temporal evolution of the two kinds
of contrails quite thoroughly for their two extreme cases
(one “cold” and one “warm” case), we focus (for our 11
pairs of simulations) on a comparison of 30-minute av-
erages, which form a reasonable input for the GCM with
its much longer time step.

2.2 Results

The bulk characteristics of the simulated contrails, i.e.,
total ice crystal number and ice mass per meter of flight
path, agree with those reported in STROM and GIERENS
(2002): The 30-minute average of the ice crystal con-
centration is about one magnitude lower in cryoplane
contrails than in conventional ones under identical am-
bient conditions. The amount of mean ice mass formed
in the contrails is practically the same for both types of
fuel, and varies in a consistent way with ambient tem-
perature and relative humidity. Apparently, the water
vapour available for condensation in the background at-
mosphere (ice supersaturation) is the governing param-
eter for the contrail ice water content (GIERENS, 1996;
JENSEN et al., 1998).

The relevant bulk microphysical contrail properties
forming the link to the GCM calculations are ice water
path, effective ice crystal radius (t¢) and optical proper-
ties, the latter being functions of the first two. Hence, the
key parameter for the comparison of the contrail climate
impact caused by the two aircraft types considered is the
effective particle radius. In MESOSCOP, it is calculated
for each grid cell depending on the grid cell averaged ice
mass per crystal, making certain assumptions about the
underlying mass distribution function and the shape of
the ice crystals as described by STROM and GIERENS
(2002). It must be noted that the effective radius for
ice crystals (in contrast to liquid droplets) is not very
well defined due to the varying shapes possible for crys-
tals (MCFARQUHAR and HEYMSFIELD, 1998; WYSER,
1998; MITCHELL, 2002). Therefore, as was already sug-
gested by STROM and GIERENS (2002), we focus our
considerations on the ratio between conventional and
cryoplane effective particle radii. In this way, the inher-
ent uncertainties in the r.g-definition can be expected to
cancel out, at least partially. Furthermore, ratios should
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Figure 2: The ratios of the 30-minute averaged, crystal density
weighted effective radii (reg) for conventional/cryoplane contrails.
The symbols denote different temperatures. For filled symbols, no
wind shear is provided. For hollow symbols, vertical wind shear (i.e.,
a vertical wind profile with maximum wind speeds of 2.5 or 5 m/s at
11 km altitude) is provided.

be less sensitive to uncertainties in the simulations aris-
ing from too simplistic assumptions about background
aerosol, turbulence, wind shear, etc.

In the GCM, the effective radius is calculated for
each 30-minute time step as an average over the whole
contrail-covered part of a model grid box, depending
on the actual contrail ice water content (HEYMSFIELD,
1977; MCFARLANE et al., 1992). Since the temporal
and spatial resolution of the GCM is necessarily coarse
in comparison to the microphysical model, we calcu-
late from the latter averages over the 30 minute simula-
tion time and the respective contrail cross section. There
are various possibilities of calculating the spatial mean
by, e.g., weighting with ice crystal number concentra-
tion, ice mass, or area. We chose the ice crystal number
weighted average, since it proved to be most consistent
with the GCM’s bulk formulation relating mean optical
depth to mean ice water path and effective radius.

The ratios of the 30-minute averaged, crystal num-
ber weighted effective radii for conventional/cryoplane
contrails are shown in Figure 2 for all pairs of numer-
ical simulations. For conventional contrails, the effec-
tive ice crystal radius is always significantly smaller
than for cryoplane contrails, the ratios being below 0.5
(i.e., varying between 0.17 and 0.46). For both kinds of
fuel, the mean effective radius increases with increas-
ing supersaturation and increasing temperature, as ex-
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pected. The ratios, however, do not exhibit a straight-
forward systematic depencency on temperature and rel-
ative humidity (Figure 2): At large supersaturations, the
ratio tends to be larger than at small supersaturations for
the temperatures —65°C and —75°C, but this does not
hold for the —55°C simulations. In addition, the ratio
does not vary systematically with changing temperature.
(This shows that the two extreme cases discussed by
STROM and GIERENS (2002) alone do not provide “rep-
resentative” information about the differences between
cryoplane and conventional aircraft effective radii.) The
mean effective ice crystal radius of contrail particles
increases with increasing vertical wind shear for both
types of contrails, as indicated by our sensitivity experi-
ments (not shown). However, the r.g-ratio is found to be
nearly independent of wind shear (Figure 2), supporting
the choice of the ratio as a relative measure instead of
absolute numbers.

As the variation of the reg-ratios in the T,RH-
parameter space are not as straightforward to suggest a
convincing statistical-empirical relationship, we decided
to run the GCM calculations by simply assuming a con-
stant value of 0.3 for this ratio, adding two respective
sensitivity studies where ratios of 0.25 or 0.35 were used
instead. The exact procedure employed will be described
in the following section.

3 GCM contrail simulations
3.1 Method

The GCM simulations discussed in this section are
based on exactly the same model setup as was used
by MARQUART et al. (2003) for various contrail ra-
diative forcing estimates. This allows for a consistent
comparison with their results. Our basic GCM is the
ECHAM4.L39(DLR) model (ROECKNER et al., 1996;
LAND et al., 1999, 2002), which we use in a spectral
horizontal T30 resolution with a time step of 30 min-
utes. The model has 39 layers between the surface and
the top layer centered at 10 hPa. The GCM was ex-
tended by a contrail parameterisation scheme which is
based on the thermodynamic theory of contrail forma-
tion (PONATER et al., 2002). Contrails may form at any
model time step depending on ambient temperature, rel-
ative humidity and natural cloudiness, also considering
air traffic density for each grid box. The simulated con-
trails are characterised by a fractional coverage, an in-
dividual ice water path and an effective particle radius,
as well as optical properties. In order to account for the
nonsphericity of ice particles, the respective asymme-
try parameter is reduced by an empirical factor of 0.91
in the radiative transfer calculations (ROECKNER, 1995;
PONATER et al., 2002). Use is made of an improved
way to represent cloud overlap in the ECHAM4 long-
wave radiation scheme (RAISANEN, 1998; MARQUART
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and MAYER, 2002), as has been done in MARQUART
et al. (2003). The radiative forcing of contrails is deter-
mined as the difference of radiative fluxes with and with-
out contrails. As a measure of climate change we use the
stratosphere adjusted radiative forcing at the tropopause
(e.g., HANSEN et al., 1997), which is calculated online
in the ECHAM4 model (STUBER et al., 2001).

We have performed time slice simulations (i.e., the
annual cycles of boundary conditions are held fixed)
for the years 2015 and 2050, assuming fleets of air-
craft consisting either exclusively of conventional air-
craft or of cryoplanes, respectively. The latter are char-
acterised by a higher emission index of water vapour
(for absolute values see MARQUART et al., 2001). As
a measure of air traffic movements, we use 3D inven-
tories of fuel consumption for 2015 (DLR inventories,
SCHMITT and BRUNNER, 1997) and 2050 (NASA in-
ventories, scenario FESGa, BAUGHCUM et al., 1998;
CAEP/4-FESG, 1998). Concerning the overall efficien-
cies of propulsion, we anticipate an increase from 0.3
in 1992 to 0.4 in 2015 and to 0.5 in 2050 (GIERENS
et al., 1999; MARQUART et al., 2003). Current state of
knowledge suggests that propulsion can be made equally
efficient for both kinds of engines (e.g., CORCHERO
and MONTANES, 2003; SVENSSON et al., 2004). Pos-
sible future changes in the background climate are ne-
glected for simplicity, because climate change can be
expected to affect conventional and cryoplane contrails
in the same qualitative way. As reference cases for the
conventional fleet in 2015 and 2050, we choose those
simulations reported in MARQUART et al. (2003), in
which climate change is neglected but improvements of
overall propulsion efficiency are taken into account. For
more insight into the effects of a changing climate and of
changing propulsion efficiencies on contrails see MAR-
QUART et al. (2003).

Contrail optical properties are calculated in the
GCM contrail parameterisation as functions of the
two variables ice water path and effective ice crys-
tal radius within the contrail covered part of a grid
box (ROECKNER et al., 1996; PONATER et al., 2002).
The mean effective ice crystal radius is calculated
from the ice water content using an empirical function
(HEYMSFIELD, 1977; MCFARLANE et al., 1992). This
bulk formulation yields values ranging from about 12 to
15 pum for contrails in the reference study for the con-
ventional case, which agrees reasonably well with re-
spective observations (see PONATER et al., 2002, and
MARQUART et al., 2003, for details). According to the
results of the microphysical simulations (section 2), the
contrail ice water path can be taken as simulated by
the GCM, i.e., independent of the type of aircraft en-
gine, while the ratio between the 30-minute averaged ef-
fective radii of conventional/cryoplane contrail particles
should be about 0.3. The latter information is fed into
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the GCM framework by setting up a cryoplane reference
case which differs from the conventional reference case
only by a larger effective ice crystal radius to any time
step:

ro (1) = res(t) /0.3 (3.1)

Beyond this standard case we also perform sensitiv-
ity studies using ratios of 0.25 and 0.35 in order to ac-
count for the uncertainty of this value. Due to the modi-
fication of the effective radius in cryoplane contrails, the
optical propetties, e.g., the contrail optical depth, change
accordingly.

Since the contrail net radiative forcing depends non-
linearily on the effective radius (MARQUART et al.,
2003; their Fig. 9), and since the knowledge about a
“real” typical mean effective radius is poor, we have per-
formed a pair of sensitivity experiments (for the time
slice 2015 only) with half the effective particle sizes
compared to the respective reference cases. In addition,
we have performed a sensitivity simulation for spherical
ice particles (by switching off the empirical correction
factor for the asymmetry parameter, see above), in order
to account for the uncertainty in contrail particle shape.

3.2 Results

Due to the higher specific emission of water vapour in
the exhaust gas, the contrail formation frequency would
be higher for a fleet of cryoplanes than for an equivalent
fleet of kerosene powered aircraft. This is reflected by
an increase in total (i.e., vertically integrated) contrail
cover in the former case (see MARQUART et al., 2001).
If conventional aircraft are completely replaced by cry-
oplanes, total coverage increases strongest in heavy
air traffic regions (USA, Europe, Southeast Asia; Fig-
ure 3a), whereas the largest relative increase occurs in
the tropics (Figure 3c). However, contrails are only vis-
ible (from satellite or an Earth-bound observer) if their
optical depth exceeds a certain threshold value. In our
studies, we have used a visibility-threshold of 0.02 and,
therefore, have distinguished between the “visible” con-
trail cover and the cover with “all” contrails (PONATER
et al., 2002; MARQUART et al., 2003). Though, as just
explained, the coverage with all contrails increases all
over the world in the our cryoplane simulations (Fig-
ure 3a, c), the coverage with visible contrails decreases
over a substantial part of the globe (Figure 3b, d): Due to
the larger mean effective ice crystal size in combination
with an almost unchanged ice water path, cryoplane con-
trails are characterised by less, but larger ice crystals in
comparison with conventional contrails. Therefore, the
optical depth of cryoplane contrails is lower, rendering
a larger relative part of contrails “invisible”. The rela-
tive decrease in visible contrail cover is strongest in low-
temperature regions, where the optical depth is generally
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Figure 3: Change in annual mean total contrail cover for the time slice 2015 if the conventional fleet of aircraft is replaced by a fleet
of cryoplanes. (a) difference cryoplane-conventional for all contrails; (b) difference cryoplane-conventional for visible contrails; (c) ratio
cryoplane/conventional for all contrails; (d) ratio cryoplane/conventional for visible contrails.

Table 1: Global annual mean total contrail cover for conventional and cryoplane air traffic in 2015 and 2050.

Conventional contrail cover [%]

Cryoplane contrail cover [%]

visible contrails all contrails

Year | visible contrails  all contrails
2015 0.15 0.23
2050 0.28 0.45

0.10 0.30
0.18 0.54

low (see PONATER et al., 2002), i.e., at high northern lat-
itudes (Figure 3d).

In the global annual mean, the coverage with all con-
trails would increase by about a factor of 1.3 from 0.23%
to 0.30%), if conventional aviation were replaced by cry-
oplane air traffic in a 2015 scenario (Table 1). The re-
spective visible contrail cover would decrease by a fac-
tor of 1.5 from 0.15% to 0.10%. In 2050, the substitution
of conventional aviation by a fleet of cryoplanes would
leed to a slightly weaker increase in the coverage with
all contrails (by a factor of 1.2 only). This is a result of
the higher aircraft overall propulsion efficiency in 2050,
which facilitates the formation of contrails in a qualita-

tively similar way as the increase in the specific water
vapour emissions (SCHUMANN, 2000; his eq. 14).

As cryoplane contrails may form at a higher ambient
temperatures than those from kerosene—driven aircraft
(SCHUMANN, 1996), the relative increase in coverage
for all contrails is strongest in those regions, where the
temperature is close to the thermodynamic threshold for
contrail formation in the conventional case: The relative
increase is stronger in tropical than in extratropical lati-
tudes (Figure 3c), it is stronger at low altitudes (well be-
low 200 hPa) than at high altitudes (compare also MAR-
QUART et al., 2001; their Fig. 6), and it is stronger in
summer than in winter. Due to this latter effect, the pro-
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Figure 4: Ratio of annual mean net radiative forcing between cryoplane and conventional contrails for the time slices 2015 (left) and 2050

(right).

nounced global minimum in total contrail cover during
the northern hemisphere summer found by PONATER et
al. (2002; their Table 1) for the conventional fleet of air-
craft is much less pronounced in the cryoplane case (not
shown).

At high temperatures (near the thermodynamic
threshold), where the relative increase in contrail cover
is strongest for the cryoplane scenarios, contrail optical
depth is normally larger than at low temperatures due
to the larger amount of ambient water vapour available
for condensation (PONATER et al., 2002). Hence, there
is a tendency towards a preference of relatively large ice
water content values if one switches from the conven-
tional to the cryoplane case. Consequently, if we neglect
for the moment systematic differences in particle size
and consider only differences in contrail cover, we find
that global mean radiative forcing would increase even
stronger than contrail cover: Radiative forcing would
grow by a factor of about 1.7 in 2015 (from 9.8 mW/n?
to 16.5 mW/m?), whereas contrail cover would grow by
a factor of 1.3 only (Table 1).

If the differences in effective ice crystal size for the
different kinds of contrails are taken into account, ra-
diative forcing does not necessarily increase for the cry-
oplane air traffic since the effect of increasing contrail
cover (of all contrails) counteracts the effect of decreas-
ing optical depth. The net effect on the geographical dis-
tribution is shown in Figure 4 as the ratio of net radiative
forcing between cryoplane and conventional contrails:
While in a large part of the tropics the effect of contrail
cover exceeds the effect of a lower mean optical depth
on radiative forcing (i.e., radiative forcing increases),
it is just the other way round in the mid and high lat-
itudes (i.e., radiative forcing decreases). In 2050, the
relative decrease in radiative forcing for the cryoplane
case is more pronounced than in 2015 due to the rela-
tively smaller increase in contrail cover (see above). In

the global and annual mean, radiative forcing decreases
from 9.8 mW m~2 for the conventional reference case to
8.0 mW m 2 for the cryoplane reference case in 2015 (or
19.5 to 13.9 mW m~2 for 2050, respectively), suggest-
ing a lower climate impact due to contrails from a fleet
of cryoplanes than from an equivalent fleet of kerosene—
powered aircraft. If we use reg-ratios of 0.25 or 0.35
in otherwise identical simulations, the global radiative
forcing for the 2015 cryoplane case either decreases to
7.4 mW m~—2 or increases to 8.9 mW m2, respectively,
which is both still lower than the respective value for the
conventional fleet. We may also recall here that the val-
ues for global mean contrail radiative forcing reached by
means of the GCM parameterisation are generally about
a factor of 5 lower than the best estimate provided in
IPCC (1999). A detailed discussion of this finding has
been given in MARQUART et al. (2003).

Up to now, we have relied on the GCM simulated
effective ice crystal radius for conventional aviation,
which agrees with that derived from modelled size dis-
tributions (STRAUSS et al., 1997) and particle sizes as-
sumed in different model studies (MEERKOTTER et al.,
1999; MINNIS et al., 1999). However, the time-step av-
eraged effective radius for contrail ice particles as used
in our simulations is a crucial parameter involving con-
siderable uncertainty since (1) a “typical” effective ra-
dius is difficult to define from in situ—observations and
(2) neglecting the underlying particle size distribution
may lead to systematic errors in the respective radiative
forcing calculations (see discussion in MARQUART et
al., 2003). Therefore, we have performed a pair of sensi-
tivity studies assuming half the effective particle sizes as
calculated by the GCM (which forms an extreme case,
quite on the low end of available observations for the
conventional air traffic). In this case, the global annual
mean net radiative forcing (in 2015) shows quite a dif-
ferent behaviour as it increases from 10.2 mW m~2 for
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Table 2: Global annual mean net radiative forcing for different real-
isations of conventional and cryoplane air traffic scenarios in 2015
and 2050. The original values calculated from the ECHAM4 ra-
diation scheme are found in brackets. The main values, which are
adjusted by a 25% offset to the longwave global mean contrail ra-
diative forcing (see MARQUART and MAYER, 2002; MARQUART
et al., 2003), are disscussed in the text as the best estimate.

Net Radiative Forcing
[mW m~2]
Year | Particle Properties Conventional Cryoplane
2015 | non-spherical 9.8 (6.4) 8.0 (5.5)
2015 | non-spherical, half size 10.2 (5.6) 13.0 (8.7)
2015 | spherical, half size 12.7 (8.2)
2050 | non-spherical 19.5 (12.8) 13.9 (9.5)

the conventional case to 13.0 mW m~? for the cryoplane
case (Table 2). Another sensitive fact to be considered
here is that small ice particles are more likely to be of
nearly spherical shape (SCHRODER et al., 2000). Hence,
if we assume the quite small ice particles in the con-
ventional case of this sensitivity experiment to be of
spherical shape, we end up with a global radiative forc-
ing of 12.7 mW m~2, which comes very close to the
13.0 mW m~2 for the cryoplane case.

4 Conclusions and outlook

In order to extend the basis for quantifying the global
climate impact of a hypothetical fleet of cryoplanes in
comparison with a conventional fleet of aircraft, simu-
lations were performed with the microphysical model
MESOSCOP (STROM and GIERENS, 2002) and with
the ECHAM4 global climate model, which may be run
with a specific contrail parameterisation (PONATER et
al., 2002). The differences in bulk microphysical proper-
ties between conventional and cryoplane contrails were
determined by numerical simulations of the microphys-
ical evolution of conventional and cryoplane contrails,
respectively. As an outcome of these simulations, both
types of contrails contain about the same ice mass, but
differ with respect to the mean particle size: The 30-
minute averaged, number concentration weighted effec-
tive ice crystal radius is about a factor of 0.3 smaller for
conventional contrails than for cryoplane contrails.

If this information about the qualitative differences
in microphysical contrail properties is translated to the
GCM framework, the global mean radiative forcing of
cryoplane contrails is simulated to be by about 20%
lower in 2015 (or 30% in 2050) compared to the radia-
tive forcing of conventional contrails. The global mean
decrease in radiative forcing results from the decrease
in contrail optical depth, which outweighs the effect
of increased contrail cover due to the higher specific
emission of water vapour. However, in tropical regions,
where it is often too warm for contrail formation in the
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case of conventional aircraft, the increase in contrail
cover for the cryoplane case is found to be relatively
strong, leading to an increase in radiative forcing there.
Unfortunately, the uncertainties regarding the mean ef-
fective particle sizes even within conventional contrails
are quite large, rendering our GCM simulation results
more uncertain, too. For instance, our sensitivity studies
assuming different absolute particle sizes and shapes in-
dicate that a conclusive answer to the question whether
the globally averaged radiative forcing of cryoplane con-
trails is smaller than that of conventional contrails or not,
is not possible with the current state of knowledge. For
a validation of the microphysical contrail properties, it
would be strongly desirable to compare model results to
observations, i.e., measurements taken in the wake of a
prototype cryoplane, which presently do not exist.

Nevertheless, our studies suggest a considerably
lower climate impact due to cryoplane contrails than
estimated by MARQUART et al. (2001): First, the ef-
fect of the smaller optical depth of cryoplane contrails
on radiative forcing at least partly cancels the effect of
increased contrail cover. Second, our absolute radiative
forcing values (which were determined using the MAR-
QUART et al., 2003 method) are generally lower than
those assumed by MARQUART et al. (2001), who re-
lied on the respective radiative forcing estimate of the
IPCC (1999) report. Hence it appears that the impor-
tance of (line-shaped) contrails as a crucial component
to increase the total aircraft climate impact in case of a
technology switch to cryoplanes was certainly overesti-
mated by MARQUART et al. (2001).

Finally, we would like to note that in this paper we
restricted ourselves to the contribution of line—shaped
contrails. The purpose of this paper was not a complete
assessment of all the possible contributions to cryoplane
radiative forcing. We did not, for example, include re-
cent investigations regarding the direct radiative forcing
of aircraft water vapour emissions (GAUSS et al., 2003;
MORRIS et al., 2003), or the possible climate impact
of aged contrails (MANNSTEIN and SCHUMANN, 2005;
MINNIS et al., 2004). Hence, this study is just forming
one basic issue for a more comprehensive assessment
paper, which should also include more realistic scenar-
ios regarding the transition from conventional aviation
to cryoplane air traffic.
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