Atmos. Chem. Phys., 21, 16817-16826, 2021
https://doi.org/10.5194/acp-21-16817-2021

© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Reduced ice number concentrations in contrails from

low-aromatic biofuel blends

Tiziana Briuer', Christiane Voigt!?, Daniel Sauer!, Stefan Kaufmann!, Valerian Hahn', Monika Scheibe!,
Hans Schlager', Felix Huber!-, Patrick Le Clercq*, Richard H. Moore’, and Bruce E. Anderson’

!German Aerospace Center, Oberpfaffenhofen, Germany

2Department of Physics, Mathematics, and Computer Science, Institute of Atmospheric Physics, Johannes Gutenberg

University Mainz, Mainz, Germany

3Department of Aerospace Engineering, Institute of Space Technology and Space Applications, University of the Federal

Armed Forces in Munich, Munich, Germany

“Institute of Combustion Technology, German Aerospace Center, Stuttgart, Germany

SNASA Langley Research Center, Hampton, Virginia, USA
Correspondence: Tiziana Briuer (tiziana.bracuer @dlr.de)

Received: 9 July 2021 — Discussion started: 27 July 2021

Revised: 11 October 2021 — Accepted: 14 October 2021 — Published: 19 November 2021

Abstract. Sustainable aviation fuels can reduce contrail ice
numbers and radiative forcing by contrail cirrus. We mea-
sured apparent ice emission indices for fuels with vary-
ing aromatic content at altitude ranges of 9.1-9.8 and
11.4-11.6 km. Measurement data were collected during the
ECLIF II/NDMAX flight experiment in January 2018. The
fuels varied in both aromatic quantity and type. Between a
sustainable aviation fuel blend and a reference fuel Jet A-
1, a maximum reduction in apparent ice emission indices
of 40 % was found. We show vertical ice number and ex-
tinction distributions for three different fuels and calculate
representative contrail optical depths. Optical depths of con-
trails (0.5-3 min in age) were reduced by 40 % to 52 % for a
sustainable aviation fuel compared to the reference fuel. Our
measurements suggest that sustainable aviation fuels result in
reduced ice particle numbers, extinction coefficients, optical
depth and climate impact from contrails.

1 Introduction

In recent years, the scientific knowledge about climate forc-
ing from global aviation emissions has constantly increased.
Today, we know that air traffic contributes up to 4 % to an-
thropogenic climate forcing (Lee et al., 2021). According
to Lee et al. (2021) contrail cirrus was the biggest aviation

climate forcer in 2018 with 57.4 mW m~2, followed by car-
bon dioxide emissions with 34.3 mW m~2 and nitrogen ox-
ide emissions with 17.5mW m~2. Besides new propulsion
and fuselage concepts to reduce fuel consumption, the use of
sustainable aviation fuels (SAFs) can be a solution to imple-
ment contrail mitigation. Similar to kerosene, SAFs consist
of molecules containing mainly carbon and hydrogen. But in
contrast to the crude-oil-based kerosene, SAFs are not de-
pendent on fossilised carbon, and some have nearly zero aro-
matic content. The contrails studied in this paper formed by
burning blends of hydrotreated esters and fatty acids (HEFA)
and kerosene. HEFA is produced through transesterification
and hydrogenation of bio-based oils (Kaltschmitt and Neul-
ing, 2018). Due to the reduced aromatic content and varied
hydrocarbon types in the fuels, they have the potential to
change soot emissions and microphysical contrail properties
(Voigt et al., 2021).

The number of initial contrail ice crystals is the driv-
ing factor for the development and the climate-relevant pa-
rameters of the contrails (Unterstrasser and Gierens, 2010;
Burkhardt et al., 2018). Contrails are formed behind aircraft
flying at altitudes above 8 km and in conditions typically
colder than —40°C. The hot engine exhaust is mixed with
ambient air, which cools the exhaust plume and increases
the relative humidity with respect to liquid water (Kaufmann
etal., 2014). If the conditions in the exhaust exceed water sat-
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uration, the non-volatile, ultra-fine soot particles emitted by
the engines serve as condensation nuclei for water droplets.
The droplets immediately freeze into ice particles (Heyms-
field et al., 2010; Kircher, 2018). The development of a line-
shaped contrail is governed by the superposition of dynamic
and microphysical processes, and the particle and trace gas
concentrations are inhomogeneously distributed. A fraction
of the ice crystals follow a downward movement and form
the lower primary wake. At the same time the ice crystals
in the upper part of the contrail, near the flight level, grow
by uptake of water and form the secondary wake. Schumann
et al. (2013) showed that the ice particle concentrations are
larger in the secondary wake of the contrail. Vertical pro-
files of 1 to 4 min old contrails were also analysed by Gayet
et al. (2012) and JeBberger et al. (2013) with similar results.
Kleine et al. (2018) assessed the sublimation effects with data
of the ECLIF I experiment and showed that both soot and ice
particle number concentrations are a function of the position
behind and below the contrailing aircraft. An overview of
contrail observations has been compiled by Schumann et al.
(2017), and microphysical data on aged contrail cirrus have
been analysed by Voigt et al. (2017) and Chauvigné et al.
(2018).

The use of alternative jet fuels and their effect on soot
emissions have been researched during ground and flight
experiments before (Zschoke et al., 2012; Moore et al.,
2015, 2017; Schripp et al., 2018; Tran et al., 2020). Moore
etal. (2017) for example used in situ data to show that biofuel
blending reduces soot particle number and mass emissions
by 50% to 70 %. A reduction in contrail ice particle num-
bers of similar magnitude was first reported by Voigt et al.
(2021) for semisynthetic and biofuel blends observed during
the ECLIF I and ECLIF II/NDMAX experiments for limited
conditions near 10 km altitude.

As ambient conditions have a large impact on microphys-
ical contrail properties (Brduer et al., 2021), a more com-
prehensive overview of the contrail ice measurements during
ECLIF I/NDMAX is needed to assess the impact of biofuel
blends on aviation climate impact. With this publication, we
extend the study by Voigt et al. (2021) to a larger altitude
range between 9.1 and 9.8 km, and we also add observations
for higher altitudes between 11.4 and 11.6km. We also de-
scribe our results with respect to a different reference fuel
than the one used by Voigt et al. (2021). In the following, we
analyse medium values and vertical profiles of apparent ice
emission indices formed from burning fuels of varying com-
position. Burkhardt et al. (2018) showed with a global sim-
ulation that the climate impact of contrails is non-linearly
dependent on apparent ice emission indices. Therefore, we
contribute to the assessment of the contrail climate impact
by deriving optical parameters like the extinction coefficients
and contrail optical depths in addition to apparent ice emis-
sion indices.
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2 Experiment and instrumentation
2.1 ECLIF II/NDMAX

The ECLIF II/NDMAX flight experiment was part of the
DLR project Emission and Climate Impact of Alternative Fu-
els (ECLIF) and the NASA DLR Multidisciplinary Airborne
Experiment (NDMAX). It aimed to quantify the impact of jet
fuel aromatic content and molecular structure on soot emis-
sions, ice crystal formation and contrail properties (Briuer
et al., 2021; Voigt et al., 2021). The experiment took place in
January 2018 over northern Germany. As emissions source
aircraft, the DLR A320 Advanced Technology Research Air-
craft with two V2527-A5 engines was used. The aircraft is
shown in Fig. 1. The NASA DC-8 Airborne Science Labora-
tory followed the A320 at a distance between 4 and 30 km
(far field) and measured non-volatile particle number and
mass, ice crystal number size distributions, carbon dioxide
(C0Oy), and other emissions (Yang-Martin, 2021). The dis-
tances correspond to a contrail age between 30 s and 3 min.
These distances are necessary to avoid saturation of the op-
tical particle counters. The aircraft followed each other on
an elongated, oval flight track at altitudes between 7.8 and
11.6 km. Distributions of the temperature and the relative
humidity with respect to ice over the altitude are shown in
Fig. 1.

During the ECLIF II/NDMAX airborne measurements,
three different jet fuels were studied: a reference fuel Jet
A-1 (Ref 3) and two blends of reference fuels and HEFA
fuels produced from camelina oil (SAF 1 and SAF 2). Rel-
evant fuel properties are described in Table 1. By varying
blending ratios, different aromatic contents were obtained in
the fuels. Aromatics are cyclic hydrocarbons, characterised
by conjugated double bonds. Incomplete combustion of hy-
drocarbons in the fuels leads to the generation of soot parti-
cles. One type of aromatics, the stable, bicyclic naphthalene
molecules, are thought to increase the sooting behaviour dur-
ing fuel combustion (Chin and Lefebvre, 1990; Brem et al.,
2015). Therefore, SAF 1 and SAF 2 are designed to vary in
their naphthalene content, while their total aromatic content
is in the same range. Results of the ground measurements
during ECLIF II/NDMAX are published by Schripp et al.
(2021).

2.2 Particle and trace gas measurements

Ice number concentrations were measured with the fast for-
ward scattering spectrometer probe (FFSSP) in a particle
size range between 1 and 25 um (Baumgardner and Gan-
drud, 1998). The instrument was mounted next to the CO,
inlet on the upper side of the DC-8 fuselage. The probe
has been previously used for contrail measurements (Voigt
etal., 2010, 2011; Gayet et al., 2012; Chauvigné et al., 2018),
and its electronics received an update in 2017, such that the
recording of single-particle data is possible. The sampling
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Figure 1. The DLR A320 with contrail in January 2018 during the ECLIF II/NDMAX flight experiment. Source of photograph: DLR (CC-
BY 3.0 DE). The plots show plume encounter mean values of the temperature and the relative humidity with respect to ice (RHI) versus

altitude adapted from Briuer et al. (2021).

Table 1. Properties and sample statistic of jet fuels burned during ECLIF II/NDMAX.

Sustainable Sustainable
aviation aviation Reference Reference
fuel 1 fuel 2 fuel 3 fuel 4¢

Fuel composition 51%Ref3+ 70% Ref4 +
49 % HEFA 30% HEFA 100 % Jet A-1 100 % Jet A-1
Aromatics? vol% 8.5 9.5 18.6 16.5
Naphthaleneb mass% 0.61 0.045 1.17 0.13
Hydrogen® mass% 14.40 14.51 13.65 14.08
H : C ratio 2.005 2.023 1.884 1.953
Sulfurd mass% 0.007 < 0.001 0.012 < 0.001

Contrail samples:

9.1-9.8 km 103 63 - -
11.4-11.6km 38 54 12 -

2 ASTM D1319. ® ASTM D1840. ¢ ASTM D7171. 4 ISO 20884. © Only used during ground tests.

area of 0.19 mm? was determined by laboratory calibrations,
and the instrument was size-calibrated on the basis of a T-
matrix calculation for an ice particle aspect ratio of 0.5 (Bor-
rmann et al., 2000; Luo et al., 2003; Rosenberg et al., 2012).
The FFSSP particle size distributions were corrected for
small particles, following Briuer et al. (2021), so that particle
concentration between 0.5 and 1 pm can also be estimated.
The correction is based on the Cloud and Aerosol Spectrom-
eter (CAS), which was also part of the ECLIF II/NDMAX
instrumentation and measures ice particles with diameters
between 0.5 and 50 um. A function was fitted to the ratio
between the total CAS number concentration and the CAS
number concentration for particles larger than 1um. The
correction function increases exponentially with decreasing
contrail effective diameter (Francis et al., 1994). The FF-
SSP ice number concentrations are corrected by multiplying
them with the size-dependent correction function. The error
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of the correction increases with decreasing effective diameter
(Bréuer et al., 2021).

CO, was measured with a commercial Picarro G1301-m
greenhouse gas analyser based on wavelength-scanned cavity
ring-down spectroscopy (Crosson, 2008). Air from outside
the aircraft was sampled by a backward facing inlet. Several
calibrations were performed with commercial gas standards.
The accuracy depends on the cell pressure of the instrument
and its temperature during operation. Data are corrected for
water vapour content following Rella et al. (2013). The time
delay of the gas flow on the way from the inlet to the mea-
surement cell was estimated to be 3.3 s.

3 Calculation of hydrogen-to-carbon ratio, emission
index and extinction coefficient

Kerosene contains mainly carbon, hydrogen and sulfur. It can
be assumed that the sulfur content is negligible (in general

Atmos. Chem. Phys., 21, 16817-16826, 2021
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less than 0.07 mass%), and therefore the hydrogen-to-carbon
(H : C) mole fraction ratio can be calculated for the known
mass fraction of hydrogen wy as follows:

WH
M __ Ma (1
e 100 mass %—wy *

Mc

Environmental conditions, instabilities in the trailing vor-
tices and dilution lead to spatial inhomogeneities in the
exhaust (Unterstrasser, 2016; Schumann and Heymsfield,
2017). Therefore, ice particle concentrations in an aircraft
plume are normalised by CO, as a proxy for fuel burn in
order to calculate apparent emission indices (AEIs). The
ice number concentrations are related to the mass of fuel
burnt by scaling the measurements to the fuel-dependent
CO, emission index. For this calculation, we assume that
the combustion system has 100 % fuel conversion efficiency.
As ice particles are not directly emitted by the engines, the
term apparent ice particle emission index is used. Emission
indices are calculated following Moore et al. (2017).

The individual impact of a contrail on radiation through
the atmosphere depends on the extinction properties of the
ice crystals. The extinction coefficient bex; depends on the
extinction efficiency Qex:, the projected area of the ice parti-
cles and the ice number concentration Njc. (Schumann et al.,
2011):

2
D.
bext = ZQext . ﬂ(?l) : Nice- (2)
i

The extinction efficiencies were calculated for an aspect ratio
of 1.0 and a wavelength of 550 nm and approach a value of 2
for large ice particles.

4 Results and discussion
4.1 Fuel-dependent apparent ice emission indices

As shown in Bréuer et al. (2021), temperatures near the con-
trail formation threshold temperature prevail when contrails
are formed at altitudes below 9 km, leading to an incomplete
activation of soot particles into water (Kércher and Voigt,
2017). At these low altitudes, even small temperature vari-
ations under 1K significantly change the particle activation
fraction and the ice number concentrations in the contrails.
Therefore, we concentrate our study on altitudes above 9 km.
Voigt et al. (2021) showed a subset of the data at 9.1 t0 9.8 km
altitude, restricted to fuel flows of 1100+ 100 kg h~! and rel-
ative humidity with respect to ice larger than 108 %. Here,
we use the complete data set for the fuel intercomparison and
discuss the resulting impact and limitations.

To present ice crystal number in contrails independent of
contrail age and dilution, we calculate apparent ice emission
indices (AEIs). In Fig. 2, AEIs are compared on the basis
of the hydrogen-to-carbon (H : C) ratio of the varying fuels.
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Figure 2. AEI with respect to the hydrogen-to-carbon (H : C) ratio
of the fuels at two different flight altitudes. H : C ratio of Ref 3
(black): 1.884; SAF 1 (dark green): 2.005; SAF 2 (light green):
2.022. Small symbols show the upper 15% of the single-plume
encounters. Error bars show the standard deviations of the single-
plume encounters.

For the contrails measured during ECLIF II/NDMAX (age
between 30s and 3 min), sublimation effects can affect the
ice numbers in the vortex phase and have to be excluded to
receive a climate-relevant value for AEI. Therefore, we fol-
low Briuer et al. (2021) and calculate the mean of the upper
15 % AEI To ensure only contrails with full soot activation
are considered, relative humidity with respect to ice is re-
stricted to larger than 100 % for altitudes between 9.1 and
9.8 km and larger than 120 % for altitudes between 11.4 and
11.6km.

For high altitudes, we report a 23 % reduction of AEI when
burning SAF 1 compared to Ref 3 and a reduction of 40 %
when burning SAF 2. For altitudes between 9.1 and 9.8 km,
a6 % reduction is achieved when burning SAF 2 compared to
SAF 1. These values are in general agreement with previous
observations. Voigt et al. (2021) found AEI reductions in the
range of 50 % to 70 %, when comparing to a different Jet A-1
reference fuel with lower hydrogen content. It can be stated
that the number of ice crystals is reduced through the reduc-
tion of fuel aromatic content, which is also monitored by an
increase in fuel hydrogen content. Changes in fuel polycyclic
aromatic composition can further increase the reductions.

4.2 Vertical profiles of contrail properties

Figure 3 shows the vertical profiles of AEI (a and b) and
the extinction coefficients (c and d) for the contrails resulting
from burning each of the assessed fuels. The flight altitude of
the A320 is the reference level and corresponds to O m verti-
cal displacement on the y axes of the figures. For reasons of
simplicity, the mean values of several plume encounters are
calculated in 30 m altitude sections. Because of the reduced
number of plume encounters for the reference fuel Ref 3, sec-
tions with a depth of 60 m are calculated for this fuel. Only

https://doi.org/10.5194/acp-21-16817-2021
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a selection of section-based standard deviations are shown
to increase the clarity and readability of the plots. Due to
unfavourable weather conditions, no contrails resulting from
burning Ref 3 were observed at flight altitudes between 9.1
and 9.8 km. The number of plume encounters per altitude and
fuel type can be found in Table 1.

The vertical profiles of AEI in Fig. 3a and b show typi-
cal distributions for the aircraft type A320 (JeBberger et al.,
2013; Schumann et al., 2013; Kleine et al., 2018). The mea-
surements are distributed over a vertical range of 60 m above
and up to 240 m beneath the reference level of the aircraft.
The physical depth of a contrail varies with ambient condi-
tions such as atmospheric stability and the humidity distribu-
tion. Produced by the same aircraft and at the same flight al-
titude in similar conditions, the physical depth is constant for
varying fuels, even though in theory, different particle sizes
lead to variations in sedimentation and sublimation processes
(Unterstrasser and Gorsch, 2014; Kleine et al., 2018).

Sublimation effects, which lead to a decrease in the ice
crystal numbers in vertical direction below the A320, de-
pend on the relative humidity over ice, temperature and atmo-
spheric stability. Figure 4 shows two image recordings of the
DC-8 forward camera during ECLIF II/NDMAX. Figure 4a
shows a contrail unaffected by sublimation, and Fig. 4b
shows a contrail strongly affected by sublimation with a sec-
ondary wake forming above the descending contrail vortices.
In Fig. 3a and b, sublimation effects of different emphasis
can be observed in the vertical profiles of AEI. For both alti-
tudes, AEIs are increased at the level of the secondary wake
near the initial emission level at O m. For altitudes between
9.1 and 9.8 km, AEIs are also slightly increased in the lower
primary wake, and sublimation effects are reduced at these
altitudes. However, the highest AEIs are always found in the
upper secondary wake as also shown by Kleine et al. (2018).
Mean values of AEI are depicted by dashed, vertical lines,
and in contrast to mean AEI in Fig. 2, these values consider
all sublimation effects. At altitudes between 9.1 and 9.8 km
the mean AEI is 1.3 x 10" kg™! for SAF 1 and 7.4 x 10'4
kg~! for SAF 2. The mean AEI at altitudes between 11.4
and 11.6km is 5.9 x 10'*kg™! for SAF 1, 5.8 x 10'*kg™~!
for SAF 2 and 1.2 x 10" kg~! for Ref 3.

The global climate impact of contrails is non-linearly
dependent on the reduction of initial ice crystal numbers
(Burkhardt et al., 2018). The dependence of contrail micro-
physical and radiative properties on initial ice crystal num-
bers then remains over the contrail cirrus life cycle. We calcu-
late the extinction coefficients of the contrails to present the
relation between contrail ice crystals and radiation. Unter-
strasser and Gierens (2010) show that extinction is a suitable
variable for comparing similarly aged contrails. The contrail
life cycle further depends on meteorological parameters like
temperature and humidity, vertical wind shear, atmospheric
stability, the depth of the supersaturated layer in which the
contrails are formed and the radiation budget (Schumann and
Heymsfield, 2017; Unterstrasser et al., 2017).

https://doi.org/10.5194/acp-21-16817-2021
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The vertical profiles of the extinction coefficients are
shown in Fig. 3c and d. At altitudes between 9.1 and 9.8 km
the mean extinction coefficients are 2.5km™"' for SAF 1 and
1.5km™~! for SAF 2. The mean extinction coefficients at alti-
tudes between 11.4 and 11.6km are 0.4km ™! for SAF 1 and
0.6km™! for SAF 2. The mean Ref 3 extinction coefficient at
the altitude between 11.4 and 11.6km is 1.5km ™! and hence
a factor of 2.5 higher than the mean extinction coefficients
of both biofuels at the same altitude. In the following sec-
tion the extinction coefficients are used to calculate the fuel-
dependent contrail optical depths.

4.3 Fuel-dependent contrail optical depth

The contrail optical depth (COD) is a dimensionless mea-
sure of the degradation that a beam of radiation directed
straight downwards experiences when passing through a con-
trail (Wallace and Hobbs, 2006). It is derived by integrating
the extinction with respect to the vertical physical contrail
depth. The ECLIF II/NDMAX CODs for the measured fu-
els are calculated by integration of the extinction coefficients
shown in Fig. 3c and d (shaded areas). The resulting CODs
for the three fuels at two different altitudes are presented in
Fig. 5. The bars show the COD range for the uncertainty in
physical contrail depths and are estimated based on the dis-
tribution of the measurements over the vertical range of the
contrails. Fewer plume encounters were made for the Ref 3
fuel, which results in large variability bars.

For high altitudes, a COD reduction of 40 % to 52 % can
be calculated when comparing the biofuel blends to the ref-
erence fuel. Due to atmospheric variability, it is not possi-
ble to evaluate the tendencies of the contrail optical depth
that result from the sustainable aviation fuels. SAF 2 with re-
duced naphthalene content produces reduced AEI compared
to SAF 1. But when calculating the climate-relevant param-
eter of optical depth during this early contrail age, the dif-
ferences are reduced or even reversed. The reason is that re-
duced particle numbers under similar contrail formation con-
ditions will lead to larger particles, as there is more water
vapour available for particle growth. The ice particle sizes
are strongly influenced by atmospheric conditions in the fur-
ther contrail evolution, and therefore, they are highly vari-
able. The total contrail extinction (Unterstrasser and Gierens,
2010; Unterstrasser and Gorsch, 2014) and the radiative forc-
ing of contrail cirrus (Burkhardt et al., 2018) are strongly
dependent on initial ice crystal numbers. The optical depth
varies strongly during the life cycle of a contrail (Unter-
strasser and Gierens, 2010; Vazquez-Navarro et al., 2015).

In Fig. 5, the calculated CODs are compared with in
situ and satellite observations (dashed and dotted lines) and
model-derived values (compact lines). Freudenthaler et al.
(1995) detected contrail height and width with a ground-
based scanning lidar. Results covered a COD range of 0.05
to 1 for contrail ages between 1 and 60 min (Schumann et al.,
2017). Voigt et al. (2011) determined optical depths of up to

Atmos. Chem. Phys., 21, 16817-16826, 2021
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Figure 3. Profiles of mean AEI (a, b) and mean extinction coefficients (¢, d) in 30 m sections (60 m for Ref 3). The A320 flight level is
depicted by the grey horizontal reference line at O m. Dashed vertical lines show overall means. Error bars show a selection of standard
deviations of the single-plume encounters in 30 m sections (60 m for Ref 3). The shaded areas in panels (c) and (d) show the calculation of
the contrail optical depths by integration of the extinction coefficients. (a, ¢) 9.1-9.8 km (diamonds). (b, d) 11.4-11.6 km (squares).

Figure 4. Contrails of the A320 recorded by the DC-8 forward camera on two different days and for different ambient conditions during
ECLIF II/NDMAX. Source: National Suborbital Research Center. (a) Contrail unaffected by sublimation. (b) Contrail affected by sublima-
tion with a secondary wake forming above the descending contrail vortices.
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depths of the contrails.

6 min old contrails by in situ measurements. Data of the 2008
CONCERT experiment were used to derive the optical depth
by multiplying the extinction with physical contrail depths
calculated using dynamic vortex simulations by Holzépfel
(2006). Vazquez-Navarro et al. (2015) detected contrails
with an automatic contrail tracking algorithm (ACTA) from
Meteosat observations. The mean optical depth of contrails
with an averaged lifetime of 1 h was 0.34. Finally, Bock and
Burkhardt (2016) used a contrail cirrus parameterisation de-
veloped for the ECHAMS model to describe the mean op-
tical depth of contrails in a vertical profile. Contrails were
simulated to form between 30 and 70° N with optical depths
greater than 0.05 and to have an age of 7.5 min. Larger CODs
at the lowest altitudes result from neglecting incomplete con-
trail activation near the contrail formation temperature and
have been changed in subsequent studies (Burkhardt et al.,
2018; Bock and Burkhardt, 2019). Figure 5 shows the vari-
ability and the range of contrail optical depths as a quan-
tification of the individual contrail radiative impact. Varying
averaging volumes and contrail ages lead to differences be-
tween COD derived from simulations and observations.

For contrail optical depths (CODs) smaller than 1, the con-
trail radiative forcing is proportional to COD (Meerkotter
et al., 1999). Lee et al. (2021) give a consolidated estimate
of contrail cirrus effective radiative forcing of 57.4 mW m~2.
The estimations are based on several global climate models
(Burkhardt and Kircher, 2011; Chen and Gettelman, 2013;
Schumann et al., 2015; Bock and Burkhardt, 2016; Bickel
et al., 2020). A study by Gettelman et al. (2021) calculates
a similar effective contrail radiative forcing of 62mW m~2.
Uncertainties for these values are high, inter alia, because the
COD remains highly uncertain (Schumann et al., 2021a, b).
Sanz-Morere et al. (2021) state that global estimations of av-
erage COD can vary from 0.065 to 0.3. The individual CODs

https://doi.org/10.5194/acp-21-16817-2021
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of ECLIF II/NDMAX are slightly higher than the underly-
ing COD values of the current best effective radiative forcing
estimate in Lee et al. (2021), which can be explained by the
early development stage of the ECLIF II/NDMAX contrails.

5 Conclusions and outlook

For ECLIF II/NDMAX, up to 40 % reduction in apparent ice
emission indices was measured. SAF 1 and 2 had similar aro-
matic content but varied in aromatic type. An additional re-
duction in AEI of up to 20 % was measured for the SAF with
reduced naphthalene content. The individual contrail opti-
cal depth was reduced between 40 %—52 % for a sustainable
aviation fuel compared to the reference fuel. For the future,
a drastic reorientation of fuel compositions could provide
strong benefits for climate, which comes without the cost of
enhanced CO; emissions when rerouting air traffic. Signif-
icant reduction of aviation climate forcing can be achieved
by the widespread implementation of SAF blends in airport
fuelling systems and by the use of unblended sustainable avi-
ation fuels.
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