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Abstract.

Aviation forces the climate via multiple pathways: The emission of carbon dioxide (CO,) from conventional propulsion
technologies has a warming effect, but also non-CO, effects like contrail cirrus play a crucial role. For new hydrogen (H,)
based propulsion concepts there are no direct CO, and soot emissions, but higher water vapor emissions, which can affect
the formation, micro-physical properties and the climate impact of contrails. In-flight measurements of relevant contrail and
emission parameters of fuel cell propulsion systems are non-existent. In order to study contrail formation in the wake of
fuel cell powered aircraft, a fuel cell exhaust emulator (FCEE) was designed by Airbus to produce the low temperature and
high humidity exhaust conditions expected from these systems. Due to their unique exhaust composition and thermodynamic
emission characteristic, processes such as plume mixing with ambient air are crucial to understand contrail formation. Further,
to compare engine and fuel-dependent contrail properties, in situ methods derive a dilution corrected apparent ice emission
index (AEI) using conservative tracers, like CO, or nitrogen oxides (NOx). As the FCEE emits no such inert trace gas, a newly
developed artificial dilution tracer system was used. The design and characterization of this system, as well as the significance
and application for exhaust dilution and emission index assessment of fuel cell-powered aircraft in flight, are described.

As part of the Nephele flight test campaign, in December 2023 in Minnesota, USA, the prototype FCEE and artificial dilution
tracer release system were installed on board a Convair C131. The sampling system was installed on a Piper Cheyenne 400LS
chaser aircraft, together with instrumentation for emission and contrail measurement, both aircraft operated by AV Experts
LLC. A proof-of-concept of the artificial tracer system was demonstrated in contrail and emission flights. Contrails formed on
aerosol particles emitted by the FCEE near the homogeneous freezing threshold (at ambient temperatures around 230 K) were
sampled at 400 hPa in distances between 50 and 1500 m behind the aircraft. An increase of AEI from 1.4-10'% to 4-10'° kg;;!

with increasing temperature difference of 3 to 5 K below the homogeneous freezing temperature was observed. As contrails
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from fuel cell systems already form at higher ambient temperatures compared to conventional propulsion systems, these are
the first contrail measurements in this temperature range. Complementary model simulations suggest that droplet freezing is

responsible for the evolution of ice crystal numbers in this temperature range.

1 Introduction

The global increase in atmospheric carbon dioxide (CO,) is the biggest contributor to anthropogenic climate change (Calvin
et al., 2023). Aviation’s share of global CO, emission in 2018 was around 2.4% (Lee et al., 2021). Besides the emission of
CO,, also non-CO, effects of aviation, like the formation of contrail cirrus and nitrogen oxides (NOx) emissions, influence
the climate. Although their global warming contributions are less well understood and subject to greater uncertainty, studies
suggest that their impact may be greater than the CO, contribution by a factor of 2 in terms of effective radiative forcing
(ERF) (Lee et al., 2021). In contrast to CO, with its long residence time in the atmosphere and corresponding long-lasting
radiative and climate impact, non-CO, effects, in particular persistent contrails, have a short-term radiative effect in the order
of 10-15 hours (Kércher, 2018), with additional corresponding climate feedback effects lasting for several decades (Borella
etal., 2024; Bickel et al., 2025). A reduction in these effects therefore leads to an instantaneous reduction in aviation’s warming
contribution to the climate. In view of the strong expected growth in the aviation industry due to increasing air travel demand
(Airbus, 2023; Boeing, 2023), the reduction of non-CO, effects is an important starting point for achieving the climate targets
in aviation (BMVD, 2022).

Current efforts to establish hydrogen as a new energy source in aviation are also putting the spotlight on non-CO, effects.
Both the use of fuel cells and direct hydrogen combustion reduce direct CO, emissions to zero. However, the non-CO, effects
remain relevant, with substantial uncertainties due to the lack of measurements. Model studies on the formation conditions
of contrails from hydrogen-powered aircraft have already been carried out, but there are major uncertainties on the number
of initially formed ice crystals and a lack of experimental validation (Schumann, 1996; Ponater et al., 2006; Gierens, 2021;
Bier et al., 2024). The initial ice crystal number concentration in turn influences the total number of formed ice crystals and
therefore the contrail life time (Lottermoser and Unterstrasser, 2026) and radiative forcing (Burkhardt et al., 2018). In view of
the long development times in the aviation industry, it is important to improve our understanding of the topic in order to give
early recommendations for current technologies (Voigt et al., 2026) and future development strategies for hydrogen propulsion
concepts (Jurkat-Witschas et al., 2025).

One important way to improve our understanding of the underlying effects of contrail formation is through in-flight in-situ
measurements. These can provide important data to tune and validate numerical prediction models (Bier et al., 2022; Lewellen,
2020; Bier et al., 2024; Lottermoser and Unterstrasser, 2025a; Zink et al., 2025a; Zink and Unterstrasser, 2025) and thus sup-
port the climate impact assessments of new technologies (Gierens, 2021) for a whole fleet. In the case of aircraft propelled by
electric motors powered by hydrogen fuel cells no in-flight experiments have been carried out so far, due to the unavailability
of testable emission sources.

Apart from the measurement of non-CO, emissions like water vapor, ice crystal number concentrations and NOy, the main



55

60

65

70

75

80

85

https://doi.org/10.5194/egusphere-2026-2887
Preprint. Discussion started: 24 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

ambient parameters to assess contrail formation like temperature and relative humidity (RH) have to be quantified. Of particular
importance is the determination of emission indices (EIs) of all relevant forcing parameters to compare different technologies
and fuels. An emission index relates the amount of the emitted species to the fuel consumption. It is therefore independent
of plume dilution effects and compensates for inhomogeneity in the exhaust plume during in-flight measurements. An ex-
ample of an EI is the apparent ice emission index (AEI), which relates the number of ice crystals produced to the mass of
fuel burned. To derive an EI from airborne in-situ measurements, an inert trace gas with a known concentration at the engine
exit, measured simultaneously with an emission or contrail property (e.g. the ice crystal number concentration) is needed as a
reference parameter. Assuming that the trace gas follows the same trajectories as the heavier ice or aerosol particles, the trace
gas serves as a dilution tracer. For kerosene-powered aircraft, the emitted CO, is perfectly suited for this purpose. Its EI is
easily determined beforehand based on the carbon content of the fuel and can therefore be used to calculate the EI of other
emission parameters (Schulte and Schlager, 1996; ICAQO, 2017). CO, has been used successfully for this purpose in past in-situ
emission measurements (Moore et al., 2017; Voigt et al., 2021; Mirkl et al., 2024). However, this approach is no longer viable
for hydrogen-powered aircraft, due to the missing CO, as a combustion product. To overcome this issue, a novel artificial
dilution tracer system was developed and tested in-flight. The goal of the tracer system is to enable CO,-independent dilution
measurements needed to better understand contrail formation processes behind hydrogen-powered aircraft.

This article describes the setup, characterization and successful deployment of the novel artificial dilution tracer system, hence-
forth referred to as the ATReUS (Artificial Tracer Release Unit and Sampling) system. It has been developed for the purpose of
fuel cell emission characterization during the flight test campaign "Nephele" in December 2023. The aim of the campaign was
to test a prototype fuel cell exhaust emulator (FCEE) designed and operated by Airbus, emulating the exhaust conditions of a
fuel cell in flight to investigate contrail formation in the nascent aircraft plume. The test campaign took place in Minnesota,
USA, in December 2023 and was lead by Airbus. The German Aerospace Center (DLR) provided and operated the instruments
for the contrail and emission measurements. A Convair C131 was used as the lead aircraft carrying the FCEE. In formation
flights, the emissions and contrails behind the FCEE were measured by a Piper Cheyenne 400LS equipped with an emission
and contrail measurement payload adapted to the aircraft. Both aircraft were operated by AV Experts LLC.

The collected data is used to compare the dilution properties of the FCEE to those of the gasoline-burning engines of the C131
and to characterize and validate the artificial dilution tracer concept. The AEI value of the FCEE is calculated based on the data
and the importance of an independent tracer system, which provides the means to quantitatively assess the mixing conditions
behind the aircraft, is discussed. We explain why this is essential for measurements of non-CO, effects of hydrogen propelled
aircraft and demo missions of hydrogen propulsion.

The conditions of droplet formation and freezing are inherently different in aircraft exhaust plumes than they are in nature
as the time scales for nucleation and cooling are much shorter. For exhaust emissions without a strong initial jet velocity, the
cooling rate may differ significantly to those with a strong jet (Lottermoser and Unterstrasser, 2025b). In order to study this
effect, we additionally try to shed light on the freezing time scales for droplets in a fast cooling exhaust.

The development of the ATReUS system is described in Section 2. An overview of the Nephele flight test campaign and the
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measurement instruments used is provided in Section 3, including a description of the FCEE design and the procedure for

contrail prediction and flight planning. The results of the trace gas and contrail ice analysis is discussed in Section 4.

2 Development of the Artificial Tracer Release Unit and Sampling system (ATReUS)

The lack of CO, in the exhaust of hydrogen based propulsion technologies and thus the lack of a dilution tracer prompted
the development of the ATReUS system for dilution measurements. A schematic of the working principle is shown in Fig. 1
(a). The general idea is the release of a trace gas which, at the time of release, is well-mixed with the exhaust of the emission
source. Then, by performing in-flight co-located measurements with a chaser aircraft of both the trace gas and emission species
in the plume of the lead aircraft, the dilution effects can be quantified and an EI calculated. In the case of the Nephele flight
test campaign, the artificial dilution tracer was released inside the FCEE, approximately 8 m upstream of its exhaust plane.
This ensures that the artificial dilution tracer is well mixed with the FCEE airflow at the exhaust. The artificial dilution tracer
is clearly distinguishable from other emission species produced during combustion like the CO, emitted by the engines of the
carrier aircraft and can therefore be used to identify the exhaust plume of the FCEE.

Finding a suitable trace gas for this application is the first step in the design process. N,O was chosen here. This is followed
by an investigation on dimensioning and the operational scope of the release subsystem, based on tracer measurements of
previous flight experiments. Then a N,O sensor is selected and modified for aircraft measurements (in this case a LI-7820
N,O/H,0 Trace Gas Analyzer by LI-COR). The environmental impact of the tracer system is assessed and the methodology of
calculating Emission Indices (EI) based on the artificial dilution tracer provided. By comparison with the established dilution

tracer CO, a proof of principle is provided in Section 4.

2.1 Selection of a suitable trace gas

The first step in designing the ATReUS system, is the selection of a suitable trace gas. Here, nitrous oxide (N,O) is chosen for
this application: It has a low ambient background mole fraction of about 330-340 ppbv in the middle troposphere (Tian et al.,
2024), ensuring that only a small amount of gas has to be released in order to obtain an adequate mole fraction enhancement
above the background. Additionally, due to its long atmospheric lifetime, it is essentially homogeneously distributed in the
upper troposphere (Krysztofiak et al., 2023), where the test flights take place. This enables clear identification of the emitted
species without complicated and error prone corrections of the background. Furthermore, no phase changes or chemical de-
composition of N,O are expected in the considered exhaust conditions. We note here that N,O can also be produced in small
quantities during combustion processes (Santoni et al., 2011). Therefore, the released quantity is kept well above this in order
to clearly identify emission sources.

N,O is used in different industries, e.g. narcotics, and is therefore relatively cheap and easily available. This reduces costs
as well as uncertainty regarding the trace gas supply especially during campaigns. Additionally, N,O is non-toxic and can be

easily stored in a pressurized bottle, either gaseous or liquefied. But, because it is a potent oxidizer, careful handling is required
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Figure 1. a: Concept of the artificial dilution tracer system: the controlled release of a trace gas, that is not attributable to combustion
processes in the quantities released, in this case N>O, makes it possible to identify the emission source and distinguish the plume of the
FCEE (blue) from the exhaust plumes of the main engines (red). b: Proof-of-concept experiment, in which the tracer was released close to
the engine exhaust, to directly compare the dilution characteristics of the artificial dilution tracer with CO, emitted from the engines (see
also 4.1).

for its storage and use. Also, CO, and N,O have similar molar masses and therefore similar diffusion speeds (Graham, 1995).
This is particularly important for measurements taken at distances of several kilometers between the lead and chaser aircraft, as
diffusion processes play an important role there (Lottermoser and Unterstrasser, 2025b) and comparability with past measure-
ments, that use CO, as dilution tracer, must be maintained. Another factor is the availability of detectors that can capture the
variable conditions and large gradients of the tracer in the plume. In the case of N, O, different sensors are commercially avail-
able due to its relevance as a greenhouse gas in the industrial and agricultural sectors. The adaptation to flight measurements in
turbulent conditions was the main challenge here. To summarize, the combination of release and detection mechanism in terms
of availability, safety, ambient background concentrations and detectability provided conclusive arguments to use N,O as the

trace gas for our application.
2.2 Design of the tracer release unit

The design goal of the tracer release unit is to generate N,O enhancements over the ambient mole fraction (Ary,o) within the
measurement range of the sampling instrument over a large range of plume samples at varying distances and mixing stages.
The necessary amount of N, O trace gas released into the exhaust flow is estimated by taking the relevant boundary conditions

into account: the targeted measurement distances, the total flow of the emitted exhaust gases (in this case the mass flow through
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the FCEE), the background variability of ambient N, O, as well as a detection limit of the N,O sensor.

For our experiment, a maximum distance of 1500 m between lead and chaser aircraft was chosen as the relevant target distance
range, thus the system was mainly tuned to near-field measurements. The limit of quantitation (LOQ) for the N,O sensor of
4 ppbv was set conservatively at ten times the standard deviation (of 0.4 ppbv according to the manufacturer for 1 Hz averaged
data, more details on the selection process of the N,O sensor can be found in Section 2.3). To compensate for variability of
the ambient N,O mole fraction and to take the novelty of the concept into account, this budget was doubled resulting in an
estimated combined detection limit of 8 ppbv. Using the empirical dilution law derived by Schumann (Schumann et al., 1998),
which is based on past in-flight dilution measurements, the necessary minimum N, O mass flow was estimated. The detection
limit and the expected enhancements over background at the respective plume centers are shown in Figure 2. The black lines
represent the expected tracer enhancements for a given initial exit mole fraction over the distance between measurement and
point of emission. Based on this study the minimum necessary N,O mole fraction at the exhaust plane of the FCEE was esti-
mated to be 610 ppmv (comparable to the dashed line in Figure 2). Assuming a total air mass flow of 0.2kgs~! through the
FCEE, the initial tracer release was set to 6 slpm (liter at atmospheric pressure and 0 °C per minute) of N,O following this
analysis.

Two mass flow controllers (MFC) from Bronkhorst, with a combined maximum nitrogen equivalent flow of 15 slpm provide
the precisely set mass flow of N,O. This setup allows for an adjustment range from 0.5 to 10.5 slpm N,O. The two MFCs are
installed inside a standard 19” slide-in, together with a data logger and two MFC adjustment dials to enable in-flight N,O mass
flow adjustments (Fig. 3). The slide-in is supplied with 28 VDC and a constant pure N,O gas flow with an inlet pressure of
2-3 bar. The gas supply was realized with a gas bottle filled with highly purified (99.998%), liquefied N,O. 1/4” PFA (Perflu-
oroalkoxy alkane) tubes are used for the N,O plumbing between gas supply, slide-in and tracer outlet. For the tracer outlet a
1/4” stainless steel tube with a 90° bend in flow direction was installed centered inside the FCEE heated air supply. During
the Nephele flight test campaign the N,O mass flow was increased to 9.33 slpm (90% of the maximum flow rate) achieving a
mean mole fraction of 845 ppmv at the exhaust plane of the FCEE. This adjustment was made to increase Arn,o and achieve

better detection of the FCEE exhaust plume.

2.3 Selection and modification of a N,O sensor for ATReUS

Due to its atmospheric importance as a strong greenhouse gas and most important ozone-depleting substance, a variety of
N,O measurement systems are commercially available. Significant progress has been made recently, particularly in the field of
laser spectroscopy, with many instruments already having been successfully tested in flight (Pitt et al., 2016; Gvakharia et al.,
2018; Waldmann et al., 2026). The sensor of the sampling subsystem of ATReUS is required to have good precision in the
range of the N,O atmospheric background mole fractions, ideally with a dynamic range with a factor of 100 to 1000 above
the atmospheric mole fraction of 337 ppbv (global mean, NOAA, Lan et al., 2026). A stable instrument, with minimal internal
drift, cross sensitivities and changes in the sensitivity, is advantageous to avoid the need for in-flight calibration measurements

and thereby reduce system complexity and weight. Additionally, the sensor should be compact and light. To realize a high
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Figure 2. Estimated dilution rates of an artificial N,O tracer, based on past in-flight dilution measurements of commercial aircraft (Schumann
et al., 1998); The dilution ratio N according to Schumann et al. (1998) is displayed in green over the corresponding distance between exhaust
exit plane and sampling inlet for an estimated aircraft speed of 100 ms~". The black lines indicate the evolution of the N»O enhancements
above the atmospheric background Ary,o for different N,O mole fractions at the FCEE exhaust. The red line represents the detection limit

of 7 ppbv of the in-flight sampling system.
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Figure 3. System architecture of the ATReUS system; the release subsystem was installed on the Convair C131 lead aircraft. The sampling

subsystem was installed on the Cheyenne Piper 400LS chaser aircraft and is shown on the right.
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temporal resolution which is required for airborne emission measurements with large gradients, a high sampling frequency is
needed. For the formation flights and the associated close distance exhaust plume encounters large gradients of water vapor
concentrations are to be expected (background to in-plume). An additional capability to measure H,O is therefore desired, to
correct for cross-sensitivity effects.

Ultimately the LI-7820 N,O/H,0 Trace Gas Analyzer by LI-COR, Inc. was selected because it meets these requirements. It
uses the optical feedback cavity enhanced absorption spectroscopy (OF-CEAS) technique to derive the concentrations of N,O
and H,O from their optical absorption characteristics inside an optical cavity. Here, light reflected back from the cavity to the
laser facet acts as an external source of injection seeding, leading to laser-cavity resonance, thereby reducing the linewidth of
the laser source emission and enhancing the signal intensity. The molecular absorption properties of the sample gas are eval-
uated at different wavelengths, which correspond to the resonance frequencies of this laser-cavity feedback effect. The sensor
has a sampling rate of 1 Hz. Its compact size and low weight is well suited for an aircraft installation.

The sensor housing was modified to fit into a DLR Falcon 20 instrument rack, and an additional scroll pump was installed to
enable measurements at the low pressures encountered during flights (Fig. 3). The N,O sensor was characterized beforehand
in this configuration. It was found that the additional scroll pump did not effect the quality of the measurement but reduced the
residence time in the inlet line. The precision of 0.4 ppbv at 330 ppbv provided by the manufacturer was validated under labo-
ratory conditions. For dry gas with constant composition an even better precision of 0.1 ppbv was observed. This was found to
be well suited for the intended purpose. The instrument drift was determined to be 0.2 ppbv over a time of 13 h. In view of the
expected duration of the measurement flights of up to 5 h, this means that no in-flight calibration is needed to compensate for
instrument drift. To ensure comparability to other instruments and data sets all measurements are referenced to an international
standard. The calibration strategy is described in Appendix A. For accurate dilution measurements, the sampling inlet needs to
be co-located with the inlets for the relevant emission measurements, with the length of tubing between the inlet and the sensor
kept to a minimum. Close proximity of the sampling inlets allows for a more precise dilution correction, by reducing radial
dilution effects and uncertainty related to the aerodynamic influence of the chaser aircraft’s structure. The positioning of the

sampling inlets for the Nephele flight test campaign is shown in Fig. 4.

2.4 Calculation of Emission Indices and other dilution-corrected metrics based on the artificial dilution tracer

Emission indices (EI) are calculated to assess emissions independently of dilution due to atmospheric mixing of the measured
exhaust plume with ambient air and due to spatial inhomogeneities inside the exhaust plume itself. They relate the quantity of
an emission to the consumed fuel mass. This allows comparisons to be made between different operating conditions and also
between different aircraft types and propulsion technologies with regard to their emissions. In addition, they make it possible
to estimate the total emission mass, based solely on fuel consumption.

EI for the artificial N,O tracer can be calculated directly using a mass flow ratio as shown in equation 1. Here, 7,0 is the

released N> O mass flow and m,..¢ is a reference mass flow. The reference mass flow can be chosen in such a way that the best
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comparability can be established, depending on the respective application. For example, in the case of an implementation of

the artificial dilution tracer in a fuel cell system, the hydrogen consumption is a logical choice.

MN,0

Eln,0 = — (D
Mref

EIX:LS(X)EINQO 2)
ATNQO

S(x) = Vin/Mn,0  for particles )
Mx /Mx,o for trace gases

By providing an EI for the artificial dilution tracer, the Els of all other emissions can be derived using equations 2 and 3,
adapted from Moore et al. (2017). For this, the N,O concentration enhancement over background (Ary, o), the molar mass of
N,O (Mn,0) and the measured concentration enhancement (A X) of the species X for which the emission index is calculated,
is needed. In the case of particle measurements, V;,, is the molar volume of ideal gas at standard temperature and pressure
and in the case of trace gas measurements, M x is the molar mass of species X. It is important to note that all resulting Els
calculated from this refer to the reference mass flow used in equation 1 accordingly. EI calculated in this way depends heavily
on the reference mass flow used, which must therefore always be specified. When comparing the EI of hydrogen and kerosene
combustion systems, it makes sense to normalize the hydrogen EI on the basis of the ratio between the energy contents of both
fuels.
For the Nephele flight test campaign, it was decided to use a hypothetical hydrogen mass flow as the reference mass flow for
EI calculation. Taking into account a stoichiometric ratio, the hypothetical amount of hydrogen consumed was calculated from
the amount of water emitted. The reaction is shown in equation R1, two hydrogen molecules react with an oxygen molecule
to form water. Equation 4 indicates the reaction mass balance, taking the molar masses of all reactants into account. Finally,
the calculation of the reference mass flow is displayed in equation 5. The water vapor mass flow 1H,0 vapor going through the

fuel cell emulator was monitored during the flight experiments.

1gHy +7.938g02 =8.938gH,0  (My, =2.016gmol ™!, Mo, =31.999gmol ', My,o = 18.015gmol 1) 4)
. . m vapor
Myref = MHyhyp = THz0 vapor )

8.938
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Here, My,, Mo, and My,o are the molar masses of hydrogen, oxygen and water. 71, nyp is the hypothetical hydrogen
mass flow and 7721, 0 vapor the water vapor mass flow through the FCEE, assuming no additional liquid water is emitted.
Additionally, the artificial dilution tracer allows a direct estimation of the concentration of an emitted species at the exhaust.
This can be done, by quantifying the exhaust plume dilution with ambient air at the point of sampling. For this the mole
fraction of the artificial dilution tracer at the emission source needs to be monitored. By relating this to the Ary,o sampled
by the chaser aircraft, a dilution factor Ng; can be calculated directly (see equation 6). Ng; on the other hand can be used to
estimate the concentration of any additionally measured species X at the exhaust exit plane. Furthermore, in the case of contrail
ice crystals, the respective number concentration at the exhaust exit plane can then be used to calculate the number of formed

ice crystals per flight meter (see equation 7).

Arn,0  ArN,o  Mair - MN,0

(6)

TNoO_ex mNgO : Mair

Nice_fm = Ndil : Nice : Aex (7)

Here Ny is the dilution factor, rn,0 ex 1S the mole fraction of the artificial dilution tracer at the exhaust of the emission
source, Arn, o is the measured enhancement of N,O mole fraction above the atmospheric background, A is the surface area
of the exhaust, N;.. is the measured ice crystal number concentration and Njce g 1S the number of emitted ice crystals per
flight meter in m L. 77, is the total mass flow through the FCEE with the corresponding molar mass M,;,. Like the calculation
of an AEI with the help of the artificial dilution tracer, this approach is only viable, if the measured species X can be clearly
assigned to an emission source. This enables a unique evaluation of dilution-corrected emission parameters, which would not

be possible without the artificial dilution tracer.
2.5 Environmental Assessment

N,O is the third-most-important human-emitted greenhouse gas (Calvin et al., 2023). N,O perturbations have an effective
residence time of 109 years (Prather et al., 2015). According to the IPCCs Fifth Assessment Report from 2023 (int, 2023),
N, O has a global warming potential (GWP) of 273 4 130 over a 100 year time horizon. Therefore, the emission of N,O, which
is used as the artificial dilution tracer in this case, has to be assessed in terms of its climate impact.

During the Nephele flight test campaign in December 2023, the artificial N, O tracer was used during five flight tests for an
approximate total duration of 11 hours. Considering a gas flow of 9.5 slpm, a total mass of 11.5kg N,O was released. This
corresponds to an equivalent CO, emission of 3140 kg, or the CO, emission of burning one metric ton of kerosene (in terms
of GWPj(). Better understanding of the underlying contrail forming processes and a resulting potential reduction in non-CO,
effects in the future, justify this contribution. Still, the climate impact shall not be neglected and must be assessed for future

uses of N>O as an artificial dilution tracer.
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Figure 4. Chaser aircraft: Piper Cheyenne 400LS operated by AV Experts LLC, with instruments installed and operated by DLR. All
instruments except the cloud probe were installed inside the cabin. Trace gas and aerosol inlets were placed next to the cloud probe below

the aircraft’s fuselage.

3 The Nephele flight test campaign

Two aircraft were modified for the Nephele flight test campaign carried out in December 2023 lead by Airbus. The lead
aircraft, a Convair C131 powered by two Pratt&Whitney R-2800 Double Wasp radial aircraft engines owned and operated by
AV Experts LLC, carried the ATReUS release subsystem and the FCEE designed and operated by Airbus. The chaser aircraft, a
Piper Cheyenne 400LS, owned and modified by AV Experts LLC was equipped with atmospheric measurement instrumentation
by the German Aerospace Center (DLR). Both aircraft were operated by AV Experts LLC, Texas (USA).

Close distance formation flights (approx. 50-1500 m longitudinal distance) up to an altitude of 25000 ft MSL were per-
formed. The goal of the Nephele flight test campaign was to test and characterize the artificial dilution tracer as well as the
FCEE. Therefore, the measurement payload on the chaser aircraft was designed to measure all relevant emission and contrail
parameters from the FCEE and relevant ambient parameters, as well as the artificial dilution tracer and the CO, emissions from
the C131’s engines. A total of four formation flights were performed in Minneapolis, Minnesota. One additional formation test

flight as well as a single instrument test flight were performed in Denison, Texas.
3.1 Atmospheric measurement instrumentation

DLR and AV Experts LLC equipped the Cheyenne Piper chaser aircraft with the necessary instrumentation for the in-flight
emission and contrail measurements. The instruments used during the Nephele flight test campaign are listed in Table 1 and
shown in Fig. 4. The ice particle sensors are housed inside an externally mounted probe positioned at the bottom of the

fuselage. The remaining instrumentation is installed in the cabin of the Piper Cheyenne and connected to stainless steel inlet
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Table 1. Atmospheric measurement instrumentation used during the flight tests on the Piper Cheyenne 400LS chaser aircraft

Instrument Name Measurement Metric, range Short description
Waran H,0, 50-10000 ppmv Tunable diode laser hygrometer
CR-2 H,0, 1-20000 ppmv Frostpoint hygrometer
Licor-7000 CO3, 0-3000 ppmv Differential, Non-Dispersive Infrared (NDIR) gas analyzer
Licor-7820 N,O, 0-100 ppmv Optical Feedback Cavity-Enhanced Absorption Spectrometer
CAPS CAS-DPOL Ice particle size distribution, 0.5-50 um Light scattering probe
CAPS CIP Ice particle size distribution, 15-900 um Optical shadow imaging probe
CAPS PT100 Temperature, accuracy: 1 K, precision: 0.2 K Thermocouple
aMCPC Aerosol number conc. > 7nm advanced Mixing Condensation Particle Counter
aMCPC! Non-vol. aerosol number conc. > 7nm advanced Mixing Condensation Particle Counter
SEMS Particle Size Distribution, 5-350 nm Scanning Electric Mobility Sizer
Grimm SkyOPC Particle Size Distribution, 0.25-2.5 um Optical Particle Counter

incl. thermodenuder (250 °C)

The instruments installed on the Cheyenne chaser aircraft in cooperation with AV Experts LLC., operated by the Institute of Atmospheric Physics, German Aerospace Center.

tubes positioned in close proximity to the ice particle probe. A forward facing inlet was used for the aerosol measurements and
backward facing inlets for the trace gas and water vapor measurements.

The CAPS probe, short for Cloud, Aerosol and Precipitation Spectrometer, is used to measure the ice particle number con-
centration and size distribution. These are important parameters for understanding the underlying process of contrail formation.
The number of ice crystals initially formed in the plume has a strong impact on the contrail cirrus climate relevant properties
as it determines the optical and radiative properties and the life time of the contrail (Burkhardt et al., 2018; Lottermoser and
Unterstrasser, 2026). The CAPS is comprised of two sensors: The Cloud Imaging Probe (CIP) uses optical imaging by focus-
ing an incident laser beam on particles in the size range from 15 to 900 um. The Cloud and Aerosol Spectrometer (CAS) uses
particle light scattering to determine particle sizes in a size range from 0.5 to 50 um. Additionally, the CAPS is equipped with
sensors for ambient temperature, static pressure, and dynamic pressure.

The water vapor instruments in combination with temperature measurements are used to assess relative humidity with respect
to ice (RHi) and water (RHw) in the ambient air and the water vapor content inside the exhaust plumes of both the engines and
the FCEE. The ambient RH has an influence on the threshold temperature for droplet formation and is a critical parameter for
contrail persistence (Schumann, 1996). The WAter vapoR ANalyzer (Waran) is a tunable diode laser hygrometer. It is utilizing
the optical absorption of the 1.37 um line from an indium-gallium—arsenide tunable diode laser to determine the water vapor
concentration in the sample flow. It can measure water vapor in the range from 50 to 10000 ppmv, with a precision of 5% or
50 ppmv, whichever is greater (Marsing et al., 2023). With its internal sampling rate of 4 Hz rapid changes in concentration
can be mapped as they occur during sampling of an exhaust gas jet. The CR-2 (Buck Research Instruments, LLC) is the second

water vapor instrument, used for measurements of ambient water vapor. It uses a mirror with a precise temperature control to
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measure the frost point of the sampled air. The CR-2 measures in a range of 1 to 20000 ppmv, with an accuracy of 9% and
precision of 1% in the 50-500 ppmv range (Heller et al., 2017). It can not resolve fast changes in water vapor concentration
due to the inertia of the mirror’s temperature control, but is stable over a long measurement period. The CR-2 is therefore used
for measurements of the background water vapor and serves as a comparison to the Waran. The combination of both enables
highly accurate measurements with a sufficiently high sampling rate. Both Waran and CR-2 are installed inside an instrument
rack mounted in the aircraft cabin. The backward facing inlets for both instruments are mounted underneath the main fuselage,
close to the CAPS instrument. Both instruments are regularly calibrated against a reference MBW 373LX dew point mirror.
The aerosol instrumentation is installed inside the so called Aerosol-Box (A-Box), mounted in the cabin of the aircraft. They are
used to measure volatile and non-volatile particles and particle size distribution in the sample air. The aerosol instrumentation
described below was installed previously aboard a Grob G 520 Egrett, with the only difference being, that it was installed in a
pressurized cabin during the Nephele flight test campaign. For more detailed information about the instruments see Neumann
et al. (2025). During the Nephele flight test campaign ambient aerosol concentrations as well as soot from the engines from the
lead aircraft are measured. The aerosol measurement payload is comprised of two advanced mixing condensation particle coun-
ters (aMCPC) measuring particles larger than 7 nm. One is used to measure total particle concentrations. The other aMCPC is
equipped with an upstream thermodenuder to measure non-volatile particle concentrations. A scanning electric mobility sizer
(SEMS) combined with an additional aMCPC, was implemented to measure particle size distributions. For measurement of
larger aerosols in the size range of 0.25-2.5 um an optical particle counter (OPC) was installed. A forward-facing inlet is used
to collect the sampling air in close proximity to the CAPS probe. An additional backward-facing inlet is provided to switch the
sampling air flow in the event of ice formation blocking the forward-facing inlet. Ultimately the forward-facing inlet was used,
as icing did not impair the measurement at any point.

The trace gas instruments are used to measure the emission tracers CO, and and the artificial dilution tracer N,O. The LiCor
Li-7000 CO, sensor is installed inside the A-Box. It uses infrared laser absorption to measure CO, and H,O. The Li-7000 is
comprised of two sample cells, one measuring the sample air and the other constantly measuring synthetic air as a reference
to derive the samples mole fraction through a comparison of both absorption rates. The additional H,O measurement is used
for a water vapor correction. The Li-7000 as part of the A-Box was also used previously aboard a Grob G 520 Egrett, for more
detail see Neumann et al. (2025). The N,O sensor, a LiCor Li-7820, is installed inside the instrument rack together with the
water vapor instrumentation, as part of the ATReUS system. More detail about it can be found in section 2.3. Both the CO, and
N,O backward facing sample inlets were installed next to the CAPS probe on the bottom of the fuselage, as depicted in Fig. 4.
During the Nephele flight test campaign two secondary standards for CO, and two secondary standards for N,O in the form of
calibration gas bottles were used for regular calibrations to compensate for instrument drift and to increase accuracy (described
in Appendix B). The calibration gas bottles were sampled during the flight in the case of the CO, instrument and before and
after each flight in the case of the N, O instrument. All secondary standards used during the Nephele flight test campaign were
previously referenced to primary low and high gas standards provided by NOAA (Kitzis, 2017).

The uncertainty of the measurements of both instruments is expressed by the combination of an absolute and a relative error. In

case of the Li-7820, the instrument precision and the reproducibility of the standards are taken into account. The same applies
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to the Li-7000, but here sensitivity to water vapor is also considered by applying a correction for water vapor dilution. The
total uncertainty for the Li-7820 is the sum of 0.27 ppbv absolute and 0.04% relative uncertainty and for the Li-7000 the sum
of 0.28 ppmv absolute and 0.08% relative uncertainty.

All instruments were connected using a network switch to synchronize to GPS time. Furthermore, a forward facing camera
was installed inside the cockpit to enable a visual inspection of both distance and the formation of contrails. A differential GPS
system (DGPS) installed on the emission and sampling aircraft is provided by Airbus for precise distance measurements. The
system was used to help the pilots gauge the distance between lead and chaser aircraft during the flight, by displaying it in the

cockpit. It also provides detailed positioning data for the post-measurement analysis.
3.2 Fuel cell exhaust emulator

The fuel cell exhaust emulator (FCEE) used during the Nephele flight test campaign is designed to reproduce various exhaust
conditions in parts representative for emissions of a hydrogen fuel cell propulsion system at a much smaller size. The emulator
was designed by Airbus and built according to the design of Airbus and adapted by AV Experts LLC to the C131 convair air-
craft. It is intended for deployment during flight tests to evaluate and characterize contrail formation processes and properties
under representative atmospheric conditions, without the need for a complex hydrogen system. The conditions probed here
mainly served the purpose of exploring different contrail formation mechanisms and ways to suppress these as potential future
mitigation options. For this purpose, liquid water is evaporated in a hot air stream to generate high humidities at the exhaust.
The hot air is supplied by the Convair C131 aircraft, utilizing the waste heat of the exhaust stack of its engines, it is redirected
from the anti-ice system to the emulator. Water is sprayed into this hot air stream and vaporized inside of the evaporation cham-
ber, mounted under the fuselage (shown in Figure 5). The water flow is achieved by pressurizing a water tank with nitrogen
and regulated by valves. The system has two nozzles for spraying the water at different positions in the evaporation chamber.
Additionally, the emulator is equipped with sensors to monitor and record the relevant system parameters, like the exhaust gas

temperature, humidity and total air mass flow.

The emulator consists of:

An evaporation chamber that allows water droplets to mix with the hot air stream and to vaporize. The length of the
evaporation chamber is defined by the time needed to evaporate 100% of the liquid water. This lowers the temperature

of the air stream from 220 °C to as low as approximately 30 °C.

A droplet spray system producing micrometer-sized water droplets (up to 30 gs~1). The evaporation chamber diameter

is sized to reduce the interferences between the droplet spray and the chamber walls.

A system providing pressurized water (at 1000 PSI) to the spray system’s nozzles.

Temperature and pressure sensors that monitor the conditions inside of the evaporation chamber.
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Figure 5. A picture of the evaporation chamber of the fuel cell exhaust emulator (FCEE) mounted to the fuselage of the C131 aircraft forming

a contrail in flight is shown on the left and a schematic of the FCEE on the right (pictures courtesy of Airbus).

We note here that the system was deployed only one time during a two-week campaign on the aircraft in relevant atmospheric
conditions. A contamination in the hot air supplying the emulator was identified, either coming from unfiltered air or oil
contamination in the system. Model simulations by Zink et al. (2025b) show that small amounts of oil (in the order of mlh—!)
can cause high number concentrations of oil particles that act as precursors for contrail ice crystals (Ponsonby et al., 2024).
In our experiment, we determined the number of aerosol particles in the hot supply air but not the type or size. The system
described here is a prototype, which generated the high humidity and low temperature (when compared to conventional jet
engines) exhaust but with significant aerosol content. The representativity for exhaust gases from fuel cell systems is therefore
not given. Nevertheless, we use the data to explore the high humidity - low temperature conditions with classical formation

pathways involving exhaust type particles.
3.3 Weather predictions for persistent contrails

A contrail is composed of ice crystals, which form behind the aircraft at high altitude, when local conditions are favourable.
Droplets are first formed when saturation versus liquid water is met in the aircraft plume, and then these droplets freeze, if
the temperature is low enough. The contrail persists as long as it remains in an ice supersaturated region (ISSR), a local atmo-
spheric air mass characterised by low temperature and a humidity level that is super-saturated with respect to ice.

Prior to the flight campaign, and in order to choose the ideal location for the flight tests, statistics on ISSRs using multiple years
of ERAS5 ECMWF (European Center for Medium-Range Weather Forecasts) data, for different months and geographical areas
in the US were calculated. Results clearly identified geographical areas where the frequency of ISSRs was highest, including
the seasonal and vertical evolution of these frequencies. These studies resulted in Minneapolis, USA, in December 2023 being
selected to conduct the campaign (Mackay et al., 2025).

During the Nephele flight test campaign, NOAA GFS (Global Forcast System) forecasts were used for flight planning to predict
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Figure 6. Prediction of persistent contrail areas (left) and the temperature distribution with relative humidity with respect to ice contours: red
= 100%, blue = 90%, pink = 75% RHi (right) for 12th December for 15 h CST. The flight plan based on the persistent contrail predictions is

shown in orange (left).

ISSRs and areas of potential persistent contrails. GFS is a global model with a base horizontal resolution of 18 miles (28 km)
between grid points and in the vertical, the model is divided into 127 vertical layers. It produces hourly forecast output for
the first 120 hours (NOAA, 2023). For our purposes, we defined ISSRs with RHi > 90% to account for uncertainties in the
forecast. To predict where persistent contrails would form, the ISSR was selected, where the ambient temperature was below
233 K, close to the homogeneous freezing limit.

Figure 6 shows the forecast of areas where persistent contrails may be formed (blue zones) and the temperature distribution
with the relative humidity with respect to ice contours on 12 December 2023 at 15 h CST. The predicted central zone of ISSR
is moving southeast over time; the flight plan, shown on the left (orange arrows), required the aircraft to leave the central point
at 14 h CST and fly northwest to then intercept and fly through the blue zone, south eastwards, and then return to the departure
point. The chase aircraft observed the FCEE producing a persistent contrail, which provided the ideal conditions for contrail
measurements and monitoring of the atmospheric conditions.

At flight level 250 (~400 hPa) the areas where persistent contrails can form evolve fast. The temporal and spatial resolution
of the forecast is therefore very important to correctly predict areas of ice supersaturation and persistent contrail formation.
In-flight measurements of ambient conditions made on 12 December 2023 were later compared to the interpolated forecast
data and ERAS data (Mackay et al., 2025).

4 Results and discussion

In this section, data from three different flights, performed on the 3 December (Flight Test 2, or FT2), on 8 December (FT3)
and 12 December (FT5) 2023, is analyzed. All sensors worked well throughout these three measurement flights. During FT2,
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Figure 7. Timeseries of ice crystal (/Vic.) and non-volatile particle matter (/Nnvpm) number concentrations, N>O (rn,0), CO» (rco,) and
water vapor (ru,0) mole fractions, relative humidity with respect to water (RH,,) and ice (RH?1), as well as the ambient relative humidity
with respect to ice (RHiamb), temperature (Tamp) and the distance between lead and chaser aircraft measured during FTS5 on the 12

December 2023 at 400 hPa.

the ambient temperature was between 228.5 to 230 K and RHi between 60 to 109% at 380 hPa. During FT3, the ambient
temperature was around 242 K with low RHi of 10% at 410 hPa. During FT5 the ambient temperature ranged from 230 to
233 K and RHi from 30 to 105% at 400 hPa.

In Figure 7 an exemplary time series of the collected data from a sampling sequence on the 12 December (FT5) is shown.
During this flight the FCEE generated a contrail, but the C131’s engines did not. The higher water vapor content and lower
exhaust temperature in the FCEE led to a higher contrail threshold temperature Tsac according to the Schmid-Appleman cri-

terion (SAC) (Schumann, 1996).

4.1 Tracer analysis

We analyze the enhancement of both tracers over the ambient mole fractions (Ary,o and Arco,) derived from trace gas mea-
surement data (as shown in the second column in Fig. 7). During the three analyzed flights enhancements above the background
up to 700 ppbv for N»,O and 160 ppmv for CO, can be identified. The clear signal from the artificial dilution tracer above the
background indicates, that the dimensioning of the emission source, the time resolution and dynamic range of the instrument
provided the expected results according to the design goals for the ATReUS system. Minor adjustments to the N,O flow rate,
by increasing it to 9.585 slpm (90% of the maximum flow rate) were made for FT2 to FT5 in order to achieve a mean mole

fraction of 815 ppmv at the FCEE exhaust plane and the Ary,o shown in Fig. 9 (a).
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The artificial dilution tracer enables a clear assignment of the measurements to the sampled exhaust gas plumes. More specifi-
cally, a high value for Ary,o and a low value for Arco, at the same time indicate a sampling sequence of the FCEE, while a
high Arco, with a simultaneous low Ary, o indicates sampling of the C131 engine’s exhaust. The maximum distance, where
a N, O signal was still detected was approximately 1.5 km.

Furthermore, different mixing regimes between the individual exhaust plumes can be distinguished. For very close measure-
ments very high Ary,o can be observed, while significantly lower Arco, were detected and vice versa. This indicates that
the exhaust plumes are not uniformly mixed at this distance. For measurements at greater distances, the differences between
Arn,o0 and Arco, reduce, indicating a more homogeneous mixing. This qualitative observation is supported by analyzing
the correlation coefficients of Ary,o and Arco,, shown in Fig. 8 (a). Increasing correlation coefficients indicate a more ho-
mogeneous mixing with increasing distance between lead and chaser aircraft. The exhaust plumes dilute according to a power
law at the distances at which the measurements were taken. Dilution increases the plume diameter and leads to greater overlap
between the plumes and a more homogeneous distributions of all tracers. At a distance of approximately 400 m, both tracers
and thus also the plumes are well mixed.

A proof-of-concept experiment (shown in Fig. 1 (b)), in which the artificial dilution tracer was released in the immediate vicin-
ity of the exhaust of the lead aircraft’s left engine, was performed during FT3. This was done for a total of 450 seconds and
distances from 100 m to 600 m between the two aircraft. For this experiment, a second outlet for the artificial dilution tracer
was installed close to the left hand engine’s exhaust stack and the N,O flow was redirected in flight. Here, CO, emitted from
the engine and its dilution characteristics can be directly compared to that of the artificial dilution tracer and provides the ref-
erence to verify the artificial dilution tracer release. The result of the experiment is shown in Fig. 8 (b). Here, Ary,0 is plotted
over Arco, for all three flights (FT2, FT3 and FT5). The measurements during the proof-of-concept experiment are colored in
orange and show a strong linear correlation (with a coefficient of determination of R? = 0.881) between the two tracers. This
is an indication that both tracers dilute in a similar way. In the following analysis the data where the artificial dilution tracer

was released close to the engine (instead of the FCEE) are not considered.
4.2 Exhaust dilution impact on maximum supersaturation

In this section we provide evidence of how the ATReUS system is able to quantify the dilution characteristic of an exhaust.
We characterize the dilution of the FCEE, by comparing it to the dilution characteristic of the lead aircraft’s engines, during
measurement sequences, where the artificial dilution tracer was released directly inside the FCEE. This approach is shown
in Fig. 9. Here the scattered Ary,o over distance are shown in Fig. 9 (a) and Arco, in Fig. 9 (b). The color indicates the
corresponding flight. In this case the dilution characterized by the Arco, represent the lead aircraft’s engines, while Ary,o
quantifies that of the FCEE. A similar dilution behavior of CO, and N,O is assumed here, as shown by the tracer positioning
experiment mentioned in Section 4.1, where linear correlation between Ary,o and Arco, was observed, when the artificial
dilution tracer release is co-located with the engine. To better understand how fast the exhausts dilute we compare the Ary,o
emitted from the FCEE and Arco, emitted from the engines over the distance between lead and chaser aircraft. The radial

distribution at each distance is represented in the variability of Ary,o and Arco, and the dilution speed is indicated by the
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Figure 8. (a): Correlation coefficient between Arn, o and Arco, over the distance between lead and chaser aircraft for combined data from
FT2, FT3 and FT5. (b): Scattered Arx,0 and Arco, from the same flights are shown, colored depending on the N> O outlet position. Data
from the proof-of-concept experiment, during which N>O was released close to the left engine, is shown in orange, with the linear regression

line shown in black.

maximum values. These maxima correspond to a sampling of the respective plume center at a certain distance. A power-law
fit similar to the one used in Schumann et al. (1998) is used, enabling a further comparison between the two exhaust types and
past measurements.

Comparing the exponent of the power law fit gives an indication of the differences in dilution speed of the exhaust plumes. We
find an exponent of 0.84 for the C131°s piston engine and 1.23 for the FCEE. The former value is similar to the exponent of 0.9
proposed by Kércher (1999) and 0.8 established by Schumann et al. (1998), based on measurements performed by the DLR
research aircraft Dassault Falcon 20 (D-CMET) and NASA’s Lockheed ER-2. In contrast the FCEE dilutes much faster, even
faster than the parametrization by Zink and Unterstrasser (2025), used to model turbofan exhaust dilution, with an exponent of
1.15. Engine size scaling theory shows that the exponent depends on jet size and speed (Zink and Unterstrasser, 2025).

We calculate the maximum potential supersaturation that evolves due to the enhanced humidity in the plume of the FCEE, by
performing two box-model simulation runs with the dilution adjusted to this analysis. One run takes the condensation of water
vapor in the form of droplets and the resulting relaxation of local supersaturation into account (Fig. 9 c, pink graph). The second
run does not take this process into account and thus corresponds to the maximum possible supersaturation without condensation
(Fig. 9 c, green graph). The supersaturation is important due to its influence on droplet and subsequent ice crystal formation
downstream of the exhaust plane. Unlike contrails from kerosene-powered engines, in which ice crystals form on emitted soot
particles, or additionally on volatile particle matter (vPM) in the low-soot regime (Ponsonby et al., 2025; Voigt et al., 2026),

contrails from hydrogen-based technologies lack soot as ice nuclei and the ice crystals therefore form on vPM or ambient
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Figure 9. The panels on the left show Arn,o (a) and Arco, (b) over the distance between release and sampling location. Panel a relates
to the FCEE, panel b to the piston engine of the C131. Data points from FT2 are displayed in maroon, points from FT3 in orange and from
FTS5 in grey. For both species a dilution curve (dark green) was fitted to the data, conforming to the data points with the maximum Arx,o
and Arco, per respective distance. In panel ¢ the evolution of the relative humidity over water during isobaric mixing of the FCEE exhaust

with ambient air is shown with droplet formation (pink) and without droplet formation (green).

aerosol that is mixed into the plume. An increase in supersaturation can result in potential activation of additional nucleation
cores or even different droplet formation pathways like homogeneous droplet nucleation (HDN) (Jansen and Heymsfield,
2015). This is particularly important for FC systems, which, due to their very humid and cooler exhaust gas (compared to
conventional jet engines) and the lack of soot emissions, can reach supersaturation levels leading to HDN (Hillenbrand and
Unterstrasser, 2026). In particular, validation of numerical models for these scenarios can only be done with the knowledge on
the dilution characteristics (Lottermoser and Unterstrasser, 2025b).

One caveat of this tracer-based dilution speed assessment is the impact of exhaust location on the exhaust dilution characteristic.
As the FCEE is mounted on the belly of the aircraft, while the engines are positioned at the wings, it is unclear in how far
the positions of the exhausts may influence the individual exhaust plume dilution. This effect can not be quantified here.
Furthermore, the impact on the dilution associated to the swirl effect caused by a propeller, which would be used in a future

FC system, cannot be replicated in the tested configuration.
4.3 Microphysical properties of contrails formed behind the FCEE

In the next two sections, we show that the artificial dilution tracer can be used to calculate dilution-corrected emission metrics,

like the apparent ice emission index (AEI) of the FCEE (Section 2.4). Data from FT5 (see Fig. 7) is used here. During the flights,
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the FCEE was supplied by unfiltered air taken near the main engines. The number concentrations of total particulate matter
(tPM) inside the FCEE air supply duct was measured during a later flight and provided concentrations greater than 3-10% cm =3
(due to saturation effects of the instrumentation, this represents only a lower limit of the particle contamination). Thus, the
measurements are not representative for fuel cell exhaust conditions where it is expected to have particle-free emissions. The
FCEE contrail ice particles formed on exhaust particles of similar concentrations as in conventional exhaust, yet with higher
water vapor emissions and lower exhaust temperatures.

During FT5, a measurement sequence was recorded in which the lead and chase aircraft flew at 400 hPa in an air mass
at temperatures slightly below 235 K and RHi above 70%. According to theory, the onset of contrail droplet formation for
higher water vapor emissions and lower exhaust temperatures occurs at higher ambient temperatures than the onset of droplets
formed behind conventional aircraft. For these conditions we investigate the microphysical properties of the contrail. In this
temperature range, the higher contrail formation threshold temperature 75 ¢ of the FCEE ensures that all measured ice crystals
were produced by the FCEE, because the engines of the C131 did not produce a contrail.

Fig. 10 (a+b) shows the varying optical properties of the contrail produced by the FCEE in two different air masses. Throughout
the measurement, the FCEE was kept at an exhaust RHw of 34 to 39% and an exhaust temperature of 320 to 322 K. For this
flight segment, the optical properties of the early contrail (observed from the point of view of the C131) evolved from a thin
contrail with low particle number concentrations (Fig. 10 a) to an optically thick contrail with high number concentrations and
thus a higher AEI value (Fig. 10 b). The thin contrail (Fig. 10 a) developed at low ambient RHi of 44% at 232 K and was not
persistent. AEI was assessed to be 4.2 - 103 kg=! with a MVD of 1.9 to 2.8 um (this sequence is not shown in Fig. 7). The
optically thick contrail (Fig. 10 b) on the other hand corresponds to a significantly higher AEI of 3.8 - 10 kg1 with a MVD
of 4 to 4.1 pm. The contrail in this case was persistent at ambient RHi of 103% at an ambient temperature of 230.5 K.

Here, we calculate AEI based on a reference mass flow, connected to the operating conditions of the FCEE. In this case a
hypothetical hydrogen fuel flow, calculated from stoichiometric conversion of hydrogen to water, corresponding to the water
vapor mass flow from the FCEE, was used as the reference. AEI derived in this way helps to compare exhaust and contrail
properties to those from conventional engines, where AEI is calculated using the established method with CO, as the tracer.
During FT?2, contrails formed behind the FCEE but also behind the engines of the C131 (see Fig. 10 c). The mission profile
included a climb to 380 hPa. During the climb the chaser aircraft stayed close to the C131 to observe the onset of the contrails.
At first the FCEE formed a contrail, which started out very faint and became optically denser during ascent, but remained non
persistent during this section of the flight. The aircraft then entered a region of low ambient temperature (228.5 K) and high
humidity (>100% RHi) where the C131’s engines started generating a contrail too and the contrails became persistent (see Fig.
10 c). Due to fast mixing of ice crystals from the three contrails, we did not analyze this data, but found that there is only a
narrow range within which persistent contrails are formed exclusively by the FCEE and not also by the aircraft’s engines. This
is relevant also for contrail climate models which estimate the formation in comparison to regional turbo prop aircraft. Due
to the very high Tgac of fuel cell systems (Gierens, 2021) (and of the FCEE) droplet formation occurs almost always, thus

droplet freezing or contrail persistence become the limiting factors for contrails (Megill and Grewe, 2025).
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Figure 10. Pictures of the contrail evolution from the perspective of the FCEE aboard the C131, with similar FCEE exhaust conditions but
different ambient temperature and humidity conditions. The chaser aircraft is visible while sampling. (a) Optically thin non-persistent contrail
(AEI =4.2-10" kg;yld,rogen with a MVD of 1.9 to 2.8 um) at low ambient RHi of 44% and 232 K (FT5). (b) Optically thick persistent
contrail (AET = 3.8-10'° kg_1 with a MVD of 4 to 4.1 um) at high ambient RHi of 103% and 230.5 K (FT5). (c) Three persistent

hydrogen

contrails at high ambient RHi of 109% and 228 K (FT2): two contrails evolve from the engines of the C131, one from the FCEE.

4.4 Ambient temperature-dependent AEI and freezing fraction

We investigate the impact of the temperature difference ATj,r between the homogeneous freezing temperature Ty, = 235.15 K
and the ambient temperature 7, on the formation of ice crystals, AEI and the freezing fraction of droplets formed behind
the FCEE. (As a simplification, T, is assumed to be constant here, the actual homogeneous freezing temperature of a droplet
is dependent on its particle properties (O and Wood, 2016).) To do this we need to disentangle the impact of the FCEE exhaust
conditions on the contrail. The 1 Hz-resolved mixing line slope G of the FCEE is calculated based on the exhaust and ambient

conditions at the time of the contrail measurement (G = (€exhaust — €amb )/ (Texhaust — Tamb)) according to Schumann (1996).
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In addition to being used to calculate T, G is also suitable for detecting changes in the combined temperature and humidity
conditions at the outlet of the FCEE. An increase in water vapor emission or a decrease in exhaust temperature is reflected in
an increase in G. Consequently, G is very high for the FCEE, compared to conventional aircraft engines. Due to the high G
value, Tgac is also high (260 to 275 K). Therefore droplet formation always occurs in the encountered conditions. For the data
shown here T}, ranges from 230.2 to 231.8 K and AT} from -3.3 to -5 K. The FCEE provided similar exhaust conditions
(44PaK~!' <G <57 PaK~') throughout the entire measurement sequence. The change in the mixing line slope G is indicated
by the color code in Fig. 11 (c) and was mainly due to variations in the exhaust gas temperature. Given the high G and the
associated small relative changes of G, we assume that these variations in the exhaust conditions do not have an influence on
the mechanism of ice crystal formation.

At low ATy (~ 3 K), droplets are initially formed and grow in size. Due to the fast dilution shortly behind the exhaust plane
(see Fig. 9), these newly formed droplets are entrained quickly (< 0.2s) into air sub-saturated with respect to water. Only a
fraction of these droplets (mainly the larger ones) can survive until they finally freeze. At temperatures above 231 K only a small
fraction (< 10%) of droplets freeze. We provide the fraction of frozen droplets (number of ice crystals measured divided by the
max number of ice crystals) assuming that at the lowest ambient temperatures (highest AT},¢) contrail formation was complete
and the maximum number of ice crystals was produced (see Fig. 11 c¢). With decreasing ambient temperature, thus decreasing
ATy, the survival fraction of ice crystals increases almost instantaneously within a narrow temperature range between 231.5
and 229.5 K. With lower temperatures, mean AEI (black diamonds in Fig. 11) increase by one order of magnitude while the
effective diameter decreases drastically from 5.2 ym to 3.2 um (color-coded in Fig. 11 a). Due to conservation of water, the
excess water vapor (water vapor above the saturation threshold available for condensation) condenses on existing particles. As
the ice crystal number increases, the available excess water vapor per ice crystal consequently decreases which is reflected in
the decreasing MVD. RHi, shown as color code in Fig. 11 (b), here represents the in-plume measurements. In the first part
of the flight segment, at higher temperatures (231 K < T, < 232 K), RHi is low (< 90%), thus the available water vapor
for condensation is low, reflected in a small MVD of the ice crystals. AEI is mainly influenced by ATj¢, while RHi plays a
stronger role for the survival of the particles rather than the formation. In contrast, the size of the ice crystals is influenced by
both the number of ice crystals and RHi, leading to low AEI and small MVD in the higher temperature range between 231 K
< Tomb <232 K.

We discuss the behavior of AEI near the contrail limit temperature for the FCEE in light of previous measurements of contrail
AEI from current kerosene engines. Brauer et al. (2021) provided first experimental data on the temperature dependence of
AEI near Tgac. The limited data in the region of -5 K< ATsac< 0 K showed an increase of the activation fraction (number of
soot particles that form ice crystals) of 14% slightly above 0 K to 100% at -5 K below Tgac. In the region near Tsac, AEL is
particularly sensitive to the ambient temperature (Kércher et al., 2015). For the FCEE, we find a similar behavior, but related
to ATy not ATgac. An increase in AEI by at least one order of magnitude and a decrease in ice particle size by half in a
temperature interval of only 1 K was observed. This is qualitatively in-line with current model calculations (see Section 4.5).
For a quantitative assessment we note that the slope of the temperature dependent AEI depends on various parameters (Ely, 0,

exhaust temperature and aerosol number concentration, dilution speed etc.) and requires precise knowledge of all parameters
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to achieve sufficient agreement with models.

Aircraft propelled by fuel cells will most likely fly at lower altitudes compared to current aircraft. Ambient temperatures
will be higher at the lower flight levels and contrail formation from conventional kerosene combustion reduced (Gierens,
2021; Kaufmann et al., 2024). For fuel cell systems with high water vapor and low temperature exhaust composition the
criterion for droplet formation is fulfilled almost everywhere. However, contrail ice crystal formation depends mainly on
ambient temperature which affects the freezing of the droplets (Megill and Grewe, 2025). We here provide a contrail case near
the homogeneous freezing temperature threshold and observe a large variability in dilution corrected contrail ice number and
size. The MVD of ice crystal size distribution (2 to 6 ym) measured here is for the fully frozen contrails slightly larger than
has been observed for conventional contrails at a larger plume age (1-2 min) (Voigt et al., 2021). Thus comparison to those
data is limited given that particle growth in the first minute is mainly modulated by ambient humidity. The larger ice crystals
in the early FCEE plume result from the higher water vapor emissions of the FCEE but also from higher amounts of available
water vapor in the ambient atmosphere at this flight level (400 hPa). These "high-ambient-temperature” contrails have not been
measured before and the measurement data can be used to validate models simulating cold and humid exhausts. Although the
exhaust conditions may not necessarily represent relevant fuel cell exhaust conditions in the future, the data provide a basis to

study contrails formed at higher ambient temperatures and near-threshold conditions.
4.5 Set up of box model simulations

In this section, we present a comparison between in-situ measurements of contrail properties and simulations generated using
a Lagrangian Cloud Module (LCM) box model, specifically designed to capture the microphysical evolution during contrail
formation. The simulation results help to better understand the effects observed during the measurements. For example, they
provide information about the evolution of the supersaturation shortly behind the exhaust plane (Fig 9 c), gauging the timescale
of the droplet and ice crystal formation process. Likewise, the measurement results can contribute to validating the simulations

and help fine tune them.
4.5.1 LCM box model

The LCM employs a Lagrangian framework with a tracking of individual simulation particles (representing real aerosol par-
ticles and hydrometeors), enabling detailed representation of nucleation and growth processes in the early contrail formation
phase. This model has been applied frequently in prior studies, including Bier et al. (2022) for kerosene and Zink et al. (2025a)
for hydrogen combustion. While previous studies have employed a multiple trajectory sampling of the aircraft plume, Bier
et al. (2022) also demonstrated that the mean trajectory approach yields results in close agreement with ensemble simulations,
especially for kerosene combustion. Therefore, we prescribe the function fary,o (x) given in Fig. 9 (a) as the representative
mean dilution of the aircraft plume for our simulations. Given the small velocity of the exhaust compared to the aircraft ve-
locity (vac = 100m/s), the dilution function fa,n,o(2) is transformed into a temporal evolution via v,.. The expansion of the
plume as well as the change in temperature and humidity inside the plume is then calculated based on this prescribed dilution

function.
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Figure 11. In panel a AEI values from FT5 are plotted over the ambient temperature color-coded with the mean volume diameter (MVD) of
the ice crystals. Mean AEI values are displayed as black diamonds. Panel b shows the same plot, but color-coded with the in-plume RHi. Panel
c shows the freezing fraction of ice particles over the temperature difference to Th¢ color-coded with the mixing line slope G (Schumann,
1996) of the FCEE. Box model simulation results are displayed in panel d, assuming varying aerosol concentrations of 107 cm ™ (pink) and

10® cm™* (blue) in the FCEE exhaust. The measured AEI values are displayed in black.

The low exhaust velocity and the small exhaust area both lead to a rapid initial dilution of the plume, requiring a fine temporal
resolution to accurately resolve the early mixing and cooling phases. To account for these effects we use a timestep Atycm =

590 10~*s in all simulations. We prescribe a set of temperature and humidity conditions at the exhaust that are representative for
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thermodynamic exhaust conditions during the measurements. We assume a constant ambient pressure pamp = 400hPa and an
ice-saturated atmosphere (RH; ump = 100 %), with ambient temperatures varied between 230K and 233 K. Due to the experi-
mental setup of the FCEE flown during the Nephele flight test campaign, its exhaust inadvertently contained a large number of
particles. The source of the particles is unknown, but model simulations suggest that small traces of oil can have a big impact
on the particle number concentration in the plume (Zink et al., 2025b). As the exact number concentration of these particles
remains uncertain, we conduct simulations for two representative values nexn = {107, 108} cm ™3, spanning the likely range

of exhaust particle concentrations in the FCEE exhaust during the measurements.
4.5.2 Comparison to in-flight data

AEFEI values calculated from the simulations are shown in Figure 11 (d). The simulations show a strong dependence of the
number of ice crystals on the ambient temperature, for ambient temperatures close to 7j¢. As mentioned above, for the in-
flight data we assume Tj,¢ to be 235.15 K, but in reality and also in the model we use T3,y expression that depends on particle
size and solubility. A strong decrease in AEI is observed with increasing ATy¢. During the early plume stage the exhaust is
highly supersaturated with respect to water, which leads to droplet activation of all emitted aerosols. This is in contrast to
conventional aircraft where the activation is limited by the supersaturation in the plume. For ambient temperatures close to
T, only a fraction of these droplets freeze and subsequently survive in the sub-saturated (with respect to water) atmosphere
(RHy amb < 100% and RH; 4mp = 100 %). The simulations also show a strong dependence on the ambient temperature where
the AFEI starts to decrease, as well as the magnitude of the decrease on the number concentration of the emitted aerosols. While
we assume that during the measurements, the aerosol load in the FCEE plume remains constant, we explore the dependence
of particle number on the AEI evolution with temperature with the model. For cases with more aerosol particles emitted by
the FCEE and a therefore higher number of condensation nuclei, the available excess water vapor is distributed across more
droplets which subsequently are smaller. The lower freezing temperatures of small droplets results in a lower freezing fraction
of these droplets close to Tis.

To gauge the impact of the mixing line slope on the ice crystal formation, the exhaust conditions assumed for the FCEE in the
model were also varied (exhaust temperature between 40 to 55 °C, with RH ranging from 60 to 30%). For cases where none of
the droplets evaporate before they freeze, the FCEE exhaust conditions have no significant effect on AEI In cases where only a
fraction of droplets freeze the mixing line slope does affect AEI, because an increased water vapor amount in the exhaust leads
to larger droplets on average. Therefore, more droplets can freeze before they evaporate, leading to higher AEI for moister
exhaust conditions (the exhaust dependent effect on AEI is visualized by the vertical colored lines in Fig. 11d).

Both the data from the simulations and the in-flight measurements show that the number of ice crystals formed at ambient
temperatures near the homogeneous freezing temperature is limited by the freezing process of the droplets. The ambient tem-
perature where AEI starts to strongly decrease, as well as the magnitude of this decrease differ between model and experiment.
However, given the uncertainties in both the model and experiment, it is difficult to pinpoint clear reasons for this discrepancy.
One reason is the uncertainty of temperature measurement of &= 1°C. Another model related aspect is the limitation of the

results to the plume center line (Lewellen, 2020). The strength of the comparison is that both methods show the relevance
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of the freezing process in a similar temperature range. The model simulations also confirm, that no HDN took place during
the flights, as the activation of the emitted particles led to a subsequent depletion of available water vapor, before the high

supersaturation required for HDN was reached.

5 Conclusions

In this work the contrail of a prototype fuel cell exhaust emulator (FCEE) was characterized as part of the Nephele flight test
campaign. The setup of the FCEE aboard a Convair C131 and first FCEE contrail measurements in ambient conditions near
the homogeneous freezing temperature aboard a Piper Cheyenne 400LS chaser aircraft with a large suite of instruments is
described.

An artificial dilution tracer release and sampling system called ATReUS was designed, deployed and tested during the test
flights. N> O proved to be a suitable trace gas for this system. We provide an overview of three flights and the dilution properties
of both the C131’s engine exhausts using the engine emission tracer CO, and the FCEE emitting the artificial dilution tracer
N,O. Furthermore, cross-contamination effects from the engines are assessed, by analyzing the spatial distribution of both
tracers. We demonstrate the possibility to calculate dilution corrected emission and contrail metrics, such as apparent ice
emission indices (AEI), using the artificial dilution tracer.

The setup of the ATReUS system worked well throughout the test flights and fulfills the requirements set in advance for the
system. The use of the artificial dilution tracer allowed for a clear identification of exhaust plumes, which is particularly useful
in cases where multiple emission sources are present, and in case of a hydrogen propulsion system, where no CO; is emitted.
Measuring the plume mixing and dilution effects of the exhaust with ambient air are of key importance to understand contrail
formation processes from fuel cell systems and to establish comparability between aircraft types and operational states.

The calculated AEI values demonstrate the capability of the novel artificial tracer system to enable the assessment of dilution
corrected emission metrics from in-flight measurements. For similar exhaust conditions of the FCEE, with high water vapor
emissions and low exhaust temperatures with large mixing line slopes G > 44 PaK~!, we provide measurements of contrail
properties at temperatures near the homogeneous freezing threshold. A large influence of the difference between ambient and
threshold temperature on AEI, MVD and freezing fraction of the ice crystals was observed. With increasing ATj¢ (higher
ambient temperatures), AEI decreases by more than one order of magnitude while the MVD increases. Close to the freezing
threshold, droplets which are entrained into air sub-saturated with respect to water evaporate shortly after formation. At high
AT, these droplets freeze before they can evaporate and survive in air saturated with respect to ice. Higher AEI are anti-
correlated with lower MVD as expected from mass conservation.

Despite the fact, that the FCEE did not provide relevant clean conditions to explore low emission aircraft exhaust conditions we
show that in principal the humid and cold conditions can be emulated. We recommend future tests with similar experimental
setups, but in which particle contamination of the emulated exhaust is avoided, to explore mitigation options of contrails from

fuel cell exhaust.
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Code and data availability. The data is provided in the HALO database at https://halo-db.pa.op.dlr.de/mission/144. Free primary data access

begins on 30 04 2030. Until then, download access and access to further data will be given upon request by the mission PI.

Video supplement. To access captured video from the Nephele flight test campaign, contact the Author.

Appendix A: Laboratory characterization of the Li-7820 N,O trace gas analyzer

The Nephele flight test campaign in December 2023 was the first deployment of the Li-7820 N,O/H,O gas analyzer on an
aircraft by the DLR. In order to guarantee safe and reliable operation, the instrument was modified and extensively tested in the
laboratory in its modified state. The main modification is the implementation of a more powerful pump to enable operation in a
lower pressure environment. The instrument is operated in a pressurized cabin, therefore no major modifications to the instru-
ment housing are necessary. Reference gas measurements using stable N,O mole fractions were performed with and without
the modifications to ensure no distortion of data quality were induced. Measurements with and without the new pump, a Agilent
IDP-3 dry scroll pump, were carried out, with no notable influence on the measurement being detected. The modified setup
was tested at different inlet pressures to ensure functionality at the required sampling altitudes during the measurement flights.
The minimal inlet pressure of the setup was assessed as well, with the measurements remaining stable down to approximately
250 hPa, corresponding to a maximum measurement altitude of 10000 m or FL.340 MSL. Two long-term measurements were
done to assess instrument drift, thereby identified as < 0.1 ppbv per hour of continuous measurement. The instrument precision
(10) was determined to be 0.1 ppbv for 1 Hz measurements and 0.05 ppbv applying 5 s averaging under laboratory conditions.
To ensure a good measurement accuracy and to compensate for instrument drift it was decided to use the calibration strategy

described in Appendix B. The instrument in its modified state is well suited for airborne measurements.

Appendix B: Calibration strategy of the trace gas instrumentation

To ensure comparability to other instruments and data sets and compensate for instrument drift all trace gas measurements
must be referenced to an international standard. During the Nephele flight test campaign this was done by performing two-
point calibrations for both the Li7000 and Li7820. To do this a secondary low and a high gas standard were measured, before
and after each flight in case of the N,O sensor and during the flights before and after a chase sequence in case of the CO,
sensor. We note here that this calibration strategy is sufficient in this case, as only the enhancement of the trace gases above the
ambient mole fraction are used for the analysis, which reduces the accuracy requirements for both instruments. All secondary
standards used during the Nephele flight test campaign were referenced beforehand in the laboratory in Oberpfaffenhofen to
primary low and high standards each. These were provided by the National Oceanic and Atmospheric Administration (NOAA)
Global Monitoring Laboratory (GML) (Kitzis, 2017). As GML is participating in the Global Atmospheric Watch Program
of the World Meteorological Organization these gases ensure international comparability. The procedure for the two-point

calibrations is described in equations B1-B3, a linear fit function is applied to all measured mole fractions:
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Teal = M+ Tyneas T 1 (Bl)

Here, z., and z045 are the calibrated and measured mole fractions respectively. m is the slope and ¢ the intercept of the fit

function. They are calculated as follows:

m= Htrue - Ltrue (BZ)

Hmeas - Lmeas

t = Lirue — M Lineas (B3)

Here the true high (Hy,ye) and low (Ly,e) mole fractions of the standards are related to the measured high (Hyea5) and low
(Lmeas) values. For the flight data m and ¢ are interpolated over the whole flight when multiple standard measurements are

available. The correction was applied post flight on all data used for the analysis presented here.

Appendix C: Assessment of engine cross-contamination impact

The mixing of the exhaust plume of the FCEE with the exhaust of the Convair C131’s engines, referred to here as cross-
contamination, may affect the early contrail droplet formation by in-mixing of soot or other particles and water vapor. If the
contrail formation from the FCEE has not been completed, cross-contamination can alter the ice crystal number and effective
diameter by contributing nuclei for droplet formation. This in turn may lead to a change in the final contrail properties and
therefore needs to be quantified. This effect is also particularly relevant for multi-fueled aircraft, or hybrid aircraft with a FC
system.

First, the time scales for contrail formation has to be assessed. This can be done by calculating the temporal evolution of RHw
in the plume. At a distance where the available humidity relaxes to sub-saturation, additional particles from the engines mixed
into the FCEE plume cannot be activated any more. Model estimates indicate a distance of less than 12 m behind the FCEE
(see pink graph in Fig. Al c). Figure 5 (left) shows the contrail produced by the FCEE. A dense contrail already forms right
behind (< 0.5 m) the exhaust plane of the FCEE, illustrating the rapid dilution of the exhaust gases and subsequent relaxation
of plume water saturation.

Further, the time and distance for mixing of the FCEE and the engine exhaust has to be derived. Using the artificial dilution
tracer, cross-contamination effects can be assessed by comparing Ary,o and Arco, for different sampling positions and
mixing regimes. Here it is important to know at what distance downstream of the FCEE potential contaminant particles are
mixed in (see Fig. 1 (a)). For the test setup used during the Nephele flight test campaign, air masses with high Arn,o and
no corresponding Arco, represent sampling of an air parcel coming from the FCEE without intermixing of any air from the

engines.
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Figure Al. Spacial distribution of measurements from FT2, FT3 and FT5 in the x-y plane (a) and (b) and the x-z plane (c) and (d). x is the
axis in flight direction or longitudinal distance, y the lateral distance (orthogonal to flight direction) and z is the vertical (altitude) difference.
The grid cells are color coded by max Arco, (a) and (c) and correspondingly for max Arx,o (b) and (d). The dotted red line separates the
areas of the maximum Arn,o (z < 58m) and maximum Arco, (z > 58m) measurements. This also marks the area with reduced cross-

contamination of the FCEE plume through engine emissions. The aircraft schematics shown here are not to scale.

The measurements were taken at distances > 50 m. Here, mixing of the exhaust plumes has already occurred in all measurement
sequences, yet with a range of concentrations. We analyze the distances at which the lowest cross-contamination effect is
observed. This distance was determined by plotting the maximum Ary,o and Arco, measured during the three flight tests
in a grid separated by the distances between the two aircraft in the lateral (orthogonal to the flight direction) and longitudinal
(in flight direction) directions. Comparing these maxima, shown in Fig. A1, we find a difference in the distances of maximum
Arn,o and Arco,. The lowest cross-contamination was measured up to 58 m behind the C131, in the area marked by the
dotted red line. During FT2, both the FCEE and the engines of the C131 produced contrails. By looking at video footage of
FT2, a visual inspection of the contrail mixing distances provided comparable results and thus support the tracer analysis.

Looking at the estimated distance, where the FCEE exhaust plume is sub-saturated again and the reduced cross-contamination
already at distances of 50 to 58 m, we conclude that the consequent mixing of exhaust particles and gases from the C131’s
engines into the plume of the FCEE takes place significantly after the water supersaturation has relaxed to below 100% and

therefore does not effect the number of contrail ice particles.
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