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Abstract

The climate forcing of contrails and induced-cirrus cloudiness is thought to be comparable to the
cumulative impacts of aviation CO. emissions. This paper estimates the impact of aviation
contrails on climate forcing for flight track data in Japanese airspace and propagates uncertainties
arising from meteorology and aircraft black carbon (BC) particle number emissions. Uncertainties
in contrail age, coverage, optical properties, radiative forcing and energy forcing (EF) from
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individual flights can be two orders of magnitude larger than the fleet-average values. Only 2.2%
[2.0%, 2.5%)] of flights contribute to 80% of the contrail EF in this region. A small-scale strategy
of selectively diverting 1.7% of the fleet could reduce the contrail EF by up to 59.3% [52.4%,
65.6%], with only a 0.014% [0.010%, 0.017%] increase in total fuel consumption and CO-
emissions. A low-risk strategy of diverting flights only if there is no fuel penalty, thereby avoiding
additional long-lived CO> emissions, would reduce contrail EF by 20.0% [17.4%, 23.0%)]. In the
longer term, widespread use of new engine combustor technology, which reduces BC particle
emissions, could achieve a 68.8% [45.2%, 82.1%] reduction in the contrail EF. A combination of

both interventions could reduce the contrail EF by 91.8% [88.6%, 95.8%].

Keywords: Contrail cirrus, Aviation, Black Carbon, Meteorology, Climate forcing

1 INTRODUCTION

Contrails are line-shaped clouds that form behind aircraft at favourable atmospheric conditions®?.
At cruising altitudes, aircraft black carbon (BC) particle emissions act as the primary source of
condensation nuclei for the formation of contrail ice particles®. Most contrails have a short
atmospheric lifetime and sublimate during or shortly after the decay of the aircraft wake vortex®.
Under ice super-saturated conditions, however, contrails persist, spread and mix with other
contrails and natural cirrus, transitioning into contrail cirrus which could have lifetimes of up to
18 h°. Several studies estimate that the global contrail coverage is around 0.1% to 0.4%°%8, and

possibly 10%°° in regions with high air traffic density (ATD).

During the day, contrails can cause a cooling effect by reflecting incoming shortwave (SW) solar
radiation back to space, while trapping and re-emitting longwave (LW) infrared radiation back to
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the Earth’s surface at all times'!. The most common metric used to quantify the contrail climate
forcing is the radiative forcing (RF), which describes the instantaneous change in energy flux
caused by contrails at the top of the atmosphere per unit area (globally or in a specified spatial
domain) and time!2. The contrail net RF is strongly dependent on the meteorological conditions,
contrail characteristics, surface albedo, natural cirrus properties and coverage, as well as diurnal
and seasonal cycles?'*4, Globally, the annual mean net RF of contrail cirrus is estimated to range
from 0.01 to 0.09 W m™, comparable to the integrated historical CO, emissions from aviation
activity (0.015 to 0.04 W m2)1%, and could exceed 1 W m2 over regions with high ATD®%". The
large uncertainty in contrail cirrus RF is due to uncertainties in spatial distribution, contrail

properties and radiative transfer schemes®,

An alternative metric that has been used to quantify the contrail climate forcing is the energy
forcing (EF, in units of J) or the EF per flight distance (J m)1216.19 |t is defined as the product of
the local contrail RF (RF’, the change in energy flux per contrail area)**?°, length (L) and width

(W), integrated over its lifetime (t),

Contrail EF [J] = [ RF'(t) x L(t) x W(t) dt . (1)

The EF measures the contrail climate forcing arising from individual flights. The EF per unit length

of contrail was estimated!® to be between -4 and 24 x108 J m™ with a mean of 0.25 x108 J m™.

Various models have been developed to estimate the characteristics and climate forcing of contrails,
ranging from large eddy simulations (LES)?*?* to atmospheric general circulation models
(GCM)®’. However, LES requires large computational times, while GCMs only provide
aggregated contrail outputs at a grid box level. The Contrail Cirrus Prediction Model (CoCiP)® and
Contrail Evolution and Radiation Model (CERM, a derivative of CoCiP)?° utilises parameterised
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physics to model the contrail segments produced by individual flights. While the BC number
emissions index (Eln) is an essential input parameter for contrail models®, previous
implementations of CoCiP and CERM have assumed a constant El, of 10*° kg™. To improve upon
this assumption, the Fractal Aggregates (FA) model?® or the Smoke Correlation for Particle
Emissions CAEP11 (SCOPE11)?" methodology, capable of estimating the El, from the BC mass
emissions index (Elm) for specific aircraft-engine types and engine powers, can be incorporated

into CoCiP or CERM to more accurately represent aircraft emissions.

Contrail models are vital in validating the effectiveness of different mitigation solutions such as
the use of alternative fuels, new engine technology and flight diversion strategies?>?-33, However,
uncertainties in the estimated contrail properties must be modelled to more accurately quantify the

potential net climate benefits from implementing these mitigation solutions.

This paper therefore aims to: (i) improve upon existing contrail models by applying the FA model
to CoCiP to improve estimates of the aircraft BC El, and contrail properties; (ii) evaluate the
uncertainty of the contrail climate forcing due to uncertainties in BC El, and meteorology; and (iii)

propose solutions to mitigate the contrail climate forcing in the Japanese airspace.
2 MATERIALS & METHODS

Here we describe the methods to evaluate contrail climate forcing and two mitigation proposals.
In summary: (i) the aircraft activity dataset is provided by the CARATS Open Data for Japan; (ii)
aircraft fuel consumption is estimated using the Base of Aircraft Data 3 (BADAJ); (iii) the FA
model is used to estimate the aircraft BC Ely; (iv) uncertainties in contrail characteristics and
climate forcing are modelled by implementing CoCiP with a Monte Carlo simulation; and (v)

meteorological data is from the European Centre for Medium-Range Weather Forecast (ECMWF)
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ERAJS high resolution realisation (HRES) reanalysis and the ERA5 ten-member ensemble (EDA).

Details and data omitted from the main text are included in the Supporting Information (SI).
2.1 Proposals for Contrail Mitigation

We simulate contrails that were produced by individual flights over Japan and evaluate two
proposals to reduce the contrail climate forcing: (i) a small-scale strategy of diverting flights with
the largest contrail EF; and (ii) widespread adoption of aircraft powered by cleaner engine

technologies such as the double annular combustor (DAC).

For proposal (i), we do not attempt to avoid all contrails, instead we reduce the potential warming
impacts corresponding to positive contrail EF by implementing a targeted diversion strategy. First,
we quantify the proportion of flights that contribute to 80% of the total contrail EF. For these
flights, we generate alternative trajectories (+ 2000 feet in cruising altitude) and pick the trajectory
with the lowest EF (which could be negative). We then aggregate the EF from all flights to quantify
the percentage reduction in contrail EF for the fleet and the difference in total fuel consumption

(TFC) between the original and diverted trajectories.

For proposal (ii), we simulate a hypothetical scenario where all aircraft are assumed to be powered
by DACs, which have been shown to have significantly lower BC El, compared to conventional
singular annular combustors (SAC): ground measurements show that the El, emitted by DACs at
low engine powers (pilot stage) is comparable to SACs, but decreases by an order of magnitude
(to 10%3 — 10 kg'!) at higher engine powers (lean combustion mode)®*%®. To be conservative, the

engine efficiency and fuel consumption for DACs are assumed to be the same as for SACs.

Further methodological details for these proposals are in the SI 8S6 and §S7.
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2.2 Aircraft Activity Dataset

The CARATS Open Data is a high-resolution aircraft activity dataset providing flight track data
from the Japanese airspace. Six one-week periods of air traffic data are recorded bimonthly from
May-2012 to Mar-2013, including 61 million waypoints. For each flight, a censored flight ID and
an International Civil Aviation Organisation (ICAO) aircraft type designator are provided, and
their 3D position is tracked approximately every 10 s. As contrail properties are spatially
dependent on aircraft trajectory, a high-resolution dataset is advantageous relative to other studies:
(i) the AERO2K dataset provides monthly aggregated data and does not provide disaggregated
trajectories from individual flights®®; (ii) radar track data from the Aviation Environmental Design
Tool (AEDT)® has an inconsistent temporal resolution; while (iii) the Aviation Emissions

Inventory Code (AEIC) assumes a great circle flight path between airport pairse.

However, limitations of the CARATS Open Data include waypoints with erroneous spatial data
and incomplete trajectories for international flights when their positions are outside the Japanese
airspace®. To overcome this, we applied a series of data cleaning and correction steps to estimate
the rate of climb and descent, true airspeed and Mach number for each waypoint, which are detailed

in the SI §S2.
2.3 Aircraft Fuel Consumption & Thrust Settings

BADAZ3 (ref.*) is used to estimate the fuel mass flow rate (m;) for each waypoint, and the TFC of
each flight. Aircraft-engine assignments are taken from an earlier study*!, and the initial aircraft
mass is estimated assuming an average aircraft load factor of 75%%. Further description of

BADAS3 isin Sl 8S2.3.

The m; for one flight, validated against an independent study® (SI §52.3), are in good agreement:

the estimated m; of individual waypoints at cruise agree to = 10%, and the estimated TFC is within
6
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+ 3%. However, we note two limitations of BADAZ3: (i) a decrease in the accuracy of the modelled
m; at suboptimal flight conditions (suboptimal altitudes and high speeds)*3; and (ii) a comparison
with the actual m, from flight data recorders showed that the uncertainty in m¢ (from BADAJ) is
larger at climb and descent*. For this study, limitation (ii) is of minor importance because contrails
predominantly form at cruise. However, limitation (i) remains an open issue and BADA4, which
was developed as an improvement to BADAS3, was not accessible.

Following the estimation of my, the engine thrust settings ( F

, Where Fog max 1S the maximum

Foo,max

rated thrust at sea level and zero speed) are estimated assuming*>4® thatFL is approximately

00,max

equal to the ratio of m; to the fuel flow at Fog may (=———, Where 1 .y is obtained from the ICAO

m
mf,max

F

(or = e ) is used to estimate BC El, and

00,max Mfmax

Aircraft Emissions Databank*?). We note that the
S0 uncertainty in this assumption may propagate. Further discussion is in the SI §S2.3 and §S3.2.
2.4  Estimating the BC Number Emissions Index from Aircraft

The FA model?® is used to estimate the aircraft BC El,,

Elp,

El, = )
! Po(g)(kTEM)?’_Dfm GMD%®exp (—q)2 ln(ZGSD)Z) @)

where ¢ = 3Drgm + (1 — Drgm) Dems

where Eln, is the BC mass emissions index, p, is the BC material density, Dsm is the mass-mobility
exponent of BC aggregates, GMD and GSD are the geometric mean diameter and standard
deviation of a given BC particle size distribution, while krem and Dtem are prefactor-exponent

coefficients. The FA model is compared to the SCOPE11?" and is selected due to better
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performance when validated against ground and cruise measurements of BC emissions®?34. Further

methodological details are included in SI §S3.

Given that the inputs required by the FA Model (i.e. Elm, GMD and GSD) are only measured for
a small number of aircraft-engine combinations predominantly on the ground, existing models and
datasets are reviewed to select or develop relationships to predict these parameters at cruise (Sl
§S3.2). In summary: (i) the Formation and Oxidation (FOX)*’ and the Improved FOX (ImFOX)*
methods are used to estimate lower and upper bounds of Eln for conventional SACs, respectively,
and following comparison between measurements and estimates of Elm at cruise, we enlarge the
uncertainty bound by -20% of the FOX and +50% of the ImMFOX estimates to reflect significant
uncertainties; (ii) the ratio of turbine inlet to compressor inlet temperatures (T4/T2) is used to
estimate Eln for DACs in the pilot stage (T4/T2 < 2.85) and constant value (3.25 mg kg™) for the
lean combustion stage (T4/T2 > 2.85); (iii) the GMD for both engine types are also estimated as a
function of T4/T> and comparisons are made to measurements to estimate a 95% confidence
interval (CI) of £20%; (iv) constant GSD (1.80), Dsm (2.76), krem (1.621 x10°) and Drem (0.39)
are assumed at cruise; and (v) particle sampling losses are corrected for and El, at the engine exit
plane is estimated by substracting a correction factor di0ss from the GMD, assumed to be uniformly
distributed between 3 and 8.5 nm, which implicitly assumes that sampling losses predominantly
affect the smallest particles causing an increase in the GMD at the instrument measurement point
and that the reduction to Eln is negligible. For the baseline scenario, the list to identify DAC

aircraft is in the SI §S2.4.
2.5 Contrail Model and Meteorology

CoCiP is used to simulate the characteristics and climate forcing of contrails produced by

individual flights. Further details on CoCiP are given in the literature®?° and in the SI §S4.
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Two improvements to CoCiP were implemented in this study. Firstly, the FA model enables the

F

El, to be estimated for each waypoint as a function of aircraft type and , which is an

00,max

improvement relative to previous studies which assumed a constant El, for every waypoint;
Secondly, two distinct meteorological datasets are used: the ERA5 HRES contains nominal
meteorological data at a very high spatial (0.25° x 0.25°) and temporal resolution (hourly); while
the ERAS EDA provides 10-member ensemble means and standard deviations to account for
observational, model and boundary condition uncertainties in the reanalysis but at a lower spatial
(0.5° x 0.5°) and temporal resolution (3-hourly). The ERA5 EDA is validated with meteorological
data from the Measurement of Ozone and Water VVapour by Airbus in-service aircraft (MOZAIC)
campaign (SI §54.3): both datasets are generally in good agreement where the R? is between 0.434

and 0.995.
2.6  Uncertainty Propagation

We implemented CoCiP with a Monte Carlo simulation to quantify uncertainties of the simulated
contrail characteristics and climate forcing arising from uncertainties in aircraft BC El, and
meteorology. As detailed in the SI8S3.4 and §S4.4, uncertainties in the FA model inputs are treated
as independent, leading to a [-70%, +200%] uncertainty in estimated El, (95% CI) that is
lognormally distributed, while meteorological uncertainties from the ERA5 EDA are normally
distributed®. The ranges of contrail properties (with uncertainty bounds) are compared with the
results from a nominal run of CoCiP using the ERA5 HRES, which has a higher spatiotemporal
resolution. We also note that the TFC uncertainty includes uncertainties in the ambient temperature

(Tamb) and wind speed.

The number of Monte Carlo simulations is restricted by computational demands: one CoCiP run

for the full set of aircraft trajectories takes 5 h. To increase the rate of convergence, we use a quasi-
9
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random low-discrepancy Sobol sequence scrambled using the Matousek-Affine-Owen algorithm.

Results show that the CoCiP contrail outputs converge to within 1% after 100 runs (SI §54.4).

The uncertainties explored in this paper are limited to meteorology and the aircraft BC El,. We
note that further uncertainties exist between different contrail models, but a multi-model

comparison is out of scope of this paper.
2.7 Comparing Climate Forcing of CO2 and Contrails

The diversion of flights raises a trade-off between minimising the contrail climate forcing and
increase in TFC (and CO2 emissions). We note that the comparability of the long-term climate
impacts of contrails and COy, in terms of the global surface temperature response, remains an open
issue because of: (i) large uncertainties in the contrail efficacy®>* (quantifying it is beyond our
research scope); (ii) differences in time horizons (TH); and (iii) a lack of consensus on a common
metric. While these limitations are acknowledged, we used the absolute global warming potential
(AGWP) for pulse emissions to derive the CO, EF emitted from individual flights for comparison

with the contrail EF,
CO, EF []] = fOTH RF¢o,dt X Sgaren = [AGWP;0 X (365 X 24 X 602)] X TFC X Elco, X Sgargn, (3)

where El¢o, is the emissions index for CO2 (3.16 kg kg™)*, Sgaren (5.101 X 10™* m?)* is the

surface area of Earth as CO> gets well-mixed over Earth’s atmosphere, and an AGWP with a 100-
year TH (AGWP100=92.5 [68, 117] x10%> yr Wm per kg-CO,)*® is used to align with the Kyoto
Protocol. The AGWP integrates the CO, RF over a determined TH, accounting for the decay in
CO2 RF over time®. From Eq. (3), the CO, EF per mass of fuel burned can be estimated as 4.70
[3.45, 5.95] x10° J kg™*. For a mean fuel consumption of 7.26 kg km™ (estimated in this study), the

CO2 EF per flight distance is 3.41 [2.50, 4.32] x10” J m™. This value serves as a reference to

10
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compare with the contrail EF per flight distance. Sensitivity of the CO, EF to TH will be evaluated

by using a 20- and 100-year AGWP TH®®.

The contrail EF is approximated with Eq. (1), and the choice of TH does not influence the contrail

EF because of their short lifetimes (< 24 h).
3 RESULTS
3.1 Aircraft Black Carbon Particle Number Emissions

Over the six one-week periods, the average El, for: (i) the entire dataset is 1.37 [1.35, 1.39] x10%
kg; (ii) aircraft equipped with SACs (84% of flights in the dataset) is 1.59 [1.57, 1.62] x10% kg
1-and (iii) aircraft powered by DACs (16% of flights) is 0.38 [0.37, 0.39] x10% kg with a 95%
Cl. Measurements of El, at cruise range from 0.2 to 0.8 x10%° kg™, however these were not
corrected for particle sampling losses®*°78, Our estimate of fleet-average El, is higher as we
account for sampling losses using a dioss factor (described in Section 2.4 and Sl 8S3.2). The
estimated fleet-average El, would reduce to 0.65 x10% kg? if we do not account for sampling
losses (010ss = 0), which is within the range of measurement data. However, as previous contrail
studies have inferred the Eln to be >10% kg in order to achieve best agreement between modelled
and in-situ measured and satellite-observed contrail properties®!’°%62 we proceed with our

estimate including sampling losses.

For individual aircraft, changes in the estimated El, across different phases of flight are presented
in SI 8S3.5: uncertainties in the estimated El, for each waypoint, [-70%, +200%], are significantly
larger than the El, uncertainties for the entire fleet [-1.65%, +1.24%] because of the law of large
numbers, where uncertainties from different flights cancel out when aggregated into a fleet-

averaged Eln.
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3.2 Contrail Characteristics and Climate Forcing

Hourly outputs for six selected contrail parameters are presented in Figure 1, while the fleet-
average values are summarised in Table 1. On average, when contrails are simulated using the
ERA5 EDA: (i) 17.8% [17.2%, 18.4%] of flights form contrails; (ii) the percentage of flight
distance with contrails is 7.15% [6.65%, 7.42%]; (iii) the mean contrail segment age for a given
Monte Carlo simulation is 3.24 [3.09, 3.36] h; (iv) the optical depth (t) is 0.143 [0.139, 0.151]; (v)
the net contrail RF and EF are 1.74 [1.21, 2.56] W m™ and 5.38 [3.85, 6.66] x108 J respectively;
and (vi) only 2.19% [1.97%, 2.45%] of flights are responsible for 80% of the contrail EF. The
contrail EF per flight distance (5.35 [3.82, 6.62] x10” J m™) is 1.6 times higher than the CO, EF
(3.41 [2.50, 4.32] x10” J m™, 100-year TH) despite the short contrail lifetimes relative to CO..
Histograms show that the uncertainties of contrail properties are either normal or lognormally

distributed (SI §S5).

When contrails are simulated using the ERA5 HRES, Table 1 shows that 10 out of the 14 outputs
are within the uncertainty bounds of the EDA. However, the total number and percentage of flights
forming contrails are 13% higher, the mean contrail segment age is 7% smaller, and t is 8% larger
relative to the EDA results. This is likely due to the higher spatiotemporal resolution of the HRES
capturing localised pockets of ice supersaturated regions (ISSRs) which causes a higher number
of flights forming shorter-lived contrail segments with a larger t (Table 1). The hourly outputs
using the HRES are within the uncertainty bounds of the EDA (Figure 1). Furthermore, the
simulated contrail properties are generally comparable with the range of observed and modelled

values reported in the literature6:17:6063,

12
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Figure 1: The characteristics and climate forcing of contrails in the Japanese airspace over time (hourly time
step, covering 6 weeks of simulations distributed over a year). Contrails are simulated with CoCiP using
meteorological inputs from the ERA5 HRES (red line) and the EDA (black lines, and the shaded region
represents the 95% CI for the particular time step). For other parameters that are not presented in this figure,
the reader is referred to the SI 8S5.
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Table 1: Fleet-average contrail characteristics and climate forcing over the six weeks of data available, which
are simulated with CoCiP using meteorological inputs of the ERA5 EDA (100 Monte Carlo simulations, 95%

ClI provided) and the HRES (Nominal).

ERA5 EDA (n=100) ERA5 HRES
CoCiP Outputs o
(6 weeks, Fleet average) Mean P2sw  Po7s% 95% Clw.r.t. Nominal
Mean
Total number of flights forming contrails 26534 25662 27385 [-3.29%, +3.21%] 29875
% of flights forming contrails 17.8 17.2 18.4  [-3.26%, +3.20%] 20.0
% of flight distance forming contrails 7.15 6.65 7.42  [-6.88%, +3.89%] 7.37
Mean contrail segment age (h) 3.24 3.09 3.36  [-4.57%, +3.80%)] 3.01
Maximum contrail segment age (h) 23.9 23.6 24.0 [-1.54%, +0.13%] 23.9
Ice particle volume mean radius (um) 13.3 12.7 13.8  [-4.51%, +3.68%] 13.0
Contrail optical depth (1) 0.143 0.139 0.151 [-2.87%, +5.45%] 0.154
SW RF (W m?) -4.42 -465  -3.99 [-5.27%, +9.82%] -4.48
LW RF (W m?) 6.16 5.87 6.54 [-4.73%, +6.22%)] 6.39
Net RF (W m?) 1.74 1.21 256 [-30.2%, +46.8%] 1.91
Contrail EF (x 108 J) 5.38 3.85 6.66 [-28.5%, +23.7%] 5.31
EF per flight distance (x 108 J m?) 0.535 0.382 0.662 [-28.6%, +23.7%] 0.421
EF per contrail length (x 108 J m™) 7.50 5.33 9.53 [-29.0%, +27.1%)] 7.17
% flights responsible for 80% contrail EF 2.19 197 2.45 [-9.95%, 12.0%)] 2.44

Table 2: Range of contrail characteristics and climate forcing produced by a Boeing B747-400 on the 11t of
July 2012 (FLT2429), which are simulated with CoCiP using meteorological inputs of the ERA5 EDA (100
Monte Carlo simulations, 95% CI provided) and the HRES (Nominal). Data on the flight trajectory and
histograms showing the uncertainty distribution of each parameter is in the SI §S5.

CoCiP OutpLL ERAS5 EDA (n=100) ERA5 HRES
oCiP Outputs

(Single F“!S)ht) Mean P25% Po7.5% QS%MC;L‘:]”I' Nominal
% of flights segments forming contrails 85.8 15.6 88.4 [-81.9%, +2.97%)] 69.1
Mean contrail segment age (h) 8.10 1.01 10.6 [-87.5%, +30.7%] 8.14
Maximum contrail segment age (h) 12.8 3.19 16.2 [-75.1%, +26.4%] 124
Ice particle volume mean radius (um) 114 2.67 19.6 [-76.6%, +71.8%)] 16.8
Contrail optical depth (1) 0.104 0.044 0.202 [-57.4%, +95.4%] 0.186
SW RF’ (W m?) -2.32 -7.99 -0.130 [-244%, +94.4%] -2.64
LW RF" (W m?) 4.77 1.03 9.77 [-78.5%, +105%] 9.67
Net RF' (W m?) 2.60 -151 7.14 [-158%, +175%] 5.69
Contrail EF (x 10% J) 4.33 -0.010 17.1 [-100%, +296%] 13.3
EF per flight distance (x 10°J m™) 3.52 -0.008 13.5 [-100%, +296%)] 9.29
EF per contrail length (x 10° J m™) 4.59 -0.017 16.2 [-100%, +254%] 13.5
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Figure 2: Temporal evolution of the characteristics and climate forcing of contrails produced by a Boeing B747-
400 (FLT2429, 11 July 2012). The individual lines represent the results from each Monte Carlo simulation
(100 runs in total) using the ERA5 EDA meteorological dataset. The initial contrail segments for this flight
(contrail age = 0 h) are formed at 16:30 Japan local time.

Table 2 shows the range of contrail parameters that was produced by a single flight, where the
nominal values of all parameters simulated with HRES inputs are within the uncertainty bounds
provided by the EDA. This particular flight is selected because the nominal contrail EF is the
highest in the dataset. CoCiP estimates a 96% probability of this flight forming contrails, and when
contrails are formed, the probability of producing a negative contrail EF (cooling) is 6.25%. Figure

2 shows the temporal evolution of various contrail properties: given that the contrails from this
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flight were initially formed at 16:30 local time, a negative net RF’ is observed up until dusk (around
19:00). However, due to the small contrail coverage area (= 10 km?), this negative net RF’ causes
anegligible cooling effect (EF ~-0.43 [-2.53, 0.70] x104J) in the first two hours. During the night,
the EF starts to increase because of the increasing contrail coverage area and positive net RF’,
which stays positive until dawn (around 05:00). We note that the uncertainty bounds of different
contrail properties arising from individual flights can be up to two orders of magnitude larger than

the fleet-average because the uncertainties cancel out when aggregated across the fleet.
3.3 Mitigation Proposals

The fleet-aggregated contrail, CO», and total EF for all scenarios are presented in Table 3.
Small-scale Diversion Strategy

Several studies have evaluated different flight diversion strategies to minimise the formation of
contrails by avoiding ISSRs?3L. However, a fleet-wide diversion strategy is neither practical nor

necessary given that only 2.2% of flights contribute to 80% of the total contrail EF (Table 1).

In the short term, a small-scale strategy which selectively diverts flights with the largest EF could
significantly reduce the contrail climate forcing, minimise disruptions to air traffic management
(ATM) and be implemented quickly without technological changes. Figure 3 shows the flights (for
the week in July-2012) that contribute to 80% of the total contrail EF. The average ATD above
20,000 feet is used to approximate the free airspace capacity that could be available for a diversion.
Figures 3 and S33 (SI 8S6.1) show that flights with the largest contrail EF predominantly form
between 15:00 and 06:00 local time because contrails formed late in the afternoon would have
spread to a large coverage area by nightfall with a positive net RF (similar to Figure 2). The EF
typically increases with contrail age, and contrails with the largest EF typically survive longer than

10 h.
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Figure 3: Flights in Week 2 (July 2012) that contribute to 80% of the total contrail EF and the times of day
when these flights occur. Error bars denote the 95% CI. For each flight, the mean contrail segment age is shown
by the symbol colour. The ATD above 20,000 feet (average and standard deviation) at different times of the
day is presented on the right axis. All flights in this figure have a positive EF because flights with cooling
contrails (EF <0 J) are excluded. Similar plots for other weeks are presented in the SI 8S6.1.

We therefore propose a strategy where diversions are prioritised for flights that contribute to 80%
of the total contrail EF, while also accounting for potential constraints in ATM: (i) at times of low
ATD (20:00 to 06:00), all of the selected flights are diverted; while (ii) a limited number of flights,
ranging from maximum of 1 to 10% of all flights in each time step, are allowed to divert when the
ATD is high but not at its peak (< 0.06 km™ h', between 15:00 to 20:00). Previous studies found
that ISSR’s typically have large horizontal (150 + 250 km) but shallow vertical extensions (of
order 1600 feet)3%54 consistent with our results (Figure S34, SI §56.1). Therefore, a small change
in cruising altitude (£2000 feet) could minimise the flight distance within regions of high humidity,

thereby reducing the contrail lifetime and EF.
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Table 3: Fleet-aggregated contrail, COz and total EF for the baseline and three mitigation scenarios. The CO:2
and total EF values are dependent on the CO2 AGWP TH (20, 100 or 1000 years). For the three mitigation
scenarios, the percentage change in contrail, CO2 and total EF are relative to the baseline scenario (A).

Contrail EF CO; AGWP CO; EF* Total EF (10%J)
(10%J) TH (years) (10%J) [contrails + CO2]
20 0.93326 [0.62062, 1.2309] 6.31 [4.88, 7.57]
Baseline
_ 5.38 [3.85, 6.66] 100 3.4277 [1.7187, 5.0480] 8.76 [6.92, 10.8]
Scenario
1000 20.185 [8.6413, 31.424] 25.8[14.2, 36.7]
0.93338 [0.62071, 1.2310] 3.11[2.33,3.93]
20
A = +0.014% [+0.010, +0.017] % A =-50.1% [-55.4, -44.6] %
2.15 [1.38, 2.96] 3.4282 [1.7259, 5.0488] 5.94 [3.85, 7.22]
Diversion 100
A = -59.4% [-65.6, -52.4] % A = +0.014% [+0.010, +0.017] % A = -35.6% [-44.2, -27.6] %
20.188 [8.6425, 31.428] 22.7[10.7, 33.6]
1000
A =+0.014% [+0.010, +0.017] % A =-12.2% [-23.1, -7.55] %
0.93326 [0.62062, 1.2309] 2.62[2.10, 3.09]
20
A=0 A = -58.4% [-62.4, -54.4] %
Fleetwide 1.68 [1.19, 2.08] 3.4277 [1.7256, 5.0480] 5.06 [3.49, 6.67]
DAC 100
Adoption A= 688% [821,-452] % A=0 A= -42.2% [-52.9, -32.6] %
20.185 [8.6413, 31.424] 22.0 [10.4, 33.0]
1000
A=0 A =-14.5% [-26.9, -8.65] %
0.93351 [0.62080, 1.2312] 1.38 [1.05, 1.67]
20
A =+0.027% [+0.021, +0.033] % A=-77.8% [-82.9, -73.0] %
Diversion 0.443 [0.152, 0.684] 3.4287 [1.7192, 5.0562] 3.89 [2.15, 5.48]
100
+DAC A - .91.8%[-958,-88.6] % A =+0.027% [+0.021, +0.033] % A = -56.5% [-70.3, -43.9] %
20.191 [8.6438, 31.433] 20.8 [9.08, 31.9]
1000
A =+0.027% [+0.021, +0.033] % A=-19.5% [-35.9, -11.6] %

* shown to 5 significant figures to allow identification of differences in values

For the six weeks of data, Figure 4a shows that the fleet-aggregated contrail EF is reduced by up
t0 59.3% [52.4%, 65.6%)] by diverting only 1.7% of the flights. On average, contrail EF is reduced

by 21.2% by diverting selected flights at night. The remaining 20.8% to 38.1% depend on the
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maximum percentage of flights that are allowed to divert during the day (1 to 10% of all flights in
each time step), subject to ATM constraints. Due to seasonal variations of the tropopause height,
contrail EF is more efficiently reduced when the aircraft is diverted to a lower cruising altitude
during the summer months, and vice versa in winter (SI §56.3). For the weeks in Jan- and Mar-
2013, contrails formed only sporadically (Figure 1). Therefore, large reductions in contrail EF are
achieved by diverting a very small number of flights: in week 6 (Mar-2013), diverting only 0.5%
of the flights that produce warming contrails could reduce the contrail EF by up to 93.1% [70.0%,
134%] with a 33% probability of a net cooling effect (negative EF). Conversely, there was a
prolonged contrail outbreak throughout week 3 (Sept-2012) with 37% of all flights forming
contrails. Hence, 4.1% of the flights have to be diverted to reduce the contrail EF by 52.4% [43.1%,

63.2%] in this week.
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Figure 4: Percentage reduction in the (a) contrail EF and (b) total EF (contrails plus CO2 EF) vs. the percentage
of flights that are diverted by + 2000 feet. The results are shown for the overall dataset (6 weeks) and separately
for specific weeks. The percentage of flights diverted does not fall to 0% because all flights that contribute to
80% of the warming EF are allowed to divert at night.
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On average, there isa 0.27% [-0.13%, 0.72%] increase in TFC and CO- emissions for each diverted
flight (SI 8S6.2). The difference in fuel consumption using BADAS is consistent with the literature,
and reflects that modern aircraft are designed with vertical altitude flexibilities of up to 3000 feet
at the expense of a few percent fuel penalty®®. Therefore, diverting 1.7% of flights with a fuel
penalty of 0.27% [-0.13%, 0.72%] only translates to a 0.014% [0.010%, 0.017%] increase in fuel

consumption (and CO2 emissions) for the fleet.

If an additional constraint is implemented in each Monte Carlo simulation, such that only the
flights that do not incur a fuel penalty are diverted, the maximum reduction in contrail EF that is
achievable reduces to 20.0% [17.4%, 23.0%]. This constraint limits the diversion to flights where
the original cruise altitude was sub-optimal or those where the alternative trajectory leads to

favourable wind conditions.

We assess the mitigation potential for the total EF (contrails plus CO): in the baseline scenario
60.8% of the total EF is from contrails (5.38 x10' J), while the remaining 39.2% is from CO:
emissions (3.43 x10%8 J, 100-year TH). Hence, when diverting up to 1.7% of the flights, Figure 4b
shows that overall reduction in total EF (35.6% [27.6%, 44.2%]) is less than the reduction in
contrail EF (59.3% [52.4%, 65.6%]). For week 5 (Jan-2013), the reduction in total EF is
insignificant (1.17% [0.52%, 3.00%]) because contrails form sporadically, and the total EF is
dominated by CO2 emissions from the fleet (SI §56.3). Table 3 summarises the sensitivity of CO2
EF and total EF to the AGWP TH: the total EF is reduced by up to 50.1% [44.6%, 55.4%] if a 20-
year TH is used; while overall reduction in the total EF is significantly smaller at 12.2% [7.55%,

23.1%] with a 1000-year TH, indicating that a longer TH gives greater weight to CO..
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Widespread Adoption of Cleaner Engine Technology

Over the longer term, widespread adoption of cleaner-burning DAC engines could also reduce the
contrail climate forcing. For the baseline scenario, we separately analysed the distribution of
contrail properties produced by SACs and DACs (SI 8S7): contrail segments produced by DACs
have fewer ice particles with a larger mean radius because the average Eln from DACs is 76%
lower than SACs. This leads to a smaller average age (< 10 h, due to the larger sedimentation rate),
7 (< 0.4, due to the Twomey effect) and net RF’ (+ 15 W m, as the contrail RF’ is proportional to
1) relative to SACs (< 13.5 h, < 0.8 and * 20 W m?)!23386_Gjven the smaller contrail RF’ and
lifetime, the mean EF per contrail length (0.55 x10% J m™) from DACs is 61% smaller when

compared to contrails produced by SACs (1.42 x108 J m™Y).

When all aircraft are assumed to be DACs (73% reduction in the fleet-average Ely), the number of
contrail-forming flights remains unchanged. However, smaller values are computed for the fleet-
average contrail age (-19.5% [-25.3%, -12.5%]), t (-33.1% [-38.8%, -27.2%]), net RF (-27.4% [-
37.7%, -18.9%]) and contrail EF (-68.8% [-82.1%, -45.2%)]) relative to the baseline scenario (Sl
8S7). The reduction in net RF is comparable to previous studies that investigated the effect of
changing Eln: for a 50% reduction in Eln, Bock & Burkhardt®” found a 14% reduction in net RF in
the Eastern China-Japan region; and for an 80% reduction in El,, Burkhardt et al.* calculated a
50% reduction in net RF globally. Other studies have investigated the effects of alternative fuels,
which also lower El,. Generally, reductions in contrail net RF from lower El, due to alternative
fuels are somewhat offset by increases in water vapour emissions, which facilitate contrail
formation®>®’. If DACs are combined with the diversion strategy, contrail and total EF could be
reduced by up to 91.8% [88.6%, 95.8%] and 56.5% [43.9%, 70.3%], respectively, assuming a 100-

year TH.
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4 IMPLICATIONS

The proposed small-scale diversion strategy could significantly reduce contrail EF with minimal
disruption to ATM and increase in CO2 emissions. This demonstrates the potential to reduce
aviation’s climate forcing immediately. Although this study is restricted to the Japanese airspace,

the qualitative findings are likely valid for other mid-latitude regions.

Significant research gaps remain, and future work should investigate an operational trial, contrail
model comparisons, the contrail efficacy and climate impact®*>4%8 (in terms of the global surface
temperature response), and further measurements of El, at cruise including a range of combustor

types and fuels.
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