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Abstract: Contrail cirrus introduce a short-lived but significant climate forcing that could be mitigated
by small changes in aircraft cruising altitudes. This paper extends a recent study to evaluate the
efficacy of several vertical flight diversion strategies to mitigate contrail climate forcing, and estimates
impacts to air traffic management (ATM). We use six one-week periods of flight track data in the
airspace above Japan (between May 2012 and March 2013), and simulate contrails using the contrail
cirrus prediction model (CoCiP). Previous studies have predominantly optimised a diversion of every
contrail-forming flight to minimise its formation or radiative forcing. However, our results show that
these strategies produce a suboptimal outcome because most contrails have a short lifetime, and some
have a cooling effect. Instead, a strategy that reroutes 15.3% of flights to avoid long-lived warming
contrails, while allowing for cooling contrails, reduces the contrail energy forcing (EFcontrail) by 105%
[91.8, 125%] with a total fuel penalty of 0.70% [0.66, 0.73%]. A minimum EFtotal strategy (contrails +

CO2), diverting 20.1% of flights, reduces the EFcontrail by the same magnitude but also reduces the
total fuel consumption by 0.40% [0.31, 0.47%]. For the diversion strategies explored, between 9% and
14% of diversions lead to a loss of separation standards between flights, demonstrating a modest
scale of ATM impacts. These results show that small changes in flight altitudes are an opportunity for
aviation to significantly and rapidly reduce its effect on the climate.
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1. Introduction

Contrails form behind an aircraft when the atmospheric conditions are favourable (high humidity
and low temperatures) [1,2]. Black carbon (BC) particles and water vapour emitted from the exhaust
of aircraft engines play a key role in this process [3,4]: hot aircraft exhaust mixes with cool ambient
air causing an increase in relative humidity; liquid water droplets form on the surface of BC particles
when the humidity in this mixture exceeds liquid saturation and these droplets then freeze into ice
crystals. The BC number emissions index (EIn in kg−1) therefore determines the initial number of
contrail ice particles, which then influences various contrail characteristics including the ice particle
size, lifetime, optical and radiative properties [5,6].

Most contrails have lifetimes of less than 10 min [7,8]. However, contrails can persist when
the relative humidity in the ambient air exceeds 100% with respect to ice (RHi) and develop into
contrail cirrus, a mixture of line-shaped and irregularly shaped contrails and other cirrus clouds.
These contrails can have lifetimes of up to a day [9–11] and may cover a large fraction of the sky area
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in regions with high air traffic density (ATD) [12–14]. During daytime, contrails scatter part of the
incoming shortwave (SW) solar radiation back to space causing a cooling of the Earth–atmosphere
system below the contrails, and maximum cooling is attained when the solar zenith angle is between
40◦ and 60◦ [15]. At all times, however, contrails trap part of the terrestrial radiation, reducing the
outgoing longwave (LW) infrared radiation and induce a warming greenhouse effect [16,17].

Several metrics have been used to quantify the contrail climate forcing. The radiative forcing
(RF, in units of W m−2) quantifies the change in radiative energy flux by contrails from a fleet of
aircraft over a given spatiotemporal domain; while the local contrail RF (RF’), defined as the change
in energy flux per contrail area, describes the climate forcing of individual contrail segments [15].
The ratio of SW/LW RF depends strongly on the microphysical optical properties of contrail ice particles
and on factors affecting radiation transfer in the Earth-atmosphere system [17]. There is scientific
consensus that the warming effect dominates [8]. Previous studies found a wide range of SW/LW
ratios, varying between 0.2 and 0.8 [18]. Some early global models assumed spherical ice crystals and
computed SW/LW ratios close to 0.2 [12,19]. More recent studies found larger ratios of between 0.4 and
0.6 [20,21], which implies a stronger potential for contrails to cool the Earth surface during daytime.
On average, the global annual mean net RF of contrail cirrus (≈ 0.01 to 0.09 W m−2) [8,12,18,22,23]
has been estimated to be comparable to the RF from aviation’s cumulative CO2 emissions (≈ 0.015 to
0.04 W m−2) [22]. As air traffic is not uniform across the world, the contrail net RF can be greater than
1 W m−2 in regions with high ATD [24,25], and scaling down further, the RF’ can exceed ±60 W m−2

for optically thick individual contrail segments [9,26].
An alternative metric, the contrail energy forcing (EFcontrail, in units of J), which can be normalised

with the flight distance or contrail length (J m−1), is calculated as the contrail RF’ multiplied by its
width and integrated over its length and lifetime [23,27]. By capturing the evolving contrail dimensions
and RF’, the EFcontrail quantifies the cumulative contrail climate forcing from individual flights, rather
than the RF at an instantaneous point in time. The mean EFcontrail per flight distance amounts to about
0.4 to 0.7 × 108 J m−1, and contrails with the largest positive EFcontrail are generally formed late in the
afternoon [28].

Various mitigation solutions have been proposed to reduce contrail formation and its climate
forcing (RF or EF). For example, the use of cleaner-burning engines and alternative biofuels, which
reduces the aircraft BC EIn by one order of magnitude [29–32], can reduce the contrail lifetime, light
scattering efficiency, optical depth (τ) and RF [2,33]. However, cleaner-burning engines can only be
adopted at scale over the long-term because aircraft typically have long lifecycles (>20 years) [34,35],
while biofuels, which currently only account for 0.01% of global jet fuel consumption [36,37], can
facilitate contrail formation and reduce a contrail’s efficacy in reflecting incoming solar radiation [38,39].

Flight diversion strategies that reroute air traffic around ice-supersaturated regions appear to be
the most feasible contrail mitigation solution that could be implemented in the near-term. ISSRs are
commonly found in the upper troposphere at altitudes of between 8 and 13 km, and have average
horizontal and vertical extensions of 150 ± 250 km and 0.7 ± 0.1 km, respectively [8,40–42]. A range
of operational strategies have been explored, including lateral/horizontal diversions [11,43], altitude
changes [23,28,44–46], and a combination of lateral and vertical diversions [47,48]. However, a strategy
that diverts all contrail-forming flights to minimise its formation, predominantly advocated by earlier
studies [23,45–49], might produce a suboptimal outcome because: (i) some contrails are short-lived
and/or can have a cooling effect; (ii) the increase in fuel consumption and long-lived CO2 emissions
could outweigh the climate benefits of contrail mitigation; and (iii) it can be highly disruptive to air
traffic management (ATM) [50]. In our previous study [28], we addressed issues (i) and (ii) and showed
that only 2% of all flights in the Japanese airspace were responsible for 80% of the total EFcontrail, and
diverting up to 1.7% of flights by ±2000 feet could reduce the EFcontrail by up to 59% [52, 66%] at a 95%
confidence interval (CI), with a 0.014% [0.010, 0.017%] increase in total fuel burn and CO2 emissions. On
top of diverting flights with the largest EFcontrail, flights can also be rerouted [51] or rescheduled [52,53]
to form cooling contrails and offset the warming effects of CO2 emissions. One study [19] used a model
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with a low ratio of SW/LW RF and found that rescheduling night flights to fly in daytime is ineffective
at reducing the contrail cirrus RF [19], but that result may differ for a larger SW/LW ratio. Hence, the
mitigation potential of a strategy that maximises the cooling effect of contrails (negative EFcontrail)
remains unexplored. Furthermore, although a small-scale diversion may limit the potential impacts on
ATM, the number of ATM conflicts where flights violate the minimum separation standards has not
yet been quantified.

Given these research gaps, this paper therefore aims to: (i) evaluate the efficacy of alternative
vertical flight diversion strategies beyond contrail avoidance; and (ii) quantify the potential impacts
of selected diversion strategies to ATM, in terms of the loss of separation (LOS) standards between
flights. Five strategies are considered, where the trajectories of all flights are selected to minimise the:
(i) contrail length; (ii) mean contrail RF’; (iii) EFcontrail; (iv) EFcontrail with an additional constraint that
flights are only diverted if they do not incur a fuel penalty; and (v) EFtotal (including the EF of both
contrails and CO2). In our previous study [28], the diversion of flights was constrained to only those
with the largest EFcontrail, while the present study allows for any number of flights to be diverted and
for flights to form cooling contrails (with a negative contrail RF’ and/or EF).

2. Data and Methodology

Contrails that are formed by individual flights in the airspace above Japan were simulated to
assess the efficacy of a vertical flight diversion strategy (reroutes based on altitude changes) and its
impact on ATM. Several datasets and models were used to achieve these objectives: an aircraft activity
dataset, an estimate of aircraft fuel consumption and emissions, meteorological data, and a contrail
model. A detailed description of these datasets and models was previously published in Teoh et al. [28].
Here, we provide a summary of these datasets and models, and highlight any changes that were made
to the methods for this paper.

2.1. Aircraft Activity and Emissions

The 2012 CARATS Open Data provides aircraft trajectory data in Japan’s four main Area Control
Centres (ACC): Tokyo, Fukuoka, Sapporo and Naha ACC. Six one-week periods of air traffic data were
provided bimonthly between May 2012 and March 2013, capturing 149,117 distinct flights. The data
for each flight contains a censored flight ID, an International Civil Aviation Organization (ICAO)
aircraft type designator, and their 3D position is tracked by en-route radars at 0.1 Hz. Aircraft-engine
assignments were provided by Stettler et al. [54], and the Base of Aircraft Data (BADA 3) was used to
estimate the thrust (F) and fuel mass flow rate (

.
mf) for each waypoint and the total fuel consumption

(TFC) of each flight [55]. F and
.

mf were subsequently used to estimate several engine parameters,
including: (i) the overall propulsion efficiency, which can influence the onset of contrail formation [56];
as well as the (ii) engine thrust settings (F/F00,max, where F00,max is the maximum rated thrust at sea
level and zero speed); and (iii) the ratio of the turbine inlet to compressor inlet temperatures (T4/T2).
Parameters (ii) and (iii) were required to estimate the aircraft BC EIn.

The aircraft BC EIn, which varies with aircraft type and engine power, was estimated using the
Fractal Aggregates (FA) model [28,57]. The FA model estimates the aircraft BC EIn from the BC mass
emissions index, particle size distribution and morphology because measurements and models for
these parameters are more readily available [28].

2.2. Contrail Simulation and Uncertainty

The contrail cirrus prediction model (CoCiP) was used to simulate the properties of individual
contrail segments throughout its lifecycle [5]. A contrail segment is formed when two consecutive
waypoints of a flight satisfy the Schmidt–Appleman criterion for contrail formation [3]. Further details
on CoCiP can be found in the literature [5,15], and the modelled contrail outputs have previously been
validated with in situ measurements and satellite observations [5,9,18,58–61].
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CoCiP requires inputs of air traffic data (CARATS Open Data), estimates of aircraft BC EIn

(FA model) and meteorology. We used reanalysis meteorological data from the European Centre for
Medium-Range Weather Forecasts (ECMWF), the ERA5 ten-member ensemble (EDA) [62]: it contains
the ten-member ensemble means and standard deviations of the required parameters (specific humidity,
ambient temperature, U- and V- component of wind, vertical velocity, geopotential and specific cloud
ice water content) at a sequence of 37 pressure levels and a spatiotemporal resolution of 0.5◦ × 0.5◦ and
3 h, respectively.

Uncertainties in meteorology (estimated from the ERA5 EDA and assumed to be normally
distributed) [63] influence the estimated TFC and aircraft BC EIn. The input parameters of the FA model
were also subject to uncertainties, and propagating them to the BC EIn results in an uncertainty of
[−70, +200%] at 95% CI that is lognormally distributed [28]. We then used a Monte Carlo 100-member
ensemble to propagate the uncertainties arising from meteorology and aircraft BC EIn to account for
uncertainties in the modelled contrail outputs. While Teoh et al. [28] previously assumed that the
uncertainties between meteorological parameters were independent, we defined the uncertainties of
specific humidity and ambient temperature to be correlated because the saturation vapour pressure
decreases with ambient temperature. The seed used to generate the random uncertainty factors for each
input variable (BC EIn and meteorology) in the Monte Carlo simulation were also fixed to ensure that
the conditions were consistent among different strategies and that model outputs were reproducible.

The contrail uncertainties do not account for model uncertainties [5]. For example, the model
assumes radiation transfer in a plane-parallel atmosphere, but 3D radiation transfer may be important
for narrow contrails [64–66]. Uncertainties arising from different contrail models, the radiative transfer
scheme, efficacy of global surface temperature response and other climate parameters to RF [67],
and the question of validating the difference in contrail effects that can be attributed to flight reroutes
have been identified earlier [28], and remain to be investigated beyond this study.

2.3. Climate Forcing of Contrails and CO2

The simulated contrail properties (including ice particle radius and optical thickness), meteorology
and radiation (ERA5 EDA) were used as inputs to a parameterised algebraic model described in
Schumann et al. [15] to estimate the RF’ for each contrail segment, which was then used to estimate the
EFcontrail,

EFcontrail [J] =
∫ T

0
RF′(t) × L(t) ×W(t)dt (1)

where L and W are the contrail length and width at time t, and T is the lifetime of the contrail segment.
Equation (1) captures the evolving contrail dimensions and RF’ over its lifetime and highlights contrails
that persist and spread, as these lead to a greater imbalance in the Earth’s radiation budget. The total
EFcontrail is the sum of the EF from all contrail segments and all flights.

Diversion strategies that mitigate the short-lived contrail climate forcing can lead to unintended
consequences of increasing the CO2 emissions that could remain in the atmosphere for centuries [68].
Therefore, it is important to compare the climate forcing of contrails and CO2 with a metric that
accounts for differences in their lifetime. While the EF concept is not generally used for gaseous
pollutants such as CO2, it can be approximated by integrating the CO2 RF over a given time-horizon
(20, 100 or 1000 years) and multiplying it with the Earth’s surface area because it is well-mixed in
the atmosphere.

EFCO2 [J] =
∫ TH

0
RFCO2dt× SEarth = [AGWPCO2, TH ×

(
365× 24× 602

)
] × TFC× EICO2 × SEarth (2)

where AGWPCO2, TH is the CO2 absolute global warming potential over a selected time-horizon
(TH) [68], EICO2 is the CO2 emissions index (3.16 kg kg−1) [69] and SEarth is the surface area of Earth
(5.101 × 1014 m2) [70]. The number of seconds per year occurs in Equation (2) because the AGWPCO2
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commonly refers to annual emissions and is given in units of y W m−2 kg−1. We used a 100-year TH
in evaluating CO2 emissions, AGWPCO2, 100 = 92.5 [68, 117] × 10−15 year Wm−2 kg−1, 95% CI [68],
consistent with the Kyoto Protocol, and where necessary, evaluate the sensitivity of EFCO2 to TH by
using a 1000-year (AGWPCO2, 1000 = 548 [380, 716] × 10−15 year Wm−2 kg−1) TH for the AGWPCO2 [68].

2.4. Contrail Mitigation

Two alternative trajectories were generated for each flight in addition to the original trajectory:
cruising altitudes were uniformly modified by ±2000 feet relative to the original trajectory (baseline
scenario). The higher trajectory (+2000 feet) is only available when its waypoints do not exceed
the altitude service ceiling for specific aircraft types. We computed the TFC for the new trajectories
using BADA 3, accounting for the change in fuel consumption when climbing/descending to the new
cruising altitude and for differences in the ambient meteorological conditions (wind and temperature).
The contrail properties and climate forcing were then computed with CoCiP for the three trajectories.
The accuracy of the changes in estimated TFC (between the original and alternative trajectories) were
subjected to known limitations of BADA 3 in approximating the dependencies of fuel consumption
on Mach number, lift coefficient and Reynolds number for variable aircraft mass, flight level and
ambient temperature [71]. Possibly improved methods, which account for these effects, are presently
under development [72] or have restricted access (BADA 4) [73]. For each Monte Carlo simulation,
uncertainties in the meteorology and the BC EIn for specific flights were specified consistently between
the original and alternative trajectories (Section 2.2).

Five distinct strategies were considered, where the trajectories of all flights were selected to
minimise one of the five objective functions: (i) initial contrail length; (ii) mean contrail RF’; (iii) EFcontrail;
(iv) EFcontrail with an additional constraint where only flights that do not incur a fuel penalty were
diverted; and (v) EFtotal (EFcontrail + EFCO2 with a 100-year TH). We reiterate that our previous study [28]
constrained the diversion of flights to only those with the largest EFcontrail, while this study expands the
search space by allowing for any number of flights to be diverted and flights can form cooling contrails
(with a negative contrail RF’ and/or EF). To evaluate the efficacy of each strategy, the percentage of
flights that require diversion, as well as the change in TFC, contrail properties and climate forcing were
quantified at a 95% CI.

2.5. Loss of Separation

Flight diversion strategies were expected to create ATM disruptions by increasing complexity,
airspace congestion, and the number of incidences where aircraft pairs experience a loss of separation
(LOS) [50,74]. Hence, ATM considerations could limit the scale and effectiveness of any proposed
diversion strategy. However, most studies have not accounted for these unintended consequences,
apart from Grewe et al. [48] and Rosenow et al. [49] which both specified the minimum separation
standards as a constraint in optimising flight trajectories.

Airspace that is covered by radar, such as the Tokyo, Fukuoka, Sapporo and Naha ACC, typically
operate with the Reduced Vertical Separation Minimum standard, where flights adhere to a separation
minima of 1000 feet vertically and 5 nautical miles (NM) laterally [75,76]. A LOS event was recorded
when distinct aircraft pairs violate the separation minima standards. Here, we quantify the number
of conflicts/LOS that were introduced from three diversion strategies: (i) the small-scale diversion
proposed by Teoh et al. [28], where 1.7% of flights with the largest EFcontrail are diverted; and (ii) the
minimum EFcontrail strategy, a larger scale diversion where all flights are diverted to the altitude that
minimises their EFcontrail; and (iii) the minimum EFcontrail strategy with the constraint that only flights
that did not incur a fuel penalty were diverted. Strategies (ii) and (iii) were previously described in
Section 2.4.

We interpolated the position of each flight every minute, flag waypoints with a LOS, and aggregate
the number of aircraft pairs and flights that were in conflict on an hourly basis. Aircraft pairs that have
successive waypoints with a LOS were recorded only once at the time when their separation is at a
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minimum. We did not check for a LOS between flights when their altitude is below 20,000 feet because
persistent contrails do not generally form below these altitudes and the separation standards in these
phases of flight can be smaller relative to cruise conditions [75]. The full Monte Carlo simulation
was not run because of the large computational requirements (one simulation run to check for ATM
violations takes approximately 24 h). For the three diversion strategies, we used the set of optimal
flight trajectories that were provided by the first run of their Monte Carlo simulation.

3. Results and Discussion

3.1. Efficacy of Flight Altitude Changes

Table 1 shows the aggregated contrail properties and climate forcing (RF’ and EFcontrail), total
fuel consumption, EFCO2 and EFtotal for all flights in the CARATS Open Data in the baseline scenario.
While the datasets and models used are the same as in our previous study [28], results from the baseline
scenario differs slightly: the percentage of flights forming contrails increased from 17.8% [17.2, 18.4%]
to 21.4% [21.1, 21.9%]; the mean contrail segment age increased from 3.24 [3.09, 3.36] h to 4.37 [4.13,
4.63] h (+35.0%); and the aggregated EFcontrail increased from 5.38 [3.85, 6.66] to 5.75 [4.12, 8.45] × 1018

J (+6.93%). This is because we now assume that the uncertainties of ambient temperature and specific
humidity are correlated (Section 2.2), which leads to a smaller variance in the RHi between Monte
Carlo simulations.

The percentage differences in these aggregated metrics from the various vertical flight diversion
strategies (see Section 2.4) are shown in Table 1 and Figure 1. In general, the choice of strategy
leads to different efficacies in mitigating the contrail climate forcing: minimising the initial contrail
length (contrail avoidance) or the RF’, commonly adopted by previous studies [11,44–49], reduces the
aggregated EFcontrail by 70.8% [66.0, 75.3%] and 74.6% [65.4, 89.6%], respectively. However, a strategy
that minimises the cumulative contrail climate forcing over contrail lifetimes (minimum EFcontrail)
achieves a larger reduction in the EFcontrail, by 105% [91.8, 125%]. For these three strategies (minimum
contrail length, RF’ and EFcontrail), the TFC increases slightly by up to 0.70% [0.66, 0.73%]. The two
remaining strategies minimise either the EFcontrail or the EFtotal (accounting for the EF of contrails
and CO2) under an additional constraint that flights are only diverted if they do not incur a fuel
penalty: the first variant reduces both the EFcontrail by 52.1% [42.5, 60.8%] and TFC by 0.86% [0.84,
0.88%]; while the second variant reduces the EFcontrail and TFC by 105% [91.8, 125%] and 0.40% [0.31,
0.47%], respectively.

For all five strategies, the percentage of flights that are selected for diversion (ranging between
7.6% and 20.1%) is significantly larger than the small-scale diversion strategy proposed in our earlier
study [28] (up to 1.7% of all flights). This is because the earlier study [28] investigated a strategy of
diverting the 2% of flights that contribute to 80% of the total EFcontrail, while the search space in this
study is larger and considers alternative trajectories for all flights to minimise the selected objective
function. We discuss the results for each strategy in detail in the subsections below.
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Table 1. Aggregated contrail properties (initial contrail length and mean contrail segment age) and climate forcing (RF’ and EFcontrail), total fuel consumption, EFCO2

and EFtotal for the baseline scenario (top); as well as the percentage of flights diverted and percentage difference of these quantities for the five strategies relative to the
baseline scenario (bottom). The EFCO2 and EFtotal presented in this table are calculated based on a 100-year time-horizon (TH) for the CO2 AGWP, and the 95% CI is
provided in the square brackets.

Initial Contrail
Length (109 m)

Mean Contrail
Segment Age

(h)

Mean Contrail
RF’ (W m−2) EFcontrail (1018 J)

Total Fuel
Consumption,
TFC a (108 kg)

EFCO2
a,b (1018 J) EFtotal

b (1018 J;
Contrails + CO2)

Baseline
Scenario

6.933
[6.813, 7.312]

4.373
[4.126, 4.629]

1.420
[0.940, 2.200]

5.753
[4.119, 8.449]

2.90716
[2.90710,
2.90721]

3.4277
[1.7187, 5.0480]

9.037
[6.468, 12.280]

% of Flights
Diverted

Percentage Difference Relative to the Baseline Scenario

Initial Contrail
Length

Mean Contrail
Segment Age

Mean Contrail
RF’ EFcontrail

Total Fuel
Consumption,

TFC
EFCO2

b EFtotal
b

Min. Contrail
Length

12.9%
[12.8, 13.2%]

−66.6%
[−67.0, −65.8%]

−3.61%
[−5.54, −0.59%]

−29.2%
[−63.2, −12.4%]

−70.8%
[−75.3, −66.0%]

+0.57%
[+0.55, +0.59%]

+0.24%
[+0.23, +0.24%]

−45.0%
[−55.9, −38.6%]

Min. Contrail
RF’

15.0%
[14.7, 15.3%]

−17.3%
[−20.3, −13.5%]

−9.05%
[−10.6, −7.21%]

−186%
[−282, −122%]

−74.6%
[−89.6, −65.4%]

+0.69%
[+0.66, +0.72%]

+0.28%
[+0.27, +0.30%]

−47.2%
[−59.0, −40.5%]

Min. EFcontrail
15.3%

[15.0, 15.7%]
−23.1%

[−27.6, −17.4%]
−13.9%

[−16.4, −11.4%]
−185%

[−279, −121%]
−105%

[−125, −91.8%]
+0.70%

[+0.66, 0.73%]
+0.29%

[+0.27, +0.30%]
−66.7%

[−83.7, −57.2%]

Min. EFcontrail
(No Fuel
Penalty)

7.63%
[7.47, 7.81%]

−8.64%
[−10.7, −6.66%]

−4.90%
[−6.06, −4.20%]

−75.7%
[−119, −46.1%]

−52.1%
[−60.8, −42.5%]

−0.86%
[−0.88, −0.84%]

−0.36%
[+0.27, +0.30%]

−32.4%
[−41.7, −27.4%]

Min. EFtotal
(CO2 +

Contrail)

20.1%
[19.9, 20.3%]

−23.2%
[−27.7, −17.4%]

−13.7%
[−16.3, −11.3%]

−183%
[−275, −120%]

−105%
[−125, −91.8%]

−0.40%
[−0.47, −0.31%]

−0.17%
[−0.20, −0.13%]

−66.8%
[−83.9, −57.4%]

a shown to 5–6 significant figures to allow identification of differences in values. b CO2 EF is calculated with a TH of 100-years (Section 2.3).
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Figure 1. Percentage change in the aggregated contrail energy forcing (EFcontrail) and total fuel
consumption (TFC; for all flights in the dataset) for vertical flight diversion strategies with five different
objective functions relative to the baseline scenario. The strategies include selecting the flight trajectories
with a minimum: (i) contrail length; (ii) local contrail radiative forcing (RF’; (iii) EFcontrail; (iv) EFcontrail

with an additional constraint where flights with no fuel penalty are diverted; and (v) EFtotal, including
the EF of contrails and CO2. The percentage of flights diverted is shown in the symbol colour. Error bars
denote the 95% CI.

3.1.1. Contrail Avoidance

The contrail avoidance strategy requires the diversion of 12.9% [12.8, 13.2%] of all flights to reduce
the initial contrail length, i.e., the total length of flight distance forming contrails, by 66.6% [65.8,
67.0%] with an increase in TFC of 0.57% [0.55, 0.59%] (Table 1). However, reductions in the mean
contrail age (−3.61% [−5.54, −0.59%]), RF’ (−29.2% [−63.2, −12.4%]), EFcontrail (−70.8% [−75.3, −66.0%])
and EFtotal (−45.0% [−59.0, −40.5%]) that can be achieved from this strategy are lower than the other
strategies explored in Table 1. We note that a pure contrail avoidance strategy can lead to unintended
consequences: 16.0% [14.8, 17.2%] of the diverted flights successfully reduced their proportion of flight
distance forming contrails, but the contrail age and/or EF from their selected trajectory are larger than
the original trajectory. This includes cases where flights were originally forming cooling contrails (with
a negative EFcontrail), but a diversion prevents any contrails from forming. Hence, the simple contrail
avoidance strategy cannot be recommended because those that are present during the day can have a
cooling effect, and the trajectory that produces a shorter contrail length could have a longer lifetime
and larger EFcontrail.

3.1.2. Minimum Contrail RF’

The strategy to minimise the contrail RF’ leads to a reduction in the mean contrail RF’ (−186%
[−282, −122%]), EFcontrail (74.6% [65.4, 89.6%]) and EFtotal (47.2% [40.5, 59.0%]) at the expense of a 0.69%
[0.66, 0.72%] increase in TFC. It diverts slightly more flights (15.0% [14.7, 15.3%]) than the contrail
avoidance strategy, but further gains in reducing EFcontrail and EFtotal are marginal. The additional
gain is small because the contrail RF’ is minimised regardless of changes in the contrail age and its
cumulative climate forcing: contrails become optically thinner (lower τ) as they spread over time [21,27],
implying that longer-lived contrails can have a smaller mean contrail RF’ because it is proportional to
τ [15]. This could lead to the strategy favouring a trajectory that produces long-lived contrails with a
weaker RF’: 35.0% [34.1, 36.1%] of the diverted flights have a larger contrail age than their original
trajectory, and 20.7% [20.1, 21.2%] of them have a larger EFcontrail. Although flights can also be diverted
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to a trajectory with a large negative contrail RF’, their overall cooling effect (in terms of the negative
EFcontrail) can be insignificant if the contrail lifetime is short and/or small coverage area. Similarly,
it might not be necessary to divert flights with a large positive contrail RF’ if they are short-lived and
have negligible radiative significance.

3.1.3. Minimum EFcontrail

The strategy minimising the EFcontrail diverts 15.3% [15.0, 15.7%] of flights, a proportion that
is similar to the minimum contrail RF’ strategy, but achieves a larger reduction in EFcontrail (105%
[91.8, 125%]) and EFtotal (66.7% [57.2, 83.7%]) with a small increase in TFC (0.70% [0.66, 0.73%]).
There is a 65% probability that this strategy changes the sign of the total contrail climate forcing from
warming to cooling (negative EFcontrail). The cooling slightly offsets the warming effects of long-lived
CO2 emissions.

For the six one-week periods of air traffic data available, flights that produce the largest EFcontrail

generally occur between 10:00 and 22:00 Japan local time (Figure 2a). The time of day when the
largest EFcontrails are formed depends on the seasonality [28]: during the summer with longer daylight
hours, flights with a large EFcontrail are typically formed after 15:00 local time; while flights that are
flown before noon can also produce the largest EFcontrail in winter because of the shorter daylight
hours. Although persistent contrails forming at these times can induce a cooling effect initially, the
spreading contrail (coverage area can grow by one order of magnitude after a few hours [12,77,78]) and
positive RF’ during the night both enhance its warming effect [28]. Figure 2b shows that the minimum
EFcontrail strategy favours: (i) the diversion of flights that produces long-lived contrails with lifetimes
longer than 8 h, where fewer data points with a large EFcontrail are observed at all times; and (ii) the
formation of cooling contrails from midnight to around 15:00 local time, as shown by an increased
number of data points with a larger negative EFcontrail at these times. While the diversion of flights to
form contrails during the night (that induce a positive EFcontrail initially) seems counterintuitive in
mitigating the contrail climate forcing, their cooling effects are maximised after dawn because these
persistent contrails have grown to a large coverage area with a negative RF’. The potential disruptions
to ATM that is caused by these diversions would likely be at a minimum because the ATD is low
during those times, as will be evaluated in Section 3.2.
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Figure 2. The EFcontrail for each flight vs. the time of day when these flights occur from one run of
Monte Carlo simulation, where (a) is the baseline scenario; and (b) is the strategy with flight trajectories
changed to achieve a minimum EFcontrail. All contrail-forming flights in the CARATS Open Data are
included, and the mean contrail segment age is shown by the symbol colour. The red lines refer to the
right-axis, showing the air traffic density > 20,000 feet (mean ± 1.96σ) vs. the time of the day.
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3.1.4. Minimum EFcontrail with No Fuel Penalty

In this strategy, we explore the same objective function of a minimum EFcontrail, but with an
added constraint of diverting flights only when they do not incur a fuel penalty. This is possible if the
alternative trajectory has a more favourable wind condition, or is closer to the optimal cruising altitude
(for specific aircraft types and mass). For this strategy, 7.63% [7.47, 7.81%] of all flights are diverted to
reduce both the EFcontrail and TFC by 52.1% [42.5, 60.8%] and 0.86% [0.84, 0.88%]. We note that the
number of flights diverted and the mitigated EFcontrail is approximately 50% less than in the minimum
EFcontrail strategy with no constraints. Given the long-lived nature of CO2 emissions [68] together with
large uncertainties in the EFcontrail from individual flights [28], and in the contrail climate impact (in
terms of the global surface temperature response) [67,79], this constraint ensures, within the limits of
the aircraft fuel consumption model, that the diversion of specific flights does not lead to unintended
consequences of increasing total climate forcing. Contrary to perception, mitigating the contrail effects
of aviation does not require an increase in fuel consumption.

3.1.5. Minimum EFtotal

The strategy to minimise EFtotal (EFcontrail and EFCO2) reduces EFcontrail by the same magnitude
as the minimum EFcontrail strategy with no constraints (105% [91.8, 125%]) and in addition achieves
a small reduction in the TFC (0.40% [0.31, 0.47%]). The reduction in EFtotal (66.8% [57.4, 83.9%]) is
not much larger than that achieved in the minimum EFcontrail strategy with no constraints (66.7%
[57.2, 83.7%]). However, this small gain of 0.1% is achieved at the cost of diverting significantly more
flights (20.1% [19.9, 20.3%] vs. 15.3% [15.0, 15.7%]). This is because reductions in EFtotal are almost
entirely composed of reductions in the EFcontrail. Reductions in EFtotal from fuel savings are very small
despite the long atmospheric lifetime of CO2 [68]. A sensitivity analysis utilising a 1000-year TH for
the CO2 AGWP TH, which gives greater weight to CO2, yielded similar results. For these reasons, we
do not consider the minimum EFtotal strategy when evaluating the impact of different flight diversion
strategies to ATM in Section 3.2.

3.2. Loss of Separation

Current ATM systems could present a barrier to implementing a targeted contrail diversion
strategy at scale. Flight altitude changes as a result of contrail diversions are analogous to cases where
flights are diverted due to bad weather and severe turbulence [80,81]. Such diversions reduce airspace
capacity, increase airspace complexity and the workload of air traffic controllers because flights have to
be tactically managed to maintain a safe separation distance.

In this subsection, we evaluate the feasibility of implementing the three most promising contrail
diversion strategies on the perspective of ATM: (i) the small-scale diversion strategy that was proposed
by Teoh et al. [28], showing that a diversion of up to 1.7% of all flights (with the largest EFcontrail)
leads to a reduction in total EFcontrail by 59.3% [52.4, 65.6%]; (ii) the minimum EFcontrail strategy, where
diverting 15.3% [15.0, 15.7%] of all flights achieves a reduction of 105% ([91.8, 125%]) in the total
EFcontrail (Section 3.1.3); and (iii) the same minimum EFcontrail strategy, but with an added fuel penalty
constraint where 7.63% [7.47, 7.81%] of all flights are diverted to reduce the total EFcontrail by 52.1%
[42.5, 60.8%] (Section 3.1.4).

For these three diversion strategies, Table 2 provides a summary of the total number of flights
diverted and the number of incidences where flights experience a LOS, while Figure 3 shows the
hourly variation of these quantities for the 42 days of air traffic data available. There is a day-to-day
variation in the number of flights diverted that depends on ambient meteorological conditions [28],
and ATM conflicts generally occur between 09:00 and 23:00 local time (Figure 3). Although the total
number of flights diverted in the minimum EFcontrail strategy (with no constraints) is approximately
10 times higher than the small-scale diversion strategy (22,696 vs. 2196 flights), there is a lower
proportion of flights in conflict relative to the total number of flights diverted (9.06% vs. 13.8%).
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This is because the small-scale diversion strategy primarily diverts flights between 15:00 and 22:00
local time (Figure 3a, left), when ATD is high (as shown in Figure 2) and when ATM conflicts occur
more frequently (Figure 3a, right). Conversely, the minimum EFcontrail strategy (with no constraints)
also diverts flights before 09:00 local time (Figure 3b, left), when ATD is low (Figure 2) so that these
diversions introduce few ATM conflicts (Figure 3b, right). The number of ATM impacts in the third
strategy (minimum EFcontrail with fuel penalty constraints) lies in between those of the small-scale
diversion strategy and the unconstrained minimum EFcontrail strategy (Table 2 and Figure 3c).
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Figure 3. Daily variations in the number of flights diverted (left) and ATM conflicts (right) at different
times of the day for: (a) the small-scale diversion strategy proposed by Teoh et al. [28]; (b) the minimum
EFcontrail strategy with no constraints (Section 3.1.3); and (c) the minimum EFcontrail strategy with fuel
penalty constraints (Section 3.1.4). The CARATS Open Data consists of 42 days of air traffic data, and
each row represents the results for one day.
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Table 2. Total number (and percentage) of flights diverted, and summary statistics of the resulting
air traffic management (ATM) conflicts for: (i) the small-scale diversion proposed by Teoh et al. [28];
the minimum EFcontrail strategy with (ii) no constraints (Section 3.1.3); and (iii) with constraints where
only flights that do not incur a fuel penalty are diverted (Section 3.1.4).

Strategy Total (and %) of
Flights Diverted

Total No. of
Aircraft Pairs in

Conflict

Total No. of
Flights in Conflict

Ratio of Flights in
Conflict to the Total No.
of Flights Diverted (%)

Small-scale
diversions [28] 2196 (1.47%) 169 304 13.8%

Min EFcontrail 22696 (15.2%) 1181 2056 9.06%

Min EFcontrail (no
fuel penalty) 11386 (7.63%) 678 1222 10.7%

These results demonstrate that flexibility may exist in the current ATM system to implement a
contrail diversion strategy: although there could be constraints in diverting flights with the largest
EFcontrail at times of high ATD, the diversion of flights to form cooling contrails before dawn does not
introduce ATM complications and could be exploited to mitigate the contrail climate forcing.

4. Conclusions

Contrails forming behind aircraft can persist and transform into contrail cirrus clouds, spreading
across large areas of the sky. Although contrails have short lifetimes of up to a day, their climate forcing
could reach a magnitude that is comparable to aviation’s cumulative CO2 emissions from past traffic.
Several mitigation solutions have been proposed to mitigate the contrail climate forcing, including
the use of cleaner-burning engines, alternative fuels, and different forms of flight diversion strategies.
However, the widespread use of cleaner-burning engines and alternative fuels will take decades,
leaving flight diversion strategies as a feasible option that could be implemented in the near-term.

In this paper, we evaluate the efficacy of mitigating the contrail climate forcing with different
vertical flight diversion strategies. For flights in the Japanese airspace, alternative trajectories are
generated for each flight by modifying the aircraft cruising altitude by ±2000 feet. Contrails that are
produced for these sets of trajectories are then simulated using the CoCiP contrail model. To evaluate
the effectiveness of different strategies, trajectories are selected to minimise one of the following
objective functions: (i) initial contrail length; (ii) contrail RF’; (iii) EFcontrail; (iv) EFcontrail, subjected to
constraints where diverted flights do not incur a fuel penalty; and (v) EFtotal that accounts for the EF of
both contrails and CO2.

Depending on the choice of strategy, different efficacies in mitigating the contrail climate forcing
are found. Contrail avoidance can lead to a suboptimal outcome in mitigating the contrail climate
forcing by EFcontrail because it avoids not only strongly warming contrails, but also short-lived contrails
with negligible radiative significance and avoids contrails that cool during the day. Similarly, a strategy
minimising the contrail RF’ could favour the formation of long-lived contrails, which can have a large
EFcontrail when a small RF’ is integrated over a long lifetime. Contrail mitigation appears to be most
effective by minimising the climate forcing that is accumulated over a contrail’s lifetime: for the study
area considered, a diversion of 15.3% [15.0, 15.7%] of all flights minimising the formation of long-lived
contrails and forming cooling contrails can reduce the aggregated EFcontrail and EFtotal by 105% [91.8,
125%] and 66.7% [57.2, 83.7%], respectively, but with a 0.70% [0.66, 0.73%] increase in TFC. The same
strategy (minimum EFcontrail) with an added constraint of diverting flights only when they do not incur
a fuel penalty, diverts 7.63% [7.47, 7.81%] of flights, reduces the EFcontrail by 52.1% [42.5, 60.8%] and
simultaneously reduces TFC by 0.86% [0.84, 0.88%]. Finally, a strategy minimising the EFtotal showed
diminishing returns: the TFC is reduced by 0.40% [0.31, 0.47%], but this necessitates the diversion of
20.1% [19.9, 20.3%] of all flights and the further reduction in EFtotal is negligible when compared with
the minimum EFcontrail strategy with no constraints.
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We then evaluate the impacts to ATM from three flight diversion strategies, in particular: (i) the
small-scale diversion from Teoh et al. [28]; and the minimum EFcontrail strategy (ii) without constraints;
and (iii) with a constraint on fuel penalty. For all three strategies, the proportion of flights in conflict
relative to the number of flights diverted is below 15%. The large majority of ATM conflicts occur when
the ATD is high (between 09:00 and 23:00 local time), but flights that are rerouted to produce cooling
contrails at times of low ATD (before 09:00 local time) do not cause ATM conflicts. These results suggest
that some form of flight diversion strategy could be implemented under the current ATM system
without the need for new communication, navigation and surveillance (CNS) ATM technologies, such
as considered in the US Federal Aviation Administration’s Next Generation Air Transport System
(NextGen) and the European Commission’s Single European Sky (SES) initiative [82,83].

As contrails are short-lived relative to CO2 emissions, which can remain in the atmosphere for
more than a millennium, an implementation of a vertical flight diversion strategy could significantly
reduce the warming effect of aviation at short time scales. This presents the aviation industry with an
opportunity to rapidly and significantly reduce its overall contribution to global warming.
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