Contrail Avoidance: A Strategic
Assessment of Technological
Readiness and Adoption —
Supplementary Information

Jessie R. Smith, Caleb Akhtar-Martinez, Jerome P. Jarrett

Nomenclature

Symbol Definition
A Level of adoption of mitigation measure as a proportion of
the whole fleet (%)

a Number of deviated aircraft in case of air traffic conflict
ao Coefficient in equation describing Fco, (%)
a, Coefficient in equation describing Fcqo, (%)
a, Coefficient in equation describing F¢o, (%)
as Coefficient in equation describing Fcqo, (%)
CR Time-based climate response to the emission during 1

kilometre of flight (mW/m?2/km)

D Annual distance flown globally (km)

Dgev The horizontal length of the deviated flight path (km)
Dissr The horizontal length of the ISSR (km)

e Emission (CO:2 or contrails)

ERF Effective radiative forcing (mwW/m?)

E, Unit climate impulse response to emission (%)

FBP_ .jimp The component of fuel burn penalty incurred due to

changing altitude during a deviation (%)
FBP_ . yise The component of fuel burn penalty incurred due to flying
at a cruise altitude that is different to the un-deviated

cruise altitude (%)



FBPy,

FBPimperfect,ATC

FBPimperfect,prediction

FBPtarget

FN

FP

G
g

historical
Ah
IF

MF BP,ATC

MFBP,prediction

M W,ATC

The component of fuel burn penalty incurred due to flying
additional horizontal distance (%)

Fuel burn penalty of avoidance strategy given air traffic
conflicts (%)

Fuel burn penalty of avoidance strategy given an
imperfect prediction system (%)

Fuel burn penalty due to target avoidance strategy, given
a perfect prediction system and no air traffic conflicts (%)
Proportion of false negatives. Fraction of occurrences
where no contrail is predicted to form, but one does (%).
Proportion of false positives. Fraction of occurrences
where a contrail is predicted to form, but it does not (%).
Distance flown relative to 2018 (%)

Annual increase in distance flown (%)

Value from 1940 to 2018

The change in altitude during a deviation (m)
Improvement fraction. Progress towards full scale up and
technological readiness (%)

Coefficient in equation describing F¢qo, (year)

Coefficient in equation describing Fcq, (year)

Coefficient in equation describing F¢qo, (year)

Number of flight paths that conflict with any deviated flight
path

Mitigation measure: no action, sustainable aviation fuels
(SAFs), operational efficiency improvement, contrail
avoidance (avoid), fuel burn penalty due to contrail
avoidance (FBP)

Change in fuel burn penalty due to air traffic conflicts (%)
Change in fuel burn penalty due to an imperfect prediction
system (%)

Change in warming reduction due to air traffic conflicts
(%)



My prediction Change in warming reduction due to an imperfect

prediction system (%)

n Number of occurrences in a sample
new Value from 2018 to ¢t + 2018
Overall Response Parameter to describe the climate and adoption based,

time dependent response of a mitigation measure (%)

P Precision. The ratio of correct predictions to all
predictions.

Darc Probability of air traffic conflict (%)

Dfitarget Proportion of flight length that is deviated as part of an

avoidance strategy

R Recall. The ratio of correctly predicted occurrences to all
occurrences.
Res The component of fuel burn penalty incurred due to

carrying additional fuel for the deviations (%)

t Time from y = 2018 (year)

At Time period between first implementation and whole-fleet
adoption of a mitigation measure (year)

target The type of contrails that are targeted by the avoidance
strategy. target = all indicates that all persistent contrails
are targeted. target = night indicates that all persistent,
nighttime contrails are targeted. target = warm indicates
that all persistent, warming contrails are targeted.
target = 80% indicates that only contrails that contribute
to the top 80% of contrail warming are targeted

TN Proportion of true negatives. Fraction of occurrences
where no contrail is predicted to form, and no contrail
forms (%).

total Value from 1940 to t + 2018

TP Proportion of true positives. Fraction of occurrences
where a contrail is predicted to form, and it does (%).

TR Technological effectiveness: proportion of ERF reduction

assuming whole-fleet adoption (%)



Wimperfect,atc Warming reduction of avoidance strategy given air traffic
conflicts (%)

Wimperfectprediction Warming reduction of avoidance strategy given an
imperfect prediction system (%)

Wetarget Targeted warming reduction of avoidance strategy, given
a perfect prediction system and no air traffic conflicts (%)
Year
Population standard deviation

oy Standard error in mean

U Population mean

Variable used in sum over t (year)

Aviation Based Warming: Governing Equations

The governing equations detailed in this section describe the warming effect of
contrails and the CO2 emissions from aviation. They are used in combination with
literature estimates of historical and present emissions and effective radiative forcing

(ERF) to project estimates of ERF into the future under different mitigation scenarios.

Lee et al. 2021* estimates the ERF of all aviation emissions in the year (y) 2018,
including CO2 and contrails (generalised here using the symbol e). The ERF of any
emission in 2018 (ERF, ;,:{y = 2018}) can be expressed as the sum of the ERF due
to historical emissions that remain in the atmosphere (ERF, pistoricaity = 2018}), and
the ERF due to emissions in 2018 (ERF, ., {y = 2018}), as in Eq. (S 1). These
components of effective radiative forcing are calculated using the climate responses
of CO2 and contrails in the Climate Response to Phased section, and are used to
calculate the historical and projected ERF values for 2050, shown in Supplementary
Fig. 1.

ERFe,tot{y = 2018} = ERFe,new{y = 2018} + ERFe,historical{y = 2018}

(S1)



Supplementary Fig. 1: Historical and future projected effective radiative
forcing of CO2 and contrails in 2050
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The effective radiative forcing trends are (a) for 1940 to 2018, estimated using data
from Lee et al. 2021 and (b) for 2018 to 2050, projected using the effective radiative
forcing of contrails per total annual distance flown in Lee et al. 2021! and the impulse
response functions for CO2 radiative forcing in Joos et al. 20132. The error bars are
estimated from the 90% confidence intervals for contrail radiative forcing in Lee et al.
2021%, and for CO:2 global warming potential in Joos et al. 20132.

Any year after 2018 is treated as a “future” value, as the focus of this analysis is on
preventable aviation warming. The historical ERF term from Lee et al. 2021% is
therefore dropped, and the ERF that results from the emissions in 2018 only
(ERF, new iy = 2018}) are utilised in future projections. The ERF of contrails or CO2

for any year after 2018 (ERF, y{t}) is expressed as a convolution, as in Eq. (S 2).
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t
ERFou{t} = ) {1} (1= IFy (1)) CR{t — 7}
=0

(S2)

Each term in Eq. (S 2) is expressed in terms of the years since 2018 (t where t =

y — 2018) and a term used to sum the responses from 2018 until the year of interest
(7). The other terms in Eq. (S 2) are as follows: the growth of flight length per year
since 2018 (G); the improvement fraction (IFy,), which represents a reduction in
emissions per year from the “no action” scenario (also known as “business as
usual™®) due to any mitigation measure (M); and the time-based climate response to

an emission of COz or contrails (CR,). They are defined in Egs. (S 3) to (S 5).

The improvement fraction of a mitigation measure can be separated into the product
of two terms that have values between 0% and 100% (Eq. (S 3)). The first term
represents the technological readiness of a mitigation measure (TRy,), or the
proportion of ERF reduction that a mitigation measure achieves assuming whole-
fleet adoption. To illustrate, a technological readiness of 0% means that a measure
has no effect on the ERF of an emission (even if implemented throughout the entire
fleet) whereas a technological readiness of 100% indicates that the measure
eliminates the ERF contribution of the emission that it targets. In this study, no large
technological changes are assumed to occur within the timeframes examined (<50
years), so that TR,, is held constant, and all analysis uses values that are present in

the literature.
IFy{t} = TRy - Ay{t}
(S3)

The second term (4y) in EQ. (S 3) represents the level of adoption of the mitigation
measure. A value of 0% indicates that the mitigation measure targets 0% of annual
flight length, whereas a value of 100% indicates that the mitigation measure is
applied to all flight length that the fully adopted strategy targets. For contralil
avoidance, Ay = 100% represents the scenario in which all flight length that forms
persistent contrails (5% of flight length?) is targeted. The technological readiness and
adoption level are discussed further in the Climate Response to Phased section,

onwards.



The kilometres flown annually is used in this analysis to represent the ERF growth of
both CO2 and contrails in the “no action” scenario. This is an approximation for both
types of emission. The precise relationship between the average annual contrail
warming, flight length and fuel burn is uncertain, however contrail formation is
approximately linearly related to the length of ice supersaturated region (ISSR) that
the aircraft pass through®. In contrast, carbon dioxide emissions from aviation are
proportional to fuel burn (given a constant carbon content of fuel), which is
proportional to the annual flight length and efficiency of flight. The International
Council on Clean Transportation (ICCT) project a 1.3% to 1.7% improvement in

efficiency per year up to 2035°. However, this term is neglected here for simplicity.

The growth in flight length since 2018 is therefore related in Eq. (S 4) to a growth
rate per year g, which is assumed to be equal to 3% (a mid-case ICCT scenario®),
and the kilometres flown in 2018 (D{2018} = 6.13E10 km, as detailed Lee et al.
2021%). The climate response is represented in Eqg. (S 5) as the product of the
effective radiative forcing per flown kilometre in 2018 and a unit impulse response
function (F,) due to one kilometre of flight length, defined for contrails and CO2

emissions in the Climate Response to Phased section.
G{t} = D{2018}- (1 + g)*
(S4)

ERF, 1¢,,{2018}

CRelt) = D{2018}

F.{t}
(S5)

Climate Response to Phased Adoption

The historical, present and total ERF of contrails and CO: are estimated according to
values in Lee et al. 20211. To do this, a term is defined that represents the ERF
response to a phased adoption of a warming mitigation measure. This response term

is used in the main text to compare contrail avoidance to other mitigation measures.



Climate Responses

The unit impulse response functions of contrails and CO: are detailed in Egs. (S 6)
and (S 7). The warming effect of contrails has a lifetime of the order of hours to days
S0, on a time scale of years, the F,,,:rqi1s CaN be approximated as a unit impulse.
This also means that there is no historical component of contrail warming, so that
ERF ontraitshistoricat = 0 @nd ERFeoneraiistor = ERFeontraitsnew- FOr 2018,

ERF ontraiis ot 1S therefore equal to 57.4 mW/m? (with 95% confidence intervals, or
Cls, at 17.6 mW/m? and 97.6 mW/m?), as detailed in Lee et al. 20211,

1, t=0
Fcontrails{t} = {0’ t>0
(S 6)
Feox{t} =ag+a,-e ™t +a, et 4 q;-ekst
(S7)
Supplementary Table 1: Coefficients in response to a 1 GT pulse emission
of carbon dioxide (Joos et al. 2013?)
Symbol Subscript Min Mid Max
(Unit) (Lower 95% CI) (Mean) (Upper 95% CI)
a 0 0.1483 0.2173 0.2863
(dimensionless) 1 0.1671 0.2240 0.2809
2 0.2798 0.2824  0.2850
3 0.4048 0.2763  0.1478
k 1 401.3 394.4 387.5
(yr) 2 29.20 36.54 43.88
3 4.875 4.304 3.733
AGWP 20 21.10 25.16 29.24
(MW-yr/m?/GT) 50 41.34 53.47 65.44
100 68.21 92.50 116.7

The ERF due to CO2 emissions is related to atmospheric concentration via a
logarithmic relationship. However, the CO2 concentration changes considered here
are small enough to approximate the radiative forcing as directly proportional to the
concentration. This approximation is also utilised in Joos et al. 20132, which
approximates Fcqo, as 100% at t = 0, 45% to 74% at t = 20, 28% to 54% at t = 100,

and 25% to 46% at t = 200. The coefficients a,, a4, a,, as, ko, k; and k, are adjusted



to match the values in Joos et al. 20132 in the mean, lower 95% CI, and upper 95%

Cl cases, as detailed in Supplementary Table 1.

Joos et al. 20132 also approximates the absolute global warming potential (in W-
yr/m?/GT) over time horizons of 20, 50 and 100 years (AGWP,,, AGW P, and
AGWP;0), Which are also detailed in Supplementary Table 1. Using these values,
the value of ERF¢o, 1oy = 2018} (estimated to be 34.3 mW/m? in Lee et al. 20211,
with 95% Cls at 28.6 mW/m? and 40.2 mW/m?) and the aviation CO2 emission in
2018 (estimated to be 1.034 GT in Lee et al. 2021%), ERF¢p, new{y = 2018} is
estimated to be 1.83 mW/m?, with 95% Cls at 1.79 mW/m? and 1.85 mW/m?, and
ERF¢o, nistoricarly = 2018} is estimated to be 32.4 mW/m?, with 95% Cls at 26.6

mW/m? and 38.4 mW/m?. These values are summarized in Supplementary Table 2.

Supplementary Table 2: Effective radiative forcing in 2018, derived from
estimates in Lee et al. 20211
Emission Timeframe Value
Min Mid Max
(Lower 95% CI) (Mean) (Upper 95% CI)
Contrails  Historical 0 0 0
New 17.6 57.4 97.6
Total 17.6 57.4 97.6
Carbon Historical 26.6 32.4 38.4
dioxide New 1.79 1.83 1.85
Total 28.6 34.3 40.2

Adoption Scale Up

Four contrail and CO2 mitigation measures are examined in this study: (1) contrail
avoidance (an operation dependent contrail mitigation measure), (2) operational
efficiency improvements (an operation dependent CO2 mitigation measure), (3) fuel
or engine adaptations to reduce contrail warming (a technology dependent contralil
mitigation measure) and (4) use of alternative fuels to reduce CO: (a technology

dependent CO2 mitigation measure).



The adoption of each mitigation measure (4y) is expressed using an s-curve, as in

Eq. (S 8). In this study, the first year of implementation is assumed to be 2025.

0 if t <2025

At -1

Ayft) = (=7-7)
it} 1+e 277ac | ift>2025

(S 8)

The term At represents the number of years that is taken to scale up a mitigation
measure from first introduction to 100% adoption over the targeted flight length. For
operation-based measures (i.e., contrail avoidance and operational efficiency
improvements), this value is assumed to be an estimate of the period of time
required to train pilots and air traffic management. For technology-based measures
(i.e., use of alternative fuels or engine adaptations to reduce contrails or CO3), this
value is assumed to be the average lifetime of aircraft within the fleet. The values of

At are summarised in Supplementary Table 3.

Supplementary Table 3: Years to full adoption of operation and
technology-based mitigation measures

Type of Min Mid Max Source

Mitigation (Approx.) (Approx.) (Approx.)

Measure

Operation-based 3 5 7 Estimate’
Technology-based 26 30 34 Quadros et al. 20228

Combined Implementation and Climate Response

The ERF response to the phased adoption of each mitigation measure can be
directly compared by defining a new parameter: Overall Response, »;. This
parameter is equal to 0% in the first year of implementation, and 100% when both
the measure is fully adopted, and the climate has fully adjusted to the change. It is
be derived from Eq. (S 2) by setting the technological readiness of mitigation
measure to 100%, as in Eq. (S 9) and (S 10). The Overall Response, ,, value for

each mitigation measure over time is summarized in Supplementary Fig. 2.
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Supplementary Fig. 2: The climate and fleet adoption dependent scale-up of
contrail avoidance and other CO> and contrail-based aviation warming

mitigation measures.
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reduction) are adopted. The range in values is estimated by computing the climate
response to the lower and upper estimates of implementation, using the 90%
confidence intervals for contrail radiative forcing in Lee et al. 2021, and for CO>
global warming potential in Joos et al. 20132.

ERF,
Overall Responsey yy = 1 — ——————at TRy = 100%
ERFe,no action
(S9)
Yool —Ay{t}) - (1 + g)" - Fft — 7}
Overall Response, y = 1 — -
’ =01+ 9)" - Fit — 1}
(S 10)
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Technological Readiness of Contrail Avoidance

For scenarios in which contrail avoidance is adopted in 2025, the ERF due to
contrails is given by Eq. (S 11) (derived from Eqg. (S 2) to (S 6) and (S 8)). The
technological readiness of contrail avoidance (TR,,,iq) determines the fraction of
contrail warming that is avoided at full adoption. It is described in Eg. (S 12) as the
product of three terms: the fractional change in warming due to avoiding the contrails
targeted by the avoidance strategy (Wi,rget); the fraction of flight length that, given
air traffic conflicts, has permission to be deviated (My, 4r¢); and the change in
warming reduction due to imperfect prediction systems (My preqiction)- Each of these
terms are further defined in the Strategic Targeting of Contrails, The Influence of Air

Traffic and Prediction of Contrail Forming Regions sections.
ERFgy0ia{t} = ERFcontrails,new{y = 2018} (1 + g)* - (1 — TRavoia * Aavoialt})

(S 11)

TRavoia = Wtarget ’ MW,ATC ) MW,prediction

(S 12)

t
ERF¢o,{t} = ERF¢o,new{2018} - 2(1 + TRppp - Aqvoialt}) - (1 + g)* - Feo, {t — 1}

=0

(S 13)

TRppp = FBP, target MFBP,ATC ) MFBP,prediction
(S 14)

The overall ERF from aviation COz, including CO2 due to the fuel burn penalty under
scenarios where contrail avoidance is adopted in 2025, is given by Eq. (S 13)
(derived from Eq. (S 2) to (S 5), (S 7) and (S 8)). The fuel burn penalty associated
with contrail avoidance (TRygp) indicates the fractional increase in CO2 emissions
due to contrail avoidance at full adoption. Like TR,,,iq4, Can be seen from Eq. (S 14)
that the term TRygp is defined by the product of three terms: the fractional fuel burn

penalty in cases where there are no air traffic conflicts and prediction of ISSRs is
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perfect (FBP.rget), the change in fuel burn penalty due to air traffic conflicts
(Mrpp arc) and the change in fuel burn penalty due to imperfect prediction systems
(Mrpgp preaiction)- Each of these terms are further defined in the Strategic Targeting of

Contrails, Fuel Burn Penalty in Idealised Conditions, The Influence of Air Traffic and

Prediction of Contrail Forming Regions sections.

Strategic Targeting of Contrails

The values of Wi4,4.: are summarised in Supplementary Fig. 3 and Supplementary
Table 4. In this study, 4 strategies of contrail avoidance targeting are explored: all
persistent contrails are targeted (target = all), all persistent night-time contrails are
targeted (target = night), all warming contrails are targeted (target = warm), and
only the contrails that contribute to 80% of the warming are targeted (target = 80%).
It is demonstrated in the Method section of the main text that target = all is the
strategy with the highest expected warming reduction and the lowest risk, but it
targets the highest proportion of flight length (ps; targe:). The analysis is thus
conducted under the assumption that all persistent contrails are targeted. Therefore,

Wiarget = Wau = 100% and pr; target = Priau = 5% (Supplementary Table 4).

The risk of a strategy resulting in a net warming effect is estimated from the
distribution warming for every flight segment that formed a persistent contrail in
2019, found in Fig. S16 of the supplementary material of Teoh et al. 20244. The
distribution is approximated as a normal distribution. This approximation results in
slightly pessimistic estimates, as the distribution is skewed to positive values of
warming. The population mean (u) and standard deviation (¢) are 1.9E7 Jm* and
5.4E8 Jm%, respectively.

From central limit theorem, the standard error in the mean (o,) of a sample size n is
given by Eqg. (S 15). Persistent contrails form on 24% of flights, and 4E7 flights occur
annually 4, so n is approximated as 9.6E6. A mean net warming result from this
strategy is therefore > 1.75E5 standard errors from the mean. From an inverse
normal distribution, there is a < 1E-25% probability of the strategy resulting in a net

warming result, if only 1% of planned deviations are permitted. The same method
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was used to compute the risk of net warming for target = warm, target = night

and target = 80%.

o, =

9
Vn
(S 15)

Supplementary Fig. 3: The estimated change in contrail forcing and fraction of
flight length targeted when four different contrail avoidance strategies are
adopted.
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The estimated change in contrail effective radiative forcing and fraction of flight
length targeted by four different contrail avoidance strategies, assuming two different
optimisms of contrail warming scientific knowledge. Avoidance is performed where
“All persistent contrails”, “All persistent, night-time contrails”, “All warming contrails”,
and “Contrails that contribute to the top 80% of warming” are formed. In the best-
case scenario (“Best”), perfect scientific knowledge of contrail warming is assumed.
In the expected scenario (“Exp”), it is assumed that warming and cooling contrails
cannot be distinguished with confidence, so that the magnitude and sign of contrail

warming is random.
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Supplementary Table 4: Summary of the four contrail avoidance strategies
in this study

The strategies are compared in terms of the targeted flight length, the warming
reduction achieved, and the risk of incurring a net warming impact at different
levels of contrail warming information.

Best case (Best): Expected case Risk of net
Warming correctly (Exp): warming
targeted Warming not known impact
(1% of
targeted
Targeted Targeted deviations
flight Warming flight Warming are
Strategy length reduction length reduction permitted)

Warming information not required

All persistent

contrails 5% 100% 5% 100% <1E-25%
All persistent,

night-time 2% 60% 2% 60% <1E-8%
contrails

Warming information required

All persistent,
warming

. 3.5% 109% 3.5% 70% <1E-17%
contrails
Contrails that
contribute to
top 80% of 0.6% 80% 0.6% 11% <1E-1%

warming

Fuel Burn Penalty in Idealised Conditions

As detailed in Eqg. (S 16), the fleet-averaged fuel burn penalty of contrail avoidance in
idealised prediction and air traffic conditions (FBPy,4¢:) Can be separated into 5
terms. Four of these terms are fuel burn penalties, associated with climb (FBP_;jmp),
cruise at the new altitude that the aircraft is deviated to (FBP.,yise), iNCrease in flight
length due to horizontal deviations (FBPy), and the transport of the extra fuel
required to perform the deviations (Res). The final term is the proportion of annual

flight length that is targeted by the avoidance strategy (psi target)-
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A series of assumptions are made to simplify this equation. Both FBP_;;,,, and
FBP,.,,is. are assumed dependent on the distance of the deviation upwards in
metres (Ah, see Eq. (S 17)). However, term FBP_;p iS €stimated to be negligible
relative to FBP,,,is.. The term FBPy is dependent on the ratio of the distance of
deviation (Dg4,,,) to distance of persistent contrail or ISSR region (D;ssz, See Eg. (S
18)). As detailed in the Methods section of the main text, Res is estimated to be 1.3,
and if all persistent contrails are targeted ps; qrge: IS €qual to 5% (see the Strategic

Targeting of Contrails section).

dev

D
FBPigrger = Res - (FBPclimb{Ah} + FBPyyise{Ah} + FBPy {—}) "Pritarget

DISSR
(S 16)
FBP,,ise ~ 9 X 1075 - (—AR)
(S 17)
Dgey
FBPy = 3= 1
(S 18)

Horizontal deviations (i.e., FBPy > 0) result in fuel burn penalties significantly greater
in magnitude than vertical deviations®. Upwards deviations are not always possible
as these altitudes may be in higher demand than lower altitudes, since on average
cruising at higher flight levels leads to a fuel saving®®. Further, as the stall speed and
transonic buffet boundary for a typical airliner converge with increasing altitude, there
may be insufficient safe operating margin to divert upwards. For these reasons, only
downwards vertical deviations are assumed in this study. In Schwartz et al. (2009)“®,
vertical deviations of Ah = —1220 m are estimated to avoid ISSRs with a 95%
probability. In idealised conditions therefore, the upper bound of the fleet-averaged

fuel burn penalty is approximated as 0.6%.

The Influence of Air Traffic

In busy airspaces, the aircraft that are deviated to avoid ISSRs may intercept other

flight paths, which can lead to air traffic conflicts. These conflicts can increase or
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restrict the number of deviations that occur, affecting the technological readiness and
fuel burn penalty associated with contrail avoidance by introducing the terms My, 4r¢

and Mggp 4rc 10 EQ. (S 12) and (S 14).

As introduced in the Methods section of the main text, there are two options when an
air traffic conflict occurs. Either the deviation of the aircraft does not occur so that the
contrail still forms and the number of deviated aircraft given an air traffic conflict (a) is
equal to zero, or all aircraft in conflict (both the contrail forming aircraft and all aircraft
on deviated flight paths) are deviated so that no contrail forms and a > 0. In both
scenarios, My, ar¢c and Megp 47 are expressed in terms of the probability of air traffic
conflicts, p,rc in EQ. (S 19) and (S 20). In the case a = 0, both the contrail warming
saving and fuel burn penalty decrease, as deviation only occurs when there is no
conflict. In the case where a > 0, all deviations result in the avoidance of a predicted
ISSR so My, 4r¢ = 1.

M _ Wimperfect,ATC _ {1 — Parc, a=0
w.ATe = Wtarget B 1' a>0
(S 19)
1= parc, a=0
M _ FBPimperfect,ATC _ L
FBR.ATC FBPigrget Z Parc*,  a>0
0
(S 20)

The Mgpp 4rc termin the a > 0 case is derived by assuming that there is uniform
probability (p4rc) of air traffic conflict throughout the airspace. The term L in Eqg. (S
20) represents the number of flight paths that could be in conflict. It is assumed that
aircraft are deviated downwards to avoid ISSRs, so conflicts occur with probability
parc at each flight level below an ISSR. The multiplier Mrgp 47 is the therefore the
sum of p,rct terms over L, the number of flight levels below the ISSR. As detailed in
the Methods section of the main text, if pyrc = 20% and L = 3, the fuel burn penalty

is 25% higher than a case where there are no air traffic conflicts.
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Prediction of Contrail Forming Regions

The change in contrail warming reduction (My ,reaiction) @nd fuel burn penalty
(Mppp preaiction) due to imperfect prediction are expressed in terms of machine
learning classifications, which are detailed for various contrail prediction systems in
the literature'®-%’. The fundamental machine learning metrics used in this study are
the proportions of true positive (TP), false positive (FP), true negative (TN) and false
negative (FN) occurrences. A “positive” occurrence indicates that the predictive
system has forecasted that a persistent contrail will form (i.e., it has predicted the
presence of an ISSR on a flight path), whereas a “negative” occurrence indicates
that the system has predicted that no persistent contrail will form (i.e., there is no
ISSR on the flight path). A “true” occurrence indicates that the prediction (either
positive or negative) is correct, whereas a “false” occurrence indicates that the

prediction is incorrect.

The TP, FP, TN and FN occurrences are expressed in terms of the proportion of the
flight length that forms a persistent contrail (ps;q;;), and the precision (P) and recall
(R) of the contrail prediction system. The term p¢, ,;; can be expressed as the sum of
the proportional flight lengths where persistent contrails are correctly predicted (i.e.
the TPs) and incorrectly not predicted (i.e. the FNs), as in Eq. (S 21). The precision
is the ratio of correct predictions of contrail formation (i.e. TP) to all predictions of
contrail formation (i.e. TP + FP), as in Eq. (S 22), whereas the recall is the ratio of all
correct predictions of contrail formation (i.e. TP) to all occurrences of contralil
formation (i.e. TP + FN), as in Eq. (S 23).

pfl,all =TP+FN
(S 21)

p_ TP
" TP +FP

(S 22)
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R = TP
" TP+ FN

(S 23)

The change in contrail warming reduction (My preqiction) due to imperfect prediction
is defined as the ratio of the warming reduction that results when an imperfect
prediction system is used (Wipmper fect,prediction) 10 that achieved when perfect
prediction system is used (Wiqrge). Similarly, the fuel burn penalty (Mpgp prediction)
due to imperfect prediction is defined as the ratio of the fuel burn penalty incurred
when an imperfect prediction system is used (FBPynperfect preaiction) t0 that incurred
when perfect prediction system is used (FBP,4¢). Both ratios can be expressed in
terms of the precision, recall and the proportion of flight length that results in contrail
formation, as in Egs. (S 24) and (S 25). Their derivations are nontrivial, so are
detailed here.

R~ (p)
_ Wimperfect,prediction _ P Pfian
MW,prediction - W, - 1—
target pfl,all

(S 24)

R R

FBPimperfect,prediction (F) ' (1 - (F) ' pfl,all)

Mrgp prediction = FBP, . =
arge

1—=prrau

(S 25)
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Supplementary Fig. 4: A contrail avoidance decision tree given an imperfect
prediction system

State 1 State 2 Action Outcome
Fuel burn
Change penalty
Original route Deviated route in forcing  incurred?
\*\/\\\\5. ‘
—» No deviation 0% No
TP -
\\—> Deviation 0% Yes
FN -
N
\(\{ )
TP 1 —» No deviation 0% No
FP -

\\\/2\{ Y]
—» Deviation 100% Yes
TN

» No deviation 0% No
4
N
\*\/\\‘\5. 7
—» No deviation 0% No
TP .
—» Deviation -100% Yes
FN -
]
—="9 \(\{ )
Fp —» No deviation 0% No
FP
\\\/2\{/
1_, Deviation 0% Yes
TN &
}»I:, » No deviation 0% No
TN
Key:
Persistent Persistent
contrails contrails
predicted observed

The states of the original and deviated route predictions are shown, i.e. true positive
(TP), false negative (FN), false positive (FP) and true negative (TN), as well as the
action taken given imperfect information, and the outcome in terms of change in
effective radiative forcing and fuel burn penalty.
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Several simplifying assumptions are made to derive Equations (S 24) and (S 25),
which are justifiable due to the current limits on the understanding of the location and
extent of ISSR regions. Firstly, each unit of contrail length is assumed to have the
equal warming impact. Secondly, the probability of persistent contrail formation is
assumed to be equal throughout the airspace, occurring on py; o;; = 5% of flight
length®. It follows that the presence of an ISSR on the original flight path has no
impact on the presence of an ISSR on the deviated flight path. Thirdly, the extent of
every ISSR is assumed the same, so that the same fuel burn penalty is incurred due
to every deviation. As knowledge of ISSRs and contrail warming improves, these
assumptions can be refined to better represent the localised and global effects of
contrail prediction.

Equations (S 24) and (S 25) are derived from the decision tree in Supplementary Fig.
4 (also Fig. 9 in the main text). In Supplementary Fig. 4, the consequences of
imperfect prediction are illustrated by showing each possible outcome of the
prediction of persistent contrails (TP, FP, TN and FN) along both the original and
deviated flight path, the action taken (deviation or no deviation) as a result of the

prediction, and the reduction in contrail warming and fuel burn penalty.

All correctly performed deviations involve the movement of an aircraft from a location
where a persistent contrail would be formed to a location where one is not, and are
assumed to result in a 100% reduction in contrail warming. In the scenario where the
prediction system is perfect, only correctly performed deviations occur, with a
frequency of psyqi * (1 — prrau)- In reality however, deviations can only be
considered “correct” when the predictions made on the original and deviated flight
paths are both correct, so they occur with a probability of TP - TN. Other outcomes
include: no change in warming due to either an incorrect deviation or an incorrect
lack of deviation, and an incorrect deviation that leads the formation of a persistent
contrail when none is predicted. The latter outcome occurs with a probability of FP -

FN, and results in a 100% increase in contrail warming. Therefore, My, ,,caiction CaN

be written as in Eq. (S 26).

100% TP -TN + (—=100%) - FP - FN
100% " prrau - 1- Pﬂ,au)

MW,prediction =

(S 26)
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Similarly, Mggp preaiction €N be written as in Eq. (S 27). As previously mentioned, a
perfect prediction system results in correctly performed deviations only, which occur
with a frequency of ps; 41 - (1 — prrau)- In reality however, deviations only occur
when a persistent contrail is predicted on the original flight path (i.e. TP or FP), and

when no persistent contrail is predicted on the deviated flight path (i.e. TN or FN).

TP-TN+TP-FN+FP-TN + FP-FN
Prran (1= Prran)

MFBP,prediction =

(S 27)

The terms TP, FN, FP and TN can be expressed in terms of P, R and pf; 4 as in
Egs. (S 28), (S 29), (S 30) and (S 31). Equation (S 31) follows from Eqg. (S 32), which
is the symbolic form of the observation that TP, FP, FN and TN describe all possible
outcomes of prediction. Using Egs. (S 28), (S 29), (S 30) and (S 31), Egs. (S 26) and
(S 27) can be expressed in the form of Egs. (S 24) and (S 25).

TP =psrau-R
(S 28)
FN = psrau-(1—R)
(S 29)
FP =Dpriau- (g) ~ Prian " R
(S 30)
TN =1=Prran = Prran " R = Prran- (g)
(S 31)
TP+FP+FN+TN =1
(S 32)
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