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Abstract. A recently proposed method to mathematically treat trade-offs and associated risks in aviation mitigation options

(Prather et al., 2025) leaves, to this author’s opinion, many issues open for discussion. The method is critically reviewed

and the equations are derived and justified. Issues that remained vague in the recent paper are clarified. Unfortunately, close

inspection proves this method to be inadequate for its purpose. An alternative formulation is proposed with transparent and

understandable derivations. The unfounded assumptions basic to the original method are discussed and their effects on the final5

result are shown. It turns out that with the current data basis the proposed risk-analysis method for mitigation in aviation suffer

from a certain degree of arbitrariness. Alternative approaches that exploit ensemble weather forecasts seem more promising.

1 Introduction

In order to lessen aviation’s climate impacts, a lot of strategies have been suggested and discussed (e.g. Sausen et al., 1994;10

Williams et al., 2002, 2003; Mannstein et al., 2005; Ponater et al.; Dahlmann et al., 2016; Matthes et al., 2021; Burkhardt

et al., 2018; Teoh et al., 2020; Sausen et al., 2024; Märkl et al., 2024; Noppel and Singh, 2007; Haglind, 2008; Pouzolz et al.,

2021). However, the climate impact of aviation has many interdependent components and, unfortunately, lessening one kind

of impact may (and often does) increase another one (e.g. Lee et al., 2012, 2023). Trade-offs are often inherent in mitigation

if the considered system is complex, like aviation and its climate impact is. To oversee the consequences of any measure can15

turn out difficult because of the system complexity, but the difficulties in aviation are aggravated since the climate impacts of

the different aircraft emissions are not known exactly; to the contrary, they are quite uncertain (e.g. Lee et al., 2021). Whether

a certain mitigation measure will turn out positive for climate, that is, whether the net climate impact will be reduced, is thus a

difficult question that cannot be answered in a yes/no fashion. Instead, the uncertain knowledge of the various climate impact

components asks for a probabilistic treatment of the outcome of any mitigation measure and the final result will be a probability20

of success, if all uncertainties are taken into account.
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Well known trade-offs exist between contrail avoidance versus additional fuel consumption leading to accompanying addi-

tional emissions of CO2 and all other non-CO2 substances (Grewe et al., 2017b, a), and between technical means to lessen fuel

consumption (using hotter flames in the combustor) at the cost of enhanced NOx formation in the engine.

Recently a paper has appeared (Prather et al., 2025, herafter PGP) which proposes a probabilistic treatment of aviation25

trade-offs and their corresponding risks (that is the risk, that a mitigation measure does not lead to a lower climate impact). In

this method, a newly introduced metric "global warming potential per activity" (GWA) for each aviation component is used

to determine whether a reduction of one component’s GWA (e.g. contrails or nitrogen oxides) by N percent, balanced by

increased GWA of carbon dioxide by 1 percent, would give a benefit for climate. Since all GWA values are associated with

certain degrees of uncertainty, a risk arises and PGP propose a method to determine this risk.30

While PGP are, to my knowledge, the first authors who propose such a method, their work leaves many issues open for

discussion. The equations used by PGP are presented in an ad-hoc fashion, without derivation. Their statistical model for

uncertainties is not convincingly justified and the effect of their particular choice on the resulting risk-curve is not discussed.

The notion "trade-off" is only used in a vague general meaning, and concrete examples of potential mitigation measures are

not mentioned. Finally, the question for which kind of decisions the risk analysis could be applied, remains unclear.35

The present paper tries to fill these gaps and to add a necessary discussion. The paper starts with a critical review of the

method proposed by PGP and then goes on with an alternative proposal. Several of PGPs assumptions and their consequences

are discussed, and the paper ends with a set of conclusions.

2 Critical review of the method of PGP

2.1 Exchange rate vs. trade-off ratio40

PGP begin with the statement "For climate trade-offs across GHGs [Greenhouse Gases], the standard metric is the global

warming potential (GWP), which measures the average warming from 1 kg of emissions of any GHG relative to that from

1 kg of emissions of CO2." To me, the immediate question arises whether it is appropriate to label the GWP as a trade-off

measure or whether it is rather a kind of an exchange rate (or perhaps equivalence ratio). These notions may be related, but

there are important differences. Exchange rates are basic quantities and do not depend on any measures that may involve a45

trade-off. Trade-off ratios may be determined via exchange rates, but not necessarily so. A few examples may suit to illustrate

the difference.

Example 1: It is well known that ruminants such as cattle emit methane (CH4). Methane has a GWP of about 28 on a time

horizon of 100 years (Forster et al., 2021). Assuming a cow is slaughtered, the emission of methane is stopped, without any

effect on CO2. That is, there is an exchange rate (GWP), but it is not accompanied in this case with any trade-off.50

Example 2: Although there is no (direct) physical connection between the cosmic ray exposition of an air crew and the fuel

consumption of their aircraft, flying lower to reduce the cosmic ray dose rises fuel consumption and thus inevitably emissions.

That is, there is a trade-off. One aspect of flying gets better, but causes another one to worsen. One cannot have both advantages
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at the same time. However, as the physical connection is merely indirect, there is no exchange rate, and if somebody would

determine one for a special situation, it would clearly depend on the situation, that is, it cannot be generalised.55

Example 3: Now assume a technical process that causes emissions of both CH4 and CO2. Assume that the turn of a screw

leads to a reduction of the CH4 emission at the expense of an increase of the emission of CO2. This is a trade-off situation that

can be analysed mathematically using the GWP. To turn the screw implies a benefit for climate only if AGWPCH4
∆CH4 +

AGWPCO2
∆CO2 ≤ 0, where AGWPC stands for the absolute GWP of species C. The condition is equivalent to

GWPCH4 ≥
1

|∆CH4|
∆CO2

=: 1 : n, (1)60

with

1 : n=
∆CO2

|∆CH4|
, (2)

expressing that one mass unit of CO2 is expended for a saving of n mass units of CH4. This simple result has been formulated

in a way that resembles that of PGP, but there are certain differences. First it is necessary to note that in this equation GWPCH4

is uncertain and requires a probabilistic treatment while the right-hand side (rhs) ratio is determined by the technical change;65

it is a certain number and the risk analysis has to consider the question with which probability GWPCH4
equals or exceeds

the given number 1 : n. In the treatment of PGP both sides of the equation contain uncertain quantities which renders the

application of their risk-analysis method impossible. This will be shown in Sect. 3.3.

When GWP is used for a decision, the ∆C (for any component C) quantities refer to singular emissions or more generally to

changes of emission rates in a concrete situation, e.g. the turn of the screw. A trade-off arises only if there is a concrete change70

in a system with interdependent effects that go into opposite directions. Here, the GWP (which is the ratio of the AGWPs of

methane and carbon dioxide) serves just as a critical (but quantitatively uncertain) value for the decision whether the screw

should be turned or not. Without such a change, there is no trade-off, but the GWP keeps its sense as an exchange rate. PGP

use a variant of GWP, or rather a variant of AGWP, namely the GWA, the global warming potential for a certain activity, which

is the AGWP multiplied by the emission related to that activity. In this case, the rhs of eq. 1 gets a different meaning, which75

will become clear later.

2.2 Trade-off risk

A decision like that outlined above would be clear if the exchange rate between the two, say, effects were known exactly; in the

example above, if the statement "GWPCH4
= 28" were true and firm. However, this statement only describes a best guess and

the true value of GWPCH4
is not known exactly, which makes decisions that are based on it uncertain. To formulate a decision80

requires a risk calculation and that proceeds along the lines shown by PGP. PGP calculate GWA for aviation emissions and

effects in the complete year 2018. More precisely, since the true values are unknown, they assume probability density functions

(PDFs) for the GWAs of CO2, contrails (CiC, contrail induced cirrus), and chemical species that are affected by emissions of

nitrogen oxides, NOx. PGP assume that these PDFs are log-normal distributions. I will discuss this choice later (section 4.2).

GWA, like AGWP and GWP, additionally depends on the choice of a time horizon, but as this is not relevant for the current85
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discussion, I will choose arbitrarily a time horizon of 100 years in this paper for concrete examples. In terms of GWAC (the

GWA for an aviation-induced climate impact by emission of a species C or by contrails) a beneficial effect for climate following

a change involving trade-off requires, in analogy to Eq. 1,

GWAC

GWACO2

≥ 1
|∆C|
∆CO2

. (3)

As stated above, in this form, the ∆C quantities are not interpretable as changed emission amounts or rates, because these90

are already contained in the definition of GWAC. The exact meaning will be clarified below. Note that the 1 : n has not been

added to the rhs of eq. 3, since this would signify that the rhs was a certain number, which it is not in this particular case. This

will be demonstrated below. For the moment we simply assume that the rhs has a certain value and that only the GWAs were

uncertain. As the true values of the GWAs are unknown, the inequality in this form is only applicable if particular choices for

the GWA values are taken. Acknowledging the ignorance of the true values of GWA requires consideration of the probability95

distribution of the ratio GWAC/GWACO2
, and its complementary cumulative distribution function (CCDF), FC(x), which

is the probability that the ratio GWAC/GWACO2
is equal to or exceeds a given value x. The probability of a successful

mitigation decision increases with the ratio GWAC/GWACO2
, as eq. 3 shows. Or, in different words, if the GWA ratio is large

it is easier to achieve a successful mitigation with a certain effort (∆C), or with a large GWA ratio the minimum required effort

for a successful mitigation can be small.100

Once log-normal distributions for the GWAs are assumed, the distribution of their ratio is log-normal as well and the CCDF

can be computed analytically, involving an error function erf(c) that is defined by geometric mean µ∗
C and standard deviation

σ∗
C, determined from the involved GWAC uncertainty distributions. This is demonstrated for the case of contrails (CiC) and a

time horizon of 100 years:

FX(x) =
1

2
− 1

2
erf

[
ln(x/µ∗)√
2 lnσ∗

]
, (4)105

where µ∗ = µ∗
CiC/µ

∗
CO2

and σ∗ = σ∗
CiCσ∗

CO2
. Using the geometric means and standard deviations from PGP’s table (µ∗

CiC =

33, µ∗
CO2

= 81, σ∗
CiC = 1.55, σ∗

CO2
= 1.16), their results can be reproduced (apart from minor differences due to rounding), as

shown in fig. 1.
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Figure 1. Complementary cumulative distribution function of the ratio of GWACiC/GWACO2 as in the paper of PGP. The chosen time

horizon for GWA is 100 years. The same labels have been used as in PGP at 90, 67, and 10%. The exact meaning of the values on the x-axis

is given in sect. 3.3.

In Fig. 1 the x-axis has been labeled, instead with real numbers x, with ratios in the form 1 : n to be consistent with the

formulation of PGP. The mitigation effort (|∆CiC|) increases with n. The interpretation of the red curve is as stated above:110

it shows for each value on the x-axis the probability that GWACiC/GWACO2
equals or exceeds this value. For instance, it

is highly certain that GWACiC/GWACO2
is at least equal to x= 0.125 = 1 : 8 (FX(0.125) is close to unity). Similarly, it is

almost certain that GWACiC/GWACO2
does not exceed x= 2 = 2 : 1 (FX(2) is close to zero). The shape of the curve shows

that between these extremes the probability that GWACiC/GWACO2 is at least equal to a certain value x or 1 : n decreases

with increasing x (1 : n). This implies that, if a quite large mitigation effort, e.g., with a trade-off ratio of 1 : 8, would by spent,115

the probability of success would be very high since the actual GWA ratio very probably exceeds 1 : 8. If the actual GWA

ratio would indeed be 1 : 1, which has a probability of less than 10%, a small mitigation effort that avoids one unit of CiC at

the expense on one unit of CO2, would just suffice to render the effort successful. The meaning of "unit" will be clarified in

sect. 3.3.

Note, that proper usage of the result in terms of the GWA ratios requires that the contrail reduction and the simultaneous120

increase of CO2 need to be expressed in terms of the corresponding GWA metrics. This is not clearly explained by PGP. They

write instead "The 1:N ratio describes ... an N percentage reduction in the non-CO2 cancels a 1% increase in CO2 emissions."

It remains unclear to what these percentages refer to. In their methods section "Risk curve" the description seems correct, but

their figure caption to figure 3 is unclear in this respect as well, when it describes trade-offs as "CO2 increase (%): contrail

reduction (%)". The reference of these increases and reductions is not clear, and a reader could get the impression that the result125

could be applied to single flights (assuming, for instance, that "percent reduction" could mean the reduction of emitted mass

or their subsequent impact during a single flight), which it certainly cannot. PGP indeed state that GWA could be applied to

5

https://doi.org/10.5194/jecats-2026-8
Preprint. Discussion started: 8 May 2026
c© Author(s) 2026. CC BY 4.0 License.



single flights, however the question is how this could be achieved in the short time frame available for flight planning and with

sufficient precision. For single flights, situation-dependent variability (e.g., of the synoptic situation) will lead to individual

GWAs and thus different CCDFs with probably wide variability of shapes, which renders the method impracticable. For more130

discussion on this, see sect. 4.1.

Finally, for the mitigation of contrail-induced climate warming, it is not sufficient to compare the contrail GWA merely

against the CO2 GWA, since rerouting that requires more fuel leads to increased emissions not only of carbon dioxide, but of

all other gaseous non-CO2 effects as well. A proper treatment, consistent with the method of PGP, requires therefore to replace

the GWACO2
by the sum of the GWAs of the gaseous non-CO2 effects, which will necessarily change the curve shown in fig. 1.135

An example is given below in sect. 4.3.

3 An alternative formulation of trade-off and risk

The primary purpose of this section is to derive the mathematics of trade-offs and corresponding risks in a clear and transparent

way, where the eventually resulting equation is explained and justified.

3.1 Trade-off ratio as a negative derivative140

A trade-off is the consequence of interdependencies in a system in such a way, that an improvement with respect to the target

effect in one component leads to deterioration in another one. A familiar example is presented by the Pareto-curve of eco-

efficient routing (e.g., Matthes et al., 2020, their figure 2), which indicates how a lessened impact on climate comes at additional

operational cost. Mathematically, such a change of a pair of interdependent components can be described by ∆X and ∆Y , and

once their ratio is negative, there is a trade-off. As the ∆-signs indicate, the consideration needs defining two states, an initial145

or reference state and one where interdependent changes in two components X and Y are assumed (or have actually occurred).

As the example of the Pareto-front shows, the ratio ∆X/∆Y changes along the front and is by no means a constant. The same

holds, if other interdependencies are considered, for instance the NOx vs. fuel trade-off. Fuel savings are possible by allowing

higher flame temperatures in the combustor, which, unfortunately, enhances NOx formation. The corresponding ∆X/∆Y is

not a physical constant, rather it certainly depends on the concrete technical realisation of the combustor. Another example is150

the difference between east- and westbound flights over the North Atlantic which have, due to the jet-stream influence, quite

different Pareto-fronts (e.g. Grewe et al., 2017c), and thus non-constant trade-off ratios.

The concrete trade-off ratio depends on the concrete situation and cannot be given in general.

3.2 Trade-off mathematics

Radiation impacts due to changes of the atmospheric composition, expressed as radiative forcings or effective radiative forcings155

(ERFs), are the basis for all calculations of climate metrics (incl. GWP and GWAC) and climate effects of aviation emissions

(examples can be found in Fuglestvedt et al., 2010). A recent compilation of (effective) radiative forcings for aviation has been
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presented by Lee et al. (2021), who provides best estimates up to the year 2018 and 90% confidence intervals for all aviation

climate impact components.

Not all metrics are useful for trade-off considerations. Appropriate metrics must be additive and must be a monotonically160

increasing function of the corresponding emission. Thus, a metric like the absolute global warming potential (AGWP) is not

useful, since it is per kg of emission, that is, a mass-specific quantity (in spite of its qualifier "absolute"). To be additive, a

metric must be an extensive quantity. For instance, energies and temperature differences are additive, but temperature itself,

being an intensive thermodynamic quantity, is not additive. PGP use GWA, which is quite similar to AGWP, but the final step in

its calculation, the division by the mass of the emitted component is not taken, such that GWA is indeed an extensive quantity165

that increases monotonically with the emitted mass. This justification for the introduction of GWA is not explicitly mentioned

in the paper by PGP.

One can imagine that in 2018 an operational or technical measure would have been permanently in force that would have

led to changed ERF values overall. Note that the subjunctive mode is necessary here, as an impossible situation is imagined.

Mathematically, we can formulate a general metric as the result of application of an operator Φ on an ERF value. Φ stands for170

a mathematical operation (e.g. an integral) that maps the ERF into a metric. This mapping varies between species, e.g. if the

integral involves different time-scales (for examples, please consider the overview paper by Fuglestvedt et al., 2010). These

differences are contained in the definition of Φ via a parameter (vector or scalar) Π. For instance, the time integral for the

calculation of GWA needs one time-scale for contrails and nitrogen oxides, but a number of time-scales (typically three) for

carbon dioxide. Such parameters (e.g. perturbation life-times and weighting factors as listed by Fuglestvedt et al., 2010, in175

their Table 2) are comprised in Π. Thus one can write generally:

MC =Φ(ERFC;ΠC), (5)

where Φ is the operator (e.g. the integral that leads to AGWP or GWA), and the particular coefficients are stored in the parameter

(vector or scalar) ΠC.

If technical and/or operational measures had been in force, the ERF values would have changed and, in turn, the metric180

values as well, such that

M ′
C =Φ(ERF′

C;ΠC). (6)

If the operator Φ is linear, then

M ′
C −MC =Φ(ERF′

C;ΠC)−Φ(ERFC;ΠC) =
dΦ(ERFC;ΠC)

dERFC
(ERF′

C −ERFC) =: DΦ(C)∆ERFC, (7)

where the symbol DΦ has been introduced as a convenient abbreviation for the derivative. The postulate that the chosen metric185

must monotonically increase with the emissions implies that it also increases monotonically with ERF (for climate-warming

agents). Thus, both derivatives are positive. One can already note here that the ERF values per se do not appear in the balance,

only their changes. Consequently, the final result does not depend on the ERF values. PGP’s recommendation for an accurately

as possible knowledge of ERFs is certainly desirable, but it does not follow as a consequence of the trade-off and risk analysis.
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Figure 2. Metrics M =Φ(ERF;Π) as function of ERF. The two functions Φ (black and grey, assuming linear dependence of Φ on ERF)

have different slopes, indicating different sensitivity of the metrics to the ERF values. Two pairs of ERF values (blue and red triangles)

represent current (blue) ERF values for the X and Y components and the analogue after a successful mitigation measure (red), which in

the shown case is assumed to increase and decrease the two ERF values by the same amount. Since ERFY is reduced along a steeper slope

while ERFX is increased along the flatter one, the final outcome (sum of the corresponding metrics values values, blue and red pentangles)

is beneficial for climate, since the original summed-up metrics (blue pentangle) has a higher value than that after mitigation (red pentangle).

Note that the result (that is, the difference between the blue and red pentangles) is independent of the original ERF values; it depends only

on the slopes of the Φ vs. ERF relation and the difference of the original and final ERF values.

The total effect of two or more impacts is the sum of the metrics (this is the reason to postulate additivity), and the sum of190

the changes should be negative. With two opposing effects, say X and Y, this reads

(M ′
X −MX)+ (M ′

Y −MY)≤ 0 (8)

and implies (see fig. 2 for an illustration)

DΦ(X)∆ERFX +DΦ(Y)∆ERFY ≤ 0, (9)

which is equivalent to195

DΦ(X)

DΦ(Y)
≤−∆ERFY

∆ERFX
. (10)

The expressions on both sides of this inequality are positive. Taking the inverse of both fractions and assuming that component

Y is reduced while X increases, leads to

DΦ(Y)

DΦ(X)
≥ 1

|∆ERFY|
∆ERFX

. (11)
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In this equation, the lhs (the ratio of the derivatives) is the uncertain part which needs a probabilistic treatment, while the rhs200

(changes of the ERFs) depends on the concrete mitigation measure which can be postulated and can thus be considered to be

represented by a certain number. Let us thus assume that in a certain mitigation measure one unit of increase of ERFX allows

a reduction of ERFY by n units. Then the condition for a positive outcome is:

DΦ(Y)

DΦ(X)
≥ 1

n
, (12)

an expression that resembles the one arrived at by PGP, but with different interpretation.205

The lhs of this trade-off equation is not the ratio of any metrics or an equivalence ratio as in PGP’s derivation. It is rather the

ratio of a pair of sensitivities, namely the sensitivity of the chosen metric to the change of the basic (effective) radiative forcing

at the current values of these quantities (see again fig. 2). The trade-off ratio itself, that is, the change in the two ERF values

due to a particular technical or operational modification of the system, is hidden in the simple 1 : n ratio.

If the operators ΦC involve uncertain coefficients ΠC, the derivatives are uncertain and can be described by PDFs. Analo-210

gously, the ratio of the derivatives is then uncertain and can be described by a PDF as well, and the CCDF of that ratio describes

the probability that it exceeds 1 : n, that is, that the outcome is positive.

The original ERF values do not appear in the final result, only their respective changes due to the chosen mitigation measure,

and the risk of the trade-off comes in via the uncertain parameters in the operators that translate ERF-values into climate met-

rics. In the light of this result, PGP’s statement that "clearly the most pressing need is to firmly establish the ERF calculations"215

turns out unjustified.

In the next section I will give a concrete example.

3.3 An example using GWA

In this section we choose for Φ(ERFC;ΠC) the integral operator that leads from ERF to GWA. GWA is obtained like AGWP

from the initial radiative forcing as an integral over a time horizon, but without the final step of division by the emitted mass of220

the substance in question. The definition of AGWP is (see, e.g., Fuglestvedt et al., 2003; Joos et al., 2013)

AGWPC(H) =

H∫

0

AC IC(t)d t=AC

H∫

0

IC(t)d t (13)

where AC is the effective radiative forcing per kg increase in the component C in the atmosphere, that is, ERFC =AC ·mC,

where mC is the emitted mass of C due to the considered activity that leads from AGWPC to GWAC. That is, we use GWAC =

MC =Φ(ERFC;ΠC) = ERFC

∫
IC(t;ΠC)d t. IC(t;ΠC) is the impulse response function of component C. IC(t) has a simple225

exponential form for, e.g., contrail cirrus, ozone and methane, that is, exp(−t/αC) (that is, the parameter ΠC = αC is the

atmospheric lifetime of the perturbation of C). For CO2 the expression must include more than one atmospheric decay time-

scales (usually three), that is, ΠCO2
is a parameter vector. Once the horizon H is fixed, the integral over IC(t;ΠC) has a certain

value KC(H), that depends on the chosen horizon and which is specific to the component in question. GWAC is thus the

product ERFC ·KC(H). Thus, the sensitivity factor introduced above (eq. 7) is simply DΦ(C) =KC(H). The postulate for a230
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climate benefit then reads:

KX(H)∆ERFX +KY(H)∆ERFY ≤ 0. (14)

Since KC(H) = GWAC/ERFC this can be rewritten as

GWAX
∆ERFX

ERFX
+GWAY

∆ERFY

ERFY
≤ 0. (15)

Sorting the GWA and ERF terms on the two sides of the inequality, and assuming that component Y is reduced while X is235

increased, gives

GWAY

GWAX
≥−∆ERFX/ERFX

∆ERFY/ERFY
=

∆ERFX/ERFX

|∆ERFY|/ERFY
= 1 :

|∆ERFY|/ERFY

∆ERFX/ERFX
. (16)

The final version of the equation is again in the format suggested by PGP. Now the meaning of the curve and the %:% unit

in PGP’s risk calculation becomes clear. It is not just "an N percentage reduction in the non-CO2 impact" vs. a "1% increase

in CO2 emissions", it is precisely the ratio of a relative reduction of a non-CO2 (effective) radiative forcing (Y) to the relative240

increase of the corresponding CO2 (effective) radiative forcing (X).

The problem with the latter equation is that uncertain quantities appear on both sides of the equation: On the lhs both GWA

values, on the rhs the ERF values are uncertain. It is thus inadequate to write the lhs in the form 1 : n. The latter would imply

that the relative ERF changes would rather exactly be known, but this is not the case if the reference state ERFs are uncertain.

Thus, it is not allowed for a certain mitigation measure to pick a certain 1 : n on the x-axis of PGPs figure 3; it would rather245

be necessary to consider an interval or a worst case value for which the CCDF of the GWA ratio would need to be determined.

As an illustration of this, let us assume that contrail avoidance would lead to an absolute reduction of contrail ERF that is ten

times larger than the corresponding increase of the CO2 ERF, that is, let |∆ERFCiC|= 10×∆ERFCO2 . To mark a trade-off

ratio in PGPs figure 3 it is necessary then to multiply this ratio of absolute changes with the ratio of the uncertain ERFs, for

which I assume a lognormal ratio consistent with PGPs assumptions. From this ratio distribution I draw 1000 samples and use250

them to estimate the percentiles of this disribution. These are then multiplied by 1:10, that is, by the ratio of the absolute ERF

changes. The result is the distribution of the unknown rhs in Eq. 16, presented as percentiles on the x-axis (blue lines in fig. 3).

The rightmost blue line marks the 99th percentile of this distribution, which could be considered in a risk-adverse decision or

following the precautionary principle. Note that the x-value 1:10 (x= 0.1) lies approximately at the 36th percentile, that is,

most of the distribution of the ratio of the relative ERF changes lies to the right of 1:10 where the risk is higher than at 1:10.255

It means that although the ratio of absolute ERF changes may be 1:10, the corresponding ratio of relative ERF changes may

be much larger, implying a much higher risk than if the risk would be naively read-off at 1:10 on the x-axis. In order to avoid

this undesired consequence, the absolute ∆ERF change for contrails must exceed that of CO2 by a much larger factor than

10. The 99th percentile of the ratio of relative ERF changes would be shifted to approximately 1:5 with a success probability

of 0.9 if the ratio of absolute ERF changes was lowered to about 1:22, such that most of the distribution of the relative ERF260

changes lies outside the figure, where the risk curve is flat. This undesired property renders the method of PGP ill-defined and

thus inadequate for its designed purpose.
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Figure 3. As fig. 1, but illustrated for a case with an absolute trade-off ratio |∆ERFCiC|= 10×∆ERFCO2 , for which the distribution of

the corresponding relative trade-off ratio that is needed for the x-axis of PGPs figure 3 is given as percentiles (blue lines), from right to left

as indicated on the upper axis. The value 1:10 itself corresponds approximately to the 36% percentile and most of the distribution of the

unknown ratio of the relative ERF changes lies to the right on the x-axis where risks are larger. Thus, the absolute 1:10 trade-off ratio can

correspond to a relative trade-off ratio that is larger than 1:10 under most circumstances and much larger under unfavourable ones, that is,

when the unknown ERF ratio itself is large. This implies that the true risk can be much larger than the risk that one might read off at the

absolute trade-off ∆ERF ratio.

The correct form of the risk analysis has the uncertain components on one side of the equation and on the other side there is

the certain expression that characterises the change in the system. In the present case, this risk-equation is

KY(H)

KX(H)
≥ 1

|∆ERFY|/∆ERFX
=: 1 : n, (17)265

for which the 1 : n representation of the x-axis is justified. Recall that the quantities KC(H) are the integrals of the impulse

response functions over the chosen time horizon. Uncertain parameters are thus the parameters of the response functions.

These are lifetimes in the exponential expressions and, in case of CO2, the weighting factors of the different lifetimes (see e.g.

Fuglestvedt et al., 2010, their table A1).

3.4 Alternative example involving the equilibrium temperature change270

Let us consider the trade-off between contrail avoidance and the generally required additional fuel for the necessary deviations

from the fuel-optimal routes, which leads to additional emission of, for instance, CO2. Then let

∆ERFX = ERF′
CO2

−ERFCO2
for CO2 (18)

∆ERFY = ERF′
CiC −ERFCiC for contrail cirrus. (19)
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In this section we perform the trade-off risk calculation in terms of the equilibrium near-surface temperature change, ∆TX,Y
eq ,275

caused by the corresponding effective radiative forcings, that is we set the operator ΦX,Y simply to the corresponding climate

sensitivity factors, such that MX and MY become ∆TX,Y
eq . One can then use climate sensitivity factors from Bickel et al.

(2025) to convert the ERF values from Lee et al. (2021) into (surface) temperature changes (in equilibrium), that is:

∆TCO2
eq = λCO2

ERF ·ERFCO2
, ∆TCiC

eq = λCiC
ERF ·ERFCiC. (20)

The contrail avoidance measures would change the ERF values and thus result in different equilibrium temperature changes,280

(∆TX,Y
eq )′. Let us write the corresponding change of the total equilibrium temperature increase as (∆TX,Y

eq )′ − (∆TX,Y
eq ) =:

∆∆TX,Y
eq . Then this difference of differences due to both contrail avoidance and the accompanying increase of CO2 emission

is the sum of the individual contributions, that is

∆∆Teq = ∆∆TCO2
eq +∆∆TCiC

eq (21)

= λCO2

ERF(ERF
′
CO2

−ERFCO2
)+λCiC

ERF(ERF
′
CiC −ERFCiC). (22)285

Whether the change ∆∆Teq is positive or negative (that is, whether the assumed measures have increased or decreased the

overall temperature change) is simple to calculate and no statistics is necessary, as long as we know what we do, that is, if

we know the changes ∆ERF for both components, contrail cirrus and CO2. Before it is possible to estimate how ∆ERF will

change as a result of the mitigation, this mitigation measure should be avoided. Once ∆ERF can be estimated, the sign of

∆∆Teq can be computed without difficulty as soon as the conversion factors are known. Indeed, the result is good for climate290

(that is ∆∆Teq ≤ 0) as soon as −∆ERFCiC ≥ (λCO2

ERF/λ
CiC
ERF)∆ERFCO2

= 2.63×∆ERFCO2
, using the climate sensitivity

factors from Bickel et al. (2025). So far, no risk at all appears in the calculation.
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Figure 4. Probability density functions for the unknown true values of λERF for CO2 and contrail induced cirrus (CiC) using best estimates

and 90% confidence intervals from Bickel et al. (2025). Two model distributions for the underlying uncertainty are used, the normal distri-

bution (red and orange curves), which are symmetric as the error bars in Bickel et al. (2025) suggest, and the log-normal distribution used to

avoid the possibility of negative values.

However, the climate sensitivity factors from Bickel et al. (2025) are uncertain. They have been determined from one single

model study, and simulations with different global models would certainly yield different sets of factors. The associated sys-

tematic uncertainty cannot be quantified so far. Bickel et al. (2025) give uncertainty ranges for the climate sensitivity factors295

(in K/(mW m−2)):

λCO2

ERF = 0.887± 0.257; λCiC
ERF = 0.337± 0.254. (23)

The quoted uncertainties are one standard deviation and originate from the year-to-year variability in the simulation (which

resembles the natural year-to-year variability). The ±-sign with a single value for the standard deviation suggests a symmetric

uncertainty distribution, but in the contrail case the zero is only 1.33σ away from the best estimate which involves non-300

negligible potential for negative values. Thus, in order to avoid negative sensitivity values, we prefer (like PGP) to resort to

a log-normal model for the uncertainty distribution of the climate sensitivity factors, which allows an analytical solution in

analogy to eq. 4. The geometric standard deviations and means are then (no units):

σ∗
λ(CO2) = 1.35; µ∗

λ(CO2) = 0.85 (24)

σ∗
λ(CiC) = 2.67; µ∗

λ(CiC) = 0.22 (25)305

The resulting uncertainty distributions are presented in fig. 4 This statistical model does now allow a risk analysis.
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Figure 5. Risk curve in the form of PGP’s one.

As stated above, if we knew the climate sensitivity factors exactly, there is no risk at all and the climate impact of contrail

avoidance would be positive (or rather, would have been positive if in 2018 enough contrails had been avoided) in the case

where for one unit of increase of the ERF of CO2 at least (λCO2

ERF/λ
CiC
ERF) = 2.63 units of ERF of contrail cirrus had been

saved. If, however, the true climate sensitivity factors differ from the best estimates of Bickel et al. (2025), then also the factor310

differs from 2.63. The climate effect of contrail avoidance is positive as soon as the reduction of the contrail ERF exceeds

(λCO2

ERF/λ
CiC
ERF) times the increase of the ERF of CO2.

With the distribution parameters of the log-normal model one can compute the CCDF of the ratio λCiC
ERF/λ

CO2

ERF, which is

plotted in fig. 5, similarly to the plots of PGP. The interpretation is as indicated in the previous paragraph. Basically, the CCDF

curve gives the probability that the ratio of the climate sensitivities exceeds the value given on the x-axis. For instance, the315

probability that this ratio is larger than 1:10 is about 80%, and the probability that the ratio exceeds 1:3 is about 40%. (The

probability that the climate sensitivity factor of contrails is equal to or even exceeds that of CO2 is about ten percent). This

implies that an ERF(CiC) reduction that is three times larger than the corresponding ERF(CO2) increase is positive for climate,

that is, would lead to a reduced equilibrium temperature increase, as soon as λCiC
ERF/λ

CO2

ERF exceeds 1:3. In this case there is a

40% chance that the final outcome is good for climate, while it would give an 80% chance, if the ERF(CiC) reduction is ten320

times larger than the ERF(CO2) increase. Of course these values underestimate the actual risk, since the uncertainty of the

climate sensitivity factors is under-represented if only the statistical variability of the climate but no systematic uncertainty is

taken into account.

Instead of using ERF to derive the equilibrium surface temperature change one can alternatively use the (stratosphere)

adjusted radiative forcing (RF) together with the corresponding climate sensitivity factors that refer to RF, according to the325

relation ∆TC
eq = λC

RFRF
C for any component C. Bickel et al. (2025) provide these quantities for CO2 and contrail cirrus with

mean values and standard deviations like for λC
ERF. RF can be determined for single flights which is not possible for ERF. Yet
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each flight leads to its individual chain of feedbacks, which are not considered when RF is used, such that on a single flight

basis each GWA (per flight) has its own best value and its own uncertainty distribution, which furthermore must be broader

than that of many flights since statistical variations cannot cancel for a single flight. This renders the method impractical for330

mitigation decisions applied to single flights even if RF would be used as a metric.

4 Discussion

4.1 What are the factors in the trade-off equation?

Although eqs. 1 and 3 seem straightforward, simple and easy to understand, there are hidden issues that ask for discussion. One

issue is, that GWP in eq. 1 is neither additive nor extensive. However, using the definition GWPCH4 =AGWPCH4/AGWPCO2335

and rewriting the inequality in the following form:

−∆CH4AGWPCH4 ≥∆CO2AGWPCO2 , (26)

both sides of the inequality become additive and extensive quantities (in fact, these are GWAs). In this form the equation is

almost trivial, but still, since the AGWPs are uncertain, there is a risk involved in the CH4 vs. CO2 trade-off. We see here,

however, that if eq. 3 is written (naively) in an analogous form to eq. 1, the rhs of the inequality must have a different meaning340

to the rhs of eq. 1. The quantities ∆C are masses or mass fluxes in eq. 1, but in eq. 3 they are not and the meaning of ∆C is

not immediately clear. The correct form and actual meaning of ∆C (and similar quantities) in eq. 3 is given in eq. 16. This

interpretation can indeed be found once in the text of PGP ("meaning that a 3% reduction in contrail forcing..."), but at other

locations the ∆C seems to be rather the changed amount of an emission (mass). The interpretation as either masses or forcings

is even mixed in the caption to their figure 3: "...trade-off ratio of 1% added CO2 to reduce contrail forcing by 5%". Whichever345

way you look at it, it ultimately turns out that the result even in its correct form, that is eq. 16, is not applicable for a risk

analysis, since both sides contain uncertain quantities.

A further question is, whether ∆C in eq. 1 or the risk-analysis involving the GWAs may refer to a single flight. AGWP is

essentially a global long-term averaged quantity which makes it questionable to interpret ∆C as referring to single flights. In

the same way, ERF values as in eq. 16 refer to at least annual averages, ERFs for single flights would be much more uncertain350

than the annual averages due to situation-dependent feedbacks, partly occuring after and off-side the flight track. This problem

does not arise for CO2 because of its extremely long residence time in the atmosphere. The climate response to a ∆CO2 is

independent of the location and time of the emission, and thus a long-term global average of the climate response is equivalent

to the response of a unit emission at any location and any time.

For short-lived climate forcers like the non-CO2 effects of aviation the situation is different. The climate response (in terms355

of RF) of these forcers depends on the synoptic situation and the position of the sun at the location and time of the emission.

For instance, the effect of contrails varies widely between night and day (Stuber et al., 2006; Newinger and Burkhardt, 2012),

and the effect of NOx emissions depends on the synoptic situation, concretely, whether the emission is advected either into

the polar or tropical direction (Frömming et al., 2021). The climate response for short-lived climate forcers cannot be given in
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terms of ERF for single flights, because of the non-local character of ERF. Similarly, as there is no situation-dependent global360

warming potential, eq. 1 would make no sense if its ∆X-quantities would be interpreted as quantities that describe single

flights. This implies also that a GWA or ERF for single flights makes no sense in a trade-off equation like eq. 16. A single flight

cannot be treated using a global exchange-rate or metric. Consequently, eq. 1 only makes sense, if its ∆X factors describe, like

GWP or GWA, long-term global averages. The correct form of the risk-analysis in the case involving GWA, eq. 17, includes

the lifetime of a perturbation, which may not be a constant for single emissions (for instance, contrails have a wide variety of365

lifetimes, see Gierens and Vázquez-Navarro, 2018). Thus, the trade-off consideration is not applicable, even in this form, to a

single flight.

4.2 Choice of the statistical model for the uncertainty distribution

GWAs are derived from values of effective radiative forcings (ERFs) via integration over a time horizon, a linear operation.

Lee et al. (2021) provide estimates of ERFs of aviation emissions. These are uncertain and thus presented as best estimates370

and symmetric error bars which represent 90% confidence intervals (1.645σ). These error bars comprise various sources of

uncertainty, but not all. Lee et al. (2021) write in their Appendix E that the number of available studies is too small for a robust

uncertainty estimate of the contrail forcing. They considered in their study two sources of uncertainty, which both originate

from the individual method how radiative effects and contrail and cirrus microphysics are treated in the respective model. Other

uncertainties, in particular that due to a wide annual variability from changing weather (Gettelman et al., 2021; Quaas et al.,375

2021; Wilhelm et al., 2021) are not regarded. It is evident, that the actual global contrail ERF uncertainty is larger than what

is estimated by Lee et al. (2021). While the CO2 uncertainty distribution is relatively narrow, in particular that of contrails

is quite wide. If the uncertainty distribution would be modelled as a normal PDF, a small probability for negative ERF of

contrails would result. In contrast the choice of a log-normal model to describe the uncertainty distribution does not allow

values of both signs to appear; the values are strictly positive or strictly negative. For contrails with a log-normal uncertainty380

PDF, the possible ERF values are strictly positive. This is presumably the idea which PGP had in mind when they chose

log-normal (that is asymmetric) uncertainty PDFs, although it is not stated in that paper.
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Figure 6. Probability density functions for the unknown true values of ERF for CO2 and contrail induced cirrus (CiC) using best estimates

and 90% confidence intervals from Lee et al. (2021). Two model distributions for the underlying uncertainty are used, the normal distribution

(red and orange curves), which are symmetric as the error bars in Lee et al. (2021) suggest, and the log-normal distribution as used by PGP.

The ERF distributions (probability density functions, PDFs) for CO2 and contrail cirrus (CiC), interpreted both as normal

and log-normal distributions are shown in Fig. 6.

I have repeated the computation of the risk function for an underlying normal distribution of the GWA uncertainties. For385

this, I have taken the geometric means and standard daviations from PGPs table and translated them into normal distributions,

keeping the 68% (±σ) confidence levels. In this case, the ratio distribution is not simply given as an analytic expression and

the result must be obtained using a Monte Carlo experiment. The result is presented in fig. 7.
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Figure 7. Probability density and CCDF of the GWA ratio for contrails and CO2 for the case of a normal distribution of the uncertainties.

The chosen time horizon is 100 years.

The black curve shows the PDF of the GWA ratio, which extends (with small probability) to negative numbers. Consequently,

the CCDF extends into the negative range as well and crosses the trade-off ratio 1 :∞. This signifies that no trade-off occurs390

when contrails were cooling in the global and multi-annual average. However, as the red curve shows, the probability that the

GWA ratio is positive (that is, that contrails warm the climate) is practically unity. This example demonstrates clearly that the

risk curve is different from the original one (fig. 1).

In fact, there is no particular reason to assume a normal uncertainty distribution at all; one could select as well a triangular

or a uniform distribution, each time with a different resulting risk curve F (x). Ideally, the choice should be guided by physical395

arguments (similarly to the choice of a prior distribution in Bayes-statistics, see Epstein, 1985). However, as there are few

global models that can provide GWAs or other global metrics for aviation emissions, the statistical basis for a well-conceived

choice is thin. As long as the choice of the distribution model for the GWA uncertainty distribution is a mere subjective choice

(perhaps for the reason of more convenient mathematics), the resulting risk function F (z) cannot be regarded as an objective

measure of trade-off risk.400
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4.3 Taking into account all gaseous emissions for contrail mitigation

Figure 8. CCDF of the GWA ratio for contrails and CO2+NOx for the case of a log-normal distribution of the uncertainties. The red curve

represents the addition of the short NOx (i.e. O3) effect alone, while the blue curve involves both short- and long NOx effects in a way that

mimics their correlation, that is, their partial cancellation. The chosen time horizon is 100 years.

Rerouting for the purpose of contrail avoidance implies deviations from the cost-optimal path, which in most cases requires

the burning of additional fuel. This leads to increased gaseous emissions, not only of CO2 but of all other combustion products

as well, in particular NOx. The proper trade-off consideration of rerouting for contrail avoidance needs thus to account for

all additional emissions, not only CO2. Following PGP by computing the CCDF of the ratio of GWA(CiC) to GWA(other405

emissions) for that purpose implies the need to compute the PDF of the sum of the GWAs of CO2 and the other gaseous

emissions first, before the ratio is taken. It follows that first one has to compute the probability density function of the sum of

the GWAs of CO2 plus the other gaseous emissions, for instance via a Monte Carlo method. The desired CCDF of the GWA

ratio is then achieved from A Monte Carlo calculation as well. For the calculation, the mean values and standard deviations

from the table of PGP are used. The result for taking short- (ozone) and long- (mainly methane) term NOx effects into account410

is shown in fig. 8. The black curve is just the copy from fig. 1; it takes only CO2 into account. The red curve shows the risk

curve, if additionally the ozone effect from NOx is considered. The addition of ozone into the trade-off ratio leads to a quite

different risk curve than the original one. The curve becomes much flatter which means that the probability of success for

a certain trade-off ratio gets considerably lower. That would imply in turn that much more contrail effect would need to be

reduced for one unit of a combined CO2 and ozone effect to get a high probability of success. The blue curve represents the415

case where both, the short and long-term NOx effects are accounted for. A problem for the proper treatment is the correlation

between these two effects, which implies that they cannot be added as independent stochastic quantities. My simple solution

for this case is to treat them as one effect with a GWA distribution, where the mean and variance are, respectively, the sum of
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the two means and the two variances. All these numbers have been computed using the entries in PGP’s table. The blue curve

is close to the original black one because of the partial cancellation of the short- and long-term NOx effects. The treatment of420

the correlation is certainly too simple for real applications, but it is sufficient for the present goal, that is, to demonstrate that

when determining the risk of contrail avoidance it is not sufficient to just consider the trade-off with CO2 alone.

5 Conclusions

In the present paper I have discussed the notions exchange rate, trade-off rate, risk for aviation mitigation measures, and the

relation between them. This has been in response and extension to a recent paper (Prather et al., 2025), which, while making425

strong statements about the low risk of mitigation measures, to my feeling, leaves a couple of important points undiscussed.

I hope that the present paper helps to make the involved mathematics more transparent and that the reasoning that leads to

the risk formulation becomes clearer. Although the calculations are in the spirit of PGP, and although they come eventually to

similar equations, the reasoning that leads to the present formulation is quite different from PGPs argumentation. I summarise

the findings of the present study in the following points:430

– Exchange rates (equivalence ratios) and trade-off ratios are conceptually different notions, although they may be related.

The global warming potential is rather an exchange rate than a trade-off ratio. The same holds for the ratio of a pair of

global warming potential per activity (GWA) values.

– Exchange rates are independent of concrete mitigation measures, but an assessment of the success of a concrete action

may involve an exchange rate.435

– Metrics must be additive and extensive quantities to be appropriate for trade-off considerations.

– Trade-offs occur related to concrete technical or operational measures in systems with interdependencies. Mathemati-

cally they can be presented as a derivative or difference quotient with negative value that depends on the particularities of

the given technical realisation or operational measure. The actual physical meaning of this difference quotient depends

on the choice of the metric that is used to determine whether the respective mitigation measure will be successful or not.440

– While reference states, which are for instance described by ERFs, may be uncertain, mitigation measures should result in

ERF changes, ∆ERF, that are principally known to the operator before the mitigation is realised. A mitigation measure

with uncertain outcome should not be taken. In trade-off and risk considerations, as proposed here, only ∆ERF appears

in the equations, not the ERF themselves.

– The ERF change due to a mitigation measure entails a change in any metric into which it may be mapped. If this445

mapping would be free of uncertainties, no risk would appear. It is the uncertainty of the parameters ΠC of the mapping

(the operator ΦC) that leads to an uncertain change of the selected metrics, and thus induces a risk. The latter can

be modelled as a probability density function which ideally should be selected on the basis of physical and statistical

arguments.
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– The resulting risk inequality has a ratio of uncertain quantities only on one side. The other side must have well-defined450

numbers only, with which the CCDF of the uncertain ratio is to be compared. PGPs method leads to uncertain quantities

on both sides of the inequality. Hence it is impossible to characterise a certain mitigation measure with a certain number

on the ordinate. Thus, PGPs method turns out to be inadequate for its purpose.

The central result of this study is that the actual uncertainties relevant for a trade-off risk assessment lie in the parameters

(Π) of the operator (Φ) that is used to map the initial uncertain radiative quantities (RF or ERF) onto the selected metrics. The455

uncertainties of the radiative quantities are mapped onto uncertainties of the chosen metrics. The trade-off ratio of a concretely

planned or taken mitigation measure must be the ratio of absolute changes (∆EFR), which need to be known with some

precision. They must not be relative changes (∆EFR/ERF), since these still involve uncertainties, and that would leave the

method impracticable. If one indeed uses PGPs method, the trade-off ratio must be represented as a distribution of the ratio of

the unknown relative ERF changes. For the case of contrail cirrus most of this distribution lies at higher 1:N values than the460

ratio of absolute ERF changes would suggest, implying a higher risk.

Further conclusions from this paper are:

– For aviation, the statistical basis for a well-founded selection of an uncertainty model of the exchange rates is currently

too thin to provide good arguments for a certain statistical model of the uncertainty. Determination of the resulting risk

function suffers therefore from a certain degree of arbitrariness.465

– Incomplete accounting of uncertainty sources, which is nearly inevitable, causes an underestimation of the eventual trade-

off risk. Actually, risk curves are flatter than shown in the present and PGP’s examples, as can be seen, for instance, from

eq. 4, by representing a larger uncertainty with a larger value of σ∗. How much they are flatter, remains, for the time

being, unknown.

– Exchange rates and other metrics generally refer to global and long-term means. This implies that the trade-off ratios470

must be measured as the effect of concrete actions on the global long-term values. For single flights, this is hardly

possible. Thus, proper trade-off considerations are those for an overall concept of mitigation applied for a climatological

time period that leads to a quantifiable (measurable) change in the used metrics and exchange rates. To determine such a

change needs a climate model or at least a surrogate model.

– For the particular case of contrail avoidance, it is necessary to include the increased amount of all gaseous aviation475

emissions into the risk-calculation, not only CO2.

The derivation of trade-off and risk mathematics in this paper is quite different from that of PGP. The interpretation is

different as well. Apart from that, the method is not mature enough to base practical decisions on. Important uncertainties are

not covered in the calculation and the stochastic model for the uncertainties is close to arbitrary. To my view, there are better

methods to guide mitigation decisions, especially for single flights. These methods are based on ensemble weather forecasts,480

which can be used in flight planning for risk-informed or even risk-optimised strategies (Borella et al., 2026). Furthermore,
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inspection of weather ensembles shows when forecasts are more or less trustworthy for mitigation actions and how situations

with reliable forecasts can be distinguished from those with uncertain weather prediction (Hanst et al., 2025; von Koslowski

and Gierens, 2026). Finally, PGPs and the current work should give arguments for more, urgently necessary, research (e.g. to

broaden the thin statistical basis or to use other methods and models to explore forcing and feedback mechanisms basic to key485

metrics).

Appendix A: Numbers used in the calculations

For the calculation of the curves in fig. 7 the following quantities have been used:

µCiC = 36.2, σCiC = 14.9,

µCO2
= 81.9, σCO2

= 12.1.490

For the calculation of the risk-curves in fig. 8 the following quantities have been used:

µ∗
CiC = 33., σ∗

CiC = 1.55,

µ∗
sNOx = 49., σ∗

sNOx = 1.45,

µ∗
lNOx =−30.17, σ∗

lNOx = 1.13,495

µ∗
CO2

= 81., σ∗
CO2

= 1.16.

The starred quantities are geometric means and standard deviations. The correlation between the NOx effects has been modelled

by using a single GWA distribution with

µ∗
NOx = µ∗

sNOxµ
∗
lNOx = 1.62, σ2

NOx = σ2
sNOx +σ2

lNOx, thus σ∗
NOx = exp(σNOx) = 1.48.

Author contributions. KG has derived all equations, performed analytical and numerical calculations, written the text and plotted the figures.500

Competing interests. There is no competing interest

Acknowledgements. I thank Markus Rapp for discussions of this topic and for his suggestion to try PGPs method with the distribution of the

uncertain ratio of relative ERF changes. I thank Katrin Dahlmann for checking a preliminary version of this paper. Her help was particularly

useful to correct wrong signs in the mathematics. My greatest gratitude goes to Michael Ponater for many scientific discussions that we had

about the topic since I started to derive the equations and for great help in formulating the paper in better English. This work contributes to505

and has been supported by the Horizon Europe programme (grant no. 101056885).

22

https://doi.org/10.5194/jecats-2026-8
Preprint. Discussion started: 8 May 2026
c© Author(s) 2026. CC BY 4.0 License.



References

Bickel, M., Burkhardt, U., Ponater, M., Righi, M., Hendricks, J., and Jöckel, P.: Contrail cirrus climate impact: From radiative forcing to

surface temperature change, Journal of Climate, 38, 1895–1912, https://doi.org/10.1175/JCLI-D-24-0245.1, 2025.

Borella, A., Steer, C., Bellouin, N., and Boucher, O.: Concept of risk-aware contrail avoidance strategies, Journal of Environmentally Com-510

patible Air Transport System Discussions, 2026, 1–31, https://doi.org/10.5194/jecats-2026-2, 2026.

Burkhardt, U., Bock, L., and Bier, A.: Mitigating the contrail cirrus climate impact by reducing aircraft soot number emissions, npj Climate

and Atmospheric Science, 37, 1–7, https://doi.org/10.1038/s41612-018-0046-4, 2018.

Dahlmann, K., Koch, A., Linke, F., Grewe, V., Otten, T., Seider, D., Gollnick, V., and Schumann, U.: Climate-Compatible Air Transport

System - Climate Impact Mitigation Potential for Actual and Future Aircraft, Aerospace, pp. 1–25, https://elib.dlr.de/107544/, 2016.515

Epstein, E. S.: Statistical inference and prediction in climatology: A Bayesian approach, Meteorological Monographs, 20, 1–199, 1985.

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D., Mauritsen, T., Palmer, M., Watanabe, M., Wild,

M., and Zhang, H.: The Earth’s Energy Budget, Climate Feedbacks, and Climate Sensitivity, p. 923–1054, Cambridge University Press,

Cambridge, United Kingdom and New York, NY, USA, https://doi.org/10.1017/9781009157896.009, 2021.

Frömming, C., Grewe, V., Brinkop, S., Jöckel, P., Haslerud, A., Rosanka, S., van Manen, J., and Matthes, S.: Influence of weather situation520

on non-CO2 aviation climate effects: the REACT4C climate change functions, Atmospheric Chemistry and Physics, 21, 9151–9172,

https://doi.org/10.5194/acp-21-9151-2021, 2021.

Fuglestvedt, J., Shine, K., Berntsen, T., Cook, J., Lee, D., Stenke, A., Skeie, R., Velders, G., and Waitz, I.: Transport impacts on atmosphere

and climate: Metrics, Atmospheric Environment, 44, 4648–4677, https://doi.org/10.1016/j.atmosenv.2009.04.044, 2010.

Fuglestvedt, J. S., Berntsen, T. K., Godal, O., Sausen, R., Shine, K. P., and Skodvin, T.: Metrics of climate change: assessing radiative forcing525

and emission indices, Climatic Change, 58, 267–331, 2003.

Gettelman, A., Chen, C.-C., and Bardeen, C.: The climate impact of COVID-19-induced contrail changes, Atmos. Chem. Phys., 21, 9405–

9416, https://doi.org/10.5194/acp-21-9405-2021, 2021.

Gierens, K. and Vázquez-Navarro, M.: Statistical analysis of contrail lifetimes from a satellite perspective, Meteorol. Z., 27, 183–193,

https://doi.org/10.1127/metz/2018/0888, 2018.530

Grewe, V., Bock, L., Burkhardt, U., Dahlmann, K., Gierens, K. M., Hüttenhofer, L., Unterstrasser, S., Rao, A., Bhat, A., Yin, F., Reichel, T.,

Paschereit, O., and Levy, Y.: Assessing the climate impact of the AHEAD multi-fuel blended wing body, Meteorologische Zeitschrift, 26,

711–725, https://doi.org/10.1127/metz/2016/0758, 2017a.

Grewe, V., Dahlmann, K., Flink, J., Frömming, C., Ghosh, R., Gierens, K., Heller, R., Hendricks, J., Jöckel, P., Kaufmann, S., Kölker,

K., Linke, F., Luchkova, T., Lührs, B., van Manen, J., Matthes, S., Minikin, A., Niklaß, M., Plohr, M., Righi, M., Rosanka, S.,535

Schmitt, A., Schumann, U., Terekhov, I., Unterstrasser, S., Vázquez-Navarro, M., Voigt, C., Wicke, K., Yamashita, H., Zahn, A., and

Ziereis, H.: Mitigating the Climate Impact from Aviation: Achievements and Results of the DLR WeCare Project, Aerospace, 4, 34,

https://doi.org/10.3390/aerospace4030034, 2017b.

Grewe, V., Matthes, S., Frömming, C., Brinkop, S., Jöckel, P., Gierens, K., Champougny, T., Fuglestvedt, J., Haslerud, A., Irvine, E., and

Shine, K.: Feasibility of climate-optimized air traffic routing for trans-Atlantic flights, Environmental Research Letters, 12, 034 003,540

http://stacks.iop.org/1748-9326/12/i=3/a=034003, 2017c.

Haglind, F.: Potential of lowering the contrail formation of aircraft exhausts by engine re–design, Aerospace Sci. Technol., 12, 490–497,

2008.

23

https://doi.org/10.5194/jecats-2026-8
Preprint. Discussion started: 8 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Hanst, M., Köhler, C., Seifert, A., and Schlemmer, L.: Predicting ice supersaturation for contrail avoidance: ensemble forecasting using

ICON with two-moment ice microphysics, ACP, 25, 17 253–17 274, https://doi.org/10.5194/acp-25-17253-2025, 2025.545

Joos, F., Roth, R., Fuglestvedt, J. S., Peters, G. P., Enting, I. G., von Bloh, W., Brovkin, V., Burke, E. J., Eby, M., Edwards, N. R., Friedrich,

T., Frölicher, T. L., Halloran, P. R., Holden, P. B., Jones, C., Kleinen, T., Mackenzie, F. T., Matsumoto, K., Meinshausen, M., Plattner, G.-

K., Reisinger, A., Segschneider, J., Shaffer, G., Steinacher, M., Strassmann, K., Tanaka, K., Timmermann, A., and Weaver, A. J.: Carbon

dioxide and climate impulse response functions for the computation of greenhouse gas metrics: a multi-model analysis, Atmospheric

Chemistry and Physics, 13, 2793–2825, https://doi.org/10.5194/acp-13-2793-2013, 2013.550

Lee, D., Pitari, G., Grewe, V., Gierens, K., Penner, J., Petzold, A., Prather, M., Schumann, U., Bais, A., Berntsen, T., Iachetti, D., Lim, L.,

and Sausen, R.: Transport impacts on atmosphere and climate: Aviation, Atmos. Env., 44, 4678–4734, 2012.

Lee, D., Fahey, D., Skowron, A., Allen, M., Burkhardt, U., Chen, Q., Doherty, S., Freeman, S., Forster, P., Fuglestvedt, J., Gettelman, A., De

León, R., Lim, L., Lund, M., Millar, R., Owen, B., Penner, J., Pitari, G., Prather, M., Sausen, R., and Wilcox, L.: The contribution of global

aviation to anthropogenic climate forcing for 2000 to 2018, Atmos. Env., 244, 117 834, https://doi.org/10.1016/j.atmosenv.2020.117834,555

2021.

Lee, D. S., Allen, M. R., Cumpsty, N., Owen, B., Shine, K. P., and Skowron, A.: Uncertainties in mitigating aviation non-CO 2 emissions for

climate and air quality using hydrocarbon fuels, Environmental Science: Atmospheres, 3, 1693–1740, 2023.

Mannstein, H., Spichtinger, P., and Gierens, K.: A note on how to avoid contrails, Transportation Research Part D, 10, 421–426, 2005.

Märkl, R. S., Voigt, C., Sauer, D., Dischl, R. K., Kaufmann, S., Harlaß, T., Hahn, V., Roiger, A., Weiß-Rehm, C., Burkhardt, U., Schumann,560

U., Marsing, A., Scheibe, M., Dörnbrack, A., Renard, C., Gauthier, M., Swann, P., Madden, P., Luff, D., Sallinen, R., Schripp, T., and

Le Clercq, P.: Powering aircraft with 100 % sustainable aviation fuel reduces ice crystals in contrails, Atmospheric Chemistry and Physics,

24, 3813–3837, https://doi.org/10.5194/acp-24-3813-2024, 2024.

Matthes, S., Lührs, B., Dahlmann, K., Grewe, V., Linke, F., Yin, F., Klingaman, E., and Shine, K. P.: Climate-Optimized Trajectories and

Robust Mitigation Potential: Flying ATM4E, Aerospace, 7, https://www.mdpi.com/2226-4310/7/11/156, 2020.565

Matthes, S., Lim, L., Burkhardt, U., Dahlmann, K., Dietmüller, S., Grewe, V., Haslerud, A. S., Hendricks, J., Owen, B., Pitari, G.,

Righi, M., and Skowron, A.: Mitigation of Non-CO2 Aviation’s Climate Impact by Changing Cruise Altitudes, Aerospace, 8, 1–20,

https://doi.org/10.3390/aerospace8020036, 2021.

Newinger, C. and Burkhardt, U.: Sensitivity of contrail cirrus radiative forcing to air traffic scheduling, J. Geophys. Res., 117, D10 205,

https://doi.org/10.1029/2011JD016736, 2012.570

Noppel, F. and Singh, R.: An overview on contrail and cirrus cloud avoidance technology, J. Aircraft, 44, 1721–1726, 2007.

Ponater, M., Pechtl, S., Sausen, R., Schumann, U., and Hüttig, G.: Potential of the cryoplane technology to reduce aircraft climate impact: A

state-of-the-art assessment, Atmospheric Environment, 40.

Pouzolz, R., Schmitz, O., and Klingels, H.: Evaluation of the climate impact reduction potential of the water-enhanced turbofan (WET)

concept, Aerospace, 8, 59, 2021.575

Prather, M., Gettelman, A., and Penner, J.: Trade-offs in aviation impacts on climate favour non-CO2 mitigation, Nature, 643, 988–995,

2025.

Quaas, J., Gryspeerdt, E., Vautard, R., and Boucher, O.: Climate impact of aircraft-induced cirrus assessed from satellite observations before

and during COVID-19, Environ. Res. Lett., 16, 064 051, https://doi.org/10.1088/1748-9326/abf686, 2021.

24

https://doi.org/10.5194/jecats-2026-8
Preprint. Discussion started: 8 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Sausen, R., Nodorp, D., and Land, C.: Towards an optimal flight routing with respect to minimal environmental impact, in: Impact of580

Emissions from Aircraft and Spacecraft upon the Atmosphere, edited by Schumann, U. and Wurzel, D., no. 94-06 in DLR-Mitteilung, pp.

473–478, Köln, Germany, 1994.

Sausen, R., Hofer, S. M., Gierens, K. M., Bugliaro Goggia, L., Ehrmanntraut, R., Sitova, I., Walczak, K., Burridge-Diesing, A., Bowman, M.,

and Miller, N.: Can we successfully avoid persistent contrails by small altitude adjustments of flights in the real world?, Meteorologische

Zeitschrift, 33, 83–98, https://doi.org/10.1127/metz/2023/1157, 2024.585

Stuber, N., Forster, P., Rädel, G., and Shine, K.: The importance of the diurnal and annual cycle of air traffic for contrail radiative forcing,

Nature, 441, 864–867, 2006.

Teoh, R., Schumann, U., Majumdar, A., and Stettler, M.: Mitigating the climate forcing of aircraft contrails by small-scale diversions and

technology adoption, Environ. Sci. Technol., 54, 2941–2950, https://doi.org/10.1021/acs.est.9b05608, 2020.

von Koslowski, V. and Gierens, K.: Characteristics of robust and non-robust days for contrail forecasts, Meteorol. Z. (in review),590

https://doi.org/10.1127/metz/20xx/xxxx, 2026.

Wilhelm, L., Gierens, K., and Rohs, S.: Weather variability induced uncertainty of contrail radiative forcing, Aerospace, 8,

https://doi.org/10.3390/aerospace8110332, 2021.

Williams, V., Noland, R., and Toumi, R.: Reducing the climate change impacts of aviation by restricting cruise altitudes, Transportation

Research Part D, 7, 451–464, 2002.595

Williams, V., Noland, R., and Toumi, R.: Air transport cruise altitude restrictions to minimize contrail formation, Climate Policy, 3, 207–219,

2003.

25

https://doi.org/10.5194/jecats-2026-8
Preprint. Discussion started: 8 May 2026
c© Author(s) 2026. CC BY 4.0 License.


