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Abstract

Aviation contributes to anthropogenic climate change not only through CO2 emissions, but also via
non-CO2 effects, including stratospheric water vapour (SWV). SWV influences the Earth’s radiation
budget by altering longwave and shortwave radiative fluxes, resulting in a positive radiative forcing.
Aviation affects SWV through multiple pathways, including changes in methane oxidation driven by
nitrogen oxide emissions, direct emission of water vapour at stratospheric altitudes, hydrogen oxida-
tion, and temperature-driven changes in stratosphere–troposphere exchange. While comprehensive
climate chemistry models can represent these processes in detail, their computational cost limits their
applicability for rapid scenario analysis.

This thesis develops and evaluates a method to represent aviation-induced changes in stratospheric
water vapour within the OpenAirClim (OAC) response model. The novelty of this work lies in the quan-
tification of SWV changes due to methane oxidation within a reduced-form climate response model,
enabling fast yet process-consistent scenario analysis. Other potential SWV pathways are assessed
but not explicitly implemented due to methodological limitations, overlap with existing OAC modules,
or negligible expected impact.

The implementation is verified through consistency checks on fractional release factors, age-of-air dis-
tributions, spatial SWV patterns, and mass conservation, and validated against published results. A
sensitivity and uncertainty analysis is performed to assess the robustness of the calculated radiative
forcing, followed by scenario analyses illustrating the relative magnitude of SWV forcing compared to
methane-related effects for different future aviation scenarios. The results demonstrate that aviation-
induced reductions in methane lead to a net decrease in SWV and associated radiative forcing, high-
lighting the importance of including SWV effects for a more complete assessment of aviation’s climate
impact within simplified climate models.
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1
Introduction

Aviation is a rapidly growing sector that contributes significantly to anthropogenic climate forcing with
about 3.5% (Lee et al., 2021). While the role of carbon dioxide (CO2) and nitrogen oxides (NOx)from
aircraft has been widely studied, the influence of stratospheric water vapour (SWV) remains uncertain.
SWV affects the Earth’s radiation budget by altering both longwave and shortwave fluxes, thereby
exerting a positive radiative forcing and amplifying surface warming. This influence is of significant
magnitude as a decrease of SWV concentration of 10% slowed global warming with 25% (Solomon
et al., 2010). Increases in SWV arise from multiple pathways, including direct emission of water at
stratospheric altitudes, methane oxidation, hydrogen oxidation, and temperature-driven changes in
stratosphere–troposphere exchange. Quantifying the climate impact of these pathways is essential for
understanding the full effect of aviation and for guiding mitigation strategies.

Detailed climate–chemistry models can capture the complex feedbacks involved in SWV formation, but
they require extensive computational resources and are impractical for quick scenario analyses. Re-
sponsemodels such as OpenAirClim offer a computationally efficient alternative by using pre-computed
relationships between emissions and radiative forcing. Incorporating a SWV module into such a re-
sponse framework enables fast, yet robust assessments of climate impacts of aviation.

This study develops and evaluates methods to represent aviation-induced SWV for the OpenAirClim
model. The research aims to quantify the contribution of aviation to global SWV burdens and associated
radiative forcing and temperature responses. The results will provide insight into the relative importance
of different SWV formation mechanisms.

To guide this investigation, the study addresses the overarching question:

How can the climate impact of stratospheric water vapour from aviation emissions be quan-
tified and modelled using a simplified climate model?

To answer this research question, first, some literature is discussed in chapter 2. Second, the method-
ology is described in chapter 3. Third, the methodology is verified and validated in chapter 4. Fourth,
a sensitivity study and uncertainty analysis are done in chapter 5, Fifth, a scenario analysis is done in
chapter 6, and finally, conclusions and recommendations form future work are stated in chapter 7.

1



2
Literature Review

In recent years, the significance of stratospheric water vapour (SWV) as a contributor to climate change
has gained increasing attention, particularly in the context of aviation emissions, as aviation introduces
both direct and indirect sources of water vapour into the stratosphere. Understanding the climate impact
of aviation-induced SWV requires an in-depth view of multiple atmospheric processes.

This chapter provides a comprehensive review of the relevant literature on the climatic effects of SWV
with a focus on aviation. Section 2.1 outlines the key physical metrics used to quantify climate impact,
such as radiative forcing (RF), surface temperature change (∆Ts), and several climate metrics. Sec-
tion 2.2 discusses how aviation emissions contribute to SWV, including pathways via transport from
the troposphere, methane (CH4) oxidation, direct water emissions, and hydrogen (H2) oxidation. In
section 2.3, the broader climatic implications of SWV are discussed, focusing on its contribution to ra-
diative forcing. Finally, section 2.4 introduces the OpenAirClim response model and evaluates how it
can be adapted to simulate the impact of aviation-related SWV on global climate.

By combining insights from multiple studies, this chapter aims to establish a theoretical foundation for
the implementation and evaluation of an SWV module within the OpenAirClim model.

2.1. Climate Impact
To compare the impact of various emissions on the climate, several key quantities are defined. These
provide insight into both the immediate and long-term effects of emissions. Different types of radia-
tive forcing, which is closely related to the actual emissions, and the resulting steady-state surface
temperature (∆Ts) are discussed in subsection 2.1.1. In addition, the climate metrics Global Warming
Potential (GWP), Global Temperature change Potential (GTP), and Average Temperature Response
(ATR), which offer more indirect assessments, are introduced in subsection 2.1.2.

2.1.1. Radiative Forcing and Surface Temperature Change
Radiative forcing is a key concept used to quantify the climate impact of different atmospheric species.
It is defined as:

“The change in the net, downward minus upward, radiative flux (expressed in W m-2) due
to a change in an external driver of climate change.”(IPCC, 2001)

In essence, radiative forcing measures the imbalance between incoming solar radiation and outgoing
infrared radiation. A positive RF indicates that more energy is entering the Earth system than leaving,
leading to a warming effect. On the other hand, a negative RF implies that more energy is leaving than
entering, resulting in a cooling effect. When the net flux is balanced, RF equals 0 W m-2, and there is
no net energy gain or loss.

The IPCC (2013) also distinguishes between different types of radiative forcing: Instantaneous Radia-
tive Forcing (IRF), Effective Radiative Forcing (ERF), and stratospherically adjusted Radiative Forcing
(RF).

2



2.1. Climate Impact 3

IRF refers to the immediate change in top-of-atmosphere radiative flux caused by a perturbation, before
any atmospheric temperature adjustments or feedbacks occur.

ERF incorporates rapid atmospheric adjustments, such as changes in water vapour, cloud cover, and
atmospheric temperature, while keeping the surface temperature constant. ERF is defined as:

“We term a forcing that accounts for rapid adjustments the effective radiative forcing (ERF).
Conceptually, ERF represents the change in net TOA (Top Of Atmosphere) downward radia-
tive flux after allowing for atmospheric temperatures, water vapour and clouds to adjust, but
with global mean surface temperature or a portion of surface conditions unchanged.”(IPCC,
2013)

RF is defined as the change in net radiative flux at the top of the atmosphere after allowing the strato-
spheric temperature to adjust to radiative equilibrium, while keeping tropospheric temperatures and
surface conditions fixed (IPCC, 2013).
This adjustment accounts for the rapid thermal response of the stratosphere, which typically occurs
on timescales of weeks to months. It is particularly relevant for forcing agents that directly perturb
the stratosphere, such as stratospheric ozone, aerosols, and stratospheric water vapour. Allowing the
stratosphere to adjust removes artificial radiative imbalances that would otherwise arise from purely
instantaneous forcing calculations.
RF generally shows a more consistent relationship with long-term surface temperature change than
instantaneous RF for stratospheric perturbations. However, unlike ERF, it does not include rapid ad-
justments in the troposphere, such as changes in water vapour, clouds, or lapse rate. For this reason,
ERF is considered the most comprehensive forcing metric, while RF remains a useful intermediate
metric, particularly in studies focusing on stratospheric processes, including aviation-induced climate
effects.

Both RF and ERF are widely used in climate modelling and assessment reports to evaluate the effects
of different atmospheric species over time.

Radiative forcing can be used to estimate the change in steady-state global mean surface temperature
(∆Ts) using the following linear relationship:

∆Ts = λ ·RF (2.1)

Here, λ is the climate sensitivity parameter (in units of K(W m-2)-1), and RF is the radiative forcing in
Wm-2. According to the IPCC (2013), a commonly used estimate for λ is 1.0 ± 0.5 K(W m-2)-1) for a
doubling of CO2, based on the mean output of approximately 30 climate models.

2.1.2. Climate Metrics
To quantify and communicate the relative and absolute contributions of emissions to climate change,
climate metrics are defined. In this section, three of those metrics will be discussed. These are: Global
Warming Potential (GWP), Global Temperature change Potential (GTP) and the Average Temperature
Response (ATR).

GWP
Global Warming Potential (GWP) was first introduced in the First IPCC Assessment Report (Houghton
et al., 1990), the GWP was originally presented as a simplified tool to illustrate the complexities in
comparing greenhouse gas emissions. At the time, it was explicitly noted that there was no universally
accepted methodology for combining the various influencing factors into a single metric. GWP provides
an indirect measure of the total energy added to the climate system by a given gas relative to CO2.
However, it does not directly correspond to temperature change or other climate impacts.

The GWP is defined as the time-integrated RF due to a pulse emission of a given component, relative
to a pulse emission of an equal mass of CO2 (Myhre et al., 2013). The formula used to calculate GWP
is stated in Equation 2.2. Where RFspec(t) is the RF of the species of interest as a function of time,
RFCO2

(t) is the RF from an equal mass of CO2 and H is the time horizon that is used.



2.1. Climate Impact 4

The GWP is generally integrated over timescales of 20, 50 and 100 years. The choice of this timescale
is of large influence of the value of the GWP due to the lifetime of certain species. When a species
has a short lifetime. the GWP20 will be much higher than the GWP100. In general, GWP100 is set
as standard GWP. This decision was made to standardize and facilitate easy comparisons, although
there is no scientific argument for this choice.

Further complexities arise from decisions regarding the background atmospheric state, the treatment
of indirect effects and feedbacks, and the assumed radiative efficiencies. These factors contribute to
uncertainties in GWP values. Due to these uncertainties and the high dependency on the timescale,
GWP must be used carefully such that it will not be misused.

GWP =

∫H

0
RFspec(t) dt∫H

0
RFCO2

(t) dt
(2.2)

GTP
The Global Temperature change Potential (GTP) is a climate metric designed to estimate the change
in global mean surface temperature at a specific point in the future due to an emission pulse of a given
greenhouse gas, relative to the impact of CO2. It is calculated using the formula stated in Equation 2.3,
where ∆TH

spec Is the temperature change due to a species at time H and ∆TH
CO2

is the temperature
change due to CO2 at timeH. GTP is first introduced by Shine et al. (2005), GTP differs fundamentally
from the more commonly used GWP. While GWP integrates the radiative forcing of a gas over a given
time horizon, GTP focuses on the temperature change at a chosen future year.

GTP captures the physical processes that affect how emissions translate into temperature change.
These include climate sensitivity, the transfer of heat between the atmosphere and the deep ocean, and
the atmospheric adjustment time scales specific to each gas. By incorporating such processes, GTP
provides a more direct measure of how emissions will influence future global temperatures, particularly
for long-lived and short-lived emissions.

One of the key advantages of GTP is that it links emissions to a more policy-relevant outcome: the
expected temperature change at a target year. This makes it especially useful for climate strategies
aiming to stay within specific temperature limits, such as the 1.5°C or 2°C thresholds outlined in the
Paris Agreement. Additionally, GTP can be calculated for both pulse emissions and sustained emis-
sions over time.

However, the metric also comes with limitations. GTP values are sensitive to the choice of time hori-
zon and depend heavily on assumptions about climate sensitivity and ocean heat uptake. These de-
pendencies introduce greater uncertainty compared to GWP, especially for short-lived climate forcers.
Furthermore, GTP values can vary depending on how feedbacks and indirect effects are accounted for
in the background atmosphere.

Despite its complexity and uncertainty, GTP offers a more direct link between emissions and their long-
term temperature impacts, making it a valuable complement to GWP in climate policy analysis.

GTP =
∆TH

spec

∆TH
CO2

(2.3)

ATR
The Average Temperature Response (ATR) is a more recently proposed climate metric intended to
represent the mean global surface temperature change over a selected time horizon following a pulse
emission of a given greenhouse gas, relative to that of an equal mass of CO2. It was highlighted by
Megill et al. (2024) as a metric that combines aspects of both the Global Warming Potential (GWP) and
the Global Temperature change Potential (GTP), while offering a clearer link to the cumulative thermal
impact of emissions and is the most appropriate climate metric for aircraft design and aviation policy
according to Megill et al. (2024).

Unlike GWP, which integrates radiative forcing over time, or GTP, which evaluates the temperature
change at a single future point, ATR averages the temperature response across the entire chosen
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horizon. Mathematically, ATR is defined as the mean of the instantaneous global mean surface tem-
perature change for a specific species ∆Tspec(t) over a horizon H (see Equation 2.4):

ATR =
1

H

∫ H

0

∆Tspec(t)dt (2.4)

The choice of H, often 20, 50, or 100 years, strongly influences the resulting value, especially for
gases with short atmospheric lifetimes. Short-lived climate forcers will exhibit high ATR values for
short horizons, reflecting their sharp but transient warming effect, while long-lived gases show a more
sustained response.

ATR’s key strength lies in its direct physical interpretation: it quantifies the average global temperature
impact over a policy-relevant period, which is useful when assessing cumulative temperature expo-
sure or near-term warming commitments. This makes it particularly appealing for evaluating mitigation
strategies aimed at limiting mid-century warming.

However, as with GWP and GTP, ATR depends on assumptions about climate sensitivity, ocean heat
uptake, and background atmospheric conditions. Uncertainties in these parameters propagate into the
calculated metric. Moreover, because ATR represents an average rather than a single peak or total
energy input, its policy relevance differs from that of GTP (which targets a specific temperature year)
or GWP (which targets cumulative radiative forcing).

Despite these caveats, ATR offers a complementary perspective for climate policy: it provides a sci-
entifically grounded, yet relatively intuitive, measure of the average thermal effect of emissions over a
chosen timeframe, bridging the gap between integrated forcing and end-point temperature metrics.

2.2. Impact of Aviation Emissions on SWV Concentration
SWV can originate from different sources. Four main sources are discussed in this section. The pos-
sible sources are: water vapour transport from the troposphere (subsection 2.2.1), oxidation of CH4

(subsection 2.2.2), direct emission of water vapour into the stratosphere (subsection 2.2.3), and oxida-
tion of H2 (subsection 2.2.4).

2.2.1. Water Vapour Transport from the Troposphere
Transport of water vapour from the troposphere to the stratosphere is dependent on multiple factors,
like the Brewer-Dobson circulation through the tropics, extratropical transport, volcanic eruptions, deep
convection, and meteorological events like the El Niño southern oscillation and the quasi-biennial os-
cillation (Dessler et al., 2013; Diallo et al., 2022).

The main transport from H2O to the upper stratosphere happens due to the Brewer-Dobson circulation,
which transports H2O from the tropical troposphere upwards to the stratosphere (Dessler et al., 1995).
In the stratosphere, air moves due to this circulation from the tropics to the poles. The amount of H2O
that is transported in this way is largely dependent on the cold point tropopause (CPT), which is the
coldest point the air parcel experiences, influencing the specific humidity of that air parcel. (Revell et al.,
2016).

Fueglistaler et al. (2005) estimates an H2O mixing ratio of air entering the stratosphere of 3.5 ppmv
for the period 1979-2001. However, Gettelman et al. (2010) estimates the CPT to warm over the
coming century with about 1 K per century, leading to an increase in H2O concentration of 0.5-1 ppmv
per century. Randel and Park (2019) estimates that the concentration of H2O will increase by 0.5
ppmv per K CPT warming, they also show that in the tropical stratosphere, the CPT temperature and
SWV concentration are highly correlated. At higher altitudes, the correlation is less due to methane
oxidation causing SWV as well. The correlation is also lower in the extratropical lower stratosphere,
as extratropical transport plays a larger role there. Nowack et al. (2023) estimates the dependency
of H2O entering the stratosphere relative to global temperature increase to be 0.31 ± 0.39 ppmv K−1.
This is lower than the value from Gettelman et al. (2010), but this value is related to global temperature
increase and the value from Gettelman et al. (2010) is related to warming of the CPT.
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Dessler et al. (2013) show that not only temperature but also the quasi-biennial oscillation and the
strength of the Brewer-Dobson circulation have an effect on the H2O entering the stratosphere, but
these effects are smaller than the influence of the CPT according to Randel and Park (2019). In
the lower stratosphere, the H2O transport is mostly dominated by transport through the extratropical
tropopause, as the extratropical tropopause is much warmer than the tropical tropopause, higher con-
centrations of H2O can be found here, in the order of tens of ppmv. (Dessler et al., 1995)

Aviation emissions do not directly influence the H2O transport to the stratosphere. However, aviation
does contribute to global warming and therefore also the warming of the CPT. Through this indirect
pathway, aviation indirectly causes the transport to increase.

2.2.2. CH4 Oxidation
Aviation emissions contain nitrogen oxides (NOx) due to the reaction of nitrogen with oxygen under
the high pressure and temperature in the turbine (Schumann, 1997). When this NOx is emitted in
the atmosphere, it will react with hydroperoxyl (HO2) to form hydroxyl (OH) radicals. An increase in
OH radicals will fasten the dissimilation of CH4, resulting in a lower CH4 concentration (Rieger, 2018).
When CH4 reacts with OH, H2O is formed (Equation 2.5 obtained from Rieger (2018)). When the CH4

concentration goes down due to aviation emissions, the resulting SWV concentration will also go down,
as there is less CH4 in the stratosphere to oxidize.

CH4 +OH+O2 → CH3O2 +H2O (2.5)

The relations between aviation emissions and the methane concentration are well studied. A proven
method to determine the global averaged methane concentration is the method of Rieger (2018). This
method, referred to as the tagging method, calculates the CH4 concentration change by taking the
effect of OH on the lifetime into account.

How this change in CH4 influences the SWV is explained by Revell et al. (2016). Revell et al. (2016)
also discuss a formula that links the methane concentration to the SWV concentration and can be found
in Equation 2.6 (Austin et al., 2007; Oman et al., 2008).

H2O(θ, p, t) = H2O|e(t−AoA) + 2[CH4|0(t−AoA)− CH4(θ, p, t)], (2.6)

In Equation 2.6, H2O is determined for each latitude (θ), pressure level (p) and time (t), H2O|e is the
tropical (10◦ North–10◦ South) water vapour concentration at 70 hPa, AoA is the age of air (depen-
dent on θ, p and t), CH4|0 is the tropical methane concentration at 150 hPa, and CH4(θ, p, t) is the
methane concentration at the location and time, the H2O concentration is determined. The first term
in Equation 2.6 (H2O|e(t − AoA)) represents water vapour concentrations entering the stratosphere,
the second term represents the contribution to SWV from methane oxidation. The age of air for each
latitude, pressure and time is included because for a given parcel of air, entry into the stratosphere will
have occurred at an earlier time (depending on where the parcel of air is), and the amount of methane
that is oxidised depends on the time since that parcel of air resided in the troposphere (Austin et al.,
2007). In Equation 2.6 the assumption is made that every CH4 molecule will form 2 H2O molecules
(le Texier et al., 1988). However, other studies have found that this 2 is not always fixed, as CH4 could
also dissimilate to H2 or react with other species like chlorine (le Texier et al., 1988). Frank et al. (2018)
did a thorough research and found that the amount of H2O produced by one CH4 is heavily dependent
on pressure level and varies in value between 1.4 and 2.2.

Other papers estimate the global SWV production is by using the CH4 sink. When willing to estimate
the global averaged SWV production from CH4 oxidation, one can fall back on Equation 2.7. Where
∆mSWVCH4

is the change in SWV mass due to methane oxidation, ∆mCH4loss
is the change strato-

spheric loss of methanemass due to oxidation of methane, andMCH4 andMSWV are themolar masses
of methane and water, respectively. As essentially every CH4 molecule will form approximately 2 water
molecules, to relate it to masses, the molar mass of both species is incorporated (Revell et al., 2016).
To use Equation 2.7 to estimate the change in SWV due to CH4 oxidation, one has to estimate the
change in stratospheric loss of CH4. Multiple sources estimate the annual loss of CH4. Winterstein
and Jöckel (2021) estimates the stratospheric sink to be 8% of the total CH4 sink. They base their
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values on IPCC (2013). IPCC (2013) based their values on Kirschke et al. (2013) where there are
values for stratospheric methane loss and total methane loss averaged over decades. The estimates
of Kirschke et al. (2013) have significant variance, going from 8.4%-11.7% for different decades and
the values themselves have a spread of 3.3%-13.4%. Although this variance is high, 8% is deemed
a proper average (Winterstein & Jöckel, 2021) and is in accordance with estimates of IPCC (2001),
Stevenson et al. (2006), and Voulgarakis et al. (2013). The total global CH4 loss can be estimated with
the global averaged CH4 concentration, [CH4], and the estimated CH4 lifetime, τCH4 , and the relation
stated in Equation 2.8, where matm is the atmospheric mass, Mair is the molar mass of air and MCH4

is the molar mass of CH4.

∆mSWVCH4
≈ 2∆mCH4loss

· MCH4

MSWV
(2.7)

CH4loss = matm · [CH4]

τCH4

· Mair

MCH4

(2.8)

The paper of Myhre et al. (2007) also gives insights into the amount of SWV due to CH4 oxidation. They
quantified the increase of SWV resulting from CH4 oxidation over three historical intervals: 1750–2000
(entire industrial era), 1950–2000 (period including more than half of the anthropogenic CH4 increase),
and 1979–2000 (for which satellite data is available). For these three intervals, a SWV distribution
dependent on both latitude and altitude is made and displayed in their figure 2.

2.2.3. Direct H2O Emission
When fuel is combusted in the engine, the two main components exhausted are CO2 and H2O. When
the aircraft flies at stratospheric altitudes, this H2O is SWV.When an aircraft flies in the troposphere, this
H2O has little effect on the SWV concentration as the troposphere is relatively humid and the additional
H2O is marginal and does not influence the transport as this is limited by the CPT (subsection 2.2.1)
(Dessler et al., 2013).

To estimate the amount of SWV due to direct emission of aircraft, one has to know the boundary
between the troposphere and the stratosphere, also known as the tropopause. Emissions that happen
above the tropopause are in the stratosphere, emissions below the tropopause are in the troposphere.

Hoffmann and Spang (2022) have investigated the tropopause location using ERA5 data. From this
data, it can be seen that the tropopause changes altitude for different latitudes and different seasons.
There is also a variation between years. This makes estimating the exact tropopause location for future
scenarios hard. However, estimates could be made.

Comparisons of aircraft cruise altitudes with mean tropopause heights have led to estimates for strato-
spheric release of 20-40% of total emissions (Penner et al., 1999). Wilcox et al. (2012) did research to
the amount of H2O that is emitted in the stratosphere. They show in their figure 3 that the tropopause
location causes different percentages of the emissions to be in the stratosphere. For the North Atlantic
Flight Corridor, this fraction varies from 40% in June to 65% in March. Globally, the fraction varies be-
tween 15 and 30% for the year 2006, with an average of 25%. It should be noted that current aviation
flies mostly between 9-13 km altitude, so if the emissions are in the stratosphere, the emissions are
only in the lower parts of the stratosphere close to the tropopause.

2.2.4. Hydrogen Leakages
Hydrogen (H2) is not directly emitted by aviation. However, when changing to a more sustainable future,
H2 will play a key role (Gunter, 2024; Warwick et al., 2022). When more H2 will be produced and used,
more will end up in the atmosphere due to leakages (Skeie et al., 2025). In this section, the effect of
leakages of hydrogen on the SWV concentration will be considered.

H2 emissions can lead to the formation of SWV. There are two ways in which H2 influences the SWV
concentration (Paulot et al., 2021). The most direct mechanism is by oxidation of H2 with OH to form
H2O. When this happens in the stratosphere, SWV will be formed. A method to estimate this is by the
use of Equation 2.9 (Gunter, 2024). Where ∆[SWV ]H2 is the change in SWV concentration due to H2,
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ASWV is a conversion factor of 0.3 ppbSWV ppb
−1
H2

(Warwick et al., 2022), and ∆[H2] is the change in
global H2 concentration. However, Gunter (2024) concludes that this method might be oversimplified.

∆[SWV ]H2
= ASWV ·∆[H2] (2.9)

The other pathway is dependent on the CH4 concentration, as when H2 reacts with OH in the tropo-
sphere, this will result in a lower OH concentration. Due to this lower OH concentration, the tropospheric
CH4 concentration will rise as the main sink of CH4 is the reaction with OH. This higher CH4 concentra-
tion will cause more SWV as explained in subsection 2.2.2. The way Warwick et al. (2022) handle this
CH4 induced change in SWV is by applying a scaling factor of 0.15 ± 70% on the radiative forcing of
CH4 caused by a change in H2 concentration, so no direct SWV concentration changes are calculated.
Gunter (2024) estimates the CH4 induced SWV concentration change due to H2 using a neural network.
The results obtained by Gunter (2024) are in the same range as other models discussed by Sand et al.
(2023).

2.3. Impact of SWV on RF
To determine the impact of SWV on climate change it is wise to first look at the change in RF as
that directly relates to a change in concentration (subsection 2.1.1). There are different publications
investigating the RF caused by SWV.

Myhre et al. (2009) looks into the RF for an instantaneous SWV concentration change from 3.0 to 3.7
ppmv. They have compared different models and the net SWV RF they obtain is 0.245 or 0.262 Wm−2

depending on the averaging they use, both values differ not significantly and are both within the error
margins of the models, leading to a sensitivity of 0.35 or 0.37 Wm−2 ppmv−1

H2O

In Myhre et al. (2007), the change in forcing of SWV due to changes in CH4 concentration over certain
periods is investigated. They found that the changes in RF caused by SWV formed by CH4 oxidation
are 0.083 Wm−2 for the period 1750-2000, 0.050 Wm−2 for the period of 1950-2000, and 0.016 Wm−2

for the period of 1979-2000 (see Table 1 in Myhre et al. (2007)). Which generalizes to around 15-20%
of the forcing directly due to methane for the same periods.

Pletzer (2024) discusses another method to determine the RF due to SWV, he looks at the total H2O
mass perturbation above the tropopause due to aviation emissions. He relates that H2O mass pertur-
bation to a net RF. He comes to similar results as Grewe et al. (2014) but has extended the model from
Grewe et al. (2014) for more accuracy when the H2O emission takes place at higher altitudes in the
stratosphere. He modelled multiple emission scenarios and estimated a polynomial fit (Equation 2.10).

y = ax2 + bx+ c (2.10)

In Equation 2.10, y is the net RF in mWm−2, x is the H2O perturbation above the tropopause in Tg, a,
b, and c equal -0.00088, 0.47373, and -0.74676 mWm−2Tg−1 respectively. The results are validated
for total aircraft fleet emissions and are also valid for different initial emissions species, i.e., for NOx,
H2O and H2.

Lee et al. (2021) estimate the RF and ERF for aviation emissions for the period of 2000 until 2018 based
on other literature. They found an increase in SWV due to emissions of H2O and a decrease in SWV
due to decreased CH4 oxidation. The ERF and RF related to these changes can be found in Table 2.1,
where the values include an error margin and are dependent on the magnitude of the emission.

Table 2.1: Values for the changes in RF and ERF due to changes in SWV from aviation emissions (Lee et al., 2021).

ERF RF Unit
SWV increase 0.0052± 0.0026 0.0052± 0.0026 mWm−2 (Tg(H2O) yr−1)−1

SWV decrease −2.8± 1.0 −2.4± 0.9 mWm−2 (Tg(N) yr−1)−1

2.4. Modelling using OpenAirClim
Different models can be used to model climate impact of emissions. A distinction can be made between
Climate Chemistry Models (CCM) and simplified models. A CCM first calculates all the atmospheric
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changes caused by a certain emission and then relates these atmospheric changes to changes in
RF. A simplified model, like a response model, does not calculate exactly all atmospheric changes
but uses simplified ways to directly relate an emission to a RF. This is visualized in Figure 2.1 from
Völk et al. (2026), where it can be seen that the response model working with look-up tables skips
the step of calculating all atmospheric changes compared to the traditional CCM approach. This has
significant benefits in computational time. Where response models take seconds to run on a desktop
computer, CCMs require up to several weeks to run (Völk et al., 2026). This makes response models
very useful for situations where multiple simulations are required. The response model used in this
thesis is OpenAirClim (OAC) developed by the German Aerospace Center (DLR) and based on AirClim
developed by Grewe and Stenke (2008).

The core of OpenAirClim’s methodology is response modelling, which applies response surfaces de-
rived from detailed CCMs. These surfaces are used as look-up tables and represent non-linear re-
lationships between emissions and radiative forcing. OAC processes emission inventories in four di-
mensions, longitude, latitude, altitude (pressure level), and time. This is done to provide a precise
evaluation of the climate impact of aviation. In this way, emissions of species can be linked to the
proper look-up table and related to a RF.

The species that OAC can handle are the emissions CO2, NOx and H2O. As NOx is an indirect forcer,
its effects on O3, CH4 and Primary Mode Ozone (PMO) are taken into account as well. Furthermore,
there is a module in OAC to calculate the climate impact of contrails. The way the RF for these different
species is calculated differs for each species.
For CO2, first, the difference in concentration is calculated due to the emission. Next, the change in
concentration is related to a RF based on the selected method from literature (default is the method
from Etminan et al. (2016), but different methods are included in OAC as well). The location of the
emission of CO2 is not considered, as CO2 has a very long lifetime and therefore perfect mixing can
be assumed. Species for which emission location is not important are also referred to as 0D.
For the H2O emissions, the location is of importance. This species is referred to as 2D as the latitude
and pressure level dimensions are of importance. The emitted H2O is compared with the look-up table
for H2O and a RF value is obtained.
For the products from the NOx emission (CH4 and O3) the methods are slightly different. The method
for O3 relates closely to that of H2O as O3 is also 2D, the additional step that must be made is to convert
the NOx emission to an O3 concentration change. A specific look-up table is generated to relate the
O3 RF to NOx emissions.
For CH4, the method is different as it makes use of the tagging method described by Rieger (2018).
In this method, a NOx emission is related to the lifetime of CH4 and that lifetime is related to a global
CH4 concentration. Next, the RF due to this concentration change can be calculated using the method
described by Etminan et al. (2016). This is possible as CH4 has a lifetime long enough that the emission
location is not of importance.
The last species that can also be modelled in OAC is Primary Mode Ozone (PMO). The RF due to PMO
is calculated based on a linear relation between the PMO RF and the RF due to CH4. When the RF
due to CH4 is obtained, the RF due to PMO is calculated as well.
One species that is not included in OAC is SWV. This thesis will lay a foundation for the implementation
of SWV in OAC.

After the RF for a certain emission is determined, it can be related to a temperature chance and other
climate metrics (GWP, GTP, ATR) such that the effects of the emission can be reported and compared
with other scientific work.

OAC is designed to simulate global emissions on a corresponding timescale (the smallest resolution is
a year). This is ideal to investigate the impact of new aviation technologies on the climate. For instance,
when fuels other than the traditional kerosene are used.
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Figure 2.1: Schematic overview of the approach using climate chemistry modelling and using response modelling used by the
OpenAirClim Framework (Völk et al., 2026)



3
Methodology

SWV originates from several different atmospheric processes. This chapter describes the methods
used to represent each of these sources within OAC, if it is deemed a valuable addition to the model.
In section 3.1, the method for the implementation of SWV production from CH4 oxidation is outlined.
Section 3.2 presents the approach used to account for SWV arising from direct emissions. The contribu-
tion of transport of tropospheric water vapour to the stratosphere is discussed in section 3.3. Section 3.4
details the method applied to estimate the contribution of H2 oxidation, mainly originating from H2 leak-
ages. Consequently, this thesis implements a modelling approach only for SWV formation driven by
CH4 oxidation, while other potential sources of aviation-induced SWV are not implemented due to their
secondary contribution, high uncertainty, or incompatibility with the scope and structure of the present
study.

3.1. CH4 Oxidation Method
SWV is formed during the oxidation of CH4. Aviation emissions influence this process as the NOx

emissions of aircraft cause the OH concentration to increase, thereby accelerating the dissimilation of
CH4 and consequently lowering the global CH4 concentration.

To implement this adjustment within the OAC framework, a two step approach is taken. This approach
consist of first calculating the SWV perturbation mass due to CH4 oxidation, and second, this mass is
related to a RF.

The impact of changes in CH4 concentrations on SWV concentrations is determined using the parame-
terisation originally derived by Austin et al. (2007) and Oman et al. (2008) and later adapted by Hegglin
et al. (2014). Austin et al. (2007) state that the total concentration of water vapour at a certain location
(pressure level p and latitude θ) in the stratosphere at a certain time (also referred to as SWV(θ, p, t))
is dependent on the H2O entering the stratosphere lagged by the age-of-air (H2O|e(t−AoA)) and the
amount of CH4 that is oxidized (CH4|0(t−AoA)−CH4(θ, p, t)) the total amount of SWV is estimated us-
ing Equation 2.6. The entering concentration is determined at the tropical tropopause. In this equation,
the assumption is made that each CH4 molecule produces 2 water molecules (le Texier et al., 1988) as
this factor 2 is widely used in literature. It should be noted that in reality this factor would be dependent
on altitude (Frank et al., 2018).

Equation 2.6 can be rewritten using the fractional release factor α. α is defined as shown in Equation 3.1
by Hegglin et al. (2014). Where CH4(p, θ, t) corresponds to the methane concentration at a given
location and time in the stratosphere andCH4|e(t−AoA) is the amount of CH4 entering the stratosphere
lagged by the AoA.

α(θ, p) =
CH4|e(t−AoA)− CH4(θ, p, t)

CH4|e(t−AoA)
(3.1)

To calculate the change in SWV due to methane oxidation (∆SWV) based on the change in methane

11
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entry concentration, with corresponding time lag (∆CH4|e(t-AoA)), Equation 2.6 and Equation 3.1 can
be combined as is done in the publication of Hegglin et al. (2014). In this new equation, the effect of the
water vapour transported to the stratosphere is not included, as the focus is solely on the SWV formed
by CH4 oxidation. This results in Equation 3.2.

∆SWV (θ, p, t) = 2α(θ, p)∆CH4|e(t−AoA) (3.2)

Equation 3.2 will be implemented in OAC. To achieve that, α must be determined. This is done based
on a reference scenario, from which α can be obtained. α is assumed to remain constant over time and
is therefore not time dependant. This is valid because the fractional release is dependent on circulation
and the background OH concentration, which are assumed to remain constant (Hegglin et al., 2014).

The reference scenario used to determine α is based on the Halogen Occultation Experiment (HALOE)
data. Specifically, the HALOE zonal mean vertical CH4 profile averaged over the period from October
1991 to 1999, as reported by Myhre et al. (2007). This distribution is displayed in Myhre et al. (2007)
Figure 1. The period in the 1990s is chosen as during the 1990s the CH4 levels are relatively steady,
so the time lag becomes of minor importance. Using this observed profile, together with the average
methane entry value over this period of 1772 ppbv determined by the National Oceanic and Atmospheric
Administration (NOAA)1, a vertical α profile can be estimated.

The AoA can be determined using an empirical relationship between α and AoA established by Heg-
glin et al. (2014). Hegglin et al. (2014) described the relation between α and AoA by a third-order
polynomial (Equation 3.3). Based on this relationship, an AoA profile is generated. Since the smallest
temporal resolution in OAC is one year, the calculated AoA values are rounded to integer years and
the corresponding locations based on altitude and latitude are lagged accordingly.

AoA = 0.3 + 15.2α− 21.2α2 + 10.4α3 (3.3)

Using the formulas explained above, the ∆SWV can be determined for each location for a given CH4

entry concentration. The resulting change in total SWV mass, ∆mSWV, can be computed by summing
over all locations. This is done by determining the SWV mass at each location using the air mass of
the corresponding location, based on the International Standard Atmosphere (ISA) (mair(θ, p)), and the
molar masses of air (Mair) and water (MH2O). Summing this over the whole range of pressure levels
and latitudes gives a total SWV mass (Equation 3.4). This total SWV mass will be used to calculate
the associated RF.

∆mSWV (t) =
∑
θ

∑
p

∆SWV (θ, p, t)mair(θ, p)
MH2O

Mair
(3.4)

The RF of SWV is determined with the use of the relation found by Pletzer (2024) in his figure 7.17 and
stated in this thesis as Equation 2.10. Using Equation 2.10, a change in SWV mass can be directly
related to a change in RF. Combining the two steps, a total RF from SWV caused by CH4 oxidation can
be determined using OAC.

In OAC, the value of global CH4 change due to aviation emissions is already calculated. When combin-
ing this CH4 change with the total amount of SWV caused by CH4 in the stratosphere is determined. It is
important to note that due to aviation emissions, the CH4 concentration will become lower and therefore
the amount of SWV also becomes lower. This assumption is valid as long as the CH4 concentrations
do not go below pre-industrial values (which is very unlikely in the upcoming centuries) as in those
scenarios the data of Myhre et al. (2007) might not be sufficient as other non-linear effects might play
a role. Furthermore, Pletzer (2024) derived the relation from simulation data, but this data has a range
until a perturbation magnitude of 160 Tg. Therefore, for perturbations higher than 160 Tg, the relation
in Equation 2.10 will not be valid. Also, due to the fit to the simulated data, at small increases in SWV
(less than 1.6 Tg), the sign is negative. Since this behaviour does not reflect atmospheric chemistry,
for values smaller than 1.6 Tg, the RF is set to 0 W m−2 instead.

1https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4_annmean_gl.txt, accessed 05-12-2025

https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4_annmean_gl.txt
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3.2. Direct Emission Evaluation
This section assesses the effects of direct H2Oemissions into the stratosphere and justifies the decision
not to develop a model that explicitly accounts for their influence on SWV.

In OAC, there is already a module to calculate the radiative forcing of emitted water vapour. It does
not differentiate between which part is tropospheric and which part is stratospheric. To estimate the
SWV contribution of this RF, an estimation should be made of which part of the total emissions is
stratospheric.

Due to the assumptions on the amount of emissions that take place in the stratosphere and the fact
that the current implemented H2O response surface already takes both stratospheric and tropospheric
H2O emissions into account. A model determining the impact of SWV due to direct emissions will not
be implemented.

This will cause the total amount of SWV to be underestimated, as the SWV caused by direct emission
will be quantified in the H2Omodule and not in the SWVmodule of OAC. Therefore, possible saturation
effects of the SWV will not be perfectly modelled. However, it is not foreseen that this will cause
significant errors. Partly due to the emissions taking place in the lower part of the stratosphere, which
already has a shorter lifetime than the upper part and the minor amount of flights that take place in the
stratosphere.

3.3. H2O Transport from the Troposphere Evaluation
Aviation-induced changes in stratospheric water vapourmay, in principle, arise from enhanced transport
of tropospheric water vapour across the cold-point tropopause due to global warming caused by aviation
emissions. However, this pathway will not be explicitly represented in the OpenAirClim framework.

OpenAirClim is a reduced-form climate response model that does not resolve cold-point tropopause
temperatures, stratospheric circulation, or dynamical transport processes. Therefore, an order-of-
magnitude assessment is conducted to evaluate whether aviation-induced changes in tropospheric
water vapour transport are sufficiently large to warrant explicit modelling. This assessment, presented
in Appendix A, shows that the magnitude of this effect is negligible relative to natural variability and
model uncertainty. In addition to that, the influence of aviation emissions on the water vapour transport
into the stratosphere is a feedback effect of the emissions. Consequently, this pathway is excluded
from further analysis in this thesis.

3.4. Hydrogen Leakages
There are two ways H2 leakages cause SWV. One path is to obtain SWV via the oxidation of H2 in the
stratosphere, the other is due to the reaction of H2 with OH, causing the OH concentration to decrease
and therefore increasing the CH4 concentration and with that also the SWV concentration due to CH4

oxidation (Gunter, 2024; Warwick et al., 2022). These two paths are also shown in Figure 3.1. In
Figure 3.1, EH2

is the emission of H2 in kg, ∆[H2] is the change in H2 concentration expressed in ppbv,
∆mSWV is the change in SWV mass expressed in kg, ∆RFSWV is the change in RF caused by SWV
expressed in Wm−2,∆τCH4 is the change in lifetime of CH4 in years, and∆[CH4] is the change in CH4

concentration expressed in ppbv. The arrows, a through f, are used to explain the relations between
the species.
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Figure 3.1: Overview of the influence of H2 emissions on SWV mass and RF. The letters at the arrows relate to the processes
described below.

a. Relation between EH2
and ∆[H2].

To relate an H2 emission to a concentration change, the model of Bertagni et al. (2022) is used. This
model relates an H2 emission to an H2 concentration change using the CH4 background concentra-
tion and the OH background concentration. This model is also used by Gunter (2024) and is already
implemented in OAC, using data from the Coupled Model Intercomparison Project (CMIP6).

b. Relation between ∆[H2] and ∆mSWV .
For this relation, Warwick et al. (2022) developed a method. They state that the amount of SWV formed
by a surface concentration increase of 1500 ppbv is approximately (± 20%) equal to the amount of SWV
formed due to methane oxidation between 1950 and 2000, which is described by Myhre et al. (2007).
Warwick et al. (2022) also assume the relation between the surface concentration of H2 and the amount
of SWV is linear. Using the data of Myhre et al. (2007), which is also used to estimate SWV due to CH4

oxidation (section 3.1), the mass of the formed SWV can be determined.

c. Relation between ∆mSWV and ∆RFSWV .
When using the change in SWV perturbation mass in Equation 2.10 from Pletzer (2024) the total RF of
SWV due to H2 leakages can be determined. The procedure for this can be read in section 3.1.

d. Relation between ∆[H2] and ∆τCH4
.

The H2 surface concentration can be linked to a change in CH4 lifetime using Figure 4C of Warwick
et al. (2022) (stated as Figure 3.2 in this thesis). In Figure 3.2, a linear relation between the H2 surface
concentration and the CH4 lifetime is displayed. The coloured dots relate to the data points for the
experiments performed by Warwick et al. (2022), the black solid line is the fit through experiments in
which only H2 is changing. The black dashed line is the fit to the experiments in which CH4 responds
to changes in atmospheric H2 (and OH). The relation shown by the dashed line can be used in OAC,
to calculate the change in CH4 lifetime due to changing H2 concentrations.
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Figure 3.2: CH4 lifetime plotted as a function of the H2 surface mixing ratio. The coloured dots relate to specific experiments,
see Warwick et al. (2022) for the exact description. The black solid line is the fit through experiments in which only H2 is

changing. The black dashed line is the fit through the experiments in which CH4 responds to changing atmospheric H2 (and
OH). (Taken from Warwick et al. (2022)).

e. Relation between ∆τCH4 and ∆[CH4].
The change in lifetime of CH4 can then be converted to a change in CH4 concentration using the
perturbation method of Grewe and Stenke (2008). This perturbation method was implemented in older
versions of AirClim (Grewe & Stenke, 2008), but should be implemented in OAC for calculating CH4

concentration changes due to the change in lifetime due to H2 emissions.

f. Relation between ∆[CH4] and ∆mSWV .
When a change in CH4 concentration is obtained, the same method as for CH4 oxidation described in
section 3.1 can be applied to get to an SWV mass.

Including these six steps in OAC will give estimations for SWV formed due to H2 leakages. However,
in this thesis, this will not be included for two reasons. First, this thesis focuses on SWV formed due
to aviation emissions. H2 is not directly emitted by aviation, it is more of a secondary effect. When
there are more aircraft flying on hydrogen in the future, hydrogen leakages will also occur on a larger
scale causing H2 emissions. Second, in OAC, there is already a machine learning model estimating
the impact of H2 emissions developed by Gunter (2024). In this model, also SWV effects are estimated,
this is why there is no direct need to implement a second method, although this model could increase
the confidence in the machine learning method from Gunter (2024).



4
Verification and Validation

To ensure reliability, the implementation of the SWV module in OAC is verified and validated. In sec-
tion 4.1, the verification is performed. In this section, it will be checked if the methodology is properly
implemented and no errors are made in the implementation. In section 4.2, the validation is performed,
where cross-checks are made with literature-derived values.

4.1. Verification
In this verification section, it is checked if the model that is built, is correctly built and no errors are made
during the implementation. This is done in the following steps. First, it will be checked if the fractional
release factor (α) and the age-of-air (AoA) are correctly calculated in subsection 4.1.1. Second, the
vertical distribution of SWV for three reference scenarios is determined and verified in subsection 4.1.2.
Third, a method to check if correct mass quantities are calculated must be included as well, this is done
in subsection 4.1.3. Last, the step to relate the SWV mass to an SWV radiative forcing is verified in
subsection 4.1.4.

4.1.1. Fractional Release Factor and Age-of-Air
To verify if the fractional release factor (α) and the Age-of-Air are properly determined, the constructed
α is compared with the α determined by Hegglin et al. (2014). The AoA is verified by comparison with
other literature.

The constructed vertical profile of α is shown in Figure 4.1. The small spots visible in the lower tropical
region are numerical artefacts associated with the troposphere at that altitude. Since the troposphere
is not considered in the analysis, these artefacts do not affect the results. When comparing the con-
structed α with the α from Hegglin et al. (2014) (stated in Figure 4.2), the data clearly displays the same
behaviour, only the α determined by Hegglin et al. (2014) is about 0.1 lower at the tropics and there is
a mismatch at the values close to the south pole, where Figure 4.2 shows higher values, while in the
reconstruction this effect is not visible.

Although, the values do not exactly match the constructed values closely resemble the data derived by
Hegglin et al. (2014), the small mismatch is logical due to different input data. Also, the mismatch at
the poles can be neglected as the volumes at these latitudes are much smaller than at the equator.
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Figure 4.1: The constructed vertical profile of α using
the newly developed OAC model.

Figure 4.2: The spatial profile of α determined by
Hegglin et al. (2014). (Figure taken from the supplement

of Hegglin et al. (2014))

When looking at values for the AoA, the values are comparable with literature. Chipperfield et al. (2014),
Garny et al. (2024), and Waugh and Hall (2002) all found a similar relation and similar latitude-altitude
dependent AoA values. An extra check is performed to estimate the mass weighted average AoA of
the stratosphere, this is calculated using the formula stated in Equation 4.1. WhereAoAmw is the mass-
weighted AoA, AoAi is the AoA of every grid cell i, mi is the mass of every grid cell. This results in a
mass weighted AoA of 1.4 years. Which corresponds to the value estimated by Garny et al. (2024).

AoAmw =

∑
i

(AoAi ·mi)∑
i

mi
(4.1)

4.1.2. Spatial SWV Distribution
To verify if the method to calculate the SWV mass increase due to an increase in global CH4 concen-
tration is implemented correctly, the values stated in Figure 2 of Myhre et al. (2007) are reproduced, as
the method described by Myhre et al. (2007) is similar to the method used in OAC. This reproduction
is done by running the model for the corresponding increase in methane. So for the periods of 1750-
2000, 1950-2000, and 1979-2000, the increase in global methane concentration is 1047, 614, 212
ppbv, respectively (Meinshausen et al., 2020). The SWV distribution generated using OAC is plotted
and compared with Figure 2 of Myhre et al. (2007). This can be seen in Figure 4.3, where the figure of
Myhre et al. (2007) is plotted in black and the data resulting from the developed method is plotted with
dashed green contours. It can be seen that the constructed lines closely resemble the black contours,
especially in Figure 4.3a and Figure 4.3b, where the lines almost perfectly overlap. In Figure 4.3c,
the constructed SWV concentration for a concentration of 0.4 ppmv is not shown. This is due to the
method in OAC slightly underestimates the plots of Myhre et al. (2007) and therefore the 0.4 ppmv is
not reached. The ppmv value in the upper stratosphere does come close, with values at 60 km altitude
of 0.388 ppmv near the poles and values of 0.376ppmv at the tropics. These slight differences can be
caused by the fact that Myhre et al. (2007) use different entry methane concentrations, or use a slightly
different atmospheric composition than used in OAC, as well as the different model that is used by
Myhre et al. (2007). Although there are slight differences, which are normal when not using the exact
same method, it can be concluded that the method for determining the spatial distribution of SWV is
correctly implemented.
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(a) SWV concentration in ppbv due to a methane concentration change equal to the
methane concentration change from 1750-2000

(b) SWV concentration in ppbv due to a methane concentration change equal to the
methane concentration change from 1950-2000

(c) SWV concentration in ppbv due to a methane concentration change equal to the
methane concentration change from 1979-2000

Figure 4.3: In this figures the SWV concentration is plotted caused by certain global CH4 changes. The black lines are taken
from Myhre et al. (2007) figure 2a, 2b and 2c. The newly generated data using OAC is plotted on top of the data from Myhre

et al. (2007) with a dashed green line.
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4.1.3. SWV Mass
The applied method has already been verified, and the concentration changes calculated are correct.
However, to ensure consistency, the absolute mass flux of CH4 into the stratosphere should also be
verified.

A consistency check was performed for the period 1979-2000, as the stratospheric CH4 loss for this
interval has been determined by Kirschke et al. (2013).

To estimate the increase in SWV mass over this period, the first-order mass balance equation stated in
Equation 4.2 is used. In this equation,mSWV is the total mass of SWV in the stratosphere in Tg, PSWV

is the production rate of SWV (Tg yr−1), and τSWV is the mean lifetime of SWV in years, approximately
equal to the age of air (AoA) in the stratosphere as there is hardly any chemical loss (Fueglistaler et al.,
2013; le Texier et al., 1988).

dmSWV

dt
= PSWV − mSWV

τSWV
(4.2)

Under steady-state conditions the mass does not change (dmSWV

dt = 0), Equation 4.2 simplifies to
Equation 4.3. This steady state assumption is valid as the production rates are assumed constant
during the whole decade (Kirschke et al., 2013) and SWV has an average lifetime of approximately 1.4
years (Garny et al., 2024), which is much smaller than a decade.

PSWV =
mSWV

τSWV
or equivalently mSWV = PSWV · τSWV (4.3)

The change in SWV mass (∆mSWV ) can then be expressed as the difference between the 1990s and
1980s as displayed in Equation 4.4, where PSWV,90 and PSWV,80 represent the SWV production rates
for the 1990s and 1980s, respectively.

∆m = (PSWV,90 − PSWV,80) · τSWV (4.4)

The SWV production can be derived from the CH4 loss rate, as it is assumed that each CH4 molecule
produces two SWV molecules through oxidation (Frank et al., 2018; le Texier et al., 1988). The es-
timated annual stratospheric CH4 loss is approximately 46 Tg yr−1 during the 1980s and 67 Tg yr−1

during the 1990s (Kirschke et al., 2013). Using the molar masses of the gases, 1 Tg of CH4 cor-
responds to 2.25 Tg of SWV. Therefore, PSWV,90 equals 150.75 Tg(SWV) yr−1 and PSWV,80 equals
103.5 Tg(SWV) yr−1.

The lifetime τSWV is determined using the mass-weighted average age of air. When computing a
mass-weighted average of the age of air for the stratosphere, a mean AoA of 1.4 years is found (see
subsection 4.1.1 and Garny et al. (2024)). This is physically consistent, as most of the stratospheric
mass resides in the lower stratosphere, where the AoA is shortest. Since there is negligible chemical
loss of SWV in the stratosphere (Fueglistaler et al., 2013; le Texier et al., 1988), the residence time
of CH4-derived SWV is approximated by the local mean age of air, equalling 1.4 years (Hall & Plumb,
1994; Hall & Waugh, 2000; Holzer et al., 2012).

Using the lifetime of 1.4 years, Equation 4.4 can be substituted and the change in SWVmass becomes:

∆mSWV = (150.75− 103.5)× 1.4 = 66.3 Tg(SWV)

From the OACmodel, a value of 59 Tg of SWV is obtained. This result is in the same order of magnitude
as the SWV mass estimated using the mass method. Considering the uncertainties in the CH4 loss
estimates reported by Kirschke et al. (2013), the steady state assumption, the simplification of AoA and
the uncertainty in the yield. It can be concluded that the model calculations are done correctly and are
properly implemented.
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4.1.4. Conversion of SWV Mass to a RF
To verify if the method to determine the RF due to SWV is correctly modelled, the data is compared to
Fig 7.17 of Pletzer (2024). When the fit proposed by Pletzer (2024) is plotted in Figure 4.4 (blue line)
alongside some randomly chosen modelled SWV perturbation masses in OAC (blue dots), it can be
seen that the modelled masses are exactly on the curve. The only exception occurs for the values that
should have a negative RF according to the fit of Pletzer (2024). In these cases, the RF is set to zero
as described in section 3.1, since the RF value becoming negative is caused by a mismatch of the fit
rather than reality.

Figure 4.4: The polynomial fit from Pletzer (2024) (blue line) with some test SWV perturbation masses and their corresponding
RF value (blue dots).

4.2. Validation
Validation assesses whether the implemented model represents physical reality. In contrast to verifi-
cation, which focuses on internal correctness of the model, validation evaluates model results against
independent literature-derived estimates of SWV RF due to CH4 oxidation. The objective of the SWV
module within OAC is to provide physically consistent estimates of the climate impact of SWV per-
turbations with the correct order of magnitude, rather than to reproduce any climate-chemistry model
exactly.

In this section, the RF calculated by OAC is compared to established results from the literature, primarily
Myhre et al. (2007). In addition, known model limitations identified from previous studies are discussed
to contextualise the validation results.

4.2.1. Comparison with Myhre et al. (2007)
Myhre et al. (2007) quantified the radiative forcing due to stratospheric water vapour produced from
methane oxidation for several historical methane perturbation periods. They reported that the SWV
RF amounts to approximately 15-20% of the direct methane radiative forcing, with absolute SWV RF
values of approximately 83, 50, and 16mWm−2 for the periods 1750-2000, 1950-2000, and 1979-2000,
respectively.

To validate the OAC SWV module, these scenarios were reproduced using the methane concentration
changes reported byMeinshausen et al. (2020). The resulting SWVmass perturbations were converted
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to radiative forcing using the relationship derived by Pletzer (2024).

For the period 1750-2000, no RF value is computed by OAC, as the associated SWVmass perturbation
exceeds the validity range of the radiative forcing parameterisation used in this study. The fit of Pletzer
(2024) is explicitly limited to SWV mass increases below 160 Tg, whereas the 1750-2000 methane
perturbation produces substantially larger SWV increases, of the order of 240 Tg.

For the remaining periods, the comparison between Myhre et al. (2007) and OAC is shown in Ta-
ble 4.1. For the 1950-2000 period, the RF estimated by OAC (49 mW m−2) agrees closely with the
value reported by Myhre et al. (2007) (50 mW m−2). For the 1979-2000 period, OAC yields an RF of
20 mW m−2, compared to 16 mW m−2 reported by Myhre et al. (2007). Although this corresponds to
a relative difference of approximately 25%, the values remain of the same order of magnitude and well
within the uncertainty associated with differing modelling approaches.

Overall, this comparison demonstrates that the OAC SWVmodule produces radiative forcing estimates
that are consistent with established literature values, supporting its validity for climate impact assess-
ments.

Table 4.1: Comparison of radiative forcing due to stratospheric water vapour from methane oxidation between Myhre et al.
(2007) and OpenAirClim.

Period RF Myhre et al. (2007) [mW m−2] RF OAC [mW m−2]
1750-2000 83 -
1950-2000 50 49
1979-2000 16 20

4.3. Discussion
This section discusses the limitations and findings of the verification and validation. It also interprets
the implications of these limitations.

One limitation for validating the model is the lack of suitable literature. This is due to most literature
focusing on SWV production and not solely on the part related to CH4 oxidation. The publications that
focus specifically on SWV formed by CH4 oxidation mostly take NOx emissions as their input. This
however, could not be done in OAC as the module that relates NOx emissions to CH4 concentration
changes is not validated yet. In this way, no valid conclusions could be drawn from these end-to-end
validation procedures. Next to this, there are also no publications found that look into the transient
response of SWV to a change in methane concentration. The literature does state radiative forcing
at a certain time, which is not directly steady state, as the methane changes of the previous year are
not fully oxidized to SWV. However, no conclusions could be drawn, as no data is provided about how
much of the CH4 has already oxidised at that time.

Several limitations of the current SWV modelling approach should be acknowledged when interpreting
the validation results. First, multiple studies have shown that SWV concentrations are influenced not
only by methane oxidation, but also by changes in tropopause temperatures and stratospheric transport
(e.g.Fueglistaler et al. (2013) and Revell et al. (2016)). Warming of the cold-point tropopause due
to global warming can therefore have a larger impact on SWV concentrations than aviation-induced
changes in CH4 concentrations alone, an effect that is not represented in the present SWV module.

Second, the yield of water vapour from CH4 oxidation is assumed to be constant and equal to two water
molecules per CH4 molecule. While this is a common approximation, Frank et al. (2018) demonstrated
that the effective yield can deviate from this value depending on altitude and chemical pathways. This
introduces additional uncertainty into the absolute magnitude of the simulated SWV perturbations. The
magnitude of this uncertainty can be read in chapter 5.

Third, the radiative forcing parameterisation applied in this study is non-linear and has a limited range
of validity, as discussed in section 3.1. As a consequence, SWV perturbations larger than 160 Tg
cannot be reliably translated into RF values using the current formulation. This limitation restricts the
applicability of the model to perturbations comparable to present-day or near-future scenarios. Further-
more, Pletzer (2024) only considers increases in SWV concentrations, while aviation emissions tend to
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decrease the amount of SWV due to the decreased methane concentration. The saturation behaviour
captured by the non-linear relationship derived by Pletzer (2024) reflects a progressive humidifying of
the stratosphere. When this relationship is used for decreases in water vapour, the implied satura-
tion would instead correspond to an extreme depletion of water vapour, approaching undersaturated
or nearly dry conditions. However, such a regime is not physically realistic. In the real atmosphere,
the stratosphere cannot fully dry out because multiple transport pathways continuously supply water
vapour from the troposphere. Consequently, the saturation effects in the relation, when decreasing the
amount of water vapour, do not represent a physically meaningful limitation, but rather an artefact of
extrapolating the original non-linear fit beyond the conditions for which it was derived.

Finally, the assumption is made that the fractional release factor will stay constant over time. This is
valid as long as the atmospheric conditions stay comparable with the atmospheric composition used to
determine this fractional release factor, which is the 1991-1999 atmosphere. Future projections show
that this might significantly differ, as methane concentrations could grow or shrink with 50% (Mein-
shausen et al., 2020), atmospheric temperature is possibly rising with more than 2◦C(IPCC, 2013),
which could significantly influence stratospheric residence time and oxidation speed.

Despite these limitations, the verification and validation steps provide confidence that the implemented
SWV module captures the dominant physical mechanisms relevant for scenario-based climate impact
assessments.



5
Sensitivity and Uncertainty Analysis

This chapter presents a sensitivity analysis of the parameters governing the production of SWV by
methane oxidation and its associated radiative forcing. This analysis aims to identify which parameters
dominate the resulting RF perturbations. Next, an uncertainty analysis is presented to identify the
magnitudes of the uncertainties for different scenarios.

The parameters considered in this study are explained in section 5.1 and are summarized in Table 5.1.
Each parameter is varied independently within the range indicated in the table, while all remaining
parameters are held constant. The resulting sensitivities are stated in section 5.2. The uncertainty
analysis is explained and performed in section 5.3 followed by the conclusion of this chapter in sec-
tion 5.4.

5.1. Sensitivity Parameters
The parameters included in the sensitivity analysis, together with their standard values and assigned
uncertainty ranges, are summarized in Table 5.1, where the parameter, its unit, the standard value for
the parameter, and the uncertainty range can be found. In the following paragraphs, each parameter
and its scientific basis are discussed in more detail.

Reference Tropospheric CH4 concentration (CH4,ref)
The first parameter is the reference tropospheric methane concentration, CH4,ref , which is used to
construct the α distribution. This value represents the tropospheric mean methane concentration (and
therefore the stratospheric entry concentration) corresponding to the observational period of Myhre et
al. (2007). The standard value of 1.772 ppmv is taken from the estimate for the year 1999 reported
by the National Oceanic and Atmospheric Administration (NOAA).1 Hegglin et al. (2014) states that,
at a different interval (2005-2006) of the same data, the uncertainty range is ±0.014 ppmv based on
interannual variability and measurement uncertainty. As it is the same dataset, this uncertainty range
is used as well for the CH4,ref value used.

Reference Stratospheric CH4 Distribution
Uncertainty in the reference vertical methane distribution affects the shape of the α profile and there-
fore the derived SWV production. The reference stratospheric methane distribution used is the profile
measured with the Halogen Occultation Experiment (HALOE), as is used in the paper of Myhre et al.
(2007). Park et al. (1996) estimate that HALOE methane measurements are accurate within approxi-
mately 15%.

This 15% error margin is included at the top of the distribution. The layer high up in the stratosphere,
where a concentration of methane of 0.2 ppmv is measured, is varied with ± 15%. This error margin
is then linearly decreased to the tropopause, where the error on the measurement is 0. This is done to

1https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4_annmean_gl.txt, accessed 05-12-2025
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assure compatibility with the CH4,ref value, which is the tropopause value and is varied separately. The
value should be compatible, as otherwise a total increase of methane levels close to the tropopause
would cause higher values in the stratosphere than at the tropopause, causing negative values for α,
which have no scientific meaning. The decision to implement the error margin in this way is made, as
this sensitivity is done to find the effects of parameters on the SWV output, rather than diving into the
uncertainty of HALOE satellite measurements, as that is out of scope for this thesis.

Age of Air
The age of air (AoA) is computed using the empirical relation introduced by Hegglin et al. (2014) (Equa-
tion 3.3), which links AoA to the α distribution. Since no formal error bars for this empirical fit are
provided, the uncertainty is estimated from the spread of observations in Figure S5 of Hegglin et al.
(2014). A range of ±0.3 years is adopted, which encloses nearly all observational points and ensures
that the resulting AoA remains strictly positive.

Yield of SWV per Oxidised CH4 (ySWV)
The SWV yield from CH4 oxidation is taken as ySWV = 2 mol mol−1 (le Texier et al., 1988). However,
Frank et al. (2018) demonstrate a clear altitude dependence, with values ranging from 1.4 to 2.2 de-
pending on altitude. This range is adopted here, to account for chemical variability and uncertainty of
the yield.

Radiative Sensitivity
The RF per Tg SWV (named radiative sensitivity) is based on the polynomial fit presented by Pletzer
(2024) in his Figure 7.17 and in Equation 2.10. Because this fit is empirical and no uncertainty is
provided by Pletzer (2024), an uncertainty of±10% is applied. This uncertainty is determined by looking
at the data from Figure 7.17 of Pletzer (2024), with an uncertainty of 10%, all data points fit within the
range.

Table 5.1: Parameters used in the sensitivity analysis, including their unit, standard value, and uncertainty range.

Parameter Unit Standard value Range Source

CH4,ref ppmv 1.772 ±0.014 Hegglin et al. (2014),
NOAA

Reference strato-
spheric CH4 distribu-
tion

ppmv See Fig. 1 of Myhre
et al. (2007)

±15% Myhre et al. (2007);
Park et al. (1996)

AoA yr See Equation 3.3 ±0.3 Hegglin et al. (2014)

ySWV mol mol−1 2.0 1.4–2.2 Frank et al. (2018)

Radiative sensitivity Wm−2 Tg−1(H2O) See Equation 2.10 ±10% Pletzer (2024)

5.2. Local Sensitivity Analysis
A local (one-at-a-time) sensitivity analysis is performed using the parameter ranges in Table 5.1. For
each parameter, the model is run while perturbing only that parameter and keeping all others fixed. All
simulations take a step increase of 100 ppbv in methane as input. This 100 ppbv methane change is
chosen as it is a representative scenario for aviation emissions (see chapter 6). The sensitivity results
are displayed in Figure 5.1 for the steady state output and in Figure 5.2, the output two years after the
methane concentration change is displayed. In these figures, the effect of the parameter perturbation
is expressed as a relative percentage change in RF.

For the steady state, analysis shows that the largest sensitivity arises from the SWV yield, ySWV, which
exhibits an approximately linear effect on the RF, a 10% increase in the yield produces a 10% increase
in RF, and likewise for decreases.

The second most influential parameter is the stratospheric CH4 distribution (HALOE profile). A 15%
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decrease in the CH4 distribution causes the SWV RF to increase by 12%, while a 15% increase of the
CH4 distribution causes the SWV RF to decrease by 12%.

The radiative sensitivity parameter also shows linear behaviour, a 10% increase of the parameter
causes the outcome to increase by 10% and vice versa.

CH4,ref has an impact of ±3% in RF, which is larger than the uncertainty assigned to this parameter of
± 0.8%.

The AoA perturbation has the weakest effect (-1.2%, +0.2%), consistent with the fact that AoA primarily
influences adjustment time scales rather than the steady-state magnitude of the SWV forcing.

Figure 5.1: Results for the local sensitivity analysis for a 100 ppbv methane concentration change. The shown results are for
the steady state outcome.

In addition to the steady-state response, the transient response is also analysed. The sensitivity of the
model output to the parameters under transient conditions is illustrated in Figure 5.2. The transient
sensitivities are evaluated two years after the emission perturbation.

As shown in Figure 5.2, the AoA exerts a substantially larger influence on the output in the transient
regime than in the steady state, with a contribution of approximately 32% compared to about 3% in
steady-state conditions. In contrast, the sensitivity associated with the stratospheric CH4 distribution is
noticeably lower in the transient case compared to the steady state case. This reduced sensitivity arises
from the definition of the stratospheric CH4 uncertainty, which is largest in the upper stratosphere. Two
years after the emission, these higher stratospheric layers have not yet been affected by the CH4 con-
centration perturbation, as vertical transport processes operate on longer timescales. Consequently,
uncertainties in these regions have a limited impact on the transient response at this point in time. The
other three parameters, radiative sensitivity, yield of SWV, and the reference methane concentration,
do not show remarkable differences compared to the steady state sensitivity.

Overall, the sensitivity analysis indicates that uncertainties in the chemical yield of SWV primarily affect
the magnitude of long-term SWV forcing estimates, while dynamical parameters such as age of air are
more critical for short-term projections. This distinction provides a clear framework for interpreting the
subsequent uncertainty analysis and for identifying priorities in future efforts to reduce uncertainty in
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methane-induced SWV radiative forcing estimates.

Figure 5.2: Results for the local sensitivity analysis for a 100 ppbv methane concentration change. The output is obtained two
years after the change in methane concentration.

5.3. Uncertainty Analysis
In this section, the uncertainty of the model is determined. This will be done by examining the RF in
the year 2100 due to the scenarios defined in subsection 6.1.1 and testing whether these scenarios
are significantly different from each other when the uncertainty of the input parameters is taken into
account. In subsection 5.3.1, the methodology of the Monte Carlo analysis is explained and how it
relates to the uncertainty of the model. In subsection 5.3.2, the outcomes of the Monte Carlo analysis
are stated. In subsection 5.3.3, the scenarios are statistically analysed to see if they are significantly
different from each other.

5.3.1. Monte Carlo Framework and Paired Sampling
To assess the robustness of the scenario results under parameter uncertainty, a Monte Carlo analysis
was conducted for all four scenarios defined in subsection 6.1.1. The analysis builds on the preceding
sensitivity study, which identified the most influential input parameters affecting radiative forcing. Monte
Carlo simulations were implemented using a paired sampling approach for all uncertain parameters
common to the scenarios (for the parameters see Table 5.1). In this approach, each Monte Carlo
iteration uses a single random realization of the uncertain parameter set, which is applied consistently
to all scenarios. Thus, for iteration i, the same sampled values of CH4 concentration, stratospheric
distribution, AoA, SWV yield, and radiative sensitivity are used when computing the radiative forcing
for every scenario. As a consequence, the radiative forcing results obtained for different scenarios
within the same iteration are directly comparable and differ only due to scenario-specific assumptions
rather than random parameter variation. The scenario outputs are therefore statistically paired on
an iteration-by-iteration basis. This paired design reduces Monte Carlo sampling noise and allows
differences between scenarios to be attributed solely to scenario assumptions, thereby increasing the
statistical power of the subsequent scenario comparison.

A total of 500 Monte Carlo simulations is performed, resulting in paired estimates of radiative forcing
for each scenario. The number of runs of 500 is determined by running the model 100 times and then
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estimating the coefficient of variation (cv). An additional run is done and the cv is determined, this is
repeated until the cv stabilizes (less than 1% difference in the last 5 runs). If the cv is stable, the Monte
Carlo analysis is stopped and the number of runs is determined, in this case 500.

When the data from the Monte Carlo simulation is obtained, it is analysed and the mean and standard
deviation are determined, giving insight into the uncertainty of the model. The distributions of the Monte
Carlo simulation are also tested for significant differences between the scenarios to see if they are
significantly different. The Wilcoxon signed-rank test is used for this test because it does not assume
normality of the data and is suitable for paired data.

5.3.2. Distribution of Radiative Forcing Outcomes
The Monte Carlo simulations yield distributions of radiative forcing values for the scenarios rather than
single deterministic values. The probability density functions (pdf) of these distributions are shown in
Figure 5.3. From Figure 5.3, it can be seen that the mean values for the distributions are -21, -31, -8.3,
and -7.8 mW m−2 for the scenarios BAU, CurTec, FP2050, and FP2050cont (for the definition of the
scenarios, see subsection 6.1.1). These scenarios have a standard deviation of 3.0, 4.1, 1.3, and 1.3
mWm−2, respectively. This standard deviation is approximately 15% of the mean for all four scenarios.
It can be observed that all pdfs have an approximately normal distribution and that the pdfs for the
FP2050 and FP2050cont scenarios are nearly identical and have a smaller standard deviation than
those for the BAU and CurTec scenarios.

Figure 5.3: The probability density functions for the scenarios BAU (blue), CurTec (yellow), FP2050 (green), and FP2050cont
(red) determined by the Monte Carlo analysis.

5.3.3. Statistical Assessment of Scenario Differences
From Figure 5.3 it appears that in some cases the RF outcome for certain scenarios might be equal
to the value from another scenario. However, as the values are paired, this might not be the case.
To test this, the difference in radiative forcing was computed for each simulation run (i), calculated
using Equation 5.1, where an example is shown for the BAU and CurTec scenarios. The subscript i
denotes the Monte Carlo iteration, such that both radiative forcing values are computed using the same
realization of the uncertain input parameters.

∆RFBAU−CurTeci = RFBAUi
−RFCurTeci (5.1)
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Calculating this difference for all combinations of scenarios, six distributions are obtained. These six
distributions are displayed in Figure 5.4 and Figure 5.5. In Figure 5.4, the differences between the BAU
scenario and the Curtec, FP2050, FP2050cont scenarios are displayed in blue, yellow, and green,
respectively. The differences between the CurTec and the FP2050 and FP2050cont scenarios are
shown in red and purple, respectively. The difference between the FP2050 and FP2050cont scenario
is shown in a separate figure, Figure 5.5, because it exhibits a peak several orders of magnitude larger
than the other distributions.

FromFigure 5.4 and Figure 5.5, it can be observed that the differences relating to FP2050 and FP2050cont
are very similar. This is logical as the pdf functions for these two scenarios are also very similar.‘ It can
also be noticed that the peak of the FP2050-FP2050cont distribution is much higher and the spread is
smaller than the other distributions. For exact numbers, see Table 5.2, where the mean, standard devi-
ation, and p-value of the statistical test are stated for all six scenarios. Furthermore, it can be seen that
none of the paired difference distributions include zero mWm−2 in their range, indicating that scenario
outcomes remain distinct across all Monte Carlo realizations.

To absolutely assure that the observed differences between both scenarios are statistically distinguish-
able, a Wilcoxon signed-rank test was applied to the paired Monte Carlo results. This test evaluates
whether the median of the paired differences in radiative forcing is equal to zero, making it well-suited
for the present analysis.

The test strongly rejects the null hypothesis of zero mean difference as the p-value is in the order of
10−83 for all six scenarios. This indicates a statistically significant difference in radiative forcing between
each combination of two scenarios.

Table 5.2: Mean, standard deviation, and p-value of the Wilcoxon signed-rank test for all six pairwise differences between the
four scenarios.

Scenario BAU–
CurTec

BAU–
FP2050

BAU–
FP2050cont

CurTec–
FP2050

CurTec–
FP2050cont

FP2050–
FP2050cont

Mean
[mWm−2]

−10.4 −12.5 −13.0 −22.9 −23.4 −0.5

Standard
deviation
[mWm−2]

1.2 1.7 1.7 2.8 2.9 0.07

p-value 10−83 10−83 10−83 10−83 10−83 10−83
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Figure 5.4: The pdf of the difference between the BAU scenario and the Curtec, FP2050, FP2050cont scenario are displayed
in blue, yellow, and green, respectively. The difference between the CurTec and the FP2050 and FP2050cont scenarios are
shown in red and purple, respectively. The difference between the FP2050 and FP2050cont scenario is shown in a separate

figure, Figure 5.5. For the values of the mean and the standard deviation, see Table 5.2.

Figure 5.5: The pdf of the difference between the FP2050 and FP2050cont output for every Monte Carlo run. For the values of
the mean and the standard deviation, see Table 5.2.
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5.4. Conclusion
This chapter investigated the sensitivity of SWV radiative forcing to keymodel parameters and assessed
how uncertainties in these parameters propagate into uncertainty in the model output. The combined
sensitivity and uncertainty analyses provide important insight into both the robustness and limitations
of the implemented SWV module within the OpenAirClim framework.

The sensitivity analysis demonstrates that the model response is dominated by a limited number of
parameters, being the reference stratospheric methane concentration and stratospheric distribution
defining the fractional release factor, the chemical yield of SWV from methane oxidation, and the pa-
rameterizations governing age-of-air and radiative forcing. The strong influence of the methane refer-
ence concentration highlights the importance of accurately representing stratospheric conditions, as
small relative changes in this parameter translate into larger changes in radiative forcing.

A distinction emerges between steady-state and transient behaviour. While the chemical yield and
methane-related parameters dominate the steady-state response, the AoA exerts a substantially larger
influence under transient conditions. This reflects the role of stratospheric transport timescales in shap-
ing the temporal evolution of SWV following changes in methane concentrations. As a result, uncertain-
ties related to the age-of-air are especially relevant for short-term (less than 5 years) climate responses,
whereas chemical and radiative parameters primarily control long-term outcomes.

The uncertainty analysis shows that absolute estimates of SWV radiative forcing exhibit a standard
deviation of approximately 15% of the mean value across the considered scenarios. While this level of
uncertainty limits the precision of absolute forcing estimates, it is consistent with uncertainties typically
associated with simplified climate response models (Lee et al., 2021). Importantly, the paired Monte
Carlo framework demonstrates that relative differences between scenarios remain stable across the
uncertainty range. The statistical analysis confirms that scenario differences are robust and statisti-
cally significant, indicating that parameter uncertainty does not obscure the relative ranking of aviation
scenarios.

These findings imply that the model is well-suited for comparative assessments. The robustness of
relative scenario differences supports the use of the OAC SWV module for evaluating mitigation strate-
gies and future aviation pathways. This is particularly relevant for assessments where relative changes,
rather than absolute magnitudes, drive policy-relevant insights.
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Scenario Analysis

In this chapter, some future scenarios will be analysed and the effect of SWV in these scenarios will
be monitored. The scenarios considered are taken from Grewe et al. (2021), where different scenarios
for plausible future developments of aviation are described. The scenarios considered are: Current
technology (CurTec), Business as usual (BAU), Flight Path 2050 (FP2050), and Flight Path 2050 con-
tinuously implemented (FP2050cont). These scenarios are described in detail in section 6.1 together
with the background scenarios that are taken into account and the outputs that will be computed. In
section 6.2, the outcome of the model for the different scenarios is stated. A discussion of the results
and the conclusions drawn from them are presented in section 6.3.

6.1. Scenario Analysis Setup
In this section, all scenarios that are used as inputs and all output parameters are described. The
section starts with subsection 6.1.1, where the four scenarios used for this scenario analysis are ex-
plained. Next, in subsection 6.1.2, the different background scenarios are stated and explained. In the
last section, subsection 6.1.3, the outputs that are considered in this scenario analysis are described.

6.1.1. Scenarios
The scenarios that are used for this analysis are derived from Grewe et al. (2021). In this thesis, five
scenarios are proposed to describe how aviation and its emissions will evolve until the year 2100.
Grewe et al. (2021) report the CO2 and NOx emissions on a yearly basis. The model developed
takes tropospheric methane concentration as an input, so the NOx emissions are related to a CH4

concentration change using OAC. Note that this module in OAC is not yet validated, but the results
are only to give insight into how future SWV RF might develop for different emission scenarios. The
given changes in methane concentrations can be found in Figure 6.1. In Figure 6.1, the change in
methane concentration is plotted versus time in the future for the four scenarios. BAU is plotted in blue,
CurTec in red, FP2050 in grey, and FP2050cont in purple. The scenarios are the same from 1940 to
2020. Therefore, the data from 1940 to 2010 has been omitted. It can be seen from Figure 6.1 that
the scenarios start to deviate after 2020. The changes in methane concentration vary from -90 ppbv to
-380 ppbv depending on the scenario. Below, the four different scenarios used will be explained.

Current Technology (CurTec)
CurTec represents a “no-action” baseline scenario in which aviation continues operating with 2012-
level technology and no additional political or technological measures are implemented. Aircraft fuel
efficiency, engine performance, NOx emissions, and operational characteristics remain frozen at their
2012 state.

Business as Usual (BAU)
The BAU scenario assumes that aviation evolves according to expected improvements in fuel effi-
ciency and technology, but without specific interventions driven by climate policies. It incorporates the

31
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historically observed trend of incremental efficiency improvements, better operations, and natural fleet
renewal, but does not include ambitious emissions targets or offset schemes. It depicts how the sector
would develop under typical industry behaviour.

Flightpath 2050 (FP2050)
This scenario implements the Advisory Council for Aviation Research and Innovation in Europe (ACARE)
Flightpath 2050 targets (Flightpath 2050, 2011), which require 75% reduction in CO2 emissions per
passenger-km, 90% reduction in NOx emissions, and 65% reduction in perceived noise, all relative to
a typical aircraft in the year 2000. FP2050 assumes that the advanced technologies needed to reach
these goals are developed first and only introduced into the market around 2050, meaning the bene-
fits appear relatively late. It results in strong emissions reductions, but with a noticeable overshoot in
climate impact around mid-century.

Flightpath 2050, Continuous Introduction (FP2050cont)
FP2050cont uses the same ACARE performance targets as FP2050 but assumes a smooth, continu-
ous, and earlier introduction of advanced technologies, rather than a delayed deployment. New efficient
aircraft begin entering the market sooner, and improvements diffuse into the fleet more gradually over
time. This leads to earlier climate benefits and a more consistent reduction trend. Among all scenar-
ios, FP2050cont provides the pathway most compatible with achieving aviation’s share of the Paris
Agreement goals.

Figure 6.1: The input tropospheric CH4 change for the four different scenarios. Based on the NOx emission data from Grewe
et al. (2021) and related to CH4 concentration changes using OAC. The background scenario used in SSP2-4.5.

6.1.2. Backgrounds
Next to the scenarios, also the background is of influence for future predictions of SWV forcing due
to aviation emissions. As the scenarios model the aviation emissions, the backgrounds represent the
influence of all other changes in the atmospheric composition.

In this thesis, the background will be modelled using the shared socio-economic pathway (SSP) sce-
narios explained by Meinshausen et al. (2020). Five pathways are defined for future development,
sustainability, middle of the road, regional rivalry, inequality and fossil-fuel development, numbered
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one to five, respectively. These pathways are linked to future predictions for the RF in the year 2100
with respect to pre-industrial levels. THe RF value for 2100 forms the suffix of the SSP scenario name.
So, SSP1.1-9 means that pathway one (sustainability) is used, with a total RF in 2100 of 1.9 W m−2.
The SSP scenarios used in this thesis are SSP1-1.9, SSP2-4.5, SSP3-7.0, and SSP4-6.0. These back-
ground scenarios are chosen as they are part of the main SSP scenarios according to Meinshausen
et al. (2020) and assure a representative scenario for all possible future scenarios.

The differences in future global methane background concentrations can be seen in Figure 6.2, where
the evolution of methane concentration for the different SSP scenarios is displayed over time. In this
figure, it can be seen that, in general, the SSP scenarios with a higher RF also have higher methane
concentrations and that the range of the methane concentrations in 2100 varies widely from 1000 ppbv
in SSP1-1.9 to 3300 ppbv in SSP3-7.0.

Figure 6.2: The global methane background concentration for different SSP scenarios as determined by Meinshausen et al.
(2020)

. SSP1-1.9 is displayed in blue, SSP2-4.5 is displayed in yellow, SSP3-7.0 is displayed in green,
SSP4-6.0 is displayed in red, and SSP5-8.5 is displayed in purple.

6.1.3. Outputs
The outputs that are considered in this scenario analysis are the change in RF due to SWV (RFSWV ) and
the ratio of the RF due to SWV divided by the RF of CH4 (also referred to as ratio). These two outputs
are selected because they directly quantify the magnitude of the SWV-induced radiative response and
its relative importance compared to the primary radiative forcing from methane, thereby allowing for
a clear, interpretable comparison across scenarios and background conditions. Other metrics like the
GWP and ATR can be found in Appendix B as they are produced as part of the modelling workflow.
They are not included in the main text as the patterns they exhibit are similar to those of RFSWV .
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6.2. Scenario Results
The results of the different inputs are presented here. In subsection 6.2.1, the RFSWV for the differ-
ent scenarios and backgrounds is displayed. In subsection 6.2.2, the effect of the scenarios and the
background on the ratio between RFSWV and RFCH4 is stated. Other climate metrics (dT, GWP20 and
ATR20) and more detailed plots can be found in the Appendix B.

6.2.1. Stratospheric Water Vapour Radiative Forcing (RFSWV )
The RF impact of SWV varies depending on the scenario and the background. For the different sce-
narios, a simulation is run with the background of SSP2-4.5. The resulting RFSWV is displayed in
Figure 6.3. In this figure, the data from before 2010 is omitted as it is the same for all scenarios. It ex-
hibits a smooth increase from the 1940s to the value in 2010. Until 2023, all scenarios appear to be the
same. After 2023, they start to differ from each other. For the FP2050 (grey line) and FP2050cont (pur-
ple line) scenarios, it can be seen that the RF forcing experiences a minimum around the years 2052
and 2048, respectively, while the BAU (blue line) and CurTec (red line) scenarios are solely decreas-
ing. It should be noted that this plot with RF values is very similar to the plot of the global tropospheric
methane concentrations that are used as input (Figure 6.1). There are some small mismatches, like
the year at which the minimum value is achieved, which is slightly lagged for the RF response, which is
logical as there is some time required for the methane concentration change to oxidise to SWV. Look-
ing at the actual values, the FP 2050 and FP2050cont scenario both end up with a forcing in 2100 of
-9 mW m−2, while the BAU scenario has a RF at 2100 of -23 mW m−2 and the CurTec scenario of -35
mW m−2. So the scenarios where emissions are reduced the most have the least effect on the SWV
radiative forcing.

When looking at the background scenarios, it is beneficial to look at the relative impact of a changing
background. In Figure 6.4, the relative impact compared to the reference, SSP2-4.5, is displayed. Here,
all background scenarios have the same linestyle such that they can be distinguished, the colours refer
to the scenario with the same convention as for Figure 6.3. The most prominent feature in the figure
is the horizontal dashed line at a value of one. This is the reference SSP scenario (SSP2-4.5) and
therefore defined to be constant at one. Furthermore, it can be seen that all the solid lines (SSP1-1.9)
are below the reference scenario and all follow a similar trajectory. From this, it can be concluded
that the SSP scenario does influence the outcome, but its relative influence is not really dependent
on the different future scenarios. As can be seen from the two other background scenarios as well. It
must also be noted that the spread of the dash-dotted (SSP4-6.0) and especially the dotted (SSP3-7.0)
lines is larger than the spread of the solid line. This corresponds with the magnitude of the methane
background concentration. This implies that when the methane background concentration is higher, it
will have relatively more influence on the SWV RF for each future scenario. More detailed figures for
all scenarios and background scenarios are stated in Appendix B section B.1.
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Figure 6.3: The RF due to SWV over the period 2010-2100 for the four different scenarios (BAU, CurTec, FP2050, and
FP2050cont shown in blue, red, grey, and purple, respectively) using SSP2-4.5 as background.

Figure 6.4: Relative impact of different background scenarios for the different future scenarios. The solid lines correspond to
SSP1-1.9, dashed lines to SSP2-4.5, dotted lines to SSP3-7.0, and dash-dotted lines to SSP4-6.0. Colours refer to scenarios

the same way as in Figure 6.3.
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6.2.2. Ratio of RFSWV over RFCH4

Another output that is considered is the ratio of RFSWV over RFCH4
referred to as ratio. This metric is

worth looking into as it is widely used in publications to determine the SWV impact (Lee et al., 2021;
Myhre et al., 2013) and gives insight into the relative importance of SWV compared to other climate
forcers. In Figure 6.5, the ratio is plotted for the four scenarios for a set background equal to SSP2-4.5.
It can be seen that the ratio varies from 0.18 to 0.24 over time, depending on the scenario. It appears
that the ratio is not constant over time (as shown in Figure 6.5). While in literature this value is taken
as constant (Lee et al., 2021; Myhre et al., 2007).

When looking at the influence of the background, stated in Figure 6.6, it can be seen that the background
also influences the ratio. The colours and linestyles have the same configuration as in Figure 6.4. The
pattern for the scenarios is also highly similar to that of Figure 6.4. It is important to note the magnitude,
as for certain SSP3-7.0 scenarios, the relative ratio increases to almost 1.5, leading to a ratio of 0.3.

Furthermore, the ratio is estimated by Myhre et al. (2007) to be a constant of 15-20%, a value that
is also used in the IPCC reports (IPCC, 2013). From the Figures 6.5 and 6.6, it becomes clear that
there is a transient response in the ratio and that it is not constant. When the ratio is instead calculated
under steady-state conditions, it is observed that the values converge to a constant value (19-22%)
close to the value estimated by Myhre et al. (2007). This is displayed in Figure 6.7, where five different
constant CH4 concentration perturbations ( -59, -119, -178, -238, and -257 ppbv) are modelled for a
fixed background methane concentration in OAC.

Figure 6.5: Ratio for the four different scenarios modelled with SSP2-4.5 as background scenario. Colours refer to scenarios
the same way as in Figure 6.3.
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Figure 6.6: The relative impact of the background on the ratio. The same linestyle corresponds to the same background
scenario. Colours refer to scenarios the same way as in Figure 6.3..
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Figure 6.7: The ratio between SWV RF and CH4 RF plotted for five different steady state CH4 and SWV levels. The CH4

steady state input concentrations are -59, -119, -178, -238, and -257 ppbv. Please note that the steady state ratio decreases for
increasing change in CH4 concentration, except for the value of -59, for which the ratio is a little lower.

6.3. Discussion and Conclusion
This chapter analysed the future evolution of SWV RF induced by aviation-related methane changes
under a range of aviation emission scenarios and background scenarios. By combining aviation sce-
narios from Grewe et al. (2021) with SSP-based background methane concentrations (Meinshausen
et al., 2020), the analysis provides insight into both the absolute magnitude of SWV radiative forcing
and its relative importance compared to methane radiative forcing.

The results show that future aviation developments have a distinct effect on SWV radiative forcing. Sce-
narios with strong emission reductions, such as FP2050 and FP2050cont, lead to substantially lower
SWV radiative forcing reductions by the end of the century compared to BAU and CurTec. In particular,
the CurTec scenario results in the largest reduction of SWV forcing, reflecting the continued growth of
aviation NOx emissions. The FP2050cont scenario consistently exhibits the earliest and smoothest re-
duction in SWV forcing, highlighting the importance of early and gradual technology introduction rather
than delayed implementation.

A clear correspondence is observed between the temporal evolution of SWV radiative forcing and
the prescribed tropospheric methane concentration changes. The small time lag between methane
concentration changes and the SWV radiative response is physically consistent and reflects the time
required for the methane to oxidize and form stratospheric water vapour.

The SSP background scenarios also influence the magnitude of SWV radiative forcing. While the
relative differences between aviation scenarios remain similar across backgrounds, higher background
methane concentrations amplify the relative impact of SWV forcing. This effect becomes particularly
pronounced in high-forcing pathways such as SSP3-7.0, where both the absolute forcing and the spread
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between scenarios increase. These findings indicate that the climatic context in which aviation operates
can significantly modulate its non-CO2 impacts, even if aviation emissions themselves follow the same
trajectory.

An important outcome of this analysis is the behaviour of the ratio between SWV radiative forcing
and methane radiative forcing. Contrary to the commonly applied assumption of a constant ratio of
approximately 15–20%, the results show that this ratio varies over time and across scenarios. Tran-
sient effects associated with changing emissions and evolving background methane concentrations
lead to ratio values that can exceed the traditionally assumed range, particularly under high-methane
background scenarios. Only under idealised, steady-state conditions does the ratio converge to a near-
constant value consistent with earlier estimates. This demonstrates that applying a fixed ratio in future
scenario assessments may oversimplify the climate response and underestimate the dynamic nature
of SWV forcing.

Overall, this scenario analysis demonstrates that both aviation mitigation strategies and broader socio-
economic developments play a crucial role in determining the future climate impact of aviation-induced
SWV. Early and continuous technological improvements substantially reduce SWV forcing reduction,
while high background methane concentrations can enhance its relative importance. The results under-
line the need for dynamic treatment of SWV effects in future climate impact assessments of aviation,
rather than relying on static scaling relationships. Although the NOx module in OpenAirClim is not yet
fully validated, the findings provide valuable, qualitative insight into how aviation’s climate effects may
evolve under different future scenarios.
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Conclusion

This thesis investigated how the climate impact of aviation-induced stratospheric water vapour (SWV)
can be represented within a simplified climate response model. The primary objective was to develop,
implement, and evaluate a physically grounded yet computationally efficient method to quantify SWV-
related radiative forcing using the OpenAirClim (OAC) framework.

A comprehensive literature review identified four potential pathways through which aviation can influ-
ence SWV: methane (CH4) oxidation, direct emission of water vapour above the tropopause, changes
in troposphere-stratosphere exchange driven by aviation-induced warming, and hydrogen leakages.
Of these pathways, CH4 oxidation was identified as the dominant and most robust mechanism suitable
for implementation within OAC. The other pathways were shown to be either of secondary importance,
highly uncertain, or out of scope of the thesis and are therefore not implemented in OAC.

A new SWVmodule based on CH4 oxidation was developed using established parametrisations linking
methane loss to water vapour production in the stratosphere. The approach combines fractional release
factors derived from Halogen Occultation Experiment (HALOE) observations, age-of-air estimations,
and a mass-based conversion of SWV perturbations to radiative forcing using an empirical relationship.
This method integrates well with the existing framework in OAC and preserves computational efficiency.

Verification and validation demonstrate that the implemented SWV module reproduces key features
reported in the literature. The spatial distribution of SWV changes closely matches results from Myhre
et al. (2007), and the magnitude of the resulting radiative forcing lies within reported uncertainty ranges.
Mass-balance checks further confirm the internal consistency of the approach. These results indicate
that the simplified representation captures the essential physical behaviour of aviation-induced SWV
changes despite the absence of explicit climate chemistry modelling.

The sensitivity and uncertainty analysis identifies the dominant sources of uncertainty governing the
simulated SWV radiative forcing and clarifies how these uncertainties propagate through the model.
The results show that the model response is controlled by a limited number of physically meaningful
parameters. While absolute estimates of SWV radiative forcing exhibit a one-standard-deviation uncer-
tainty of approximately 15% of the mean, the relative differences between aviation scenarios remain
robust across the explored uncertainty range. This demonstrates that parameter uncertainty does not
compromise the comparative assessment of aviation scenarios, even though it constrains the precision
of absolute forcing values.

These findings justify the use of the implemented SWV module for scenario-based comparisons rather
than for precise quantification of absolute climate impacts. The robustness of relative scenario dif-
ferences supports the application of OpenAirClim in policy-relevant assessments, where comparative
insights into mitigation strategies are more important than exact forcing magnitudes.

The scenario analysis demonstrates that future aviation pathways lead to substantially different tra-
jectories of stratospheric water vapour radiative forcing. Scenarios characterised by strong and early
emission reductions, such as Flight Path 2050 and its continuous implementation, result in markedly
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smaller reductions in SWV forcing compared to Business-as-Usual and Current Technology scenar-
ios. These differences reflect the strong coupling between aviation-induced methane changes and
the resulting SWV response. In addition, higher background methane concentrations amplify the ab-
solute SWV forcing. This highlights that the broader climatic context in which aviation operates can
significantly influence the importance of non-CO2 effects.

From the scenario analysis, it also became clear that the ratio between SWV radiative forcing and
methane radiative forcing is not constant over time or across scenarios. Transient effects and evolv-
ing background conditions lead to substantial deviations from commonly assumed fixed ratios. This
demonstrates that static scaling approaches may oversimplify aviation’s climate impact and supports
the need for dynamic representations of SWV effects in future climate impact assessments of aviation.

This modelling approach with reduced complexity also imposes limitations that should be considered
when interpreting the results. Several potentially relevant pathways were intentionally excluded from
the implementation. Direct stratospheric water vapour emissions are already represented in OAC with-
out a strict separation between tropospheric and stratospheric sources, which was considered of minor
importance for the present analysis. Changes in troposphere–stratosphere exchange were shown to be
small relative to CH4 driven SWV changes, though they may become more relevant under future flight
altitude distributions or alternative propulsion concepts. Hydrogen-related effects were excluded due
to the availability of a machine learning module within OAC. Furthermore, the SWV representation re-
lies on fixed fractional release factors and age-of-air distributions derived from historical observations,
implicitly assuming a stationary stratospheric circulation. As climate change may alter stratospheric
transport timescales (and may already have done so since the observational data originate from the
1990s), long-term projections should be interpreted as indicative rather than predictive. In addition,
the conversion from SWV mass perturbations to radiative forcing is based on an empirical relationship
that is valid within the perturbation range relevant for aviation but may introduce large uncertainties if
extrapolated beyond this range.

Despite these limitations, the results are consistent with published estimates and provide valuable
insight into the relative importance of SWV compared to other aviation climate effects. The developed
module extends the applicability of OpenAirClim for rapid scenario assessments and enables consistent
comparison of SWV effects with other aviation climate forcers. While it does not replace detailed climate
chemistry modelling, the approach offers a tool for policy analysis and aircraft technology assessment,
where computational efficiency is essential.

Future work could focus on updating the fractional release factors to better account for changes in
stratospheric circulation and stratospheric OH concentrations, as well as incorporating more recent
estimates of the water vapour yield per oxidised CH4 molecule, including altitude-dependent values
such as those proposed by Frank et al. (2018). In addition, future work could focus on refining the
method used to relate SWV perturbations to radiative forcing, as the current approach is primarily
valid for perturbations smaller than 160 Tg and may lose accuracy when larger deviations from the
reference state occur. Also, a hydrogen-related module could be implemented in OAC based on the
methodology description in this thesis, to validate the machine learning module currently present in
OAC. Furthermore, once the relationship between aviation NOx emissions and methane lifetime has
been validated within OAC, end-to-end tests of the full modelling chain could be performed to further
increase confidence in the SWV module.

Overall, this thesis shows that simplified climate response models can meaningfully capture aviation-
induced stratospheric water vapour effects. While the approach is not intended to replace comprehen-
sive chemistry–climate models, it provides valuable insight into the relative importance and temporal
evolution of SWV forcing across future aviation scenarios. As such, the developed framework con-
tributes to more complete and transparent assessments of aviation’s non-CO2 climate impacts and
supports informed decision-making in the context of long-term aviation mitigation strategies.
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A
Assessment of Aviation-Induced

Changes in Stratospheric Water
Vapour Transport

In this appendix, some additional calculations are done to support the decision to omit a module in
OAC that takes the effect of aviation emissions on the water vapour transport from the troposphere to
the stratosphere into account.

Aviation's Impact on Stratospheric Water Vapour Entry Concentration
Aviation influences global warming by emitting CO2 and other greenhouse gases. Klöwer et al. (2021)
estimate the warming due to aviation at 0.1 °C at 2050. When this 0.1 °C is combined with the increase
in entry water vapour of 0.31 ppmv K−1 from Nowack et al. (2023), an increase in entry H2O of 0.031
ppmv is caused by aviation in 2050. Standard air entry values are estimated to be between 3 and 5
ppmv (Fueglistaler et al., 2005; Hegglin et al., 2014). This means that the increase in H2O transported
from the troposphere to the stratosphere due to aviation will be about 1-2%. This 1-2% increase in H2O
entry concentration is for all warming of aviation since aviation started early 20th century.

To get some insight into future perspectives, the data from Klöwer et al. (2021) is used to estimate the
global warming due to aviation emissions from 2019 to 2050. Klöwer et al. (2021) states that the global
warming due to aviation is 0.04K at 2019 and 0.1K in 2050 This causes the temperature to increase by
0.06K from 2019 to 2050. Combining with the value of 0.31 ppmv K−1 from Nowack et al. (2023), the
entry water vapour concentration increases by 0.0186 ppmv. linearizing this increase to an increase
per year yields an increase in water vapour entry concentration of 0.6 ppbv yr−1.

Conversion to Stratospheric Water Vapour Mass Flux
Relating the volume ratio to a mass ratio with the use of molar masses of water and air, the 0.6 ppbv
yr−1 increase can be translated to a mass ratio of 3.7 × 10−10 Tg(SWV) Tg(air)−1 yr−1. When relating
this additional input H2O with the total mass entering the stratosphere from the troposphere of about
6-9 108 Tg yr−1 (Tissier & Legras, 2016), an additional amount of SWV of 0.22-0.34 Tg yr−1 enters the
stratosphere due to aviation-induced warming between 2019 and 2050.

Interpretation, and Implications for Model Scope
The estimated increase in stratospheric entry water vapour of approximately 0.0186 ppmv over the
period 2019-2050 is negligible compared to the uncertainty bounds reported in the literature. Typical
entry mixing ratios are estimated to range between 3–5 ppmv (Fueglistaler et al., 2005), such that
the aviation-induced perturbation represents less than 0.5% of the background value. This magnitude
is small compared to both interannual variability and observational uncertainty in stratospheric water
vapour entry concentrations.
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Expressed in terms of mass flux, the additional 0.22-0.34 Tg yr−1 of stratospheric water vapour at-
tributable to aviation-induced warming is negligible relative to total annual troposphere–stratosphere
water vapour transport, which is estimated to be on the order of 1.1–2.8 Pg yr−1 (Fueglistaler et al.,
2005; Tissier & Legras, 2016) or approximately 2.2 Pg yr−1 according to Dong and Fu (2025). On an
annual basis, the aviation-induced contribution therefore amounts to roughly 0.02% of the total flux.
While the cumulative contribution over 30 years would correspond to approximately 0.5% of the yearly
total stratospheric water vapour input, this comparison is not physically consistent, as stratospheric
water vapour is continuously removed as well. As the background stratospheric water vapour burden
increases, removal rates also increase, further limiting the persistence of any small perturbation.

Several limitations of this assessment should be noted. The analysis is based on order-of-magnitude es-
timates, relying on simplified representations of H2O transport from the troposphere to the stratosphere.
Uncertainties in estimates of total stratospheric water vapour transport are substantial, commonly on
the order of 50% or more, and therefore exceed the magnitude of the aviation-induced signal by more
than two orders of magnitude. As a result, the perturbation estimated here would not be distinguishable
from natural variability or structural uncertainty in current models.

In conclusion, explicitly modelling this feedback would not meaningfully improve the representation of
aviation-induced climate effects. The exclusion of this pathway from the OpenAirClim framework is
therefore a quantitatively justified scope decision and does not affect the robustness of the scenario
and uncertainty analyses presented in this thesis.



B
Supplementary Scenario Results

This appendix presents additional model output generated during the scenario analysis (chapter 6).
The results shown here are produced as part of the modelling workflow but are not used in the main
body of the thesis, as they do not directly contribute to the research questions. They are included for
completeness and to document the full range of outputs produced by the model.

All figures in this appendix follow a consistent visual convention. Colours indicate aviation emission
scenarios, based on the publication from Grewe et al. (2021). Blue represents Business-as-Usual
(BAU), red represents Current Technology (CurTec), grey represents FlightPath 2050 (FP2050), and
purple represents FlightPath 2050 continuous (FP2050cont). Line styles indicate the background socio-
economic pathways (SSPs): solid lines correspond to SSP1-1.9, dashed lines to SSP2-4.5, dotted lines
to SSP3-7.0, and dash-dotted lines to SSP4-6.0.

In section B.1, section B.2, section B.3, and section B.4, the figures related to RF, dT, GWP20, and
ATR20 are shown, respectively.

B.1. Radiative Forcing (RF)
This section presents radiative forcing (RF) results for all combinations of aviation emission scenarios
and SSP background pathways. These figures are provided for completeness and to illustrate the full
set of RF outputs generated by the model.
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Figure B.1: Radiative forcing for the different scenarios with different backgrounds. Colours indicate aviation emission
scenarios, blue represents Business-as-Usual (BAU), red represents Current Technology (CurTec), grey represents FlightPath

2050 (FP2050), and purple represents FlightPath 2050 continuous (FP2050cont). Line styles indicate the background
socio-economic pathways (SSPs): solid lines correspond to SSP1-1.9, dashed lines to SSP2-4.5, dotted lines to SSP3-7.0,

and dash-dotted lines to SSP4-6.0.
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(a) RF BAU (b) RF CurTec

(c) RF FP2050 (d) RF FP2050cont

Figure B.2: The same results as in Figure B.1 are presented here, but separated by scenario for clarity.
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(a) RF SSP1-1.9 (b) RF SSP2-4.5

(c) RF SSP3-7.0 (d) RF SSP4-6.0

Figure B.3: The same results as in Figure B.1 are presented here, but separated by background scenario for clarity.
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B.2. Temperature Change (dT)
This section presents the global mean temperature change (dT) results for all combinations of aviation
emission scenarios and SSP background pathways. These figures are provided for completeness and
to illustrate the full set of dT outputs generated by the model.

Figure B.4: Temperature change for the different scenarios with different backgrounds. Colours indicate aviation emission
scenarios, blue represents Business-as-Usual (BAU), red represents Current Technology (CurTec), grey represents FlightPath

2050 (FP2050), and purple represents FlightPath 2050 continuous (FP2050cont). Line styles indicate the background
socio-economic pathways (SSPs): solid lines correspond to SSP1-1.9, dashed lines to SSP2-4.5, dotted lines to SSP3-7.0,

and dash-dotted lines to SSP4-6.0.
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(a) dT BAU (b) dT CurTec

(c) dT FP2050 (d) dT FP2050cont

Figure B.5: The same results as in Figure B.4 are presented here, but separated by scenario for clarity.



B.2. Temperature Change (dT) 54

(a) dT SSP1-1.9 (b) dT SSP2-4.5

(c) dT SSP3-7.0 (d) dT SSP4-6.0

Figure B.6: The same results as in Figure B.4are presented here, but separated by background scenario for clarity.
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B.3. Global Warming Potential (GWP)
This section presents the GWP20 values derived from the simulated radiative forcing time series for
all combinations of aviation emission scenarios and SSP background pathways. These figures are
provided for completeness and to illustrate the full set of RF outputs generated by the model.

For each evaluation year x, the climate impact is integrated over the subsequent 20 years, i.e. from x
to x + 20, consistent with the definition of GWP as a forward-looking metric with a fixed time horizon.
As the model simulations extend until 2100, GWP20 values can only be computed up to 2080, beyond
which the required 20-year integration window would exceed the available data. The resulting GWP20
value obtained for each year is assigned to the corresponding evaluation year x and plotted accordingly
in Figure B.7.

Figure B.7: The global warming potential for a time horizon of twenty years is displayed here for the different scenarios with
different backgrounds. Colours indicate aviation emission scenarios, blue represents Business-as-Usual (BAU), red represents
Current Technology (CurTec), grey represents FlightPath 2050 (FP2050), and purple represents FlightPath 2050 continuous
(FP2050cont). Line styles indicate the background socio-economic pathways (SSPs): solid lines correspond to SSP1-1.9,

dashed lines to SSP2-4.5, dotted lines to SSP3-7.0, and dash-dotted lines to SSP4-6.0.
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(a) GWP20 BAU (b) GWP20 CurTec

(c) GWP20 FP2050 (d) GWP20 FP2050cont

Figure B.8: The same results as in Figure B.7 are presented here, but separated by scenario for clarity.
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(a) GWP20 SSP1-1.9 (b) GWP20 SSP2-4.5

(c) GWP20 SSP3-7.0 (d) GWP20 SSP4-6.0

Figure B.9: The same results as in Figure B.7 are presented here, but separated by background scenario for clarity.
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B.4. Average Temperature Response (ATR)
This section presents the ATR20 values derived from the simulated radiative forcing time series for
all combinations of aviation emission scenarios and SSP background pathways. These figures are
provided for completeness and to illustrate the full set of RF outputs generated by the model.

For each evaluation year x, the climate impact is integrated over the subsequent 20 years, i.e. from
x to x + 20, consistent with the definition of ATR as a forward-looking metric with a fixed time horizon.
As the model simulations extend until 2100, ATR20 values can only be computed up to 2080, beyond
which the required 20-year integration window would exceed the available data. The resulting ATR20
value obtained for each year is assigned to the corresponding evaluation year x and plotted accordingly
in Figure B.10.

Figure B.10: The average temperature response for a time horizon of twenty years is displayed here for the different scenarios
with different backgrounds. Colours indicate aviation emission scenarios, blue represents Business-as-Usual (BAU), red

represents Current Technology (CurTec), grey represents FlightPath 2050 (FP2050), and purple represents FlightPath 2050
continuous (FP2050cont). Line styles indicate the background socio-economic pathways (SSPs): solid lines correspond to

SSP1-1.9, dashed lines to SSP2-4.5, dotted lines to SSP3-7.0, and dash-dotted lines to SSP4-6.0.
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(a) ATR20 BAU (b) ATR20 CurTec

(c) ATR20 FP2050 (d) ATR20 FP2050cont

Figure B.11: The same results as in Figure B.10 are presented here, but separated by scenario for clarity.
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(a) ATR20 SSP1-1.9 (b) ATR20 SSP2-4.5

(c) ATR20 SSP3-7.0 (d) ATR20 SSP4-6.0

Figure B.12: The same results as in Figure B.10 are presented here, but separated by background scenario for clarity.
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