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Abstract

Commercial aircraft combustion emissions impact the atmospheric composition, alter the
Earth’s climate by accounting for ~4% of anthropogenic radiative forcing [72, 49] and
affect surface air quality, causing an estimated ~16,000 premature mortalities per year
[7, 28]. These environmental impacts are driven by chemical, microphysical and transport
processes that span different magnitudes of temporal and spatial scales, from near-field in-
plume chemistry that evolve over minutes and distances of ~100 m to global-scale phenom-
ena taking place at the continental scale. To evaluate aviation’s environmental impacts, all
temporal and spatial scales need to be captured. In this thesis I develop and evaluate numer-
ical models that span all modeling scales. First, I quantify the role of plume-scale processes
in the atmospheric impact of aviation emissions. Previous literature has indicated that cur-
rent global-scale modeling of aircraft emissions overestimates aviation-attributable ozone
by instantly diluting emissions at a coarse resolution [86]. To estimate the magnitude of the
ozone discrepancy, I use a recently-developed aircraft plume model to calculate the non-
linear chemical conversions that occur in aircraft plumes. I then propagate the plume-scale
results to the global atmospheric impact through the chemistry transport model (CTM)
GEOS-Chem by embedding a plume-scale parameterization. After accounting for plume-
scale processes, I find a ~5% downward correction in the simulated aviation-attributable
0zone response.

High-altitude emissions from current subsonic aviation or from potentially future su-
personic aircraft modify the total column ozone, thus leading to either increases in tro-
pospheric ozone or a decrease in stratospheric ozone, with the latter causing larger UV
flux at the ground. Both changes affect human health and, in this thesis, I identify a col-
umn ozone-neutral altitude for subsonic and supersonic aviation. Adjoint models of CTMs
have been developed to quantify receptor-oriented sensitivities of environmental metrics
(e.g. population-weighted ozone exposure) to emissions. Adjoint modeling overcomes
the numerical cost of source-oriented sensitivity analysis, as performed by forward mod-
els. However, adjoint models of atmospheric chemistry have historically been limited to
the troposphere. In this thesis, I build upon previous work and extend the GEOS-Chem
Adjoint to further include stratospheric processes, and then validate the sensitivities with
multi-year scenarios. I then present adjoint-derived sensitivities to identify column ozone-



neutral altitudes for subsonic and supersonic aviation, based on their respective emission
characteristics. I find that the 12 - 15 km altitude band is approximately column ozone-
neutral for aviation emissions. Neglecting the effects of plume-scale processes introduces
a positive bias in the column ozone-neutral altitude that varies between 0.3 up to 1 km.

Finally, previous assessments of the environmental impact of aviation emissions using
global climate models have found that coupled chemistry-climate feedback could have a
magnifying effect on the response to commercial aircraft emissions. However, the aviation-
induced environmental impact estimated with climate models have not been found to be
consistent with CTMs [15]. To identify the cause of this discrepancy between climate
models and CTMs and to evaluate the relevance of climate feedbacks in the assessment
of the environmental response of aviation emissions, I develop a newly-coupled model for
climate-chemistry simulations, CESM2-GC, coupling the climate model CESM2 to the
model of atmospheric chemistry GEOS-Chem. I then validate CESM2-GC against atmo-
spheric observations and results from the GEOS-Chem CTM and the “native” chemistry
option in CESM2, CAM-Chem. Using CESM2-GC, I perform ensemble runs to eval-
uate the magnitude of the coupled chemistry-climate effects when evaluating aviation’s
ozone and particulate matter response. I find that the ensemble mean provides an aviation-
attributable population-weighted ozone and particulate matter perturbations of 0.56 ppbv
and 0.08 ug/m?>, consistent with previous estimates using the GEOS-Chem CTM. Besides
an increase of ~70 mK in tropical and Northern mid latitudes tropospheric temperatures, I
observe no statistically significant response in upper-tropospheric meteorology that could
indicate that coupled chemistry-climate feedback magnifies the aviation-attributable envi-
ronmental response.
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Chapter 1

Introduction

1.1 Background and motivation

Most commercial aircraft currently use combustion of Jet A or Jet A-1 as the energy source
to provide thrust in gas turbine engines. As a result, commercial aircraft operations lead
to the emissions of gases and particles, which are released throughout the troposphere up
to the lower stratosphere for subsonic aviation. The combustion of conventional jet fuel
releases carbon dioxide (CO,) and water vapor (H,O) into the atmosphere, increasing the
Earth’s greenhouse effect. Hydrocarbons and soot particles also get released from fuel
combustion. In addition, conventional jet fuel contains sulfur, which gets released upon
combustion, and can form sulfate aerosols. These aerosols induce atmospheric cooling by
reflecting incoming solar radiation. The combustion process at high temperature also leads
to the formation of nitrogen oxides (NO, = NO + NO»).

These emissions, mostly at high altitude, lead to changes in atmospheric composition
and the Earth’s climate. The ozone response to aviation emissions has been studied in
prior studies and linked to human health [7, 28]. Ozone (O3) is a gas that is found in the
stratosphere, protecting life from ultraviolet (UV) radiation. However, near-surface ozone
is detrimental to human life, crops and vegetation [6, 84, 24, 3, 5, 121, 12]. Particulate
matter is also a harmful pollutant, which can be produced as a result of aviation emissions.
Particles and liquid droplets of an aerodynamic diameter of 2.5 um or smaller (referred

to as PM; 5) have been found to lead to health impacts under long-term exposure, such

19



as respiratory diseases, cardiovascular diseases [63, 121, 56, 22, 124]. Aviation-induced
atmospheric perturbations have been found to lead to 16,000 premature mortalities for the

year 2005 [136, 28, 7].

The impact of aircraft plume-scale processes on aviation-attributable ozone in global-
scale models has been previously studied [86, 96, 17, 95, 42, 59]. These studies found that
global-scale models overestimate the aviation-induced ozone perturbation by up to 20%
at mid and high latitudes and nitrogen oxides perturbation by up to 35% in the North At-
lantic Flight Corridor (NAFC) because aircraft emissions are instantaneously diluted into
coarse grid cells (~100 km x 100 km) [69]. This prevents the model from resolving the
small-scale non-linear processes in aircraft wakes that occur over the plume dimensions
(~100 m up to ~50 km). Prior evaluation of the impact of plume-scale processes focused
on upper-tropospheric ozone but the effects of aircraft plume-scale processes at the surface
are unknown. Furthermore, no study quantifies the role of plume-scale processes on air
quality and the Earth’s climate. To accurately estimate and to prevent any overestimation of
aviation’s environmental response from instant dilution approximations, the role of aircraft
plume-scale processes needs to be assessed. Previous assessments of aircraft plume-scale
processes have used Gaussian plume models to represent subgrid-scale aircraft processes.
Gaussian plume models represent a plume as an homogeneous cross-section evolving under
idealized conditions [86, 96]. This approach fails at reproducing plumes or contrails with
large spatial gradients that can arise either from non-linear chemistry or from microphysics
of modal aerosols. In this thesis, I use a recently-developed aircraft plume model [42] to
resolve plume-scale processes in aircraft wakes and calculate the discrepancies introduced
with respect to the instant dilution approach. I then calculate the emission corrections to
account for plume-scale processes for a large number of background and meteorological
conditions, and aircraft and engine parameters. Finally, I develop an emission tool embed-
ded in a chemistry transport model to process any aviation emission inventory to account
for plume-scale processes and use this processing tool to estimate the impact of plume-scale

processes on the environmental response of aviation emissions.

Next, recent renewed interest in supersonic aviation has raised concerns regarding

stratospheric ozone damages from high-speed civil aircraft [8, 2]. Indeed, stratospheric
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ozone is vital to human health as it dampens the surface UV flux, which can cause melanomas.
Many studies have previously studied the impact of supersonic commercial aviation and the
scientific literature on their atmospheric and climate impact is abundant [102, 48, 27, 111,
138]. However, the results from these studies use specific supersonic aviation scenarios
and are subject to uncertainties in the fleet size, engine characteristics, and chosen com-
mercial routes. In this thesis, I generate sensitivities of total ozone column, which allow
for rapid evaluation of any aviation emission inventory. Furthermore, no previous studies
consider pathways to minimize changes in total ozone column. Using these sensitivities, |
derive a column ozone-neutral altitude, at which aviation emissions would lead to no net
change in surface UV flux. This thesis is the first assessment of a globally-averaged column
ozone-neutral altitude, alongside its sensitivity to fleet-wide emission characteristics and its
dependency on plume-scale processes. The column ozone-neutral altitude is obtained from
decadal adjoint sensitivities of a model of tropospheric-stratospheric chemistry, which I
develop and validate in this thesis. Subsonic aircraft activities, which have been shown
to lead to increased ozone column [28], could also be net ozone neutral by flying at this

altitude.

Finally, chemistry transport models (CTMs) have been used extensively to evaluate the
chemical response to aviation emissions [65, 7, 32, 64, 28, 15]. All CTMs from the pre-
vious studies find a surface ozone and particulate matter response owing to commercial
aviation emissions, ranging from 0.17 to 0.52 parts per billion (ppbv) and 0.0034 to 0.0070
ug/m> respectively for the year 2006 [15]. However, CTMs are not able to capture the
meteorological feedback associated with environmental response of aviation emissions. To
capture both chemical and meteorological responses from aircraft activities, previous stud-
ies have used global climate models (GCMs) to investigate the coupled chemistry-climate
feedback from aviation emissions [60, 15]. Using a GCM, a study found that there might
be significant magnifying effects from atmospheric feedback [60]. According to this study,
commercial aircraft emissions are found to increase in upper-tropospheric stability, and
lead to surface ozone and dry particulate matter responses of 0.046 ppbv and 0.083 pug/m?
[60]. However, a more recent study and larger model intercomparison suggested that the

results from GCMs have too much variability to resolve any such atmospheric feedback
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[15]. Other single-model studies have not found any coupled chemistry-climate feedback
from aviation emissions based on single model evaluations. In this thesis, I resolve the
discrepancy between GCMs and CTMs over the response from aviation emissions and I
estimate if coupled chemistry-climate effects have an amplifying impact on aviation’s re-
sponse, as suspected by a previous study [60]. To study the climate feedback due to aviation
emissions, I couple a CTM to a GCM. After validating the newly-developed model against
atmospheric observations and other model results, I perform ensemble runs to evaluate to
what extent are the climate feedbacks from aviation emissions significant in the evaluation

of the environmental response to aviation emissions.

1.2 Thesis contribution

In this thesis, I address the three scientific literature shortcomings addressed previously: the
role of plume-scale processes on the environmental impact of aviation emissions, the iden-
tification of a column ozone-neutral altitude, and the evaluation of the coupled chemistry-
climate pathways affecting the aviation’s atmospheric response. The main contributions of

this thesis are:

* Assessment of the role of plume-scale processes in the long-term environmental
impact of aviation emissions. Given the relatively coarse resolution used in global
models, highly-concentrated sources of emissions, such as individual flights, cannot
be resolved in the current generation of chemistry transport models [86, 96, 59, 17].
In Section 2, 1 develop an approach to account for aircraft plume-scale processes
when evaluating aviation’s environmental responses. This is achieved by (1) using
an aircraft plume model to evaluate the in-plume chemical conversions of pollutants
[42], (2) establishing a look-up table of in-plume ozone production, nitrogen and
sulfur conversion factors, and (3) propagating these conversion rates to a global-scale
chemistry transport model. This allows me to quantify the magnitude of the impact

of aircraft plume-scale processes on tropospheric ozone and surface air quality.

¢ Identification of a column ozone-neutral altitude for commercial subsonic and
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supersonic aviation. Previous reports on the impact of supersonic aviation on the
ozone layer have concluded that aviation emissions in the lower stratosphere lead to
the depletion of the ozone layer [102, 111, 48, 27]. In contrast, subsonic aviation
has been shown to increase the oxidizing power of the troposphere, thus increasing
tropospheric ozone levels [7, 28]. In this thesis, I quantify the column ozone-neutral
altitude by (1) extending and validating an adjoint model of atmospheric chemistry
to include stratospheric chemistry, (2) computing decadal sensitivities of globally-
averaged column ozone to emissions, and (3) evaluating the sensitivity of the column
ozone-neutral altitude to fleet-wide emission characteristics, emission location, and

the inclusion of plume-scale processes.

* Evaluation of the climate feedback of aviation emissions on the atmospheric
composition. Studies of the environmental impact of aviation emissions using global
climate models have found different results. Using a global climate model, a study
found that coupled chemistry-climate effects magnify the atmospheric response to
aviation emissions [60]. Another study found that global climate models have too
much inner variability to capture any coupled feedback between atmospheric chem-
istry and meteorology [15]. In this thesis, I evaluate the chemistry-climate interac-
tions in response to aviation emissions by (1) coupling a chemistry transport model
with a global climate model, (2) validating this coupled model against atmospheric
observations and other global models, and (3) performing ensemble runs to evalu-
ate the atmospheric response from aviation emissions and examine the relevance of

climate feedback.

Overall, this thesis bridges the gap from aircraft plume-scale effects to the global-scale
environmental impact of aviation emissions by developing and validating new approaches

and models.
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Chapter 2

Impacts of plume-scale treatment of
aviation emissions on atmospheric

composition

This chapter focuses on the role of plume-scale effects on the environmental impact of
aviation emissions. Section 2.1 focuses on motivating this research area and presents the
corresponding literature review. The methods are introduced in Section 2.2 and the results
are presented in Section 2.3. Section 2.4 consists of a discussion about the results and

limitations of this research topic.

2.1 Introduction

Commercial aviation emissions represent the only anthropogenic source of emissions in the
upper troposphere / lower stratosphere (UTLS), and are thus characterized by a dispropor-
tionate environmental impact compared to surface emissions, on an emission mass basis.
The release of atmospheric pollutants from such aircraft activities drives changes in both
air quality and the Earth’s climate.

Aviation emissions interact with the background atmosphere and induce upper-atmospheric
localized chemical and microphysical perturbations persisting for hours up to several days

[86]. Current generation CTMs fail to represent the small-scale, non-linear effects of
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highly-concentrated aircraft plumes, given the relatively coarse spatial resolution. These
global models simulate the release of aircraft emissions by instantly and homogeneously
diluting highly-concentrated plumes into large grid cells, which are typically three or four
orders of magnitude greater than the initial plume size [10, 85, 37, 16].

Previous studies have identified the modeling discrepancies and quantified the intro-
duced bias between the instant dilution approach of emissions, as performed by CTMs,
and a plume-scale treatment [86, 96, 70, 17, 16, 42]. These studies have found that the
instant dilution approach of aircraft emissions leads to an inaccurate assessment of the
plume’s long-term environmental impact, as this assumption leads to enhanced modeled
ozone and lower remaining fraction of in-plume NO,.

Despite the number of studies on aircraft plume-scale processes, only a few have prop-
agated the results of the plume-scale effects to a global model [69, 59]. These studies have
found a decrease in the aviation-attributable ozone perturbation up to 15-18% at Northern
mid and high latitudes [69]. Additionally, the perturbations of NO, are reduced by 25 to
35% over the North Atlantic Flight Corridor [69]. The other study, even though using a
different parameterization, has found similar changes in atmospheric composition due to

the plume-scale correction applied in global CTMs [59].

2.2 Methods

In this section, I present the methods used to evaluate the environmental impact of aircraft
plume-scale processes. I use an aircraft plume model to estimate plume-scale conversions
and production of ozone, NO, and sulfur. I then estimate the global-scale impact of aircraft
plume-scale processes using a CTM with two different approaches. The first approach,
whose results are presented in Section 2.3.1, uses an external processor to derive an aviation
emission inventory accounting for plume-scale processes. For Section 2.3.2, I develop an
embedded tool in a CTM that generates an aviation emission inventory accounting for
plume-scale processes.

Previous studies have looked at the effect of modeling the aircraft plume compared

to instantaneous dilution of emissions in large grid cells (~100 km), which is commonly
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done in global or regional CTMs [16, 96, 17, 95]. The Gaussian plume approximation has
been previously applied to power plant and ship plumes [41, 87, 4, 126] and then extended
to aircraft plume models [70, 66, 96, 127]. In such models, the plume is discretized in
a number N (N < 15) of concentric elliptic rings in which chemical concentrations are
assumed to be constant. These rings can grow over time to model plume dispersion. This
approach is computationally cheap as the time required by chemistry and transport are
reduced. An intermediate approach is to adopt a fixed ring discretization, where plume
growth and aerosol dynamics are performed on a finer grid, as described on Figure 2-1.
The plume model used in this thesis, APCEMM, follows this approach, and has been used
to study pollutant dispersion and contrail evolution over the course of the plume lifetime

[42].

Figure 2-1: Schematic of the discretized ring approach used in APCEMM [42].

2.2.1 Modeling of changes in chemical composition in individual air-
craft plumes
The aircraft plume model, APCEMM, models the plume growth, chemistry and micro-

physics at a fine scale (~100 m horizontally x 20 m vertically). The instant dilution ap-

proach instantly dilutes highly-concentrated sources of emissions into a large grid-box.
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Figure 2-2: Perturbations in ozone (O3), nitrogen oxides (NO,) and the nitrogen reser-
voir species (NO,) according to simulations using an instant-dilution approach and the
APCEMM plume model [42]. Emissions are released at 08:00 local time in a polluted en-
vironment. The dotted black line represents all nitrogen species (NO,), which is conserved.
The shaded areas correspond to nighttime.

Figure 2-2 presents the ozone and nitrogen chemical responses of the instant dilution ap-
proach and the plume model simulation, over the first 24 hours after the initial release, as-
suming meteorological conditions at approximately 11 km, where subsonic aircraft cruise.
The emission characteristics are chosen to represent a B747-8 equipped with General
Electric next-generation (GEnx) engines. The instant dilution approach overestimates the
amount of in-plume ozone production and the NO, conversion rates, thus underestimating
the remaining fraction of in-plume NO,. The discrepancies between both approaches are

due to the concentration of HO, (HO, = OH + HO») in the first few hours after emissions.
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. Number of Range
Parameters Unit — :
samples | Minimum | Maximum
Temperature K 10 210 250
Pressure hPa 8 10 (30 km) | 700 (3 km)
Latitude °N 6 -90 90
Emission Day (cyclical) | - 6 1 365
Emission Time (cyclical) | hr 4 0 24
Total NO, flow g(NOy)/m | 11 0 2.36
Background NO, pptv 4 50 500
Background O3 ppbv 5 50 1000

Table 2.1: Parameters used in look-up table. Cyclical here refers to the fact that the dimen-
sions are treated as periodic (e.g. 24:00 and 00:00 are treated as identical).

In APCEMM, the plume becomes HO,-limited, thus lowering the amount of produced
ozone and NO, conversion rates to reservoir species. A description of the different plume

chemical regimes is provided in the literature [42, 110, 126].

Using APCEMM, a parameterization of plume-scale effects has been established for
inclusion in global models. The chemical discrepancies between APCEMM and the instant
dilution approach are found to be most influenced by the parameters listed in Table 2.1. I
choose the parameters in Table 2.1 based on a sensitivity study varying each variable input
in APCEMM. I find that latitude is a key variable that influences the in-plume ozone pro-
duction and remaining NO, fraction. The latitude of the flight affects how much sunlight
an aircraft plume receives over a 24 hour time period. The noon-time photolysis rates and
background mixing ratios also depend on the latitude of the flight. I exclude other parame-
ters (such as longitude of the flight or background sulfur) because they modify the 24 hour
ozone and NO, plume concentrations by less than 2%. Parameters such as pressure, lati-
tude, emission day, total NO, flow, and background ozone and NO, are not evenly sampled
in the look-up table, while temperature and emission time have uniform increments. I then
run APCEMM for ~2.5 million cases spanning the ranges of each parameter listed in Table
2.1, changing one parameter at each new case. The chemical output of ozone, NO,, HNO3,
and HNOy are saved into a look-up table as a function of the input parameters. The look-up

table consists of a netCDF file of 39 MB.

Table 2.1 lists out parameters that matter when evaluating the in-plume ozone pro-
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duction and remaining NO, fractions. Regarding in-plume sulfur, I carried out additional
APCEMM simulations to compute the conversion rates of sulfur dioxide to sulfuric acid.
This conversion process is found to be most dependent on the seasonality, and meteorolog-

ical conditions, but is found to be independent of background concentrations.

2.2.2 Implementation of a plume-scale treatment of aviation emissions

in a global chemistry transport model

This section describes the implementation detail of the correction to aviation emissions due
to aircraft plume-scale effects in the global CTM GEOS-Chem version 13.0.0. Even though
this chapter performs the atmospheric simulation using the GEOS-Chem model, the com-
putation of corrected emission fluxes to account for plume-scale effects could be repeated
in other CTMs, or even performed externally using archived meteorological data. GEOS-
Chem uses the Unified Chemistry eXtension to explicitly model both the troposphere and
stratosphere, thus allowing for chemical responses due to high-altitude emissions [29]. The
Modern Era Retrospective analysis for Research and Applications version 2 (MERRA-2)
is a satellite-era global reanalysis produced by NASA’s Global Modeling and Assimilation
Office (GMAO) spanning from 1980 to present. The intent of MERRA-2 is to assimilate
space-based observations combined with the Goddard Earth Observing System (GEOS)
atmospheric model and data assimilation system (DAS) [104]. The MERRA-2 reanal-
ysis provides a record of the global atmosphere and land and ice surface representation
[44, 104]. In this section, I use MERRA-2 to drive GEOS-Chem.

GEOS-Chem uses HEMCO to calculate emissions from different sources, regions and
species (Keller et al. 2014). Previous emission extensions have been applied within
HEMCO to deal with emission processing, such as lightning, biogenic or dust emissions
[90, 50, 26]. A plume parameterization of ship emissions has been previously implemented
in GEOS-Chem [126, 58]. I here implement the PaNiC emission extension as an extension
of HEMCO to account for a plume-scale treatment of aircraft emissions. This extension in-
terpolates emission corrections from the look-up table using meteorological conditions and

chemical concentrations taken from GEOS-Chem and the grid-cell averaged NO, emission
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rate. This allows the substitution of the grid-cell emissions with the 24-hour plume con-
centrations, at which point the aircraft wake is sufficiently diluted to neglect any chemical
non-linearities. This plume-scale treatment leads to emission corrections of NO,, HNOs,
HNOy4, O3, SO», and sulfuric acid. NO, is partitioned into NO and NO; based on the back-
ground NO to NO, ratio. I assume a constant fuel sulfur content of 600 parts per million
on an elemental sulfur mass basis [105]. This plume-scale treatment of emissions is only
applied between 500 and 10 hPa. Subsonic aircraft cruise pressures are in the range of 200
to 250 hPa (corresponding to an altitude range of 10 to 12 km). Outside of the 500 to 10
hPa range, a conversion fraction of SO, to sulfuric acid of 2% is applied, corresponding
to the chemical production of H,SOy in the aircraft engines and early-plume [55, 7]. The
plume-scale extension conserves the emitted mass of nitrogen and sulfur (on an NO, and
sulfur mass basis respectively). Seasonal variations of the remaining fractions of in-plume

NO, are presented in the Appendix A.1.

To apply corrections to aviation emissions, the first steps consist of acquiring the species
concentrations and meteorological data required by the look-up table. The aviation emis-
sion inventories include the gridded emission fluxes for each emission species (NO,, CO,
hydrocarbons) expressed in kg/m?/s. The next steps evaluate the gridcell-averaged NO,
mass per distance flown, in g/m, interpolates from the look-up table to estimate the correc-

tion, and then converts this value back to a corrected emission flux, in kg/mZ/s.

By averaging the NO, mass per distance flown in each gridcell, I represent all the
flights in a given gridcell as a single flight with the same averaged NO, flow, which can
be a limitation of the proposed method in gridcells with a large number of flights. Indeed,
the look-up table provides the correction that needs to be applied for a single aircraft. An
alternative would be to run the plume-scale processing step at the resolution of the aviation
emission inventory, which is often finer than the model grid. This feature is currently being

developed in GEOS-Chem [78].

The process described can either be used to compute a processed emission inventory
externally by using archived meteorology and species concentrations, or embedded in a
CTM, thus computing the corrections due to plume-scale processes during the model run.

The embedded approach consists of implementing the flow process in HEMCO as an emis-
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sion extension.

2.2.3 Simulation setup

The commercial aviation emission inventory is derived for the year 2015 from the Aviation
Emissions Inventory Code (AEIC) [109, 112] and consists of ~220 Tg of fuel burn and
3.93 Tg NO, (on a NO, mass basis). More details on the geographical distribution of
commercial aviation emissions are provided in Appendix A.2.

To evaluate the long-term atmospheric response on upper-atmospheric composition and
surface pollutant concentrations, I perform three five-year GEOS-Chem simulations, one
without aviation emissions, one with aviation emissions and accounting for plume-scale
processes, one with aviation emissions but without plume-scale treatment. The three sim-
ulations aim to quantify the role of plume-scale processes in the assessment of aviation
emissions’ impacts on atmospheric composition. The five-year integration time allows for
the aviation-attributable ozone response to vary by less than 5% in simulation years 3 to
5. All GEOS-Chem simulations use a horizontal grid resolution of 4° x 5°. The vertical
grid consists of 72 layers between the Earth’s surface and 1 Pa (corresponding to ~80 km
in pressure altitude). Chemistry is performed up to 1 hPa (~50 km) above which a sim-
plified chemical representation is applied in the mesosphere. I also evaluate the change
in aviation-induced radiative forcing from plume-scale processes by running GEOS-Chem
with RRTMG (Rapid Radiative Transfer Model for General Circulation Models) for each
first day of the month, to lower computational resources [52]. The simulations are summa-

rized as following:

» Simulation 1: baseline, five-year run with default aviation emissions (non-processed)

¢ Simulation 2: same as Simulation 1, but without aviation emissions

* Simulation 3: same as Simulation 1, but with aviation emissions processed using the

look-up table
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2.3 Results

This section presents the changes in atmospheric composition due to plume-scale chemistry
effects in aircraft wakes.

In Section 2.3.1, the correction in emission fluxes due to plume-scale effects are cal-
culated externally using archived species concentrations and meteorology from MERRA-2
and fed into the GEOS-Chem model. In Section 2.3.2, the process flow is implemented
in HEMCO as an emission extension module, thus enabling the calculation of emission
corrections during the model run.

The two approaches presented in this section assume that the aircraft emission inventory
is available at a fine resolution. A gridcell-averaged NO, flow is computed from the total
NO, emissions and distance flown, thus replacing all flights with a single flight with the

same NO, flow as the gridcell average.

2.3.1 External coupling

In this section, I apply the process flow using archived monthly-averaged species concen-
tration as well as meteorology from MERRA-2. I process the default aviation inventory
to generate an emission inventory that accounts for plume-scale processes. This updated
inventory is used in Simulation 3 only. Simulation 1 uses the default aviation emission
inventory.

The zonally-averaged ozone volumetric mixing ratio changes due to aviation emissions,
while accounting for plume scale processes, are shown in Figure 2-3. The average is per-
formed over the last four years of the simulation to allow for sufficient spin-up time. An
increase in ozone concentrations can be seen through the troposphere, with a maximum of
~16 ppbv reached around subsonic cruise altitudes between 30°N and 90°N. The relative
increase is greater at lower altitudes, reaching a maximum in the descending branch of the
Hadley cell, in agreement with previous studies [7].

Subsonic aviation emissions lead to a different response in the stratosphere. In the
lowest part of the stratosphere, below 25 km, there is a positive ozone response, while,

at higher altitudes in the tropics, ozone is depleted through catalytic chemical cycles. 1
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find a small increase in stratospheric ozone in extra-tropical regions of ~1 ppbv. This
ozone depletion occurs more than 15 km higher than the altitude at which subsonic aviation
emissions are released. This shows that aviation emissions are transported and that their
effects are not localized.

The tropospheric response displays a strong hemispheric asymmetry, while the strato-
spheric response displays a more symmetric pattern around the Equator. In the troposphere,
the ozone response is largest where most aviation fuel is burnt, at mid and high northern
latitudes and at ~11 km. I observe a 2 ppbv perturbation in the Southern Hemisphere, while
it reaches 15 ppbv in the Northern Hemisphere, in the 10 to 12 km altitude band. In the
stratosphere, the aviation-induced ozone perturbation reaches -5 ppbv in tropical regions,
while I find that extra-tropical regions are characterized with an increase of ~1 ppbv. I
find that the ozone perturbation in the stratosphere is better distributed across both hemi-
spheres than in the troposphere. A possible explanation is that aviation emissions enter the
stratosphere through the Brewer-Dobson circulation and are thus distributed more evenly

between the North and South Hemisphere.
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Figure 2-3: Zonally-averaged ozone perturbation from aircraft emissions after accounting
for the non-linear processes in aircraft plumes. The averaging is performed over the last
four years of a five year run, allowing for one year of spin up.

Figure 2-4 shows the change in the aviation-attributable ozone response due to the

inclusion of plume-scale processes. The reduction is change is computed as following:
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[03](3) _ [03](2>

[03](1) _ [03](2)7 (21)

where [O3](i) represents the ozone concentration as evaluated by GEOS-Chem in Sim-

ulation i (i between 1 and 3).

The aviation-attributable ozone response is decreased throughout the troposphere by
~8% due to the inclusion of plume-scale processes. The reduction is stronger in the North-
ern Hemisphere, especially at the subsonic cruise altitudes, where it reaches a reduction of
10%. At the surface, the change is smaller with a reduction of ~5%. Previous studies have
found a reduction in the ozone response due to aircraft emissions by up to 18% at subsonic
altitudes and northern middle and high latitudes [69]. From the simulations carried out, a
~5% reduction in surface PM; 5 is observed.

In the stratosphere, a reduction of 20% in aviation-attributable ozone can be observed
in the tropical region. An increase in the aviation-induced ozone response can be observed
in the 45°N-90°N latitude band at 20 km. However, the magnitude of the positive ozone

response does not exceed 10%.
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Figure 2-4: Zonally-averaged change in the aviation-attributable ozone from the inclusion

of a plume-scale processing of aviation emissions. The averaging is performed over the
last four years of a five year run, allowing for one year of spin up.
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2.3.2 Embedded coupling

In this section, I embed the methods described in Section 2.2.2 within the emission routines
of GEOS-Chem. This allows the use of species concentrations as computed by the model

and the use of high-frequency and spatially-refined meteorology.

Emission diagnostics

This section presents the changes in aviation emissions, as calculated by GEOS-Chem, due
to the introduction of a plume-scale processing routine. For this section, I implemented
an emission extension in HEMCO that processes aviation emissions to include for plume-
scale processes, as described in Section 2.2.2. The results in this section are obtained by
saving out emission diagnostics from the embedded processing tool in HEMCO and by
taking the difference between three GEOS-Chem runs, as described in Section 2.2.3.

Figures 2-5 and 2-6 present the emission diagnostics archived by the GEOS-Chem sim-
ulation with the plume-scale processing of aviation emissions (Simulation 3). Figure 2-5
displays zonally-averaged NO, remaining fractions as estimated by the model meteorol-
ogy and calculated concentrations. The results are broken down by season. I find that the
24-hour NO, remaining fraction is correlated with background temperatures in agreement
with previous studies [42, 127]. 1 also show that this fraction reaches a minimum at lower
altitudes in the tropical region due to the warmer air, promoting the conversion of NO, to
nitrogen reservoir species. This agrees with the past literature, which found a reduced life-
time of NO, (against conversion to HNO3) at lower altitudes of ~3 days at 8 km, compared
to ~10 days at 12 km [61].

Because of the coarse computational representation, modern-day CTMs fail to accu-
rately capture the in-plume ozone changes in aircraft wakes. In-plume ozone is the sum
of a NO titration effect (depleting ozone on a short time-scale) and long-term day-time
ozone production. Figure 2-6 shows the zonally-averaged ozone changes introduced into
GEOS-Chem due to plume-scale processes. I first observe that the ozone production scales
with incoming sunlight, leading to greater ozone production in tropical areas. The peak

ozone production occurs South of the Equator during the North-Hemispheric winter sea-
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Figure 2-5: Zonally-averaged 24-hour NO, remaining fractions owing to plume-scale pro-
cesses in aircraft wakes as computed by GEOS-Chem. The average is only performed in
regions where aviation fuel burn is non-zero.

son (DJF) and slightly North of the Equator during North-Hemispheric summer (JJA). I
also find that day-time ozone production increases with lower altitudes [42]. I show that
flights at high latitudes (60°N-90°N) during the North-Hemispheric winter are character-
ized with net negative ozone change, as the ozone loss due to the titration effect overcomes
the day-time ozone production, due to the scarcity or absence of sunlight.

The inclusion of plume-scale processes for aviation emissions leads to the conversion
of 0.77 Tg of NO, to nitrogen reservoir species (on a NO; mass basis), emitted as either
HNOj3 or HNO4. Additionally, plume-scale effects lead to the production of ~7 Tg of
ozone, corresponding to an average ~1.8 g(O3) per emitted grams of NO, (on a NO, mass

basis).

Changes in upper-tropospheric composition

This section presents changes in upper-atmospheric composition owing to aviation plume-

scale processes. The left panel of Figure 2-7 shows the environmental response of ozone

37



=
(2%

g 11 :
~ \
4 10 i
2 \
' MAM
84 A
12 .
g1l N
& \‘
S 10
2 i
3, E'
o U SON
90°S 60°S 30°S Eq 30°N 60°N 90°N  90°S 60°S 30°S Eq 30°N 60°N 90°N
Latitude Latitude
-6 -4 -2 0 2 a 6

05 emission conversion factor, kg Os/kg NO,

Figure 2-6: Zonally-averaged 24-hour ozone production owing to plume-scale processes
in aircraft wakes as computed by GEOS-Chem. The average is only performed in regions

where aviation fuel burn is non-zero. The dashed line represents the isoline of net zero
ozone production.

volumetric mixing ratios to aviation emissions. Subsonic aircraft emissions lead to an
increase in tropospheric ozone concentrations, in agreement with previous studies [28, 31,
64, 7]. The greatest increase in ozone mixing ratio can be found in the 10 to 12 km altitude
band (near cruise altitudes) and at latitudes between 30°N and 90°N. At lower altitudes,
the aviation-induced changes in ozone mixing ratios are smaller in absolute terms, but
still reach ~2-3 parts per billion in the descending branch of the Hadley cell [7]. The
contribution of plume-scale processes to the aviation-induced ozone response are shown in
the middle panel of Figure 7. This environmental feedback is the compound response due
to reduced aircraft NO, emissions (due to the in-plume chemical conversions), reservoir
nitrogen and ozone emissions, as well as a repartitioning of emitted sulfur into SO, and
sulfate aerosols. The ozone response owing to plume-scale processes is negative at all
altitudes, corresponding to ~2% of the local change due to aviation emissions at cruise

altitudes. Plume-scale processes lead to the depletion of tropospheric ozone but seasonal
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patterns vary. The annually-averaged relative change in aviation-attributable ozone due to
plume-scale processes is displayed in the right panel of Figure 2-7. I find that this relative
change lies within £5% of the total aviation-induced ozone, but seasonality influences the

magnitude of the ozone response.
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Figure 2-7: Absolute change in zonally-averaged ozone mixing ratios due to aviation emis-
sions (left), due to plume-scale processes in aircraft wakes (middle). The relative change
in aviation-attributable ozone is displayed in the right panel. All figures are plotted with
different color scales. The averaging is performed over the last four years of a five year
run, allowing for one year of spin up.

The seasonal dependence of the role of plume-scale processes is shown in Figure 2-8,
in which the North-Hemispheric relative change in aviation-attributable ozone is compared
for boreal winter (DJF) and summer (JJA). Previous studies have found that wintertime air-
craft emissions lead to greater tropospheric and surface perturbations [75, 28, 114]. During
winter, the ozone tropospheric lifetime is at its maximum, leading to enhanced aviation-
attributable ozone at the ground [131]. Figure 2-8 shows that plume-scale processes lead
to a negative ozone response at all latitudes in the Northern Hemisphere, extending from
cruise altitudes to the surface. However, during summertime, the relative change is greater,
reaching ~5-8%, compared to ~1-4% in the winter. I also find that the inclusion of plume-
scale effects reduces the atmospheric NO, concentrations at cruise altitudes, where aviation
emissions can locally account up to 90% of the NO, budget during boreal winter. This frac-
tion goes down to ~80% after accounting for plume-scale processes. This reduction in NO,
concentrations is balanced by the release of by-products of in-plume chemistry, HNO3 and
HNOy.

Finally, I find that the North-Hemispheric ozone column increases by 2.3 DU due to
aviation emissions, however, the inclusion of plume-scale processes reduces the total ozone

column by less than 50 mDU. The instantaneous top-of-the-atmosphere aviation-induced
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longwave radiative forcing is reduced by 4%.
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Figure 2-8: Seasonality dependence of the aviation-attributable ozone (top) and relative
change owing to plume-scale processes (bottom) for North-Hemispheric winter (left) and
summer (right). The averaging is performed over the last four years of a five year run,
allowing for one year of spin up.

Changes in surface air quality

This section focuses on surface changes induced by aviation emissions and the contri-
bution of plume-scale processes to ozone and particulate matter with a radius smaller or
equal to 2.5 um (PM, 5), both of which are known to negatively contribute to human health
[38, 11, 136]. Figure 2-9 displays surface changes in ozone volumetric mixing ratio due to
commercial aviation emissions (top panel). I find that commercial aviation emissions lead
to a population-weighted surface ozone perturbation of 0.73 ppbv, in agreement with pre-
vious studies [28]. The inclusion of plume-scale processes reduces the annually-averaged

surface ozone perturbation by ~10-50 pptv (middle panel of Figure 2-9), with important
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Figure 2-9: Changes in surface ozone volumetric mixing ratio due to commercial aviation
emissions (top), due to plume-scale effects occurring in aircraft wakes (middle). The rela-
tive change in surface aviation-attributable ozone is shown in the bottom panel. Each plot
uses a different color scale. The averaging is performed over the last four years of a five
year run, allowing for one year of spin up.

spatial variations. Regions with large background NO, concentrations and high-population
density, such as Western Europe, South-East Asia or the New England area are character-
ized with increased ozone exposure after accounting for plume-scale effects from aviation.
These regions of increased surface ozone are characterized by annually-averaged back-
ground NO, mixing ratios greater than 8 ppbv. However, Northern India, which also has
high background NO,, does not experience an increase in aviation-attributable ozone from
aircraft plume-scale processes. In regions with large NO, and volatile organic compounds
(VOCs) concentrations, a decrease in NO, concentrations leads to enhanced ozone mixing

ratios, as observed in previous studies linking decreases in NO, emissions and aggravated
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ozone air pollution [130].

The perturbations in surface PM, 5 concentrations due to aviation emissions, and plume-
scale effects are shown in Figure 2-10. I find that commercial aviation emissions lead to
an annually-averaged, population-weighted increase of 0.095 ug/m? in the PM, 5 exposure.
The spatial variations are more heterogeneous compared to the aviation-attributable ozone
response, as the PMj 5 exposure is more concentrated in South-East Asia, India and West-
ern Europe [28, 7]. Globally, the inclusion of plume-scale processes leads to no change in
the population-weighted PM, 5, however, this is due to both positive and negative contri-
butions. The change in PM, 5 exposure due to plume-scale effects corresponds to changes
in surface concentrations of nitrates (NO3). In regions of increased ozone, formation of
PM, 5 is enhanced, thus explaining the large PM, 5 contributions over Europe and more

moderately in East Asia.

2.4 Discussion and limitations

The change in the environmental response from aviation emissions due to plume-scale
effects is evaluated by two different approaches. A look-up table containing the emission
corrections is constructed using the APCEMM aircraft plume model, which enables the
processing of the aircraft emission inventory to account for plume-scale effects.

I find that our plume-scale processing of aircraft emissions, whether processed exter-
nally or embedded in GEOS-Chem, leads to the conversion of ~40% of emitted NO, to
nitrogen reservoir species after 24 hours. To account for these plume-scale conversions,
~7 Tg of ozone are emitted, corresponding to 1.8 g(O3) per emitted gram of NO,. I also
find that the season and location of emissions affect the NO, conversion rates and in-plume
ozone.

When processed externally, the aircraft emission inventory used in GEOS-Chem showed
a ~8% decrease in the aviation-attributable ozone atmospheric burden. At subsonic cruise
altitudes, the reduction in the ozone response reaches up to ~10%. This is in agreement
with previous studies on the plume-scale impacts of commercial aviation emissions [69].

At the surface, aviation-attributable PM; 5 and ozone exposure are reduced by ~5% with
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Figure 2-10: Changes in surface PM; 5 mass concentrations due to commercial aviation
emissions (top), due to plume-scale effects occurring in aircraft wakes (middle). The rel-
ative change in surface aviation-attributable PM; 5 mass concentrations is shown in the
bottom panel. Each plot uses a different color scale. The averaging is performed over the
last four years of a five year run, allowing for one year of spin up.

spatial and seasonal heterogeneities.

By computing emission corrections during the model run, the embedded approach pro-
duces results that are in agreement with the external processing. With the embedded ap-
proach, I find that accounting for plume-scale processes leads to a reduction in the globally-
averaged aviation-attributable ozone mass perturbation by ~5%, with non-negligible sea-
sonal and spatial variations. I show that the plume-scale conversions of NO, to HNO3 and
HNOy4 lower the aviation-attributable contribution to cruise altitude NO, from 90% to 80%
during Northern-Hemispheric winter. Additionally, I find that commercial aviation emis-

sions lead to an increase in population-weighted ozone and PM, 5 exposure by 0.73 ppbv
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and 0.095 ug/m?> respectively. Plume-scale effects contribute to reducing this ozone expo-
sure by 10 to 50 pptv globally, while the change in population-weighted PM, 5 exposure is
negligible from plume-scale effects. I also show that this surface ozone and PM; 5 change
from plume-scale effects is spatially heterogeneous, with regions with high background
NO, experiencing increases in surface ozone and PM,; s, while remote locations such as

marine conditions are characterized by decreases in PM, s.
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Chapter 3

Dependence of aviation’s ozone impacts

on altitude and exhaust composition

This chapter focuses on the different pathways influencing the ozone response to aviation
emissions and introduces the notion of column ozone-neutral altitude, at which emissions
would lead to a net zero change in column ozone. Section 3.1 presents the motivation for
this research area, while Section 3.2 describes the validation of the adjoint model as well
as the methods to estimate the column ozone-neutral altitude. In Section 3.3, I calculate
a column ozone-neutral altitude and estimate its variations as a function of time, location
of flight as well as emission characteristics. Additionally, in Section 3.3, I estimate the
global ozone impact from individual contrails as well as its dependence on contrail loca-
tion. Forward model estimates of the impact of aircraft induced cloudiness on atmospheric
composition are limited given the lack of publicly-available contrail ice inventories. I also
tie Section 2 to the present chapter by evaluating the impact of plume-scale processes on the
column ozone-neutral altitude. In Section 3.4, I present some future steps for this research

area and I discuss current limitations.

3.1 Introduction

The recent renewed interest in supersonic civil aviation from several private companies

revives the environmental concerns related to high-altitude emissions from supersonic air-
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craft [2, 8]. Previous commercial supersonic projects, such as the Concorde, were under-
mined by the growing fear of large-scale environmental damage from emissions at a cruise
altitude of 18 km. Prior studies have quantified the magnitude of ozone depletion due to
high-altitude emissions of supersonic aircraft with specified fleet size [21, 116, 102, 48].
A fleet of 500 aircraft for the year 2015 is for instance estimated to modify between -2.5%
and +0.5% of the North Hemispheric ozone column [102]. These studies link emissions
of NO, to catalytic depletion of stratospheric ozone and mention a non-negligible contri-
bution from emitted water vapor. A contribution from sulfur on total column ozone is also
observed in previous reports [102], which finds that the inclusion of sulfur emissions dou-
bles the ozone response for a supersonic fleet owing to NO, and water vapor only. Recent
work on the environmental impact of a new fleet of supersonic aircraft found that sulfur is

responsible for ~50% of the ozone depletion for a cruise altitude of 17.5 km [111].

In contrast, a number of studies of subsonic commercial aviation, with cruise altitudes
in the 10 to 12 km range, have found that subsonic emissions lead to a positive global col-
umn ozone contribution [28, 31, 64, 94, 15]. All the studies have found that nitrogen oxides
are the dominant contributor to the global ozone response to subsonic aviation emissions.
Additionally, the contribution of water vapor is found to be negligible, while sulfur is only

responsible for a non-significant fraction of the total column ozone perturbation.

This variation in the behavior of aviation emissions leads to the hypothesis that there
must exist an altitude at which aviation emissions lead to a net zero contribution to the
global ozone column. This net zero change in column ozone would be explained by a bal-
ance between tropospheric ozone production and stratospheric ozone depletion. Both ef-
fects would be detrimental to public health, by either increasing the surface level of ozone
and PM; 5 or enhancing the amount of UV-radiation reaching the ground, and thus, height-

ening the incidence rate of skin cancer.

In this section, I build upon previous work on the GEOS-Chem Adjoint to implement
stratospheric chemistry and further validate stratospheric chemistry. Prior work had pro-
duced an adjoint model which could only operate over short integration periods, but the
model was unstable when the integration time was longer than two months [23]. Prior

validations have only focused on comparing sensitivities from individual modules [23] but

46



no full-model validations of the GEOS-Chem Adjoint with stratospheric chemistry had
been generated prior to this thesis. I further develop the GEOS-Chem Adjoint to allow
for decadal simulations. In this chapter, I present the validation of full-model runs by
comparing adjoint-derived to forward sensitivities. I then compute adjoint sensitivities of
column ozone with respect to aviation emissions over a full decade, as required due to
the longer lifetimes in the stratosphere. Additionally to direct aircraft emissions, I also
examine the magnitude of the sensitivities to contrail ice surface area, despite the lack of
global publicly-available contrail ice inventories. The derived adjoint sensitivities allow
me to calculate a column ozone-neutral altitude for subsonic and supersonic aviation emis-
sions. Finally, I evaluate the dependency of the column ozone-neutral altitude on emission

composition and location, while also accounting for plume-scale processes.

3.2 Methods and model validation

The future market for the supersonic aviation industry is subject to significant uncertainties,
whether related to the fleet size or the emission characteristics. Uncertainty quantification
thus appears as a crucial cornerstone for this study. The evaluation of the environmental
response of various emission datasets, each representing a different scenario for the avia-
tion industry, through a CTM is computationally expensive as the number of key design
variables is increased. Another approach is to estimate the sensitivity of the change in the
simulated atmospheric composition to emissions using adjoint modeling. The adjoint of a
CTM allows for the rapid environmental assessments of various aircraft designs, regulatory
scenarios and market adoption while maintaining fidelity, and using emission datasets as

input.

3.2.1 Adjoint modeling

Three-dimensional atmospheric CTMs can be used to quantify the natural and anthro-
pogenic influences on the environment. Given the complexity of current CTMs and spatial
and temporal variations in emission sources, estimating forward-based sensitivities is com-

putationally expensive. Over the past two decades, adjoint-based models of 3-D regional
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and global CTMs have been developed [88, 89, 107, 51, 53], used to constrain emission
sources from measurements [19, 68, 140] and to assess atmospheric sensitivities to ozone

and particulate matter exposure [108, 54, 46, 67, 6].

However, most of the recent work on adjoint-based CTMs has been focused towards
estimating surface population exposure or constraining ground emission sources and no
previous studies quantified sensitivities to stratospheric-oriented objective functions. Ob-
jective function here refers to the quantity that I want to estimate sensitivities to (e.g. sensi-
tivity of column ozone to emissions). The introduction of the Unified Chemistry eXtension
(UCX) in GEOS-Chem offers the potential to capture long-term stratospheric responses
and to more accurately represent tropospheric-stratospheric exchanges [29]. The GEOS-
Chem Adjoint had been lacking stratospheric capabilities and 1 present, in this chapter,
the validation of the GEOS-Chem UCX Adjoint by comparing forward to adjoint-derived
sensitivities. This validation step is necessary to make sure that the stratospheric ozone
response is accurately captured, as supersonic aviation is known to lead to damages to the

ozone layer [21, 102, 133].

3.2.2 Validation of full-model runs

The GEOS-Chem Adjoint consists of a forward and a differentiated model. The latter
evaluates sensitivities around the "base" state of the atmosphere as computed by the for-
ward component of the adjoint model. Validation of the GEOS-Chem Adjoint capabilities
has been previously performed, but focuses on sensitivities of near-surface processes [53].
The introduction of the UCX into GEOS-Chem Adjoint, thus unifying tropospheric and
stratospheric chemistry, requires the validation of the forward model and the differentiated
model. No previous full-model validations of the GEOS-Chem UCX Adjoint existed prior
to this work, as only partial validations of adjoint modules have previously been validated
[23]. Prior to this thesis, the GEOS-Chem UCX Adjoint was lacking adjoint modules and
suffered from instabilities in the stratosphere that would prevent any simulation for more
than multiple months. To resolve these instabilities, I develop and validate additional ad-

joint modules that were not previously incorporated in the GEOS-Chem UCX Adjoint.
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This new development allows for the inclusion of heterogeneous chemistry when evaluat-
ing sensitivities. For instance, in this thesis, I present sensitivities of total column ozone to
contrail ice surface area. Additionally, I remove lumped tracers from GEOS-Chem, which
were previously causing instabilities in the stratosphere and I update the emission inven-
tories to more recent versions (especially for aviation emissions), which allows for a more

accurate estimate of the atmospheric composition.

The validation of the differentiated model requires the evaluation of upper-tropospheric
and stratospheric-oriented objective functions (e.g. total ozone column). Forward sensi-
tivities for a given control parameter are obtained by taking the difference between two
GEOS-Chem runs. Given the complexity of GEOS-Chem as a state-of-the-science CTM,
it is computationally expensive to calculate and validate component-wise adjoint-derived
gradients with respect to each control parameter. However, I present the validation of the
GEOS-Chem UCX Adjoint by comparing aggregated adjoint and forward sensitivities of
full-model multi-year runs. While the location of the impact cannot be deciphered from
adjoint modeling, the sensitivities offer the possibility to identify the emission sources that
contribute the most to the objective function. Atmospheric sensitivities express how a
change in concentration in a given species (e.g. NO) and at a given time and location affect

the aggregated objective function.

Given the differences between tropospheric and stratospheric chemical behaviors, I val-
idate the adjoint-derived sensitivities by using an emission scaling of the aviation inventory,
with emission scaling varying between £100% of baseline values. The emission invento-

ries are obtained from market analysis.

Figure 3-1 displays the forward and adjoint-derived changes in averaged ozone col-
umn, expressed in Dobson Units (DU), to a scaling in subsonic aircraft NO, emissions.
The estimated yearly adjoint sensitivities reproduce the results from GEOS-Chem with a
maximum error of 50 mDU, corresponding to a relative difference of 8%. Using a spline
fit for the forward results, I obtain a root mean square error of 18 mDU for the emission
range analyzed, spanning up to 7.5 Tg of emitted NO, (on an NO; mass basis). The right
axis of Figure 3-1 displays the normalized ozone response with respect to a 1% scaling in

aviation NO,. Since the adjoint sensitivities are based on first-order gradients, discrepan-
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cies between the adjoint-derived and forward-derived results are in part an indicator of the
presence of chemical non-linearities.

Both forward and adjoint approaches estimate that aviation emissions lead to an in-
crease of ~208 mDU per Tg of emitted NO, (on an NO, mass basis) around the baseline
scenario. The forward model response is slightly concave with respect to the annual avia-
tion NO, emissions, meaning that the gradient is greater at reduced emissions compared to
the adjoint-derived sensitivity.

Figure 3-1 allows us to quantify the impact of aviation nitrogen oxides emissions on
total ozone column. I find that including aircraft NO, emissions results in an increase
of approximately 600 mDU (compared to a simulation with no aircraft emissions), corre-
sponding to a globally-average increase of 0.21% in total ozone column mass, consistent
with prior estimates [28]. These results are obtained using a single-year adjoint simulation
(for 2007), during which I expect the response to aviation to not yet be in steady state.
This explains the smaller increase in column ozone than is calculated for the longer-term
simulations shown earlier. Long-term feedbacks on upper-tropospheric and stratospheric
ozone are captured in longer, five-year simulations.

Next, I evaluate the accuracy of computed lower and mid-stratospheric sensitivities
through a scaling in supersonic aviation emissions. I here focus on the role of nitrogen
oxides and sulfur emissions. The stratospheric behavior of these species is expected to sig-
nificantly differ from that in the troposphere. Five year adjoint simulations are performed
to capture long-term stratospheric responses to supersonic aviation emissions. The follow-
ing three model tests are conducted to evaluate simulation accuracy: scaling of supersonic
NO, emissions, scaling of supersonic sulfur emissions, and scaling of supersonic water
vapor emissions.

Figure 3-2 compares the five-year adjoint and forward responses to a scaling in NO,
emissions from supersonic aviation. The adjoint model is able to reproduce the results of
the forward model, however with a larger gradient. High altitude NO, emissions have a
greater potential for stratospheric depletion compared to subsonic emissions. The adjoint-
derived sensitivities indicate that this supersonic emissions scenario, with a cruise ceiling

at 20 km, leads to 2.8 DU of depleted ozone per Tg of emitted NO, on an NO, mass basis
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Figure 3-1: Comparison of forward and adjoint sensitivities with respect to a scaling in
aircraft NO, emissions.

(approximately corresponding to 28 mDU / (Tg fuel burn/year)).

The gradient of the ozone response from aviation NO, emissions shows a strong depen-
dence on the cruise ceiling. Sensitivities of ozone column to NO, emissions reverse at ~15
km at northern mid-latitudes, going from positive to negative. The altitude of this reversal

also depends on season, varying from 13.5 km in July to 16 km in January.

Figure 3-3 displays the five-year mean ozone response to a scaling in supersonic sulfur
emissions, simulated as a change in the fuel sulfur content with a fixed 2% conversion

factor. The forward and adjoint models agree with a root mean square error of 29 mDU.

Both models estimate the ozone response to scale linearly with the amount of emitted
sulfur, with a slope of -19.5 DU per Tg of elemental sulfur per year, for emissions at 20
km. In the 15-20 km band, sensitivities to SO, and H,SO4 emissions are approximately 10

times larger than sensitivities to NO, emissions.

Altitude and latitude play a key role in determining the role of sulfur on ozone col-

umn. Figure 3-3 displays zonally-averaged adjoint sensitivities of ozone column to sulfur
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Figure 3-2: Response of total ozone column to a scaling in supersonic aircraft NO, emis-
sions according to GEOS-Chem (red) and using atmospheric sensitivities from GEOS-
Chem UCX Adjoint (black). Red data points show the results of a series of forward model
simulations, in which the supersonic aviation emissions are scaled, from an annual base-
line of 0.26 Tg (on an NO, mass basis). The right axis displays the normalized impact with
respect to a 1% scaling in aircraft NO, emissions.

emissions. Sulfur has a limited impact in the troposphere. In the stratosphere, sulfur emis-
sions lead to ozone depletion due to the heterogeneous reactions taking place on the aerosol
surface, converting reservoir chlorine (e.g. CIONO;) to active chlorine, which catalytically
depletes ozone. The amount of ozone depletion from sulfur emissions is expected to reduce

with decreased stratospheric chlorine loading.

The magnitude of sulfur-induced ozone depletion varies with altitude and latitude,
peaking at -15 mDU per Gg SO, per year in the extra-tropics. Figure 3-3 shows that
the equatorial region is characterized by lower sensitivities to sulfur emissions. Additional
validation experiments regarding the role of stratospheric sulfur are presented in Appendix

B.1.

Given the complexity of the tropospheric hydrological cycle, the UCX chemistry mech-

anism treats water vapor as a passive tracer throughout the troposphere [28, 29]. GEOS-5
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Figure 3-3: Changes in the response of total ozone column to a scaling in supersonic air-
craft sulfur emissions (released as SO, and H>SOy4) according to GEOS-Chem (red) and
using atmospheric sensitivities from GEOS-Chem UCX Adjoint (black). Red data points
show the results of a series of forward model simulations, in which the supersonic aviation
emissions are scaled, from an annual baseline of approximately 15 Gg of sulfur.

humidity fields are used to derive tropospheric water mixing ratios. At the tropopause, the
low temperatures lead to an effective freezing out of water vapor, driving a low water mass
flux to the stratosphere that explains the arid conditions in the upper atmosphere [43]. This
allows us to treat H,O as a chemically-active and advected tracer in the stratosphere and to
capture events such as dehydration through sedimentation of ice polar stratospheric clouds
(PSCs). This translates to sensitivities with respect to water emissions identically equal to

zero in the troposphere.

Figure 3-4 displays the column ozone response to water vapor emissions from the su-
personic aviation scenario, which consists of 32 Tg of water vapor emitted between ground
and cruise altitude. Additionally, Figure 3-4 also shows zonally and temporally-averaged
adjoint sensitivities of total ozone column to water vapor emissions, expressed in mDU /
(Tg HyOlyear) for a five year adjoint simulation. Out of the 32 Tg of water vapor, approx-

imately 65% are released above the 20 km threshold, and thus have a significant impact on
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the ozone column response.

Water vapor is the primary source of HO, (H, OH, HO,) which catalytically destroys
ozone, thus explaining the negative sensitivities in the stratosphere. Additional OH also
converts the abundant and stable chlorine species, HCI, into active chlorine (Cl, C10) which
further depletes ozone through rapid ClO,-cycling and further enhances the sensitivities to
water vapor [36].

For the supersonic emission, 17 Tg of fuel burn are released above 20 km, correspond-
ing to approximately 21 Tg of water vapor emitted per year. At the cruise ceiling, the
averaged sensitivity of total ozone column to H,O emissions is -5 mDU / (Tg H,Ol/year).
According to the adjoint-sensitivities, the water vapor emissions leads to a reduction of
approximately 105 mDU for this scenario, while the time-averaged forward response is -95
mDU. As displayed in Figure 3-4, the role of water vapor emissions on column ozone de-

pends strongly on the altitude of emissions and becomes negligible at altitudes lower than

16 km.

3.2.3 Methods to estimate the column ozone-neutral altitude

In this section, I describe the methods used to derive the column ozone-neutral cruise al-
titude, and to quantify its sensitivity to emission characteristics. Using the GEOS-Chem
Adjoint with stratospheric chemistry, I generate decadal sensitivities of globally-averaged
column ozone to aviation emissions. The long integration time is required given the longer
lifetimes in the stratosphere, compared to tropospheric lifetimes. Indeed, the troposphere
is characterized by removal processes (wet and dry deposition) that do not occur in the
stratosphere. In the stratosphere, previous literature indicates that the age of air in the
stratosphere varies from two to six years [18].

The obtained adjoint sensitivities express the change in global column ozone to a
change in emissions as a function of location, time and species. For instance, a sensi-
tivity of 2 mDU/(Gg NO»/year) in a given grid cell indicates that releasing 1,000 tonnes of
NO, (on a NO, basis) per year would lead to a globally-averaged ozone perturbation of 2

mDU.
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Figure 3-4: Column ozone response to the injection of 32 Tg of water vapor from super-
sonic aviation (top). The right axis displays the ozone response normalized by the total
water emissions. Approximately 65% of the water vapor emissions are released above 20
km. Zonally and yearly-averaged adjoint sensitivities of total ozone column mass with
respect to water emissions (bottom). Water vapor is a chemically-inert species in the tro-
posphere and sensitivities are identically zero below the tropopause. Contours of subsonic
(black) and supersonic fuel burn (green), with a cruise ceiling of 66,000 ft, are displayed,
depicting typical cruise altitudes. The annual-mean tropopause height is plotted as a con-
tinuous black line.

To evaluate sensitivities to aviation fuel burn, I scale the sensitivities with uniform emis-
sion indices, representation of the aviation industry. I use a constant CO emission index
of 2 g/kgguel, representative of cruise conditions. Similarly, I keep the black carbon and
organic carbon emission indices fixed to 20 mg/kgy,e). I assume a water vapor emissions
index of 1.26 kg/kgs,e1. Aviation fuel currently contains sulfur and, for this project, I use,
unless otherwise specified, a baseline fuel sulfur content of 600 parts per million on an ele-
mental sulfur mass basis. However, fuel sulfur is subject to large uncertainties in the mean,

with standard jet fuel having a mean fuel sulfur content between 300 and 800 ppm [105].
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Using the global aviation inventory from the Federal Aviation Administration (FAA) Avia-
tion Environmental Design Tool (AEDT) for 2015, subsonic aviation used 240 Tg of fuel,
with a fleet-wide NO, emission index of 15 g/kggue1, on an NO, mass basis. Unless other-
wise specified, I thus keep the nitrogen emission index at 15 g(NO»)/kgg,e], representative

of subsonic aviation operations.

The component-wise share of each emission component is computed as:

y% | XE;
100 x —=L—o (3.1
Lil 5o | ¥XEi

where g—cj represents the sensitivities of column ozone to a change in concentration in
1

species c; and EI; represents the emission index of species i in g/kgg,;. For instance, this
means that an overall net zero contribution, consisting of e.g. -10 mDU from sulfur and

+10 mDU from NO,, would yield a 50% relative contribution from both species.

For fuel sulfur, I estimate the share of sulfur as:
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As described in Chapter 2, plume-scale effects can have a non-negligible impact on
aviation-induced ozone. I here introduce a parameterization to account for the non-linear
small-scale conversions occurring in individual aircraft plumes. The plume-scale conver-
sions are derived using a recently-developed aircraft plume model [42]. For each pair of
NO, and sulfur emission indices, I compute the remaining fraction of NO, after 24 hours,
as well as the amount of produced nitrogen reservoir species. The conversion between SO,
and sulfate aerosols is also estimated from the same simulations. All of the plume model

simulations use identical meteorological conditions.

I then estimate the column ozone-neutral altitude in a similar fashion, but this time,
accounting for plume-scale changes in NO,, HNO,, HNO3, HNOy4, N>Oj5 and peroxyacetyl
nitrate (PAN), and SO, and H,SOy4.
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3.3 Results

The focus of this section is to use adjoint sensitivities to quantify the sensitivity of the
aviation-induced ozone response to emission characteristics and to identify regions of net
zero column ozone change. I describe the methods used here in Section 3.2.3. I set the
adjoint objective function to the globally-averaged ozone column. Given that the objec-
tive function depends heavily on stratospheric chemistry, multi-year runs are necessary to
obtain quasi-steady sensitivities. This is due to the long timescales associated with strato-
spheric chemical processes and the typical age of air that ranges between two and six years
above 100 hPa [18].

In this section, I present decadal adjoint-derived sensitivities of globally-averaged col-
umn ozone to aviation emissions and also examine the magnitude of the sensitivities to
contrail ice. The sensitivities are obtained from full-model decadal runs of the GEOS-
Chem UCX Adjoint, each requiring significant disk space. The adjoint simulation requires
the generation of continuous checkpoints, and a 10-year adjoint simulation requires ap-
proximately 40 TB of storage space for a horizontal resolution of 4° x 5°.

In addition to the sensitivities of global ozone column to gaseous emissions, sensitiv-
ities of ozone column to aerosol surface area are also presented in this section. These
sensitivities are used to estimate the adjoint-derived impact of aviation on total column
ozone from aircraft-induced cloudiness. Sensitivities of total area-weighted aerosol optical

depth (AOD) are presented in Appendix B.2.

3.3.1 Decadal sensitivities

Figure 3-5 displays the time evolution of zonally-averaged adjoint sensitivities to NO,
emissions, expressed in mDU / (Gg NO»/year), used for this analysis. The sensitivities
cover different altitude bands, representing subsonic and supersonic cruise altitudes (ap-
proximately 11 km and above 14 km respectively). Sensitivities to NO, emissions vary by
two orders of magnitude between the near-surface and 25 km. Two color scales are hence
used in Figure 3-5 to distinguish between low altitude (below 16 km) and higher altitude

behaviors.
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In the troposphere, an asymmetry can be observed in the sensitivities between hemi-
spheres. Sensitivities are greater in the less polluted Southern Hemisphere; a greater ozone
response is expected in a cleaner environment for the same amount of NO, emissions. The
polar nights are characterized by sensitivities close to zero in the troposphere. No signifi-
cant interannual variability is observed in the lowest altitude band, despite the variations in
meteorological conditions. Indeed, I find that, in the 2005-2012 simulation period, the sen-
sitivities of total ozone column vary by approximately 11% of the mean at an altitude of 11
km, corresponding to less than 0.1 mDU/(Gg NOj/year). This signifies that tropospheric
sensitivities have reached a steady-state in this time range. Above 12 km, the hemispheric
asymmetry disappears, seasonal patterns, such as the Antarctic winter and spring seasons,
appear and the interannual variability becomes significant. In the 2005-2009 time period,
the fluctuations in sensitivities vary by 25 to 35% of the mean above 15 km, corresponding
to £0.7 mDU/(Gg NO,/year).

In the lower-stratosphere (16-20 km band in Figure 3-5), sensitivities to nitrogen ox-
ides reach a quasi-steady state after an initial time of three years (adjoint integration time
is backwards). After the first few years of adjoint integration, the ozone-depleting NOj
cycles lead to a negative sensitivity in the tropics and the sunlit poles of approximately -15
mDU/(Gg NO,/year). As a reference point, this value compares to an average of approxi-

mately +0.5 mDU/(Gg NOj/year) in the 8 to 12 km band.

Figure 3-6 displays the sensitivity of total ozone column to changes in ice aerosol sur-
face area density expressed in mDU/((mm?/cm?)/year). The two panels show the averaged
sensitivity for the 8 to 12 km and 12 to 16 km altitude bands respectively. The column
ozone sensitivity to changes in ice aerosol surface area is negative. Any positive change in

ice surface area (e.g. from contrails) leads to a net ozone depletion.

I find an average sensitivity of -0.64 and -16 mDU/((mmz/cm3)/year) for the 8-12 km
and 12-16 km altitude bands. However, seasonal patterns are significant for each Hemi-
sphere and are tied to local winter events, with sensitivities reaching up to -1.1 and -1400
mDU/((mm?/cm?)/year) for each altitude band. Additional aerosol surface area during po-
lar nights leads to enhanced conversion of reservoir species to active chlorine and bromine,

which catalytically deplete ozone once polar night ends. Outside of the polar nights, the
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Figure 3-5: Temporal evolution of zonally-averaged sensitivities of total ozone column to
NO, emissions for different altitude bands, expressed in mDU/(Gg NO;/year). Different
color scales are used to differentiate between the low altitude (below 16 km) and higher
altitude behaviors. Commercial subsonic aviation typically cruises between 10 and 12 km,
while Concorde flew at 18 km.

sensitivities reach background values of -0.1 and -1 mDU/((mm2/0m3)/year) for 8-12 and

12-16 km bands.

The latitudinal variations of the sensitivities to ice aerosol surface area are significant
as well. The extra-tropical region is characterized with the largest sensitivities, while sen-

sitivities are negligible around the equator.

I now estimate the impact on total ozone column from a single contrail. Using an air-
craft plume mode, I find that the total contrail aerosol surface area typically ranges between
103 and 5x 103 m? per meter of flight path [42]. The total contrail length is estimated from
the literature. Using infrared channels from the Advanced Very High Resolution Radiome-
ter, a prior study finds an average contrail length of 20 km, with contrail streaks varying
from 2.4 to 600 km [83]. Releasing a single contrail in an extra-tropical grid box leads to a
total surface area density of approximately 8 x 10~7 mm?/cm?>. Using adjoint sensitivities, I

estimate the decadal column ozone impact of a single contrail to be -6x 10~7 mDU for the
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8-12 km band. For the 12-16 km band, I find that the impact ranges up to -6x 10~* mDU
during polar night, with a mean value -1x10~> mDU. However, more work is needed to

establish a spatial and temporal contrail ice inventory.
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Figure 3-6: Sensitivities of total ozone column to changes in ice surface area density ex-
pressed in mDU/((mm?/cm?)/year) for the 8—12 km (bottom) and 12—16 km (top) altitude
bands respectively. Contour lines display the magnitude and range from -0.1 to -100, vary-
ing by a factor of 10 between each level.

3.3.2 Identification of a column ozone-neutral altitude

In this section, we use the decadal sensitivities presented in Section 3.4.1 to derive a column
ozone-neutral cruise altitude.

I find that, averaging globally and assuming modern-day fuel sulfur content and fleet
average NO, emissions indices, aircraft emissions are column ozone-neutral in the 12 to 15
km altitude range (Figure 3-7). Below this altitude, aviation emissions lead to a net increase
in column ozone, with higher sensitivities in the less polluted Southern Hemisphere of up
to 10 mDU / (Tgpeer/year). At higher altitudes, aircraft engine emissions instead lead to
increasing ozone depletion, reaching -100 mDU / (Tggei/year) at 20 km.

I find that there are seasonal variations in the sensitivities of total ozone column to
aviation emissions. Figure 3-7A shows the sensitivity of global mean column ozone to
aircraft emissions occurring between 30 and 60°N, a latitude band which includes 67% of
year-2005 aircraft emissions [109]. I find that the 30°N-60°N averaged sensitivities peak

in October in the troposphere reaching 4 mDU / (Tgg,e1/year) at an altitude of 8 km, con-
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sistent with previous studies [46]. In this latitude band, the ozone-neutral altitude varies
between 12 and 13.6 km, for July and November, respectively. For comparison, typical
subsonic aircraft cruise at altitudes of 10-12 km [109]. At 11 km, the seasonal variations in
the sensitivity of column ozone exhibit two maxima in April and October, and two minima,
during boreal winter and July. In the stratosphere, I find a seasonal trend where local sen-
sitivities are minimal in April and maximal in October and November. The magnitude of
the seasonal trend increases with altitude. For instance, an aircraft cruising in the Northern
Hemisphere above 14 km in April would lead to double the ozone depletion when aggre-

gated over the following decade, compared to a similar flight in October.

The response of global mean ozone to emissions also varies outside of this latitude band.
Figure 3-7B shows zonally-integrated adjoint sensitivities for the same period. Aircraft
emissions in the less polluted Southern Hemisphere between 8 and 12 km altitude lead to
twice the amount of ozone produced than the same emissions in the Northern hemisphere.
Above 15 km, this asymmetry disappears, but a new disparity appears between emissions in
the tropics (30°S - 30°N) and the higher latitudes. The net ozone depletion per unit of fuel
burn at 16 km varies between -25 and -15 mDU / (Tgge/year), but at 22 km altitude, the
net ozone depletion per unit fuel burn in the tropics is -250 mDU / (Tgg,e1/year) compared
to an average of -150 mDU / (Tgge1/year) at higher latitudes. This suggests that high Mach
number supersonic aviation, which cruises at higher altitude, would cause greater ozone
depletion if flights take place in the tropics, but that the opposite may be true for subsonic

or low Mach number supersonic flights.

Accordingly, I find that the ozone-neutral cruise altitude varies with latitude. At North-
ern latitudes, the neutral altitude is approximately constant at 13 km. This behavior differs
from the intertropical region where the ozone-neutral altitude varies between 13 km and
14.3 km, at approximately 30°N and 10°S, respectively. In the Southern Hemisphere, the
neutral altitude averages to 14 km, with a global maximum at the South Pole at 14.6 km.
I find that the South Pole maximum and the upward shift of the neutral altitude are linked
to positive time-averaged sensitivities of column ozone to NO, emissions in the 12-16
km band, over Antarctica. NO, emissions over the South Pole binds active chlorine into

chlorine reservoir species, thus lowering the potential stratospheric ozone depletion during
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austral spring.

From Panels A and B of Figure 3-7, I find that sensitivities display variations with
respect to the cruise altitude between -2 and +6 mDU / (Tggel/year) between 8 and 14
km, compared to -2 and -300 mDU / (Tggei/year) in the 14 to 25 km altitude band. The
larger magnitude at higher altitudes is due to the greater role played by chemical catalytic
cycles in the stratosphere. In the 14 to 20 km altitude range, the aggregated sensitivities
double every 2 km, going from -15 to -125 mDU / (Tgge1/year). Between 20 and 25 km,
the magnitude increases linearly, with a change in magnitude of 35 mDU / (Tgg,e)/year) for
every additional km.

Figure 3-7C shows the sensitivity of global column ozone to each component of avi-
ation emissions. This is re-interpreted in Figure 3-7D as the percentage share contributed
by each emission component to the total aviation-induced response, respectively. The per-
centage share is here defined in absolute terms, such that two individual contributions of
-10 and 10 mDU respectively, would each contribute 50% of the aggregated response. |
find that NO, emissions below 15 km produce a net increase in ozone, but produce a net
decrease in ozone above this point. They are also responsible for 80% of all ozone changes
for cruise altitudes below 12 km or above 20 km. At all altitudes, sulfur emissions lead to
a net depletion of ozone, but this depletion is greater at altitudes above 12 km. Assuming
an aviation fuel sulfur content of 600 parts per million (ppm) by mass, I find that sulfur is
the emission component with the largest net ozone impact when emitted in the 13 to 16 km
altitude band. Above 16 km, NO, emissions again become the largest contributor to net
ozone change. HO,-driven ozone depletion through water vapor emissions also becomes

significant in this region, with its contribution to ozone changes reaching 10% at 20 km.

3.3.3 Sensitivity to emission characteristics

Figure 3-8 shows how the globally-averaged ozone-neutral cruise altitude varies as a func-
tion of both NO, emission index and fuel sulfur content. Panels A and B of Figure 3-8
display the average ozone-neutral cruise altitude globally and in the 30°N-60°N latitude

band respectively. The dashed lines represent the effect owing to the inclusion of plume-
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Change in mean ozone column from aircraft emissions

Boom / Boncorde

Altitude, km
-
=

Subsonic cruise altitude ubsonic cruise altitude:

o

— NOy
U — Sulfur

5 S 2 H,0

—— Aggregate

0 30°N 60°N 90°N -100 =75 -50 =25 0 20 40 60 80 100
Latitude Ozone column change due Component wise attribution of
to aircraft emissions, aircraft emissions to the mean
mDU / (Tg fuel/year) column ozone response, %

0 =50 -100 -150 -200 -250 -300
0

5 10 15 20
Change in mean column ozone, mDU / (Tg fuel/year)

Figure 3-7: Adjoint sensitivity of mean ozone column to aviation fuel burn. The displayed
sensitivities are averaged over the last five years of a nine-year run, allowing for four years
of spin-up. Panel A: Annually-averaged adjoint sensitivity weighted by aircraft emission
indices in the 30°N-60°N latitude band. Panel B: Zonally-averaged sensitivity weighted by
aircraft emission indices. Panel C: Contribution of each emission component to the total
emission-weighted sensitivity of mean column ozone. Different cruising altitudes of sub-
sonic and supersonic aircraft designs are displayed. Panel D: Component wise attribution
of aircraft emissions expressed as a percentage.

scale processes. As a reference point, [ assume a current fleet-wide subsonic NO, emission
index of 15 g/kgguel, on an NO, mass basis, as measured at the engine exit plane while I
use a fuel sulfur content of 600 ppm by mass. Assuming these emission characteristics and
including plume-scale conversions, I find that flights between 13.4 and 13.6 km altitude are
column ozone-neutral. This is equivalent to a relative change in column ozone of less than
1.7x107%% / (Tgsei/year). In comparison, previous estimates have found that subsonic
aviation increases column ozone by 3.5%x1073% / (Tgguer/year) [28]. T also find that, in the
30°N-60°N latitude band, the neutral altitude is approximately 1 km lower than the global

average. Using an aircraft plume model, I compute the plume-scale chemical conversions
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of nitrogen oxides and sulfur as a function of the NO, emission index and fuel sulfur con-
tent [42]. I use the results of the aircraft plume model to compute the role of plume-scale
processes on the column ozone-neutral altitude. Neglecting the effects of plume scale pro-
cesses introduces a significant positive bias in the estimation of the ozone neutral cruise
altitude. I find that this would result in the ozone neutral cruise altitude being overesti-
mated by between 0.3 and 1.0 km, at NO, emission indices of 15 and 5 g(NO;)/kgfyel
respectively. This bias in the neutral altitude is similar in magnitude for both the global

average and the 30°N-60°N average, as shown in Figure 3-8.

I find that cruise emissions at altitudes of up to 14.5 km are ozone-neutral for desulfur-
ized fuel. At such altitudes, the column ozone-neutral altitude is sensitive to the fuel sulfur
content but nearly independent of the NO, emission index. However, above 14.5 km, NOy,

sulfur, and H,O emissions all independently cause net ozone depletion.

On a mass basis, sensitivities of column ozone to NO, emissions are smaller than the
sensitivities to sulfur. However, NO, emissions, on a NO; mass basis, are typically one
order of magnitude greater than sulfur emissions, on a SO, mass basis. Assuming a fuel
sulfur content of 600 ppm, the ratio between sulfur and NO, aircraft emissions makes
both emission components account for a similar fraction of the aviation-attributable ozone
response in the altitude range. This study does not however account for uncertainty and

variability in fuel sulfur content.

Figure 3-8 shows that, at lower NO, emissions, fuel desulfurization has a greater ef-
fect on the cruise neutral altitude. The contribution of sulfur emissions on the column
ozone response is increased at reduced NO, emissions. At a fleet-wide NO, emission in-
dex of 15 g(NO;)/kggyer, fuel desulfurization would increase the ozone-neutral altitude by
1 km. However, the same reduction in sulfur emissions at a NO, emission index of 6
g(NO»2)/kgguer would lead to an increase of 1.5 km, from 13 km to 14.5 km. Water vapor
emissions do not significantly affect the column ozone-neutral altitude, as its contribution

only exceeds 5% of the aggregated response above 15 km.

Finally, current fuel sulfur content is subject to significant variability and uncertainty.
Assuming that the mean fuel sulfur content is uniformly distributed between 300 and 800

ppm [105], I estimate the globally-averaged neutral altitude range under uncertainty to be
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13.3 and 14.1 km at a NO, emission index of 15 g(NO;)/kgfyer- In the 30°N-60°N latitude

band, this uncertainty range becomes 12.4-13.2 km, with a mean value of 12.8 km.
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Figure 3-8: Column ozone-neutral altitudes as a function of the NO, emission index and
fuel sulfur content. The black dashed lines in Panel A represent contour levels of the
globally-averaged column ozone-neutral altitude, while, for Panel B, the averaging is per-
formed in the 30°N-60°N, where most of aviation’s fuel is burned. For both panels, the
dotted lines represent the same isolines after accounting for plume-scale processes.

3.4 Discussion and limitations

In this chapter, I extend the GEOS-Chem Adjoint to include stratospheric chemistry. I
present validation experiments that focus on a scaling of aircraft emissions at different
cruise altitudes, and the results indicate that adjoint-derived sensitivities in the stratosphere
are in good agreement with forward model runs. I also include additional validation exper-
iments in Appendix B.1.

Using the GEOS-Chem Adjoint, I generate decadal sensitivities of total column ozone
to emissions as well as to changes in aerosol surface area (e.g. through aircraft-induced
cloudiness). When considering adjoint sensitivities of ozone column to emissions, I find
that seasonal variations in the troposphere are characterized by smaller variations compared
to the stratosphere. The standard deviation of the sensitivities to ozone column are 11%
of the mean for a cruise altitude of 11 km, with a global maximum in October. This
value compares to 25% to 35% above 15 km. Below 12 km, NO, emissions are the major

contributor to the aviation-attributable ozone response, accounting for more than 80%. In
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the 12 to 18 km altitude band, sulfur emissions increase in importance, reaching the same
order as NO, emissions. Above 18 km, NO, emissions are again the major contributor with

contributions from both sulfur and water vapor.

I find that the sensitivities with respect to changes in aerosol surface area are negative
in the 8 to 16 km band, peak at mid and high latitudes and are tied to polar nights. Using
results from contrail modeling experiments, I find that a single contrail at 60°N leads to
a change of -6x10~7 mDU in the 8 to 12 km range and up to -6x10~* mDU at 16 km.
Given that no publicly-available global inventories of contrail ice currently exist, more

work is needed to establish the global impact of contrail ice on ozone.

This thesis provides the first estimate of global column ozone-neutral altitude for air-
craft emissions as well as its sensitivity to emission characteristics while accounting for the
role of plume-scale processes. I find that, based on current engine emission indices and fuel
characteristics, the 12 to 15 km altitude band is column ozone neutral, with deviations in the
altitude explained by seasonal and latitudinal variations in the adjoint sensitivities. Emis-
sions in the Northern Hemisphere lead to a lower response compared to similar emissions
in the Southern Hemisphere, such that the Northern Hemispheric ozone-neutral altitude lies
between 12 and 13.6 km. In the tropics and in the Southern Hemisphere, this altitude is 14
to 15 km.

I find that reduction in the NO, emission index could reduce the neutral altitude to
current subsonic altitudes (approximately 10 to 12 km). For instance, after accounting for
plume-scale effects, a globally-averaged ozone-neutral altitude of 12.5 km can be achieved
by a fleet-wide 50% reduction in NO, emissions. However, most aircraft traffic occurs in
the Northern Hemisphere, where the sensitivities to column ozone are lower. Under such
conditions, a neutral altitude of 11.7 km can be reached with a fleet-wide NO,, emission
index of 7.5 g(NO»,)/kgsue1- Additionally, at such altitudes, sulfur emissions only contribute
to less than 25% of the ozone budget. Significant reductions in fuel sulfur content such as

through increased adoption of biofuels would increase.

I estimate that the 13 - 15 km altitude band could be a potential column-ozone neutral
for supersonic aviation, under the assumption of ultra-low sulfur fuel or the use of biofu-

els. I have also assumed a NO, emission index of 10 g/kgn,; on an NO, mass basis for

66



supersonic aircraft. At such altitudes, fuel sulfur plays a significant role on the column
ozone response and I find that desulfurization for supersonic aviation reduces the aviation-
attributable ozone depletion at the cost of suppressed sulfur-induced cooling.

This study is the first to identify a column ozone-neutral cruise altitude. These results
are obtained using the GEOS-Chem Adjoint, with the UCX chemistry mechanism and the
GEOS-5 meteorological dataset. Future work should focus on generating updated sensi-
tivities with more recent meteorological products. Additionally, I do not consider future
changes in stratospheric chlorine and sulfur loading, which have been shown to play a role
on the ozone response from high-altitude aviation emissions [133].

Following the reduction in the emissions of CFC and other chlorine-bearing com-
pounds, the amount of background inorganic chlorine, Cly, is expected to decrease with
time. Additionally, previous studies have found that the amount of inorganic chlorine
played a critical role in the magnitude of the ozone response due to the sulfur emissions
from volcanic eruptions [9, 117]. At low stratospheric chlorine loadings (~0.6 ppbv, typi-
cal to pre-industrial era), the ozone response is insensitive to the amount of SO, injected in
the stratosphere. However, ozone depletion is found to increase with the magnitude of the
stratospheric sulfur injection at modern-day stratospheric Cl, mixing ratios (~2.93 ppbv).

For our simulations, the amount of stratospheric inorganic chlorine averaged to 2.76 ppbv.
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Chapter 4

Coupled chemistry-climate feedback of

commercial aviation emissions

This chapter focuses on the relevance of coupled chemistry-climate interactions when eval-
uating aviation’s environmental response. Section 4.1 presents the motivation for this topic.
In Section 4.2, T introduce a newly-coupled model of atmospheric chemistry, coupling a
state-of-the-art CTM with a global climate model. Section 4.3 describes the validation
approach for this new model, where I compare the results to atmospheric observations
and results from other global models. Section 4.4 introduces the results of ensemble runs
performed to evaluate aviation’s environmental response with this model, as well as quan-
tifying the relevance of the coupled chemistry-climate feedback for this assessment. In

Section 4.5, I discuss limitations and future steps.

4.1 Introduction

High-altitude emissions from commercial aircraft activities lead to chemical perturbations
that have lasting effects on the atmosphere and the Earth’s climate [65, 73, 136, 15, 72].
The air quality and atmospheric ozone responses from aviation emissions have been ex-
tensively evaluated using CTMs [65, 32, 7, 64, 28, 15, 100]. All CTMs from the previous
studies have found that aviation emissions lead to a net positive surface ozone and PM3 5

response. However, when using CTMs, changes in atmospheric composition are not prop-
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agated to changes in meteorology. As such, despite the chaotic variability introduced by
the climate response, global climate models are necessary to evaluate climate and meteo-

rological feedback (e.g. interaction between emissions and circulation).

A few studies have conducted multi-year simulations of aviation emissions using global
climate models (GCMs) and looked at the coupled chemistry-climate pathways through
which commercial aircraft activities affect surface ozone and PM; 5 [60, 16]. Using a
GCM, a study found that there might be significant magnifying effects from atmospheric
feedback [60]. Some key findings are that commercial aircraft emissions are found to in-
crease surface temperature by 10 mK, and upper tropospheric temperature by 30 mK on
average [60] and account for 5% of the year-2005 total anthropogenic radiative forcing
[74]. As a consequence, this leads to enhanced (respectively reduced) atmospheric stability
below (respectively above) cruise altitude. This is explained by a larger increase of upper
tropospheric temperatures compared to surface temperatures. This leads to a reduction in
the downward ozone transport flux from the ozone layer down to the UTLS region, where
the subsonic aviation cruise altitude lies. Additionally, aviation emissions are found to
lower the globally-averaged cloud cover fraction due to the increased atmospheric stability
in the troposphere below cruise altitude, thus also reducing precipitation [60]. Furthermore,
the aviation-induced perturbation in aerosol loading at altitude increased the number den-
sity of charged cloud particles in convective clouds, and thus the lightning flash rate [60].
Enhanced lightning NO, emissions are found due to the impact of aviation emissions [60].
All of the four pathways mentioned before cannot be captured by CTMs, and, according
to the study, magnify the environmental response to aviation emissions [60]. However,
an intercomparative model study of the effects of aircraft emissions on surface air quality
found that GCMs have too much variability to resolve any such atmospheric feedback [15].
No other single-model study has found any significant coupled chemistry-climate feedback

from aviation emissions.

In this section, I provide a framework and develop numerical models to estimate the rel-
evance of coupled effects in the evaluation of the environmental response of aviation emis-
sions. For this study, I use the state-of-the-art GEOS-Chem CTM, which has previously

been used to study the environmental impacts of aviation emissions on surface air quality
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and tropospheric and stratospheric atmospheric composition [7, 28]. The Community Earth
System Model, CESM?2, is a fully-coupled GCM, developed by the National Center for At-
mospheric Research (NCAR), that allows the estimation of the past, present, and future
climate states of the Earth. For this thesis, I introduce a new model, CESM?2-GC, obtained
by coupling CESM?2 with GEOS-Chem. In this model, CESM2 remains unchanged ex-
cept for the chemistry modules of the Community Atmosphere Model (CAM). In CAM, all
physical processes other than chemistry (such as transport, radiation, ...) are unmodified.
CAM thus replaces its existing chemistry module, CAM-Chem, with GEOS-Chem, which

then performs its own chemistry using online meteorology.

Such other couplings between the GEOS-Chem CTM and GCMs have been recently
introduced such as the WRF-GC model, coupling the regional meteorology model WRF
with GEOS-Chem [77, 39], or coupling GEOS-Chem with the NASA GEOS Earth System
Model [81].

To evaluate the relevance of a climate feedback on the atmospheric response to aviation
emissions, I set up a simulation framework that consists of performing ensemble runs using
CESM2-GC. Ensemble runs allow to capture the inner variability of the atmosphere, as a
number of parameterizations are extremely sensitive to initial conditions. By introducing
small perturbation in the initial conditions, I am able to capture a subset of possible but
different states of the atmosphere, and thus different responses to aviation emissions. As
the number of ensemble members grows the chaotic variability of the atmosphere should
disappear and only the aviation-attributable signal should be statistically significant. How-
ever, It is unclear how many ensemble members are needed a priori to capture a statistically

significant response from aviation emissions.

In Section 4.2, I present the development steps of CESM2-GC. Section 4.3 focuses
on the validation of CESM2-GC against atmospheric measurements, results from CAM-
Chem and from the GEOS-Chem CTM. In Section 4.4, I introduce the simulation setup
to evaluate the magnitude of the coupled chemistry-climate feedback in the assessment of

aviation’s environmental response.
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4.2 Coupling of CESM2 with GEOS-Chem (CESM2-GC)

In this section, I first describe the implementation and code architecture of the newly-

coupled chemistry-climate model, CESM2-GC.

The GEOS-Chem CTM consists of a representation of chemical processes and is, thanks
to coding efforts, relatively easy to use. However, like other CTMs and offline models,
GEOS-Chem has a number of drawbacks. Offline models use archived meteorology that is
used as an input. Thus, future predictions of atmospheric composition with CTMs rely on
past meteorology. CTMs are limited by the time span, and sometimes the spatial resolu-
tion, of the available meteorological products. As shown in previous studies, the performed
interpolation of meteorological data at the current timestep can lead to non-negligible bias
in simulations of atmospheric chemistry [137]. Additionally, a critical aspect of this project
is to simulate the chemistry-climate interaction, which is not currently feasible with offline

CTMs, due to the missing interactions and lack of chemical feedback onto the climate.

GCMs calculate meteorological fields and simulate atmospheric chemistry. In this
approach, no temporal interpolation is needed as the calculated fields represent the cur-
rent state of the atmosphere. GCMs are thus able to capture chemistry-climate feedback
(i.e. the meteorological response to changes in aerosol and gas concentrations through
interactions with radiation and cloud physics). However, most GCMs have the option to
“turn off” this feedback, thus leading to a number of studies quantifying the importance
of this coupling [76, 25, 128]. CESM is one example of a widely-used, global, state-
of-the-science GCM. It consists of different components (Community Atmosphere Model
(CAM), Community Land Model (CLM), Parallel Ocean Program (POP), Community Ice
Sheet Model (CISM), ...), representing altogether all of Earth’s physical and chemical
processes. All of these components are modules that interact with each other through the
Common Infrastructure for Modeling the Earth (CIME) coupler. CAM itself consists of
different submodules, handling various processes in the Earth’s atmosphere. CAM-Chem
is the atmospheric chemistry component and is used for simulations of global tropospheric
and stratospheric atmospheric composition [71, 120]. CAM-Chem is based on the highly-
modulable MOZART chemical mechanism [34] and has taken part in the Coupled Model
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Intercomparison Project 6 (CMIP6). Different levels of complexity, represented by differ-
ent user cases, are available to simulate atmospheric chemistry using MOZART. The Modal
Aerosol Model (MAM) is used in CESM to represent the aerosol size distribution and both
internal and external mixing between aerosol components. MAM was initially developped
for CESM1 [80]. MAM4 is the four-mode version of MAM and has been extensively used
and validated in CESM?2 [79]. CESM2-GC features a coupling between the bulk aerosol
representation in GEOS-Chem and the modal representation of MAM. Aerosols that over-
lap in both chemical representations (e.g. sulfates) are summed over all bins to estimate the
bulk mass and then passed to GEOS-Chem. The mass tendencies for each bin in MAM are
then calculated based on the bulk mass tendency from GEOS-Chem and split accordingly
between bins based on the bin to bulk mass ratio. For the other aerosols (e.g. nitrates in
GEOS-Chem), the aerosol representation is handled by GEOS-Chem.

The software engineering guidelines behind the development of CESM2-GC are pre-

sented in Appendix C.

4.3 Validation of CESM2-GC

The evaluation of aviation’s environmental impacts on the climate and atmospheric com-
position requires that CESM2-GC is able to accurately simulate and represent atmospheric
chemistry, dry and wet deposition as well as convection and convective scavenging. These
processes are critical to simulate the aviation-induced change in atmospheric composition.
As such, I here test the accuracy of individual components as well as full-model runs of
CESM2-GC against results from CAM-Chem, the GEOS-Chem CTM, and atmospheric

observations.

4.3.1 Methods

In this section, all simulations use specified meteorology from MERRA-2. The emission
fluxes are fed through HEMCO and are identical (as long as the model represents the emit-
ted species, e.g. iodine chemistry does not exist in CAM-Chem).

The CESM2-GC model is evaluated in three different ways:
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» Against the offline GEOS-Chem CTM,
* Against observations, used for benchmarking of the GEOS-Chem CTM,
* Against CESM2 running with CAM-Chem.

Rather than comparing two models between each, I split off the comparisons listed
above as follows. First, I evaluate emission fluxes and compare them to recent studies. |
then focus on the validation of dry deposition in CESM2-GC. I compare wet deposition
fluxes in CESM2-GC with the other models and atmospheric observations. Additionally,
I evaluate surface mixing ratios in CESM2-GC against the GEOS-Chem CTM. Finally,
I describe a comparison of column totals to satellite observations, and an evaluation of
vertical profiles against ozonesondes and upper-atmospheric mixing ratio measurements

from aircraft campaigns.

4.3.2 Evaluation of CESM2-GC against atmospheric observations and

other atmospheric models

This section conducts a comparison between the offline GEOS-Chem CTM, CAM-Chem
(as embedded in CESM2), and CESM2-GC (GEOS-Chem embedded in CESM2). Previous
comparison between the offline GEOS-Chem CTM and embedded GEOS-Chem in Earth
System Models have been established [81, 77]. The results from the GEOS-Chem CTM
are obtained from the high-performance offline GEOS-Chem CTM, GEOS-Chem High
Performance (GCHP) [30]. I use the complex SOA simulation in GEOS-Chem in order to
match the SOA representation in MAM, which splits organic aerosols into volatility bins.
In this comparison assessment, | select global observation datasets that are previously
used to benchmark the offline GEOS-Chem CTM at each major release. These observations

include:
* Surface mixing ratio of ozone,
* NO; and aerosol species from ground monitors,

* Vertical profile of ozone molecular concentration from ozonesondes,
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* Column measurements of ozone from ozonesonde climatology covering multiple

decades,
* Vertical profiles of a wide ensemble of species from NASA aircraft campaigns.

The measurements from aircraft campaigns cover different years but they are the only
source of vertical distribution information for a large number of species. In the following
analysis, I thus plan to ignore interannual variability between different meteorological years
for this set of observations.

A comparison to vertical profiles of ozone mixing ratios and ozonesonde climatology
[118, 119] is provided, alongside the comparison with CAM-Chem. The inventory covers
16 years of observations and can thus be used to study yearly trends in ozone concentra-
tions.

Ground measurements of ozone and NO, are publicly available [101, 122, 35, 62] and
have previously been used to validate models of atmospheric chemistry [77] and to predict
changes in air quality [20]. I use ground station measurements to validate estimates of
surface mass concentrations of selected pollutants by CESM2-GC.

The quasi-biennial oscillation (QBO) of the mean zonal wind is a source of variability
in the tropical lower stratosphere [103]. In CESM2, the QBO can either be prescribed or
generated internally during the model run. All the simulations performed in this section use
a prescribed QBO. Previous validation experiments using CESM2-WACCM, i.e. CESM2
coupled with the Whole Atmosphere Community Climate Model (WACCM), have shown
that CESM?2 is able to reproduce the periodicity and the amplitude of the QBO [45, 103,
13]. However, CESM2-WACCM has been found to lead to a slow decrease in the QBO

amplitude due to poor vertical resolution in the lower stratosphere.

Emission fluxes

In the GEOS-Chem CTM, CESM2-GC, and CAM-Chem, emission fluxes are passed from
HEMCO. However, in CESM2-GC, we turn off some emission inventories as CESM pro-
vides online estimations of lightning emissions, dust and sea salt emissions, as well as bio-

genic emissions. We use the online Model of Emissions of Gases and Aerosols from Nature
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(MEGAN), as established in CLM, to compute biogenic emissions [50]. Besides the online
emission fluxes in CESM, the other emission quantities are identical between the GEOS-
Chem CTM and CESM2-GC. A summary of the surface emission totals for CESM2-GC
are listed in Appendix C alongside geographical distributions of selected surface emission
fluxes. The emission totals presented in Table C.1 of Appendix C are obtained for the year

2016 and match the historical emission totals [34, 71].

Dry deposition

Figure 4-1 shows the annually-averaged ozone dry deposition velocity by the GEOS-Chem
CTM and CESM2-GC. In the following, the results of the GEOS-Chem CTM are con-
servatively gridded to a horizontal resolution of 2° x 2.5°, corresponding to the resolution
used in my CESM2-GC simulation. In CESM2-GC, the land types are computed online
by CLM, and are passed to the GEOS-Chem dry deposition module through the coupler.
These online land types are then mapped to the default land types used in the GEOS-Chem
CTM. A similar mapping is derived for leaf area indices. This mapping allows us to have
online land types, from CLM, while using the GEOS-Chem dry deposition routine.

Most of the ozone deposition occurs over land, as the ocean dry deposition velocity
is of the order of 0.02 cm/s, compared to velocities up to ~1 cm/s over land [123, 52].
On average, ozone dry deposition velocities are 9% larger in CESM2-GC compared to the
GEOS-Chem CTM. The largest relative differences occur in polar regions, over the ocean.
However, the difference in magnitude in polar regions remains small (less than 0.05 cm/s).
In CESM2-GC, lower ozone dry deposition velocities are observed over the Amazon and
African rain forests, with differences up to 0.2 cm/s. This discrepancy can be explained by
differences in land types over these areas, as well as different values for leaf area indices.
The results from CESM2-GC agree qualitatively with the localized measurements of ozone
dry deposition velocities over deciduous and coniferous forests [40, 106]. Overall, the
ozone dry deposition velocities are in good agreement between both models and previous
literature.

Figure 4-2 displays a parity plot between the ozone dry deposition velocities in CESM2-

GC and CAM-Chem. Velocities lower than 0.05 cm/s occur over ocean and ice, while the
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Figure 4-1: Dry deposition velocities of ozone as computed by CESM2-GC and the GEOS-
Chem CTM (top left and right respectively), as well as their absolute and relative difference
(bottom left and right).

velocities greater than 0.05 cm/s are only found over land. I find that the two models are
generally consistent with a correlation coefficient of 0.89. Over the ocean, CAM-Chem
computes a dry deposition velocity that is approximately constant at 0.05 cm/s, while they
are set to 0 over ice. However, this is not the case in the GEOS-Chem CTM, where dry
deposition velocities over ice are equal to ~0.03 cm/s and vary between 0.01 and 0.04 over
the oceans. On average, I show that CESM2-GC predicts slightly higher dry deposition

velocities over land by 0.05 cm/s.

Wet deposition

I now investigate the model results from CESM2-GC regarding wet deposition. In CESM2-
GC, wet deposition tendencies are calculated using the NEU wet deposition scheme, simi-
larly to CAM-Chem [91]. Wet deposition rates have been measured by studying the global
precipitation patterns. Recent measurements have provided wet deposition rates in numer-
ous geographical locations for the years 2005 to 2007 [125]. Dry deposition fluxes are
also available from the same study but are limited to sulfur and some nitrogen species and

are available in fewer locations. Other studies have measured dry deposition velocities,
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Figure 4-2: Parity plot between the dry deposition velocities of ozone as computed by
CESM2-GC and CAM-Chem.

especially for ozone [40, 106], but are, however, limited to localized measurements.

Figure 4-3 displays the surface nitrogen wet deposition flux as evaluated by CESM2-
GC, CAM-Chem and the GEOS-Chem CTM. CESM2-GC and CAM-Chem rely on the
NEU scheme to evaluate wet deposition fluxes [91]. The total nitrogen flux is calculated
by adding all fluxes from each nitrogen compound undergoing wet deposition. Rainwater
measurements are also displayed to validate the model results [125]. Overall, the results
from CESM2-GC are in good agreement with CAM-Chem and the GEOS-Chem CTM. The
models are also consistent with the rainwater observations, as the correlation coefficients
reach 0.65, 0.66 and 0.67 for CESM2-GC, CAM-Chem and the GEOS-Chem CTM respec-
tively. On average, the results from CESM2-GC are also closest to the parity line compared
to the other models with a slope of 0.6 compared to 0.5 and 0.49 for CAM-Chem and the
GEOS-Chem CTM. I find that the simulated results from CESM2-GC are slightly biased
towards lower values in North America and in Europe compared to the observations. The
wet deposition flux of reduced and oxidized nitrogen compounds have also been compared

separately and are consistent with the flux measurements.

Figure 4-4 displays the dry deposition flux of nitrogen compounds at the surface as
calculated by CESM2-GC, CAM-Chem and the GEOS-Chem CTM respectively. For
CESM2-GC, this calculation uses the land types and leaf area indices computed by CLM.
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Figure 4-3: Geographical distribution of the wet deposition flux of nitrogen at the surface
(left) for CESM2-GC (top), CAM-Chem (middle) and the GEOS-Chem CTM (bottom). A
parity plot of the results against rainwater measurements is displayed (right).

The dry deposition velocities are subsequently estimated using the GEOS-Chem dry de-
position routines. The in-situ measurements displayed in Figure 4-4 are only available
over North America. I find that out of the three models presented here, CESM2-GC yields
the lowest bias compared to the observations, even though all three models have a posi-
tive bias compared to the measurements from previous literature [125]. This bias could be
explained by either larger concentrations of nitrogen compounds or enhanced dry deposi-
tion velocities. The discrepancies between the model results and the measurements could
also be explained by the fact that measurements are obtained for 2005 to 2007 while the
model results used the 2016 meteorological year. Over the decade, nitrogen emissions have
increased [34], thus potentially explaining the positive bias.

The SO, dry deposition velocity is also qualitatively compared to localized measure-

ments from the literature [40] and lies in the range of observed values.
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Figure 4-4: Model evaluations of the dry deposition flux of nitrogen at the surface (left)
as evaluated by CESM2-GC (top), CAM-Chem (middle), and the GEOS-Chem CTM (bot-
tom). A parity plot of the results against dry deposition measurements is displayed (right).
The measurements are only available in the contiguous United States.

Figure 4-5 presents the evaluated wet deposition of non-sea salt sulfur from CESM2-
GC, CAM-Chem and the GEOS-Chem CTM alongside rainwater measurements from the
literature for 2005 [125]. When comparing across model results, I find that the results are
consistent across all models with a global mean of ~1.5 kg S/ha/yr. For instance, I find that
the results from CESM2-GC and CAM-Chem are in excellent agreement, with a correlation
coefficient greater than 0.9. However, I find a large negative bias between any model results
and the rainwater measurements. This bias is location-dependent, as Asia experiences a
lower bias compared to North America or Europe. For instance, over North America, the
measurements estimate a mean sulfur wet deposition flux of approximately 5 kg S/ha/yr
(for the year 2005), while the model results plateau at 1.5 kg S/ha/yr (for the year 2016)
for CESM2-GC, CAM-Chem and the GEOS-Chem CTM. This can be explained by the
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Figure 4-5: Wet deposition flux of non-sea salt sulfur (left) as computed by CESM2-GC
(top), CAM-Chem (middle) and the GEOS-Chem CTM (bottom). A parity plot of the
simulated results against wet deposition measurements is displayed (right).

reduction in the sulfur wet deposition surface flux over the past decades. Previous literature
has found that the deposition rate of sulfur over the Eastern US has been decreasing at a rate
of -1 kg S/hal/yr per year (split as ~60% and 40% for dry and wet deposition respectively)
since 1990 [139]. Similar findings have been suggested for wet deposition over Europe
[115]. A similar, but more recent, decrease over Asia has been observed in the literature [1].
After accounting for a 0.4 kg S/ha/yr reduction per year between 2005 and 2016 over North
America and Europe, the simulated results and measurements look more consistent. The
simulated results are also in good agreement with the regional results over North America

presented in the literature [139].
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Surface mixing ratios

In this section, I compare the surface ozone mixing ratio and PM; 5 and NO; surface mass
concentrations to ground station measurements and model results from the GEOS-Chem

CTM.
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Figure 4-6: Annually-averaged surface ozone mixing ratios estimated by CESM2-GC (top
left) and the GEOS-Chem CTM (top right). The absolute and relative differences between
both models are shown in bottom left and bottom right panels respectively.

Figure 4-6 compares the simulated annually-averaged surface ozone mixing ratios as
estimated by CESM2-GC and the GEOS-Chem CTM. I find that, when globally averaged,
CESM2-GC predicts a lower ozone mixing ratio compared to GEOS-Chem. This differ-
ence peaks over Southern Africa and over India, reaching an absolute difference of ~10
ppbv. CESM2-GC estimates a lower surface ozone mixing ratio by 6 ppbv and 3 ppbv in
the Southern Hemisphere and Northern Hemisphere respectively. This difference in ozone
mixing ratio is limited to ~5 ppbv over the oceans. In the Northern Hemisphere, I observe
no difference in surface ozone mixing ratio over the oceans, while a decrease of ~4 ppbv
can be found over North America, Europe and East Asia. In addition to annual averages,
I also consider seasonal variations of surface ozone. Figure 4-7 presents parity plots of
monthly-averaged surface ozone mixing ratios for January and July comparing CESM?2-

GC to the GEOS-Chem CTM. Comparison of the two models for both months shows good
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Figure 4-7: Parity plots of surface ozone mixing ratios for January (left) and July (right)
comparing CESM2-GC to the GEOS-Chem CTM. Fitting parameters are shown in the top
left corner for both months. Both panels share the same color scale.

agreement with correlation coefficients (r) above 0.8. In January, both models are in good
agreement, as pointed out by a correlation coefficient of 0.92 and a slope of 0.94. In July,
this agreement is slightly worsened with a correlation coefficient of 0.81 and a slope of
0.93. For both months, lower ozone surface mixing ratios can be observed in CESM2-GC

compared to the GEOS-Chem CTM, as also found in Figure 4-6.

Figure 4-8 shows surface mass concentrations of NO; as estimated by CESM2-GC,
CAM-Chem, and the GEOS-Chem CTM for 2016 against ground station measurements
for North America, Europe, and South-East Asia. The ground station measurements have
been annually-averaged. I find that the surface NO; concentrations display variable agree-
ment depending on the geographical location. In the U.S., Europe and South-East Asia, the
correlation coefficient equals 0.39, 0.21 and 0.42 respectively for CESM2-GC. In all re-
gions with ground monitor measurements, the results from CESM2-GC are slightly better
than that of CAM-Chem, for which the correlation coefficients are respectively 0.38, 0.21,
and 0.41, but both models provide results that are consistent with each other. The GEOS-
Chem CTM provides correlation coefficients equal to 0.36, 0.21, and 0.41 respectively. The
relatively low correlation coefficients can be explained by the fact that the ground measure-
ments are point-wise measurements, in regions that can be heavily polluted. Atmospheric
models work with coarse grid-cell averages (in this case 2° latitude x 2.5° longitude) and

are usually not capable of capturing gradients on small horizontal scales.
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In Asia, the correlation coefficient is the highest of the three regions. However, CESM2-
GC overestimates surface NO, concentrations in regions that are characterized with ground
measurements between 6 and 15 ug/m>. Even though the model’s horizontal resolution is
coarse, the surface NO, concentrations over Japan follow the ground measurements with
good agreement. The regression slope for observations over Japan is 1.02 and the correla-

tion coefficient is 0.35.

“n,;’\,

&
NO, surface concentration, ug/m?

Figure 4-8: Surface NO;, mass concentrations simulated by CESM2-GC (top), CAM-Chem
(middle), and the GEOS-Chem CTM (bottom) for 2016 for North America (left), Europe
(middle), and South-East Asia (right) alongside ground station measurements [101, 35, 62].

Figure 4-9 displays annually-averaged surface ozone mass concentrations over North
America, Europe and South-East Asia as estimated by CESM2-GC, CAM-Chem, and
the GEOS-Chem CTM. The model results are compared to ground station measurements
[101, 35, 62]. The models provide consistent results with the ground measurements for
North America and Europe. The correlation coefficient between the model simulation re-
sults over the U.S. and Europe and the surface measurements for surface ozone is 0.37 and
0.44 respectively. While CAM-Chem and the GEOS-Chem CTM predict correlation coef-
ficients of 0.24 and 0.44, and 0.28 and 0.43 respectively. The geographical pattern is also

consistent, with high surface ozone concentrations over the Mediterranean sea and lower
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concentrations over Northern Europe. However, the model results from CESM2-GC appear
to be slightly biased toward smaller ozone surface concentrations. Over South-East Asia,
all models appear to underestimate the high ozone mass surface concentrations. CESM2-
GC predicts relatively low surface ozone concentrations compared to the other two models.

More work is needed to understand the large biases in surface ozone over China.
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Figure 4-9: Surface ozone mass concentrations simulated by CESM2-GC (top), CAM-
Chem (middle), and the GEOS-Chem CTM (bottom) for 2016 for North America (left),
Europe (middle), and South-East Asia (right) alongside ground station measurements [101,
35, 62].

Finally, I compare mass concentrations of particulate matter with diameter lower than
2.5 micrometers (PM; 5) between CESM2-GC and the GEOS-Chem CTM. I define the

PM, 5 surface concentration as:
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PM,.s = 1.33 x (NH4 -+ NIT + SOs)
+ BChydrophilic + BChydrophobic
+2.10 X (OChydrophilic 1 1.160Chydrophobic)
+ 1.16 x (2ndary organic aerosols)

+ 1.86 x (fine sea salt aerosol).

I excluded dust from the definition of PM; 5 as most of the dust is mapped to DST4 in
GEOS-Chem, which is excluded from the definition of PM, 5.

Figure 4-10 compares annually-averaged surface mass concentrations of PM; 5 from
both model simulations. The two models are in good agreement as the correlation co-
efficient reaches 0.86. At low PM; 5 concentrations, CESM2-GC reproduces the results
from the GEOS-Chem CTM with good accuracy (r> > 0.95 at concentrations lower than
30 pg/m?), while CESM2-GC slightly underpredicts PM, 5 concentrations in regions with
large PM; s mass concentrations. Finally, the surface PM, 5 seasonal variations in the

GEOS-Chem CTM are reproduced in CESM2-GC.

Comparison to column totals, ozonesondes and remote measurements from aircraft

campaigns

We first focus on the evaluation of the vertical profile of ozone mixing ratios by com-
paring CESM2-GC, CAM-Chem, and the GEOS-Chem CTM to ozonesonde climatology
[119]. Over the past decades, observations from ozonesondes in different locations provide
a valuable dataset of the evolution of ozone mixing ratios in the troposphere and strato-
sphere. Figure 4-11 provides a Taylor-like diagram comparison between the CESM2-GC,
CAM-Chem, and the GEOS-Chem CTM simulations to the climatology, representative of
the 1995-2010 time period. The pressure levels are chosen to be 900, 500, 250 and 50
hPa and are split by latitude ranges (tropics, mid latitudes, high latitudes). In Figure 4-11,
the normalized mean difference between simulations and observations for each region is

shown on the radius, and the correlation of the seasonal cycle is shown as the angle from
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Figure 4-10: Parity plot of annually-averaged surface PM; s mass concentrations for
CESM2-GC and the GEOS-Chem CTM. Fitting parameters are shown in the top left corner.

the y-axis. Model results are interpolated to the locations of the observations (top: 900
hPa; middle: 500 hPa; bottom: 250 hPa). The numbers correspond to specific regions
[119]: Left panels (tropics): 1, NH subtropics; 2, W Pacific/E Indian Ocean; 3, Equatorial
Americas; 4, Atlantic/Africa. Middle panels (mid latitudes): 1, Western Europe; 2, Eastern
United States; 3, Japan; 4, SH mid latitudes. Right panels (high latitudes): 1, NH Polar
West; 2. NH Polar East; 3, Canada; 4, SH polar.

In the tropics, both CESM2-GC and CAM-Chem estimate similar ozone mixing ratios,
where both models are slightly biased towards lower mixing ratios than the ozonesonde
climatology in the troposphere. Model results from the GEOS-Chem CTM display better
correlation, but similar bias with respect to the ozonesonde climatology. In the mid lati-
tudes and in the troposphere, CESM2-GC and the GEOS-Chem CTM provide lower ozone
mixing ratios than CAM-Chem at any pressure. CAM-Chem has lower biases at 900 and
500 hPa, while CESM2-GC and the GEOS-Chem CTM perform better than CAM-Chem at
250 and 50 hPa in the mid latitude band. At high latitudes, CESM2-GC and GEOS-Chem
underpredict the ozone mixing ratios throughout the troposphere, where CAM-Chem per-

forms better. However, the differences in behavior between CESM2-GC and CAM-Chem
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Figure 4-11: Taylor diagrams of the comparison of CESM2-GC, CAM-Chem, and the
GEOS-Chem CTM simulations to a present-day (1995-2010) ozonesonde climatology
(blue: CAM-Chem, red: CESM2-GC, black: GEOS-Chem CTM).

vanish in the stratosphere at high latitudes.

Figure 4-12 shows annually-averaged ozone columns, expressed in Dobson Units, as
measured by the Aura Ozone Monitoring Instrument (OMI) and Microwave Limb Sounder
(MLS). The results from the satellite observations are compared to results from CESM2-
GC, CAM-Chem, and the GEOS-Chem CTM. I find that on average the results from
CESM2-GC are approximately 8 DU lower than the observations, mostly driven by an
overestimation of stratospheric ozone depletion during the Antarctic spring by up to ~16

DU. CAM-Chem predicts a total ozone column that is ~7 DU larger than the global mean
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Figure 4-12: Total ozone column as observed by the Aura Ozone Monitoring Instrument
(OMI) and Microwave Limb Sounder (MLS) for the 2004-2010 time period (1 row), com-
pared to the results from CESM2-GC (2" row), CAM-Chem (3" row), and the GEOS-
Chem CTM (4™ row) for the year 2016. The measurements and model results are pre-
sented on the left, while the standard deviation from the observation and the model biases
are shown on the right.

ozone column. When broken down by tropospheric and stratospheric ozone column, I find
that the annually-averaged bias in the stratospheric and tropospheric ozone columns for
CESM2-GC is -2 and -6 DU respectively, compared to +9.5 and -2.5 DU for CAM-Chem.
Additionally, I find that the bias in seasonal variations of total column ozone as predicted by
CESM2-GC range between -16 and -6 DU, while the variations range from -3 to +7 DU for
CAM-Chem. The model results from the GEOS-Chem CTM predict similar geographical

biases in total ozone column as CESM2-GC, with smaller overall magnitude.

Figure 4-13 compares atmospheric column concentrations of carbon monoxide, ex-

pressed in mole/cm?, to CO observations retrieved from the Measurements of Pollution
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Figure 4-13: Carbon monoxide column totals, expressed in mole/cm?. The first row dis-
plays the satellite observations from MOPITT (left) as well as the standard deviations from
the measurements (right). The simulation results and biases are presented for CESM2-
GC (2" row), CAM-Chem (3" row), and the GEOS-Chem CTM (4" row). The model
evaluations are shown for April 2016.

in The Troposphere (MOPITT) for the year 2003-2012. The model results as well as the
model biases are shown in Figure 4-13 for April 2016. The CO model estimates using
CAM-Chem are characterized by a strong negative bias in the Northern Hemisphere (com-
pared to other latitudes) that has been observed in previous model evaluations [34]. In
CESM2-GC, a negative bias still exists in the Northern Hemisphere, but only reaches -5
mole/cm?, compared to -9 mole/cm? for CAM-Chem. A stronger positive bias exists in
the Southern Hemisphere when using CESM2-GC, but does not exceed +5 mole/cm?. On
average, CESM2-GC leads to a smaller globally-averaged bias than CAM-Chem, with neg-

ative biases in the Northern Hemisphere counterbalancing a positive bias in the Southern
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Hemisphere. The results from the GEOS-Chem CTM are in agreement with CESM2-GC.
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Figure 4-14: Airborne observations from aircraft campaigns and model results for CESM2-
GC (red) and CAM-Chem (blue) for CO, C,Hg, C3Hg, CoHj3. The observations and model
results here focus on the 0 to 3 km altitude band. Each observation point represents an
average over the altitude band and aircraft campaigns, while the model results are averaged
over the same location and altitude range for the corresponding observation month.

Figures 4-14 and 4-15 compare carbonated species to observations from airborne field
experiments that have been collected over a wide range of locations and seasons [33, 120].
Results from both CAM-Chem and CESM2-GC are compared to these aircraft observa-
tions for CO, C,Hg, C3Hg, CoH». Figure 4-14 shows the observations alongside the model
results in the O to 3 km altitude band, while Figure 4-15 focuses on the 2 to 7 km band.
Each observation point represents an average over the altitude band and aircraft campaigns,
while the model results are averaged over the same location and altitude range for the corre-
sponding observation month. The results are also broken down by latitude band (Southern
Hemisphere, tropics, Northern Hemisphere mid latitudes, and Northern Hemisphere high
latitudes).

The model simulations are consistent with the airborne observations. Similarly to Fig-
ure 4-13, I find that CAM-Chem underpredicts CO mixing ratios in the Northern Hemi-
sphere.

Additional comparisons with airborne measurements from aircraft campaigns in nu-

merous locations and seasons are presented in Appendix C.
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Figure 4-15: Same as Figure 4-14, but observations and model results are only sampled in
the 2 to 7 km altitude band.

4.4 Evaluation of the coupled chemistry-climate feedback

of commercial aviation emissions

This section aims to describe the simulation framework to evaluate the climate feedback
of aviation emissions onto atmospheric composition using the newly-developed chemistry-

climate model, CESM2-GC.

4.4.1 Methods

Four full-model large ensemble sets of simulations are performed, each performed over a
decade to capture the short and long-term atmospheric feedback. The goal of running an
ensemble of simulations is to capture the underlying uncertainties in the climate system. In
this section, five ensemble members per simulation set are performed, thus accounting for
the sensitivity of parameterizations in CAM and CLM to small perturbations.

The baseline set of simulations is Set 1, described by:
* Set 1: Run with aviation emissions and online meteorology

Other simulations differ from Set 1 as following:
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» Set 2: Run without aviation emissions and online meteorology

» Set 3: Run with aviation emissions and with nudged meteorology from Set 1

* Set 4: Run without aviation emissions and with nudged meteorology from Set 1

Set 1 represents the baseline case with standard emissions. I thus decide to archive
high-frequency meteorological fields for each ensemble member of Set 1 that are used in
Sets 3 and 4 to nudge the meteorology. In Set 1, three dimensional fields of temperature,
zonal and meridional winds are archived at an eight hour frequency.

The climate feedback on atmospheric composition from commercial aviation emissions
is obtained by taking the difference between Set 2 and Set 1. In these simulations, the
chemistry-climate feedback is accounted for.

The difference between Set 3 and Set 4 captures the change in atmospheric composi-
tion from aviation emissions owing to atmospheric chemistry only. No climate feedback
on atmospheric composition are captured from these simulations, as they use nudged me-
teorology as an input.

For Sets 1 and 3, I used the aviation emission inventory for the year 2019, derived
from the Aviation Emissions Inventory Code (AEIC) [109]. Flights are simulated based on
schedule data from the 2019 OAG schedule [93]. The emissions are gridded at a horizontal
resolution of 0.5° latitude by 0.625° longitude with a daily temporal resolution. The emis-
sion inventory adds up to a total of 258 Tg of fuel burn and 4.51 Tg of NO, (on a NO;
mass basis), with 91% of the fuel burn released in the Northern Hemisphere. 73% of the
total fuel consumption occurs above 8 km.

Sets 3 and 4 are using nudged meteorology archived from Set 1. Nudging allows to
constrain the evolution of the meteorology of Sets 3 and 4 such that it remains close to the
evolution of Set 1 [57]. Nudging has been commonly used in global climate models [132,
113]. The nudged variables used for this study are three-dimensional fields of temperature,
meridional and zonal winds, which are saved every eight hours. Only a few variables are
typically nudged as the rest of the meteorological fields are allowed to change following

atmospheric processes [113].
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4.4.2 Results

In this section, I first present the results from the fully-coupled sets of simulation using
online meteorology. The results are obtained by taking the difference between Sets 2 and
1 and averaged across all ensemble members. I then quantify the aviation emissions’ re-

sponse from the nudged simulations by taking the difference between Sets 4 and 3.

Fully-coupled simulations with online meteorology

Figure 4-16 presents the change in ensemble-averaged surface ozone mixing ratio from
commercial aviation emissions. The results are consistent with previous estimates of com-
mercial aircraft activities using GEOS-Chem [7, 28]. In the Northern Hemisphere, ozone
mixing ratios are increased between 0.1 and ~3 ppbv, while in the Southern Hemisphere,
the changes are limited to 0.4 ppbv. This is explained by the fact that most aviation fuel
burn is released in the Northern Hemisphere and by the slow inter-hemispheric transport.
The ozone response is larger in tropical areas compared to higher latitudes, in agreement
with previous studies [7]. Aviation emissions result in an increase of 0.44 ppbv in the
area-averaged surface ozone response, while the population-weighted average reaches 0.56
ppbv, consistent with previous studies [15, 28]. I also find that the ensemble mean leads to
a global increase in surface ozone, even though individual ensemble members can display
regions of negative ozone response from aviation emissions.

To quantify this chaotic variability within ensemble members, the hatched areas in Fig-
ure 4-16 represent regions that are not statistically significant at the 0.05 level using a
two-sided Student’s t-test. In these regions, more ensemble members would be needed to
conclude that aviation emissions lead to a change in surface ozone mixing ratios. I find
that most of the Southern Hemisphere is characterized by changes in surface ozone mix-
ing ratios that are not statistically significant. With five ensemble members, I find that
most of the Northern Hemisphere has a statistically significant ozone response from avi-
ation emissions, conflicting with previous results using a fully-coupled CESM simulation
with CAMS, which found that only very localized regions show a statistically significant

signal using a single ensemble run [15]. I anticipate that longer simulations could yield
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Figure 4-16: Ensemble average of the change in surface ozone mixing ratio owing to com-
mercial aviation emissions. The hatched area represents regions that are not statistically
significant at the 0.05 level using a two-sided Student’s t-test.

more geographical locations where statistical confidence surpasses 95%. However, more
work would be needed to quantify the length of these simulations. Figure 4-17 shows the
standard deviation of surface ozone across all ensemble members. Regions of low standard
deviation means that most ensemble members have a similar estimate of aviation’s impact
on surface ozone. South-East Asia and South America have the largest standard devia-
tions. A comparison of the aviation response to the results from the nudged simulations is

presented in the following paragraph.

Zonally-averaged ozone mixing ratios are shown in Figure 4-18, with hatched areas
representing statistically significant regions. The ensemble members predict a statistically
significant signal in the mid to upper-troposphere in the North Hemisphere, reaching re-
sponses up to ~10 ppbv, locally. The largest increase in upper-tropospheric ozone occurs
where most aviation fuel is burnt. The aviation-induced ozone perturbation decreases with
altitude. The model also predicts both negative values in the Southern Hemisphere and
large positive values in the Southern Hemisphere, but these are not considered statistically
significant at the 0.05 level, as more ensemble members would be needed. The increase in

mid and upper-tropospheric mixing ratios is consistent with the scientific literature, after
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Figure 4-17: Standard deviation of the change in surface ozone mixing ratio owing to
commercial aviation emissions.

considering the higher fuel burn values used in this study, based on the more recent aircraft
emission inventory [64, 28].

The ensemble mean temporal evolution of the aviation emissions’ response on surface
ozone mixing ratios is shown in Figure 4-19 for the 2015 to 2025 period. I show that avi-
ation’s signal on surface ozone is stronger during boreal winter time and weaker during
summer time in agreement with previous studies using the GEOS-Chem chemistry model
[15, 28, 75, 114, 7]. During winter time, ozone reaches peaks of ~2-3 ppbv (except dur-
ing the 2018-2019 winter period, which is characterized with a peak up to 4 ppbv). The
increase in the ozone response during winter time is due to its increased lifetime in the mid-
troposphere, despite the slower transport and mixing rates compared to the summer season.
This seasonal variation in ozone mixing ratios due to aircraft activities has been observed
previously [15, 28]. I also study the variations of globally-averaged surface ozone response
across all ensemble members. I find that the range of possible values lies within £5 ppbv
of the ensemble mean throughout the integration period. Additionally, I find that the bo-
real winter surface ozone signal is statistically-significant at the 0.05 level in the Northern
Hemisphere. However, given the smaller magnitude of the surface ozone response in the

Southern Hemisphere and during boreal summer, more ensemble members or longer runs
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Figure 4-18: Change in zonally-averaged ozone mixing ratio from commercial aviation
emissions. The hatched area represents regions that are not statistically significant at the
0.05 level using a two-sided Student’s t-test.

would be needed to reach statistical significance at the 0.05 level.

Figure 4-20 displays the change in atmospheric NO, mixing ratios from aviation emis-
sions in the Northern Hemisphere. Most of the NO, atmospheric response from commer-
cial aircraft activities occur in the Northern Hemisphere. At cruise altitudes (~220 hPa),
the response is characterized by a strong positive signal reaching 0.1 ppbv. During winter
time, the aviation contribution to upper-tropospheric NO, can reach 85%. At lower alti-
tudes, I find that aviation emissions lead to a reduction in near-surface NO, mixing ratios
by 25 pptv, when averaged globally. These findings are consistent with previous studies
[7, 64, 31, 28]. The NO, upper-tropospheric response to aviation emissions is statistically
significant at the 0.05 level. However, I would need more ensemble members or longer

simulations to further estimate the magnitude of the NO, near-surface depletion.

Emissions of NO, water vapor, and unburned hydrocarbons (such as HCHO or CH3CHO)
from commercial aviation leads to increased OH mixing ratios at cruise altitudes. This in-
crease extends up to 100 hPa and is limited to tropical regions and the North Hemisphere.

The peak value change of 0.05 pptv is reached at 30°N at cruise altitude.

Additionally, I find that black carbon aircraft emissions over the Arctic contribute up
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Figure 4-19: Temporal evolution of longitudinally-averaged surface ozone mixing ratios
across all ensemble members. The hatched areas designate regions that are not statistically
significant at the 0.05 level.

to 20% to the total column black carbon emissions from all sources. Previous studies have
found a relative contribution of 10% for the year 2006 [60]. Commercial aviation represents
the dominant black emission source over Arctic sea ice alongside local shipping. I find that
above 45°N and at cruise altitudes, aviation black carbon emissions contribute to approxi-
mately 10% of the upper-tropospheric black carbon mass concentrations, compared to less
than 1% at the surface at mid Northern latitudes. Given the relatively lower precipitation in
the Arctic compared to mid latitudes, black carbon emitted at cruise altitude over the Arctic
has a longer lifetime compared to other latitudes, but also compared to surface emissions.
This longer lifetime at higher latitudes leads to an increase in the number of aerosol parti-
cles above 250 hPa and above 45°N. The aviation-induced contributions to aerosol particles
are concentrated in the accumulation and coarse modes with respective changes of 2x 10°
and 5x 10 particles/kg respectively at 200 hPa at high Northern latitudes, corresponding
to approximately 4% of the background aerosol number. I find no statistically-significant

aviation-induced changes in cloud condensation nuclei at the 0.05 level.

Finally, I find that the ensemble runs predict a positive aviation-attributable surface

PM, 5 change over Europe, Northern India and North-Eastern China of the order of 0.4
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Figure 4-20: Change in zonally-averaged NO, mixing ratio from commercial aviation
emissions. The hatched areas designate regions that are not statistically significant at the
0.05 level.

pg/m3, consistent with previous studies [7, 28, 14]. However, the results are subject to
large inner variability making the results not statistically significant at the 0.05 level using

only five ensemble runs.

I find that the increase in surface PM, 5 mass concentrations is almost entirely due to
changes in secondary sulfate-ammonium-nitrate aerosol, consistent with previous studies
[7]. However, ammonium and nitrate aerosols are currently not accounted for in the ra-
diative balance in the atmospheric component of CESM2, CAM. This aviation-attributable
change in tropospheric aerosol concentrations can induce changes in cloudiness through the
aerosol indirect effect, thus affecting precipitation, photolysis, air mixing, and temperature.
Additionally, changes in near-surface aerosol concentrations can induce changes in near-
surface meteorology, such as wind speeds. In turn, these small changes affect dust, sea salt
and biogenic emission fluxes. Previous studies have found that these aerosol-induced feed-
backs are the leading factors influencing surface chemistry and PM; 5 production [129, 82].
More work is needed to include secondary aerosols in the radiation calculations and to

quantify the magnitude of these phenomena.

No statistically significant change in surface or upper-tropospheric circulation has been

99



102

/ //
2% 10¢
: ///
e /
g 3% 107 v
n
(]
;s;_’ ax 107 /
// -0.2
6x 107 ’
// Z
3
1590.0"5 60.0°S 30.0°S Eq 30.0°N 60.0° N 90.0°N

Latitude

Figure 4-21: Change in zonally-averaged temperature from commercial aviation emissions.
The hatched areas indicate regions that are not statistically significant at 0.05 level using a
two-sided Student’s t-test.

observed based on the results of Sets 1 and 2. However, I find that the simulations lead
to a statistically significant increase in tropospheric temperatures in the tropics by ~70 mK
as displayed in Figure 4-21. This statistically significant region extends up to 100 hPa.
This increase in tropospheric temperatures also extends up to S0°N, but becomes less sta-
tistically significant at the 0.05 level at mid latitudes. This positive change in tropospheric
temperatures can be explained by the aviation-induced change in upper-atmospheric ozone
in the Northern Hemisphere, where the aviation-attributable ozone response is maximal.

Ozone acts as a greenhouse gas and is included in the radiative calculations in CESM2.

For the other meteorological variables, I find that the climate variability introduced in
each ensemble member dampens the aviation-attributable signal and is within the cross-
ensemble standard deviation, such that no statistical significance can be pointed out. Ad-
ditionally, I find no statistically-significant changes in lightning NO, emissions from the
effect of commercial aviation emissions. CAM computes lightning NO, emissions based
on the lightning flash frequency, which is estimated following the model cloud height,
with different parameterizations over ocean and land. The NO lightning production rate

in CAM is assumed proportional to the lightning discharge energy with 10! atoms of ni-
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trogen released per Joule [99]. The lightning NO, emissions are then distributed over the
complete column of grid boxes. This differs from previous studies, where lightning NO,
emissions are calculated based on the number of liquid and ice cloud nuclei [60]. Zonal
changes in circulation patterns, cloud properties, vertical atmospheric stability and light-
ning NO, emissions owing to commercial aircraft activities are displayed in Appendix C.
In CESM2-GC, black carbon from commercial aviation emissions influence clouds in two
major ways: (1) through both indirect effects (increase in cloud reflectivity and lifetime
effect), and (2) through the semi-direct effect (change in cloudiness from the absorption of
aerosol particles, thus affecting the near-cloud relative humidity). I find that the ensemble
mean global change in cloud fraction increases by 0.039% (when the average is performed
below 100 hPa). These changes are driven by large contributions from the poles, with local
increases up to 1% in the Arctic below cruise altitudes and 2% in the Antarctic at 500 hPa.
However, most of these changes are not statistically-significant at the 0.05 level. Longer
simulations or more ensemble members would be needed to reach statistical significant in

aviation-induced cloudiness at the 0.05 level.

Comparison to the nudged simulations

In this section, I compare how the results obtained from Section 4.4.2 are modified when
nudging the meteorology towards that of Set 1.

Figure 4-22 compares the results of the fully-coupled simulations to the nudged simula-
tions for surface ozone mixing ratios and surface PM, 5 mass concentrations. The average
is performed over the last nine years of the 10-year simulations, allowing for one year of
spin up. I find that the ozone response is consistent between both simulation sets with
a population-weighted surface exposure of 0.56 ppbv. However, stronger cross-ensemble
variability is observed in the fully-coupled simulations, allowing for climate feedback. In
these simulations, the aviation response is not statistically significant over South-East Asia,
Oceania and at high southern latitudes, while the results are statistically significant at any
location in the nudged simulations.

The surface PM; 5 response to aviation emissions have more discrepancy between the

two approaches. I find that both approaches still predict a statistically significant surface
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Figure 4-22: Surface changes in surface ozone mixing ratios (top) and surface PM; 5 mass
concentrations (bottom) for the fully-coupled (left) and nudged (right) ensemble runs using
CESM2-GC. The results are averaged over the last nine years of the 10-year simulations.
Hatched areas display regions that are not statistically significant at the 0.90 level.

PM,; 5 response over the West coast of the United States, Europe, Northern India and North-
Eastern China. Because of their lower inner variability, the nudged simulations predict a
statistically significant response over North America, Europe, Northern Africa and most of
Asia. In the fully-coupled simulations, the population-weighted change in PM; 5 exposure
reaches 0.08 ug/m>, mainly driven by large increases over North India and Eastern China,

while I find that the nudged simulations predict a change equal to 0.07 pg/m?.
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Figure 4-23: Comparison of the change in zonally and annually-averaged surface ozone
mixing ratios across all ensemble members in the fully-coupled (left) and nudged (right)
simulations. The dashed line represents the ensemble mean.
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Figure 4-23 shows the change in zonal surface ozone due to commercial aircraft activ-
ities for each individual ensemble member. First, the results from the nudged simulations
show that the mean surface ozone response to aviation emissions is 0.44 ppbv (0.56 ppbv
when population weighted), consistent with the fully-coupled simulations. However, the
fully-coupled simulations display much higher latitudinal variability relative to the nudged
simulations. In the latter, statistical significance in the surface ozone signal is reached at
any location. I also show that the Southern Hemisphere and Arctic regions are characterized
by larger variability across ensemble members compared to the tropical and mid-latitudes
in the Northern Hemisphere. The annual mean, as displayed in Figure 4-23, is consistent

in both approaches with a maximum difference of 0.15 ppbv in the Arctic.
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Figure 4-24: Same as Figure 4-23, but here considering the surface PM; 5 mass concentra-
tions across all ensemble members. The average is performed over the last nine years of
the 10-year simulations.

Figure 4-24 displays zonally and annually-averaged PM; 5 surface concentrations ow-
ing to aviation emissions. Similarly to Figure 4-23, I find that the fully-coupled simulations
using CESM2-GC are characterized with much stronger inner-variability across ensemble
members. As a comparison, the mean standard deviation at the surface is 0.13 pg/m> and
0.03 ug/m? for the fully-coupled and nudged simulations respectively. The magnitude of
the response from both simulation sets is consistent with previous studies using CTMs
[28, 7, 15]. For instance, the annually-averaged population-weighted change in surface
PM, 5 response is 0.08 pg/m® for the fully-coupled simulations (while it is 0.07 ug/m?

for the nudged simulations). A recent study found an aviation-induced increase in sur-
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face PM, 5 equal to 0.053 pg/m3 from aviation emissions [28]. The area-weighted PMj 5
change is 0.007 pg/m? for both sets, in good agreement with previous values from the
scientific literature ranging between 0.003 and 0.008 ug/m?> [15]. The geographical distri-
butions, displayed in Figure 4-22, are also in good agreement with previous studies, with
regions over Europe, India and East Asia experiencing local increases up to 0.5 ug/m? in
surface PM> 5 due to aviation emissions. However, I find that the number of ensemble runs
is still too low to conclude that the results from the fully-coupled simulations are statisti-
cally significant regarding surface PM; 5. Longer runs would also make the aviation signal

statistically significant as atmospheric variability decreases with time averaging.
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Figure 4-25: Comparison of the ensemble means of the change in monthly-averaged sur-
face ozone mixing ratio for the fully-coupled (left) and nudged (right) simulations. The
black dashed line represents the annual mean.

Figure 4-25 describes the change in zonally-averaged surface ozone due to aviation
emissions, averaged over each simulated month. Similarly to Figure 4-23, I find that the
fully-coupled simulations display larger variability and stronger variations with latitude
when compared to the nudged simulations. The seasonal pattern is identical in the fully-
coupled and nudged simulations, with winter months characterized with a stronger ozone
response.

The results presented in Figure 4-25 can be compared against previous literature results
[15]. In this previous study, CESM2 was run with CAMS5 and using CAM-Chem assuming

an aviation emission inventory representation of 2006. The results were averaged over six
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years. Here I use CESM2-GC, thus relying on the GEOS-Chem chemistry representation,
with CAM6 and using an aviation emission inventory for 2019. This 2019 emission in-
ventory has approximately twice the amount of aviation fuel burn compared to the 2006
emission scenario. Additionally, I have used five ensemble members for each set of simu-
lation and averaging the results over a decade. These are possible causes that explain the
differences between these results and the intercomparative previous study using CESM?2
[15]. More work would be needed to identify which cause leads to these differences, by

reproducing the simulation set, with aviation emissions for 2006 and using CAM-Chem.

4.5 Discussion and limitations

In this chapter, I evaluated the environmental response of aviation emissions using fully-
coupled climate simulations, allowing for meteorological feedback. This analysis was
driven by a previous study suggesting that the effects of aviation emissions on upper-
tropospheric and surface mixing ratios were magnified by climate feedback [60]. To test
this hypothesis, I develop a newly-coupled model, CESM2-GC, unifying a GCM, CESM2,
with the GEOS-Chem chemistry model, which has previously been used extensively to
estimate the role of aviation emissions.

I present a validation of CESM2-GC against results from the native chemistry option in
CESM2, CAM-Chem, as well as the GEOS-Chem CTM. I provide additional comparisons
to ground station, aircraft and satellite measurements. With all emission fluxes identical
and specified dynamics for all runs, I find that CESM2-GC generates results that are con-
sistent with observations and other models. I show that CESM2-GC surface ozone mixing
ratios agree with results from the GEOS-Chem CTM, while they are slightly lower than
estimates from CAM-Chem. Furthermore, Column ozone totals in CESM2-GC are under-
estimated compared to satellite measurements, with a negative bias of 8 DU. CESM2-GC
also underestimates local column ozone in polar events, such as the Antarctic spring, where
I find a negative bias up to 16 DU. Comparisons of carbon monoxide to satellite measure-
ments show that CESM2-GC provides a smaller globally-averaged bias, balancing out a

negative bias in the Northern Hemisphere with a positive bias in the Southern Hemisphere.
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Finally, I also show results from CAM-Chem and CESM2-GC against measurements from
aircraft campaigns. The model results are consistent with the observations and between

each other, with a small negative bias in ozone observed for CESM2-GC.

In the second part of this chapter, I use CESM2-GC to perform ensemble runs to evalu-
ate the role of climate feedback on the environmental assessment of aviation emissions. Us-
ing fully-coupled simulations, I find that aviation emissions lead to a population-weighted
surface increase in ozone mixing ratios of 0.56 ppbv, in agreement with previous stud-
ies [15]. The increase in surface ozone is statistically significant in most of the Northern
Hemisphere. I also show that the simulations also lead to an increase in surface PM; 5 over
Europe, Northern India and East China, however, more ensemble members or longer sim-
ulations would be needed to make the results statistically-significant. Furthermore, I per-
form additional ensemble member simulations using nudging the meteorology. The nudged
simulations generally agree with the fully-coupled simulations and provide a population-
weighted surface ozone response to aviation emissions also equal to 0.56 ppbv. However, I
find that the results from the nudged simulations display much lower inner-variability com-
pared to the fully-coupled simulations. I show that the fully-coupled simulations reproduce
a statistically-significant change in surface PM; 5 over Europe, Northern India and East-
ern China, in agreement with the nudged simulations and previous studies [7]. I find that
the model estimates an increase in population-weighted PM; 5 exposure by 0.08 and 0.07
ug/m?> for the fully-coupled and nudged simulations respectively. The PM, 5 response is
also characterized by less variations across ensemble members in the nudged simulations.
Despite their larger chaotic behavior, the fully-coupled simulations are able to reproduce
the seasonal pattern in aviation-attributable surface ozone and PM, s, observed in previous

studies [15, 28].

Finally, I evaluate the role of climate feedback from high-altitude aviation emissions.
I find that the fully-coupled simulations introduce no statistically significant changes in
circulation patterns, cloud fractions or surface temperatures when using five ensemble
members and decadal simulations. However, I show that the ensemble members capture a
change in the 10-year averaged tropospheric temperatures in tropical regions and Northern

mid latitudes, up to 70 mK. This can be explained by the increase in aviation-attributable
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ozone, which is maximized in the Northern Hemisphere. Future work should focus on
whether longer simulations or additional ensemble members would change the statistical
significance of the magnitude of climate feedback due to aviation emissions.

The fully-coupled simulations used in this chapter do not account for the radiation
feedback of aviation-induced aerosols, such as nitrates and ammonium. For instance, the
aerosol indirect effect translates changes in aerosol concentrations into cloud coverage, thus
affecting photolysis, temperatures, air mixing, and precipitation, all of which affect lower-
tropospheric and surface chemistry [129]. Further work to include nitrates and ammonium
as components of the radiative scheme in CAM and quantify the magnitude of this aerosol-

driven feedback is necessary.
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Chapter 5

Conclusion

The work presented in this thesis aims to improve the scientific understanding of the en-
vironmental impacts of commercial aircraft activities from the non-linear plume-scale pro-
cesses up to global climate and atmospheric responses. Given the complexity of the differ-
ent atmospheric pathways involved and the different temporal and spatial scales associated
with aircraft emissions, the work of this thesis is divided into chapters each aiming to re-

solve a different question.

5.1 Key findings

Commercial aircraft emissions degrade surface air quality, have lasting effects on the ozone
layer, and are a growing contributor to climate change. The three chapters of this thesis
tackle each individual aspect of the environmental impact of aviation emissions.

In Section 2, [ use an aircraft plume model to estimate the role of plume-scale processes
in the evaluation of the impact of aviation emissions. I find that a processing of aircraft
emissions to include non-linear plume effects leads to a reduction in the aviation-induced
ozone perturbation by approximately 5% globally, despite large spatial and seasonal het-
erogeneities. The largest absolute change in aviation-attributable ozone occurs at subsonic
aircraft altitude, at ~11 km, while surface conditions experience both increases or decreases
in aviation-attributable ozone exposure, with urban areas having increases in ozone from

plume-scale effects.
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In Section 3, I evaluate a column-ozone neutral altitude at which aviation emissions
would lead to no net change in column ozone, and thus surface UV flux and the inci-
dence rate of human skin cancer. I extend an adjoint model of atmospheric chemistry to
include stratospheric chemistry and I use decadal adjoint-derived sensitivities to show that
emissions between 12 and 15 km altitude are approximately column ozone-neutral. This
ozone-neutral altitude varies as a function of latitude and composition of aircraft emissions.
Furthermore, I find that nitrogen oxides and sulfur emissions are the two emission compo-
nents driving changes in the ozone-neutral altitude. Water vapor emissions contribute to
the aviation-attributable ozone response by less than 5% below 15 km. In the stratosphere,
I show that seasonality of emissions can influence the ozone response. For instance, I find
that, at altitudes above 15 km, the net, simulation-averaged ozone depletion resulting from
a single flight varies by a factor of two depending on the season of emissions. Ultimately,
under the assumption of ultra-low sulfur fuel, I find that a flight at 14 km would be ozone

neutral.

Finally, in Section 4, I evaluate the role of climate feedback in the assessment of avia-
tion’s environmental response. I develop a newly-coupled global climate model, CESM2-
GC, unifying CESM2 with GEOS-Chem. I validate the results from CESM2-GC against
atmospheric measurements, the native chemistry option in CESM2, CAM-Chem, and the
GEOS-Chem CTM. I find that the results of CESM2-GC are consistent with other mod-
els and observations. CESM2-GC predicts lower ozone mixing ratios in the troposphere
compared to CAM-Chem, but has a lower absolute bias in total carbon monoxide col-
umn compared to satellite measurements. I then perform ensemble runs using CESM2-GC
to estimate the magnitude of the coupled chemistry-climate feedback on aviation emis-
sions’ response. | show that the fully-coupled simulations predict a statistically significant
population-weighted surface ozone and PM; 5 change from aviation emissions equal to
0.56 ppbv and 0.08 pg/m> respectively, consistent with previous studies. Nudged simu-
lations find similar results, but with a much lower variability. Additionally, I find that
the full-model runs predict an increase in tropospheric temperatures in the tropics and at
mid-latitudes of 70 mK. This change is explained by the radiative contribution of aviation-

induced ozone in the troposphere.
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5.2 Future work

In Section 2, I quantify the role of plume-scale processes on the long-term atmospheric
response to aviation emissions. The plume-scale results used in this evaluation do not
include variations in mixing rates. Difference in in-plume mixing rates can influence ozone
production by diluting emitted NO, in a larger plume area, as suggested in previous studies.
More work would be necessary to evaluate the role of mixing rates on the plume-scale
perturbations from individual aircraft and to quantify how these individual perturbations
would propagate to the global-scale response to aviation emissions.

In Section 3, I calculate the column ozone-neutral altitude and its sensitivity to fleet-
wide emission characteristics assuming current atmospheric conditions. However, future
changes in atmospheric composition, such as the slow decay in stratospheric chlorine load-
ing, could change the magnitude of stratospheric ozone depletion from high-altitude emis-
sions. Reduction in stratospheric chlorine would reduce the magnitude of the adjoint sen-
sitivities of column ozone in the stratosphere. However, a more thorough analysis should
be conducted to evaluate how this would impact the ozone-neutral altitude for current and
future subsonic aviation scenarios, accounting for market growth, and also for the possible
reborn supersonic high-altitude aircraft fleet.

In Section 4, The assessment of the magnitude of the role of climate feedback when
evaluating the environmental response of aviation emissions is presented in this thesis.
More work would be needed to quantify the dependence of the results presented to the
number of ensemble members and simulation length. However, the results presented do
not account for the feedback of aviation-induced aerosol change on the meteorology. This
could be important as the aerosol indirect effect has been mentioned in the literature as the
dominant process influencing near-surface chemistry and PM; 5 production. Further work

is needed to quantify the magnitude of this effect on the response to aviation emissions.
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Appendix A

Appendix to Chapter 2

A.1 Plume-scale results

Figure A-1 displays histograms of the remaining fraction of in-plume NO, as stored in the
look-up table. The values are extracted from the look-up table for a flight-level pressure of
220 hPa and latitude of 60°N and are plotted as a function of temperature. Each histogram
represents a different season. Figure A-1 shows a strong dependence of the NO, remain-
ing fraction on the season of emissions with values greater than ~90% during winter, but
reaching ~40% during the summer months. This agrees with previous studies on aircraft
plume modeling [127, 42]. Additionally, higher temperatures lead to greater conversion of
emitted nitrogen oxides to reservoir species. The temperature dependence is weaker during

the winter months.

A.2 Aviation emissions

The commercial aviation emission inventory is derived for the year 2015 from the Aviation
Emissions Inventory Code (AEIC) [109, 112]. AEIC identifies routings and model flight
time, fuel burn and engine emissions using look-up tables of aircraft performance. Aviation
fuel burn and emissions are derived from the Official Airline Guide (OAG) schedule for
2015. The global aircraft emission inventory consists of ~220 Tg fuel burn. This compares

to ~190 Tg of fuel burn in 2006 [28] and ~240 Tg in 2015 [42] according to the global
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Figure A-1: Two-dimensional histograms of in-plume remaining NO, fractions as a func-
tion of flight-level temperature for a cruise pressure of 220 hPa and latitude of 60°N. Each
subplot displays the look-up table values for each season (DJF, MAM, JJA, SON). All
histograms use the same color scale.

emission dataset from the Federal Aviation Administration (FAA) Aviation Environmental
Design Tool (AEDT). In our emission scenario, aviation NO, emissions reach a total of
3.93 Tg (on a NO, mass basis). Fuel burn density of the emission inventory used for this

study is displayed in Figure A-2.
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Figure A-2: Commercial aviation fuel burn density for the year 2015, as estimated by AEIC
(bottom right) and its latitudinal and longitudinal dependence (left and top respectively)

[109]. All aviation emissions are released below 13 km. Aviation fuel burn adds up to
~220 Tg.
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Appendix B

Appendix to Chapter 3

B.1 Validation of the sensitivities of column ozone to strato-

spheric sulfur emissions

Stratospheric sulfur, through sulfuric acid aerosol particles, plays an important role on the
Earth’s radiative balance by reflecting incoming radiation. Additionally, sulfate aerosols
act as a surface for heterogeneous chemical reactions. The role of sulfur on stratospheric
ozone has been extensively studied over the past few decades in the context of sulfate
geoengineering as one of the possible policies for solar radiation management [98, 92, 135].
The five year integration period, used to obtain adjoint sensitivities, are necessary to capture
the long-term feedback from sulfur injection as stratospheric sulfur lifetimes have been
estimated to be ~1.9 years [134].

To estimate the sensitivities of total ozone column to changes in SO, and H,SO,4 con-
centrations, I compare the obtained adjoint sensitivities against forward model sensitivities
obtained by scaling a supersonic aviation emission inventory, with a ceiling altitude at
66,000 ft (~20 km).

The top pane in Figure B-1 displays the sulfur-attributable forward model response to
the supersonic aviation scenario considered. Sulfur emissions lead to immediate ozone
depletion that stabilizes after ~2 years, leading to a time-averaged ozone response of -

245 mDU for ~15 Gg S/year of injected sulfur (on an elemental sulfur mass basis). The
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forward-derived sensitivity of -16.3 mDU/(Gg S/year) is approximately an order of mag-
nitude greater than the sensitivity to NO, emissions, at the corresponding altitude. Given
conventional emission indices and fuel sulfur content, NO, emissions are ~10 times greater
than sulfur emissions, making the component-wise attributions of the same order of mag-
nitude. The share of sulfur in the total ozone column response from supersonic aviation
depends critically on the cruising altitude. The middle panes of Figure B-1 show the zon-
ally and temporally averaged sensitivities to changes in SO, and H,SOy4 concentrations.
The dashed contour lines represent subsonic and supersonic levels of aviation fuel burn.
Sensitivities to sulfur compounds are negligible in the troposphere and reach a local mini-
mum at 20 km. In the 18-22 km band, the equatorial sensitivities are smaller in magnitude

compared to extratropical and polar sensitivities.
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Figure B-1: Five-year forward model-derived response to supersonic sulfur emissions, as-
suming a fuel sulfur content of 600 ppm (top); zonally-averaged sensitivities of total ozone
column to sulfur emissions when emitted as SO, (middle left) and H,SO,4 (middle right);
adjoint sensitivities weighted by sulfur conversion (bottom).
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Sulfate geoengineering scenarios consist of injecting sulfur compounds in the rising air
current of the Brewer-Dobson circulation above the tropical tropopause. The impact of so-
lar geoengineering scenarios on stratospheric ozone has been quantified in previous studies
[30]. By using adjoint-derived sensitivities, I am able to rapidly evaluate changes in total
ozone column from such scenarios. However, the adjoint sensitivities do not account for
meteorological feedback, such as tropospheric cooling, stratospheric warming and changes
in precipitation.

By averaging the obtained sensitivities between 20 and 25 km, from 30°S to 30°N, I find
that emissions of sulfur would lead to a normalized 5-year average ozone column response
of -2.19 DU / (Tg SO»/year) and -1.59 DU / (Tg H,SOg4/year) whether sulfur is released as
SO, or HySO4. The values cited previously are for a stratospheric chlorine loading of 2.76
ppbv.

The bottom pane of Figure B-1 displays the sensitivity of total column ozone to ele-
ment sulfur from aviation emissions, as a weighted combination of sensitivities to sulfur

compounds, expressed as

8J_<1 OC) dJ ]W‘/VSO2 a aJ MWH2S04
2S 950, MWs 0H,SO4 MW

(B.1)

where o represents the fraction of sulfur converted to HSO,4 on a molecular basis. For
this study, I use a value of o equal to 2%. Using the supersonic emission scenario for
validation purposes, I obtain an adjoint-derived 5-year total ozone column change of -290
mDU, corresponding to a normalized response of approximately -19 DU / (Tg S/year), off
from the GEOS-Chem forward-derived response by 16%.

B.2 Sensitivity of aerosol optical depth to emissions

I now present the sensitivities of area-averaged AOD to changes in concentrations. I fo-
cus here on the role of sulfur and compare the adjoint-derived sensitivities to results from
the existing literature on the impact of sulfur geoengineering following an injection in the

tropical lower stratosphere. Figure B-2 displays adjoint sensitivities of area-weighted AOD
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Figure B-2: Zonally-averaged adjoint sensitivities of total aerosol optical depth with respect
to sulfur emissions. The sensitivities are expressed per Tg of elemental sulfur per year.

to sulfur emissions, expressed on an elemental sulfur basis. The sensitivities are approx-
imately uniform in the troposphere, with an average value of 0.0035 / (Tg S/year) in the
10-12 km band. In the 15-30 km layer, changes in sulfur concentrations in the stratosphere
have a more profound impact on the total AOD, due to the lack of removal processes in
the stratosphere, reaching up to 0.05 / (Tg S/year). Indeed, the typical age of air at 20 km
ranges between 2 years and approximately 4 years in the tropics and extratropical regions
respectively [18], meaning that injected sulfur above 15 km will typically have a longer

lifetime compared to injection in the troposphere.

Injection of sulfur at a rate of 1 Tg S/year in the equatorial region (between 30°S and
30°N) and in the 20-25 km altitude band leads to a change in area-weighted AOD of 0.05.
Sensitivities are higher in the extratropical and polar regions. For a similar injection pattern,
a previous study quotes a forward model-derived sensitivity of mean stratospheric AOD

of 0.079 [30]. In this study, I expect smaller sensitivities as the averaging is performed
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throughout the entire atmosphere. Injection in the 20-25 km altitude band will lead to
a greater aerosol loading in the stratosphere compared to the troposphere, such that the

stratospheric average is expected to be larger than a full column AOD average.
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Appendix C

Appendix to Chapter 4

C.1 Engineering of coupling GEOS-Chem with CESM2

One of the drawbacks of atmospheric chemistry models embedded in GCMs is that it ap-
pears challenging to maintain the representation of atmospheric processes up-to-date, when
compared to offline models. In online models, the feedback and interactions between dif-
ferent physical and chemical modules are oftentimes hardwired. This means that software
development requires significant effort to maintain or update such modules. For this reason,
user modifications can be difficult to propagate back to the main branch.

In order to tackle the previous concern, I have developed CESM2-GC with the follow-

ing intents:

* The interfacing between GEOS-Chem and CESM is, as much as possible, dissociated

from the parent models.

* The parent models are not modified (i.e. CESM and GEOS-Chem interact only
through a coupler which does not modify either CESM nor GEOS-Chem)

* The computational resources used by the interface is minimal and does not affect any

of the parent models

* The interface between both models is documented, freely accessible, version con-

trolled, and it does not hinder the installation of any of the parent models.
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The first two points are introduced to make any future updates to the parent models easy to

implement in the interface routines.

The next generation of the CESM atmosphere model will seek to provide a unified
framework for atmospheric simulations on a very wide range of scales. The System for
Integrated Modeling of the Atmosphere (SIMA) will be developed using the NUOPC-based
Common Physics Framework (CPF) [47] to allow selection of various components within
the atmosphere model [97]. The objective of SIMA is to have individual components for
physical parameterizations and chemical modules linked to the dynamical core through
the CPF with a common coupling structure. The MOZART chemistry mechanism, used
by CAM-Chem, will be incorporated into the new Model Independent Chemistry Module
(MICM) to be implemented in SIMA. MICM is currently under development and will
provide a single entry point for the specification of the MOZART chemical mechanism and

parameterizations.

The intermediate step is to implement the GEOS-Chem chemical module as an al-
ternative to MICM. This facilitates the software engineering development of this project.
Integrating the GEOS-Chem module into SIMA in parallel with the development of MICM
will allow a more complete consideration of the needs in coupling and modularizing the
chemistry components. The end step of this project is to break up the GEOS-Chem chem-
ical module into components in order to exploit the generic modular framework enabled
by CPE. This allows users to freely choose GEOS-Chem and non-GEOS-Chem compo-
nents for their atmospheric chemistry simulations. At this step, emissions, chemistry, wet
deposition, and dry deposition will be implemented in separate components. Breaking
up GEOS-Chem into its internal process-based components will allow testing and inter-
comparison of different representations of processes at a granular level. The integrity of
GEOS-Chem within SIMA and its referenceability to the standard GEOS-Chem model will
still be maintained as a specific SIMA configuration of components and settings. Again,
I will ensure that GEOS-Chem modularization as done for SIMA is also implemented in
the standard GEOS-Chem model so that the two continue to use exactly the same scientific

code base.

Evaluation of the GEOS-Chem simulation within SIMA is a valuable part of the work.
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Species Emission totals

NO 44.1 TgN
CO 366 Tg C
C>Hg 5.19TgC
C; alkenes (PRPE*) 8.93 Tg C
C3Hg 4.55 Tg C
CH,O 446 TgC

CH;CHO (ALD2*) 23.7TgC
Cy4 alkanes (ALK4*) 15.33 TgC
C,HsOH (EOH™) 7.58 Tg C
CH3;0H (MOHY) 4453 Tg C
Toluene (TOLU™) 1.16 Tg C
Xylene (XYLE") 0.89 Tg C
NH; 66.84 Tg N

Table C.1: Emission totals for selected species in CESM2-GC.
* Emitted species in GEOS-Chem.

Swapping GEOS-Chem and MICM components for emissions, chemistry, and deposition
will further expand the range of model evaluation and is likely to result in significant im-

provement in the ability to model chemistry within CESM.

C.2 Surface emission fluxes

Table C.1 lists surface emission fluxes of selected species in CESM2-GC. The emission
fluxes are passed through HEMCO and the emission totals are in agreement with the sci-
entific literature [34].

Additionally, this section intends to provide a geographical comparison of emission
fluxes in CESM2-GC and the GEOS-Chem CTM. In this thesis, CESM2-GC, CAM-Chem
and the GEOS-Chem CTM use HEMCO to handle emission inputs into the model. This
means that all three models have identical emissions with slight modifications due to depen-
dencies of emission extensions (such as sea flux emissions) on the meteorology. However,
these differences should be relatively small. For CESM2-GC and CAM-Chem, lightning
NOXx, dust, sea salt, and biogenic emissions are computed within the model and are not
read or estimated from HEMCO.

Figures C-1, C-2 and C-3 display surface emission fluxes of CO, NO, and NH3 for

125



CESM2-GC and the GEOS-Chem CTM. The emission fluxes between CESM2-GC and
the GEOS-Chem CTM are almost identical and only differ by small amounts.

Figure C-1: Surface CO emission flux for CESM2-GC (left) and the GEOS-Chem CTM
(right)

ka/ms

Figure C-2: Surface NO emission flux for CESM2-GC (left) and the GEOS-Chem CTM
(right)

Figure C-3: Surface NH3 emission flux for CESM2-GC (left) and the GEOS-Chem CTM
(right)

C.3 Additional aircraft campaign observations and com-

parison to model evaluations

This section compares results from the CESM2-GC and CAM-Chem simulations to mea-

surements from aircraft campaigns. The results are only compared to observations in the
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0 to 3 km altitude band. I find that CESM2-GC displays a larger ozone bias than CAM-
Chem, when compared to the observations. This bias has already been observed in Section
4.3. Other species displayed in Figure C-4 show good agreement between CESM2-GC and

CAM-Chem and with the remote measurements.
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Figure C-4: Comparison of the results from CESM2-GC and CAM-Chem to aircraft ob-
servations in the O to 3 km altitude range. The results from CESM2-GC and CAM-Chem
are displayed in red and blue respectively. The measurements are shown as black circles.

C.4 Aviation-induced feedback on atmospheric circulation,
vertical stability, cloud fraction, and lightning NO,
emissions

This section presents the impact of commercial aviation emissions on annually-averaged

atmospheric circulation, atmospheric stability, cloud coverage, and lightning NO, emis-

sions.

127



102

2

u.
2

Pressure, hPa

b
2

3
]900.0°S 60.0°S 30.0°S Eq 30.0°N 60.0° N 90.0°N
Latitude

10° 0.8

NN
\\\\ .
SN

7

3 -0.8
1900.0“5 60.0°S 30.0°S Eq 30.0°N 60.0°N 90.0°N
Latitude

| |
o o
o =~

o3

Figure C-5: Estimated zonal wind in CESM2-GC (top) and aviation-induced change in
zonally-averaged zonal wind from commercial aviation emissions (bottom). The hatched
areas indicate regions that are not statistically significant at 0.05 level using a two-sided

Student’s t-test.

Figures C-5 and C-6 show aviation-induced changes to zonal and meridional winds
respectively, averaged over the ten years of the fully-coupled simulations described in Sec-
tion 4. No statistically-significant changes at the 0.05 level are observed in the Northern
Hemisphere, where most of aviation fuel is burnt. Only statistically-significant changes
are observed in tropical regions for zonal wind and austral regions for meridional wind.
However, these statistically-significant regions are highly sensitive to the averaging period
and to the number of ensemble members considered. Larger ensemble sets or longer sim-

ulations would be needed to confirm that these changes are the results of climate feedback
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Figure C-6: Estimated meridional wind in CESM2-GC (top) and aviation-induced change
in zonally-averaged meridional wind from commercial aviation emissions (bottom). The
hatched areas indicate regions that are not statistically significant at 0.05 level using a two-
sided Student’s t-test.

from commercial aviation emissions.

Figure C-7 shows changes in cloud fractions estimated by CESM2-GC from commer-
cial aviation emissions. I find that only a decrease in upper-tropospheric tropical cloud
fractions and an increase in mid-tropospheric cloud fractions in austral regions are statisti-
cally significant. Similarly to the circulation patterns, these changes are highly sensitive to
the number of ensemble members and averaging period used.

Figure C-8 displays the change in zonally-averaged vertical pressure velocity owing to
commercial aviation emissions. The aviation-induced change in vertical pressure velocity
from commercial aircraft activities is less than 1% of the reference values, except around

the South Pole, where the results indicate a contribution up to ~10%. Only the mid and
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Figure C-7: Estimated cloud fraction in CESM2-GC (top) and aviation-induced change
in zonally-averaged cloud fraction from commercial aviation emissions (bottom). The
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lower tropospheric austral region is statistically-significant at the 0.05 level. However,
this may be explained by the high sensitivity in polar regions and chaotic behaviors of
individual ensemble members. More ensemble members would be needed to confirm that
this statistically-significant change is indeed caused by aviation emissions.

Finally, Figure C-9 shows the rate of NO, production from lightning. I find no statistically-
significant change in lightning NO, emissions at the 0.05 level from commercial aviation
emissions. The aviation-induced change in NO, emission rates from lightning is limited to

1% 1n tropical regions and 2% in North-hemispheric mid-latitude regions.
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