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Potential Impacts on Ozone and Climate From a Proposed
Fleet of Supersonic Aircraft

Jun Zhang! (2, Donald Wuebbles? (=), Jens Holger Pfaender? ’, Douglas Kinnison! */, and
Nicholas Davis!

'National Center for Atmospheric Research, Boulder, CO, USA, ?Department of Atmospheric Sciences, University of Illinois,
Urbana, IL, USA, 3School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA, USA

Abstract There has been renewed interest in developing commercial supersonic transport aircraft due to
the increased overall demands by the public for air travel, the aspiration for more intercontinental travel, and the
desire for shorter flight times. Various companies and academic institutions have been actively considering the
designs of such supersonic aircraft. As these new designs are developed, the environmental impact on ozone
and climate of these fleets need to be explored. This study examines one such proposed commercial supersonic
fleet of 55-seater that is projected to fly at Mach 2.2, corresponding to cruise altitudes of 17-20 km, and which
would burn 122.32 Tg of fuel and emit 1.78 Tg of NOx each year. Our analyses indicate this proposed fleet
would cause a 0.74% reduction in global column ozone (~2 Dobson Units), which is mainly attributed to the
large amounts of nitrogen oxides released in the atmosphere from the supersonic aircraft. The maximum ozone
loss occurs at the tropics in the fall season, with a reduction of —1.4% in the total column ozone regionally. The
stratospheric-adjusted radiative forcing on climate from this fleet was derived based on changes in atmospheric
concentrations of ozone (59.5 mW/m?), water vapor (10.1 mW/m?), black carbon (—3.9 mW/m?) and sulfate
aerosols (—20.3 mW/m?), resulting in a net non-CO,, non-contrail forcing of 45.4 mW/m?, indicating an overall
warming effect.

Plain Language Summary With the general public's increased demand for air travel, a desire for
more intercontinental travel with shorter flight times, there has been renewed interest in developing commercial
supersonic transport aircraft. Various companies and academic institutions have been actively considering the
design of such a supersonic aircraft. As these new designs are developed, the environmental impact of these
realistic fleets on ozone and climate needs to be explored. This study looked at one such supersonic fleet,
expected to fly at Mach 2.2, corresponding to a cruising altitude of 17-20 km, that would burn 122.32 Tg of
fuel and emit 1.78 Tg of NOx per year. Our analysis shows that this proposed fleet would result in a 0.74%
reduction in global columnar ozone (approximately 2 Dobson units), mainly due to the large atmospheric
release of nitrogen oxides by supersonic aircraft. The impact on climate from this fleet was derived to have a
net forcing of 45.4 mW/m?, indicating an overall warming effect.

1. Introduction

The first commercial supersonic transport aircraft were first designed and built in the 1970s and consideration of
such aircraft largely ceased in the late 1990s (e.g., Kawa et al., 1999; Penner et al., 1999). This perceived market
has largely been left dormant since the retirement of the first commercial supersonic aircraft, the Concorde, in
2003. Environmental impacts associated with the operation of supersonic aircraft in the stratosphere have been an
object of scientific interest since the 1970s (Grobecker et al., 1974) when the Concorde first entered into service.

There is now renewed interest in considering designs for supersonic commercial aircraft, especially for smaller
passenger aircraft and for supersonic business jets (e.g., Carisosica et al., 2019). The expectation of aircraft
designing, testing, and operating profitable, efficient, safety, and reliable supersonic civil aircraft have been
greatly improved owning to the advancement in materials, propulsion, flight control technology, analyti-
cal methods, and performance prediction over the last four decades (Maclsaac & Langton, 2011; Nicolai &
Carichner, 2010). With the recently renewed interest, various academic institutions and several companies have
targeted the consideration of designs for supersonic transport aircraft, including actively developing new such
aircraft (e.g., Boom, 2023; Eastham et al., 2022; Spike, 2023). Resulting environmental effects from fleets of
these aircraft need to be evaluated.
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Despite anticipated technical advancements, supersonic aircraft are still likely to have a greater environmental
impact (in terms of noise and emissions) than their subsonic counterparts on a per-aircraft and per-passenger
basis. Earlier studies have demonstrated the potential environmental effects of supersonic exhaust on stratospheric
ozone abundance and on climate due to their burning of fossil-based aviation fuels (e.g., Cunnold et al., 1977,
Grewe et al., 2007, 2010; Kawa et al., 1999; Pitari et al., 2004; Pitari & Mancini, 2001; Tie et al., 1994; Zhang
et al., 2021a, 2021b). In the stratosphere, emissions of nitrogen oxides (NOx) can destroy ozone catalytically.
Water vapor formed during fuel combustion provides a source of oxides of hydrogen (HOx) which can also
destroy ozone. In addition, the sulfate and black carbon (BC) aerosols emission from the fuel combustion can
provide more surface area density (SAD) for heterogeneous chemistry to occur on particles, which also leads
to ozone destruction. Climate impacts result from changes in radiative forcing (RF). The largest contributors,
in addition to the effects from direct emissions of carbon dioxide, have previously been identified to be the
warming from emitted water vapor and cooling from sulfate aerosols (Grewe et al., 2007; Penner et al., 1999).
Other contributions to RF occur from ozone production (warming) or destruction (cooling) and BC (warming).
For these impacts, the higher cruise altitudes of supersonic aircraft are associated with increased atmospheric
residence times for aircraft emissions, which increases the sensitivities of some atmospheric responses (Zhang
et al., 2021a). Contrail impacts are not considered here, but we anticipate the effects from contrails would be
negligible; lower stratospheric water vapor concentrations are very low (3—5 ppmv) and contrails in the strato-
sphere would not be expected to persist for very long.

Many prior studies have focused on examining the impacts of larger, high speed, high-flying commercial super-
sonic aircraft with rather long ranges, such as the major assessments (NASA assessment and Intergovernmental
Panel for Climate Change special report on aviation). Their assessments of potential supersonic aircraft impacts
were last conducted over 22 years ago, that largely examined a 300 passenger, Mach 2.4 aircraft design with
cruise altitudes between 18 and 20 km and a range of 5,000 nmi (Kawa et al., 1999; Penner et al., 1999). In
contrast, most of the supersonic aircraft designs currently under consideration are smaller and span a range of
speeds and corresponding altitudes. For example, the Boom Overture design would operate at Mach 1.7 with
cruise altitudes of 17-19 km and a capacity of 65-80 passengers (Boom, 2023).

Previous studies from Zhang et al. (2021a, 2021b) have revisited the ozone and climate impacts from a potential
fleet of supersonic aircraft developed in 1990s, and then explored the sensitivity of atmospheric responses of
ozone and climate from supersonic aircraft emissions at varying altitudes using the old emission inventory. As
new aircraft designs and the corresponding fleet evaluations and emission inventory become available, there is
a need to analyze the future environmental impact of such supersonic aircraft using state-of-the-art atmospheric
chemistry-climate models. Eastham et al. (2022) has assessed the environmental impacts of a near-future super-
sonic aircraft fleet based on their proposed aircraft designs of a supersonic fleet flying at Mach 1.6 and 15-17 km
altitude, burning 19 Tg of fuel each year and emitting 170 Gg of NOx. Their near-future supersonic aircraft fleet
is assumed with current-generation engine technology burning fossil-based kerosene fuel and with current-day
sulfur content. This study is aimed at examining the potential environmental impacts from the fleet for a newly
proposed commercial supersonic aircraft design by the Aerospace Systems Design Laboratory (ASDL) at Geor-
gia Tech (GT).

2. Aircraft Design and Emission Scenario for Supersonic Transport

The aircraft examined here was designed using the Framework for Advanced Supersonic Transport (FASST)
(Baltman et al., 2022) developed at ASDL GT based on the Environmental Design Space (Kirby & Mavris, 2008)
framework that initially was focused on purely subsonic commercial aircraft. FASST includes features specific
to supersonic aircraft such as a more realistic modeling of the much tighter airframe, aerodynamics, and propul-
sion integration, as well as additional constraints over a much larger flight envelope, and supersonic inlets and
nozzles. The focus here was on the larger commercial airline operated category instead of the smaller business
jet category, due to the much larger market potential compared to the relatively small contributions of business
jet operations.

Unlike many subsonic commercial transport aircraft studies, there are only one or two historic data points avail-
able to anchor conceptual design studies to realistic data. This is unfortunately insufficient to perform studies
beyond those points by, for example, varying cruise Mach number or changes in materials or overall layout.
Therefore, FASST uses well tested Computational Fluid Dynamics (CFD) capabilities such as the Euler-based
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CART3D (Aftosmis, 2020) with additional viscous corrections to predict the
aircraft lift and drag. It is not currently computationally feasible to perform
design studies using whole aircraft viscous CFD solutions for the entire
flight envelope without a large super computing environment. Nevertheless,
this approach represents a good compromise of resources and accuracy for
early conceptual trade studies. After many iterations on the overall layout,
the ASDL team converged on a four-engine, under-wing configuration with
main wing integrated elevators and no horizontal tail or canards as control
surfaces. The main fuselage is integrated with the wings, engines, and vertical
tail and placed and shaped to achieve a shallow distribution of cross sections
without steep gradients (“area-ruling”) to minimize wave drag but keeping
the passenger section sized for a two-class configuration with 1 + 1 and 2 + 1

Figure 1. Top-Down View of the aircraft design with Mach Contours shown. seating for 55 passengers. The result is shown in Figure 1 and achieves a
Low surface Mach numbers are shown in orange/red. The absence of orange respectable lift-to-drag (L/D) ratio of 7.128, which while only slightly higher

over the top of the wing and the aft fuselage indicates clean aero shaping
avoiding unnecessary shocks which would increase wave drag and lower

efficiency significantly.

than Concorde (7 at Mach 2), is still respectable for the increased cruise
Mach number.

The propulsion system was designed targeting an entry into service of

roughly 2030 to 2035. FASST's propulsion capabilities are based on Numeri-
cal Propulsion System Simulation (Southwest Research Institute, link in reference) along with a number of addi-
tional software for component-specific performance and weight (Tong & Naylor, 2008; Wells et al., 2017). The
selected engine architecture is a non-afterburning, two-spool, mixed-flow turbofan with low to medium bypass.
The engine inlet, turbomachinery and nozzle were represented with parametric component maps while other
components such as ducts, burner and mixer were represented with constant nominal loss metrics. The engine
was sized using a multi-design point approach to simultaneously meet requirements at multiple flight conditions
such as take-off, supersonic acceleration, and top of climb among others. While any new supersonic engine
would most likely be based on one of the aircraft engine manufacturer's existing engine family cores, in order to
significantly reduce development time and expense for a niche market, this study assumed a potential clean sheet
design. Any engine based on existing cores will be forced to make certain trade-offs due to some mismatches in
the requirements imposed by fitting an existing core to meet the thrust and temperature requirements of a super-
sonic transport engine. The resulting engine is superior to the Concorde engine and offers better thrust specific
fuel consumption at the same Mach number and flight condition. The engine also delivers the required thrust
without afterburning while also attempting to meet modern noise standards during take-off.

The routes with associated demand represent the expected upper limit for the total potential market for commer-
cial supersonic operations in 2050 consisting of just over 2.35 million annual flights globally with the vehicle
characteristics described previously. The number of flights translates into about 6800 supersonic commercial
aircraft globally. Details on demand and routing derivation on this new fleet are illustrated in the supplementary
Text S1 in the Supporting Information S1. A global overview with the optimized annual ground tracks is shown
in Figure 2a. The aircraft are assumed to fly supersonically only over water (green lines in Figure 2a) due to
concerns about noise from sonic booms in the over-populated regions. Figure 2b shows the accumulated fuel burn
at different latitudes. In this scenario, about 85.9% of the emissions are assumed to take place in the Northern
Hemisphere, with 36.4%, 45.6% and 3.8% in the northern tropics (0—30°N), mid-latitudes (30-60°N) and polar
region (60—90°N). Compared to the emission scenario used in the earlier [IPCC and NASA assessments, a larger
fraction of emissions occurs near the tropics for this new supersonic fleet. The annual fuel consumption distribu-
tion as a function of altitude is shown in Figure 2c. The majority fuel are burnt between 17 and 21 km where the
aircraft flying supersonically.

Conventional jet fuel was assumed to be used for the proposed supersonic aircraft. Emissions species included
in this modeling study are NOx, H,O, Sulfur dioxide (SO,) and BC, listed in Table 1. Fuel usage and NOx
amounts are calculated based on detailed engine state table-based emissions indices that were computed during
the detailed engine analysis cycle which are based on supersonic combustor data (Niedzwiecki, 1992) from tests
performed during the NASA High Speed Research program. The projected fuel burn and NOx emission are
122.32 Tg/yr and 1.78 Tg (NO,)/yr respectively for this proposed fleet of supersonic aircraft, which gives a NO,
emission index around 15 g/kg fuel burn. The emission index for water vapor is 1,237 g H,O/kg fuel burned and
therefore the corresponding total emissions for water vapor is equal to 151.31 Tg (H,0)/yr. For comparison with
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Figure 2. (a) Projected annual global routes for the assumed fleet of supersonic aircraft. (b) Annually zonal mean vertically integrated fuel consumption as a function
of latitude (kg/cm?/s). (c) Annually fuel consumption as a function of altitude (kg/cm/s).

natural processes, the total natural atmospheric production of water vapor by methane oxidation and of nitrogen
oxides by nitrous oxide oxidation calculated from D. Kinnison et al. (2020) are 60 Tg (H,0)/yr and 2.8 Tg (NO,)/
yr, respectively. BC emission is proportional to the fuel burn and is assumed to be 0.05 g/kg fuel burn. The fuel

sulfur concentration is assumed to be 600 mg/kg fuel burn.

3. Model Description and Simulations

The Community Earth System Model 2/Whole Atmosphere Commu-
nity Climate Model version 6 (CESM2/WACCM6) was used to
conduct the numerical experiments. This is the state-of-the-art coupled
chemistry-climate model that includes comprehensive troposphere-stratosp
here-mesosphere-lower-thermosphere chemistry from the Earth's surface to
approximately 140 km (Gettelman et al., 2019). WACCMBS6 is a superset of
the Community Atmosphere Model (CAM) version 6 (CAM6). WACCM6

Table 1
Emission Scenarios for the Proposed Fleet of Supersonic Aircraft
Cruise Fuel NOx H,0 BC Sulfur
Mach altitude burn emission emission emission emission
number  (km)  (Tg/yr) (Tglyr)  (Tglyr)  (Gglyr)  (Gglyr)
22 17-21 122.32 1.78 151.31 6.12 73.39
ZHANG ET AL.
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includes all of the physical parameterizations of CAMG6 plus the representation of parameterized gravity waves.
It features a horizonal resolution of 0.9° latitude X 1.25° longitude using the finite volume dynamical core (Lin
& Rood, 1997), and 70 vertical levels. The vertical resolution is ~1.2 km in the lower stratosphere below 30 km,
~2 km around the stratopause (~50 km), and ~3 km in the mesosphere and thermosphere. The vertical resolution
in the troposphere is ~1 km, except with higher resolution near the ground.

The chemistry package used in this study is troposphere, stratosphere, mesosphere and lower thermosphere
(TSMLT, Tilmes et al., 2019), which contains the collection of reactions and species for the whole atmosphere.
The species include all of the key source gases affecting the ozone chemistry, such as the extended O,, NO,, HO,,
ClO,, and BrO, chemical families. This chemical mechanism also includes methane and its degradation prod-
ucts, major source of NOx (N,0O), major source of HO, (H,0), as well as the various natural and anthropogenic
precursors of the C1O, and BrO, families. In addition, this mechanism also includes primary nonmethane hydro-
carbons and related oxygenated organic compounds. The chemical scheme is updated relative to the previous
versions (e.g., Emmons et al., 2010; D. E. Kinnison et al., 2007; Lamarque et al., 2012; Marsh et al., 2013; Tilmes
et al., 2016), with chemical kinetics and photochemical rate constants updated following JPL-2015 recommen-
dations (Burkholder et al., 2015).

A total number of 231 species associated with 583 chemical reactions are included in the model, which breaks
down into 150 photolysis reactions, 403 gas-phase reactions, 13 tropospheric, and 17 stratospheric heteroge-
neous reactions. The aerosol module used in WACCMBS6 is the four mode Modal Aerosol Model (MAM4, Liu
et al., 2016). The aerosol SAD for the heterogeneous reactions is derived from MAM4 (Mills et al., 2016). The
MAMA4 has been updated to simulate the evolution of stratospheric sulfate aerosol from volcanic and supersonic
aircraft emissions. In the stratosphere, the heterogenous reactions occur on three aerosol types—sulfate, nitric
acid trihydrate and water ice. The liquid binary sulfate aerosol SAD is derived from MAM4 and updated using
the Aerosol Physical Chemistry Model (Tabazadeh et al., 1994) in very cold regions (<200 K) to represent super-
cooled ternary solution aerosols. The solar variability, greenhouse abundances, reactive gases and aerosols from
anthropogenic sources, biomass burning used in WACCM®6 atmospheres are based on the Coupled Model Inter-
comparison Project Phase 6 (CMIP6) following the Shared Socioeconomic Pathways 2—4.5 (Eyring et al., 2016;
Matthes et al., 2017; Meinshausen et al., 2017). This version of WACCMBG6 is being widely used in research stud-
ies and the results for the background atmosphere have been well evaluated relative to observations (e.g., Davis
et al., 2021; Tilmes et al., 2019).

In this study, WACCMBS6 is run in a nudged, or specified dynamics (SD) configuration (WACCM6-SD), where the
dynamics are relaxed to a free running simulation. There are two specified dynamics implementations in CESM2.
In the older approach, the “SD” settings are configured to apply nudging only within the finite volume dynamical
core as described in Kunz et al. (2011), with nudging targets calculated by a linear interpolation of the input mete-
orology to the current time. The second and new approach is an alternative dynamical-core-independent method
that applies nudging as physics tendencies (described in Davis et al., 2022) with the nearest future input meteor-
ology as the nudging target. This proactively pushes the modeled circulation toward the desired state. Here, we
implement the second method and this study is the first study that applies and tests this new specified dynamics
approach in WACCMS6, which uses the alternative dynamical-core-independent method to apply nudging as
physics tendencies. A free running Chemistry Climate Model Initiative (CCMI) simulation is used to generate
high-frequency reference meteorology every 30-min dynamics timestep with a nudging timescale of 12 hr, which
minimizes errors in tracers and tracer transport (Davis et al., 2022).

Two specified dynamics simulations are then performed for the supersonic aircraft study, whereby the winds and
temperature are nudged toward the reference meteorology. The sea surface temperatures and sea ice used to drive
the SD simulations are also derived from the existing CCMI simulation. Source gas boundary conditions used
for the 2035 background atmospheres are based on the CMIP6. These two simulations are run for 12 years from
2025 to 2036, with one simulation including the supersonic aircraft emission and the other one excluding. Both
SD simulations are driven with the same meteorology fields, kinetic reactions, heating rates, and climatology
files, thus the difference between the two simulations are the changes induced from the supersonic aircraft emis-
sions, excluding dynamics-chemical feedbacks.

We also use the PORT model (Conley et al., 2013), a configuration of the CAM in the CESM which runs the
radiative transfer code offline. Using the same framework as CAM, PORT is able to reproduce the same heat-
ing rates and longwave and shortwave fluxes as those in CAM. PORT utilizes the radiation code from CAM
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(Gent et al., 2011) and calculates the changes in stratospheric-adjusted RF under the fixed dynamical heat-
ing condition (Fels et al., 1980). PORT has been widely used and tested with CESM-generated datasets (e.g.,
Conley et al., 2013; Ivy et al., 2017; Lamarque et al., 2011; Polvani et al., 2020; Wang & Huang, 2020; Zhang
et al., 2021a, 2021b), and have been implemented to calculate both instantaneous RF and RF including strat-
ospheric temperature adjustment. We use PORT to estimate the stratospheric-adjusted RF attributable to the
calculated changes in ozone, H,0O, BC, and sulfate.

4. Ozone Response to the Supersonic Transport Emission

The model derived changes in ozone from the supersonic fleet scenario is directly related to the emissions
assumed, especially for the emissions of NOx, H,0, BC, and SO,, and the resulting changes in atmospheric
concentrations of the gases and particles. Figure 3 shows the percentage change in the concentrations for these
gases and particles by latitude and altitude as calculated from the difference between the simulations with and
without the supersonic aircraft fleet emissions. The perturbations in total odd nitrogen are shown in Figure 3a
(noted NOy and defined as the sum of N + NO + NO, + NO, + 2N,O, + HO,NO, + HNO, + CIONO, + min
or contributions from other nitrogen species; note that this includes the reactive nitrogen NOx = NO + NO, i.e.,
directly emitted into the atmosphere). Elevated NOy extends into the Southern Hemisphere (SH) with a larger
fraction confined in the Northern Hemisphere (NH), corresponding to where the majority of emissions occur
(86%). The enhancement peaks near 50°N (Figure S1b in the Supporting Information S1), which is collocated
with the maximum emissions at 5S0°N. The percentage change of NOy depends on its background distribution
(Figure Sla in the Supporting Information S1), resulting in the maximum percentage change of NOy near the NH
tropics region around 10°N rather than 50°N (Figure 3a). The relative perturbation is largest (40%—80%) between
8 and 22 km at middle and high latitudes and from 15 to 25 km in the tropics (80%—160%).

Absolute changes in H,O and BC show similar patterns in the NH as was found in NOy (Figure S1 in the Support-
ing Information S1), while the percentage changes of H,O and BC show larger increase at higher altitudes as the
H,O and BC level drop sharply at higher stratosphere. Figure 3b shows the percentage increase in the water vapor
concentration of the stratosphere resulting from the operation of the projected fleet. The largest perturbation
(larger than 20%) in H,O takes place between 30° and 60°N from 18 to 22 km, although the noticeable effect of
the water emissions reaches the North Pole, the equator and even the SH. Distinct enhanced BC concentration
is found throughout the stratosphere, with a maximum increase of more than 200% occurring at mid to high
latitudes near cruise altitude. Supersonic emitted SO, is oxidized to the formation of sulfate aerosol (SO,). The
formed SO, aerosol increases the background level by more than 20% in the NH between 16 and 20 km.

Given that only 14% of the supersonic fleet emissions occur in the SH, a relatively large fraction of the material
emitted by the aircraft's engines in the NH is transported and dispersed south of the equator. Compared to the
supersonic emissions scenario used in the Zhang et al. (2021a, 2021b) studies, a larger fraction of emission is
projected to occur near the tropics from the proposed fleet examined here. The strong upwelling that takes place
in the tropics can lift emission from the lower or middle stratosphere to higher levels and then being transported
across the equator.

The emissions of NOx, H,0, BC and SO, from the assumed fleet of supersonic aircraft all have an influence on
the resulting changes in ozone. The enhanced NOx and HOx (from H,O emission) can both catalytically destroy
ozone. In addition, the increased aerosols (BC and SO,) can provide more SAD for heterogeneous chemistry to
occur, which can also lead to ozone destruction.

The changes in odd oxygen (Ox = O, + O + O('D) + other terms [e.g., Brasseur & Solomon, 2005; Wang
et al., 1998]) is investigated to assess the perturbation in the chemical budget of odd oxygen as a function of
altitude. The cycles incorporated in this study include the loss by NOx, HOx, and halogen oxides catalytic cycles
(ClOx and BrOx, which are combined here to show interactions relative to the NOx and HOx cycles), as well as
by the Chapman self-destruction cycle. The definition of Ox and the reactions included in each catalytic cycle
are based on Brasseur and Solomon (2005) and can also be found in Text S2 in the Supporting Information S1.
It has been established that the NOx involved Ox loss cycle (NOx—Ox) and HOx involved Ox loss cycle (HOx—
Ox) both play important roles on the total Ox loss at different heights, with NOx—Ox between 30 and 40 km and
HOx—Ox above 40 km, respectively (Bates & Nicolet, 1950; Crutzen, 1970, 1979). The loss from Ox self-loss
cycle (Ox—O0x) and ClOx/BrOx involved Ox loss cycle (Cl1Ox/BrOx—Ox) are important from 30 to 50 km, but
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Figure 3. Calculated supersonic aircraft emission induced annually-averaged percentage change in the atmospheric mixing ratios of (a) NOy, (b) H,O, (c) black carbon
(BC) aerosol and (d) SO, aerosol. Cruise altitude is at 17-21 km. The red dashed line indicates the location of the lapse rate tropopause.

to a much less degree compared to NOx—Ox and HOx—Ox cycles. The NOx and H,O emission from supersonic
aircraft can direct perturb the NOx—Ox and HOx—Ox catalytic cycles in the background.

The rate of stratospheric ozone loss due to anthropogenic halogen emissions is also modulated by heterogeneous
chemistry on volcanic aerosols in the stratosphere (Portmann et al., 1996; Solomon et al., 1996). Direct strato-
spheric BC and SO, emissions can substantially increase the aerosol SAD than nonvolcanic background values
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in proposed fleet scenarios. A larger SAD provides more surfaces for heterogeneous chemistry to occur, which
can perturb the halogen C10x/BrOx involved Ox loss cycle. In this study, BC and SO, emissions can enhance the
SAD by 10%-20% at the NH cruise altitudes (Figure S2 in the Supporting Information S1). In addition, the simul-
taneous release of NOx, H,0, BC, and SO, compounds can lead to chemical interactions that could mitigate the
effects of the individual emissions on ozone destruction. Thus, the consequences for stratospheric ozone changes
depend on the interactions between emissions of nitrogen oxides, water vapor, aerosols, as well as chlorine and
aerosol loadings of the atmosphere (Solomon et al., 1997; Weisenstein et al., 1998; World Meteorological Organ-
ization (WMO), 2018).

Figure 4a shows the annually zonal averaged percentage changes in ozone with height. A net production in ozone
is found near the upper troposphere and lower stratosphere in both hemispheres. This ozone production extends
to the surface except at the equator. Reduction of ozone is found in the middle to upper stratosphere and extends
into the mesosphere. The maximum ozone depletion in percentage peaks over the tropical region at the 28-34 km
with a reduction of —5%. This reduction extends southward to the SH and reaches the South Polar region, with a
slightly larger fraction of ozone depletion confined in the NH. Compared to the results from Zhang et al. (2021a),
where the ozone depletion maximizes in the NH high latitudes, the difference is due to the larger fraction of
emission occurs at low to middle latitudes in this new projection. The mechanisms of the ozone destruction and
production will be explored in Figures 5 and 6.

Total column ozone is the total amount of atmospheric ozone in a given column, and it is important in determin-
ing the overall exposure to harmful ultraviolet radiation at the Earth's surface. Total column ozone change is the
net change in the sum of the ozone increase in the troposphere and lower stratosphere, and the ozone reduction
in the middle and upper stratosphere shown in Figure 4a. Figure 4b shows the seasonal dependence of calculated
percentage change in total column ozone with latitude. In the NH, total column ozone depletion occurs for the
entire year, with a maximum of —1.4% loss appearing near tropics in late summer and early fall (August to Octo-
ber). In the SH, total column ozone shows an increase near mid-latitudes during September to April and polar
regions in October and November. The SH maximum ozone depletion occurs in winter at high latitudes, which
can potentially strengthen the Antarctic ozone hole. The annually averaged change in total column ozone with
latitude and longitude is shown in Figure 4c, which suggests that the zonal pattern in ozone change due to super-
sonic emissions is instead dominated by ozone destruction in the mid to upper stratosphere. The emitted mate-
rials from the assumed fleet of supersonic aircraft would cause a reduction of —0.74% in global column ozone.
Regionally, the maximum depletion reaches as much as —1.4% of total column ozone at the NH tropics near the
Tibetan Plateau, while the earlier study indicates a maximum depletion at polar regions (Zhang et al., 2021a).

Figure 5 shows the annual averaged change in the different contributions to the Ox loss rate function of altitude at
different latitude bands. Figures 5a, 5c, and Se depict loss rates for the background atmosphere in percent of total
Ox loss at 0-30°N, 30-60°N, and 60-90°N. In the stratosphere, HOx—Ox and NOx—Ox cycles play major roles
in the total Ox loss, with much larger contributions than other two loss cycles (C10x/BrOx—0Ox and Ox—Ox) for
three latitude bands. More than 70% of the background ozone loss results from the catalytic destruction by NOx
at 28-32 km. HOx—Ox cycle contributes to more than 80% of ozone loss ranging from 8 to 19 km depending on
latitude. At around 20 km where the cruise altitude planned for the assumed fleet, different loss rate is dominating
the total loss at different latitude bands—with the HOx—Ox as the main loss for 0-30°N, 30-60°N, and equiva-
lent contributions from HOx—Ox and NOx—Ox cycles at 60-90°N. At increasing latitudes, the NOx—Ox cycle
becomes more important to the total loss in the lower stratosphere.

The supersonic aircraft-induced change at different latitudes is shown in Figures 5b, 5d, and 5f. As ozone is affected
by the coupling of HOx, NOx and ClOx/BrOx chemistry, all the Ox chemical loss cycles are modified due to NOx,
H,0, BC and SO, emissions injected into the atmosphere. The vertical profile of total odd Ox loss shows the maxi-
mum loss occurs at around 30 km at 0-30°N and 30-60°N. While at higher latitude 60-90°N, there are two peaks for
ozone depletion located at 20 and 35 km, respectively. Figure 5b indicates that the Ox loss is the greatest at 0-30°N
among the three latitude bands investigated here. This loss is mainly attributed to the NOx—Ox cycle induced from
the direct supersonic aircraft NOx emissions. The contribution of HOx-Ox loss to the total Ox loss is mainly in the
upper stratosphere from 40 to 50 km, but to a much less extent compared to NOx—Ox loss at lower latitudes. At higher
latitudes (60-90°N), the contribution of NOx—Ox and HOx-Ox loss cycles to total Ox total loss is more comparable.

The halogen involved Ox loss mainly occurs between 40—50 km and 10-20 km where the heterogeneous chem-
istry can be important at high latitudes. Figures 5b, 5d, and 5f indicate that halogen involved Ox loss overall
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Figure 4. For the assumed supersonic aircraft fleet emissions, (a) the simulated annual and zonal mean perturbations (percent) in the atmospheric concentration of ozone
at steady state; (b) Seasonal dependence of the calculated change in the total column ozone (%); (c) Annual average change in the total column ozone distribution (%).

plays a minor impact on total Ox loss at all latitude bands, which indicates that the increased SAD from BC and
SO, emission has a minor impact on the overall ozone loss. This is mainly due to that the halogen-involved loss
cycle is competing with other loss cycles at these altitudes where the Ox loss is dominated by the NOx emission.
Additionally, the halogen involved Ox loss decreases between 10 and 40 km, which is due to the supersonic
transport-induced NOx and HOx interfering with the halogen cycles by taking some of the reactive chlorine
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Figure 5. Annually profile of odd oxygen (Ox) chemical loss rates by catalytic cycles involving NOx, HOx and halogens as well as the chemical loss by the Chapman
mechanism (Ox) for the background atmosphere at (a) 0-30°N; (c) 30-60°N; (e) 60-90°N. (b, d, and f) are the supersonic aircraft induced change (perturbation—
background condition) at different latitudes.
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Figure 6. Background annual mean of ozone change due to smog chemistry (black line) O,_smog_Prod = NO_HO, + CH,0,_NO + multiple NHMC_NO; total Ox
product (blue line) 2 * JO, = O, + hv => 20; NOx induced ozone loss (red line defined in Text S2 in the Supporting Information S1); HOx induced ozone loss (green
line, defined in Text S2 in the Supporting Information S1) at (a) 0-30°N; (c) 30-60°N; (e) 60-90°N. (b, d, and f) are the supersonic aircraft induced change.
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and bromine and converting them into the relatively less reactive reservoirs (e.g., CIONO,). Odd-oxygen loss
(Ox—O0x) decreases in the stratosphere at all latitudes. With the additional perturbation from supersonic aircraft
emission, more Ox is destroyed by the NOx-Ox and/or HOx-Ox loss cycles, leading to the reduction of Ox-Ox
loss at the same location.

The discussion here mainly considers the direct chemical impact on stratospheric ozone. Emissions of NOx, H,O,
BC and SO, can potentially interact with stratospheric ozone through the stratospheric temperature and dynamics
feedbacks. BC can absorb solar radiation and emit heat, which leads to temperature increase and further influ-
ence the loss rate of ozone destroying reactions (WMO, 2018). In addition, changing in stratospheric temperature
can shift stratospheric dynamics, which will further alter stratospheric ozone concentration. Since the specified
dynamics approach is applied in this study, the feedback effects resulting from chemical-dynamical interactions
are not taken into account in the results shown here. D. Kinnison et al. (2020) has done a coupled study that
has incorporated the chemical and dynamical interactions, but for hypersonic aircraft where the fleet emissions
occur at a much higher altitude (~30 km). They show a temperature decrease at the cruise altitude due to the
ozone depletion. The resulted ozone change is qualitatively the same between specified dynamics and coupled
simulations, while quantitatively the maximum ozone depletion is reduced by about a third due to the chemistry
and temperature feedback in the stratosphere. We anticipate the effect would be smaller in our case because of
the emissions being at a lot lower altitude, while further coupled simulations need to be performed to find out the
magnitude of the changes.

Figure 6 investigates the mechanism causing the ozone increase in the troposphere and lower stratosphere
(Figure 4a) at different latitudes. The ozone increase in this region can be attributed to multiple processes:
(a) the direct effects of enhanced ozone production from NOx emissions (smog-like chemistry); (b) the ozone
self-healing effect resulting from the ozone depletion at higher altitudes; (c) a decrease in the ozone loss rates in
this region due to the interference of the emitted NOx with the HOx ozone loss cycle; (d) through a combination
of previous three processes. Figures 6a, 6¢, and 6e show the background annual mean of ozone change due to the
three mechanisms at different latitude bands—smog chemistry production, total Odd Ox production, as well as
the Ox loss rate due to the NOx and HOx family cycles. The net ozone change near tropopause is modulated by
ozone production and destruction processes. HOx-induced ozone loss plays a major role in total loss at the upper
troposphere and lower stratosphere region. NOx-induced ozone loss surpasses the NOx-induced ozone produc-
tion at around 25, 22 and 20 km at 0-30°N, 30-60°N, 60-90°N, respectively, which is due to the NOx-induced
ozone loss increases at higher latitude. Smog chemistry production and total Odd Ox production are the strongest
at 0-30°N owing to stronger sunlight exposure near tropics.

The supersonic aircraft emission-induced changes are shown in Figures 6b, 6d, and 6f. The mechanism causing
the ozone increase near tropopause is different at each latitude band. In the tropics, the ozone increase can be
attributed to smog chemistry production and total Odd Ox production (Figure 6b). At middle latitude, the combi-
nation of smog chemistry production, total Odd Ox production and reduced ozone loss from HOx—Ox cycle are
responsible for the ozone increase. The reduced HOx—Ox loss rate is playing a more important role in the polar
region, because of less solar ultraviolet light at high latitudes (Figure 6f). The decrease in the HOx—Ox loss rate
is attributed to the NOx emission. Emissions from a fleet of supersonic aircraft results in perturbations of the
catalytic ozone destruction cycles by causing a repartitioning between the chemical families.

5. Radiative Forcing Response to the Supersonic Transport Emission

While the climate effects, including the effects on surface temperature, precipitation, and severe weather, are too
small to be directly evaluated for this fleet of supersonic aircraft, we can evaluate the RF on climate from the
proposed fleets of supersonic aircraft. Normally, the Earth maintains nearly a radiative balance between solar
heating and the cooling from terrestrial infrared radiation that escapes to space. When a particular human activity
changes greenhouse gas concentrations, particles, or land albedo, this results in a radiative imbalance. Radiative
forcing (RF in W/m?) is the measure of the change in energy balance as a result of a change in a forcing agent
(e.g., greenhouse gaseous, aerosol, cloud, and surface albedo) that effects the global energy balance and contrib-
utes to climate change (Finlayson-Pitts & Pitts, 1999).

In this study, we quantify the changes in RF associated with the assumed supersonic aviation emissions of H,O,
NOx, SO,, and BC. A rough calculation of CO, impact indicates that the year's fuel usage from the assumed
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Figure 7. Annual and global average change in stratospheric-adjusted greenhouse gas which will warm the surface while cooling the stratosphere.

radiative forcing (mW/m?) at the tropopause for supersonic aircraft induced This enhanced stratospheric H,O has much higher warming efficacy than

changes in ozone, H,O, black carbon and sulfate.

the H,O released in the troposphere since the small perturbation in tropo-
spheric H,O gets removed quickly by precipitation (Brasseur et al., 2016; Lee
et al., 2010). The SO, becomes stratospheric sulfate particles. Stratospheric
sulfate (scatterers) and BC (absorbers) intercept solar radiation cooling the surface while warming the strato-
sphere. All the emission species can perturb stratospheric ozone and affect the climate indirectly. The chemically
induced ozone decrease in the stratosphere will cool both the surface and the stratosphere.

RF calculations are performed using the PORT model with the WACCM derived changes in ozone, H,0, BC
and sulfate. When the radiative perturbation occurs above the tropopause in the stratosphere as for the supersonic
aircraft impacts, this perturbation is not rapidly transported into the troposphere. This radiative imbalance will
lead to changes in local temperature that restores the radiative balance within the stratosphere. Such changes in
stratospheric temperature will alter the tropospheric radiation and lead to a warmer or cooler climate system. The
RF calculation that incorporated the adjustment of stratospheric temperatures is denoted “stratosphere-adjusted
RE.” All RF values in this study are calculated with “stratospheric adjustment” which allows stratospheric temper-
atures to reach radiative equilibrium using a fixed dynamical heating assumption (Fels et al., 1980).

The calculated annual average change in stratospheric-adjusted RF for supersonic aircraft -induced changes in
Ozone, H,0, BC and Sulfate are shown in Figure 7. For the new proposed fleets of supersonic aircraft, the ozone
and H,0 perturbations are calculated to have a warming effect with an RF of 59.5 and 10.1 mW/m?, respectively.
For BC and Sulfate perturbations, the RFs are —3.9 and —20.3 mW/m?, respectively, denoting a cooling effect
at the surface. Combined the effects from perturbations of all species, we find a net positive RF of 45.4 mW/m?.
This number is comparable to the RF of 57.4 mW/m? induced by contrail cirrus from all the subsonic aircraft
operated in 2018 (Lee et al., 2020). We acknowledge that the regional patterns of RF may differ for each species,
but we take their summed RF as a first-order measure of the global mean impact.

6. Discussion and Conclusions

Using a new emission scenario of a proposed fleet of supersonic aircraft targeting an entry into service of roughly
2030 to 2035, our study investigated the potential atmospheric impacts of this realistic near-term supersonic
designs. The state-of-the-art whole atmosphere chemistry-climate model, WACCM, coupled with the latest spec-
ified dynamics scheme, was used to assess impacts on atmospheric ozone and non-CO, and non-contrail climate
forcings. This new proposed fleet supersonic fleet is projected to fly at Mach 2.2 and 17-21 km altitude, which
burns 122.32 Tg of fuel each year and emitting 1.78 Tg of NOx. The aircraft designs and emission scenarios
proposed in this study are quite different from a study done by Eastham et al. (2022) for a different supersonic
fleet. In their study, they proposed a fleet of supersonic aircraft flying at Mach 1.6 and 15-17 km altitude, burning
19 Tg of fuel each year and emitting 170 Gg of NOx. The fuel burn and NOx emission projected in this study are
about 6 and 10 times larger than the projections in Eastham et al. (2022), respectively.

As shown by the model simulations presented here, we found the proposed fleet of supersonic aircraft can cause
a0.74% reduction in global column ozone, which is around 2 Dobson Units of global ozone depletion, equivalent
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to 20% of the total impact of chlorofluorocarbon emissions at their peak. This ozone depletion is mainly attrib-
uted to the large amounts of direct nitrogen oxides emissions. The impacts of water vapor and SO, on the ozone
column is found to be smaller. The maximum ozone loss occurs in the NH tropics in the fall season, with a local
reduction of —1.4% in total column ozone. The ozone reduction calculated in our study is more than 10 times
higher than the estimation from Eastham et al. (2022), where they calculated a reduction of 0.046% in global
column ozone. This 10 times difference is consistent with the NOx emission used in our study (1.78 Tg) and
Eastham et al. (2022) study (170 Gg), owning to different assumptions of travel demands and aircraft designs.

We assess the ozone increase in the upper troposphere and lower stratosphere and ozone decrease in the middle
to upper stratosphere in different latitude bands. In the tropics, the ozone increase is attributed to smog chem-
istry production and total Odd Ox production; in middle latitudes, the combination of smog chemistry produc-
tion, total Odd Ox production and reduced ozone loss from the HOx—Ox cycle are responsible for the ozone
increase; in the polar region, the reduced HOx—Ox loss rate is playing a more important role. In terms of climate
impact of this proposed fleet of supersonic aircraft, the stratospheric-adjusted RF was estimated from changes in
atmospheric concentrations of ozone (59.5 mW/m?), water vapor (10.1 mW/m?), BC (=3.9 mW/m?) and sulfate
aerosols (—20.3 mW/m?), resulting in a net non-CO,, non-contrail forcing of 45.4 mW/m?, indicating an overall
warming effect. While in Eastham et al. (2022), they estimated the net RF from non-CO,, non-contrail forcing of
—3.5 mW/m?, varying from —3.0 to —3.9 mW/m? year to year, which indicates an overall cooling effect.

The atmospheric impacts of any proposed fleet of supersonic aircraft need to be fully examined and understood
before putting these aircraft into operation. Some assumptions in this study can contribute to uncertainties. For
example, the background atmosphere is assumed to be under volcanic clean conditions in the 2035 time period.
The ozone depletion could be larger if emissions occurred during a major volcanic eruption, which would accel-
erate heterogenous chemistry. We also do not consider plume chemistry in this study, which can be important
in the initial plume if comparing with the well-mixed case at short time intervals. The dynamical effects due to
local heating by BC and ozone changes are also not included, which could force circulation feedbacks that alter
transport. Heating in the tropics could accelerate the Brewer-Dobson circulation, which would flux more ozone to
the pole. Further work will be needed to reduce the uncertainties and to evaluate effects which are not considered
here.

Data Availability Statement

The emission inventory and atmospheric modeling datasets used in this study are available to the community
through the Illinois Data Bank (IDB), a public access repository at the University of Illinois Urbana-Champaign,
link https://databank.illinois.edu/datasets/IDB-0038951.
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