
 

 

 
 

  

 

 

     

 

             
                 

 
                         

 
  

 

  

  

 
 

 

 

 RESEARCH ARTICLE 
10.1029/2020JD034130 

Key Points: 
• Nitrogen oxides (NOx) and water 

vapor (H2O) emissions from fleets of 
supersonic transport (SST) aircraft 
can potentially affect stratospheric 
ozone and climate 

• New climate-chemistry model 
analyses of a fleet of SSTs on 
ozone are similar to results from 
earlier (1999) aviation assessments, 
although with a greater sensitivity to 
NOx emissions 

• Ozone and climate effects from an 
SST fleet depends on the amount 
of NOx and H2O emissions and 
resulting chemical interactions 
through ozone production and 
depletion catalytic cycles 

Supporting Information: 
• Supporting Information S1 

Correspondence to: 
J. Zhang, 
jzhan166@illinois.edu 

Citation: 
Zhang, J., Wuebbles, D., Kinnison, D., 
& Baughcum, S. L. (2021). Potential 
impacts of supersonic aircraft 
emissions on ozone and resulting 
forcing on climate: An update 
on historical analysis. Journal of 
Geophysical Research: Atmospheres, 
126, e2020JD034130. https://doi. 
org/10.1029/2020JD034130 

Received 22 OCT 2020 
Accepted 15 FEB 2021 

Potential Impacts of Supersonic Aircraft Emissions on 
Ozone and Resulting Forcing on Climate: An Update on 
Historical Analysis 
Jun Zhang1 , Donald Wuebbles1 , Douglas Kinnison2 , and Steven L. Baughcum3 

1Department of Atmospheric Sciences, University of Illinois, Urbana, IL, USA, 2National Center for Atmospheric 
Research, Boulder, CO, USA, 3Boeing Company, Seattle, WA, USA 

Abstract Commercial aircraft flying at supersonic speeds in the lower stratosphere are being 
discussed once again after a hiatus of almost 20 years. Potential environmental effects from fleets of such 
aircraft need to be understood for their possible impacts on stratospheric ozone; levels of stratospheric 
ozone determine the amount of biologically harmful ultraviolet radiation from the Sun reaching the 
Earth's surface. Changes in the distribution and concentrations of ozone also have implications on 
climate. This study evaluates the potential impact on stratospheric ozone and on climate forcing from 
different levels of nitrogen oxides (NOx) and water vapor (H2O) emissions from supersonic transport. 
Toward establishing a baseline relative to prior studies, we also compare these new analyses with results 
from the 1999 aviation assessments, using the same aviation emissions. Despite the understanding of 
atmospheric processes used in studying chemistry-climate interactions have been greatly enhanced over 
the last 20 years, this study finds that, for the baseline scenario, the resulting effects on stratospheric ozone 
are similar to those from many of the models in the prior assessment, although with a stronger ozone 
sensitivity to NOx emissions. We show that the resulting ozone effects largely depend on the NOx and H2O 
emission levels and the net changes in stratospheric ozone are determined by the chemical interactions 
between different ozone production and depletion cycles. We also calculate the radiative forcing impact 
for the resulting changes in the distributions of ozone and H2O, and confirm that stratospheric H2O 
emissions are an important factor in potential climate impacts from supersonic aircraft emissions. 

Plain Language Summary Emissions from potential fleets of supersonic transport (SST) 
aircraft have raised concerns about potential effects on stratospheric ozone and climate. This study 
revisits the ozone and climate impacts from a potential fleet of SST aircraft that were examined in 
scientific assessments over 20 years ago. This study uses an advanced global atmospheric model to 
provide a modern baseline relative to the prior analyses. The results show that the derived impact on the 
distribution of atmospheric ozone are similar to the models used in the earlier analyses. The results also 
indicate that the effects on ozone and radiative forcing show a strong sensitivity to the particular levels 
of NOx and H2O emissions, and a stronger ozone sensitivity to NOx emission is found in new analyses 
compared to prior studies. 

© 2021. The Authors. 
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs 
License, which permits use and 
distribution in any medium, provided 
the original work is properly cited, 
the use is non-commercial and no 
modifications or adaptations are made. 

1.  Introduction 
The overall demands by the public for air travel, the aspiration for more intercontinental travel, and the 
desire for shorter flight times have all increased in the past few decades. As a result, various companies 
and organizations around the world have been reconsidering development of supersonic aircraft for the 
business jet and commercial airline markets (e.g., NASA, Aerion, Spike Aerospace, and Boom Technology). 
Commercial fleets of supersonic transport (SST) aircraft were first considered in the 1970s (Climate Impact 
Assessment Program, 1975) and then again in the 1990s (Kawa et al., 1999). The cruise altitudes flown by 
supersonic aircraft depends on the design and speed of the aircraft with faster aircraft flying at higher alti-
tudes. Supersonic aircraft would fly at higher altitudes than the current fleet of subsonic aircraft, with their 
emissions primarily being in the stratosphere. 

With a potential range of cruise altitudes from 13 to 23 km, the majority of emissions from supersonic 
aircraft would occur in the stratosphere and would have longer atmospheric lifetimes than the emissions 
occurring from subsonic aircraft that primarily fly in the troposphere. Supersonic aircraft emissions can be 
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especially of concern because of potential effects on stratospheric ozone and also on climate. The exhaust 
emissions from SST aircraft, which would be expected to use jet fuel, much like their subsonic counterparts, 
include carbon dioxide (CO2), nitrogen oxides (NOx), water vapor (H2O), sulfate, hydrocarbons and soot. 
Fuel sulfur content would influence the sulfate particle production, although this production from SST is 
highly uncertain (Fahey et al., 1995). Other emissions like hydrocarbon and soot are small; their emissions 
are unlikely to have important stratospheric effects on ozone. NOx and H2O (after reaction to form hydrogen 
oxides; HOx) are known to be important gases in the chemical production and destruction of stratospher-
ic ozone. Both NOx and HOx can be directly involved in catalytic chemical reactions that destroy mole-
cules of stratospheric ozone, both from natural and human-related sources like supersonic aircraft (e.g., 
Crutzen, 1972; Dessens et al., 2007; Johnston, 1971, 1989; Kawa et al., 1999; Kinnison & Wuebbles, 1994; 
Kinnison, Brasseur, Baughcum, et al., 2020; Penner et al, 1999). Emissions of NOx and HOx can interfere 
with each other's ozone-loss mechanisms and they can also interfere with other ozone-loss mechanisms 
(e.g., ClOx). As a result, the net effect of this interference can be a local increase in stratospheric ozone. The 
net effect depends on the amount of each emission and the altitude of the emissions. The net effect on the 
global ozone distribution depends on the complex interactions between nitrogen oxides, hydrogen oxides, 
and the amounts of chlorine, bromine, and other gases in the stratosphere (World Meteorological Organi-
zation, 2018). Potential climate concerns from SST emissions arise both from the direct effects of CO2 and 
H2O emissions; and from the indirect effects on the distribution of atmospheric ozone. 

The most recent prior studies on the environmental effects from potential supersonic aircraft emissions 
date back to more than 10 years ago. Of particular relevance is a series of research studies (e.g., Dameris 
et al., 1998; Grewe, Plohr, et al., 2010; Grewe, Stenke, et al., 2007; Grooß et al., 1998; Johnston et al., 1989; 
Kinnison, Connell, et  al.,  2001). There are also assessment reports resulting from NASA's Atmospheric 
Effects of Aviation Project (AEAP; Kawa et al., 1999), and a special international Intergovernmental Panel 
on Climate Change (IPCC) assessment on aviation impacts on climate (Penner et al., 1999). Later studies 
from SCENIC (Scenario of aircraft emissions and impact studies on chemistry and climate) and HISAC 
(Environmentally friendly High Speed Aircraft) projects also explored the environmental effects from su-
personic air traffic. SCENIC and HISAC assumed specific aircraft concepts to develop different emission 
scenarios relative to those used in the NASA and IPCC assessments (Grewe, Plohr, et  al.,  2010; Grewe, 
Stenke, et al., 2007). In this study, the emission scenarios from the NASA and IPCC assessments are used. In 
these two earlier assessments, 10 atmospheric models from that era were used and the assessments made a 
comprehensive comparison. This study uses these old emission scenarios to examine the potential impacts 
on ozone and climate forcing with a current state-of-the-art chemistry-climate model. 

The NASA and IPCC assessments assumed a specific design for a SST known as the High Speed Civil 
Transport aircraft (HSCT); this was a large (300 passenger), long range (5,000 nautical mile), Mach 2.4 SST 
aircraft. The HSCT was aimed at being much larger, faster, and longer range than the earlier Concorde 
aircraft or, for that matter, most supersonic aircraft now being discussed. For the 1999 assessments, HSCTs 
were projected to have fleets of 500 and 1,000 aircraft by the year 2015. At the time of the assessment, three 
of the models were early generation three-dimensional (3-D) models that had limited representations of 
stratospheric chemistry and physics, and the other seven participating models in the assessments were 
zonally averaged two-dimensional (2-D) models. Also, the 2-D models in 1999 were the primary tools for 
studying stratospheric ozone, in large part because of computational limitations slowing the development 
of 3-D models. Since then, computers have become much faster and 3-D models have matured. At this time, 
because of their limitations, 2-D models are seldom used, while 3-D models are now the workhorses for 
studies of stratospheric processes. 

There has been a substantial increase in the understanding of tropospheric and stratospheric physical and 
chemical processes over the last 20 years, including better representation of transport processes with higher 
resolution, especially near the tropopause; improved understanding of the processes affecting water vapor 
in this region; and improved microphysics parameterizations affecting particle distributions (e.g., as sum-
marized in the array of WMO stratospheric ozone assessments and IPCC assessments, including the most 
recent, IPCC, 2013; WMO, 2018). As a result, there has been a substantial increase in the ability to accu-
rately evaluate the potential effects of HSCTs on ozone and climate. Given the renewed interest in fleets 
of supersonic aircraft, we have chosen to revisit the issue of the impact of supersonic aircraft on the ozone 
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layer, starting with reestablishing the baseline for such studies relative to the assessment studies that were 
done roughly 20 years ago. 

This study is focused on NOx and H2O emissions from fleets of supersonic aircraft and their potential im-
pacts on atmospheric ozone and the resulting forcing on climate. In this paper, we directly update the ear-
lier evaluations by using the same emission scenarios that were used in the earlier NASA and IPCC assess-
ments. By establishing a baseline relative to the earlier studies, the aim in this study is to see how the effects 
of a HSCT fleet is now determined in a current state-of-the art three-dimensional atmospheric chemis-
try-climate model in comparison to the results from the two 1999 assessments. This study also evaluates the 
potential response on ozone and climate from different levels of NOx and H2O emissions toward examining 
the effects on the different catalytic cycles by separating the effects of the different catalytic ozone loss cy-
cles. The purpose is to provide a baseline for future considerations of potential fleets of supersonic aircraft. 

2.  Methodology 
2.1.  Model Description 

2.1.1.  WACCM4 

The Community Earth System Model/Whole Atmosphere Community Climate Model version 4 (CESM/ 
WACCM4) is a fully coupled interactive chemistry-climate model for the global atmosphere (Marsh 
et al., 2013). WACCM extents from the Earth's surface to well into the thermosphere, with a top altitude of 
6.0 × 10−6 hPa (∼140 km), and it fully represents chemical and physical processes in the troposphere, strato-
sphere, and above. Models dealing with supersonic aviation should include the whole stratosphere in order 
to represent the age of air masses in the stratosphere correctly. WACCM includes a comprehensive global 
atmosphere that fully represents tropospheric and stratospheric chemical processes making it a unique tool 
to evaluate the environmental effects of supersonic aircraft. In this study, all WACCM simulations have 
a horizontal resolution of 1.9° latitude × 2.5° longitude over 66 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 chemical scheme of WACCM4 is updated relative to the previous chemical transport Model for OZone 
And Related chemical Tracers 3 (MOZART) (Kinnison, Brasseur, Walters, et al., 2007), with chemical ki-
netics and photochemical rate constants updated to the JPL-2010 recommendations (Sander et al., 2010), 
while the much earlier JPL97 chemistry rate recommendations (DeMore et  al.,  1997) were used in the 
modeling studies for the NASA AEAP and IPCC assessment calculations. The species included in WACCM 
include all of the key source gases affecting the ozone chemistry, along with methane and its degradation 
products. In addition, 20 primary non-methane hydrocarbons and related oxygenated organic compounds 
are represented along with their surface emissions. The chemical mechanism also includes the gas phase 
and heterogeneous reactions on liquid binary and ternary sulfate polar stratospheric cloud (PSC) particles, 
as well as solid nitric acid trihydrate and water ice polar stratospheric particles. These chemical reactions 
are all necessary to fully represent atmospheric ozone chemistry. A total number of 183 species associated 
with 472 chemical reactions are included in the model. 

The WACCM4 model has been extensively used and evaluated, including its ability to accurately repre-
sent stratospheric ozone and polar ozone processes (Garcia, Smith, et al., 2017; Kunz et al., 2011; Marsh 
et al., 2013; Solomon et al, 2015, 2016; Wegner et al., 2013). Froidevaux et al.  (2019) have evaluated the 
stratospheric ozone, H2O, HCl, N2O, and HNO3 derived from WACCM4 with observations in terms of their 
trends and abundances as well as longer-term series. The model derived trends and abundances are eval-
uated using the near-global stratospheric data set of the Aura Microwave Limb Sounder (MLS) in the time 
period from 2005 to 2014. The data sets from the Global OZone Chemistry And Related trace gas Data re-
cords for the Stratosphere (GOZCARDS) are used for the evaluation of longer-term series before the launch 
of Aura (Froidevaux et al., 2015; Livesey et al., 2015; Wang et al., 2013). Results show that the stratospheric 
ozone trends from WACCM agree well with the MLS trends, with most of the modeled ozone climatology 
being within 5%–10% of the data climatology. For H2O, WACCM and MLS both show similar short-term 
positive trends and the abundances also agree well—within ∼5% and ∼10% difference in the stratosphere 
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and mesosphere respectively. For HCl, N2O, and HNO3, the short-term trend profiles from MLS are well 
captured and matched by WACCM trends for these species in the stratosphere. 

The middle atmospheric dynamics (e.g., temperature, zonal winds) have also been evaluated relative to 
observations from previous studies (Froidevaux et al., 2019; Garcia, Yue, et al., 2019; Marsh et al., 2013). 
The temperature distribution derived from WACCM has been found to compare well to the temperature 
obtained from the Sounding of the Atmosphere using the Broadband Emission Radiometry (SABER) in-
strument on the Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED) satellite 
(Remsberg et al., 2008); WACCM well captures the pattern of the warm and cool peaks in the stratosphere 
and mesosphere both in summer and winter. Garcia, Smith, et al.  (2017) has also examined the annual 
stratospheric temperature in the Southern Hemisphere polar region (−90° to −69°) derived from WACCM 
and compared it to Modern-Era Retrospective analysis for Research and Applications (MERRA) data; this 
analysis indicated that WACCM reproduces the seasonal variations for stratospheric temperature. This is 
important in calculating the perturbation to PSCs from injected water vapor from supersonic aircraft. The 
derived zonal mean wind fields from WACCM also indicate good agreement with the Upper Atmosphere 
Research Satellite (UARS) Reference Atmosphere Project (URAP) climatology (Swinbank & Ortland, 2003) 
data set for the same time period (Marsh et al., 2013). Marsh et al. (2013) also indicates that WACCM well 
represents the quasi-biennial oscillation (QBO) in the stratosphere, which is important to ozone representa-
tion, and the semi-annual oscillation (SAO) in the mesosphere, which dominates the behavior of meso-
spheric wind fields. 

The treatments of chemistry and physical processes in WACCM are greatly improved relative to the earlier 
models used in the 1999 assessments (Kawa et al., 1999). WACCM incorporates a more physically realis-
tic representation of the atmospheric dynamics and circulation processes, including much improved rep-
resentations for microphysics and planetary waves. WACCM can explicitly resolve the transport processes 
in the upper troposphere and lower stratosphere while the earlier 2-D and 3-D models primarily relied on 
diffusive vertical mixing parameterizations. In addition, the higher horizontal and vertical resolution in 
WACCM also results in a more realistic residual circulation. This is important; the time scale of mass flux 
across the extratropical tropopause into the troposphere is dominantly driven by the wave breaking process 
in the lower stratosphere (Gettelman et al., 1997; Holton et al., 1995; Shepherd et al., 2011). The rate of this 
stratosphere to troposphere exchange determines the accumulation of HSCT emissions in the middle and 
upper stratosphere, and thereby affecting the resulting impacts on stratospheric ozone. 

In addition, there is a significant improvement in the model treatment of stratospheric water vapor in WAC-
CM. The earlier models from the two assessments constrained water vapor to climatological measurements 
at the tropopause, and thus defined the H2O sink and removal processes only by this boundary condition. 
WACCM can calculate H2O explicitly and thus responds to H2O perturbations from supersonic aircraft in a 
more physically complete process. 

2.1.2.  The Parallel Offline Radiative Transfer Model (PORT) 

We also use the PORT model (Conley et al., 2013), a configuration of the Community Atmosphere Model 
(CAM) in the CESM which runs the radiative transfer code offline. Using the same framework as CAM, 
PORT is able to reproduce the same heating rates and longwave and shortwave fluxes as those in CAM. 
Furthermore, the model uses seasonally evolving fixed-dynamical heating (Fels et al., 1980) to determine 
temperature adjustments and stratospheric-adjusted radiative forcing at the tropopause (IPCC, 2013) asso-
ciated with perturbations in chemical constituents. PORT uses instantaneous samples of the model state 
to compute radiative fluxes and heating rates without feedbacks on surface, subsurface, and atmospheric 
states. The radiation parameterization computes absorption, scattering, emission effects of shortwave solar 
radiation and longwave infrared radiation by the atmosphere and surface. PORT has been widely used 
and tested with CESM-generated data sets (e.g., Conley et al., 2013; Ivy et al., 2017; Lamarque et al., 2011; 
Polvani et al., 2020; Wang & Huang, 2020), and have been implemented to calculate both instantaneous 
radiative forcing and radiative forcing including stratospheric temperature adjustment. PORT is used in this 
study to examine the radiative forcing on climate of the H2O and ozone perturbations from the assumed 
HSCT emissions. This radiative forcing includes the stratospheric temperature adjustment, which allows 
the stratospheric temperature to adjust to radiative equilibrium in the system above the tropopause under 
the assumption of fixed dynamical heating. 
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2.2.  Model Simulations and Emission Scenarios Table 1 
Emission Scenarios for HSCT Study in a 2015 Background Atmosphere The WACCM simulations in this study are forced by specified sea surface 

H2O temperature and sea ice boundary conditions, and by observations of the 
Fleet Fuel burn Cruise NOx emission emission evolution of long-lived chemical species at the Earth's surface (following 

Case size (Tg/yr) altitude (km) index (g/kg) index (g/kg) the approach of Morgenstern et  al.,  2017). The simulation was started 
A 500 47.25 17–20 5 1,237 in model year 2005 and run for 12  years until reaching a steady-state. 
B 500 47.25 17–20 10 1,237 After reaching steady-state, the annual ozone concentration fluctuates 

with the variation of the QBO phase and due to seasonal variations, but C 500 47.25 17–20 15 1,237 
does not otherwise change year to year. The model is run in specified D 500 47.25 17–20 15 0 
dynamics mode with the meteorology fields externally nudged to the free 

E 500 47.25 17–20 0 1,237 running simulation. Source gas boundary conditions used for the 2015 
F 1,000 83.76 17–20 5 1,237 background atmospheres are based on the Coupled Model Intercompar-

ison Project Phase 5 with improvements in the latitudinal and season-
al gradients (Meinshausen et al., 2011). For each set of simulations, the 
model was driven with the same meteorology fields, kinetic reactions and 

rates, heating rates, and climatology files yet differing aircraft emission input files according to the scenarios 
studied. Reference runs are first performed for a 2015 background atmosphere in which the supersonic air-
craft emissions are excluded. Then the experiment runs are conducted by adding supersonic perturbations 
on top of the background atmosphere. For the HSCT scenarios evaluated in this study, all of the results are 
evaluated once the model has reached steady state relative to the prescribed background atmosphere. All 
the simulations include the effects of the QBO, which is nudged to the observed tropical winds (Matthes 
et al., 2010) and the meteorological fields are nudged up through 120 km altitude. The results from the last 
three years are used in the analysis due to the slightly different effects on ozone for the different phases 
of the QBO. The difference between the perturbed and reference background simulations are the changes 
induced from the supersonic aircraft emissions. 

The assumed HSCT aircraft was a conceptual 300-passenger supersonic aircraft with a maximum range of 
5,000 nautical miles. The aircraft was projected to cruise supersonically at Mach 2.4 between 17 and 20 km 
altitudes. The aircraft were assumed to fly supersonically only over water due to concerns about noise from 
sonic booms over-populated regions; as a result, operations for long-range international transport routes 
are projected to primarily cross the Atlantic and Pacific Oceans based on market analyses. A selection of 
emission scenarios with different assumed fleet sizes and NOx emission indexes from Kawa et al. (1999) are 
chosen to evaluate the sensitivity of the response to market size and combustor technology. Case A–E in 
Table 1 lists all the emission scenarios used in this study. For these simulations, we do not consider sulfate 
emissions by the aircraft which is equivalent to assuming zero sulfur jet fuel. Those emission inventories 
were originated and developed by Boeing as a progression from previous studies (Baughcum & Hender-
son, 1995, 1998; Baughcum et al., 1994). For fleets of 500 and 1,000 HSCTs, the total global fuel use and 
emissions from these scenarios are summarized in Table 1. 

Emission indices of NOx and H2O stand for the amount of NOx and H2O emitted in g/kg fuel burn. NOx 

emissions are given on an NO2 equivalent mass basis. NOx is formed during the combustion process through 
high-temperature reactions between molecular nitrogen and oxygen. An emission index (EI) of 0, 5, 10, 15 g 
of NOx/fuel burn are evaluated in this study (Case A–C and E). The H2O emission level is proportional to the 
fuel burn and is assumed to be EI (H2O) = 1,237 g H2O/kg fuel burn. Experiments also have been conducted 
to look at H2O or NOx emission only scenarios. Cases D and E explore their relative contribution to ozone 
changes and the chemical interactions between H2O and NOx. Case F explores the resulting ozone impact 
when doubling the number of aircraft in operation. Case A is the baseline emission scenario in this study. 
These scenarios were calculated on a 1° latitude by 1° longitude by 1 km pressure-altitude grid and then 
interpolated onto the computational grids of the WACCM model. 

The geographical distribution of fuel use at cruise altitude is shown in Figure 1 for a fleet size of 500 HSCTs. 
Fuel burn is concentrated in a midlatitude flight corridor resulting from the market projection of where 
the major demand for such an aircraft would be. The majority (∼84%) of fuel burn occurs in the Northern 
Hemisphere (NH) and around 62% is between 30°N to 60°N. 
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Figure 1. Projected distribution of fuel usage (kg/cm2/s) vertically integrated at cruise altitudes for the assumed fleet 
of 500 supersonic aircraft. 

3.  Source Gases and the Resulting Background Atmosphere 
Source gas boundary conditions at the Earth's surface adopted in this study are found in Table S1, with 
available values for corresponding species from the 1999 NASA assessment also listed for comparison. The 
distribution of these source gases in the background atmosphere is determined by a combination of chem-
istry and transport processes. The ozone impact depends strongly on the background atmosphere at the lo-
cations where the aircraft are flying. The reference background atmosphere assumed in this study includes 
a subsonic fleet and a sulfate surface area density that is representative of a volcanically clean atmosphere. 

Examiningozone sensitivitytoa NOxdisturbance requires the good representation ofthe total odd nitrogen (NOy) 
budget in the lower stratosphere, since it provides basis for the amount of NOy converted into more reactive ni-
trogen NOx (where NOy is defined as the sum of N + NO + NO2 + NO3 + HO2NO2 + HNO3 + 2N2O5 + ClO-
NO2 + minor contributions from other nitrogen species, whereas NOx is comprised of NO + NO2). Park 
et al. (2017) evaluated the NOx and NOy derived from WACCM relative to satellite observations from the Op-
tical Spectrograph and Infrared Imager System (OSIRIS) instrument, and found a close agreement between 
the satellite observations and model-derived concentrations. They also provided quantitative comparisons 
of nitrogen partitioning and ozone sensitivity to NOx and found an overall good agreement except that the 
model show larger (up to 20%) variations in N2O, NOx and ozone at around 35 km altitude compared to the 
observations. WACCM derived background N2O and NOy profiles for 1992 conditions are also compared 
against previous climatological aircraft observations from Strahan (1999) in Figure 2 to compare with pre-
vious model performance. The vertical profiles of N2O and NOy from WACCM at midlatitudes shows good 
agreement with the climatology in summer, much better than the comparison of these observations to the 
models used in the 1999 NASA and IPCC assessments (see Figure S1; a list of the models used in the 1999 
NASA and IPCC assessments can be found in Table S2). These analyses indicate that WACCM has a better 
representation of atmospheric circulation, mixing, troposphere-stratosphere exchange and chemistry, as 
these factors together determine the vertical profile of N2O and NOy. Figure 3a shows the WACCM derived 
annual and global average in background ratio of NOx to NOy for the assumed 2015 conditions. The ratio of 
NOx to NOy is around 15% near the HSCT cruise altitude and the ratio increases with rising altitude. Addi-
tional NOx from HSCT emission can alter the chemical cycling within the NOy family through non-linear 
heterogeneous chemistry. This can further impact ozone chemistry by interfering with other ozone loss 
cycles in the lower stratosphere. 
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Figure 2. Comparison of WACCM calculated (a) N2O and (b) NOy vertical profiles with potential temperature for 1992 model conditions with climatological 
N2O and NOy profiles derived from all ER-2 flights from Strahan (1999) at 45°N, summer season. 

Figure 3. Left panel (a): WACCM derived annual and global average in ratio of NOx to NOy for year 2015; right panel (b): total inorganic chlorine (ClOy) and 
bromine (BrOy) and the corresponding total Cl and Br (organic + inorganic) as the function of altitudes in year 2015. Cl mixing ratio is shown in red with the 
lower labels while Br mixing ratio is in blue with the upper labels. 
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Background atmospheric levels of chlorine and bromine can also affect the ozone perturbation from the 
HSCT fleet. Figure 3b shows the model derived global averaged chlorine and bromine mixing ratio chang-
es with altitude for the assumed 2015 conditions. Both the total species of Cl and Br (organic + inorgan-
ic), as well as the total inorganic species of ClOy and BrOy are shown in Figure  3b. WACCM derives a 
level of 3.2 ppbv total inorganic chlorine ClOy (i.e., Cl + ClO + 2Cl2 + 2Cl2O2 + OClO + HOCl + ClO-
NO2 + HCl + BrCl) and 20 pptv total inorganic bromine BrOy (i.e., Br + BrO + HOBr + BrONO2 + HBr + 
BrCl), respectively at the top of the stratosphere, which are in good agreement with balloon-borne and air-
borne observations from multiple stations illustrated in the latest ozone assessment (e.g., Kloss et al., 2014; 
Prinn et al., 2018; Werner et al., 2017; WMO, 2018). The values from WACCM are higher than those adopted 
in the models from the earlier NASA assessment, which assumed a stratospheric chlorine level of 3 ppbv 
and a stratospheric bromine level of 12.5 pptv. The BrOy level in WACCM has a contribution from the very 
short-lived bromine species (bromoform and dibromomethane), which were not included in the earlier 
assessments, adding an additional 5 pptv to the stratospheric burden. These factors discussed above can po-
tentially affect the resulting ozone perturbations given the non-linear behavior of heterogeneous processes 
and the formation of polar stratospheric clouds. 

4.  Results and Discussion 
4.1.  NOy and H2O Abundances Induced From Assumed HSCT Emissions 

The model derived ozone impact from HSCT emissions is directly related to the NOy and H2O perturbation 
accumulated in the model. The calculated changes in the distributions of NOy and stratospheric H2O in 
WACCM due to the assumed HSCTs emissions are shown in Figure 4. Only stratospheric H2O change is 
shown here due to the large variability in the troposphere. Panel a and b in Figure 4 show the NOy and strat-
ospheric H2O change in June 2015 for Case A (a fleet of 500 HSCTs, EINOx = 5). A distinct increase in the 
NOy and H2O concentrations is found in the lower stratosphere, around 16–20 km (near where emissions 
occur), for the NH middle to high latitudes. The maximum increases in concentrations of NOy and H2O is 
around 1.1 ppbv and 0.7 ppmv, respectively for Case A. Comparing these results with Figures 4–7 and 4–8 
from the 1999 NASA assessment (Figure S2 and S3), the pattern in NOy and H2O perturbations derived by 
WACCM is quite similar to many of the earlier models, with the closest quantitative findings being found in 
the GSFC-2D and LLNL-2D models for Case A. 

Comparing across different emission scenarios in Figure 4c, the majority of the NOy increase in all cases 
takes place where most of the emission occurs in the NH lower stratosphere. The maximum perturbation 
in WACCM increases from 1.1 to 2.2 and 3.2 ppbv locally as increasing the NOx emission index from 5 to 
10 and 15 g/kg fuel burn (Figure S4). Larger amount of NOy is being transported southward to the tropics 
and lifted upward to middle stratosphere as the HSCT fleet NOx injection is increased. There is no NOy 

perturbation for the H2O only case. The NOy perturbation also increases when doubling the fleet size from 
500 to 1,000 HSCTs, while the increase is not as large as the Case B (EINOx = 10); this is due to the fuel use 
increasing by a factor of 1.8 and therefore is not doubled. The stratospheric H2O concentration increases 
shown in Figure 4d indicates similar patterns as NOy. The largest perturbation in H2O occurs in the NH low-
er stratosphere, while noticeable amounts of H2O reach the upper stratosphere and the SH. This increase 
in concentration is consistent across different emission scenarios assuming a fleet of 500 HSCTs since these 
have essentially the same H2O emissions. 

4.2.  HSCT Fleet Emission Effects on Ozone 

Figure 5 shows the derived changes in the ozone distribution in response to the NOx and H2O emissions 
from the assumed HSCT fleets. For Case A in Figure 5a, between 7 and 17 km at high latitudes and 15– 
25 km in the tropics, the ozone concentration increases due to the NOx and H2O emissions. Above 17 km 
at high latitudes and 25 km in the tropics, the ozone concentration begins to decrease. The maximum and 
minimum ozone change both occur at high latitudes but at different altitudes, with the local peak ozone 
production and reduction being +1.4% and −1.2% at around 11 and 22 km, respectively. The models used in 
the 1999 NASA and IPCC assessments (Kawa et al., 1999; Penner et al., 1999) have a similar ozone increase 
and decrease pattern with altitude relative to WACCM (see Figure S5), but the range and magnitude of the 
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Figure 4. Top panels: Calculated HSCT induced change in (a) NOy (ppbv) and (b) stratospheric H2O (ppmv) from WACCM for baseline emission scenario 
(Case A) during June. The red dashed line indicates the location of the lapse rate tropopause. Bottom panels: Vertical profile of annual average change in (c) 
NOy and (d) H2O for Case A and comparison to other emission scenarios. The baseline emission scenario is shown in black lines with circles. Solid lines are the 
Northern Hemispheric (NH) average profiles, while dashed lines are the Southern Hemispheric (SH) averages. The red line (NOx15 SH) is overlapped with the 
green line (NOH2O SH) in Figure 4c. 

local ozone change varies between the different models used in the earlier assessments. This is likely largely 
related to differences in the representation of physical processes and odd-oxygen loss partitioning between 
the NOx, HOx, and ClOx, and BrOx chemical families between the models. 

The vertical profile of Northern Hemispheric annual average ozone change is shown in Figure 5b. Increas-
ing levels of ozone near the tropopause can be found in all of the WACCM scenario cases, except for the H2O 
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Figure 5. Panel (a): Calculated HSCT induced percentage change in the ozone distribution (%) for baseline emission 
scenario (Case A) during June. Panel (b): Vertical profile of Northern Hemispheric annual average change in ozone for 
Case A and comparison to other emission scenarios. 

emissions only case. The increases in ozone are extended to the ground at midlatitudes to high-latitudes in 
both hemispheres (Figure S6). The cross over point in the changes in ozone is around 21 km for the baseline 
scenario averaged over the NH, with the positive perturbation below and negative perturbation above. The 
ozone increase near the tropopause is mainly attributed to the HSCT NOx emissions enhancing the NOx -
ozone production through smog chemistry. In addition, a decrease in the ozone loss rates in this region due 
to the interference of the emitted NOx with the HOx ozone loss cycle also contributes to this ozone increase 
(Figure S7). 

Ozone depletion can be found both below and above the zone of ozone increase at higher latitudes. The 
ozone depletion above this increase zone is primarily due to the catalytic cycles connected with NOx and 
HOx, and the magnitude of local destruction increases with increasing NOx emission level. The relatively 
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Figure 6.  Northern Hemisphere annually averaged 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 background condition without HSCTs emissions (panel a) and changes of emission scenarios A C, D, 
and E (perturbations – background). Different color lines represent different Ox loss mechanisms. The total Ox loss from all the mechanisms is shown in black 
lines. 
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Figure 7. Annually averaged changes in total column ozone (%) for (a) baseline emission scenario (Case A); (b) zonal 
average change for Case A and comparison to other emission scenarios. The baseline emission scenario is shown in 
black lines with circles. 

small depletion below the ozone increase zone can be found near the tropical region. This primarily results 
from the self-healing effect, where more radiation is absorbed by the ozone increase above leaving less 
getting into the troposphere where ozone is produced. The peak percentage in local ozone loss occurs at 
the northern high latitudes between 21 and 25 km for all cases except the H2O emission only case. For the 
H2O emission only case, the ozone perturbation in the stratosphere is relatively small compared to the other 
cases that include the HSCT NOx emissions. 

In order to evaluate the relative contribution from NOx and H2O emissions to the total ozone loss, odd oxygen 
(Ox = O (3P) + O (1D) + O3 + NO2 + 2NO3 + HNO3 + HO2NO2 + 2N2O5 + ClO + 2Cl2O2 + 2OClO + 2ClO-
NO2 + BrO + 2BrONO2) chemical loss by different loss cycles is shown in Figure 6. The cycles used in this 
study include the loss by NOx, HOx, and halogen oxides (ClOx and BrOx, which are combined here to show 
interactions relative to the NOx and HOx cycles) catalytic cycles as well as by the Chapman self-destruction 
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Figure 8.  Calculated changes in seasonal dependence of total column ozone (%) for (a) baseline emission scenario (Case A); (b and c) for Case A and 
comparison to other emission scenarios in the Northern and Southern Hemisphere, respectively. The baseline emission scenario is shown in black lines with 
circles. 

cycle. The definition of Ox and the reactions included in each catalytic cycle are based on the information 
in Brasseur and Solomon (2005) which also can be found in Text S1. The hemispheric averaging chemical 
loss rate is shown here for both the background conditions and for the change due to the perturbations (cal-
culated from perturbed emission scenarios relative to background atmosphere). The results are shown for 
both hemispheres to explore the different behaviors of each catalytic cycle in both hemispheres (Figure S8). 
The Northern Hemispheric average chemical loss rate for the background conditions (Figure 6a) indicates 
that the NOx involved Ox loss cycle (NOx−Ox) and HOx involved Ox loss cycle (HOx−Ox) both play important 
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roles on the total Ox loss at different heights, with NOx−Ox between 30 to 40 km and HOx−Ox above 40 km, 
respectively. The loss from Ox self-loss cycle (Ox−Ox) and ClOx/BrOx involved Ox loss cycle (ClOx/BrOx−Ox) 
are important from 30 to 50 km, but to a much less degree compared to NOx−Ox and HOx−Ox cycles. 

Figure 6 indicates that the reaction rates of all the Ox chemical loss cycles are modified even though only 
NOx and H2O emissions are injected into the atmosphere from HSCTs; this is expected since ozone is af-
fected by the coupling of HOx, NOx and ClOx/BrOx chemistry. Although the emissions occur at 17–20 km, 
the effects on ozone are mostly above the emission levels. In the baseline Case A (Figure 6b), NOx−Ox and 
HOx−Ox cycles induced from NOx and H2O emissions together contribute to the majority of total Ox loss in 
both hemispheres. NOx−Ox loss cycle dominates the Ox loss between 20 and 35 km, while HOx−Ox starts to 
play a more significant role at higher altitudes from 40 to 50 km. The maximum of NOx−Ox loss takes place 
at around 30 km, and the maximum of HOx−Ox loss occurs at around 45 km. The hemispheric variance 
of total Ox loss primarily results from NOx−Ox cycle with larger depletion in the NH where the emission 
occurs. 

In Case B and C (Figure S8), similar to Case A, where NOx and H2O emit simultaneously, NOx−Ox and 
HOx−Ox cycles both contribute to the majority of total Ox loss in both hemispheres, while the effects from 
NOx become more dominant as its emission level increases from 5 to 15 g/kg fuel. In addition, the ozone 
profile becomes more positive between 10 and 20 km, and more negative between 20 and 30 km with in-
creasing EINOx from 5 to 15 g/kg (Figure 5b). For the pure NOx or H2O emission cases (Case D and E), the 
emitted species is the main source of odd-oxygen loss while the loss from other cycles tends to be reduced. 
The Ox loss by the HOx−Ox and NOx−Ox cycles both decrease when both NOx and H2O are emitted com-
pared to the cases where they are emitted separately (Case C, D, and E); NOx and HOx can react to form 
longer-lived nitric acid, which reduces the overall Ox loss from HOx−Ox and NOx−Ox cycles. 

Pure odd-oxygen loss (Ox−Ox) decreases in all cases due to the self-healing effects, that is, more Ox is de-
stroyed by NOx and/or HOx cycles, leaving less Ox for the self-destruction process. The halogen involved 
Ox loss increases when there is HSCT H2O emissions and the effect is stronger in the SH than NH. It is 
interesting to note that there is larger decrease in HOx−Ox loss between 10 and 25 km in the NH compared 
to the SH when there is HSCT NOx emissions (Figures 6c and 6d). Also, the NOx−Ox loss cycle has a larger 
discrepancy between the NH and SH than the HOx−Ox loss cycle, with greater NOx−Ox loss in the NH 
where the primary emissions occur. The Ox loss from the HOx−Ox cycle has little variance between the two 
hemispheres due to the majority of HOx−Ox loss taking places at higher altitudes where more emission can 
transport across the equator to the SH. 

Total column ozone change is calculated by integrating the changes in absolute ozone with altitude as 
shown in Figure 5. The net column ozone change determines the changes in the amount of biologically 
harmful ultraviolet radiation penetrating to the surface. The annually averaged change in total column 
ozone with latitude and longitude is shown in Figure 7; in this figure, the ozone reduction is partially offset 
by the ozone increase near the tropopause. Figure 7 does not show the strong zonal asymmetry seen in the 
map of emissions (Figure 1; this is largely related to the time scales for the transport processes that effec-
tively spread out the ozone effects away from the source regions. There is a net decrease in total column 
ozone for the entire NH for all of the emissions scenarios due to catalytic cycles connected to NOx and H2O 
emissions. For Case A, B, C, and D, the ozone column depletion maxima occur at around 30°N where the 
majority of emissions occur. For the H2O only, the peaks of ozone depletion are located at high southern 
latitudes. Slight increases (0.1%) in column ozone are found over the SH midlatitudes in Case B and C, and 
a greater increase (0.3%) in Case D is shown at mid to high latitudes. Notice that H2O emissions are more 
responsible for ozone loss in the SH when considering the combined effects from the HSCT NOx and H2O 
emissions (Case C and D in Figure 7b). 

Figure 8 shows the seasonal dependence of calculated percentage change in total column ozone with lati-
tude. For Case A, total column ozone depletion occurs over most of the globe for the entire year, with the 
exception of a slight ozone increase at the SH midlatitudes in Spring (September to November). The peaks 
of ozone loss in both hemispheres occur in the springtime at the polar regions, with a maximum of −0.4% 
in NH March and −1.2% in SH October. The maximum total column ozone depletion at the South Pole is 
greater than at the North Pole for Case A due to stronger cancellation effects from ozone production and 
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Table 2 
Percentage Changes (%) in Total Column Ozone for the WACCM Results Relative to the Earlier NASA AEAP and IPCC 
Aviation Assessment Results Taken From Kawa et al. (1999) and Penner et al. (1999) 

Case A Case B Case C Case D Case E Case F 

EINOx = 5 EINOx = 10 EINOx = 15 EINOx = 15 EINOx = 0 EINOx = 5 with 
Models with H2O with H2O with H2O without H2O H2O only H2O Fleet 1,000 

AER 2D −0.3, −0.1 −0.3, −0.1 −0.3, −0.05 – −0.6, −0.3 −0.7, −0.3 

GSFC 2D −0.4, −0.8 −0.6, −0.7 −0.8, −0.7 – −0.4, −0.8 −0.9, −1.4, 

LLNL 2D −0.2, −0.2 −0.3, −0.1 −0.4, −0.01 – −0.3, −0.3 −0.5, −0.3 

CSIRO 2D −0.2, −0.1 −0.3, −0.2 −0.5, −0.3 – −0.2, −0.07 −0.5, −0.2 

UNIVAQ 2D −0.002, +0.02 +0.2, +0.1 +0.4, +0.2 – −0.4, −0.2 −0.06, +0.005 

SUNY 2D −0.2, −0.1 −0.2, −0.06 – – −0.2, −0.1 −0.3, −0.2 

THINAIR 2D −0.2, −0.2 −0.5, −0.3 −0.9, −0.5 – – −0.4, −0.3 

GMI 3D +0.2, +0.05 – – – – – 

LaRC 3D −0.05, −0.1 +0.07, −0.03 – – – – 

SLIMCAT 3D −0.4, −0.6 −0.5, −0.7 – – −0.6, −0.7 – 

This study −0.21, -0.13 −0.38, -0.11 −0.66, -0.14 −0.62, −0.003 −0.13, −0.16 −0.45, -0.27 

Note. The first and second value is for the Northern Hemisphere (NH) and Southern Hemisphere (SH) average percent 
change in total column ozone, respectively. 

reduction at the North Pole (as was shown in Figure 5a). The overall total column ozone depletion in the 
NH (−0.21%) is larger than that in the SH (−0.13%; Table 2). For Case A, the zonally averaged ozone change 
derived by WACCM are similar to several of the 2-D models from the NASA AEAP assessment (Figure S9), 
with the LLNL-2D model results coming closest to the WACCM results. 

The reduction of total column ozone over the entire NH found in Figure 7 is confirmed in Figure 8b, and 
this is found for all seasons in all emission scenarios. In the NH, the maximum ozone depletion is found in 
the winter season for all cases except the H2O emissions only case, where the maximum ozone depletion 
occurs in spring. In the SH, with the exception of Case D without H2O emissions, all of the other cases have 
maximum ozone depletion occurring in the late winter and spring seasons from August to November. Cases 
with H2O emission also have larger ozone depletion in the SH than the case without H2O emission (Case D). 
The H2O emissions can increase the surface area density of ice over the stratosphere in the SH high latitudes 
region, contributing to this behavior (see Figure S10). The surface area density increase further promotes 
the heterogeneous ozone depletion catalytic cycles occurring on the surface of ice particles in spring (Mo-
lina et al., 1987; Solomon, 1999). This is shown by Figure S11, where the reaction rates of halogen involved 
heterogeneous reactions on ice particles show a large increase with the same pattern as the increase of sur-
face area density of ice particle (Figure S11) during the time period when ozone depletion peaks in the SH. 
This is the same ozone depletion mechanism that causes the Antarctic ozone hole (WMO, 2018). 

4.3.  Indirect Effects of HSCT Fleet on Climate Forcing from Ozone and Water Vapor 

The impact of an HSCT fleet on climate is associated with its emissions of CO2, H2O, NOx, SO2, and soot. For 
CO2 emission, using 5.137 × 1018 kg as the mass of the atmosphere (Trenberth, 1981), the fuel consumption 
of 500 HSCT aircraft can induce the increase of atmospheric CO2 0.019 ppmv, with a radiative forcing of 
4.1 mW/m2, respectively (Myhre et al., 1998). This CO2 emission from the fleet would be too small to have 
a meaningful impact on stratospheric temperatures. Previous 1999 NASA and IPCC assessments have also 
indicated that the contribution of HSCTs to global radiative forcing change would likely have larger impact 
from the perturbations in stratospheric H2O and ozone than from CO2 emission. The NOx and H2O emis-
sions can also lead to an increase in tropospheric ozone and tropospheric OH concentration, which further 
decreases the lifetime of methane. Previous study indicates that the reduction of methane lifetime is a 
minor secondary effect (Grewe, Stenke, et al., 2007). In this study, we only focus on evaluating the potential 
radiative forcing impact of the H2O and O3 perturbation from H2O and NOx emissions. The stratospheric 
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H2O released from HSCT emissions is a strong greenhouse gas associated 
with a warming effect on the surface. On the other hand, NOx and H2O 
emissions can both perturb stratospheric ozone. The chemically induced 
ozone depletion in the stratosphere will cool both the surface and the 
stratosphere, and vice versa the chemically induced ozone production 
will warm both the surface and stratosphere. 

The radiative forcing calculated in this study is the stratospheric-adjusted 
radiative forcing, which is more relevant to surface temperature change 
than just deriving the instantaneous forcing. To calculate the stratospher-
ic-adjusted radiative forcing, the stratosphere is allowed to relax to the 
thermal steady state, leaving an energy imbalance only in the troposphere 
system. Once the stratosphere has been allowed to adjust to a forcing, the 
change in energy flux at the tropopause is equivalent to that at the top of 
the atmosphere. 

Figure 9. Annual average change in stratospheric-adjusted radiative The forcings of H2O and ozone perturbations are treated separately in 
forcing (mW/m2) as a function of NOx emission levels for fleets of HSCTs 

different cases as adding them up can offset the warming and cooling based on the changes in H2O and O3. 
effects induced individually. Figure 9 indicates the stratospheric-adjusted 
radiative forcing (mW/m2) as a function of NOx emission levels. For strat-
ospheric H2O perturbation, all of the cases with H2O emissions indicate 

a warming impact on the surface. The derived forcing is consistent for Case A, B, C, and E with a forcing 
of ∼42 mW/m2, as these cases have the same H2O emissions (Table S3). The H2O forcing is negligible for 
Case D as there is no H2O emission. A forcing of 74 mW/m2 is calculated for Case F with the increasing 
H2O perturbation from doubling the number of HSCT aircraft in operation, which falls into the range of 
30–300 mW/m2 derived by different models from the earlier 1999 NASA and IPCC assessments. 

Forcing changes for perturbed ozone are more complicated than H2O. For the ozone perturbations, all cases 
indicate a warming impact on the surface except for Case E (H2O only). As shown in Figure 9, the magni-
tude of warming increases as the HSCT NOx emissions increase from 5 to 15 g/kg fuel, with a net positive 
forcing ranging from 2 to 20 mW/m2. The net forcing effects from ozone perturbation results from two com-
peting processes. The ozone depletion in the stratosphere results in a cooling effect. At the same time, the 
ozone increase in the troposphere due to NOx emission induces a warming effect at the surface. For Case A, 
B, C, D, and F, the warming caused by the tropospheric ozone increase dominates over the cooling induced 
by stratospheric ozone depletion despite the net reduction in total column ozone, resulting in a net warming 
effect. While for H2O only emission (Case E), there is no ozone increase in the troposphere and therefore the 
stratospheric ozone depletion alone leads to a net negative forcing of ∼−8 mW/m2. For a fleet of 1,000 with 
EINOx = 5 (Case F), this study calculated a radiative forcing of 2 mW/m2, which is in the range from −50 to 
10 mW/m2 provided by different models from the earlier 1999 NASA and IPCC assessments. 

5.  Comparison to the Earlier Supersonic Aircraft Assessments 
The calculated total column ozone percentage change from the HSCT emission scenarios are shown in 
Table 2 for different NOx emission indexes and fleet sizes in a 2015 background atmosphere. The results 
from the earlier 1999 NASA AEAP and IPCC aviation assessments (Kawa et al, 1999; Penner et al., 1999) 
using 2-D and 3-D models from that time period are shown here for comparison. The calculated percentage 
change in total column ozone from this study with WACCM is shown in the last row. All total column ozone 
changes are shown here for each emission scenario relative to the subsonic only background atmosphere. 
The maximum global average ozone depletion calculated in this study is around −0.4% (Case C), which 
is 8% of the maximum historical ozone percentage depletion (around −5%) occurring after the Pinatubo 
volcano eruption in 1992. 

The results are more similar to the earlier results from the 2-D models than the early stage 3-D models. For 
the baseline scenario Case A, this study determines a change in percentage ozone of −0.21% and −0.13% for 
the NH and SH, respectively. This change falls into the range of +0.2 to −0.4% in the NH and +0.05 to −0.8 
in the SH calculated from previous models shown in Table 2. For Cases B and C, with increasing EINOx to 
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Figure 10. Northern Hemisphere total ozone column change (%) as a 
function of EINOx for a fleet size of 500 supersonic aircraft. Results from 
earlier models are shown in dashed lines while the WACCM results are 
shown in solid black line. 

6.  Conclusions 

either 10 or 15 g NO2/kg fuel, the WACCM derived ozone loss in the NH 
tends to be larger than that from most of the earlier models. Case D, for 
only NOx emissions with EINOx = 15, was not considered in the earlier 
assessments. 

For the H2O only emissions scenario Case E, the WACCM results are low-
er than all of the earlier models in the NH. Doubling the fleet to 1,000 
HSCTs assumed to be in operation (Case F), the total column ozone per-
centage change calculated from WACCM is −0.45% and −0.27% in the 
NH and SH respectively, which is in the range of values calculated from 
previous models. 

Figure 10 shows the sensitivity of ozone depletion in the NH as a function 
of NOx emission indices for a fleet of 500 supersonic aircraft calculated 
from WACCM and the comparison to earlier models. Results for the SH 
is shown in Figure S12. In general, WACCM derives a higher sensitivity 
in the NH between the levels of NOx emissions and the resulting ozone 
changes. As the NOx emission index goes from no NOx emission (the H2O 
only perturbation case) to 5 g/kg fuel) WACCM has a higher sensitivity in 
ozone depletion than all of the earlier models. Increasing the NOx emis-
sion index from 5 to 15 g/kg fuel also shows WACCM having a stronger 
sensitivity compared to most of the earlier models, with one exception, 
the THINAIR 2D model. 

To better explore the environmental effects from potential future fleets of SST aircraft, we revisited pri-
or studies that evaluated the HSCTs effects, especially those from the last major assessment of potential 
impacts done about 20 years ago. This study establishes a baseline relative to the earlier NASA and IPCC 
assessments, and determines the potential environmental effects from NOx and H2O emissions for a fleet of 
SST aircraft. Using the state-of-the-art whole chemistry climate model WACCM with the most recent NASA 
JPL chemistry recommendations and a much-improved representation of atmospheric dynamics and trans-
port, this study provides an update relative to those earlier results from NASA and IPCC assessments. 

In general, the results derived from WACCM are more similar to results from the 2-D models used in the 
earlier assessments than to the results from the early stage 3-D models used in those assessments. For the 
baseline emission scenario (a fleet of 500 with EINOx = 5 g/kg fuel at a Mach number 2.4), WACCM deter-
mines a global annual average decrease in total column ozone of −0.17%, similar to findings from several 
of the earlier 2-D models (Table 2). Further exploring the ozone sensitivity to NOx emission levels, WACCM 
derives a greater sensitivity to NOx than found in the earlier models. The difference in results can be attrib-
uted to the significant improvements in representation of atmospheric chemistry and physical processes in 
WACCM, including incorporating a better description of stratosphere-troposphere exchange than the ear-
lier models. Proper treatment of these processes is particularly important for considering supersonic cruise 
impacts at lower Mach numbers where the emissions would be closer to the tropopause. 

Detailed analysis of the ozone perturbations found that the NOx and H2O emissions from a fleet of HSCTs 
can potentially have a strong impact on stratospheric ozone and climate. An ozone increase region for 
these perturbations is found near the tropopause; this increase is due to the combined effects from a reduc-
tion in ozone loss rates due to interference reactions and the direct effects of enhanced ozone production 
from NOx emissions. Ozone depletion maximizes at cruise altitudes in the NH where the majority of the 
emissions occur. The ozone depletion in the stratosphere is partly mitigated by an ozone increase in lower 
altitudes resulting in a less dramatic net column ozone impact. Depending on the amounts of NOx and H2O 
emissions and the resulting chemical interactions between all the ozone destroying catalytic cycles, the 
maximum global annual average column ozone depletion reaches −0.4% from a range of emission scenarios 
evaluated in this study. This depletion is 8% of the maximum historical ozone depletion of −5% occurring 
after the Pinatubo volcano eruption in 1992. From analysis of the radiative forcing impact, we confirm that 
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stratospheric H2O emissions are an important factor in potential climate impacts from supersonic aircraft 
emissions. 
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