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Dependence of Atmospheric and Climate Impacts on Launch
Latitude and Seasonal Variation in Rocket Emissions

Nattanan Wongprapinkul*!, Gokcin Cinar'!, and Oliver Jia-Richards*!
'Department of Aerospace Engineering, University of Michigan, Ann Arbor, Michigan, USA

Abstract. Rocket launch emissions, including black carbon (BC), water vapor, and nitrogen oxides, can perturb atmospheric
composition and climate, with impacts expected to increase under future growth in launch activity. Previous studies have shown
that rocket-emitted BC can warm the stratosphere and alter ozone (O3), but the dependence of these impacts on launch latitude
and seasonal timing remains poorly understood. We investigate how launch latitude and seasonality influence the steady-state
distribution of BC and the resulting climate responses. We use the Whole Atmosphere Community Climate Model version 6 to
simulate emissions from a medium-lift kerosene launch vehicle at six launch latitudes: 55° S, 29° S, 0° N, 29° N, 55° N, and
70° N. Year-round emissions are applied at all latitudes, while boreal summer-only and boreal winter-only scenarios are applied
at selected latitudes using the same annual emission rate, corresponding to 30 Gg yr~! of BC emitted over approximately 11-70
km. The results show that Southern Hemisphere (SH) launches produce larger global BC burdens and stronger stratospheric
warming, whereas O3 depletion is stronger for Northern Hemisphere launches. Launch seasonality modifies BC transport.
Low-latitude boreal summer launches transport more BC into the SH, leading to greater stratospheric warming but less O3
depletion. At higher launch latitudes, launch season controls the altitude of the steady-state BC. These findings indicate that

the climate impacts of launch activity depend not only on emission magnitude but also on the latitude and timing of launches.

1 Introduction

Unlike other anthropogenic emissions, which are primarily released in the troposphere and the lower stratosphere, rocket
launch emissions are anthropogenic emissions that are directly injected into the stratosphere up to the mesosphere (Brown
et al., 2024a). There are several types of rocket propellant systems, four of the most commonly used being solid, cryogenic,
hypergolic, and kerosene-based. The major emission products common to these propellant systems include gases such as water
vapor (H20), carbon dioxide (COs), nitrogen oxides (NO,,), and particulates like black carbon (BC) and alumina (Dallas et al.,
2020).

In terms of the environmental impacts, stratospheric temperature changes are influenced by multiple factors associated with
rocket emissions. BC absorbs both incoming shortwave radiation from the sun and reflected shortwave radiation from the sur-

face and atmosphere, thereby heating the surrounding air (Ross et al., 2010; Yu et al., 2019; Maloney et al., 2022). In contrast,
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an increase in stratospheric H,O enhances the stratosphere’s ability to emit infrared radiation to space, potentially leading to
cooling (Kirk-Davidoff et al., 1999; Randel et al., 2004; Tian et al., 2009; Larson et al., 2017; Charlesworth et al., 2023). NO,,
contributes indirectly to temperature changes by modifying ozone (O3) concentrations, which affects the radiative balance and
influences stratospheric temperatures. The alterations in stratospheric temperature can further influence the general circulation.
One example is Sudden Stratospheric Warming (SSW), which can alter the surrounding temperatures and potentially inter-
hemispheric temperatures through gravity waves and planetary-wave forcing (Baldwin et al., 2021; Eswaraiah et al., 2022;
Okui et al., 2025).

In terms of O3 depletion, stratospheric BC and NO,, emissions have been found to have significantly greater impacts com-
pared to other emission products (Larson et al., 2017; Tsigaridis et al., 2024). BC depletes O3 by altering the stratospheric
temperature, which accelerates Os-destroying chemical cycles and affects atmospheric transport processes (Ross et al., 2010;
Revell et al., 2025). NO,, activates the catalytic O3 destruction cycle and is considered the single most important O3-depleting
emission (Crutzen, 1970; Ravishankara et al., 2009). H2O in the upper stratosphere can photolyze to form hydrogen oxides
(HO,), which in turn catalyze O3 depletion (Brown et al., 2024a). Moreover, changes in stratospheric H2O content can influ-
ence the formation of Polar Stratospheric Clouds (PSCs), which enhance chemical reactions that lead to O3 depletion (Tian
et al., 2009; Vogel et al., 2011; Rosenlof, 2018). However, stratospheric cooling resulting from increased H»O can lead to an
increase in O3 (Larson et al., 2017; Rosenlof, 2018).

Most studies about the atmospheric impact of rocket emissions considered radiative forcing (RF) as one of the primary
responses (Ross et al., 2010; Ross and Sheaffer, 2014; Larson et al., 2017; Ross, 2020; Ryan et al., 2022; Maloney et al.,
2022). Two types of RF are usually considered. Instantaneous radiative forcing (IRF) evaluates the immediate perturbation of
the Earth’s energy balance. Unlike IRF, effective radiative forcing (ERF) accounts for rapid adjustments in the atmosphere,
including shifts in atmospheric temperature profiles, while maintaining fixed sea surface temperatures (SSTs), which makes it
a better indicator of aerosol-induced global mean temperature response (Myhre et al., 2014).

This study builds upon previous work investigating the climate impacts of projected future space launch rates, which has
shown that rocket emissions can perturb the climate through increases in stratospheric temperature, O3 depletion, and changes
in Earth’s radiative balance, highlighting the critical role of BC emissions (Ross et al., 2010; Maloney et al., 2022; Tsigaridis
et al., 2024; Revell et al., 2025). These studies, however, typically assume a single launch location or a globally uniform launch
distribution, as well as continuous, steady launch emissions, thereby limiting insight into how geographic and seasonal vari-
ability in launch activity may modulate atmospheric transport and climate responses. As a result, the dependence of long-term
stratospheric and climate impacts on launch latitude and seasonality remains poorly explored. Given the uneven global distri-
bution of launch sites and the ongoing expansion of launch infrastructure into new geographic regions and latitude bands driven
by increasing commercial and governmental launch demand (Jones et al., 2025), understanding the latitudinal dependence of
rocket emissions is important for assessing long-term climate impacts. Moreover, interplanetary missions are constrained by
relatively narrow launch windows determined by orbital alignment (ESA, 2002), raising the question of whether launch tim-
ing could systematically influence long-term climate effects. This study addresses these gaps by examining how variations in

launch latitude and seasonal timing influence the spatial profile and magnitude of climate responses. The hypothesis is that if
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the location and seasonal timing of rocket launches vary, then the resulting distribution and transport of BC in the stratosphere
will differ, leading to distinct long-term regional and global climate impacts.

To test this hypothesis, this study investigates the latitudinal and seasonal dependencies of atmospheric impacts of a medium-
lift kerosene launch vehicle, focusing on the key emitted species (BC, NO,,, and H;O). Each case simulates 20 years of launches
using the Whole Atmosphere Community Climate Model version 6 (WACCMG6) with a consistent annual launch frequency,

corresponding to a BC emission rate of 30 Gg yr—!

integrated over model layers corresponding to geometric altitudes of
approximately 11-70 km, which is comparable to a recent Australian wildfire event that released approximately 22.5 Gg of
BC into the stratosphere (Yu et al., 2021). The ambitious future launch-growth scenario estimated by Revell et al. (2025)
projects approximately 2x 10% launches per year by 2030, corresponding to roughly 4.25 Gg yr~! of BC emissions into the
atmosphere, which is approximately one-seventh of the BC emission rate adopted in this study. This emission rate of 30 Gg
yr—1, shown by Maloney et al. (2022) to produce statistically significant climate impacts, is hypothetical and is used solely
for comparison of long-term underlying climate impacts among the experimental cases. To assess latitudinal dependencies,
launches are simulated from six latitudes (55° S, 29° S, 0° N, 29° N, 55° N, and 70° N). To examine seasonal dependencies,
boreal summer-only and boreal winter-only cases are performed. An additional BC-only case at 29° N is included to help isolate
the role of BC in long-term climate impacts compared to NO, and H»O. A control simulation without rocket emissions is also
conducted for comparison with the launch cases. The analysis quantifies long-term responses in stratospheric temperature, O3
concentration, and ERF. This approach enables a detailed comparison of the resulting atmospheric outcomes and clarifies the

cause-effect mechanisms driving these climate responses, highlighting the significance of launch latitude and seasonality in

shaping atmospheric impacts.

2 Methods

This study uses WACCM6 with the year-2000 fixed SST configuration to simulate medium-lift kerosene rocket emissions,
including BC, NO,,, and H2O. Emissions were derived from trajectory data and emission indices. Details regarding the cli-
mate model and experiment design are provided below. Simulations were conducted for six launch latitudes, including boreal
summer-only and boreal winter-only scenarios at four latitudes. A control simulation without rocket emissions and an addi-

tional BC-only case at 29° N were also included.
2.1 Climate Model

This study uses WACCMBS6 (Gettelman et al., 2019), which is part of the Community Earth System Model version 2 (CESM2)
framework (Danabasoglu et al., 2020). WACCMS6 has several improvements over WACCM4, enhancing the representation of
atmospheric and climate processes (Gettelman et al., 2019). The model uses the Community Atmosphere Model version 6
(CAMO6) physics, with a focus on middle atmospheric processes and a reduced set of tropospheric chemical reactions, which
offer lower computational cost. Climatological forcings were applied with fixed SSTs, representing conditions from the year

2000, consistent with Ross et al. (2010) and selected cases in Maloney et al. (2022). As noted by Maloney et al. (2022), us-
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ing fixed SSTs reduces internal variability, allowing the stratospheric response to BC emissions to be more clearly identified.
This approach also enables a more precise estimation of the ERF, making it particularly suitable for studies focused on strato-
spheric processes. The model includes 70 vertical levels, extending from the surface up to approximately 140 km altitude.
The horizontal grid resolution is set to 1.9° latitude x2.5° longitude. The BC properties are specified as a diameter of 0.134
pm and a density of 1,700 kg m~3, based on the default BC settings in WACCM. The Modal Aerosol Model (MAM4) was
employed to represent key aerosol processes. There are two parameters used to initialize fresh BC emissions: bc,4 and num,4.
The parameter bc,4 defines the number of molecules of fresh BC added to each grid cell per unit volume and time, whereas
num,4 defines the corresponding number of aerosol particles emitted. The value of num,4 was verified to be consistent with
the default aircraft BC emissions input to MAM4.

CESM2 is allowed to run two different aerosol models, the Community Aerosol and Radiation Model for Atmospheres
(CARMA) and MAM4 (Toon et al., 1988; Bardeen et al., 2008, 2013; Yu et al., 2015; Liu et al., 2016; Tilmes et al., 2023).
The main differences are the aerosol specifics. CARMA has two aerosol size description, while MAM4 microphysics describes
four modes (Liu et al., 2016; Tilmes et al., 2023). Two of the four modes, primary carbon and accumulation mode, represent
fresh and aged BC, respectively. The transition from primary carbon to the accumulation mode occurs through condensation
and coagulation processes, during which carbon particles become coated with soluble species such as sulfates (Liu et al.,
2016). The discussion from Tilmes et al. (2023) concluded that CARMA generally provides a more accurate representation
of aerosol size distributions and removal processes compared to the modal MAM4 approach, but both models can reasonably
reproduce stratospheric and tropospheric aerosol properties when appropriately configured and constrained by observations.
However, CARMA has significantly higher computational costs compared to MAM4, which can be a limitation for long-term
simulations. Therefore, this study uses MAM4 as the aerosol module to balance computational efficiency with the required

level of detail.
2.2 Design of Experiments

This study simulates launch emissions from the Earth’s surface up to ~70 km. Three species of rocket emissions are considered
in this study: BC, HyO, and NO,. The total emitted BC integrated over model layers corresponding to geometric altitudes of
11-70 km is set to 30 Gg yr—! in every case. This fixed 11-70 km BC emission definition is used only to standardize the
imposed source strength across experiments; diagnostic BC and H»O burdens reported later are instead evaluated from the
model-diagnosed tropopause to 4.87 x 10~2 hPa. This emission rate is hypothetical and similar to that used by Maloney et al.
(2022), which has been shown to produce statistically significant climate response anomalies. This emission rate corresponds
to approximately 1x 104 medium-lift kerosene rocket launches per year, or roughly 30 times the current launch rate, neglecting
differences in launch vehicles and propellant types. A control simulation was performed without rocket emissions for com-
parison with the emission cases. To investigate the launch latitudinal dependencies, six year-round emission simulations were
conducted at launch latitudes of 55° S, 29° S, 0° N, 29° N, 55° N, and 70° N. For the sake of benchmarking against real-world
launch sites, the 29° N launch case can be referred to Cape Canaveral Space Force Station. The equatorial launch case can be

associated with the Guiana Space Centre. The 70° N case represents a generic high-latitude launch location, where such lati-
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Table 1. Summary of the simulated launch cases and the control case. 29° N, 81° W corresponds to Cape Canaveral Space Force Station,

and 0° N, 50° W corresponds to the Guiana Space Centre. * An additional BC-only case was performed at 29° N.

Launch Lat. Launch Lon. Year-Round Boreal Summer-only Boreal Winter-only

55°S 68° W v v v
29°S 154° E v
0°N 50° W v v v
29°N 81°W v v v
55° N 2°W v
70° N 120°E v v v

Control case without rocket emissions

tudes are beneficial for polar and sun-synchronous orbits. To examine the seasonal dependencies, additional simulations were
performed for boreal summer-only and boreal winter-only launches at 55° S, 0° N, 29° N, and 70° N. The emission timing
for the boreal summer-only cases was set to June-August, whereas that for the boreal winter-only cases was set to December-
February. The seasonal emission rate was set to 10 Gg per month to maintain an annual total equivalent to the year-round case
(30 Gg yr~1). To assess the long-term role of BC emissions relative to NO, and H»O, a case considering only BC emissions
was conducted. For each case, 20 years of simulations were performed from 2000 to 2020, and the final 15 years were analyzed

to obtain quasi-steady-state results. A list of the simulation cases is provided in Table 1.
2.3 Launch Trajectory and Emission Indices

Since this study focuses on emissions from a medium-lift kerosene rocket, a representative Falcon 9 ascent profile to geosta-
tionary transfer orbit was reconstructed using publicly available launch telemetry records (nas, 2016). While this source may
have limitations in terms of reliability, it is used solely to prescribe the vertical distribution of rocket emissions. The resulting
trajectory was compared with a Falcon 9 maximum-payload trajectory generated using a convex optimization framework based
on the methodology of Benedikter et al. (2019), showing good agreement within the region of interest (Earth’s surface to 70
km). Propellant flow rates for each stage are assumed constant and are derived from stage propellant masses of 412,854 kg
and 107,500 kg for the first and second stages, respectively (Garner, 2022), with burn times of 162 s and 397 s as reported in
Benedikter et al. (2019). Based on the results presented by Garner (2022) and Benedikter et al. (2019); Benedikter (2022), the
maximum-payload trajectories of launch vehicles from the Earth’s surface to 70 km appear to be relatively similar and exhibit
low sensitivity to mission type and launch vehicle configuration. Although Brown et al. (2024b) developed a comprehensive
rocket emission inventory, this study derived deposited rocket emissions from representative launch trajectories using emission
indices Eq. (1 to 3). This approach provides greater flexibility for future investigations of how launch vehicle designs and
trajectories influence climate impacts. The following list summarizes the information required to implement these emission

profiles as inputs to WACCM.
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1. Emissions are applied as continuous volumetric fluxes within each selected model grid cell at every model timestep. The
flux rate is calculated by dividing the total annual emissions by the emission duration, which corresponds to the full year

for year-round cases and the three-month launch period for seasonal cases.

2. The vertical profile of emissions, derived from trajectory data, is distributed across the model’s vertical layers using a

geometric altitude grid from the Earth’s surface up to 70 km.

3. Emissions are assigned to the only launch site grid cell because the trajectory data from the Earth’s surface to 70 km

indicate limited downrange distance. Consequently, the effects of downrange emissions are assumed to be negligible.

4. BC emissions are introduced as primary carbon (fresh BC) at release. Subsequent transitions from the primary mode
to the accumulation mode are handled by MAM4 through condensation and coagulation processes, particularly as BC

particles are transported to lower altitudes where soluble species are more abundant.

5. NO, emissions are released as nitrogen dioxide (NOs), consistent with the default aircraft NO,, emissions in CESM,

while HoO emissions are added as water vapor.

A first-order estimate of the BC emissions index was developed specifically for LOX/RP-1 engines (Simmons, 2000; Alex-
eenko et al., 2002; Plastinin et al., 2005; James et al., 2021)

EI;(BC) = EL,(BC) max{0.04, min [17 0.0460-12@—15)} } (1)

where the EI,(BC) is the primary emission index of BC, representing the mass of BC emitted per unit mass of propellant at
the nozzle exit plane. This value is assumed to be 25 g kg~!. In addition, h represents the emission altitude, expressed in km.
For LOX/RP-1 engines, all NO,, emissions are produced through reactions between the high-temperature exhaust plume
and atmospheric nitrogen. Hence, the final emissions index for NO,, comes from the secondary emissions. The estimation was
developed from previous studies (Gomberg and Stewart, 1976; Leone and Turns, 1994; James et al., 2021). It can be written

as:

EI;(NO,)=33e 7. 2)
The EI;(NO,) is highest at sea level and decreases exponentially with altitude due to the lower abundance of ambient
nitrogen in the thinner atmosphere.
In addition to the primary emission index of HyO, it is assumed that hydrogen in the exhaust plume reacts with ambient
oxygen, further increasing HoO production

MW,0
MWy

MWh,0

El:(H =FI,(H _—
f( 20) p( 2O)+ ]\4’1)‘/H2

EIP(H)+ EIP(H2)+EIP(OH)’ (3)

where M W denotes the molecular weight and accounts for the contribution of oxygen from the surrounding air. For a medium-

lift kerosene rocket, the E'1 f(HgO) is set to 374 g kg~ ! and is assumed to remain constant with altitude (James et al., 2021).
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3 Results

Results were averaged over the final 15 years of each simulation to ensure a quasi-steady state, defined as the period during
which the global BC burden remains within 10 % of its long-term asymptotic value. Each year was treated as an independent
sample, and statistical significance was assessed by testing paired differences (case minus control, seasonal minus year-round,
and year-round (BC-only) minus year-round) against zero using a Student’s t-test. The lag-1 autocorrelation of the difference
time series was used to estimate effective sample sizes and to adjust the degrees of freedom for computing p-values. The
model-diagnosed tropopause was used to analyze responses above the tropopause. The upper boundary of the stratosphere is
assumed to be approximately 7.30x 10~ ! hPa (~50 km), which is used to obtain stratospheric responses such as stratospheric
temperature and cloud fraction anomalies, whereas the upper boundary used to define the BC, HyO, and NO,, burdens is
4.87x1072 hPa (~70 km).

The sections below provide detailed results on emission burdens and impacts on stratospheric temperature, general circula-
tion, Og, and ERF. In brief, BC burden varies with launch location and season, tending to be higher for low-latitude launches
and more favorable in the Southern Hemisphere (SH). Launch latitude is the primary factor controlling both the BC mass-
weighted mean latitude and altitude, while seasonal timing has a strong influence on the BC mass-weighted mean latitude
for low-latitude launches. Both BC burden and BC mass-weighted mean latitude show a strong correlation with stratospheric
temperature anomalies (Fig. 1a,b). Changes in stratospheric temperature also influence the general circulation, which can al-
ter atmospheric temperatures at locations remote from the launch latitude. O3 anomalies are associated with stratospheric
temperature anomalies in the Northern Hemisphere (NH) and from 0° N to 60° S, where warmer temperatures accelerate pho-
tochemical reactions, enhancing O3 depletion (Fig. 1d to e). In the south polar region, O3 concentrations show a strong negative
correlation with stratospheric cloud fraction anomalies, driven by altered winter South Pole temperatures that influence PSC-
favorable conditions (Fig. 1f). These results support the hypothesis that variations in the location and seasonal timing of rocket
launches lead to differences in the distribution and transport of BC in the atmosphere, resulting in distinct regional and global
climate impacts. The 29° N BC-only comparison supports a dominant role of BC in the long term climate responses simulated

here, although the attribution relative to co-emitted NO, and HO remains incomplete.
3.1 Emission Burdens

3.1.1 BC Burdens

Across all scenarios, it takes no more than five years of continuous emissions for the system to reach a quasi-steady state, which
is defined as the point at which system values are within 10 % of their long-term asymptotic behavior. Accordingly, this study
focuses on the final 15 years of the simulated response. The time series of BC burden evolution for the 0° N cases are shown
in Fig. 2a to c, illustrating the temporal emissions of boreal summer-only and boreal winter-only launches. The annual mean
BC burdens in the atmosphere between the tropopause (as diagnosed by the model) and 4.87 x 10~2 hPa are presented in Fig.
3 and Table 2. The differences in steady-state BC burdens among the cases are linked to the efficiency of general circulation in

transporting BC from the emission source. The BC burden tends to be higher when the circulation allows for broader spatial
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Figure 1. Case minus control correlations for each matrix: (a) Stratospheric temperature anomalies (K) versus BC burden (Gg). (b) versus

BC mass-weighted mean latitude (°). (c) versus BC mass-weighted mean altitude (km). (d) Northern Hemisphere total O3 column anomalies

(DU) versus stratospheric temperature anomalies (K). (¢) 0° N to 60° S total O3 column versus stratospheric temperature anomalies (K). (f)

60° S to 90° S total O3 column versus stratospheric cloud fraction anomalies.
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Figure 3. Case minus control differences in (a) atmospheric BC burdens (Gg) between the tropopause and 4.87x 102 hPa at each launch
latitude for year-round, boreal summer-only, and boreal winter-only cases. (b) BC mass-weighted mean latitude (°) from the Earth’s surface
to 4.87x 1072 hPa. (c) BC mass-weighted mean altitude (km) from the Earth’s surface to 4.87x 1072 hPa. (d) atmospheric HoO burdens
(Tg) between the tropopause and 4.87 x 10~2 hPa. (e) NO, (NO + NO2) burdens (Gg) from the Earth’s surface to 4.87 x 10~2 hPa. Piecewise
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Cubic Hermite Interpolating Polynomials (PCHIP) are used to connect the year-round responses across launch latitudes.
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Table 2. Emission burdens averaged over the final 15 years of each climate model simulation (case minus control). BC and H>O burdens
are integrated from the atmosphere between the tropopause and 4.87x 1072 mb, while NO,, (NO + NOy) burdens are calculated from the

Earth’s surface to 4.87x 10~2 mb. The 29° N BC-only launch results are shown in parentheses.

Launch Latitude (°)

55°S 29°S 0°N 29°N 55°N  70°N
BC Burdens (Gg) Year-round 80.04 88.23 88.46 81.13(81.45) 72.64 70.58
Boreal summer-only  81.46 - 90.47 83.48 - 70.23
Boreal winter-only 79.73 - 88.26 80.82 - 74.12
H>O Burdens (Tg)  Year-round 326 367 338 305 (304) 284 263
Boreal summer-only 337 - 349 318 - 276
Boreal winter-only 331 - 358 314 - 296
NOx Burdens (Gg)  Year-round 3.83  20.28 46.37 42.67 (44.07) 49.15 4891
Boreal summer-only  2.18 - 29.39 39.46 - 39.32
Boreal winter-only 8.18 - 55.66 53.57 - 37.25

transport, effectively distributing the aerosol over a wider region. Among the year-round cases, equatorial launches produce
the highest BC burden (Fig. 3a and Table 2) at 88.46 Gg, nearly identical to the 29° S case at 88.23 Gg despite substantially
different BC mass-weighted mean latitudes. This behavior suggests that transport into the SH favors longer BC residence
times, potentially due to hemispheric differences in large-scale circulation and polar vortex structure. This interpretation is
supported by comparisons between the 29° N and 29° S cases, as well as by the equatorial seasonal launch cases. The boreal
summer-only case, with a BC mass-weighted mean latitude falls in the SH, produces higher BC burden than the year-round
and boreal winter-only cases, both of which retain BC farther north. Figure 2d to f illustrates the steady-state BC distributions
for year-round 29° S and 70° N launches, as well as boreal summer-only 0° N launches, highlighting the effects of launch
latitude and season on BC distribution.

In terms of the BC mass-weighted mean altitude shown in Fig. 3c, the mean altitude increases as the launch latitude ap-
proaches the equator. This results from the weaker influence of the Brewer—Dobson circulation (BDC) downward transport
combined with the stronger upward motion of warm tropical air, which allows BC to persist at higher altitudes. Launches near

the pole that occur during the local winter undergo immediate downward transport, resulting in a lower mean BC altitude.
3.1.2 H-O0 and NO_, Loadings

Based on the 30 Gg yr—! BC emission rate, the corresponding annual HoO emission rate is approximately 1 Tg yr—!. Figure
3d and Table 2 show that the steady-state HoO burden anomaly is substantially larger than the direct annual HoO emission rate,
corresponding to an increase of approximately 8—12 % relative to the baseline HoO burden of 3,068 Tg between the diagnosed
tropopause and 4.87x 1072 hPa. The 29° N BC-only case shows that even without direct rocket HoO emissions, the HyO

burden remains close to that in the full-emission case, indicating that the simulated increase is largely indirect. A more plausible
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explanation is that BC-induced warming modifies temperatures and transport near the tropical tropopause layer, allowing more
H,>O to enter the stratosphere before being redistributed by the large-scale circulation. As stratospheric temperatures increase,
more HsO primarily enters the stratosphere through the tropical tropopause layer before being transported to other regions
(Randel et al., 2004; Dessler et al., 2013; Nowack et al., 2023). The relationship between H,O burden and stratospheric
temperature anomalies is consistent with the corresponding trends shown in Fig. 3d and Fig. 4a. For NO, (NO + NOy), the
burdens are calculated from the Earth’s surface to 4.87x 10~2 hPa, since most NO,, is released below 11 km, with only about
0.5 Gg of the approximately 33 Gg emitted annually occurring above it. As shown in Table 2, the 29° N BC-only case shows a
diagnosed NO,, burden close to that in the full-emission case, indicating a primarily indirect contribution. The diagnosed NO,,
burdens range from 2.18 Gg to 55.66 Gg, representing less than a 2 % increase relative to the baseline NO, burden of 2,842
Gg. As presented in Fig. 3e, the diagnosed NO,, burden is lower for launches in the SH. Because the present analysis does not
explicitly diagnose NO,, partitioning or denitrification, we do not attribute this hemispheric difference to a single mechanism.

It likely reflects a combination of chemical partitioning, transport, and removal processes that vary with latitude and season.
3.2 TImpacts on Stratospheric Temperature

Stratospheric BC absorbs incoming shortwave radiation from the Sun and re-emits energy at longer wavelengths, resulting
in atmospheric heating. The effect of BC absorption of incoming solar shortwave radiation is illustrated in Fig. 2g to h. The
influence of the BC altitude profile on the solar heating rate is evident. The 70° N boreal winter-only case shows weaker positive
solar heating rate anomalies, which are primarily confined below 40 km and are caused by aged BC. Although aged BC has a
higher absorption cross section due to a stronger lensing effect (Gao et al., 2008; Zhang et al., 2021), the solar heating rate is
more sensitive to BC concentration at higher altitudes, likely because of the lower air density, and lower O3 concentrations at

high altitude allow more direct solar shortwave radiation to be absorbed by BC (Samset and Myhre, 2015).
3.2.1 Launch Latitudinal Dependency

As discussed in Sect. 3.1, varying the launch latitude alters both the vertical and latitudinal distribution of BC. Since BC
induces warming, these distributional differences alter the resulting temperature anomaly profiles. Figure 5a shows that the
warming pattern is spatially correlated with the launch latitude. Hemispheric asymmetry is observed, and launches at higher
latitudes can intensify polar warming. This polar warming can strengthen the meridional wind in the mesosphere, resulting in
altered temperatures at the opposite pole. This effect is evident in the 70° N launch case, even though the net cooling effect near
the South Pole is not statistically significant. The effects of this are discussed in detail in Sect. 3.3. In terms of the role of BC
in stratospheric temperature changes, the 29° N BC-only launches show a latitudinal temperature anomaly profile similar to
that of the full-emissions 29° N case. At high southern latitudes, the 29° N BC-only case shows greater stratospheric warming.
However, neither the global (Table 3) nor the latitudinal differences in stratospheric temperature anomalies between the 29° N
BC-only and full-emissions 29° N cases are statistically significant (not shown).

Consistent with Table 3 and Fig. 4a, global mean stratospheric temperature anomalies generally increase as the launch

latitude shifts away from the North Pole. The strongest warming occurs for the 29° S launch case, driven by South Pole and
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Figure 4. Case minus control differences in (a) stratospheric temperature anomalies (K) at each launch latitude for year-round, boreal

summer-only, and boreal winter-only cases. (b) total Oz column anomalies (DU). (c) all-sky ERF anomalies (Wm~2) at TOA. (d) clear-

sky ERF anomalies (Wm™2) at TOA. (e) all-sky shortwave radiation anomalies (Wm™?2) at TOA. (f) all-sky longwave radiation anomalies

Wm~2) at TOA. (g) clear-sky shortwave radiation anomalies (Wm~2) at TOA. (h) clear-sky longwave radiation anomalies (Wrn_z) at TOA.
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PCHIP are used to connect the year-round responses across launch latitudes.
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Figure 5. (a) Latitudinal stratospheric temperature anomalies (K) for each year-round launch latitude case (case minus control). (b) Latitu-
dinal stratospheric temperature anomalies for boreal summer-only and boreal winter-only simulations (seasonal minus year-round). Results
are shown for four launch latitudes (55° S, 0° N, 29° N, and 70° N). Thick lines indicate statistically significant values, whereas thin lines

denote non-significant values compared to the control case. Statistical indicators for 29° N BC-only in Fig. a are omitted for clarity.

tropical warming combined with a relatively high stratospheric BC burden. The positive correlations between stratospheric

temperature anomalies and BC burden, as well as with BC mass-weighted mean latitude, are shown in Fig. 1a,b.
3.2.2 Launch Seasonal Dependency

For comparison purposes, Fig. 5b shows the differences between the seasonal cases and the year-round case at the same launch
latitude, along with the corresponding Student’s t-test used to assess statistical significance. At 55° S launches, most statistically
significant results indicate colder conditions relative to the year-round launches. Boreal summer-only launches result in colder
conditions in the SH due to lower BC mass-weighted mean altitudes. Boreal winter-only launches induce stronger changes in
the general circulation due to the higher BC mean altitude, thereby altering temperatures over the North Pole and leading to
colder conditions. More details on changes in the general circulation are presented in Sect. 3.3. At equatorial launches, changes

in stratospheric temperature are strongly correlated with BC transport, with higher BC content leading to warmer conditions in
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that hemisphere. The same interpretation can be applied to the 29° N launches. At 70° N launches, boreal winter-only launches
result in relatively colder conditions at high latitudes in the NH due to lower BC altitudes. For the global changes, only the
boreal summer-only 55° S launches show statistically significantly less warming relative to the year-round case by 0.16 +
0.15 (Table 3). Indeed, the global stratospheric temperature anomalies are strongly correlated with the BC mass-weighted
mean latitude and altitude. The overall correlations are illustrated in Fig. 1b,c. Note that Fig. 1c¢ does not show a statistically
significant correlation because the effect of BC mass-weighted mean altitude is dominated by the mean BC latitude when

launches occur farther from the poles.
3.3 Impacts on General Circulation

Rocket emissions can alter atmospheric temperatures, thereby inducing changes in atmospheric circulation. At the same time,
changes in vertical dynamics can influence atmospheric temperatures through adiabatic warming and cooling processes (Holton
and Hakim, 2013). Warming from BC forcing typically occurs near the summer pole, accompanied by an upward wind anomaly
above the heated region. It is observed from the results that this upward motion turns meridional upon reaching the mesopause,
heading toward the winter pole. Upon reaching the opposite pole at the mesopause, the flow diverges, generating both upward
and downward wind anomalies and thereby altering the atmospheric temperature. Warming at the winter pole generally occurs
in the upper stratosphere and mesosphere, whereas the middle and lower stratosphere experience cooling, likely due to temper-
ature inversion and adiabatic compensation. The circulation and temperature anomalies exhibit characteristics similar to those

observed during SSW events (Baldwin et al., 2021; Eswaraiah et al., 2022; Okui et al., 2025).
3.3.1 Launch Latitudinal Dependency

As shown in Fig. 6a to c, changes in the general circulation are stronger when launches occur at higher latitudes, specifically
strengthening the meridional wind toward the winter pole. Indeed, southern launches appear to produce stronger anomalies than
northern launches at the same latitude. At the South Pole, launches from the NH are likely to produce a stratospheric cooling
signal during JJA. This effect is more evident and statistically significant for high-latitude NH launches (Fig. 6¢), whereas
launches from the SH produce year-round stratospheric warming due to persistent aerosol-induced heating. At the North Pole,
launches from all latitudes are likely to produce cooling in the lower stratosphere and warming in the upper stratosphere during

DIJF, although the response is not statistically significant.
3.3.2 Launch Seasonal Dependency

The 70° N launches (Fig. 6¢,d) are shown because they produce the most pronounced changes in the general circulation.
The largest circulation changes occur during JJA, with the boreal summer-only launches producing the strongest anomalies.
However, the year-round case appears to have the largest temperature changes around the South Pole, leading to the coldest
stratospheric South Pole during JJA. This is likely because a southward wind anomaly develops as early as MAM, driven

by continuous emissions that begin altering the temperature during that period. The anomaly is sufficiently strong to disrupt
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year-round launches, (c) 70° N year-round launches, and (d) 70° N and 55° S seasonal launches, showing the hemispheric summer months at
the respective launch locations. For visualization, the vertical wind component is scaled by a factor of 50 and the meridional wind component
reduced by a factor of 2. Regions with shading indicate areas where the temperature anomalies are not statistically significant compared to

the control case.
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the South Pole temperatures during the presence of the polar vortex. Although the boreal summer-only launches seem to
produce the strongest wind anomalies, they generate the weakest southward wind anomalies reaching the South Pole during
JJA due to the mesospheric warming that extends into the tropics. This warming likely disrupts the uniform meridional wind
anomaly. In contrast, despite the stronger tropical mesospheric warming, the 55° S boreal winter-only case (Fig. 6d) produces
more pronounced stratospheric cooling over the North Pole during DJF. This inconsistent behavior may arise from a relatively

weaker NH polar vortex, which allows greater stratospheric temperature alterations during NH winter.
3.4 Impacts on O3

The observed O3 changes in this study are most consistent with BC-induced stratospheric temperature and circulation changes.
This interpretation is supported by the 29° N BC-only case (Table 3, Fig. 7), where the O3 anomaly profile is very similar to
that of the 29° N full-emissions case, except at high southern latitudes where the BC-only case shows slightly less Og loss.
These differences are not statistically significant. Comparisons with previous work suggest that substantially larger HoO and
NO, emissions than those considered here may be required to produce statistically significant global O3 responses (Larson
et al., 2017), consistent with the relatively minor role of H,O and NO,, in our simulations.

In the NH and the nonpolar SH, warmer upper stratospheric temperatures accelerate photochemical reactions, leading to
enhanced O3 depletion. Near the South Pole, cooler stratospheric temperatures enhance ice-containing clouds under PSC-
favorable conditions, consistent with processes that influence O3 loss. As shown in Fig. 7b,c, the changes in south polar cloud
fraction are accompanied by increases in ice condensate with negligible liquid condensate, indicating that the diagnosed clouds

represent physically realized ice clouds rather than a cloud fraction increase driven solely by changes in relative humidity.
3.4.1 Launch Latitudinal Dependency

Figure 7a shows that total O3 column losses are likely to be more pronounced in the NH because baseline O3 concentrations are
higher than in the SH. In the NH, launches closer to the North Pole cause stronger local O3 depletion, while the sensitivity of
O3 loss to launch latitude increases as launch locations move closer to the equator. There is a strong correlation between NH O3
loss and NH stratospheric temperature anomalies, as shown in Fig. 1d. Similar behavior is also observed between 0° N and 60°
S, as shown in Fig. le. These correlations are consistent with photochemical processes enhanced under warmer stratospheric
conditions. In the South Polar region, 70° N launches lead to the largest total O3 column loss likely due to enhanced cooling
near the South Pole during local winter (Fig. 6¢), which promotes conditions favorable for ice-containing clouds consistent
with PSC formation (Fig. 7b,c). This correlation is shown in Fig. 1f.

As shown in Fig. 4b and Table 3, the greatest global total O3 column loss occurs in the 70° N case. O3 depletion decreases as
the launch latitude shifts toward the South Pole. Interestingly, launches from 55° N do not follow the trend. This is due to the
effect of the 70° N launches, which uniquely cool the winter South Pole and lead to the greatest O3 loss. As the launch latitude
shifts toward the equator, this effect diminishes significantly, as shown in Fig. 7a. Comparing the 55° N and 29° N launches

shows that total O3 column anomalies in the NH are relatively insensitive to launch latitude, exhibiting nearly identical values.
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Figure 8. Results of boreal summer-only and boreal winter-only simulations compared to the year-round simulation for four launch latitudes
(55° S, 0° N, 29° N, and 70° N) (seasonal minus year-round): (a) Latitudinal total O3 column anomalies (DU). Negative values indicate a
reduction in O3 column content relative to the control. (b) Latitudinal stratospheric cloud fraction anomalies. Thick lines indicate statistically

significant values, while thin lines denote non-significant values compared to the year-round case.

However, in the 29° N case, warmer conditions in the SH result in enhanced O3 loss there, thereby having lower global O3

levels than the 55° N case.
3.4.2 Launch Seasonal Dependency

As shown in Fig. 8a, the 55° S boreal winter-only case shows a statistically significant gain in total O3 column in the SH,
likely driven by regional warming which suppresses PSC-favorable conditions. However, the reduction in stratospheric cloud
fraction at the South Pole itself is not statistically significant. Launches at 0° N exhibit total Oz column anomaly profiles
that are strongly correlated with BC distributions. For example, more BC resides in the SH in the boreal summer-only case,
leading to greater O3 loss there relative to the year-round case. The 29° N boreal winter-only case shows a decrease in total O3
column at the South Pole, likely due to indications of colder conditions in the SH associated with disrupted general circulation,

which further promotes PSC-favorable condition. All the seasonal launches at 70° N have more O3 content relative to the year-
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round case, likely due to a colder South Pole stratosphere during JJA in the year-round case, which promotes PSC-favorable
conditions (as supported by Fig. 8b and discussed in Sect. 3.3).

For global O3 change, only the 70° N boreal summer-only case shows a statistically significant difference relative to the
year-round case, with a global O3 gain of 2.78 & 2.63 DU.

3.5 Changes in Radiative Forcings

The net shortwave radiation at the TOA is defined as the difference between incoming solar radiation and reflected solar
radiation, while the net longwave radiation corresponds to the outgoing thermal emission from the Earth system. As BC absorbs
shortwave radiation, both directly from the Sun and reflected by the Earth’s atmosphere and surface, it warms the surrounding
air. This atmospheric heating enhances thermal emission, increasing outgoing longwave radiation. The resulting changes in
radiative fluxes create the ERF. In CESM, the radiation scheme first computes radiative fluxes under all-sky conditions, while
clear-sky fluxes are subsequently diagnosed using the cloud fraction simulated by the model.

In the BC-only case, none of the radiative parameters are statistically significant relative to the full-emissions scenario as
shown in Table 3. This suggests that, under the emission magnitudes considered in this study, the direct radiative contributions
of co-emitted HoO and NO,, are likely smaller than the BC-driven contribution. Consistent with prior studies (Ryan et al., 2022;
Maloney et al., 2022), Larson et al. (2017) showed that at least 3x 10° launches with H,O and NO,, emissions are required to

produce a statistically significant ERF, more than two orders of magnitude greater than the emissions considered in this study.
3.5.1 Launch Latitudinal Dependency

As shown in Fig. 4c to h, both the all-sky and clear-sky shortwave and longwave radiation anomalies are positive. The positive
shortwave radiation anomalies indicate that BC absorbs reflected solar radiation, thereby retaining more shortwave energy
within the Earth system. The magnitude of shortwave radiation anomalies increases as the launch location moves closer to the
South Pole, potentially due to the influence of O3 content. Larger drops in O3 content from northern latitude launches enhance
upwelling due to reduced atmospheric solar absorption. A similar trend is observed for longwave radiation anomalies, as the
additional absorbed energy is re-emitted at longer wavelengths through thermal emission. While both shortwave and longwave
clear-sky fluxes show statistically significant responses, they largely offset each other, resulting in a statistically insignificant
clear-sky ERF. In contrast, the all-sky ERF remains significant, indicating that cloud radiative effects modulate the net radiative

response.
3.5.2 Launch Seasonal Dependency

Only the boreal winter-only launches at 55° S produce a statistically significant decrease in clear-sky shortwave flux of 0.18 +
0.14 W m~—2 relative to the year-round launches (Table 3). For the other launch cases, the year-round configurations produce the
most extreme anomalies in both all-sky and clear-sky longwave radiation, as well as in all-sky and clear-sky shortwave radiation

for high-latitude launches. These indicate that continuous emissions may have a strong influence on the global radiation budget.
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Future work is needed to better understand the processes driving these responses, including a detailed analysis of cloud-fraction

changes across latitude and altitude and their contribution to radiative forcing.

4 Conclusions

This study used WACCMG6 to quantify how the latitude and seasonal timing of rocket launches influence long-term atmospheric
and climate responses. Emissions from a medium-lift kerosene launch vehicle were applied at an annual BC emission rate of
30 Gg yr~!, integrated over geometric altitudes of approximately 11-70 km. We find that the launch latitude strongly impacts
the spatial distribution of BC and associated climate responses. Southern latitude launches produce a greater steady-state
global BC burden and stronger stratospheric warming than those from the north. However, O3 depletion is more pronounced
for northern launches, reflecting higher baseline northern hemisphere O3 concentrations. The total O3 column is primarily
regulated by the stratospheric temperature, with an anticorrelation between O3 concentrations and stratospheric cloud fraction
anomalies observed in the South Polar region. Both all-sky and clear-sky shortwave and longwave radiation anomalies are
larger for southern hemisphere launches, a pattern that also extends to the all-sky ERF. In contrast, the clear-sky ERF shows
no statistically significant changes in any case.

When comparing the year-round cases of 29° N, representative of Cape Canaveral Space Force Station, and 29° S launches,
the 29° S launch results in greater stratospheric warming by 0.19 £ 0.16 K. However, it results in a smaller global total O3
column loss by 4.39 + 3.30 DU. The final changes in all-sky and clear-sky ERF are not statistically significant.

Seasonal timing also modulates BC transport and climate responses. For low-latitude launches during boreal summer, a
greater fraction of BC is transported into the SH, leading to enhanced regional and global stratospheric warming but caus-
ing less O3 depletion. At high-latitude launches, the launch season primarily controls the steady-state BC altitude, with local
winter launches confining BC to lower altitudes and therefore producing less warming. However, O3 variations resulting from
launch seasonality at high latitudes do not exhibit a consistent trend, likely owing to the complex interplay between dynam-
ical transport, temperature variability, and chemical feedback mechanisms. Across all seasonal cases, statistically significant
changes are limited to three cases relative to the year-round case: the global total O3 column in the 70° N boreal summer-only
case (+2.78 & 2.63 DU), the global stratospheric temperature in the 55° S boreal summer-only case (-0.16 £ 0.15 K), and
the clear-sky shortwave flux in the 55° S boreal winter-only case (-0.18 & 0.14 W m~2). Additional statistically significant
differences appear in the latitudinal profiles of stratospheric temperature and Oz anomalies, primarily near the poles.

When focusing on the 29° N (Cape Canaveral) launches, the boreal summer-only case shows less warming near the strato-
spheric North Pole, up to ~ 0.7 K, while the boreal winter-only case shows more total O3 column loss near the South Pole up
to ~ 7 DU.

Results confirm the hypothesis that both launch latitude and seasonal timing impact the steady-state distribution and trans-
port of BC, thereby shaping distinct long-term regional and global climate impacts. Several limitations should be noted. The
emissions rate used in this study is hypothetical to ensure detectable climate responses, but is consistent with prior studies. Only

a single launch vehicle and propellant type were considered, and only a limited set of emission species (BC, H>O, and NO,)
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were included. An identical emission vertical profile was applied to all cases. Emissions were applied as continuous, time-
averaged fluxes, which do not capture the short-term variability of individual launches. The WACCM®6 simulations used fixed
year-2000 SSTs with middle atmosphere chemistry, and BC microphysics were represented using MAM4. These assumptions
should be considered when interpreting the quantitative results.

This study extends our understanding of how different emission locations and timings from rocket launches affect the long-
term climate. By linking launch characteristics to climate responses, the results provide a metric that can support environmen-
tally informed decision-making for future applications, such as the development and optimization of spaceport infrastructure.
Future work will apply these insights to identify environmentally optimal launch sites and timing strategies for different space
mission types, accounting for trade-offs between launch cost and climate impact. Furthermore, understanding how different
emission vertical profiles and magnitudes influence the climate will be beneficial for launch vehicle design and trajectory

optimization aimed at minimizing both launch costs and environmental impacts.
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