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Abstract Stratospheric Aerosol Injection (SAI) aims to offset some climate hazards by injecting aerosols
into the stratosphere to reflect solar radiation. The lifetime of injected particles influences SAI's radiative
efficacy—the ratio of radiative forcing to particle mass flux. We employ a Lagrangian trajectory model with
particle sedimentation to simulate how background circulations influence the transport of passive particles
(without microphysical growth) in the stratosphere and quantify sensitivities of particle lifetime to injection
locations. At 20 km, optimizing injection locations can increase particle lifetime by >40%. Injection strategies
can be constrained to maintain an interhemispheric balance of particle lifetime without significantly decreasing
total lifetime. Generally, increasing injection altitude increases particle lifetime while also increasing costs
and environmental impacts of deployment aircraft. Optimizing injection latitude and longitude can relax this
altitude-lifetime trade-off by increasing lifetime without needing to increase altitude, which warrants further
testing in global climate models with aerosol microphysics.

Plain Language Summary Stratospheric Aerosol Injection (SAI) aims to reduce climate change by
increasing the amount of aerosols in the stratosphere. These additional aerosols can reflect additional sunlight
to partially offset the energy imbalance caused by greenhouse gases. The lifetime of injected particles in the
stratosphere is one of the important factors that can influence the cooling effects of SAI, as particles that stay
longer in the stratosphere can reflect more sunlight over their lifetime. We use observed stratospheric winds to
simulate the transport of injected particles and then calculate the particle's lifetime in the stratosphere, aiming
to understand how lifetime is related to the location and season at which the particles are injected. For particles
injected at 20 km altitude, we can increase particle lifetime by >40% by optimally choosing injection locations.
Increasing injection altitude can increase particle lifetime while also increasing the costs and environmental
impacts of deployment aircraft. Our results suggest that optimizing injection latitude and longitude to increase
lifetime can relax the trade-off between altitude and lifetime by increasing particle lifetime without needing to
increase injection altitude.

1. Introduction

Stratospheric Aerosol Injection (SAI) is the deliberate introduction of aerosols or aerosol precursors into the strat-
osphere to reflect incoming shortwave radiation, which could reduce net radiative forcing and climate change.
The climatic changes caused by SAI scale approximately linearly with the average radiative forcing, though
climate response is also dependent on the spatial pattern of radiative forcing. The economic and environmental
costs of SAI deployment along with the environmental impacts of descending particles (Eastham et al., 2018)
scale approximately linearly with the mass flux of injected material. SAI radiative efficacy, the ratio of radi-
ative forcing to the flux of injected material, is thus important in determining the ratio of climate response to
policy-relevant costs and environmental risks. The radiative efficacy is largely influenced by the lifetime of
injected particles and the particle size distribution (Kleinschmitt et al., 2018; Niemeier et al., 2011; Weisenstein
et al., 2022). Understanding the dependence of particle lifetime on injection strategies is a useful step in under-
standing how to optimize injection strategies to achieve a given climate outcome with less side effects.

Since the climatic impacts of SAI are sensitive to injection strategies (Jones et al., 2017; Laakso et al., 2022;
Robock et al., 2008; Vattioni et al., 2019; Visioni et al., 2019), researchers have proposed varying injection
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strategies to meet specific goals (Keith & MacMartin, 2015; MacMartin et al., 2017), such as adopting four
injection points at different latitudes to achieve multiple simultaneous surface temperature objectives (Kravitz
et al., 2017). Previous injection strategies (Dai et al., 2018; Tilmes et al., 2017; Visioni et al., 2019) have consid-
ered various injection altitudes, latitudes, and seasonal timing, but most studies have assumed the injection
at either a single longitude or a ring covering all longitudes. Here, we examine how particle lifetime depends
on the location (including longitude, which hasn't been studied before) and season of injection, so to optimize
injection strategies that can increase the particle lifetime in the stratosphere.

Moreover, many climate modeling studies have proposed SAI injections at or above 20 km altitude (English
et al., 2012; Kleinschmitt et al., 2018; Tilmes et al., 2017; Zhao et al., 2021). But such injection altitudes are chal-
lenging and require expensive aircraft for deployment (McClellan et al., 2012; Moriyama et al., 2016; Smith &
Wagner, 2018). This would require high fuel consumption per unit of delivered aerosol and cause large environ-
mental impacts, such as the depletion of stratospheric ozone due to aviation NOx emissions (Eastham et al., 2022;
Fritz et al., 2022). We, therefore, choose particle lifetime in the stratosphere as a policy-relevant objective func-
tion, aiming to understand how much an optimal choice of injection locations (including latitude and longitude)
can increase particle lifetime without increasing injection altitude, relaxing the altitude-lifetime trade-off.

We use a Lagrangian trajectory model, LAGRANTO (Sprenger & Wernli, 2015), modified to incorporate particle
sedimentation. The disadvantage of our model is that it does not include aerosol or chemical processes and it
cannot directly compute the radiative efficacy, nor can it capture the atmospheric response to SAI. The advantage
of the model is twofold. First, it is computationally efficient allowing us to explore a wide range of injection
locations independently, which helps us to quantitively analyze the degree to which selecting injection latitude
or longitude can increase particle lifetime in the stratosphere. Second, the use of high-resolution wind fields
from ERAS data (see Section 2) and lack of numerical diffusion provide a higher-fidelity simulation of particle
transport in the stratosphere.

This modeling approach is complementary to fully coupled global climate model (GCM) simulations. It can
suggest strategies for optimizing particle lifetime that can guide future studies using GCMs that have fully
coupled chemical, aerosol, and radiative processes but that may provide a less accurate representation of particle
transport. A multiscale plume-in-grid model (Sun et al., 2022), which is a global Eulerian Model (e.g., GCMs,
chemical transport models (CTMs)) coupled with a Lagrangian plume model, will be able to leverage the advan-
tages from both global Eulerian models (e.g., the atmospheric response to SAI) and Lagrangian plume model
(e.g., lack of numerical diffusion).

2. Methods and Data

The input wind field for the LAGRANTO model is from 3-hourly ERAS data (Hersbach et al., 2020), with
1° X 1° horizontal resolution and 137 vertical model levels (Bourguet & Linz, 2022). We modified LAGRANTO
to account for the sedimentation (Draxler & Hess, 1997; Van der Hoven, 1968) of injected particles. All injected
particles have the same spherical shape with a radius of 0.2 pm, which enables a good scattering efficiency
(Dykema et al., 2016; Pierce et al., 2010). Particle density is set to 1.8 g/cm? (i.e., the density of sulfate aerosol).
Figure S1 and Table S1 in Supporting Information S1 show the sensitivity of particle lifetime to different particle
radii (i.e., 0.05, 0.2, 0.376 pm). Particle lifetime decreases as the radius is increased from 0.05 to 0.376 pm.

We inject passive particles once every 3 days from the fixed injection points for 10 years (2000-2009), and each
injected particle is simulated in LAGRANTO for 10 years. There are seven injection altitudes (N, = 7): 16 km
(100 hPa), 18 km (75 hPa), 19 km (65 hPa), 20 km (55 hPa), 21 km (47 hPa), 22 km (40 hPa), 24 km (30 hPa).
The injection points in the horizontal direction form a mesh ranging from 30° N to 30° S with a 3° interval in
latitude (number of injection latitudes: N, = 21), and from —180° to 180° with a 15° interval in longitude (number
of injection longitudes N, = 24). Theref(;re, the injection rate is 504 (i.e., N, X N,) particles every 3 days for each
injection altitude. As shown in Figure S2 and Text S1 in Supporting Information S1, it takes more time for the
number of injected particles to reach a steady state in the stratosphere if the injection altitude is higher, and at
the steady state, there are more particles (i.e., larger particle burden) in the stratosphere for the higher altitude
injections. We calculate the stratospheric lifetime of each particle as the period between when the particle is
injected into the stratosphere and when it reaches the tropopause (See Text S2 in Supporting Information S1 for
details). In this study, the tropopause height, which is defined as the lower height of thermal lapse rate tropopause
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Figure 1. Particle lifetime distribution as a function of initial injection longitudes and latitudes.

(WMO, 1957) and dynamical tropopause (based on thresholds of 3.5 potential vorticity units in the extratropics
and 380 K of potential temperature in the tropics), is derived from ERAS data (Hoffmann & Spang, 2022).

3. Results
3.1. Particle Lifetime's Sensitivity to Injection Locations

Figure 1 maps the particle lifetime based on the injection locations at 18 and 20 km by season (DJF, MAM, JJA,
and SON). The lifetime distribution from other injection altitudes (i.e., 16, 19, 21, 22, and 24 km) can be found
in Figure S3 in Supporting Information S1. Figure 1 shows that the particle lifetime distribution is not uniform.
There is seasonal variability in particle lifetime, as well as a dependence of particle lifetime on injection longitude
and latitude, especially at a lower injection altitude. Particles injected at 20 km generally have a longer lifetime
in the stratosphere than those injected at 18 km because particles injected at a higher altitude are more likely to
be advected by the deep branch of Brewer-Dobson Circulation (BDC) and have a longer lifetime in the strato-
sphere. Particles injected at lower altitudes are more likely to be entrained in the shallow branch of BDC, causing
particles to transport from the lower tropical stratosphere to the midlatitude or polar tropopause in a shorter time
(Tilmes et al., 2017; Visioni et al., 2018).

This shows the mean particle lifetime over all injections from 2000 to 2009. The left (right) column is for injec-
tion at 18 km (20 km), with each row showing a different season. The black and yellow boxes in subplot (a)
indicate two selected injection areas used in Figure 3.

Particles injected closer to the equator generally have longer lifetimes, as is shown by the zonal mean lifetimes in
Figure 2a. The particles initialized near the equator will be brought deep into the stratosphere by BDC's upwelling
flow, while particles injected away from the equator can exit to the troposphere following isentropic mixing to
midlatitudes (A. Plumb, 1996). Figure 2a also shows a seasonal cycle: particles injected in the winter hemisphere,
DJF in North Hemisphere (NH) or JJA in South Hemisphere (SH), generally have a longer lifetime than those
injected in the summer hemisphere (JJA in NH or DJF in SH), which is consistent with the fact that the BDC is
stronger in the winter hemisphere (Rosenlof, 1995). Additionally, Figure 2a shows a smaller maximum lifetime
in DJF relative to JJA, as marked by the red and black arrows. This is because the tropical tropopause height is
higher in DJF than in JJA (Figure 2b), so particles injected at a fixed height in the lower tropical stratosphere in
DIJF are closer to the tropical tropopause than those injected in JJA and are therefore more likely to be transported
from the stratosphere to the troposphere. Figure S4 in Supporting Information S1 shows that this difference of
zonal mean maximum lifetime between DJF and JJA injections becomes smaller when the injection altitude
increases, with the difference vanishing for injection altitudes reaching 22 km.
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Figure 2. (a) Zonal mean particle lifetime versus injection latitude at 20 km in four seasons, corresponding to the right column of Figure 1. The red (black) arrow
marks the maximum lifetime of the red (black) line. (b) The zonal mean of tropopause height in four seasons.

For the first time, we analyze the sensitivity of particle lifetime to injection longitude. We find that particles
injected at different longitudes can have different lifetimes in the stratosphere, especially for injection altitudes
lower than 20 km. Figure 3a shows the monthly mean particle lifetime averaged over the two selected injection
areas (marked by the yellow and black boxes in Figure 1a), which have the same injection altitude and latitudes
but different injection longitudes. The particles injected in the yellow box have a mean lifetime of 1.33 years,
while those injected in the black box only have a mean lifetime of 1.08 years.

We explain the difference in particle lifetime between the two injection longitudes by using the poleward wind,
where positive (negative) poleward wind speed equals positive (negative) meridional wind speed in the NH or
negative (positive) meridional wind speed in the SH. Figure 3b shows the monthly mean poleward wind speed
averaged over the two selected injection areas. The mean poleward wind speed from the yellow box is —0.38 m/s,
which transports injected particles equatorward in the tropical pipe, where they can have a longer lifetime in the
stratosphere. By contrast, the mean poleward wind speed from the black box is 0.55 m/s, which transports injected
particles poleward out of the tropical pipe, where the injected particles can quickly reach the tropopause. Figure
S5 in Supporting Information S1 shows an example of the transport of particles injected at two different longi-
tudes, which clearly shows how the poleward wind influences particle transport and lifetime in the stratosphere.
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Figure 3. Time series of (a) particle lifetime and (b) poleward wind speed averaged over the two selected injection areas (yellow and black boxes in Figure 1a) at 18 km
in all injection months (DJF) from 2000 to 2009. (c) Scatterplot of the values (particle lifetime vs. poleward wind) presented as time series in (a) and (b). The black
(yellow) dashed line is the linear fit for the black (yellow) dots in (c).
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Figure 4. Mean stratospheric lifetime of particles injected at different injection altitudes for different injection strategies.
The table in the orange box shows three metrics that evaluate particle lifetime from the four injection strategies at

20 km. 'Mean lifetime represents the mean lifetime of particles from all injection locations (N, X N,) and injection time
(2000-2009). 2Interhemispheric difference of lifetime represents the difference of the mean particlé lifetime between NH and
SH. 3Percentage difference represents the interhemispheric difference of lifetime divided by the mean lifetime.

Moreover, the black dots in Figure 3c show that positive poleward wind speed values in the initial injection
locations have a negative relationship with the particle lifetime (correlation coefficient of —0.57). This means
that injected particles are more likely to have a smaller lifetime if the positive poleward wind is larger. Negative
poleward wind speed values do not have a clear correlation with the particle lifetime (yellow dots in Figure 3c),
which means that any negative poleward wind will help to trap injected particles in the tropical pipe, regardless
of magnitude.

3.2. Exploring Injection Strategies to Increase Particle Lifetime

We design injection strategies by selecting combinations of injection latitudes and longitudes to increase particle
lifetime subject to various constraints. For each altitude, we examine uniform injection in the tropics as a refer-
ence along with three other improved injection strategies. Instead of using fixed injection locations in the whole
injection period, our three improved injection strategies (i.e., Latitude, Lat-lon, and Balanced) have injection
locations that vary with season to maximize particle lifetime. Figure S6 in Supporting Information S1 gives a
detailed example of how to inject particles in the following four injection strategies.

L. Uniform: particles are uniformly injected in the tropical area using all injection points (N, X N,) as described
in Section 2.

2. Latitude: particles are injected uniformly across all longitudes (V,) at one selected latitude for each season to
maximize particle lifetime.

3. Lat-lon: particles are injected at a single point for each season to maximize particle lifetime.

4. Balanced: particles are injected from one or several points each season, chosen to maximize particle lifetime
subject to an interhemispheric balance constraint (i.e., the difference of particle lifetime between the NH and
SH should be less than 1%). This is achieved by a Linear Programming (LP) solver described in Text S3 in
Supporting Information S1.

Figure 4 shows that particle lifetime increases with increasing injection altitude for all injection strategies, but
the benefit of additional altitude decreases with height. By applying a bilinear regression (Muggeo, 2003) to the
vertical profile of particle lifetime in each injection scenario (shown in Figure S7 in Supporting Information S1),
we can see there is an elbow point at around 20.5 km in each injection strategy. For example, the Uniform injec-
tion strategy shows that the vertical increasing rate of particle lifetime is 0.41 years/km under 20.5 km, while
only 0.09 years/km above 20.5 km. Moreover, we find that the three improved injection strategies have a larger
rate of increase in lifetime with height (more than 0.50 years/km) than the Uniform strategy (0.41 years/km) at
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injection altitudes under 20.5 km. Whereas, above 20.5 km the lifetime benefits of increased injection altitude
are smaller for improved strategies (compared to the Uniform strategy), as the rate in improved strategies (less
than 0.05 years/km) becomes smaller than that in the Uniform strategy (0.09 years/km). This means that below
(above) 20.5 km the improved injection strategies have a larger (smaller) lifetime benefit of additional altitude
than the Uniform strategy.

Figure 4 also shows that the mean particle lifetime can increase by 0.7 years by only selecting injection latitude
(Latitude strategy) at 20 km, compared to the uniform injection in all tropical areas (Uniform strategy). The
increase of lifetime becomes even larger (0.9 years) when we select both injection latitude and longitude (Lat-lon
vs. Uniform strategies), which is consistent with our previous findings (Figure 3a) that selecting injection longi-
tude can increase particle lifetime in the stratosphere. This increase of lifetime caused by selecting latitude and
longitude indicates that the aircraft can fly at a lower altitude to achieve a similar stratospheric particle lifetime
(akin to particle burden) as a uniform injection at a higher altitude. For example, particles injected at 18.5 km in
strategy Lat-lon could have a similar mean particle lifetime to those injected at 20 km in strategy Uniform (see
Figure 4), which means selecting injection latitude and longitude can allow aircraft to fly 1.5 km lower while
maintaining the same particle lifetime target.

Even though we can increase the mean particle lifetime by selecting injection longitude and latitude, doing so
may also increase the imbalance of particle lifetime between the NH and SH. Taking the 20 km injection altitude
as an example (see orange box in Figure 4), the percentage difference of particle lifetime between the NH and
SH is 3% in strategy Uniform, but 11% in strategy Lat-lon. Climate responses to SAI vary with the interhemi-
spheric balance, such as the ITCZ shift that may occur when the SAI injection happens only in one hemisphere
(Haywood et al., 2013; Smyth et al., 2017). Thus, we adopted a Linear Program (LP) solver (described in Text
S3 in Supporting Information S1) to design a Balanced strategy, which can maximize the mean particle lifetime
subject to the interhemispheric balance of particle lifetime. Figure 4 shows that the mean particle lifetime from
strategy Balanced (red dots) is slightly smaller than that from strategy Laz-lon (black dots), but the Balanced
constrains the percentage difference of particle lifetime between the NH and SH to be less than 1%, compared to
11% from the Lat-lon strategy (See Figure 4). This indicates that we can achieve the interhemispheric balance of
particle lifetime without a large sacrifice to the mean particle lifetime in the stratosphere. Moreover, this method
can be used to develop strategies subject to other constraints or physical objectives (e.g., spatial control of particle
lifetime distribution between equatorial and poleward regions).

In this study, the three improved injection strategies select injection locations in annually-repeating seasonal
cycles, so injection locations do not vary with year. Thus, the improved injection strategies could not respond
to interannual variability in the circulation. An alternative approach, at least in principle, is selecting injection
locations based on a forecast model, which can adapt to interannual variability from various internal (e.g., ENSO,
QBO) and external (e.g., volcano eruption, solar variability) forcing. Figure S8 in Supporting Information S1
indicates that selecting injection latitude and longitude by this alternative approach (including interannual vari-
abilities) could further increase the particle lifetime by more than 15%, compared to selecting injection latitude
and longitude in a seasonal cycle.

4. Conclusions and Discussion

We conclude our results from two perspectives: the physics of atmospheric transport and the application to SAIL

From the physical perspective, we explore how background circulations influence particle transport and lifetime
in the stratosphere. There is a seasonal cycle in particle lifetime (Figure 2a), with particles injected in the winter
hemisphere (DJF in NH or JJA in SH) generally having a longer lifetime than those injected in the summer hemi-
sphere (JJA in NH or DJF in SH), which is consistent with the fact that the BDC is stronger in the winter hemi-
sphere. The maximum value of zonal mean particle lifetime at 20 km in DJF is approximately 0.2 years smaller
than that in JJA (marked by the red and black arrows in Figure 2a). Given the fact that tropical tropopause height
is higher in DJF than in JJA (Figure 2b), particles injected in the lower tropical stratosphere in DJF could be closer
to the tropopause and then are more likely to be exchanged between the stratosphere and troposphere. Due to
the zonal asymmetry of poleward wind in the lower tropical stratosphere, particles injected at the same altitude
and latitude, but at different longitudes will undergo different rates of poleward transport resulting in different
particle lifetimes in the stratosphere. The poleward wind at injection locations can be a useful predictor of the
particle lifetime in the stratosphere.
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From the SAI application perspective, this study uses four injection strategies to quantify the sensitivity of parti-
cle lifetime to injection locations, including the novel question of how injection longitude affects particle lifetime.
It is already well established that increasing the altitude of injection will increase the lifetime (Kleinschmitt
et al., 2018; Niemeier et al., 2011; Tilmes et al., 2017), but this incurs a tradeoff due to the relationship between
deployment altitude and deployment cost (McClellan et al., 2012; Moriyama et al., 2016; Smith & Wagner, 2018).
Our results show that—for particle lifetime—this tradeoff can be relaxed through the careful selection of the
injection longitude and latitude, given an “optimized” (Lat-lon strategy) injection at 18.5 km achieving a similar
mean lifetime as an “unoptimized” (Uniform strategy) injection at 20 km.

Though we have shown that optimizing injection locations can increase particle lifetime, there are limits. The
simulation in this study is simplified (e.g., neglecting aerosol microphysical growth) to focus on the one-way
influence from the atmospheric circulations to the particle transport and lifetime in the stratosphere, the atmos-
pheric responses (like stratospheric heating) to the injected aerosol are not considered here. But this limit may be
not significant in some situations, such as (a) the simulation of early SAI with a small injection rate, like a small
injection of SO, (i.e., 1 Tg S yr~!) that can cause —0.8 W/m? global mean net SW flux at surface and less than
1 K of temperature increase in the lower tropical stratosphere (Heckendorn et al., 2009), or (b) the simulation
of SAI with solid aerosol (other than sulfate aerosols) injections, which may avoid stratospheric heating (Keith
et al., 2016).

Results from our analysis can suggest strategies that can be tested with GCMs to evaluate the sensitivity of SAI's
radiative efficacy and climatic impacts to injection longitude, which should include not only the physical dynam-
ics (discussed in this study) but also aerosol microphysics, chemical reactions, radiative effects, etc. What's more,
this study focuses on injections in the tropical stratosphere to explore the physical mechanism of how injection
longitude influences particle transport and lifetime for SAI. It will also be important to evaluate injection longi-
tude's influence on SAI in the extra-tropical area since radiative forcing applied further poleward may cause
a larger change of global mean temperature (Forster et al., 2000; Kaur et al., 2023) and deliberately choosing
the injection latitudes (including high latitude) can help to modify the SAI's climatic impacts (Lee et al., 2021;
MacMartin et al., 2017).

Data Availability Statement

The ERAS5 data can be accessed from https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-vS5.
LAGRANTO model results are openly available from https://doi.org/10.7910/DVN/UKIBWE.
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