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Stratospheric aerosol injection (SAl) aims to reflect solar radiation by increasing the stratospheric
aerosol burden. To understand how the background circulation influences stratospheric transport of
injected particles, we use a Lagrangian trajectory model (lacking numerical diffusion) to quantify
particles’ number, flux, lifetime, and tropospheric sinks from a SAl injection strategy under present-day
conditions. While particles are being injected, stratospheric particle number increases until reaching a
steady-state. During the steady-state, the time series of particle number shows a dominant period of
~2 years (rather than a 1-year cycle), suggesting modulation by the quasi-biannual oscillation. More
than half of particles, injected in the tropical lower stratosphere (15° Sto 15° N, 65 hPa), undergo quasi-
horizontal transport to the midlatitude. We find a zonal asymmetry of particles’ tropospheric sinks that
are co-located with tropopause folding beneath the midlatitude jet stream, which can help predict

tropospheric impacts of SAl (e.g., cirrus cloud thinning).

Given the anthropogenically forced changes to Earth’s climate and the
persistent difficulties in controlling greenhouse gas (GHG) emissions, solar
geoengineering has been considered a method to reduce global warming,
which should be combined with GHG emission reductions'”. Stratospheric
aerosol injection (SAI) is one of the widely studied methods of solar
geoengineering’, which aims to reflect solar radiation by injecting aerosols
or their precursors into the stratosphere. Volcanic eruptions can be con-
sidered natural analogs for SAT"™.

It is important to understand how injected particles would be trans-
ported in the stratosphere, which can help us better estimate the climatic
impacts of SAT'"" and guide the design of injection strategies'*”’. For
example, based on the poleward transport of the stratospheric
Brewer-Dobson circulation (BDC), a combination of injections at multiple
latitudes can achieve different spatial patterns of AOD to tailor the climatic
impacts of SAI’'. Additionally, particles injected at different longitudes in
the tropical lower stratosphere can have different poleward transport
pathways, resulting in different particle lifetimes in the stratosphere™.

The transport of injected particles in the stratosphere can be influenced
by many factors, such as aerosol microphysical growth™** and the back-
ground circulation of the atmosphere””. This study uses a Lagrangian
trajectory model driven by reanalysis data to simulate the stratospheric
transport of passive particles (neglecting aerosol’s microphysical growth or
radiative effects) from a SAI injection strategy, to focus on how the

background circulation and its variability influence the transport of injected
particles in the stratosphere.

Lagrangian trajectory models have high computational efficiency and
lack numerical diffusion, which makes them good at tracking the location of
individual particles in the stratosphere. This can help us better understand
both particle-scale transport and the statistical properties of large injections
in the stratosphere for SAIL Even though Lagrangian trajectory models have
been widely used in simulating the transport of water vapor, ozone, and
volcanic particles” ™, there are limited SAI studies using this Lagrangian
method™”.

Therefore, we apply this type of model to the SAI research field, aiming
to gain accurate and quantitative evaluations of the particle transport
(including particle number, flux, lifetime, and tropospheric sinks) in the
stratosphere, and explore how features of the background circulation (e.g.,
quasi-biennial oscillation (QBO), tropopause folding) influence particle
transport. Our results from the Lagrangian method can be complementary
to previous SAI studies using global climate models (GCMs). Comparisons
between the Lagrangian trajectory model and the global climate models are
provided in the “Discussion” section, which indicates the scope of appli-
cations of the two different model types. Moreover, as previous studies have
shown that surface air pollutants (e.g., ozone) can be influenced by strato-
spheric intrusion’”, this Lagrangian method can identify tropospheric
sinks of injected particles (where particles cross the tropopause from the
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stratosphere to the troposphere), which can help us better estimate SAT’s
influences on the troposphere (e.g., cirrus cloud thinning, local air
pollution).

Results

Number of particles in the stratosphere

In this study, we adopt a Lagrangian trajectory model (i.e., LAGRANTO),
modified to include particle sedimentation™*, to simulate particle transport
(driven by ERA5 reanalysis wind field data) under a SAI injection strategy
that injects passive particles once every 3 days at 19 km (65 hPa) within the
tropical (15° S to 15° N) stratosphere for 10 years (2000.01-2010.01). This is
described in detail in the “Methods” section (section “LAGRANTO model
settings”).

Figure 1 shows the time series of the total particle number in the
stratosphere, which can be divided into three stages. The first period is
the increasing stage (2000.01-2005.01): the number of particles in the
stratosphere increases due to continuous injection. With the increase of
the stratospheric particle load, the tropospheric sink rate (i.e., the
downward stratosphere-to-troposphere particle flux, defined in section
“Calculation of downward stratosphere-to-troposphere particle num-
ber flux (ST-flux)”) increases until reaching the injection rate, which
marks the transition to the steady-state stage (2005.01-2010.01). There
is still a slight increase in particle numbers in the stratosphere during
this stage (less than 1.5% increase per year), but the steady-state
properties of transport dominate over this secular change. When we
stop injection on Jan 1,2010, the third stage (decreasing stage) begins, as
there are no new particles injected into the stratosphere and particles in
the stratosphere would finally reach the tropopause and exit the stra-
tosphere. The decreasing trend can be approximately represented by an
exponential decay function N(¢) = N(0) - e+, where t is the number of
days after injection stops on Jan 1, 2010, N is the number of particles in
the stratosphere (N(0) = 60,462), and 7 is the exponential time con-
stant (i.e., 576 days here). These three stages also show up in the time
series of particles injected at different altitudes (18, 19, 20, and 22 km),
as shown in Supplementary Fig. 3.

35,36

By applying the Morlet wavelet transform™™ to the time series of the
stratospheric particle number during the steady-state stage, we find there are
1-year (seasonal cycle) and 2-year periods. Interestingly, the 2-year period is
dominant (Fig. 2a). This roughly aligns with the QBO, as shown in Fig. 2b.
The QBO is a dynamic mode of variability in the tropical stratosphere with a
period varying between ~2 and 3 years”. Thus, this 2-year period may
indicate that the QBO could modulate particle number in the stratosphere,
which is consistent with previous GCM model results showing that QBO
can modulate stratospheric sulfate lifetime™. Since the QBO cannot influ-
ence the source of particles in the stratosphere (i.e., a constant injection rate),
it may influence the sink of stratosphere particles to module particle number
in the stratosphere.

We calculate the downward stratosphere-to-troposphere particle
number flux (hereafter, ST-flux), which is defined as the number of particles
crossing the tropopause from the stratosphere to the troposphere in section
“Calculation of downward stratosphere-to-troposphere particle number
flux (ST-flux),” to identify the tropospheric sink of injected particles. The
ST-flux can be considered as the rate at which stratospheric particle number
changes with time (i.e., ST-flux is the derivative of stratospheric particle
number with respect to time). For example, the maximum ST-flux can cause
the largest decreasing rate of stratospheric particle number (see black and
red lines in Supplementary Fig. 4).

Figure 2b shows a high correlation with a time lag of 7 months (the
lagged correlation coefficient of 0.8) between the time series of ST-flux and
the QBO index (i.e., 50 hPa monthly mean zonal wind derived from daily
Singapore observation site), indicating a larger ST-flux following the QBO
West phase (positive QBO index values) and a smaller ST-flux following the
QBO East phase (negative QBO index values). This lagged correlation may
indicate the time for the QBO’s influence to transport from the tropics
(where QBO originates) to the midlatitude (where most ST-flux happens, as
shown in Fig. 5), which means the QBO index can be a useful predictor to
help us estimate the time variation of particle number in the stratosphere.

Previous studies have shown that the QBO can modulate the
stratosphere-troposphere exchange’*’ which can then influence the total
number of particles in the stratosphere. In the tropics and subtropics, the
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Fig. 2 | Relationship between QBO and particle number in the stratosphere.

a Wavelet power spectrum of the time series of particle number in the stratosphere
based on the Morlet wavelet transform™. The thick black contour encloses regions of
greater than the 95% confidence level. b Standardized time series of QBO index (i.e.,

50 hPa monthly mean zonal wind derived from daily Singapore observation site)
and standardized time series of stratosphere-to-troposphere number flux (ST-flux)
(removed linear trend and seasonal cycle). A 3-month moving average (line) is
applied to the monthly data (dots).
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Fig. 3 | QBO’s influences on ST-flux, stratospheric particle number, and tropo-
pause folding frequency. Latitudinal distribution of a ST-flux (zonally integrated)
with a unit of particles per degree (latitude) per month, b stratospheric column
concentration of particle number (zonally integrated) with a unit of particles per
degree (latitude), and ¢ tropopause folding frequency (zonally averaged) (unit: %)
during QBO West (red line) and East (blue line) phases.

QBO can induce a secondary meridional circulation that influences the
BDC and stratospheric transport**". The QBO can also exert influences on
the stratospheric polar vortex by affecting the planetary wave propagation
via the Holton-Tan mechanism**™*,

For the cluster analysis shown in Fig. 3, we define the QBO West (East)
phase as the months with a positive (negative) QBO index (the blue line in
Fig. 2b). To eliminate influences from the seasonal cycle, we choose January,
February, and March in 2005, 2007, and 2009 to represent the QBO West
phase, while the QBO East phase is represented by the same months in 2006
and 2008. Besides the high correlation coefficient (lagged) between ST-flux
and QBO index (Fig. 2b), Fig. 3a shows that ST-flux, mainly happening in
the midlatitudes, is larger in the QBO West phase than in the East phase
(note: the time lag of 7 months is considered in the cluster analysis), which is
consistent with previous studies”. Here, we conclude that the QBO mod-
ulates the ST-flux (or total number of particles in the stratosphere) in
two ways:

¢ Firstly, the QBO can cause a secondary meridional circulation, which
can change the particle number distribution, especially the meridional
distribution. Figure 3b shows that there are fewer (more) particles in
the tropics (midlatitude) in the QBO West phase than in the East phase,
indicating that the secondary meridional circulation in the QBO West
phase (compared to the East phase) could transport more particles
from tropics to the midlatitudes®. This higher particle concentration in
the midlatitude in the QBO West phase (Fig. 3b), especially near the
midlatitude tropopause (Supplementary Fig. 5)*, would result in a
larger ST-flux in the midlatitude (Fig. 3a).

* Secondly, Fig. 3¢ shows that the frequency of tropopause folding (also
known as double tropopause, which can be accessed from https://
datapub.fz-juelich.de/slcs/tropopause/”’) is larger in the QBO West
phase than in the East phase. A larger tropopause folding frequency
allows more particles in the stratosphere to be irreversibly (due to the
particle sedimentation and tropospheric wet deposition, see section
“Calculation of downward stratosphere-to-troposphere particle num-
ber flux (ST-flux)”) transported across the tropopause into the
troposphere, resulting in a larger ST-flux (Fig. 5). This is consistent

with previous studies”®™' that explain how a QBO signal can extend

from the tropics to the midlatitude (e.g., caused by the secondary

meridional circulation™), which then influences the midlatitude jet

stream and tropopause folding (tropopause folding often happens
beneath the jet stream).

In summary, the variability of stratospheric particle number during
steady-state is dominated by the ST-flux, which is influenced by two factors
including particle concentration distribution and tropopause folding. The
QBO can influence these two factors (Fig. 3b, ¢) to modulate the ST-flux (or
total number of particles in the stratosphere) of particles initially injected in
the tropical stratosphere. It is worth noting that the first mechanism’s
influence on ST-flux could decrease when we choose to inject particles at a
higher latitude (e.g., polar regions). However, the second mechanism would
keep influencing the ST-flux even for a high-latitude injection. For particles
injected at a higher latitude, there may be other ways for QBO to modulate
the ST-flux (e.g., through the Holton-Tan mechanism).

Particle transport in the stratosphere

Figure 4a shows the steady-state (2005.01-2010.01) spatial distribution of
particle number concentration (concentration C = %, where N is
the zonal-integration of particle number over the Lat-Alt area D, -D,)). The
spatial distribution, with high concentrations in the tropical and lower
stratosphere, is consistent with previous GCM results of SAT™***. The highest
concentration center is located above the injection location (yellow dots in
Fig. 4a) due to the upwelling flow of the BDC in the tropical pipe™.

To further analyze particle transport in the stratosphere, we separate
the stratosphere into several regions and calculate the steady-state
(2005.01-2010.01) particle number (N, red values in Fig. 4b) and particle
lifetime (L, purple values in Fig. 4b) in these regions and the particle number
flux (F, blue values in Fig. 4b) between them. In the tropics, the upper and
lower stratosphere are separated at 50 hPa, which allows us to separate the
influences from deep and shallow branches of the BDC. Taking the particle
sedimentation into consideration, we set the separation level (i.e., 50 hPa)
lower than previous studies (e.g., 30 hPa®).

For a scaled injection rate of 100 particles per year in the tropical lower
stratosphere (65 hPa), there are three pathways for injected particles to be
transported. The first pathway is the downward transport (caused by par-
ticle sedimentation) from the stratosphere to the troposphere: 20% of
injected particles directly move downward and cross the tropopause within
the tropics. The second pathway is quasi-horizontal tropics-to-midlatitude
(TM) transport (driven by the residual transport within the shallow branch
of the BDC as well as isentropic mixing), which transports more than half of
injected particles (56%) from the tropics to the midlatitudes. The third
pathway is upward transport (driven by the tropical upwelling flow of the
BDC), which lofts 24% of injected particles into the tropical upper strato-
sphere and then to the midlatitudes following the deep branch of the BDC.
Even though the tropical region has the largest number of particles
(48 + 44 =92, from Fig. 4b), the majority (67%) of injected particles in the
stratosphere cross the tropopause (i.e., tropospheric sink) in the midlatitude.
The tropospheric sink will be discussed further in section “Tropospheric
sink of injected particles”.

Based on the particle number (N) and number flux (F) during steady-
state, we can calculate the particle lifetime (L = %), which is similar to the
age of air'®”, in different regions. Injected particles have a very short lifetime
(0.4 years) in the tropical lower stratosphere due to the region’s proximity to
the tropopause and the speed of the three transport pathways mentioned
above. However, particles in the tropical upper stratosphere have a longer
lifetime of 2.0 years, and particles in the midlatitude stratosphere have a
lifetime of 0.8 years. If particles reach the polar stratosphere, they can have a
long average lifetime of 2.3 years in this region due to a small tropospheric
sink in the polar region.

Tropospheric sink of injected particles
For SAI, the transport of injected particles in the stratosphere starts at the
initial injection locations and ends at tropospheric sinks where particles
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Fig. 4 | Evaluations of particle distribution and transport in the stratosphere.
a Spatial distribution (latitude vs. altitude) of zonally integrated particle number
concentration (with a unit of particles per square meter). b Particle number N (red
values with the unit of particles), number flux F (blue values with a unit of particles

per year), and lifetime L (purple values with a unit of years) in or between different
regions (black boxes) during the steady-state stage (2005.01-2010.01). The injection
rate is scaled to 100 particles per year and all other values are scaled correspondingly.
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steady-state stage. b Zonal mean of ST-flux from (a, ¢, d). ¢, d ST-flux and tropopause
folding frequency in DJF and JJA, respectively.

cross the tropopause. Following previous studies™"’, we define the tropo-
pause height as the lower of the following two heights: the thermal lapse rate
tropopause® and the dynamical tropopause (based on thresholds of 3.5
potential vorticity units in the extra-tropics and 380 K of potential tem-
perature in the tropics). Unlike initial injection locations that have been well
studied for SAT*>****!, limited studies®** have considered the deposition of
injected particles for SAI such as evaluating the surface sulfate deposition

and its impacts on the ecosystem based on the simulation of a sulfate
geoengineering scenario”. This study analyzes particles’ tropospheric sink
(Fig. 5), which can help us identify places where injected particles are most
likely to impact the upper troposphere (e.g., cirrus cloud thinning caused by
SAI)** and surface (e.g., local air pollution caused by SAI”).

Figure 5 shows the ST-flux (see “Methods” section for details). Con-
sistent with previous studies®, most particles cross the tropopause in the
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midlatitudes. Figure 5b shows the seasonal cycle of ST-flux, with a larger ST-
flux in the winter hemisphere (i.e., northern hemisphere in DJF or southern
hemisphere in JJA) than in the summer hemisphere (i.e., southern hemi-
sphere in DJF and northern hemisphere in JJA). Inside one hemisphere,
there is leverage between midlatitude ST-flux and polar ST-flux, which
means a stronger (weaker) midlatitude ST-flux would be paired with a
weaker (stronger) polar ST-flux. This is because a stronger (weaker) mid-
latitude ST-flux could let more (fewer) particles exit the stratosphere in the
midlatitude, so there will be fewer (more) particles entering the polar region,
which can result in a weaker (stronger) polar ST-flux.

From Fig. 5a, we note a zonal asymmetry in tropospheric sinks, such as
a larger ST-flux over Asia than elsewhere at the same latitude. Seasonally
(Fig. 5¢, d), there is a dominant tropospheric sink (with large ST-flux) over
Asia in DJF, while in JJA, a dominant tropospheric sink is over Australia.
Figure 5¢, d show that the dominant tropospheric sinks (shaded in red) are
located near the local maxima in the frequency of tropopause folding
(contour lines in black), which often happens beneath the subtropical jet
stream. This is likely a connection between tropopause folding and the
transport of air mass (including particles) from the stratosphere into the
troposphere”, resulting in the overlap between dominant tropospheric sinks
and tropopause folding.

Though the spatial pattern (large ST-flux in midlatitudes) and seasonal
cycle (large ST-flux in the winter hemisphere) of ST-flux in this study is
consistent with the general pattern characterizing stratosphere-to-
troposphere exchange’*”?, the ST-flux derived from the injected particles,
compared to the ST-flux derived from massless gases (e.g., air, ozone), shows
discrepancies (specialties) in two ways:

* We consider the injected particle as a mass point with settling speed
(i.e, sedimentation), which is different from the massless gases used in
previous studies®*”*. Compared to the massless gases, injected parti-
cles have a larger downward transport (due to the sedimentation
process), which causes a shorter stratospheric lifetime and makes the
ST-flux closer to the tropical injection locations. For example, the ST-
flux derived from particles has a maximum over Asia (around 40° N) in
DJF (Fig. 5¢), where tropopause folding often happens beneath the
midlatitude jet stream. While the ST-flux derived from air mass has a
maximum over the North Atlantic (around 60° N)”* where baroclinic
disturbances in storm tracks can even transport stratospheric air into
the marine boundary layer®.

¢ The ST-flux also highly depends on the concentration distribution. The
particle concentration distribution, based on a tropical injection
strategy, is different from the concentration distribution of air or ozone.
Thus, the discrepancies in the concentration distribution of different
species can introduce bias for the ST-flux estimation. For example, the
ST-flux derived from ozone shows a peak along the Equator over the
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Indian Ocean in JJA because of high ozone concentrations at the
tropical tropopause’, which is different from the ST-flux derived from
injected particles (Fig. 5d) or air.

Discussion
This study quantifies the particle number, flux, lifetime, and tropospheric
sinks for injected particles from a SAI injection strategy under present-day
conditions, which can offer a better understanding of the whole life cycle of
injected particles in the stratosphere. We explore the physical mechanisms
of how the background circulation influences particle transport to explain a
dominant 2-year period of particle number in the stratosphere and the zonal
asymmetry of tropospheric sinks of injected particles. The former (the
2-year period) is likely a result of transport variability associated with the
QBO (Figs. 2 and 3), while the latter (the tropospheric sink) is influenced by
tropopause folding beneath the midlatitude jet stream (Fig. 5). Yet, there are
other factors that can also influence particle transport in the stratosphere.
For example, El Nino Southern Oscillation (ENSO) can influence the
composition and circulation of the stratosphere in the tropics, by affecting
convection-generated waves and the BDC, and in the extratropics, by
affecting Rossby waves and pressure systems like the Aleutian Low’”.
Developing a deeper understanding of dynamically driven stratospheric
transport variability will be crucial for understanding the time-evolving
impacts of a given SAI injection strategy and modifying injections in real-
time’® to continuously optimize SAT’s climate impacts, which will be our
next step.

Moreover, we want to discuss the uncertainties of this study from three
perspectives:

Injection strategies

Particle transport evaluated in this study can be sensitive to the injection
strategies (e.g., injection locations'”'*****). Previous studies”*”” show that
particles injected at higher altitudes tend to have a longer stratospheric
lifetime, especially for injection altitudes lower than 21 km. For the same
injection altitude, if the injection latitude is closer to the equator, more
particles would be transported upwards by the BDC (red vs. blue lines in Fig.
6). Yet, for injections at 19 km (Fig. 6a), most injected particles undergo
quasi-horizontal transport: even if we only inject particles at the equator at
19 km (red line in Fig. 6a), fewer than one-third of particles are advected
upward by the upwelling flow of BDC. But with injection altitude increasing,
more particles tend to transport upward (Fig. 6a vs. Fig. 6b). For injection at
20 km (Fig. 6b), injection at the equator will let more than half of injected
particles undergo upward transport (rather than quasi-horizontal trans-
port). In summary, particles injected at higher altitudes or lower latitudes
(i.e., closer to the equator) tend to undergo upward transport, while lower-
altitude or higher-latitude injections tend to let more particles undergo

(b) Injection at 20 km (55 hPa)
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Fig. 6 | Sensitivity of TM-Flux to injection altitudes and latitudes. Probability density of TM-Flux (i.e., tropics-to-midlatitude number flux crossing 30° latitude) of
particles injected from different altitudes (i.e., a 19 km and b 20 km) and latitudes (0°, 15° S and N, or tropical band between 15° S to 15° N).
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quasi-horizontal transport. This is an important consideration for new
injection strategies, such as high latitude injection***”, which may need
further studies regarding particle transport in the stratosphere.

Lagrangian model (compared to GCMs)

This study uses a Lagrangian method to evaluate particle transport in the
stratosphere from a particle-scale perspective. Lagrangian trajectory models,
like LAGRANTO in this study, have high computational efficiency and lack
of numerical diffusion (compared to GCMs), and by ignoring aerosol
microphysics, Lagrangian trajectory models can be efficient tools that allow
us to focus on how stratospheric dynamics (e.g., QBO) influence the particle
transport. However, because Lagrangian trajectory models mainly represent
advective transport, they cannot act like GCMs (which include fully coupled
chemical, aerosol, and radiative processes) to fully estimate the climatic
impacts of injected particles for SAL While Lagrangian trajectory models are
good at simulating how the background circulation can influence particle
transport, it is hard for Lagrangian trajectory models to capture the change of
background circulation caused by injected particles. In summary, the
Lagrangian trajectory model is useful for research focusing on a specific
process, like particle transport in this study. While GCMs can simulate the
whole climate system, which is appropriate for fully estimating SAI’s climatic
impacts. In the future, we will couple a Lagrangian plume model into a global
climate model to build a multiscale plume-in-grid model”, which includes
advantages of both Lagrangian models (e.g., lack of numerical diffusion) and
GCMs (e.g., fully coupled chemical, aerosol, and radiative processes).

Stratospheric transport

This study uses ERA5 data®, with 137 vertical levels from 1000 to 0.01 hPa,
to offer wind field to drive the LAGRANTO model. Data assimilation in
ERA5 data allows a better representation of the stratospheric transport. For
example, the COSMIC GNSS-RO dataset assimilated in the ERA5 can
provide high-quality temperature information in the upper troposphere and
lower/middle stratosphere®’. However, we have to acknowledge that the
representation of the stratospheric circulation in different climate models
and reanalysis datasets shows a rather large uncertainty’*”"*. For example,
results from a Lagrangian CLaMS (Chemical Lagrangian Model of the
Stratosphere) model show a significantly slower BDC for ERA5 (compared
to ERA-Interim), manifesting in weaker diabatic heating rates and higher
age of air”. What's more, our model results (driven by reanalysis data) can
only represent historical climate. Climate change and other external forcings
(e.g., volcano eruptions) in the future can alter the background circulation
and particle transport in the stratosphere. Many studies’** have found
that the radiative effects of injected aerosols from SAI (e.g., stratospheric
heating) could meaningfully influence the background circulation. For
example, an ECHAM5-HAM model simulation shows that the QBO could
slow down and even completely shut down with the increase of sulfate
injection due to the radiative heating of injected sulfate aerosols in the
stratosphere™.

Overall, there are considerable uncertainties regarding injection stra-
tegies, modeling methods, and insufficient knowledge of stratospheric
transport, which need to be studied in more detail before any technical
realization of SAI can be discussed. Lagrangian methods, which can be
complementary to GCMs, provide efficient tools for further investigating
and constraining these uncertainties.

Methods

LAGRANTO model settings

We use the Lagrangian analysis tool LAGRANTOY, modified to include
sedimentation™, to track locations of passive particles (without aerosol
microphysical growth) injected in the stratosphere based on an SAT injec-
tion strategy. In the SAI injection strategy, passive particles are injected once
every 3 days at 19 km (65 hPa) within the tropical (from 15°S to 15° N with a
3° interval in latitude, from —180° to 180° with a 15° interval in longitude)
stratosphere for 10 years (2000.01-2010.01). The sensitivity of particle
transport to two different horizontal injection resolutions is analyzed in the

supporting information (Supplementary Figs. 1 and 2). To emulate particles
with a good scattering efficiency, the passive particle is spherical with a
radius of 0.2 pm***, which is smaller than the general effective radius from
the SO,-injection SAI but close to that from the H,SO,-injection SAI**"*.
Particle density is the same as the density of sulfate aerosol (1.8 g per cm”).
3-hourly ERA5 data®, with 1°x1° horizontal resolution and 137 vertical
model levels, provides the wind field to drive the LAGRANTO model”.
Model settings in this study are similar to our previous study”’, which can be
used for further references.

Calculation of downward stratosphere-to-troposphere particle
number flux (ST-flux)

In this study, all particles are initially injected into the tropical lower stra-
tosphere based on a SAI injection strategy. The endpoint of the whole life
cycle of injected particles in the stratosphere is when particles cross the
tropopause from the stratosphere to the troposphere (i.e., tropospheric sinks
of injected particles). This study uses the downward ST-flux, with a unit of
particles per km® per month (Fig. 5), to represent the tropospheric sink rate.
More specifically, if a particle (i) crosses the tropopause from the strato-
sphere to the troposphere and (ii) stays in the troposphere for more than
3 days, this particle would be considered in the ST-flux calculation. Due to
the particle sedimentation and tropospheric wet deposition, the injected
particles, which cross the tropopause (considered in the ST-flux calcula-
tion), would have less reversible transport (from the troposphere back to the
stratosphere) than the massless gases (e.g., air, ozone) in previous studies.
Thus, only irreversible downward transport is considered here to define the
ST-flux, which meets our research interests in identifying the dominant
locations where most particles cross the tropopause from the stratosphere to
the troposphere.

Data availability

The ERA5 data can be accessed from https://www.ecmwt.int/en/forecasts/
dataset/ecmwf-reanalysis-v5. Tropopause folding (also known as double
tropopause) and tropopause height data can be accessed from https://
datapub.fz-juelich.de/slcs/tropopause/. LAGRANTO model results are
openly available from https://doi.org/10.7910/DVN/UKIBWE.

Code availability

Codes for creating the figures and analysis were written in Python and are
available from https:/github.com/hongwei8sun/LAGRANTO/tree/main/
Python_script_paper3. Please contact the corresponding author for a latest
version.
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