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ABSTRACT

Stratospheric Aerosol Injection (SAI) aims to offset some climate hazards by releasing
aerosols into the stratosphere to reflect solar radiation. In this thesis, we outline the use of new
modeling methods to simulate aerosol transport in the stratosphere for SAI from particle scale
(Lagrangian trajectory model) to plume scale (plume-in-grid model).

We use a Lagrangian trajectory model driven by reanalyzed stratospheric winds and mod-
ified to include sedimentation to model the transport of each injected particle (from SAI) in
the stratosphere and quantify the sensitivity of particle lifetime to injection locations. From the
physical perspective, we analyze how background circulations influence particle transport and
lifetime in the stratosphere by considering Brewer-Dobson Circulation, Quasi-Biennial Oscil-
lation, tropopause height, poleward winds, etc. From the engineering perspective, we explore
various SAI injection strategies to increase particle lifetime in the stratosphere. For example,
we find that an optimal choice of injection locations can increase particle lifetime by 44% at
20 km, compared to without choosing injection locations.

SAI would almost certainly use aircraft for deployment, and these aircraft would produce
line-shaped plumes with strong concentration gradients, which are hard for the global Eulerian
model to resolve. To help global Eulerian models resolve subgrid plumes in the stratosphere,
a Lagrangian plume model, comprising a Lagrangian trajectory model and an adaptive-grid
plume model with a sequence of plume cross-section representations (from a highly resolved
2-D grid to a simplified 1-D grid based on a tradeoff between the accuracy and computational
cost), is created and embedded into a global Eulerian model (i.e., GEOS-Chem model) to es-
tablish a multiscale Plume-in-Grid (PiG) model. We compare this PiG model (with plume
model) to the GEOS-Chem model (without plume model) based on a 1-month simulation of
continuous inert tracer emissions by aircraft in the stratosphere in several aspects including
trace concentration, trace mixing (entropy), nonlinear processes, and computing efficiency.
For example, with the plume model, the final injected tracer is more concentrated and approx-
imately 1/3 of the tracer is at concentrations 2-4 orders of magnitude larger compared to with-
out the plume model.
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INTRODUCTION

0.1 BACKGROUND

Previous studies (Francey et al., 2013; Miller et al., 2013; Raupach et al., 2007; Rosa & Di-
etz, 2012) have shown that greenhouse gas (GHG) emissions keep increasing due to anthro-
pogenic activities. CO, concentration today is around 420 ppm, which is 50% higher than

pre-industrial levels (around 280 ppm). Current methane concentrations are 1909.6 ppb, about



160% greater than pre-industrial levels. The Intergovernmental Panel on Climate Change
(IPCC) report has pointed out that “Human activities, principally through emissions of green-
house gases, have unequivocally caused global warming, with the global surface tempera-
ture reaching 1.1°C above 1850-1900 in 2011-2020”. Various studies (Beier et al., 2008;
Meehl et al., 2005; Schiermeier, 2011; Wallace et al., 2014) have found that global warming
can cause severe impacts, including ice melting, sea level rise, extreme weather events, and
ecosystem damage.

There is a causal chain that economy development causes GHG emissions, increasing
the atmospheric concentration of GHG, resulting in climate change, and finally impacting our
society (Keith & Deutch, 2020). Various methods (Al-Ghussain, 2019; Fearnside et al., 2000;
Keith et al., 2006; Rubin et al., 1992) have been developed to break this causal chain, which
can be categorized into four types:

* Decarbonization: decarbonization can break the link between economy development
and GHG emissions by, for example, using renewable energies to reduce CO; emissions (Fell
et al., 2022).

* Carbon Removal: carbon removal can break the link between GHG emissions and at-
mospheric concentration of GHG by using technology to remove CO, from the atmosphere
(Keith et al., 2018).

* Solar Geoengineering: solar geoengineering can break the link between the atmospheric
concentration of GHG and climate change, which will be discussed in detail in this study.

» Adaptation: instead of slowing climate change, adaptation tends to adapt our society to
climate change to reduce the society impacts (Berrang-Ford et al., 2011).

In this thesis, we focus on solar geoengineering (SG), also named solar radiation manage-
ment (SRM), which aims to mitigate global warming by reflecting incoming solar radiation.

Two main methods of solar geoengineering are stratospheric aerosol injection (SAI) and ma-
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Figure 1: Schematic of the causation chain from economy development to climate change’s impacts, and
four methods to break the links in the chain (modified based on Figure 4 from Keith & Deutch (2020)).

rine cloud brightening (MCB). The two methods aim to reflect incoming solar radiation to
mitigate some impacts of global warming, by either injecting aerosols into the stratosphere
(i.e., SAI) or injecting cloud condensation nuclei (CCN) to make marine clouds brighter (i.e.,

MCB).

0.2 INTRODUCTION OF SAI

0.2.1 History and development

The idea of SAI is derived from a natural analogy to volcanic eruptions where the injec-
tion of sulfate aerosols into the stratosphere can increase planetary albedo and thus decrease
the surface temperature. To imitate the cooling effect of volcanic eruptions, MikHail Budyko
proposed the most famous early SAI idea of injecting SO, into the stratosphere to reflect so-
lar radiation (Keith, 2000; Rasch et al., 2008). Since then, the concept of SAI has received
gradually increasing attention, especially after the National Academy of Sciences (NAS) re-
port in 1992 that first included a chapter titled “Geoengineering” (NAS92, 1992). So far, many
modeling studies have been done to estimate SAI’s climatic impacts, such as the Geoengi-
neering Model Intercomparison Project (GeoMIP) (Kravitz et al., 2011) and Geoengineering
Large Ensemble Project (GLENS) (Tilmes et al., 2018). Due to concerns about SAI’s side ef-
fects on the environment (Section 0.2.2), limited experimental studies have been performed on

SAI, such as the proposal of the Stratospheric Controlled Perturbation Experiment (SCoPEXx)



(Dykema et al., 2014).
0.2.2 Climatic impacts

SAI mainly considers injecting sulfate aerosols, which are the main species from volcanic
eruptions. The direct interactions between injected sulfate aerosols and the atmosphere can be
divided into three types:

* Aerosol-radiation interactions. The injected sulfate aerosols can reflect shortwave so-
lar radiation, which will cause tropospheric cooling. Meanwhile, the sulfate aerosol in the
stratosphere can absorb longwave radiation, heating the stratosphere. Stratospheric heating
and tropospheric cooling could further influence atmospheric circulation (Bednarz et al., 2022;
Tilmes et al., 2018). Franke et al. (2021) find that SAI’s stratospheric heating can modify
the thermal wind balance and increase tropical upwelling, making quasi-biennial oscillation
(QBO) slow down or even completely vanish.

* Aerosol-cloud interactions. The injected aerosols could evolve in the cloud processes.
Kuebbeler et al. (2012) find that injected aerosols could optically thin cirrus clouds by reduc-
ing ice crystal nucleation rate.

* Aerosol-chemistry interactions. The injected sulfate aerosol can reduce ozone in the
stratosphere. Heckendorn et al. (2009) conclude that 3/4 of the O3 loss can be attributed to
heterogeneous reactions on the surface of sulfate aerosols (shifting the NOx/NOy ratio and
halogen activation), while 1/4 can be attributed to temperature increase in the lower strato-
sphere and the moistening due to increased tropical cold point temperature (intensifying the
HOx catalyzed O3 destruction cycles).

SAI can also have significant climate impacts on the earth’s surface. By reducing insola-
tion in the G1 experiment (Kravitz et al., 2011) in the Geoengineering Model Intercomparison
Project (GeoMIP), twelve climate models show that SAI can largely offset the surface tempera-

ture increase due to the increase of CO, concentrations (Kravitz et al., 2013). But the modeled



temperature decrease caused by SAI shows a significant difference in various regions, such as
overcooling in the tropical ocean (Schmidt et al., 2012). As SAI causes tropospheric cooling,
the hydrological cycle would also be weakened, correspondingly. Tilmes et al. (2013) analyze
the SAT’s hydrological impacts based on 12 models enrolled in the GeoMIP G1 experiment
and find that global precipitation is reduced by around 4.5%, with significant reductions occur-
ring over monsoonal land regions: East Asia (6%), South Africa (5%), North America (7%),
and South America (6%). SAI will likely influence vegetation and food security (Pongratz
etal., 2012). Fan et al. (2021) use an advanced crop model within an Earth system model to
analyze the yield responses of six major crops. They find that SAI can increase global yields
by approximately 10%, which is primarily driven by the reduction of heat stress (due to SAI’s
cooling effects). On the other hand, Proctor et al. (2018) find that sulfate aerosols from SAI
have a negative sunlight-mediated effect on maize, soy, rice, and wheat crops, which can
offset the increase of yields due to SAI’s cooling effect. Additionally, SAI can influence the
carbon cycle over both land and ocean (Cao, 2018). Tjiputra et al. (2016) find that SAI in-
creases ocean carbon uptake by nearly 10% (as SAI can change CO, solubility and nutrient
distribution). The land can also absorb more carbon in the temperate forest-, grassland-, and
shrub-dominated regions (SAI can change photosynthesis and plant/soil respiration). Further,
SAI can also slow ice sheet melting and sea level rise through its cooling effect (Moore et al.,
2019). The side effects of SAI (Keith, 2021) also include air pollution and impacts on human
health. For example, stratospheric ozone loss due to SAI could increase the downward UV
flux and UV-B exposure (Eastham et al., 2018).

Many studies (Dai et al., 2020; Kravitz et al., 2017; Tilmes et al., 2017) have shown that
the climatic impacts of SAI are sensitive to its deployment methods, such as aerosol types, in-
jection rate, and injection locations. To minimize the side effects of SAI, Keith et al. (2016)

pointed out that injecting calcite (CaCO3), instead of sulfate aerosols, into the stratosphere can



mitigate the ozone loss and stratospheric heating caused by SAIL. Pierce et al. (2010) find that
injecting H»SO4, a condensable vapor, gives better control of particle size and can produce
larger radiative forcing with lower sulfur loadings than SO; injection. MacMartin et al. (2017)
find that injection at a combination of different latitudes (30° S, 15° S, 15° N, and 30° N) can
improve the compensation of CO,-forced climate change, compared to only using equato-
rial aerosol injection (which overcools the tropics). Niemeier et al. (2011) find that, with the
increase of the injection rate, the lifetime of injected aerosol will decrease, while the size of
injected aerosol will increase, correspondingly.
0.2.3 Modeling methods for SAI

To date, most models used to simulate SAI are global Eulerian models, such as global cli-
mate models (GCMs) or chemistry transport models (CTMs). For example, GeoMIP (Kravitz
et al., 2011) uses twelve global climate models to simulate the climatic impacts of different
geoengineering scenarios. Weisenstein et al. (2022) design a coordinated multi-model exper-
iment to represent the SO3- and H,SO4-driven geoengineering scenario, which is simulated
by three interactive stratospheric aerosol microphysics models (e.g., National Center for At-
mospheric Research (NCAR) Community Earth System Model (CESM2) with the Whole
Atmosphere Community Climate Model (WACCM) atmospheric configuration). Dai et al.
(2018) use a two-dimensional chemistry-transport-aerosol model to study the sensitivity of
SAT’s radiative forcing to different injection latitudes, altitudes, and seasons. However, there
are caveats and problems when we rely on global Eulerian models for SAI simulation, such as
numerical diffusion, lack of accuracy for the representation of background circulation (mainly
for GCMs), disability to resolve subgrid-scale processes (e.g., line-shape aerosol plumes in-
jected by aircraft for SAI deployment). All those problems indicate that it is worth exploring
different modeling methods for SAI simulation, which may complement SAI simulations from

global Eulerian models.



In this thesis, we outline the use of new modeling methods (compared to the global Eu-
lerian model) to simulate aerosol transport in the stratosphere for SAI from particle scale
(Lagrangian trajectory model) to plume scale (plume-in-grid model). Section 1 focuses on
the particle scale, which uses a Lagrangian trajectory model to simulate the transport of each
injected particle in the stratosphere for SAI. The particle’s initial injection location (starting
point), sink location in the tropopause (endpoint), and stratospheric lifetime are analyzed
in Section 1. We also explore how background circulations influence particle transport and
lifetime in the stratosphere and design various injection scenarios for SAI to increase parti-
cle lifetime in the stratosphere. Section 2 focuses on the plume scale, which describes a new
Lagrangian plume model that we created to resolve subgrid plumes in the stratosphere. We
couple this Lagrangian plume model into a global Eulerian model to build a multiscale plume-
in-grid model, which can be a computationally efficient way to improve the numerical repre-

sentation of nonlinear plume-scale processes in the stratosphere in a global Eulerian model.
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transport in the stratosphere



1.1 INTRODUCTION

Stratospheric Aerosol Injection (SAI) is the deliberate introduction of aerosols or aerosol pre-
cursors into the stratosphere to reflect incoming shortwave radiation, which would reduce net
radiative forcing and climate change. Previous studies (Niemeier et al., 2011; Kleinschmitt

et al., 2018; Weisenstein et al., 2022) have found that SAI’s radiative efficacy, the ratio of ra-
diative forcing to the flux of injected material, depends strongly on the stratospheric lifetime of
injected particles (akin to the particle burden in the stratosphere). Thus, it is worth understand-
ing the dependence of particle lifetime on injection strategies. 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
strategies to meet specific goals (MacMartin et al., 2017; Keith & MacMartin, 2015), such as
adopting four injection points at different latitudes to achieve multiple simultaneous surface
temperature objectives (Kravitz et al., 2017). Previous injection strategies (Tilmes et al., 2017;
Dai et al., 2018) have considered various injection altitudes, latitudes, and seasonal timing, but
most studies have assumed the injection at either a single longitude or in a ring covering all
longitudes. Here, we examine how particle lifetime depends on the location (including longi-
tudes) and season of injection, so to optimize injection strategies that can increase the particle
lifetime in the stratosphere.

Among all the factors (e.g., aerosol microphysical growth) that can influence particle
transport and lifetime in the stratosphere, atmospheric circulation is one of the most important
factors. In the stratosphere, Brewer-Dobson circulation (BDC) is the most important merid-
ional circulation (Brewer, 1949; Butchart, 2014; Dobson et al., 1926; Dobson & Massey,
1956), with an upwelling flow in the tropical area and a downwelling flow in the polar area.

From the tropics to the poles, BDC has a deep branch in the upper stratosphere and a shallow



branch in the lower stratosphere. BDC also shows a seasonal cycle that it is stronger in the
winter hemisphere (Rosenlof, 1995). Because BDC could significantly influence the transport
and lifetime of particles or tracers in the stratosphere, the lifetime of particles or tracers (or
the age of air) is a common diagnostic for the speed of BDC (Linz et al., 2016; Ploeger et al.,
2021; Waugh & Hall, 2002). Haynes et al. (1991) have pointed out that BDC is mechanically
driven by atmospheric waves in the mid-lat. Since wave activities in the mid-lat are not always
uniform in the zonal direction, the meridional circulation may have zonal asymmetry, which
could further influence the transport and lifetime of particles injected in different longitudes.
One of our goals here is to explore how background circulation influences the transport and
lifetime of injected particles in the stratosphere.

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 challenging and require expensive aircraft for deployment (Mc-
Clellan et al., 2012; Moriyama et al., 2016; Smith & Wagner, 2018). This would require high
fuel consumption per unit of delivered aerosol and cause large environmental impacts, such
as the depletion of stratospheric ozone due to aviation NOx emissions (Eastham et al., 2022;
Fritz et al., 2022). In this study, we choose particle lifetime in the stratosphere as the objective
function, aiming to understand how much an optimal choice of injection locations (includ-
ing latitude and longitude) can increase particle lifetime without increasing injection altitude,
reducing the altitude-lifetime trade-off. This trade-off matters because increasing injection al-
titude to increase particle lifetime would also increase the costs and environmental impacts of
deployment aircraft, suggesting practical deployment for SAI at lower altitudes.

We use a Lagrangian trajectory model, the LAGRANTO model (Sprenger & Wernli,
2015), to simulate the transport and lifetime of particles injected in the stratosphere. LA-

GRANTO’s advantage in computational efficiency allows us to explore a wide range of injec-
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tion locations independently, which helps us to quantitively analyze the degree to which care-
fully selecting injection latitude or longitude can increase particle lifetime in the stratosphere.
The use of high-resolution wind fields from ERAS5 data and lack of numerical diffusion in LA-
GRANTO provide a high-fidelity simulation of particle transport in the stratosphere. Thus,
LAGRANTO is an efficient tool here to study how background circulation influences parti-
cle transport and lifetime in the stratosphere for SAI. However, we cannot use LAGRANTO

to accurately simulate SAI’s climatic impacts. Because LAGRANTO simulations do not in-
clude aerosol microphysical growth or radiation and cannot directly compute SAI’s radiative
efficacy, nor can capture the atmospheric response to SAI. We need to use GCMs, which have
fully coupled chemical, aerosol, and radiative processes but may provide a less accurate repre-
sentation of particle transport (due to numerical diffusion), to simulate SAI’s climatic impacts.
In the future, a multiscale Plume-in-Grid model (Sun et al., 2022), which is a global Eulerian
Model (e.g., GCMs, CTMs) coupled with a Lagrangian plume model, will be able to leverage
the advantages from both global Eulerian models (e.g., the atmospheric response to SAI) and

Lagrangian plume model (e.g., lack of numerical diffusion).

1.2 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) of in-
jected particles. In Appendix A, we estimate that sedimentation can make the particle (with

a radius of 0.2 um) transport downward more than 1000 meters within 2 weeks, while self-
lofting (due to particle heating) can only move particles upward in less than 100 meters. As

shown in equations (89)-(92) in Draxler & Hess (1997), particle sedimentation is calculated
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Figure 1.1: Mean stratospheric lifetime of particles injected at different injection altitudes for different
particle radii (i.e., 0.05, 0.2, 0.376 um) for uniform injection in the tropical area.

based on particle radius and density. All injected particles in this study have the same spheri-
cal shape with a radius of 0.2 um, which enables a good scattering efficiency (Dykema et al.,
2016; Pierce et al., 2010). Particle density is setto 1.8 g em™3 (i.e., the density of sulfate
aerosol). Figure 1.1 shows the sensitivity of particle lifetime to different particle radii (i.e.,
0.05, 0.2, 0.376 um).

We inject passive particles (with sedimentation but without microphysical growth, chem-
ical processes, and radiative effects) once every 3 days from the fixed injection points for 10
years (2000-2009). There are 7 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 in-
jection 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°
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interval in longitude (number of injection longitudes N, = 24). Therefore, the injection rate is
504 (i.e., N, x N,) particles every 3 days for each injection altitude. Each injected particle is
tracked forward for 10 years in LAGRANTO. 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. In this study, the tropopause height (Hoffmann & Spang, 2022) is the
height of the thermal lapse rate tropopause (WMO, 1957). The maximum particle lifetime is
10 years, which means that the injected particle has not reached the tropopause in the whole

10-year simulation.

1.3 REsuLTS

1.3.1 Particle number in the stratosphere

As shown in Figure 1.2a, the number of particles in the stratosphere increases (due to
continuous injection) until a steady state is achieved during 2000-2009. It takes more time for
the number of particles to reach a steady state if the injection altitude is higher. For particles
injected at 16 km, particle number can reach the steady state within 2 years, while for particles
injected at 24 km, particle number still has a slight increasing rate even after 2005. At the
steady state, there are more particles (i.e., larger particle burden) in the stratosphere for the
higher altitude injections. After the injection stops in 2010, the total number of particles in
the stratosphere decreases since particles reach the tropopause and exit the stratosphere. The
decreasing trend can be approximately represented by an exponential decay function N(¢) =
N(0) e~"/7, where t is the number of days after injection stops on Jan 1, 2010, N is the number
of particles in the stratosphere, 7 is the exponential time constant.

In global climate models, particle lifetime is indirectly calculated by using injection rate

to divide the steady-state particle number, which can only offer the mean lifetime. In contrast,
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we directly calculate each particle’s lifetime (instead of just mean lifetime) in the stratosphere
(as shown in Figure 1.7) with the Lagrangian trajectory model by tracking the time lapse from
the particle’s injection to exit at the tropopause. This is not necessarily meaningful for any
individual trajectory, but the distribution of lifetimes for a large number of trajectories can in-
form us of how particles are transported in the stratosphere. Many previous studies (Hall &
Plumb, 1994; Holzer et al., 2012; Linz et al., 2017) have used the age of air (similar to par-
ticle lifetime) to diagnose stratospheric transport. For example, Ploeger et al. (2019) use the
Chemical Lagrangian Model of the Stratosphere (CLaMS) to calculate both the mean age of
air and the age of air spectrum (or transit time distribution) based on different reanalysis data,
which is used to fully assess the strength, seasonality, and trends of Brewer-Dobson circulation
(BDC).

Figure 1.2b shows the kernel density distribution of particles’ stratospheric lifetime for
different injection altitudes. We can also see that particles injected at a higher altitude tend
to have a longer lifetime in the stratosphere. The particle lifetime distribution from the lower
stratospheric injection (<20 km) is more concentrated, while particles injected higher in the
stratosphere (220 km) have a larger value range of stratospheric lifetimes. We notice that there
are overlapping areas between different lines, which suggests that choosing injection locations
and time at a lower altitude can achieve a similar particle lifetime to the uniform injection at
a higher altitude. For example, 20% of the area under the purple line (19 km) has a particle
lifetime larger than 2.0 years, which is the mean particle lifetime from the uniform injection at
20 km.

Taking 19-km injection (purple line in Figure 1.2) as an example, we apply wavelet trans-
form to the time series of particle number during the steady-state stage (here we chose 2005-
2009) and find there are 1-year (seasonal cycle) and 2-year periods for the time series of par-

ticle number. Interestingly, the 2-year period is the dominant period (Figure 1.3a). We think
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Figure 1.2: (a) Time series of the number of particles staying in the stratosphere from each injection alti-
tude. Each injection altitude has the same injection rate as described in Section 1.2. (b) KDE (kernel den-
sity estimation) density distribution of seasonally particle lifetime (from N, x N, = 504 horizontal injection
locations, see Section 1.2) for each injection altitude.
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Figure 1.3: (a) Continuous wavelet analyses for the time series of particle number in the stratosphere. (b)
Standardized QBO index (i.e., 50 hPa monthly mean zonal wind derived from daily Singapore observation
site) and the number of particles in the stratosphere.

this 2-year period indicates that QBO could modulate particle number in the stratosphere. To
prove that, we compare the time series of particle number to the time series of the QBO in-
dex (i.e., 50 hPa monthly mean zonal wind derived from daily Singapore observation site),
as shown in Figure 1.3b. We can see that the QBO index and particle number are statistically
correlated. From the physical aspect, previous studies have proposed several possible mech-
anisms for QBO to modulate the number of particles in the stratosphere. For example, in the
tropics and subtropics, QBO can introduce a secondary meridional circulation to influence
stratospheric transport (Plumb & Bell, 1982; Punge et al., 2009). In the polar area, QBO can
modulate stratospheric polar vortex through the Holton-Tan mechanism (Holton & Tan, 1980;
Baldwin & Dunkerton, 1998).
1.3.2. Particle transport

To further analyze particle transport in the stratosphere, we separate the stratosphere into
several regions and calculate the steady-state (2005-2009) particle number (N, red values in
Figure 1.4) in different regions and the particle number flux (F, blue values in Figure 1.4) be-
tween different regions. In the tropical region, the upper and lower tropical stratosphere is

divided by 50 hPa, which is a pressure level that separates the deep and shallow branches of
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Figure 1.4: Particle number N (red values with a unit of particle), flux F' (blue values with a unit of particle
per year), and lifetime L (purple values with a unit of year) in or between different areas (black boxes) dur-
ing the steady-state stage. The injection rate is scaled to 100 particles per year (all other values are scaled,
correspondingly).

BDC (Lin & Fu, 2013).

At 19-km injection altitude, for a scaled injection rate of 100 particles per year, there are
three pathways for injected particles to transport. First is the downward transport, 19% of in-
jected particles directly move downward and reach the tropopause. Second is the horizontal
transport, more than half of injected particles (54%) undergo horizontal movement from the
tropical region to the mid-lat region due to the shallow branch of BDC. Third is upward trans-
port, 27% of injected particles move upward to enter the upper tropical stratosphere, and then
keep following the deep branch of BDC to enter the mid-latitude region in the upper strato-
sphere. Even though the tropical region has the largest number of particles (36.3+35.8=72.1),
most injected particles (68%) tend to reach the tropopause in the mid-latitude region, which
will be discussed more in Figures 1.5 and 1.6.

Based on the particle number (N) and number flux (F) in the steady-state stage (2005-
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2009 for 19-km injection altitude), we can calculate the particle lifetime (L=N/F, purple values
in Figure 1.4) in different regions. Injected particles have a short lifetime (0.4 years) in the
lower tropical stratosphere due to the three transport pathways we mentioned in the last para-
graph. While particles entering the upper tropical stratosphere could have a longer lifetime of
1.3 years. In general, particles can stay in the mid-lat stratosphere for 0.8 years. If particles
can reach the polar stratosphere, they could have a long lifetime (2.2 years) in the polar strato-
sphere.

For particles injected in the stratosphere, their transport in the stratosphere starts at the
initial injection locations and ends up at sink locations where the injected particle reaches
the tropopause. Here, we analyze particles’ sink locations in different locations and seasons.
Identifying where injected particles enter the troposphere may help us have a better prediction
of local air pollution caused by SAI.

Figure 1.5 shows the downward particle number flux from the stratosphere to the tropo-
sphere. Consistent with Figure 1.4, most particles reach the tropopause in the mid-lat. And
there is a seasonal cycle that particles tend to sink in the winter hemisphere (i.e., north hemi-
sphere in DJF and south hemisphere in JJA) than in the summer hemisphere (i.e., southern
hemisphere in DJF and northern hemisphere in JJA), as shown in Figure 1.5. We also notice
there are some dominant sink locations, especially in different seasons shown in Figure 1.6.
In DJF, particles tend to reach the tropopause over the Asian area. While in JJA, one of the
dominant sink locations is over the south Indian Ocean. These dominant sink locations may
be influenced by tropopause folding, which often happens beneath the subtropical jet stream
(Skerlak et al., 2015).

1.3.3 Particle lifetime’s sensitivity to injection locations
Figure 1.7 maps the particle lifetime based on the injection locations for injections at 18

and 20 km by season (DJF, MAM, JJA, and SON). We can see the particle lifetime distribu-
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Figure 1.7: Particle lifetime distribution as a function of initial injection longitudes and latitudes. This
shows the mean particle lifetime over all injections from 2000 to 2009. The left (right) column is for in-
jection at 18 km (20 km), with each row showing a different season. The black and red boxes in subplot (a)
indicate two selected injection areas used in Figure 1.10.

tion 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 in-
jected at 18 km because particles injected at a higher altitude are more likely to be advected
into the upper tropical stratosphere by the deep branch of Brewer-Dobson Circulation (BDC)
and have a longer lifetime in the stratosphere. 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).

Particles injected closer to the equator generally have longer lifetimes, as is shown by the
zonal mean lifetime in Figure 1.8a. 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 the shallow branch of BDC. Figure 1.8a also
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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). Stronger BDC in the winter hemi-
sphere can transport more particles from the lower tropical stratosphere to the higher tropical
stratosphere, which results in a longer lifetime (Figure 1.4). Additionally, Figure 1.8a 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 1.8b), so
particles injected at a fixed height (e.g., 20 km) in DJF are closer to the tropical tropopause
than those injected in JJA, therefore, reach the tropopause more quickly. Figure 1.9 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 alti-
tudes reaching 22 km.

For the first time, we analyze the sensitivity of particle lifetime to injection longitude.
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Figure 1.9: Zonal mean particle lifetime vs. injection latitude at 18 and 22 km in four seasons (like Figure
1.8a).

We find that particles injected at different longitudes can have different lifetimes in the strato-
sphere, especially for injection altitudes lower than 20 km. Figure 1.10a shows the monthly
mean particle lifetime averaged over the two selected injection areas (marked by the red and
black boxes in Figure 1.7a), which have the same injection altitude and latitudes but different
injection longitudes. The particles injected in the red 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 us-
ing the poleward wind, where positive (negative) poleward wind speed equals positive (nega-
tive) meridional wind speed in the NH or negative (positive) meridional wind speed in the SH.
Figure 1.10b shows the monthly mean poleward wind speed averaged over the two selected
injection areas. The mean poleward wind speed from the red box is -0.38 m/s, which moves
injected particles equatorward in the tropical pipe, where particles can have a longer lifetime in

the stratosphere. By contrast, the mean poleward wind speed from the black box is 0.55 m s,
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Figure 1.10: Time series of (a) particle lifetime and (b) poleward wind speed averaged over the two selected
injection areas (red and black boxes in Figure 1.7a) 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 (red) dashed line is the linear fit for the black (red) dots in (c).

which transports injected particles poleward from the tropical pipe into the mid-lat, where
the injected particles can quickly reach the tropopause. Figure 1.11 shows an example of the
transport of particles injected at two different longitudes, which clearly shows how the pole-
ward wind influences particle transport in the stratosphere. Moreover, the black dots in Figure
1.10c shows 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 (red dots in Figure 1.10c), which means that any negative poleward wind will help to
trap injected particles in the tropical pipe, regardless of magnitude.
1.3.4 Exploring injection strategies to increase particle lifetime
1.3.4.1 Description of different injection strategies

We explore injection strategies by selecting combinations of injection latitudes and longi-
tudes to increase particle lifetime subject to various constraints. For each altitude, we examine

uniform injection in the tropical area as a reference along with three other optimal injection
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strategies. Instead of using fixed injection locations in the whole injection period, our three
optimal injection strategies (i.e., Latitude, Lat-lon, and Balanced) adopt adjustable injection
locations, which means the selected injection locations change in different seasons to achieve
the maximum particle lifetime. Figure 1.12 gives a detailed example of how to inject particles
in the following four injection strategies.

(1) Uniform: particles are uniformly injected in the tropical area (30° S to 30° N, 0° to
360°) using all injection points (N, X Ny) as described in Section 1.2.

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

(3) Lat-lon: particles are injected at a single selected 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 differ-
ence of particle lifetime between the NH and SH is less than 1%). This is achieved by a Linear
Programming (LP) solver described in Section 1.3.4.2.
1.3.4.2 Linear Programming (LP) solver for the Balanced injection strategy.

As shown in Figure 1.7, for a given injection altitude and season, the particle injected at
location (i,7) will have a lifetime L(i, /) in the stratosphere, where i=1, 2, ..., N, represents
the index of injection longitude, j=1, 2, ..., N, represents the index of injection latitude. The
whole stratospheric lifetime L(7,;) can be divided into two parts: the particle’s lifetime in the

NH (Lyg(i,7)) and in the SH (Lgg(i,7)). Thus:

L(l7.]) = LNH(i7j) + LSH(ivj) """ (1)

Let P(i,j) refer to the injection percent at location (i, ) for each injection altitude and
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season. The sum of injection percent from all injection locations should be 100% for each

injection altitude and season:

Ny Nx

>N PGij) =100% ... (2)

j=1 =l

The total particle lifetime for each injection altitude and season, which we want to maxi-
mize, is:
Ny Nx

Liotal = Z Z [L(lv.]) ’ P(iaj)] """ (3)

j=1 i=1

Similarly, the particle lifetime in NH and SH are:

Ny Nx

Lvg =Y [Lnu(in)) - PJ)] e (4)

j=1 =1

Ny Nx
Lsn = Z Z (Lot (i,)) - P(i,7)] oo (5)

j=1 =l

The percentage difference of particle lifetime between NH and SH is defined as:

Ly — L
pp = v = Lsil 400,

total

PD has a value range between [0,100%]. PD = 0 means the particle lifetime in the NH
is the same as that in the SH, which represents the perfect interhemispheric balance of particle
lifetime. PD = 100% means all particles always stay in one hemisphere, which shows a most
interhemispheric imbalance of particle lifetime. In this study, we assume the interhemispheric
balance of particle lifetime between NH and SH when: PD < 1%.

In summary, the LP solver can calculate the injection percent P(i,) to maximize the total

particle lifetime (L) subject to the interhemispheric balance of the particle lifetime (PD <
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Figure 1.13: Mean stratospheric lifetime of particles injected at different injection altitudes for different
injection strategies.

1%). Figure 1.12d shows an example of the distribution of injection percent calculated by the
LP solver.
1.3.4.3 Particle lifetime from different injection strategies

Figure 1.13 shows that mean particle lifetime increases with increasing injection alti-
tude 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 1.14), we can see there is an elbow point at around
20.5 km in each injection strategy. For example, the Uniform injection strategy shows that the
vertical increasing rate of particle lifetime is 0.41 year km ™" under 20.5 km, while only 0.09
year km~! above 20.5 km. Moreover, we find that the three optimal injection strategies have

a larger rate of increase in lifetime with height (more than 0.50 year km™') than the Uniform
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Figure 1.14: Left: the mean stratospheric lifetime of particles injected at different injection altitudes for
different injection strategies (same as Figure 1.13). The dashed lines represent the bilinear regression fit for
the data points. Right: the vertical increasing rate of particle lifetime (derived from the left subplot).

strategy (0.41 year km™") at injection altitudes under 20.5 km. Whereas, above 20.5 km the
lifetime benefits of increased injection altitude are smaller for optimal strategies (compared

to the Uniform strategy), as the rate in optimal strategies (less than 0.05 year km™") becomes
smaller than that in the Uniform strategy (0.09 year km~"'). This means that below (above) 20.5
km the optimal injection strategies have a larger (smaller) lifetime benefit of additional altitude
than the Uniform strategy.

By comparing the mean particle lifetime between strategies Latitude and Uniform (blue
and purple dots in Figure 1.13), we can quantify the increase of particle lifetime caused by
selecting injection latitude. For example, Table 1.1 shows that the mean particle lifetime can
increase by 0.7 years by only selecting injection latitude (Latitude strategy) at 20 km, com-
pared 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 1.10a) that se-
lecting injection longitude 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 uni-
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form 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 1.13), 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 can also increase the imbalance of particle lifetime between the NH and
SH. Taking the 20 km injection altitude as an example (Table 1.1), the percentage difference
of particle lifetime between the NH and SH is 3% in strategy Uniform, but 11% in strategy
Lat-lon. It’s known that climate responses to SAI vary with the interhemispheric balance. For
example, SAI injection that happens only in one hemisphere could shift the Intertropical Con-
vergence Zone (ITCZ) and then influence the hydrological cycle (Haywood et al., 2013; Smyth
et al., 2017). Thus, we adopted a Linear Program (LP) solver (described in Section 1.3.4.2)
to design the Balanced strategy, which can maximize the mean particle lifetime subject to the
interhemispheric balance of particle lifetime. Figure 2.14 shows that the mean particle lifetime
from strategy Balanced (red dots) is slightly smaller than that from strategy Lat-lon (black
dots), but the Balanced is preferable to the Lat-lon because it constrains the percentage dif-
ference of particle lifetime between the NH and SH to be less than 1% (See Table 1.1). This
indicates that we can achieve the interhemispheric balance of particle lifetime without losing
much mean particle lifetime in the stratosphere. Here we use interhemispheric balance as an
example to show the possibility of achieving multi objectives (i.e., maximizing lifetime and
maintaining interhemispheric balance). We want to acknowledge that, in addition to increas-
ing the lifetime imbalance between NH and SH, selecting injection locations to maximize
lifetime can also increase the imbalance of particle number distribution between tropical and
extra-tropical areas, as shown in Figure 1.15. And the Balanced strategy, which can maintain

an interhemispheric balance of particle lifetime, cannot maintain the balance of particle num-
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Figure 1.15: Zonal mean particle number percentage under different injection strategies.

ber distribution between tropical and extra-tropical areas. But one can use similar methods,
like the Balanced strategy designed here, to achieve a balance of particle number distribution
between tropical and extra-tropical areas, as well as other objectives based on their research
interests (e.g., MacMartin et al. (2013)).

In this study, the three optimal injection strategies select injection locations in an annually-
repeating seasonal cycle based on the climatological-mean state, which means the optimal
injection strategies could not respond to the interannual variability in the circulation. An alter-
native approach, at least in principle, is selecting injection locations based on a forecast model,

which can adapt to interannual variabilities from various internal (e.g., ENSO, QBO) and ex-
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Tijeckion Strategies  Mean lifetime! Interhemispheric difference ~ Percentage

of lifetime? difference?
Uniform 2.05 years 0.06 years 3%
Latitude 2.76 year 0.16 years 5%
Lat-lon 2.96 years 0.34 years 11%
Balanced 2.92 years 0.03 years 1%

Note:

'Mean lifetime: the mean lifetime of particles from all injection locations (N, X Ny) and
injection time (2000-2009).

ZInterhemispheric difference of lifetime: the difference of the mean particle lifetime between NH
and SH.

3Percentage difference: interhemispheric difference of lifetime divided by the mean lifetime.

Table 1.1: Three metrics for evaluating particle lifetime from the four injection strategies at 20 km.

ternal (e.g., volcano eruption, solar variability) forcing as long as the forcing can be accurately
predicted in the forecast model. Figure 1.16 shows that selecting injection latitude and longi-

tude by this alternative approach (including interannual variabilities) could further increase the
particle lifetime by more than 15%, compared to selecting injection latitude and longitude in a

seasonal cycle.

1.4 SumMMARY

Stratospheric Aerosol Injection (SAI) aims to offset some climate hazards by releasing aerosols
into the stratosphere to reflect solar radiation. We use a Lagrangian trajectory model, modified
to include sedimentation, to quantify sensitivities of particle transport and lifetime to injection
locations (including injection longitude). By using passive particles (with sedimentation but
without microphysical growth, chemical processes, and radiative effects), we can purely focus
on how background circulation influences particle transport. At 20 km, optimally choosing

injection locations can increase particle lifetime by 44% compared to not choosing locations.
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Figure 1.16: Mean stratospheric lifetime of particles injected at different injection altitudes for different
injection strategies for (a) the annual-repeating seasonal cycle (the selected location only changes with
different seasons, same as Figure 1.13) and (b) including interannual variabilities (the selected location
changes with both seasons and years).
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Injection strategies can also be constrained to maintain an interhemispheric balance of par-
ticle lifetime without significantly decreasing total lifetime. Generally, increasing injection
altitude increases particle lifetime while also increasing the costs and environmental impacts
of deployment aircraft. Our model suggests that optimizing injection locations can reduce the
altitude-lifetime trade-off by increasing particle lifetime without needing to increase injection
altitude.

Lastly, we want to acknowledge that this study, for the first time, proves that injection
longitude can influence particle transport and lifetime in the stratosphere from the physical
perspective. In the next step, more studies are required to fully evaluate the sensitivity of SAI’s
climatic impacts to injection longitude, which should not only consider the physical dynamics

but also include aerosol microphysics, chemical reactions, radiation processes, etc.
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2

Plume Scale: Developing a
Plume-in-Grid Model for Plume

Evolution in the Stratosphere
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2.1 INTRODUCTION

Stratospheric emissions from aircraft or rockets can be an important source of chemical per-
turbations (Jacobson et al., 2013). Stratospheric solar geoengineering, for example, would
almost certainly use aircraft for deployment, and these aircraft would produce high aspect-ratio
plumes with strong concentration gradients. Commercial aircraft operating in the stratosphere
will produce similar plumes. Global Eulerian models are widely employed to simulate the
global climatic impact of long-term stratospheric emissions. However, plumes from aircraft
and rockets can reach thousands of kilometers in length but just several kilometers in cross-
sectional radius in the stratosphere. Observations have revealed that plumes diffuse slowly in
the stratosphere and may maintain the small-radius high-aspect-ratio structure from days to
weeks (Newman et al., 2001). Global Eulerian models cannot provide an overall adequate res-
olution everywhere to resolve plumes in the stratosphere. In a global Eulerian model, a given
plume is instantly diluted into a large Eulerian grid cell, which results in an artificially low and
uniform plume concentration. Numerical diffusion in the global Eulerian model also intro-
duces extra dispersion and reduces plume preservation (Eastham & Jacob, 2017; Zhuang et al.,
2018), which underestimates plume concentration. The artificially lower plume concentra-
tion in the global Eulerian model produces errors in simulating nonlinear processes (Cameron
et al., 2013; Meijer et al., 1997), introducing bias in the chemical reaction efficiency, particle
size distribution, etc. For example, Cameron et al. (2013) modeled photochemistry based on
aircraft emissions in an expanding plume versus at the grid scale in an atmospheric model.
They found that the plume treatment decreased grid-scale ozone production by 33% at cruise
altitude after a 10-hour simulation compared with the grid-scale treatment.

Various methods (Burkhardt & Kércher, 2009; Georgopoulos & Seinfeld, 1986; Paoli

et al., 2011; Paoli, 2020; Paoli et al., 2020) have been developed to better simulate subgrid
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plumes in the stratosphere. Cariolle et al. (2009) used an effective reaction rate (ERR) method
to parameterize the plume-scale chemistry into large-scale atmospheric models. McKenna

et al. (2002) developed a Chemical Lagrangian Model of the Stratosphere (CLaMS), which
could resolve small-scale elongated filaments in the stratosphere. Schumann (2012) applied a
Lagrangian Gaussian plume model to simulate the advection and evolution of contrails formed
along aircraft tracks. Pierce et al. (2010) adopted a well-mixed expanding Lagrangian-box
version of the TwO-Moment Aerosol Sectional (TOMAS) microphysics model (Adams &
Seinfeld, 2002) to model aerosol formation and growth within an aircraft plume in solar geo-
engineering. Most previous plume models assume either a Gaussian or a uniform distribution
for the plume cross-section. In this study, we develop a new Lagrangian plume model, which
adopts a more accurate representation of the plume cross-section (Section 2.2.3). We embed
the Lagrangian plume model into a global Eulerian model to establish a multiscale Plume-in-
Grid (PiG) model. Instead of instantly diluting the subgrid plume into a large Eulerian grid
cell, the embedded Lagrangian plume model helps the global Eulerian model resolve and sim-
ulate small-radius high-aspect-ratio plumes in the stratosphere. When the plume grows suffi-
ciently large and can be resolved by the host Eulerian model grid, the PiG model dissolves the
plume from the Lagrangian plume model into the host Eulerian model.

One primary motivation for PiG model development is to simulate stratospheric aerosol
injection (SAI) in solar geoengineering. By injecting aerosols into the stratosphere to reduce
incoming shortwave radiation, solar geoengineering may mitigate some of the damage caused
by global warming. One possible way to inject aerosols into the stratosphere is by employing
aircraft. However, most studies directly apply the global Eulerian model to simulate long-term
aircraft emissions for SAI purposes, which cannot adequately resolve aircraft plumes. Previous
studies (Dai et al., 2018; Golja et al., 2021; Pierce et al., 2010; Tilmes et al., 2018; Vattioni

et al., 2019) have found that the climatic impacts of SAI are sensitive to the injection strategy
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(e.g., pulse or point emissions), injected sulfur form (e.g., accumulation-mode H>SO4 droplets
or gas-phase SO;), injection location (latitude, altitude), injection time (summer, winter), etc.
However, no studies have evaluated the influence of two different model types (Eulerian model
vs. Lagrangian model) on simulating SAI’s climatic impacts. In this study, we compare the
plume dispersion of an inert tracer from 1-month SAI aircraft emissions between two types of
models, namely, the global Eulerian model, which instantly dilutes subgrid plumes into large
Eulerian grid cells, and the PiG model, which resolves and simulates subgrid plumes with the
embedded plume model.

Section 2.2 describes the Lagrangian plume model parameterization and the new PiG
model development. Section 2.3 evaluates the parameterization applied to resolve the plume
cross-section in the plume model. Section 2.4 compares the PiG model to a standard global
Eulerian (GEOS-Chem) model regarding plume evolution in the stratosphere. Finally, Section

2.5 presents the summary of this study.

2.2 MODEL DESCRIPTION

The multiscale PiG model incorporates a Lagrangian plume model into a global Eulerian
model (Figure 2.1). GEOS-Chem version 13.0.0 (https://doi.org/10.5281/zenodo.4618180) is
used as the global Eulerian model (Section 2.4.1) in this study, but the approach described in
this section is general enough to be applied to other global Eulerian models. The Lagrangian
plume model comprises a Lagrangian trajectory model and an adaptive-grid plume model,
which can resolve subgrid plumes in the stratosphere. While more fine-grained approaches
such as large eddy simulation might provide a more accurate representation of an individual
plume, our PiG model bridges the gap between the scales of the global Eulerian grid and sub-

grid plumes. Physical processes, such as advection and diffusion, are simulated in the plume

38



model based on meteorological data acquired from the host Eulerian model. The injected
tracer in the plume model can be released into the host Eulerian model if the tracer is trans-
ported outside of the plume model grid domain due to diffusion, wind shear, etc. Once the
plume grows sufficiently large to be resolved by the host Eulerian grid, the PiG model removes
the plume from the plume model and incorporates it into the host Eulerian model. Thus, the
embedded plume model acts as a subgrid model to help the host Eulerian model overcome its
inability to resolve subgrid plumes in the stratosphere. In this study, we focus on the physical
evolution of plumes in the stratosphere without considering aerosol and chemical processes,
the injected tracer concentrations in the plume (simulated by the plume model) are treated as
perturbations to the host Eulerian grid concentrations on which the plume is overlaid (Karam-
chandani et al., 2000, 2006).
2.2.1 Plume segment initialization

The emissions from aircraft or rockets make small-radius high-aspect-ratio plumes in
the stratosphere. The Lagrangian plume model divides the initially injected plume into seg-
ments and describes each plume segment by the plume segment center location, plume seg-
ment length (L), and plume segment cross-section. The initial plume segment length is set as
1/Ny (Nj is a defined integer, which is 5 in this study) of the horizontal grid size of the host
Eulerian model. Because the horizontal grid size of the host Eulerian model is approximately
200 km in this study, the initial plume segment length is set to approximately 40 km, which is
1/5 (N; = 5) of the horizontal grid size. N; is also treated as the splitting number in Section
2.2.4. For example, when the plume segment length grows larger than the grid size of the host
Eulerian model, the plume segment (with a length of L) is evenly split into Ny smaller plume
segments (with a length of L/N;). These approaches (here and in Section 2.2.4) ensure that
plume segments are always smaller than the grid spacing of the host Eulerian model, reduc-

ing the possibility that a single plume segment covers heterogeneous background conditions.
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Figure 2.1: Schematic framework of the Plume-in-Grid (PiG) model (a global Eulerian model with an em-
bedded Lagrangian plume model). The interaction of chemical data between the plume model and the host
Eulerian model will be fully implemented in the PiG model in the future (though not in this study) when
aerosol and chemical processes are considered. ¢ represents the lifetime of the plume segment. The plume
segment is initially injected at # = 0. L, and L, denote the vertical and horizontal length scales of the
plume cross-section, respectively (deﬁned in Sectlon 2.2.3.1). Axes 5 and 7 represent the horizontal and
vertical directions, respectively. Axes b and d are along the directions of the breadth (B) and depth (D) of
the 1-D grid (Section 2.2.3.2) cell, respectively. 6 is the tilting angle of the plume segment cross-section
between the cross-sectional breadth and vertical direction.
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In the plume segment, the concentration along the flight direction (along the plume segment
length) is assumed to be uniform, while the cross-sectional concentration distribution is cap-
tured by an adaptive grid in the plume model (Section 2.2.3).

2.2.2 Plume segment movement, expansion, and horizontal stretching

Movement. A Lagrangian trajectory model is created and incorporated into the plume
model to track the location of each plume segment center based on ds = u - df, where ds is the
movement distance of the plume segment, dt is the plume model time step, and u is the wind
speed interpolated (using inverse distance weighting interpolation) from the meteorological
data provided by the host Eulerian model. The 4th-order Runge Kutta method is adopted to
accurately calculate the movement distance (RoBler et al., 2018). To avoid the Pole singularity
problem in the regular latitude-longitude mesh, a polar stereographic plane is applied in the
polar region (where the latitude exceeds 72°) to calculate the plume segment movement in the
plume model (Dong & Wang, 2012).

Expansion. The plume model calculates the plume segment volume (V) change when the
background pressure (P) and temperature (7) vary during plume segment movement in the
stratosphere, according to the ideal gas law. The plume segment volume change is reflected
by the change of grid cell size in the Lagrangian plume model. The pressure and temperature
considered in the plume model are provided by the host Eulerian model (Figure 2.1).

Horizontalstretching. Since the wind field in the stratosphere is not uniform, the horizon-
tal wind shear can stretch the plume segment along its length. According to previous studies
(Eastham & Jacob, 2017; Rastigejev et al., 2010), the horizontal stretching of the plume seg-

ments is calculated based on the Lyapunov exponent (A) of flow:
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where L is the plume segment length and 7 is the plume segment lifetime (the plume seg-
ment is initially injected at + = 0). The Lyapunov exponent is calculated based on 4 = Au/Ax,
where Au and Ax are the wind speed and distance changes between the current grid cell (in-
cluding the plume segment) and the downstream grid cell in the host Eulerian grid, respec-
tively. To conserve the plume segment volume (V) during the stretching process, the plume
segment cross-sectional area (A) should decrease/increase corresponding to the plume segment
length (L) expansion/contraction, i.e., A(t + Ar) - L(t + Ar) = A(r) - L(t) = V. The Lagrangian
plume model changes its grid cell size to reflect the change of the plume segment cross-section
(A) and length (L). Plume segment length can become very large (i.e., commensurate with the
horizontal grid size of the host Eulerian model) because of horizontal stretching, which results
in plume splitting along the plume segment length (Section 2.2.4).
2.2.3 Representation of the plume segment cross-section over time

The Lagrangian plume model in this study focuses on simulating plume evolution in the
diffusion regime (Kircher, 1995; Fritz et al., 2020) when plume cross-section evolution is
mainly influenced by diffusion and vertical wind shear in the stratosphere (Diirbeck & Gerz,
1995; Naiman et al., 2010; Schumann et al., 1995). Vertical wind shear (S) can alter the cross-
sectional concentration distribution through plume segment cross-sectional distortion. In the
plume model, the vertical wind shear is calculated as S = du,/dz, where u; is the horizontal
wind speed along the plume segment cross-section, and z is the vertical height. Vertical and

horizontal diffusion can dilute the plume segment’s cross-sectional concentration. The vertical

[l
Npv

diffusion coefficient is calculated based on D, = . w;\%, where C, = 0.2, the vertical turbu-
lence fluctuation (w;\,) is set to 0.1 ms~', and Npy is the Brunt-Vaisala frequency (Schumann
et al., 1995; Schumann, 2012). The horizontal diffusion coeflicient is defined as a constant

(10 m? s71) (Diirbeck & Gerz, 1995, 1996; Schumann et al., 1995).

Various methods have been adopted to simulate the dilution process along the plume
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segment cross-section (Paoli et al., 2011). Naiman et al. (2010) applied an ellipse with three
degrees of freedom (two radii and one rotational angle) to represent the plume segment cross-
section and assumed a uniform cross-sectional concentration distribution. Kraabgl et al. (2000)
employed eight circular or elliptical layers to resolve the concentration gradient along the
plume cross-section. Focusing on the plume evolution in the stratosphere, we found that the
plume segment cross-section undergoes rapid horizontal diffusion at the early stage (the first
several hours after injection). As soon as the plume segment cross-section has a high aspect
ratio (cross-sectional horizontal scale to vertical scale), horizontal diffusion has negligible
consequences for cross-sectional concentration dilution.

To prove that horizontal diffusion can be negligible when the plume cross-section has
a large aspect ratio, we adopt the cross-sectional 2-D grid (the initial resolution is 100 m x
10 m) described in Section 2.2.3.1 to simulate the plume cross-sectional concentration dilution.
Same as Section 2.3, typical stratospheric parameter settings include a vertical wind shear of
0.002 571, a horizontal diffusion coefficient of 10 m? s—!, and a vertical diffusion coefficient of
0.15m? s~ .

1 kg inert tracer is initially injected into the center grid cell of the 2-D grid. In the begin-
ning, the 2-D grid simulates the plume cross-sectional concentration dilution under the influ-
ence of vertical wind shear and both vertical and horizontal diffusion. Once the cross-sectional

scaling ratio Ry, = | > 4/10 % ~ 25 (Section 2.2.3.1), its concentration distribution

is used as the initial condition for the following CONTROL and SENSITIVITY simulations.
For the CONTROL simulation, the model will continue running for 36 hours with horizon-
tal diffusion. For the SENSITIVITY simulation, the model will run for 36 hours without the
horizontal diffusion (the horizontal diffusion coefficient is set to 0).

Figure 2.2 shows the concentration distribution after a 24-hour simulation from CON-

TROL (Figure 2.2a), SENSITIVITY (Figure 2.2b), and their differences (Figure 2.2¢). Com-
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Figure 2.2: Final plume cross-sectional concentration distribution from (a) CONTROL simulation (with hor-
izontal diffusion), (b) SENSITIVITY simulation (without horizontal diffusion), and (c) the difference between
CONTROL and SENSITIVITY simulations.

pared to the simulation without horizontal diffusion (SENSITIVITY), the concentration sim-
ulated with horizontal diffusion (CONTROL) is smaller in the center area, which indicates a
slightly faster dilution. However, the center concentration percentage difference between the
two simulations is only 0.72% at the end of the 24-hour simulation. And the center concen-
tration percentage decreases from 1.70% at 12 hours to 0.39% at 36 hours. We repeated the
CONTROL and SENSITIVITY simulations with different values for the three variables (ver-
tical wind shear, horizontal and vertical diffusion coeflicients). Table 2.1 shows the results for
varied vertical wind shear and diffusion. All the results present that the concentration percent-
age difference in the center of the plume cross-section is less than 3% between CONTROL
and SENSITIVITY simulations.

Thus, the adaptive grid in the plume model consists of a sequence of two high-resolution
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Small Middle Large

Vertical wind shear [s] 0.001 0.002 0.003
Vertical diffusion coefficient [m? s!] 0.1 0.15 0.2
Horizontal diffusion coefficient [m? s!] D 10 15
Center percentage difference after 12 hours 2.08% 1.70% 1.19%
Center percentage difference after 24 hours 1.24% 0.72% 0.44%
Center percentage difference after 36 hours 0.78% 0.39% 0.22%

Table 2.1: The percentage difference of the center concentration in the plume cross-section (black dot
in Figure 2.2c) between the CONTROL and SENSITIVITY simulations with varied vertical wind shear (S),
vertical diffusion coefficient (D, ), and horizontal diffusion coefficient (Dj,).

grids to resolve the plume segment cross-section, namely, a two-dimensional (2-D) representa-
tion of the early plume segment cross-section (Section 2.2.3.1) and a computationally efficient
one-dimensional (1-D) representation of the mature plume segment cross-section (Section
2.2.3.2) when horizontal diffusion is negligible.
2.2.3.1 Early plume segment cross-section: 2-D Representation

As shown in Figures 2.1a and 2.1b, a 2-D high-resolution rectangular grid is adopted to
simulate the plume segment cross-sectional concentration distribution at the early stage. Com-
pared to the standard global Eulerian model resolution (a horizontal resolution of approxi-
mately 10* to 10° m and a vertical resolution of 10° m), the cross-sectional 2-D grid in the
plume model adopts a far-higher resolution (a horizontal resolution of 10> m and a vertical
resolution of 10 m) to resolve the early cross-sectional concentration distribution of the plume
segment.

Diffusion. The cross-sectional dilution caused by vertical and horizontal diffusion is cal-
culated in the 2-D high-resolution grid as:

oC o*C 9*C
E —DhW +DV87Z2 ...... (2)
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where C is the cross-sectional concentration, ¢ is the time, D;, and D, are the horizontal
and vertical diffusion coefficients, respectively, and s and z (as shown in Figures 2.1a and 2.1b)
are the horizontal and vertical distances, respectively, in the plume segment cross-section.

Vertical wind shear. The cross-sectional distortion attributed to the vertical wind shear is
calculated as %—f =—u %, where u(s,z) = S - z is a horizontal wind field defined based on the
vertical wind shear (S), C(s, z) is the cross-sectional concentration distribution, and (¥, 7) is the
Cartesian coordinate system in the cross-sectional 2-D grid domain (as shown in Figures 2.1a
and 2.1b).

In the plume model, the cross-sectional 2-D grid resolution (ds x dz) changes in three
situations (ds and dz always change proportionally):

(1) When the plume segment volume increases/decreases because of pressure and temper-
ature changes (ideal gas law), both the plume segment length (L) and cross-sectional 2-D grid
cell area (ds x dz) increase/decrease proportionally.

(2) When the plume segment length expands/contracts due to horizontal wind shear, the
cross-sectional 2-D grid cells decrease/increase to ensure plume segment volume conservation
during the horizontal stretching process.

(3) When the 2-D grid cell is too small to meet the Courant—Friedrichs—Lewy (CFL) con-
dition for diffusion and advection processes, every 3x3 grid cells in the cross-sectional 2-D
grid are merged into 1 grid cell. The CFL condition for diffusion is AAX’Z < 2%; At (unit: s)
is the time step, and Ax (unit: m) and Dy (unit: m? s~1) are the grid cell spacing and diffusion
coeflicient along the direction of X, respectively. The CFL condition for advection is ”EA’ < 1,
where At is the time step, and Ax and u are the grid cell spacing and wind speed along the
direction of X, respectively. In our case, X refers to 5 or 7 in the plume segment cross-section

(Figures 2.1a and 2.1b).

As the plume segment develops, the influence of horizontal diffusion on the cross-sectional
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dilution continuously decreases and eventually becomes negligible compared to the influence

of vertical diffusion. This can be verified through scale analysis. The scales of the vertical and

horizontal diffusion terms in Eq. (2) are |D,| ‘lL% and \Dh\%, respectively. L, and L, (in Fig-

ure 2.1b) denote the vertical and horizontal length scales, respectively, of the cross-section,

which contains approximately 95% of the injected tracer mass:

+L;/2  ptoo +oo  ptoo
/ Cop (s,2)dsdz ~ 0.95/ / Cop (s,2)dsdz ... (3)
—L;/2 —o0 —oo0 J—00
+Ls/2  ptoo 400 ptoo
/ C2D (S, Z) dzds ~ 0.95/ / C2D (S, Z) dzds ...... (4)
—Ls/2 J—oc0 —oo J—0oo

where Cp (s, z) is the cross-sectional concentration distribution based on the Cartesian
coordinate system (s, 7) built in the 2-D grid (Figure 2.1b). The vertical wind shear can elon-
gate the horizontal cross-sectional length scale L through cross-sectional distortion (Diirbeck
& Gerz, 1996; Konopka, 1995), which in turn decreases |Dp,| % Thus, the vertical diffu-

sion term can greatly exceed the horizontal diffusion term. Once the vertical diffusion term is
[l

1Dyl 7=
10 times as large as the horizontal diffusion term (‘D | 'L‘g"z > 10), which requires the cross-
hl 772
|Ls|
sectional scale ratio to adhere to R; = }% I > 4/10 %, the horizontal diffusion is consid-

ered negligible. As verified by the CONTROL (with horizontal diffusion) and SENSITIVITY
(without horizontal diffusion once Ry > /10 %) simulations, the final cross-sectional concen-
tration distribution is similar between the CONTROL and SENSITIVITY simulations (Figure
2.2), and the center concentration percentage difference between the two simulations is less
than 1%.

In the stratosphere, the typical values for D, and D, are 10 and 0.15 m? s—!, respectively
(Diirbeck & Gerz, 1995; Schumann et al., 1995). Therefore, once the plume cross-sectional

scale ratio (Rs) is higher than 25 (4/10 g—’: ~ 25) in the stratosphere, the early plume segment
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cross-section transitions into the mature plume segment cross-section. Horizontal diffusion
becomes negligible along the mature plume segment cross-section, and only vertical diffu-
sion and vertical wind shear play an essential part in the mature plume segment cross-section.
A more straightforward but computationally efficient 1-D slab grid replaces the 2-D grid to
resolve the mature plume segment cross-sectional concentration distribution, which can be
considered as dimension reduction (from Figure 2.1b to Figure 2.1c¢).

2.2.3.2 Mature plume segment cross-section: 1-D Slab presentation

After dimension reduction (from the 2-D to 1-D grid), the cross-sectional 1-D grid (Fig-
ure 2.1c) comprises long and thin slabs with three degrees of freedom, i.e., the breadth (B),
depth (D), and tilting angle (). 0 is the angle between the cross-sectional breadth and vertical
direction, as shown in Figure 2.1c. The initial tilting angle () of the 1-D slab grid is calcu-
lated based on the length scale (R;) of the cross-sectional 2-D grid: 6 = arctan (R;). Since R
is approximately 25 when we replace the cross-sectional 2-D grid with the cross-sectional 1-D
grid, the initial tilting angle is approximately 87.7°. The initial depth (D) of the 1-D slab grid
is defined similarly to the vertical resolution (dz) of the cross-sectional 2-D grid (D = dz). The
initial breadth (B) of the 1-D slab grid adopts the value of the horizontal length scale (L) of
the cross-sectional 2-D grid (B = L;). The total number of 1-D grid cells (Ny) is the same as
the number of grid cells along the vertical direction of the cross-sectional 2-D grid.

The initial concentration distribution in the cross-sectional 1-D grid is calculated based
on the concentration distribution in the cross-sectional 2-D grid. First, we use an interpola-
tion method (bilinear and conservative interpolation methods are available in the source code)
to map the 2-D concentration distribution Cyp (s, z) in the (5, 7) coordinate system onto the
concentration distribution Cpy4(b, d) in the (l;, c?) coordinate system (Figure 2.1b). Then the
concentration distribution Cpy4(b, d) is integrated along the b axis of the whole cross-section

and divided by the initial breadth (B) to obtain the initial 1-D concentration distribution in
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each 1-D grid cell Cpy(d), as shown from Figure 2.1b to Figure 2.1c:

Crra(d) = % / Conalbyd)db ... (5)

Because the 2-D grid (Figure 2.1b) cannot exactly overlap with the 1-D grid (Figure 2.1c¢),
some of the injected tracer mass (located outside the 1-D grid domain) leaks during the in-
terpolation from the 2-D grid to the 1-D grid (the 1-D grid is generally smaller than the 2-D
grid). This leakage of the tracer mass, which is less than 1% of the total tracer mass in the ini-
tial 2-D grid, is added to the host Eulerian model to ensure that the total mass of the injected
tracer is conserved. After the initial condition (B, D, 0, Cpyy) of the cross-section 1-D grid is
attained in the plume model, the 1-D slab grid calculates the cross-sectional dilution under the
influence of vertical diffusion and vertical wind shear, thereby ignoring horizontal diffusion.

Vertical Diffusion. The cross-sectional concentration (C) dilution due to vertical diffusion

is calculated as:
aC 9*C
— =Dyj——  ......
ot~ od (6)

where D; = D, sin (6) is the diffusion coefficient component along the direction of d,
and d is the axis in the (5, Ei) coordinate system, as shown in Figure 2.1c. Moreover, D, is the
vertical diffusion coefficient. Vertical wind shear. According to Egs. (5)-(7) of Naiman et al.
(2010), the vertical wind shear (S) can rotate and elongate the 1-D slab grid. Thus, the vertical

wind shear influences the breadth (B), depth (D), and tilting angle (0) as follows:

do

o= S cos?(0) ... (7)

Ci—f = BS sin(0) cos(0) ... (8)
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dD )
o= —D S sin(0) cos(6) ... 9)

Similar to the cross-sectional 2-D grid, the 1-D slab grid resolution (BxD) can also change
in three situations (B and D change proportionally):

(1) When the plume segment volume increases/decreases because of pressure and temper-
ature changes (ideal gas law), both the plume segment length (L) and cross-sectional 1-D grid
cell area (B x D) would increase/decrease proportionally.

(2) When the plume segment length is elongated/contracted by horizontal wind shear,
the cross-sectional 1-D grid cells decrease/increase to ensure volume conservation during the
horizontal stretching process.

(3) When the cross-sectional 1-D grid cell is too small to meet the CFL condition of the
diffusion process, each pair of grid cells is merged into 1 grid cell.

2.2.4 Filamentation of the plume

Plume segment length splitting. As described in Section 2.2.2, horizontal wind shear can
stretch the plume segment length, making the plume segment length beyond the horizontal
grid cell size of the host Eulerian model. To reduce the possibility that a long plume seg-
ment covers heterogeneous background conditions, the plume model evenly splits the origi-
nal plume segment (with a length of L) into Ny (IV; is the splitting number) smaller segments
(each with a length of L/Nj) once the original plume segment length is commensurate with the
horizontal grid cell size of the host Eulerian model. After splitting, each new smaller plume
segment exhibits the same cross-section as that of the original plume segment but only 1/N; of
the original plume segment length, which is similar to the initial plume segment length set in
Section 2.2.1.

Plume segment cross-section splitting. Because of the vertical wind shear, the breadth of

the plume segment cross-section can reach several hundred kilometers, which would exceed
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the size of its host Eulerian grid cell. As shown from Figure 2.1c to Figure 2.1d, the plume
segment cross-sectional breadth (B) is split into N, identical smaller parts when B is com-
mensurate with the horizontal grid cell size of the host Eulerian model. After splitting, each
smaller plume segment part exhibits the same plume segment length as that of the original
plume segment, but the cross-sectional breadth reaches only 1/N; of the original plume seg-
ment cross-sectional breadth.
2.2.5 Plume segment dissolution

In the PiG model, the plume segment is dissolved from the embedded plume model into
the host Eulerian model once the plume segment meets any of the following four criteria: (1)
nonlinearity criterion, (2) volume criterion, (3) location criterion, and (4) time criterion. After
plume segment dissolution, the tracer concentration in the host Eulerian model grid cell is
updated as:

/ Ve Yoo Cruli)

Chu = Cont =002 (10)
Eu

where Cg, and C}, are the tracer concentrations in the host Eulerian model grid cell be-
fore and after plume segment dissolution, respectively. Vg, is the volume of the host Eulerian
model grid cell, N; is the number of plume model grid cells representing the plume segment,
Cp(i) is the tracer concentration in plume grid cell i (i=1, 2, ..., Ny), and all plume model grid
cells have the same volume Vp,.

Nonlinearity criterion. Many previous studies have applied a size criterion (the plume
segment size commensurate with the host Eulerian model grid size) to dissolve the plume seg-
ment from the plume model into the host Eulerian model (Karamchandani et al., 2002, 2006).
However, there remains a high concentration gradient within the plume segment when the
plume segment size reaches the host Eulerian model grid size. The size criterion for plume

dissolution ignores the high concentration gradient within the plume segment, which may in-

51



troduce bias in the plume nonlinear process simulation. In this study, we adopt a nonlinearity
criterion (the product of a nonlinear process before plume dissolution becomes commensurate
with the product after plume dissolution) to dissolve the plume segment from the plume model
to the host Eulerian model, which enables better estimations of nonlinear processes.

As our primary motivation for PiG model development, SAI modeling requires accurate
estimation of aerosol processes since these aerosol processes, such as coagulation, can highly
influence the particle size distribution of the injected aerosols (e.g., sulfate aerosols). Since
many chemical and aerosol processes (e.g., aerosol coagulation) are second-order processes,
we apply a hypothetical second-order chemical process to the injected tracer in this study for
the nonlinearity criterion. In the future, the hypothetical second-order process will be replaced
by real indicators (e.g., ozone production in the stratosphere) once aerosol and chemical pro-
cesses are considered in the plume model. To simulate the second-order process in the PiG
model, we need to consider the interaction of the nonlinear (here, second-order) process be-
tween the background (host Eulerian model) and plume segment (embedded plume model)
(Karamchandani et al., 2000; Korsakissok & Mallet, 2010). Based on Eqs. (2) and (3) in Kor-
sakissok & Mallet (2010), the total product concentration (P, from both the plume model and
the host Eulerian model) of the hypothetical second-order process, from where the plume seg-

ment is overlaid, is updated as follows:

‘T = k([Cp] + [Cra))* = k([Cp)* + 2[Cp)[CEd] + [CEi]?) .o (1)

where [Cpy] is the injected tracer concentration (unit: molecule cm™3) in the plume seg-
ment, [Cg,] is the injected tracer concentration in the background, and & is a proportionality
constant (unit: cm> molecule™ s of the second-order process. (% is the total production

rate in the space where the plume segment (plume model) overlaps with the background (host
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Eulerian model), so % is dependent on the injected tracer concentration from both the plume

segment and background ([Cp/| + [CEy)).

The product concentration in the background (Pg,) is updated as:

The product concentration in the plume segment (Pp;) is updated as:

dPp) _dlP) _diP) _,
dt dt dt

([Cpi)? + 2[CrI)[CR]) oo (13)
Regarding the nonlinearity criterion, we calculate the mass of the new product from the
hypothetical second-order process before (Ppefore = kZ?ﬁl [Cz%l(i) + Cpi(i)Cgy| At Vpy) and

after (Pyfier = k(Cgu — C%u) At Vg,) plume segment dissolution in a given time step ( t), ac-

Pafter_Pbefare |)

cording to Egs. (10)-(13). If the percentage difference of the new product mass (| Praone

is smaller than a defined critical percentage (e.g., 10% is used in Section 2.4), the plume seg-
ment meets the nonlinearity criterion and begins to dissolve from the plume model into the
host Eulerian model.

We also use a different critical percentage (5%) for the nonlinearity criteria to investi-
gate the sensitivity of the PiG model results to different nonlinearity criterion settings (5%
vs. 10%). In the new PiG model results using 5% for the nonlinearity criterion, the average
plume segment lifetime is 10.2 days, which is larger than the model results using 10% for the
nonlinearity criterion in Section 2.4 (8.5 days). The entropy for the new PiG model results
(4.76 x 1071%) is less than the PiG model results in Section 2.4 (4.83 x 10~'%), which indicates
that a smaller critical percentage in the nonlinearity criterion results in less tracer mixing. By

changing the critical percentage from 10% to 5% for the nonlinearity criterion, the plume seg-
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ments can stay longer in the plume model before meeting the stricter nonlinearity criterion
(5%) to be dissolved into the host Eulerian grid. Thus, the PiG model using a smaller critical
percentage for the nonlinearity criterion can preserve the injected plume segment for a longer
time, resulting in less tracer mixing.

Volume criterion. For all the plume segments in the same host Eulerian grid cell, the vol-
ume criterion ensures that the total volume of all plume segments (plume model grid cells)
never exceeds a defined critical percentage (e.g., 30% is used in Section 2.4) of their host
Eulerian grid cell volume. Once the total volume of all plume segments exceeds the defined
critical percentage of the host Eulerian grid cell volume, the PiG model dissolves the plume
segments into the host Eulerian model, starting from the largest plume segment. This dissolu-
tion process is continued until the total volume of plume segments is smaller than the critical
percentage of the host Eulerian grid cell volume.

We also use a different critical percentage (50%) for the volume criteria to investigate the
sensitivity of the PiG model results to different volume criterion settings (30% vs. 50%). For
the new PiG model results using 50% for volume criterion, the average plume segment life-
time is 13.8 days, which is larger than the PiG model results using 30% for volume criterion
in Section 2.4 (8.5 days). The entropy for the new PiG model results (4.53 x 1074y is less
than the PiG model results in Section 2.4 (4.83 x 10~™), which indicates that a larger critical
percentage in the volume criterion causes less tracer mixing. By changing the critical per-
centage from 30% to 50% for the volume criterion, the host Eulerian grid cell can hold more
plume segments. Then the plume segments are less likely to meet the volume criterion to be
dissolved into the host Eulerian grid when a larger critical percentage is adopted in the volume
criterion. Thus, the PiG model using a larger critical percentage for the volume criterion can
preserve the injected plume segment for a longer time, resulting in less tracer mixing.

Location criterion. The Lagrangian plume model created in this study focuses on simulat-
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ing plumes in the stratosphere. When the plume segment enters the tropopause, plume evolu-
tion becomes different because of different environments in the troposphere (e.g., convective
eddies), which is no longer suitable to be simulated by our plume model. Thus, the PiG model
in this study dissolves the plume segment from the plume model into the host Eulerian model
upon the plume segment reaching the tropopause.

Time criterion. A maximum lifetime (e.g., 28 days is used in Section 2.4) is defined for
the plume segment to remain in the plume model. Once the plume segment remains in the
plume model longer than the maximum lifetime, the PiG model dissolves the plume segment

from the plume model into the host Eulerian model.

2.3 EVALUATION OF PLUME CROSS-SECTIONAL PARAMETERIZATION

2.3.1 Cross-sectional 2-D grid evaluation

An analytical Gaussian solution for anisotropic diffusion of an inert tracer in linear shear
flow (Diirbeck & Gerz, 1996; Konopka, 1995; Walcek, 2004) is adopted to validate the 2-
D grid representation of the early plume cross-section (Section 2.2.3.1) in the plume model.
We apply both the cross-sectional 2-D grid in the plume model and analytical solutions to
simulate plume cross-sectional evolution downwind of a hypothetical point source of inert
tracer emission in the stratosphere. The initial inert tracer injected from the point source is set
to 1 kg. In the stratosphere, typical parameter values include a vertical wind shear of 0.002
571, a horizontal diffusion coefficient of 10 m? s—!, and a vertical diffusion coefficient of 0.15
m2 5! (Diirbeck & Gerz, 1995; Schumann et al., 1995). The cross-sectional concentration
distribution of analytical solutions 1000 seconds after injection is set as the initial condition of
the cross-sectional 2-D grid simulation.

Figure 2.3 shows the cross-sectional concentration distribution after 48-hour simulations
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Figure 2.3: Plume cross-sectional concentration distribution from (a) the 48-hour simulation by the 2-D
grid model, (b) corresponding analytical solutions, and (c) concentration difference between (a) and (b).

with the 2-D grid model and the corresponding analytical solutions. The cross-sectional con-
centration distributions simulated with the 2-D grid model are similar to the results obtained
with analytical solutions, and their spatial correlation coefficient reaches 1.00. Slight differ-
ences (Figure 2.3c) between the two simulated concentration distributions are acceptable con-
sidering the discretization of the 2-D grid model. Figure 2.4 shows the concentration percent-
age difference between the 2-D grid model simulation and corresponding analytical solutions
at the center of the plume cross-section (the black dot in Figure 2.1c). The percentage differ-
ence in center concentration between the two simulations is less than 1%.
2.3.2 Cross-sectional 1-D grid evaluation

After cross-sectional 2-D grid model validation, we compare the cross-sectional 1-D grid
model results to the corresponding 2-D grid model results. Initially, 1 kg inert tracer is in-

jected into the center grid cell of the cross-sectional 2-D grid under the typical stratospheric
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Figure 2.4: Concentration percentage difference between the 2-D grid model results and analytical solu-
tions at the center of the plume cross-section (marked with a black dot in Figure 2.3c).
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Rs>25
48-hour simulation in the Remap 2-D grid model
2-D grid results onto 1-D grid
Remap the 2-D grid model 48-hour simulation in the
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Compare the two model results in 1-D grid

Figure 2.5: Schematic of the 48-hour simulating result comparison between the 1-D and 2-D grid models.
R is the cross-sectional scale ratio defined in Section 2.2.3.1.

parameter settings defined in Section 2.3.1. As shown in Figure 2.5, the cross-sectional 2-D
grid simulates the cross-sectional concentration dilution under the diffusion and wind shear
influence at the beginning. When the plume cross-sectional aspect ratio (Ry) is large enough
(R, > 25, as described in Section 2.2.3.1), the concentration distribution in the cross-sectional
2-D grid is remapped onto the cross-sectional 1-D grid (Section 2.2.3.2). The 1-D grid re-
places the 2-D grid to simulate the plume cross-sectional concentration distribution for 48
hours. The final 1-D grid model results are compared to the corresponding 2-D grid model
results.

Figure 2.6 shows the final concentration distribution simulated with the 1-D grid model
(blue solid line) and corresponding 2-D grid model (red dashed line). We find that the injected

inert tracer dilutes faster in the cross-sectional 1-D grid, consistent with previous studies (e.g.,
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Figure 2.6: Final concentration distribution simulated in the cross-sectional 1-D (blue line) and 2-D (red
dashed line) grid models. The x-axis is along the direction d of the 1-D grid (Figure 2.1c).

Figure 7 in Naiman et al. (2010)). The final center concentration in the cross-sectional 1-D
grid model results is 9.4% lower than that in the cross-sectional 2-D grid model results (two
black square points in Figure 2.6). Figure 2.7 shows that the percentage difference of the cen-
ter concentration between the two models is smaller than 10%. The entropy (calculated based
on equation (14) in Section 2.4.2.3) of the concentration distribution is calculated to quantify
how much extra tracer diffusion is caused by changing the 2-D grid to the 1-D grid. We found
that the percentage difference of the final entropy between the 1-D and 2-D grid results is ap-
proximately 20%. However, for the same 48-hour simulation, the CPU time required for the

1-D grid model is 20 s, while it is 30 min (1,800 s) for the 2-D grid model.
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Figure 2.7: Final hourly mean concentration percentage difference (black dots) between the 1-D and 2-D
grid model results (1-D minus 2-D) in the center grid cell (shown as the two black square points in Figure
2.6). The red line is the smoothing results after the 2-hour moving average.
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2.4 GLOBAL MODELING

2.4.1 Experiment setting

We consider an inert tracer injection scenario using parameters that are relevant for the
simulation of solar geoengineering to compare the PiG model with a conventional global Eule-
rian model (i.e., the GEOS-Chem model). This scenario assumes that an aircraft flies back and
forth continuously at 240 m s~! between 30°S and 30°N along a selected longitude line (here,
141°W) at a height of 50 hPa (approximately 20 km). An inert tracer is continuously injected
by the aircraft at 30 kg km ™" along the flight track, a value chosen to be consistent with the fast
dilution case in Pierce et al. (2010).

GEOS-Chem (Bey et al., 2001), a global three-dimensional (3-D) chemical transport
model, is adopted as the host Eulerian model for the PiG model. The Lagrangian plume model
created in this study is embedded into the GEOS-Chem model to build the PiG model. The
horizontal resolution is 2° x 2.5° in the host GEOS-Chem model, which contains 72 vertical
levels. Modern-Era Retrospective Analysis for Research and Applications-2 (MERRAZ2) data
(Gelaro et al., 2017), with a horizontal resolution of 0.5° x 0.625°, provide the input meteo-
rological data for the host GEOS-Chem model. The transport time step is 300 seconds in the
GEOS-Chem model. Aerosol and chemical processes are turned off in the GEOS-Chem model
as we only use an inert tracer in this study.

The injected aircraft plume is divided into segments, and each plume segment is initially
defined with a length of 40 km, which is approximately 1/5 of the horizontal grid size of the
host GEOS-Chem model (2° x 2.5°). The initial cross-sectional 2-D grid resolution (Figure
2.1a) is set to 100 m (ds) and 10 m (dz). The initial domain size of the cross-sectional 2-D grid
is approximately 20 km horizontally and 0.8 km vertically. As discussed in Section 2.2.3.1,

the cross-sectional 1-D grid replaces the 2-D grid to represent the mature plume cross-section
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when the plume cross-sectional scale ratio (R; = Ly L;) is higher than 25. Regarding plume fil-
amentation (Section 2.2.4), the splitting number (Nj) is set to 5 in this study. To achieve plume
segment dissolution (Section 2.2.5), the critical percentage for the nonlinearity criterion is set
to 10%. The critical percentage for the volume criterion is set to 30%. The maximum lifetime
of the plume segment in the Lagrangian plume model is set to 4 weeks. All the parameters de-
fined here can be modified according to different research needs. For example, we can increase
the resolution of the plume cross-sectional grid, which better resolves the plume cross-section
but requires more computing resources. There is a trade-off between the model accuracy and
computing efficiency when we adopt the PiG model to capture the plume-scale (i.e., subgrid)
chemical and aerosol processes.

Both the PiG model and the standard GEOS-Chem model simulate aircraft plume evolu-
tion for 1 month (Jan 2015). The standard GEOS-Chem model uses the same settings as the
host GEOS-Chem model in the PiG model. In the standard GEOS-Chem model, the initially
injected aircraft plume segment is instantly and uniformly dissolved into the Eulerian grid cell.
In the PiG model, the initially injected aircraft plume segment is first simulated in the plume
model and then dissolved into the host GEOS-Chem model. Figure 2.8a shows the number of
plume segments of different types in the PiG model results. The active plume segments denote
the plume segments simulated by the plume model. The dissolved plume segments indicate
the plume segments already dissolved into the host GEOS-Chem model. The total plume seg-
ments encompass the sum of the active and dissolved plume segments. The increase in total
plume segments is caused by continuous injection and plume splitting (Section 2.2.4). Figure
2.8b shows the final plume segment lifetime distribution, which is the time that the plume seg-
ment remains in the plume model before its dissolution into the host GEOS-Chem model. The
plume segment lifetime ranges from 0.2 to 28.0 days, with an average value of 8.5 days.

2.4.2 Comparing Model results with and without the plume model
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No single approach is appropriate for comparing the tracer distribution between the PiG
and GEOS-Chem models because the differences in gridding are essential to assessing the
performance of the PiG model. One approach, presented in Section 2.4.2.1, compares the
two model results (PiG vs. GEOS-Chem) in the same Eulerian grid used by the GEOS-Chem
model. In this method, the active plume segments from the final PiG model results are diluted
into the host Eulerian grid. This method is appropriate for comparing the effect of the PiG
model on the large-scale tracer distribution. However, this postprocessing approach can intro-
duce extra plume dispersion and thus underestimate the tracer concentration in the PiG model
results.

An alternative approach directly examines the tracer distribution over the active plume
segments in the plume model grid as well as the host Eulerian grid. To implement this method,
we must remove the volume of the active plume segment from the volume of the host Eulerian
grid cell. Section 2.4.2.1 describes this postprocessing approach in detail. The results of this
method are presented in Section 2.4.2.3, where we also compute the entropy of the 3-D tracer
mixing ratio field from the PiG and GEOS-Chem model results. The nonlinear process, which
is highly dependent on the tracer concentration, is compared between the PiG and GEOS-
Chem models in Section 3.4.2.4.
2.4.2.1. A postprocessing approach: separating the active plume segment from the host Eule-
rian grid cell.

We find that different postprocessing approaches (Figure 2.9) can notably influence the
model comparison results. As shown in Figure 2.9, the conventional postprocessing (postpro-
cessing with dilution) dilutes the active plume segment (in the plume model grid cell) into the
host Eulerian grid for PiG model results. The new postprocessing approach (postprocessing
without dilution) takes the plume model grid cell (dark blue rectangle in Figure 2.9) out of the

host Eulerian grid cell (light blue square in Figure 2.9) to independently treat the plume model
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Figure 2.8: Description of the injected plume characteristics in the plume model. (a) The number of plume
segments of different types. The active plume is the plume segment simulated by the plume model. The
dissolved plume is the plume segment already dissolved into the host Eulerian model. The total plume

segments encompass the sum of the active and dissolved plume segments. (b) The distribution of the
plume segment lifetime (the time that the plume segment is simulated by the plume model).

grid cell without dilution. In the new postprocessing approach, the independent plume model
grid cell carries both the volume (the volume represented by the small rectangle) and air mass
(including the injected tracer) from the host Eulerian grid cell. Thus, the new postprocess-
ing approach conserves the total volume and air mass (including the injected tracer mass).
Compared to the new postprocessing approach, the conventional postprocessing approach ar-
tificially introduces more plume dispersion because of the dilution, overestimating the tracer
mixing in the PiG model results.
2.4.2.2 Horizontal and vertical concentration distributions in the Eulerian model grid
Horizontal concentration distribution. Figures 2.10a and 2.10b show the total column
concentration of the injected inert tracer simulated with the PiG and GEOS-Chem models
at the end of the 1-month simulation. Since the PiG model can better preserve the plume
segments, there are more high-concentration centers (high local concentration gradients)
among the PiG model results (Figure 2.10a) than among the GEOS-Chem model results (Fig-
ure 2.10b). The standard deviation of the total column concentration from the PiG model is

11.79% larger than that from the GEOS-Chem model. For the zonal mean of the final total
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Two Postprocessing approaches

Without dilution With dilution
Figure 2.9: Schematic of the two different postprocessing approaches for the PiG model results. The large
square box indicates a Eulerian model grid cell. The small rectangular box indicates a plume model grid cell,

which represents the active plume segment. The shaded area (from light to dark blue) represents the tracer
concentration (from small to large).

column concentration distribution, the GEOS-Chem model presents a smoother line than the
PiG model (Figure 2.10c).

Vertical concentration distribution. Figures 2.11a and 2.11b show the zonal mean tracer
concentrations at different heights after the 1-month simulation. There are 3.9 x 10°! molecules
of the injected tracer within the initial injection area (60 to 40 hPa, 30° S to 30° N marked
with dashed black boxes) in the PiG model, which is approximately 28% higher than the

GEOS-Chem model results (3.0 x 103 molecules). Thus, the injected tracer is more con-
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Figure 2.10: Final total column concentration of the injected tracer simulated by (a) the PiG model, (b) the
GEOS-Chem model, and (c) their zonal mean distributions.
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Figure 2.11: Final zonal mean concentration of the injected tracer from (a) the PiG model and (b) the
GEOS-Chem model and (c) corresponding global mean concentration at different pressure levels.

centrated in the initial injection area in the PiG model than in the GEOS-Chem model. Figure
2.11c shows the final vertical profile of the global mean tracer concentration. The global mean
concentration at the injection height from the PiG model results is 29.5% larger than that from
the GEOS-Chem model results (the two black dots in Figure 2.11c).
2.4.2.3 Quantification of tracer diffusion

By using the postprocessing approach without plume dissolution (Figure 2.9), Figure
2.12a shows that, after a 1-month simulation, approximately 1/3 of the injected tracer re-
mains in the active plume segments (plume model grid) in the PiG model, and is therefore
at much higher tracer concentrations (2 to 4 orders of magnitude larger) than in the GEOS-

Chem model. This is reasonable given that the Lagrangian plume model in the PiG model
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can resolve the plume segment and accurately represent the plume segment concentration. In

the GEOS-Chem model, both the instant dilution of initially injected plume segments into the

Eulerian grid and the numerical diffusion artificially decrease the plume tracer concentration.
According to previous studies (Lauritzen & Thuburn, 2012; Zhuang et al., 2018), entropy

(Sy) is adopted here to quantify the injected tracer diffusion:

where kg is the Boltzmann constant, NV is the total number of grid cells of index i, ¢ is
the tracer mixing ratio, and m; is the air mass in the grid cell. Because continuous tracer in-
jection (i.e., continuous plume segments injection) increases the entropy in both the PiG and
GEOS-Chem model results, the entropy difference between the two model results (PiG vs.
GEOS-Chem) reflects the difference in simulated tracer diffusion (larger entropy means more
tracer diffusion). As shown in Figure 2.12b, the final entropy in the PiG model results is ap-
proximately 6% lower than that in the GEOS-Chem model results, which indicates that the
PiG model can better preserve plumes to decrease tracer diffusion. For comparison, we also
calculate the entropy which would be expected if the embedded plumes underwent no diffu-
sion. Under this extreme case, the injected tracer would not be diffused, and the total entropy
is conserved, which is 60% lower than the total entropy in the GEOS-Chem model results,
compared to the 6% difference between the PiG and GEOS-Chem model results.
2.4.2.4 Nonlinear processes

Many chemical and aerosol processes (e.g., aerosol coagulation) are nonlinear processes
that are highly dependent on concentration. Accurate estimation of nonlinear processes is
essential in model simulations, which is especially true for the simulation of Accumulation-

Mode (AM) H,S04 injection for solar geoengineering (Weisenstein et al., 2021). Second-
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Figure 2.12: (a) The sorted tracer concentration (in ascending order) versus the cumulative tracer mass
fraction at the end of the simulation. (b) The time series of the entropy percentage difference between the
PiG and GEOS-Chem model results (PiG minus GEOS-Chem model results).

order aerosol coagulation can greatly impact the particle size distribution of the injected AM
H,S04, which further influences the radiation transfer and climatic impacts of solar geoengi-
neering in the simulation. Based on the hypothetical second-order process defined for the non-
linearity criterion in Section 2.2.5, we apply the same second-order process to the injected
tracer in the PiG and GEOS-Chem models to compare the model performance in simulating
the nonlinear process.

Under the same tracer injection scenario (Section 2.4.1), Figure 2.13 shows the total prod-
uct mass of the second-order process and total CPU time in the PiG model (the horizontal
resolution of the host GEOS-Chem model is 2° x 2.5°) and the GEOS-Chem model at dif-
ferent horizontal resolutions (4° x 5°, 2° x 2.5°,1° x 1.25°, and 0.5° x 0.625°). Compared
to the GEOS-Chem model, the PiG model applies the Lagrangian plume model to resolve the
subgrid plume segment, which results in a higher injected tracer concentration (Figure 2.12a).
The higher injected tracer concentration ([C]) results in a larger production rate (%) in the
PiG model than in the GEOS-Chem models, according to the hypothetical second-order pro-

P

cess defined in Section 2.2.5 (i.e., =5~ = k[C]?). As a result, the final total product mass in
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the PiG model results (the red cross dot in Figure 2.13) is much larger than that in the GEOS-
Chem model results (square dots in Figure 2.13). Figure 2.13 also shows that increasing the
horizontal resolution of the GESO-Chem model can increase the total product mass, which
makes the total product mass closer to the PiG model results. However, a super-high hori-
zontal resolution is required for the GEOS-Chem model to reach a similar total product mass
as that in the PiG model results, which is implausible to achieve considering the computing
efficiency. As we can see, even though the total product mass of the GEOS-Chem model at
0.5° x 0.625° (magenta square dot in Figure 2.13) is still much smaller than that of the PiG
model (red cross dot in Figure 2.13), the CPU time required for the GEOS-Chem model simu-
lation at 0.5° x 0.625° (239 CPU hours) is already much longer than that required for the PiG
model simulation (30 CPU hours). Of course, the CPU time for the PiG model may change
under different plume injection scenarios, as the computing resources for the PiG model are
related to the number of plume segments simulated in the Lagrangian plume model. We also
found that purely increasing the horizontal resolution of the GEOS-Chem model, without
changing the vertical resolution, may cause additional vertical diffusion (Figure 2.14).

Figure 2.14 presents the final vertical profiles of the global mean concentration in the
GEOS-Chem model simulation at different horizontal resolutions (4° x 5°,2° x 2.5°,1° x
1.25°, and 0.5° x 0.625°). We can see that purely increasing the horizontal resolution, without
increasing the vertical resolution correspondingly, would cause extra vertical dispersion for the
injected tracer (due to increased vertical concentration gradient). Thus, the vertical resolution
needs to increase when the horizontal resolution increases to better preserve plumes in the

stratosphere (Zhuang et al., 2018), which requires more computing resources.
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Figure 2.13: Sensitivity of chemical production from a hypothetical second-order process to computational
effort for various model configurations. The total product of the process with a rate proportional to the
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results.
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Figure 2.14: Vertical profiles of final global mean tracer concentration.

71



2.5 SuMMARY

Stratospheric emissions from aircraft or rockets are important sources of chemical perturba-
tions. Small-radius high-aspect-ratio plumes from stratospheric emissions are smaller than
global Eulerian models’ grid cells. To help global Eulerian models resolve subgrid plumes in
the stratosphere, a Lagrangian plume model, comprising a Lagrangian trajectory model and
an adaptive-grid plume model with a sequence of plume cross-section representations (from

a highly-resolved 2-D grid to a simplified 1-D grid based on a tradeoff between the accuracy
and computational cost), is created and embedded into a global Eulerian (i.e., GEOS-Chem)
model to establish a multiscale Plume-in-Grid (PiG) model. We compare this PiG model to
the GEOS-Chem model based on a 1-month simulation of continuous inert tracer emissions
by aircraft in the stratosphere. In the PiG results, the final injected tracer is more concentrated
and approximately 1/3 of the tracer is at concentrations 2 to 4 orders of magnitude larger com-
pared to the GEOS-Chem results. The entropy of injected tracer in the PiG results is 6% lower
than the GEOS-Chem results, indicating less tracer mixing. The total product mass from a
hypothetical second-order process (applied to the injected tracer) in the PiG results is two or-
ders of magnitude larger than the GEOS-Chem results. Increasing the GEOS-Chem model’s
horizontal resolution 4-fold is insufficient to resolve this product difference, while requiring
over seven times the computational resources of the PiG model. This paper describes the PiG
model framework and parameterization of plume physical processes. Chemical and aerosol

processes will be introduced in the future.
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Conclusions

In this thesis, we use two new modeling methods to simulate aerosol transport in the strato-

sphere for SAI from particle to plume scale.

3.1 PARTICLE-SCALE MODELING

We discuss our results from two perspectives: the physics of atmospheric transport and the

application to SAI.
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From the physical perspective, we explore how background circulation, such as QBO
and BDC, influences particle transport and lifetime in the stratosphere. We find that there is
a correlation between QBO and particle number in the stratosphere (Figure 1.3). During the
steady-state stage, we quantify the particle number and lifetime in different regions, as well as
the particle flux among different regions, as shown in Figure 1.4. We also find there is a sea-
sonal cycle in particle lifetime, 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 hemisphere
(JJA in NH or DJF in SH), which is consistent with the fact that the BDC is stronger in the
winter hemisphere. 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
1.8a). Given the fact that tropical tropopause height is higher in DJF than in JJA (Figure 1.8b),
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. The pole-
ward wind (or meridional wind) in the lower stratosphere is not zonally homogeneous, which
makes particles injected at the same altitude and latitude, but at different longitudes, undergo
different rates of poleward transport, resulting in different particle lifetimes in the stratosphere.
Thus, the poleward wind from the initial injection locations can be a workable predictor of the
particle lifetime in the stratosphere.

From the perspective of SAI application, this study uses four injection strategies to quan-
tify the sensitivity of particle lifetime to injection locations, including the novel question of
how injection longitude affects lifetime. It is already well established that increasing the al-
titude of injection will increase the lifetime (Niemeier et al., 2011; Kleinschmitt et al., 2018;
Tilmes et al., 2017), but this incurs a tradeoft due to the non-linear relationship between de-
ployment altitude and deployment cost (McClellan et al., 2012; Moriyama et al., 2016; Smith

& Wagner, 2018). Our results show that this tradeoff can be mitigated through careful selec-
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tion of the injection longitude and latitude, with an “optimized” (Lat-lon strategy) injection at
18.5 km achieving a similar mean lifetime as an “unoptimized” (Uniform strategy) injection at
20 km. This may not be the only possible method of increasing particle lifetime through mech-
anisms other than increasing the injection altitude, implying that prior studies of the feasibility
of SAI may be significantly overestimating the cost and complexity of achieving a specific

target.

3.2 PLUME-SCALE MODELING

A PiG model can be a computationally efficient way to improve the representation of subgrid-
scale mixing, particularly in the case where mixing is driven by flow stretching that creates
filamentary structures. For example, Pierce & Fairlie (1993) suggested that chaotic advection
near the edge of the polar vortex could draw a substantial amount of air into thin filaments.
We find evidence that the use of the PiG model could be a pathway to improving the numeri-
cal representation of nonlinear plume-scale processes in the stratosphere in a global Eulerian
model.

We compare the PiG model to a global Eulerian model (i.e., GEOS-Chem model) based
on a 1-month simulation of continuous inert tracer emissions by aircraft in the stratosphere.
Compared to the GEOS-Chem model, the PiG model has more high-concentration centers
in the final total column concentration distribution (Figure 2.10a). The final total mass of in-
jected tracer remaining in the injection area (60 to 40 hPa, 30° S to 30° N) in the PiG model is
approximately 28% larger than that in the GEOS-Chem model (Figure 2.11a). Thus, the PiG
model results show less plume dispersion than the GEOS-Chem model results. At the end of
the simulation, approximately 1/3 of the injected tracer remains in the active plume segments

in the PiG model and is therefore at much higher tracer concentrations (2 to 4 orders of mag-

75



nitude larger) than in the GEOS-Chem model. A metric, the entropy, is calculated based on
the 3-D mixing ratio field of the injected tracer to quantify injected tracer mixing. The entropy
from the PiG model results is approximately 6% lower than that from the GEOS-Chem model
results, suggesting that the injected tracer experiences less mixing in the PiG model. With a
hypothetical second-order process applied to the injected tracer, the final total product mass of
the second-order process from the PiG model is approximately two orders of magnitude larger
than that from the GEOS-Chem model (Figures 2.13). To reach the same total product mass
as the PiG model, the GEOS-Chem model needs to greatly increase both the horizontal and
vertical resolutions, which requires far more computing resources than does the PiG model.
For example, the total product mass of the GEOS-Chem model at 0.5° x 0.625° (horizontal
resolution) is still much smaller (two orders of magnitude smaller) than that of the PiG model
(with the host GEOS-Chem model at 2° x 2.5°), but the CPU time required for the GEOS-
Chem model simulation at 0.5° x 0.625° (239 CPU hours) is over seven times greater than
that required for the PiG model simulation (30 CPU hours). Therefore, it is beneficial to em-
bed a Lagrangian plume model into the global Eulerian model for subgrid plume simulations
in the stratosphere. Otherwise, the global Eulerian model may underestimate both the tracer
concentration and second-order processes of the subgrid plume.

This paper reports a first step in developing a PiG model that could be efficiently applied
to a General Circulation Model (GCM) or a chemical transport model such as GEOS-Chem.
The next step is to implement chemical and aerosol processes in the PiG model. There are op-
portunities to optimize the plume treatment by (i) adjusting the resolution of the sub-models.
A higher resolution of the plume model grid can better resolve the plume segment but requires
more computing resources. For example, in the Lagrangian plume model, the 2-D grid is re-
placed by the 1-D grid in the mature plume phase based on a tradeoff between the computa-

tional efficiency (the 1-D grid model runs 90 times faster than the 2-D grid model) and accu-
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racy (the percentage difference of center concentration between the 1-D and 2-D grid is within
10%, as shown in Figure 2.7); (ii) considering plume overlapping. For the injected inert tracer
in this study, the plume overlapping has a linear influence on the tracer concentration. Once
the chemical and aerosol processes are involved in the PiG model, the tracer concentration
would have a nonlinear change due to plume overlapping; (iii) involving other regimes into
the embedded plume model, such as the jet regime and vortex regime (Kircher, 1995; Paoli &
Shariff, 2016).

Our validation was limited to comparisons between the PiG model and GEOS-Chem
models. Such validation can show that a PiG model reproduces a high-resolution Eulerian
model, but in the long run, stratospheric plume models will need to be validated against obser-
vations. This might be accomplished using aircraft intercepts of plumes (Fahey et al., 1995) or
balloon-based methods like that proposed for the Stratospheric Controlled Perturbation Exper-
iment (SCoPEx) (Dykema et al., 2014), or hybrids of these methods. We hope that this mul-
tiscale PiG model, with the ability to resolve subgrid plumes in the stratosphere, will provide
a more accurate simulation of applications in aircraft/rocket plume simulation, solar geoengi-
neering, convective injections, stratospheric intrusions, intercontinental pollution, and small

volcanic eruptions.

3.3 OutLOOK

Instead of using conventional global Eulerian models (e.g., GCMs, CTMs), this thesis explores
different modeling methods to simulate particle transport in the stratosphere for SAI from
particle scale (Lagrangian trajectory model) to plume scale (multiscale plume-in-grid model).
We hope there will be more SAI studies using different modeling methods to complement SAI

simulations from global Eulerian models, which would result in a more accurate estimation of
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SATI’s climatic impacts.

78



Estimation of particle sedimentation and

self-lofting

In this section, we estimate the particle’s vertical movement due to sedimentation and self-
lofting. The conclusion is that, in 2 weeks, for sulfate aerosol with a radius of 0.2 um, sedi-
mentation can let particles move downward in more than 1000 m, while self-lofting can only

let particles move upward in less than 100 m. More details are shown below:
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For sedimentation, based on Figure 7. from Benduhn and Lawrence (2013), we set the
settling speed as 1073 m s~! for the sulfate aerosol with a radius of 0.2 um in the stratosphere.
In 2 weeks, the sedimentation would make particles move downward for 1209.6 meters.

For self-aloft (which is originally estimated by Jake Seeley, with help from David Keith,
John Dykema, and Sebastian Eastham), we assume that the sulfate aerosol plume’s density (p)

scales inversely with the plume cross-sectional area (A):

p() _ A(0)

t refers to time, with a unit of day. The heating rate (h, with a unit of K - day™") scales with the

aerosol plume density (p):

The total hearing (H, with a unit of K) over 14 days is:

B Ar B Ar @
H_/O h(t)dt_/O h(0) A0) dt

t = 14 days, here. From Sebastian Eastham’s estimation (Hu et al., 2019; Pierce et al.,
2010; Yu & Turco, 1998), the plume cross-sectional area has a linear growth in time (mainly
due to the vertical wind shear):

A(t) = A(0) + kt

where k is the growth rate. Here we set A(0) = 103 m?, the after 14 days, A(A¢) is esti-
mated to be 10° to 10'° . From John Dykema’s estimation, for 0.2 um radius sulfate monomers

with 1070 kg m~3 in a standard tropical stratosphere, the heating rate 4(0) has a value between
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10-50 K day™". Thus,

A(AD), _ h(O)A(O)Ar  A(AN),  h(0)A(0)Ar A(Ar)
20)) ~ a@an—a0 a0 ® " aan A

]

As aresult, H has a value between 0.02-0.64 K. Given potential temperature lapse rate
in the stratosphere (') is 10-20 K km ™!, the upward movement (H/T’) due to self-aloft is less
than 65 m. Lastly, we want to acknowledge that the calculation above is a rough (first-order)
estimation of how much sedimentation and self-aloft influence the vertical movement of parti-
cles in the stratosphere. Numerical models (e.g., large eddy simulations) should be used in the

future to achieve a more accurate estimation.
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