SCIENCE ADVANCES | RESEARCH ARTICLE

ATMOSPHERIC SCIENCE

Toward practical stratospheric aerosol albedo
modification: Solar-powered lofting

Ru-Shan Gao'?, Karen H. Rosenlof'*!, Bernd Kircher?, Simone Tilmes?, Owen B. Toon?,

Christopher Maloney'?, Pengfei Yu®*

Many climate intervention (Cl) methods have been proposed to offset greenhouse gas-induced global warming,
but the practicalities regarding implementation have not received sufficient attention. Stratospheric aerosol in-
jection (SAI) involves introducing large amounts of Cl material well within the stratosphere to enhance the aerosol
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loading, thereby increasing reflection of solar radiation. We explore a delivery method termed solar-powered
lofting (SPL) that uses solar energy to loft Cl material injected at lower altitudes accessible by conventional
aircraft. Particles that absorb solar radiation are dispersed with the Cl material and heat the surrounding air. The
heated air rises, carrying the Cl material to the stratosphere. Global model simulations show that black carbon
aerosol (10 microgram per cubic meter) is sufficient to quickly loft Cl material well into the stratosphere. SPL could
make SAl viable at present, is also more energy efficient, and disperses Cl material faster than direct strato-

spheric injection.

INTRODUCTION

In the absence of mitigation, climate change by the end of this cen-
tury is expected to produce severe and irreversible global impacts
(1). A future with no substantial climate policy may see a warming
of 3°C by 2100 (I). The Paris Agreement of the 21st Conference of
the Parties to the UN Framework Convention on Climate Change
(UNFCCC) aims to limit the increase in the global average tem-
perature to well below 2°C above preindustrial levels and to pursue
efforts to limit the temperature increase to 1.5°C. Global warming is
likely to reach 1.5°C between 2030 and 2052, leading to irreversible
loss of the most fragile ecosystems as well as substantial harm to the
most vulnerable people and societies (2). Meeting the Paris Agree-
ment limits requires rapid and far-reaching transitions in essentially
all economic sectors. Immediate CO, emission reductions are needed
to meet the 2°C Paris Agreement (3). If emission reductions are not
achieved sufficiently fast, then the Paris temperature limits may be
exceeded for years to decades and could be large enough to induce
tipping points in the climate system. In this case, climate interven-
tion (CI) methods may be implemented to avoid exceeding tem-
perature limits (“flattening the curve”) while necessary emission
reductions and CO, removal efforts are conducted (4).

Various CI methods have been suggested to offset the warming
caused by anthropogenic greenhouse gas emissions. Increasing
Earth’s albedo has been proposed as an effective means of reducing
surface temperature increases (5-8). One extensively studied method
to enhance Earth’s albedo involves adding sunlight-reflecting aero-
sol to the stratosphere (stratospheric CI hereafter) (6, 9, 10). Other
proposed methods include increasing the albedo of low-level clouds
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(11, 12) and seeding cirrus clouds with ice nuclei (cirrus thinning)
to allow more outgoing longwave radiation to escape to space
(13, 14).

Among these different methods, stratospheric CI has been iden-
tified as a potentially effective and affordable method for offsetting
global warming caused by greenhouse gases (8). Implementing
stratospheric CI requires injection of submicrometer-diameter aerosol
particles or aerosol precursor gases into the stratosphere; modeling
studies of this process have used altitudes well above the tropo-
pause, at altitudes of 20 km or higher in the tropics. This method is
associated with technical challenges and potential adverse effects
(5, 8, 15) and thus is only considered as a temporary measure until
greenhouse gas emission reductions occur. This present theoretical
study explores a novel variation of stratospheric aerosol injection (SAI)
that avoids development of new aircraft. The intent of this study is
not to encourage SAI implementation but rather to provide the
scientific foundation for societal decision-making regarding SAL

The effectiveness of stratospheric CI has been postulated on the
basis of observations and modeling results for the years following
large volcanic eruptions. Moderate and large volcanic eruptions
that result in large increases in stratospheric aerosol decrease
surface temperatures for an extended period of time (16), demon-
strating that, in principle, stratospheric CI is a viable technique.
Although the effectiveness, potential benefits, and risks of strato-
spheric CI have not been studied extensively enough to thoroughly
evaluate SAI proposals, even less effort has been put into the practi-
cal aspects of aerosol injection. Directly delivering aerosol material
to altitudes of 20 km or higher at large rates [(>teragram per year
(Tg year )] and dispersing the material poses serious technical
challenges. Now, there are few aircraft or other platforms that can
reach such altitudes and none with a suitably large payload capacity.
A 2018 study (17) concluded that no capable aircraft exist and pro-
posed the development of a new aircraft. Engineered particles that
self-levitate photophoretically from an altitude of about 10 km have
also been proposed (18). We note that none of these proposed tech-
nologies exist today.

In the summer of 2017, pyrocumulonimbus associated with ex-
tensive wildfires in the Pacific Northwest injected large quantities of
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smoke into the Northern Hemisphere (NH) midlatitude strato-
sphere (19-21). This smoke, estimated to be 0.3 Tg of the carbona-
ceous aerosol mass with 2% black carbon (BC) and 98% organics,
was lofted well into the stratosphere (up to 23 km) within 2 months
of the initial injection at ~12 km and persisted for 9 months following
the fires (19). The analysis of this event concluded that BC heating
lofted the smoke-containing air parcels and suggests that BC could
be used to intentionally loft selected aerosol materials to altitudes
suitable for CI. In addition, we note that the pyrocumulonimbus
injection altitude of 12 km is readily accessible by existing commer-
cial aircraft.

On the basis of our knowledge of the 2017 fire case, we explore
solar-powered lofting (SPL) as a means to transport CI material
(CIM), such as noncondensing gases (e.g., SO,) or engineered par-
ticles, from an initial, much lower-altitude injection site to well
within the stratosphere. Specifically, particles that absorb solar radi-
ation (hereafter called radiation-absorbing particles or RAP) heat
the surrounding air that then rises, lofting the CIM to stratospheric
altitudes. In contrast to proposed techniques that require airborne
platforms to reach 20 km for injection of CIM, SPL substantially
reduces the platform energy requirements and eliminates the need
to develop new specialized stratospheric aircraft.

In evaluating SPL here, BC is used as an example RAP. With the
addition of RAP, minimizing stratospheric warming becomes an
important requirement. For example, a modeling scenario using
1 Tg year ' of BC produced a stratospheric warming of 60°C (22).
Large stratospheric heating was also modeled for 5 Tg of BC injected
from a regional nuclear exchange that produced surface cooling
(23). As discussed below, BC quantities proposed here for SPL are
much smaller than for those extreme cases.

RESULTS

SPL modeling

The National Center for Atmospheric Research (NCAR) Commu-
nity Earth System Model (CESM) with the Community Aerosol and
Radiation Model for Atmospheres (CARMA) aerosol package (24)
is used to simulate SPL and calculate the amount of BC required to
achieve equivalent effectiveness as for the stratospheric injection
case. The lofting rate depends solely on the concentration of BC; so
to simulate the relevant process, one grid cell is filled with a speci-
fied concentration of BC. This method allows an estimation of the
lowest BC concentration that lofts most of the CIM injected at
achievable altitudes for conventional heavy-lift aircraft (~13.5 km)
to a stratospheric altitude of 20 km. While the CESM climate model
provides a global view, its spatial resolution (grid size of 208 km by
279 km) is too coarse to resolve plumes injected by individual
aircraft. A Gaussian diffusion model is then used to determine the
total amount of BC injected by a number of discrete plumes that is
required on a yearly basis for a nominal SO, injection scenario (see
Materials and Methods).

The injection of a sufficient amount of BC at 13.5 km at any
latitude allows ascent into the stratosphere; this was clear based on
observations from the 2017 Pacific Northwest fire event where
the injection latitude was in a climatological descent region in the
stratosphere. However, SPL with injection altitude in the tropo-
sphere will be most effective at latitudes where air is typically rising,
such as in the upward branch of the Hadley cell (and Brewer-Dobson
circulation) nominally between +30° latitude. This region is broad
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enough to accommodate multipoint injection schemes used in pre-
vious modeling studies (25).

The modeled effectiveness of SPL is gauged relative to injections
at 20 km, a hypothetical injection level used in prior modeling work.
In the simulations, 2 Tg of SO, (1 Tg of sulfur) is used as the
CIM. Once in the stratosphere, SO, coverts to sulfate aerosol, and
the total amount of sulfur and its gas-to-aerosol partitioning is
tracked. The mass of sulfate aerosol from a 20-km injection without
BC and a 13.5-km injection with BC are compared. To simulate a
scenario that is realistically achievable, the lower altitude injection
is performed over a single 10-day period and repeated annually.
Details are given in Materials and Methods.

To demonstrate SPL, the equatorial injections done over a 10-day
period every June are presented. It is not the ratio of BC to SO, that
is important for the lofting but rather the ratio of BC to total air
mass at the injection altitude. The 2 Tg year ' of SO, used here is on
the low end of the proposals to keep surface warming below 2°C in
2100 (26) and is comparable with that needed for the current de-
cade assuming the Representative Concentration Pathway (RCP)
8.5 scenario. Any amount of coinjected SO, is possible up to the
limits imposed by the aircraft deployed and the molecular number
density of air at flight altitude.

Figure 1A shows the results from three simulations using 2 Tg of
SO, as the CIM. In the first simulation, SO, was injected into one
model grid box at 13.5 km; in the second, SO, was injected at 20 km;
and in the third, SO, plus BC with a concentration of 10 ug m™~ was
injected at 13.5 km. In the first case, virtually, no sulfate aerosol is
formed in the stratosphere. In the second case, about 90% of the
injected sulfur is present in the stratosphere as sulfate aerosol within
a month. The sulfate aerosol loading gradually decreases until the
next injection of the following year. Over the course of a year, ap-
proximately half of the injected sulfur is lost through both particle
sedimentation and transport by the downward branch of the Brewer-
Dobson circulation. In the third case, the amount of stratospheric
sulfate aerosol slightly exceeds that for the direct injection at 20 km
(second case), demonstrating the fundamental effectiveness of
SPL. If the injection altitude is increased to 14.5 km, then the
amount of BC required to achieve the same aerosol loading is re-
duced by 20%. Figure 1B displays the sulfate aerosol distribution as
a function of latitude. The burdens in the Northern and Southern
Hemispheres are similar, with half of the aerosol in the 30°N to 30°S
band. Injections off the equator or in different seasons will pro-
duce a different partitioning between the hemispheres. The injec-
tion latitude could be adjusted to maximize surface cooling where
needed.

A BC concentration of 10 ug m™> produces rapid lofting. To
demonstrate the rate of lofting, a passive tracer along with the BC
was injected in one grid box at 13.5 km on the fifth day of our
10-day injection. Figure 2 shows the vertical profiles of the resultant
tracer mixing ratios. The peak concentration reaches the tropo-
pause, at 16.5 km, in 3 hours. Within 2 days, there is material lofted
well into the stratosphere. A complementary run with the same
amount of passive tracer but no BC exhibits essentially no change in
the altitude of the passive tracer peak over the 48-hour simulation.

SPL implementation

SPL implementation requires aircraft to disperse RAP and CIM in a
volume of air at the chosen lofting location over a fixed period of
time. Multiple aircraft create plumes of these materials over the
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Fig. 1. Sulfate aerosol burden in the stratosphere. The burden is summed from 200 hPa to the model top at 10 hPa. (A) Burden remaining from a 2 Tg year™' of SO,
injection at 20 km (dotted line), at 13.5 km (dashed line), and at 13.5 km including BC (solid line). For each scenario, the injection was over a 10-day period every June at
the equator. (B) Burden for the injection at 13.5 km including BC in latitude bands: Solid line is global, dashed line is 30°N to 30°S, dotted line is 30°N to 90°N, and dash-dotted
line is 30°S to 90°S. The model is running in a free mode, so there is natural variability in the dynamics impacting the aerosol loading from year to year. It takes approxi-
mately 2 years to reach a pseudo equilibrium loading, and interannual variability is apparent in the last 4 years plotted.
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Fig. 2. Evolution of a pulse injection of a passive tracer. This is for the model
case with BC (10 pug m™) injected at 13.5 km. The colored lines show zonally aver-
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same length of flight track and within a much narrower horizontal
distance than the flight track length. The RAP accumulates in the flight
region, eventually reaching the critical concentrations for lofting.

A plume, once created in the troposphere from an aircraft, dis-
perses through turbulent mixing and diffusion, which reduce the
initial RAP concentration. To calculate the initial concentration of
BC required to achieve lofting, a two-dimensional Gaussian plume
model (27) is used to estimate the dispersion in a vertical plane that
is perpendicular to the plume length (cross-sectional dispersion).
Dispersion along the plume length is not considered on the basis of
the assumption that the plume length is much larger than the dis-
persion distance. The Gaussian model is controlled by vertical and
horizontal diffusion coefficients and vertical wind shear. These
parameters are based on previous work (28) using large-eddy simu-
lations to derive a range of vertical and horizontal diffusion coeffi-
cients consistent with in situ observations (29). Maximum values of
vertical and horizontal diffusion coefficients (23 and 0.6 m*s™*) and
vertical wind shear (0.007 s™) (27, 28) are used here to estimate the
upper limits of plume dispersion and thus the upper limit of the
required BC. Multiple plumes within the chosen width of the injec-
tion volume are then combined to determine the three-dimensional
distribution of materials for a 10-day injection event (see Materials
and Methods).

The plume modeling results indicate that an 8-km width is suffi-
ciently wide for the injection area to limit the effect of plume disper-
sion. In this case, an initial BC concentration of 1.4 times the value
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derived for uniform distribution in a CESM model grid box will be
sufficient to loft the CIM into the stratosphere (see Materials and
Methods). The length of the injection area is chosen to be 100 km.
Assuming this configuration, the amount of BC required over the
10-day injection period is 10 Gg (see Materials and Methods). This
value is an upper limit because of the upper limit diffusion coeffi-
cients used in this work.

A large number of aircraft are needed to deliver the required BC
and CIM mass in a 10-day period. A large aircraft with the size of a
military tanker or a Boeing 747 carries on the order of 10° kg
(~100 m’ of liquid SO,). Therefore, delivering 2 Tg requires about
20,000 flights. Assuming 2 hours per flight, the injection can be
done over a one 10-day period using 335 aircraft, with each aircraft
flying during daylight hours six times per day. Short flights allow
increased payload because the required fuel load will be less than
maximum.

Accommodating 20,000 flights in 10 days requires using at least
eight runways simultaneously. This requirement can be met with
two large airports separated by ~200 km or less. For perspective,
2 Tg is approximately 20% of the annual enplaned international
cargo (Bureau of Transportation Statistics, transtats.bts.gov). The
nominal CO, emissions increase due to 40,000 flight hours of a Boe-
ing 747 is a small fraction of the annual global aviation emissions.
Assuming an emission rate of approximately 90 kg CO, hour™ for
a Boeing 747 at cruise, the injection results in an increase over the
2018 global aviation emissions of 0.0004%. Injection could also be
done over a longer period or multiple periods per year with fewer
aircraft but would result in a larger amount of BC emitted annually.
Injected CIM mass, and hence number of flights, is halved if H,S or
pure sulfur (oxidized in situ) is used instead of SO, (30).

The present study does not address all the technological issues
unique to SPL that require consideration before implementation.
For example, a determination as how best to disperse solid BC with
gaseous/liquid SO, or solid particles such as Al,O3 from an aircraft
is needed. Research is also needed to find the best light-absorbing
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material for SPL, the optimal size distribution to maximize heating
per unit mass, and the means to achieve that size in the injection
process. Whether there are interactions between BC aerosol and the
gaseous or aerosol CIM needs to be assessed via laboratory and field
experiments. Although the time scale of lofting is short, SO, oxida-
tion while the air is rising needs to be examined in detail. Work is
also required to determine the maximum amount of CIM that can
be lofted through this approach.

More theoretical study is required to optimize aircraft deploy-
ment locations, injection locations, and preferred seasons to best
achieve the desired mitigation outcomes; this applies to SAI by both
direct injection and SPL. Here, we discuss one possible scenario, in-
jection only in June and on the equator. For direct injection, lati-
tudes and seasons of injection have been explored (31) at altitudes
5 km above the tropopause. Injecting during one season was found
to reduce the amount of SO, needed to achieve a certain aerosol
optical depth when compared to injecting the same amount over an
entire year, possibly minimizing side effects. Injections slightly off
the equator may also be more effective (31). Whether SO, is the best
CIM to use also requires investigation. There may be other particu-
lates that minimize side effects, and laboratory work along with
modeling is needed for those investigations.

Using solar energy to achieve stratospheric injection in the SPL
method has distinct advantages over direct injection SAIL. With in-
jection in the upper troposphere, SPL circumvents the need to de-
velop a new airborne platform for injecting CIM directly into the
stratosphere. Injection in the upper troposphere will also require
less fuel than introducing the same mass at higher altitudes and
hence is likely to be more cost effective. Another advantage of in-
jecting material in the troposphere is that CIM is better dispersed
than if directly injected by similar methods in the thermodynamically
stable stratosphere. Evidence of limited stratospheric dispersion de-
rives from the chance encounter of a high-altitude research aircraft
with a well-defined stratospheric rocket plume that occurred over
California more than 10 days after the rocket launch from Kazakhstan
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Fig. 3. BC burden as a function of time and annual average contribution (in concentration) for the SPL scenario. (A) BC aerosol burden (summed from 200 to 1 hPa)
remaining from a tropical 10-Gg injection over 10 days every June. Solid line is the global burden, dashed line is the tropical burden, dotted line is the NH 30°N to 90°N
burden, and dash-dotted line is the Southern Hemisphere 30°S to 90°S burden. (B) Annual average difference in BC concentration (gigagram/kilometer) between a case
with no BC added and a case with BC of 10 Gg year ™ [average of 3 to 6 years from the run shown in (A)].
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Fig. 4. Average annual temperature perturbation due to BC injection. This plot
shows the difference between a control run with no BC injected and a run with
10 Gg year™' of BC injected at 13.5 km at the equator; as in Fig. 3B, it is the average
of 3 to 6 years from the run shown in Fig. 3A. The dots denote where the difference
is greater than 1.5 times the SD of the mean. The peak values are ~0.5 K just above
the tropical tropopause.

or Russia (32). The additional turbulence during lofting is expected
to facilitate the CIM dispersion.

Environmental considerations

Increasing the stratospheric burden of CIM via SPL will likely have
unintended consequences similar to those from direct stratospheric
injection. Of concern are increased stratospheric temperatures, changes
in transport, the potential for stratospheric ozone depletion, and changes
in surface precipitation patterns. These topics have been acknowl-
edged and addressed in previous modeling studies of SAI (25). The
additional environmental concern with our SPL method is the use
of RAP as a lofting agent because it continues to heat the lofted air
after it reaches the stratosphere.

The stratospheric burden of BC resulting from 10 Gg year ' of
injection in the tropics is shown in Fig. 3. Approximately 80% of the
BC released rises into the stratosphere, while lofting the CIM, 10%
rains out, and 10% remains in the troposphere for about a month.
The effective annual increase in the global stratospheric BC burden
is about 8 Gg, with most of the increase in the tropics. To place BC
amounts in perspective, surface emission of BC from other sources
is ~11 Tg year ' (24), so the BC increase due to SPL is ~0.1% of the
nominal annual average BC emissions. The annual average tem-
perature response from 10 Gg yearf1 of injection is presented in
Fig. 4, which shows a peak increase of less than 1°C in the tropics
where the BC concentration maximizes. A similar magnitude and
pattern of heating (not shown) are produced by sulfate aerosol heating
for the 1 Tg year™' of SO, injection case. At high latitudes, strato-
spheric temperature changes are minimal and not statistically signifi-
cant. Although the annual injection results in more than a 10-fold
increase in the BC burden in the stratosphere compared to its un-
perturbed background state, the effective temperature change is quite
small and similar to observed interannual variability, even in the
tropics. If a larger amount of SO is injected, then the stratospheric
heating will increase, but the BC contribution will remain the same.
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Fig. 5. Horizontal and vertical growth of a single plume. Both horizontal and
vertical dimensions are normalized to the initial values and thus dimensionless.

DISCUSSION

We have presented a novel method that makes the stratospheric CI
injection substantially more practical. SPL allows CI material to be
injected with the current aircraft fleet at 13.5 km as opposed to re-
quiring platform development to inject at of 20 km. Model calcula-
tions demonstrate the potential effectiveness of SPL by showing
that coinjecting small amounts of BC (10 pg m™>) with CI material
at 13.5 km produces an equivalent stratospheric aerosol loading to
that of direct injection of the same amount of CI material at 20 km.

Global model simulations were used to quantify the impact of
SPL on stratospheric temperatures. For the injection scenario used,
which limited the total BC emitted to 10 Gg year™', temperature
increases due to BC heating less than 1°C were calculated in the
tropical lower stratosphere with minimal changes elsewhere. This
change is in addition to any temperature increases due to the CIM
used, in this case, SO,. The case run for this study used 2 Tg year ' of SO,
and model results give statistically significant temperature increases
maximizing at less than 2°C in the tropical lower stratosphere. For this
case, injections occur over a 10-day period once per year. Stratospheric
heating may be substantially reduced if light-absorbing organic aero-
sols, known as brown carbon (BrC) are used instead. BrC is often
bleached in hours to days. After bleaching, BrC loses its light absorb-
ing ability, and hence its impact on the temperature and circulation of
the stratosphere will be much reduced (33, 34).

There may be a regional cloud coverage impact associated with
SPL. Convection above the injection location could be increased.
The local increase in upper tropospheric BC particles could
change cirrus cloud coverage by acting as ice nuclei (35) and heating
air parcels and therefore reducing relative humidity in these air
parcels. The BC particle number density in lofted air is high enough
(~3000 per cm®) that ice particles that may form will likely be small
and sedimentation will be unimportant (36). The small amount of BC
and CIM that do not enter the stratosphere could also produce cirrus
changes in places surrounding the injection region. BC particles re-
maining in the troposphere could also perturb the local thermal
structure. However, the injection region is very small (100 km by
8 km), and the period is very brief (10 days). Therefore, it is expected
that the regional impacts will be limited, both spatially and temporally.
Before any implementation, this must be thoroughly assessed with
mesoscale and cloud-resolving model studies.
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Impacts will not be restricted to the immediate vicinity of SPL
injection. All BC particles (and particles from CIM) will eventually
reenter the troposphere and could affect cirrus distributions global-
ly. This effect also needs to be quantified, as do dynamical changes
induced by whatever CIM is used as well. Here, we only consider
the added thermal changes due to using a light-absorbing aerosol
for SPL; there is much work ongoing looking at large scale weather
changes due to direct stratospheric injection (37). Detailed model-
ing studies are needed to quantify this potential effect.

SPL as described here is a first step that could make it easier to
initiate stratospheric CI because it does not require the develop-
ment and manufacture of a new airborne platform. Before any de-
ployment, a careful assessment of the risks and benefits is required;
our analysis limits the amount of solar-absorbing aerosols, thereby
minimizing potential impacts beyond that of the added stratospher-
ic CI material. However, as noted in other studies (5, 8, 25), im-
pacts solely from the added CI material are likely to be large. Ideally,
multiple methods will be thoroughly studied theoretically to identify
the optimal combination of CI implementation strategies. Such an
evaluation needs to address all possibilities, including tropospheric- and
stratospheric-based albedo modification methods, carbon capture,
emission reductions, and adaptations. As others have also noted, CI
would at best be a temporary solution, undertaken with interna-
tional concurrence, to buy time by keeping surface temperature in-
creases below critical thresholds while simultaneously developing
mitigation and carbon capture technology (4). SPL may allow im-
plementation of SAI with abbreviated technological development.

MATERIALS AND METHODS

Global climate model: CESM-CARMA

We use the National Science Foundation/Department of Energy
CESM coupled with a sectional aerosol scheme, the CARMA
(CESM-CARMA) (24, 38, 39) for this study. The horizontal resolu-
tion of the model is 1.9° (latitude) by 2.5° (longitude) with 56 vertical
levels up to ~1.8 hPa. The model’s time step is 30 min. The model
runs with both stratospheric and tropospheric chemistry. For this
study, we inject BC and CIM into one model grid box during
daytime hours (8:00 a.m. to 8:00 p.m. local time) during 10 days in
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June over a 10-year period. The thickness of one model grid box
near 13.5 km is about 1 km. The model is free running with the
prescribed sea surface temperatures, and the injected aerosols are
radiatively active. CARMA tracks two groups of aerosols. The first
group consists of pure sulfate with 20 size bins, ranging from 0.2 nm
to 1.3 um in radius. The second group consists of internal mixtures
(with the core-shell approximation) including organics, sulfate, dust,
sea salt, and BC, ranging from 0.5 to 8.7 um in radius.

CARMA provides detailed particle information (i.e., wet radius,
chemical composition, and hygroscopicity), which varies with time
and location. The information is used to find aerosol optical properties
from a lookup table generated based on the Mie theory. Refractive
indices of 1.95 + 0.79i were used for BC at mid-visible wavelengths
(19). The calculated optical properties are then passed into CESM’s
radiation module (Rapid Radiative Transfer Model for GCM:s) (40)
for radiative calculations (e.g., heating rate and forcing).

The same model and similar model settings were applied to simu-
late the 2017 Pacific Northwest fire smoke (19). The observed
plume lofting in the 2017 event was reproduced by CESM-CARMA
with aerosol-radiation interactions. In the present study, we assume
that the soot particles are spheres rather than fractal aggregates,
likely representing a lower bound for the lofting efficiency because
flufty soot aggregates would absorb more sunlight, hence introduc-
ing more buoyancy. The size distribution for BC for both studies is
based on a daily mean size distribution retrieved by Aerosol Robotic
Network at the University of Nevada, Reno on 26 August 2013
when Rim fire smoke heavily affected the site (41).

Model evaluation

For the 2017 event, we used the model to simulate the plume rise
with various BC-to-organic carbon ratios (BC/OC). We found that
the model was able to reproduce the plume rise when BC/OC is set
to 0.02. Therefore, how well the model performed can be judged by
how close the assumed BC/OC ratio of 0.02 is to the real BC/OC
ratio. There are a few reported measurements of the BC/OC ratio
for other fire plume events in the troposphere and lower strato-
sphere [~0.03, (42), 0.015 to 0.025 (41), and ~0.004 (43)]. Because
the ratio varies fire to fire, these results can only be used to bracket
our model performance. The value that we use (0.02) falls within
the range noted for the previously measured fires.

Model suitability

The CESM resolution is too coarse to explicitly resolve thunder-
storm events that led to the overshooting pyroCB in the 2017 wild-
fire case or to model the detailed initial plume evolution discussed
in this work. However, the goal of this work is to determine how to
loft CIM from 13.5 to above 20 km. For this goal, the model is ade-
quate, as illustrated in the 2017 pyroCb work. The reason that we are
able to model a plume rising is because, in both cases, the plume is
lofted by solar heating, which depends on only BC density (micro-
gram per cubic centimeter), and is plume size independent as long
as the attenuation of solar power by BC is not substantial inside the
plume (true in both cases). The success of modeling the plume rise
for the 2017 pyroCb event lends us high confidence that the model
is adequate for SPL modeling.

Considerations of the injection
Injections of CIM in conventional scenarios are usually made year
around (25). The SPL method, on the other hand, requires injections
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to be made in much shorter period. The reason is that the total
amount of RAP needed to loft a given amount of CIM is determined
partially by dilution. More dilution will lead to more required
RAP. To minimize dilution, the injection should as compact as pos-
sible in terms of both space and time. The 10-day period is
chosen with the consideration of reasonable flights achievable per
day. If the period is stretched to the entire year as in conventional
scenarios, then the RAP requirement will increase substantially,
mostly due to vertical dilution that can be ignored in our model
experiment.

The effectiveness of SPL depends on how much solar energy a
volume of air mass can absorb. More absorbed solar energy leads to
more heating, which, in turn, leads to stronger lofting. As long as
CIM does not impede the absorption capability of the SPL material
(RAP), it does not impact the effectiveness of SPL. Therefore, it is
not the ratio of RAP to SO, that is important for the lofting but
rather the ratio of RAP to total air mass at the injection altitude.

Injection plume modeling

In this work, we adapt the Gaussian diffusion model by Diirbeck
and Gerz (28). Under this framework, the cross-sectional growths
of a single plume can be expressed analytically

2.2 3,22 .2 2 1%
on(t)= 3 Dyt + 570, ot" +2Dpt + op g (1)
and

ou(t)= 2Dyt +02g) " )

where h and v denote the horizontal and vertical directions, s is the
wind shear rate, D is the diffusion coefficient, and oy and oy, are
the initial plume width and height, respectively.

For a single plume (a horizontally laid cylinder), the horizontal
stretching and diffusion perpendicular to the cylinder are dominant
factors that control the plume dispersion. The modeled plume hori-
zontal width grows about 1200 times over 1 day (Fig. 5).

To disperse the RAP and CIM, multiple plumes are generated in
very close proximity. An example is given in Fig. 6. An aircraft injects
10° kg of CIM on a 200-km track (a round trip in a 100-km-long
box). The initial plume diameter at a 13.5-km altitude is assumed to
be approximately 1.3 m, which is determined by the flight track
length and the CIM load. The initial diameter determines the final
combined plume width. The same amount of RAP in a larger vol-
ume will produce a smaller heating effect. Because there are uncer-
tainties in the plume spread, as a conservative estimate, we assume
that the initial plume diameter is 10 times larger or 13 m. It will take
actual in-flight tests to assess the actual plume expansion and how
much RAP is needed. Here, we choose conditions that likely result
in an overestimate of required RAP to achieve the desired lofting.
Therefore, the calculated environmental impacts from our RAP
estimate are an upper limit.

A total of 11 plumes [13-m full width at half maximum (FWHM)
diameter cylinders] are generated with an 800-m separation be-
tween neighboring plumes. Although, in practice, thousands of
plumes will be laid each day, 11 plumes are sufficient to simulate the
plume dispersion and yet allows clear illustration in Fig. 6. Individ-
ual plumes are assumed to disperse according to the Gaussian model.
Because of the close proximity of plumes, these plumes quickly
merge into a single plume layer of ~8.8-km horizontal FWHM after
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6 hours. Adding more plumes within this 8-km band does not affect
the width evolution. The combined plume continues to evolve,
eventually expanding to a width of ~17.4 km after 1 day. The
time-averaged plume width is ~11.4 km, so the BC concentration is
diluted by about a factor of 1.4 in the first day. Therefore, if the
initial BC concentration inside an 8-km wide box is set at 1.4 times
the value used in Results section (~10 pg m™>), then it is sufficient to
loft the CIM material into the stratosphere. The length of the box is
set at 100 km. To achieve a similar lofting as simulated in the global
model of grid cell area of 208 km by 279 km, the amount of BC
needed for a 10-day period is about 10 Gg for this 100 km-
by-8 km area.

For a single layer of plumes laid side by side as shown in Fig. 6,
additional dilution due to vertical diffusion and solar heating of BC
and subsequent vertical plume raise has to be considered. This dilu-
tion is difficult to characterize without sophisticated modeling.
However, in any realistic CI scenario, multiple layers of plumes will
be laid in each day. Closely stacked layers of plumes will likely greatly
reduce the effect of the vertical dilution.
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