W) Check for updates

Aerosol Dynamicsin the Near Field of the SCoPEx Stratospheric Balloon
Experiment

C.M. Galjat, L. W. Chew?, J. A. Dykema?, and D. W. Keith!

1 Harvard John A. Paulson School of Engineering/Applied Sciences, Cambridge, MA, USA.
2 Massachusetts Institute of Technology, DepartroéMechanical Engineering, Cambridge,
MA, USA.

Corresponding author: Colleen Golg6lja@g.harvard.edu

Key Points:

* Improved models of stratospheric solar geoengingaequire accurate predictions of
aerosol formation in aircraft wakes.

* A new 3D aerosol microphysics model predicts disiion and optical density of sulfate
and calcite aerosols in the SCoPEXx propeller wake.

» This model is a step towards quantitative compartsstween models and measurements
of aerosol formation in stratospheric wakes.

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2020JD033438.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1029/2020JD033438
https://doi.org/10.1029/2020JD033438
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JD033438&domain=pdf&date_stamp=2021-02-01

Abstract

Stratospheric aerosol injection (SAI) might allégisome climate risks associated with
accumulating greenhouse gases. Reduction of spgcdtess uncertainties relevant to the
distribution of aerosol in a turbulent stratospbevake is necessary to support informed
decisions about aircraft deployment of this tecbgg! To predict aerosol size distributions we
apply microphysical parameterizations of nuclegtmmndensation and coagulation to simulate
an aerosol plume generated via injection of calpiteder or sulphate into a stratospheric wake
with velocity and turbulence simulated by a thréaeahsional (3D) fluid dynamic calculation.

We apply the model to predict the aerosol distrdyuthat would be generated by a propeller
wake in the Stratospheric Controlled Perturbatigpefiment (SCoPEXx). We find that injecting
0.1 g s' calcite aerosol produces a nearly monodispersaghnd that at the same injection rate,
condensable sulphate aerosol forms particles wighage radii of 0.1 um at 3 km downstream.
We test the sensitivity of plume aerosol compositgize, and optical depth to the mass injection
rate and injection location. Aerosol size distribotdepends more strongly on injection rate than
injection configuration. Comparing plume propertigth specifications of a typical photometer,
we find that plumes could be detected opticallyhaspayload flies under the plume. These
findings test the relevance of in situ samplingefosol properties by the SCoPEXx outdoor
experiment to enable quantitative tests of micrgpdsyin a stratospheric plume. Our findings
provide a basis for developing predictive modelSAf using aerosols formed in stratospheric
aircraft wakes.

1 Introduction

Solar geoengineering, or Solar Radiation Modif@affSRM), is the largescale
intentional manipulation of Earth’s radiative butlfge the purpose of offsetting radiative
forcing introduced by accumulating greenhouse gadasintroduction of aerosol or aerosol
precursors to create an artificial reflective stsgheric aerosol layer, known as stratospheric
aerosol injection (SAl), was identified as a pramgsform of SRM in the National Research
Council report (2015). Current literature suggdisét, coupled with emissions cuts, SAI could
reduce increases in global mean temperature anehextclimate events (droughts and extreme
precipitation) associated with increased greenhgaséurdens. Recent works, including Irvine
et al. (20164, 2017, 2019) and Kravitz et al. (9Gflail these climatic effects and their global
distributions.

SAl is contingent on the ability to artificially gerate stratospheric aerosol. Several
methods of transporting aerosol into the stratosphave been considered in the literature,
including artillery shells, hoses, balloons andraift (Battisti et al., 2009; Davidson et al., 2D12
Of these, the release of aerosol or aerosol prectn@n aircraft is considered both feasible and
relatively inexpensive (Irvine et al., 2016b), #i@re the remainder of this work will focus on
understanding SAI in the context of aircraft injent While many studies have examined
stratospheric SRM in general circulation modeldy dwo studies (Benduhn et al., 2016; Pierce
et al., 2010) have simulated the creation of ansm@plume from an aircraft. Both studies used
zero-dimensional aerosol microphysics driven byTtheco and Yu (1997) plume dilution study.
Observational data on aerosol behavior in stra@sgphircraft plumes is similarly limited
(Fahey et al., 1993, 1995; Turco & Yu, 1997). Maceurate predictions of the SAIl aerosol
distribution produced by aircraft will require batimodels that are tested and improved by more
SAl-specific observations.
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To effectively model the climate impacts of SAluple development from realistic
injection scenarios must first be modelled, vakdiatand applied as initial conditions for global
circulation models (GCMs). While the majority ofrcent GCM studies represent SAl as a
uniform solar reduction (Kravitz et al., 2011, 2918 subset of models explicitly simulate
aerosol microphysics, allowing size distributioadreely evolve (Dai et al., 2018; Simpson et
al., 2019; Tilmes et al., 2009). However, even n®dath explicit aerosol microphysics
implicitly assume that injected aerosol or aergsektursors are instantaneously mixed into
model grid boxes with horizontal scales of 100 kngr@ater. This approach neglects the near-
field response, meaning the small-scale chemiahiptuysical processes which would occur in
aerosol plumes generated by aircraft. In the nelt, the high concentration gradients which
define a plume will drive non-linear microphysigaibcesses and chemistry (Cameron et al.,
2013). In some cases, near-field microphysics &ednestry will play an important role in
determining the aerosol size distribution that raikgo the background stratosphere.

Three options for the generation of stratosphestosols have been proposed: (a) the
release of gas phase 50) the injection of SOQs gas to form accumulation mode (AM$y
aerosol (Pierce et al., 2010) or, (c) the injectbsolid aerosols (e.g. calcite, diamond, alumina,
titania) (Ferraro et al., 2011; Pope et al., 20Elter et al., 1996; Weisenstein et al., 2015).

The radiative efficiency, or the radiative forcipgr injected aerosol mass, of sulphate
aerosol is strongly size dependent. Backwardsesaagtefficiency decreases beyond an optimal
radius of 150 nm, while gravitational particle Bet increases with particle size. Heckendorn et
al. (2009) found that injection of gas phase,Shich slowly oxidizes to form S§y) before
producing sulphate aerosol, tends to form partieliéis radii substantially larger than the optimal
size (r > 1um). This tendency serves to decreasefthctive radiative cooling per unit mass of
injected sulfur. Direct injection of AM- ¥$Q4, which immediately forms sulphate aerosol, to
better control, or “steer,” aerosol size distribatwas proposed by Pierce et al. (2010). Only two
studies, Pierce et al. (2010) and Benduhn et @L&P, have looked at the near-field dynamics of
the injection of AM- HSQuwinto an aircraft wake. Each of these used expanglimge models
with nucleation and coagulation parameterizati@angtfe HO- H,SQ; system which remain
largely unvalidated for the high density, high teargiure conditions of an aircraft wake. In both
cases, a simulated high-density injection of AMSEy was allowed to develop until adequately
diluted into pre-existing background particleswaich point the final sulphate aerosol size
distribution was extracted.

Solid aerosols for SAI were first proposed by Tred#ieal. (1996), and a growing literature
has looked at the use of solid engineered parti€egeral studies have found that for the same
radiative forcing, solid aerosols can produce ézsme loss, stratospheric heating and forward
scattering as compared to sulfate aerosols (Feetaab, 2015; Keith et al., 2016; Pope et al.,
2012; Weisenstein et al., 2015). However, no stildase investigated behavior of a high-
density injection of solid particles on spatiallssaelevant to aircraft injection.

GCM and two-dimensional (2D) global scale studiagehinvestigated the impacts of
introducing AM- SOy as compared to S@). Findings of these works suggest that SAI using
AM- H2SOQw may give better control of particle size and piahigher radiative efficiency
relative to an Sejg) injection (Dai et al., 2018; Vattioni et alQ19; Weisenstein et al., 2019).
In the case of solid engineered patrticles, a gl@bathemical transport model has been used to
predict climactic outcomes of SAIl using injectidnnaonodisperse solid aerosols (Keith et al.,
2016; Weisenstein et al., 2015). All of these rssilowever, depend on the size distribution of
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the aerosols injected into the grid-boxes of a globodel, and in the case of solid aerosol or
AM- H2SOuthat size distribution will be strongly dependentpdume-scale behavior.

Observations of stratospheric aerosol formatiorgaseous S£njection from volcanic
eruptions and aircraft emissions provide informatdout the behavior of aerosols in the
stratosphere and the largescale climatic impag®oit source injections (Friedl, 1997;
Haywood et al., 2013; Proctor et al., 2018; Raheted., 1998; Robock, 2000; Trenberth & Dai,
2007). However, data from volcanic eruptions dostaingly constrain estimates of response to
continuous or non-point source injection and aft@missions exhaust sulfate in low
concentrations compared to what would be expettethiementing SAI. In both cases, high
concentrations of co-emitted constituents detrachfthe usefulness of the data, and neither
observation relates to solid engineered partidiesrefore, these observations alone cannot
effectively validate an SAl-like injection. Measurents in the exhaust plume of the Concorde
aircraft highlighted uncertainties in the micropicgsof the HO- H.SOQy aerosol system in an
aircraft wake. Classical condensation and coagulgiarameterizations were unable to replicate
particle growth in the exhaust plume to achievesole=d size distributions, and particle
characteristics were highly sensitive to the hoemagpus nucleation rate (Brown et al., 1996;
Fahey et al., 1995; K&rcher et al., 1995). Thisypted the theory that accounting for ion-
mediated nucleation was necessary to accuratetijgpigarticle growth under high temperature
conditions, although this has not been furtherdaéd (Yu & Turco, 1997). Datasets from
convective events in the lower stratosphere andavat eruptions give insight into mid-field
(10-1000 km) to global transport of aerosols, bunhdt provide information about near-field
plume and particle dynamics. No direct observatmfrstratospheric AM- E5Q; or solid
aerosol exist to provide avenues for model valadati

Robust understanding of the microphysical procesktdsese materials will require the
intentional co-development of model and observatiexperiments focused on constraining
uncertainties of aerosol nucleation, condensagwaporation and coagulation under SAl-like
conditions in the stratosphere.

In this study we investigate aerosol growth dynamising a 3D microphysical model
driven by the velocity and turbulence fields froigtiresolution computational fluid dynamics
simulations. We base our simulation on the desfgheStratospheric Controlled Perturbation
Experiment (SCoPEXx) which was proposed by Dykenad. ¢2014) to investigate aerosol
microphysics in a turbulent wake and to collecoinfation about catalytic chemistry and
dynamics of the lower stratosphere (~20 km altiju8€oPEx will use propellers to steer the
payload and generate a region of turbulence intcwderosol or aerosol precursor will be
injected. The payload will then navigate downstréarsample the plume at multiple locations.

We incorporate these design features in our madstiudy the injection of a solid aerosol
and vapor-phase aerosol precursor from a balloglogd. We vary initial aerosol mass fluxes
and examine the size distributions and opticalaabglity of produced plumes. We are
particularly interested in the ability to producplame where the size distribution is
representative of a radiatively efficient SAI dgpteent from an aircraft. Model inputs may be
updated by the SCoPEx team with measured plumengigabparameters to compare model and
observations. In the concluding discussion we dpéz@about how this model may be applied to
study SAl in aircraft plumes.
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2 Mod€

Our modeling system is made up of three sub-mo¢&lsa commercial computational
fluid dynamics (CFD) package to compute a 3D timariant distribution of velocity and
turbulent diffusion; (b) a MATLAB-based advectioiffdsion scheme to carry aerosol through
the CFD-derived velocity-diffusion fields; and @}sectional aerosol microphysical model that
computes the evolution of the aerosol size distidoun each grid cell via nucleation,
condensation and coagulation. All modeling apantnfthe CFD analysis used MATLAB 2017a,
and all computations were run on the FASRC Cantustar.

2.1 CFD with ANSYS Fluent

The computational fluid dynamics (CFD) domain isstoucted with ANSYS
DesignModeler and meshed with ANSYS Meshing, botthe ANSYS Workbench package
17.2. Following the best practice guideline for CfHBanke et al., 2004), the inlet and outlet of
the domain should be at least &pstream and bdownstream of the propellers, wheres the
propeller diameter (1.9 m). The inlet is 20 m ugaitn and the outlet is 3000 m downstream,
satisfying both requirements. The entire CFD donmancylinder of diameter 200 m and length
3 km. The domain consists of 12 million cells inalaptive mesh, with the finest cell (0.025 m)
in the vicinity and downstream of the propellereeTmaximum cell expansion ratio is 1.2 to
ensure no sudden change of the mesh resolution.

The simulation is conducted with the finite-volus@ver ANSYS Fluent. We use a
steady Reynolds-averaged Navier-Stokes (RANS) salith the standard k-turbulence
closure scheme. The SIMPLE (Semi-Implicit MethodRoessure-Linked Equations) algorithm
is used for pressure-velocity coupling. The LeagieBes Cell Based method is used for
discretization of gradients, the Second Order sehismsed for discretization of pressure, and
the Second Order Upwind scheme is used for digetedn of momentum, turbulent kinetic
energy and turbulent dissipation rate. The boundanglitions are: constant velocity of 1 fest
the inlet, uniform reference (gauge) pressure Ba@t the outlet, and free-slip at the outer
surface. The propellers are modeled as 3D Fan Zgitled..8 Pa pressure jump. The far-field
ambient pressure is set at 5529 Pa and the fluidityes 0.0889 kg m. These conditions
simulate two propellers moving forward steadilyLah s at an altitude of ~20 km.

2.2 Advection and Diffusion Model

Advection and diffusion are driven by the steadyestelocity fields produced by Fluent.
Velocities and diffusion coefficients are intergeld from the unstructured Fluent grid to the
model grid using a Delaunay triangulation of thatssred sample points via MATLAB'’s
scattered interpolant function, using a linear radtiihe algorithm is detailed by Amidror
(2002).

The coefficients for turbulent diffusion are comgaifrom turbulent viscosity using the
standard ANSYS Schmidt number of 0.7. As describebe section above, we assume a
stratosphere with laminar background flow of I%vend do not attempt to represent high
intensity turbulence. All turbulence accountedifothis this model arises from motion of the
propellers. This omission seems reasonable giveestimated waiting time of approximately
24 hours between turbulent encounters for a tygitatospheric air parcel (Vanneste, 2004).
Balloon experiments, like SCoPEX, can likely avsighificant turbulence if isolated from lee
waves, jet stream adjustments, and vigorous atneogptonvection.
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To balance both the constraints required to achiewmeerical stability and the need to
resolve a small enough spatial scale to mimic tigadrom a nozzle, the desired domain of 3
km was broken into three nested grids. This allofeedhigh resolution at the nozzle “inlets”
while keeping the simulation computationally trdxtéa Measured from the propeller, these
regions are defined as: Box 1, from -3 to 6 m, \@ith m resolution, Box 2 from 6 to 100 m at 1
m resolution, and Box 3 from 100 to 3000 m with 3asolution. These boxes encompass the
entire x dimension of the Fluent domain. Box bouiedaare based on the average magnitude of
the x-direction velocity, leveraging lower velocitglues to increase the numerically stable
spatial step, as detailed below.

We apply a second order accurate Lax-Wendroff aduescheme with a Superbee flux
limiter to prevent spurious oscillations in locatsowith high velocity gradients while also
preventing excessive numerical diffusion. 3D versiof this method were adapted from
LeVeque (2002), and employed using logic outlingdmaoui and Radi (2001). Operator
splitting enabled the separate computation of diffn across each time step. This was done
using a simple 3D finite difference scheme as desdrby Hyman et al. (1997). The time steps
for each domain were chosen to ensure that thea@tériedrichs-Lewy (CFL) value in each
dimension did not exceed 0.8, and was, on avegdpstantially smaller. This value was chosen
based on testing in Box 1, where we found a tatad@in mass error of 0.39% as compared to
simulation with a maximum CFL equal to 0.065. T¢twsresponded to timesteps of 0.008 s, 0.08
s and 0.9 s for Box 1, 2 and 3, respectively. Thgimum diffusion coefficients of a given box
were at most two orders of magnitude smaller tharimum velocity values in the same
domain, such that achieving advection stabilityuregments ensured numerical stability of the
diffusion scheme.

2.3 Sectional Aerosol Model

The nucleation, condensation and coagulation stibexsiof the Atmospheric and
Environmental Research (AER) 2-D chemical transpartlel (Weisenstein et al., 1997,
2006) were translated into MATLAB and coupled te #dvection and diffusion code described
above. They were applied, as discussed below parately analyze the continuous release of
calcite (CaC@(s)), or sulfuric acid (tBQu(g)), into the modeled propeller wake.

This model uses 40 logarithmically spaced sulfat®sol bins, ranging in
size from 3.9x18 to 3.2 um, representing a doubling of particlemet from bin to bin. Solid
calcite aerosol is represented by 8 sectionalfainging from 0.28 to 2.8 pm, in which the
number of monomers per particle is doubled betvasiacent bins. Simulated sulfate aerosols
are formed through homogeneous nucleation&® and HO vapor, with explicit simulation
of condensation, evaporation and coagulation (\wstsén et al., 1997, 2006). Calcite aerosols
are injected as monomers, and size distributioasrardified only by coagulation among
particles. This study did not include simultaneoysction of gaseous and solid species, and
therefore only homogeneous coagulation is considere

Because temperature, pressure, and relative hynadithis experiment are held
constant, sulfate aerosol weight fraction is basethe total gas phase concentration of sulfuric
acid at a given location. Aerosol composition isdito calculate the nucleation rate and critical
cluster radius as presented in Vehkamaki (2002)hdensity injection of FBQu(g) was found
to exceed the validity range of the Vehkamaki nakiba rate parameterization of 2@nt3s? in
some spatial locations. To account for this, th&RAtticleation module was modified to identify
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locations where the concentration of sulfuric a@ideeds the threshold of barrierless

kinetic particle formation, and to calculate theleation rate via the parameterizations

of Maattanen et al. (2018). Following the preced#Rierce et al. (2010), all sulfuric acid vapor
is forced to condense if the nucleation rate exs¢lee total particle density in a given spatial
location.

The condensation and evaporation scheme, as givelaimill and Yue (1980), and
applied in the AER 2D model, are applied withoutdifioation. These processes are grouped
into a subroutine which calculates the growth sslof mass from a sulfate aerosol. The change
in particle volume per second per surface areatisrchined from the sulfate aerosol weight
fraction and surface vapor pressure, where a auneabprrection for the Kelvin effect is
included in the calculation (Weisenstein et al97)9 The coagulation schemes derived and
applied for sulfate and solid aerosol by Weisensggial. (1997, 2006, 2015) have been applied
without modification.

3 Results

The advection-microphysics model configuration dégd above is applied to
understand the near-field dynamics of calcite (Cg@@d sulfuric acid aerosol proposed for use
in SCoPEX. As we explore in the concluding disaussthis problem is similar to the aerosol
release into a stratospheric jet wake.

For the SCoPEx mission to provide observationsegleto SRM, it needs to produce
downstream aerosols with radii within the rangeoafghly 0.2 to 1.0 um. For calcite, the
objective is to maintain a high fraction of theasal in monomer form, while for sulfate an ideal
distribution would have a peak volume mean diam@t&D) of 0.6 um (Dykema et al., 2016).
The least desirable outcome of the SCoPEXx missitm ¢create particles substantially larger than
these ideal sizes, as both particle lifetime awdbtave efficiency decrease with increasing
particle size. Generation of largely smaller thdeai particles, while imperfect for assessing
radiative efficiency relevant to SAI, does not getw increase particle sedimentation rates within
the plume. Distributions centered on small partstkes may continue to evolve beyond the
domain of the study.
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Figure 1. Shown above are the steady state x-direction wglaciand turbulent viscosity fields
generated by ANSYS Fluent. Left panels show theegisrof disruptions to background x
direction flow of 1 m 3 at the inlets to two propellers, respectively tedaat (0,2) and (0,-2)
meters. The center panel shows the entire donraim, ® to 3 km, where the imposed white line
contours 1m$in plot (a), and contours 10% of the absolute maxn turbulent viscosity in plot
(b). Note Y direction scaling differs between tlemter and left panels. The right panel shows
cross sections of velocity (a) and turbulent viggd®) through the Y plane at varying X
locations.

The velocity and turbulent viscosity fields fronet@FD simulation are shown in Figure
1. These fields form the basis of the simulationiemment. We find peaks in x-direction
velocity, u, directly downstream from the modeled propellertees, with an absolute maximum
value of 6.33 m& By 1500 m downstream from the inlet locations, ¥klocity is reduced to
the imposed background flow of 1 m.gurbulent viscosity, used as a measure of particl
mixing with background air, exhibits a narrow distition of maximum values ~10 m
downstream from simulated propellers. With incregslistance downstream, the spatial
distribution of turbulent viscosity widens, attaigia full width at half maximum (FWHM) of 60
m by 1500 m downstream. Notably missing from tHesdds is the wake of the balloon itself,
which is assumed to be sufficiently far from thglpad to avoid wake crossing. Additionally,
this simulation assumes a laminar stratospherikdraand flow, neglecting the potential
impacts of breaking gravity waves. Results mayltezed by initializing the CFD simulation
with a higher turbulent ratio.
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Figure 2. A simplified schematic of the proposed SCoPEX lmailand payload system. Potential
injections scenarios 1 and 2 are shown in red &m bespectively, as injections from the center
of the system (S1), or the center of each propblér(S2).

The first challenge to achieving an accurate niedal-tlelineation is the numerical
representation of the physical injection nozzlegréntly, no literature provides technical
specifications relevant to aerosolizing material3al. Leveraging ongoing laboratory studies,
we assume that for SCoPEX, precipitated Cg@Wder with roughly monodisperse size
distribution centered at ~0.5 pm volume mean diam@MD) will be aerosolized using the
expansion of powder suspended in high pressureti@@ugh a 1-2 mm nozzle. Sulfuric acid
vapor will be emitted from a heated reservoir tigtoa nozzle of a few millimeter diameter. The
millimeter-scale injector orifices are too smalldioectly resolve, instead we model injection as a
3D gaussian distribution of mass flux into the nagtel, where the size of that distribution
represents the scale of the nozzle spray pattgmmogimately 10 cm from the orifice. We use
gaussian distributions with a full width at half xmaum (FWHM) of 0.3 m and 1.0 m for the
calcite and HSQu respectively.

The SCoPEx experiment team considered two confiigurafor the continuous injection
of material from the payload (Figure 2): scenari®1), a single point injection between the
propellers; and scenario 2 (S2), injection fromdahketer of each propeller. While scenario 1 is
the simplest to implement, we were not sure ifolhd adequately mix the material into a
sufficiently large volume. Defining the plume “edg@es locations where the total particle
number density drops below 1 énwe find plume diameter at 3 km to be insensitivénjection
scenario for injection of both AM4$0; and calcite. For sulphate, the FWHM (y-dimension
diameter) of the plume is consistent across ali@ages and mass injection rates, with a value of
93 m. This suggests that injection at or betweerptiopellers does not serve to greatly alter the
characteristics of the particles’ experienced vigldeld. Calcite injection yields similar resujts
with an average plume FWHM of 70 m and a standaxdation of 3 m, or one spatial grid cell.

These findings support that scenario 1 is effediveispersing material into the propeller
wake. We also find that the final size distributmfrparticles within the plume is impacted by
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injection location. Comparison between S1 and 3$@sacthe same mass injection rate shows an
average percent reduction in VMD at 3000 m of 118b 5% for sulphate and calcite injection,
respectively. The final size distribution of pale within the plume, while sensitive to location
of injection, is more dependent on mass injectain,ras discussed in the next section. For this

a. b.

dN/dlogr (cm ‘3)
dMW/dlogr (ug/m %)

10"

V:].

10 10° 10? 10 10° 10 107 10°
r (um) r (um)

reason, the remainder of our results will focuoatcomes of an S1 injection.

Figure 3. Steady state sulphate aerosol number (a) and (mesize distributions predicted by
the AER model. Red, blue and green lines represgttion rates of 0.1, 0.01 and 0.0001%g s
under Scenario 1, respectively. Solid, dashed attédilines represent average integrated
aerosol number density and mass through the pltisenagpling locations downstream of 5 m,
100 m and 3000 m, respectively.

Mass injection rates were varied by factors of 4@ 2000 to test the influence of initial
particle number density on the final plume aerssé distribution. These results (Figures 3, 4
and 5) show that particle size increases with tigaaate and downstream location. Increasing
the mass flux of kEBQy from 0.0001 g$to 0.1 g S, reduces the negative skew of the
downstream (3 km) size distribution by decreashegghare of smaller particles and shifting the
distribution peak towards radii of ~0.1um. Shifticegcite injection from 0.1 to 100 ¢'s
similarly reduces the share of monomer particleténfinal 100m of the plume to favor multi-
monomer (r > 0.275 pum) aggregates (Figure 4). Tifierences in the resulting VMD of low vs.
high initial mass fluxes, increase with distancevdstream, or longer time in the system (Figure
5).

While findings for both materials follow the samertds, we rely on coagulation to
promote particle growth when injecting gas phas8®, whereas the objective of injecting 0.55
KM monomer calcite is to minimize coagulation betmvparticles; to conserve monomer.
Increasing initial mass flux of $3Qs by a factor of 1000, from 0.0001 to 0.1°Y Bicreases the
number average particle radius at 3 km by 150066 10.0025, to 0.04 um, a desirable shift.
Comparatively, the lowest calcite flux of 0.1 & the most desirable, maintaining 99% of the
total mass in the final 100 m of the plume in moeomorm. Increasing mass injection rate to 10
g stand 100 g3, with an S1 injection, shifts peak mass loadintatmr particles of radii 0.5
and 0.75 pum, respectively.
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Figure 4. Calcite aerosol size distributions, shown as thetion of total mass of in each
sectional bin where the x-axis markers representémtral radius of each sectional size bin.
These distributions represent the percent of aedsol mass in the final 100 m of the plume
across the full domain. Results are shown for timgetion rates, 0.1 g’$10 g s, and 100 g's
1, for injection scenario 1 (red) and 2 (blue).
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Figureb. Steady state volume-mean particle diameter intedraver the y-z plane at increasing
distances downstream from injection location. Rissarle shown for condensableS@ injected
via scenario 1 at rates 0.1, 0.01 and 0.0001 assblue, red and green solid lines, respectively.
In all cases a monotonic increase in average padize is observed with distance downstream.

All tested mass injection rates display an increagmrticle VMD with distance
downstream. For sulphate, this results in partialigs VMD of 0.006, 0.04, and 0.1 um for
injection rates of 0.0001, 0.01, and 0.1'grespectively. This trend corroborates the notit
coagulation processes drive the final particle diz&ribution (Pierce et al., 2010). The relative
differences in VMD between injection rates areltvweest closest to the nozzle, where
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nucleation dominates, suggesting changes to nimbeate are not driving changes in particle
growth. After 6 m, virtually no gas phase3®; remains in the system, such that further changes
to particle size can only be due to particle coatyomh. In Figure 5, the rate of change of VMD of
the plume has significantly slowed by 1500 m, inmdythat the plume is disperse enough that
coagulation between particles is no longer relevanis finding tells us that to generate a
sulphate plume with particle VMD of 0.6 um, we mumstrease the initial mass injection rate;
simply allowing the plume more time develop is kely to produce the desired result.

3.1 Optical Detection

Steady state number density distributions acraséitlal domain were leveraged to
investigate detectability of the plume. Using Maatering theory, the extinction optical depth
was calculated by vertically integrating down cohgin the y-z plane. Figure 6 shows the
relative optical thickness of the sulphate anditakerosol plumes formed via scenario 1 with
an injection rate of 0.1 g'sCalcite exhibits greater optical thickness byoatter of magnitude
at 550 nm, with an average value of 8.6%A0d maximum of 0.014 across the domain, as
compared to sulphate, with an average of 9.8dtd maximum of 0.001.
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Figure 6. Extinction optical deptintegrated vertically through all columns in themple from
100-3000 m. Plots a and b show results for O 4ipjections of condensable,80; and calcite,
respectively. The resulting number density of ¢alaerosol is 490 cfhon the centerline at a
downstream distance of 1000 m, predominantly asomems. At the same location, sulphate
aerosol is present at a density of 2x@@r3. Aerosol optical depths were derived from Mie
scattering theory at 550 nm, using refractive iadifor sulphate and calcite stated in Dykema et
al. (2016).

To better understand detectability of a theoreftaine against background stratospheric
aerosol we extract a scattering measurement ahs58s could apply to observations from a
narrowband, narrow field view photometer with azihal/zenith pointing capability. We assume
an altitude of 21 km and solar elevation angle@sffor a SCoPEx-like flight occurring at solar
noon at 40°N during stratospheric turnaround. Ti&eoving instrument is assumed to be
situated on the payload gondola (Figure 1), 20@amfthe edge of the plume and positioned to
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observe the plume 1 km downstream of the terminaifaa scenario 1 type injection of calcite
aerosol.

Under these conditions, a notional photometer capl@y established viewing
geometries for measuring diffuse solar radiatioor(@s et al., 2014). We assume that the
gondola is physically located so it can scan tlecjpal plane by altering its zenith pointing
angle. By locating itself such that the plume aked at a zenith pointing angle of 20°, the ratio
of the aerosol plume scattering to the backgrosndaximized due to angular dependence of the
corresponding scattering phase functions. Theesealtradiation received by the photometer is
proportional to product of the angular scatteringfticient (units of mt sr), integrated along
the line of sight, and the photometer field of viéwsr).

For an injection rate of 0.1 g snd a vertical displacement of 200 m between lina@
and the gondola, the ratio of the angular cal@tgtering to the combined Rayleigh (molecular)
and aerosol background angular scattering is abuivhen integrated over the line of sight.
Assuming a photometer with a field of view compéedb that of Murphy et al. (2016) spanning
a half-angle of 2.5° or 0.0065 sr, the expectetiae optical power incident on the photometer
is about 15 nW. This level of optical power is abbwrders of magnitude above the noise floor
for a 1 ms integration time for compact, high-reliigy optical detectors working at 550 nm.
However, for this optical power the maximum achl#esSNR is about 6000, due to photon shot
noise. While a real instrument will achieve a resthiENR due to optical and electrical
inefficiencies, we expect adequate SNR to configetdtect the plume with a fast-scanning
radiometer via the solar radiation it scatters.

4 Discussion and Conclusions

We found injection scenarios that allow the SCoB&boon experiment to generate
sulfate or calcite aerosol plumes with size distitns that are relevant to understanding aerosol
deployment in stratospheric aircraft wakes. Inatof gaseous 50Oy with a mass injection rate
of 0.1 g s' using a single injection location forms partiokdgh a volume mean diameter of 0.1
pum, which are smaller than the ideal but large ghda be experimentally relevant. Injection of
solid calcite at 0.1 g'sproduces an almost perfectly monodisperse digtabu

Injection rate and injected material largely diettte aerosol size distribution and optical
thickness of the resulting plume. Plume diametéangely determined by the fluid dynamics of
the propeller wake and is insensitive to aerogeciion rate and location. In all cases, increasing
mass injection rate increased the average ophzdrtess and the peak of particle size
distribution of the plume. If injecting condensabl§SQs, larger mass injection rates favor the
formation of accumulation mode particles, while Imjection rates decrease total number
density, limiting condensation and coagulation asmanisms to grow particles. Alternatively,
increasing mass injection rate of calcite tendshift particle size distributions to favor aerosols
consisting of two or more monomer units. Underglame injection strategy, a calcite plume
exhibits significantly larger per mass scatteriffgciency as compared to a plume generated via
AM-H 2SO

We find that the aerosol plumes in the SCoPEx veaked be detected by broad-band
sun-angle-resolving photometer located just belmewtake. The primary measurement of
aerosol properties in SCoPEXx will be by in situogel instruments. Our scattering calculations
suggest that these observations could be compleddint a small photometer mounted on the
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SCoPEXx gondola as it is maneuvered under the WWdke detection method may also be
relevant to studies of aerosol formation in stral@sic aircraft plumes.

There are two important limitations to our studiyst our model incorporates Brownian
coagulation, but omits gravitational and turbuleségulation. In the latter case, particle inertia,
impacting relative particle velocities, and windlél shear, would serve to increase particle
collisions. These transport effects would likelyrdoate when the Stokes number is close to 1,
and may only be a small concern given our backgtdlaw of 1 m st (Benduhn, 2008; Riemer
et al., 2007). For particle distributions less thgum, Brownian coagulation largely dominates
regardless of atmospheric turbulence, suggestaighlese omissions are unlikely to have
influenced outcomes of sulphate injection in whaetnticle sizes largely remain below 1 um. As
particles become larger, the inertia of an indiaiquarticle within a flow field becomes
significant and turbulent coagulation becomes VT herefore, calcite distributions with
particles larger than micrometer size are likebklag coagulation kernel contributions from
turbulent processes. Second, the calcite coagulatioking coefficient was taken at a value of 1
but could have a real value anywhere between Qamtiese omissions and assumptions need to
be tested and verified through iterations with otsgons and laboratory studies.

This work provides a foundation to use observatfoo® SCoPEXx or similar
experiments to quantitively evaluate models of sg@rmicrophysics using observations. This
modeling framework can be used in combination ajhaerodynamic measurements, (b) lidar
observations of plume extent, and, (c) in-situipkerisize observations to constrain
microphysical quantities such as the coagulationdle The overall goal would be to test models
of aerosol microphysics by identifying weaknessethe parameterizations of high-density
aerosol nucleation, condensation and coagulati@nsimatospheric wake. With adequate
validation, this model can then be extended to msalar geoengineering deployment
technologies from an aircraft. Such a study wowddto extend nucleation parameterizations to
include ion-induced nucleation and interaction erffogol particles and precursors with other
species from the effluent streams in the aircrafkev This would naturally build on the work of
Pierce et al. (2010) and Benduhn et al. (201&héncontext of condensable${y, and extend
findings to solid aerosols, like calcite.

Iteration between model development and observatidstratospheric aerosol formation
will be needed to provide more accurate near-fiedlictions of aerosol properties used to
initialize global models of stratospheric respottsaerosol solar geoengineering.
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