Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 August 2025. Downloaded on 6/13/2026 4:12:45 PM.

(cc)

#® ROYAL SOCIETY

Environmental Science: e OF CHEMISTRY

Atmospheres

View Article Online

View Journal | View Issue,

Optimizing stratospheric aerosol lifetime and
albedo through particle morphology and refractive
index

i ") Check for updates ‘

Cite this: Environ. Sci.: Atmos., 2025, 5,
998

Benjamin Vennes,? Alison Bain, ©° James F. Davies & € and Thomas C. Preston {2 *a¢

Stratospheric aerosol injection (SAl) has been proposed as a geoengineering approach to temporarily offset
global warming by increasing Earth's albedo. Here, we utilize light scattering calculations to examine how
introducing solid aerosol particles into the stratosphere can enhance the Bond albedo, a key metric linking
reflectivity directly to radiative forcing. We explore how particle size, refractive index (both real and
imaginary components), and morphology (core-shell configurations) affect single scattering albedo,
phase function, and the resulting integrated solar reflectivity. Our results show how the optimal aerosol
size is governed by matching the wavelength of dipolar resonances with the peak of incoming solar
spectral irradiance. We also examine how dispersion, absorption, and size distribution affect the extent of
the Bond albedo enhancement and radiative forcing. Coated particles are also studied, and we find that
very thin lower-index coatings can spoil albedo enhancement (e.g., layers of water or sulfuric acid that
are only a few nanometres thick). Conversely, designing core-shell particles with a thin, higher-index
shell and a low-density core can retain high reflectivity while substantially reducing particle mass and
settling velocity, potentially extending the stratospheric residence time. The framework discussed here is
versatile, readily extending to systems beyond homogeneous spherical particles, and it provides
a straightforward means of comparing candidate SAlI materials while guiding future laboratory studies,
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DO 10.1035/d5¢a00026b work on particle design, field experiments, and climate model parameterizations to assess the viability

rsc.li/esatmospheres and risks of stratospheric aerosol geoengineering.

Environmental significance

Stratospheric aerosol injection (SAI) is one of the most debated proposed climate interventions. Uncertainties in SAI remain due to aerosol-radiation inter-
actions and stratospheric chemistry. This work demonstrates how engineering aerosol particles, particularly by tuning their refractive index and morphology,
can significantly improve Earth's reflectivity and prolong stratospheric residence times, thereby increasing their geoengineering efficacy. This study also
demonstrates that coatings can either diminish or enhance scattering and provide a practical framework for selecting and designing future SAI materials. Such
advances could reduce the frequency of injections needed, lowering operational costs and environmental risks associated with continuous particle releases.
Overall, these results offer a clearer path toward more targeted SAI strategies and underscore the need for careful experimental validation and climate model
integration with SAI implementation.

stratosphere, which form sulphate aerosol after oxidation. This
increase in stratospheric aerosol loading perturbs Earth's radi-
ative balance by scattering more solar radiation, cooling the
troposphere.”> The Mount Pinatubo eruption in June 1991

1 Introduction

Strongly motivated by the cooling observed after major volcanic
eruptions, stratospheric aerosol injection (SAI) has been

proposed as a temporary measure to combat the increased
global temperatures associated with climate change. Volcanic
eruptions can release large quantities of SO, into the
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introduced 1.7 x 10'° kg of SO, into the atmosphere, leading to
a global cooling effect of 0.5 K over 2-3 years.? This has moti-
vated scientists to apply climate and circulation models to
predict the potential cooling and other impacts of using
sulphate aerosol for stratospheric aerosol injection.*™*®
Sulphate aerosol particles are typically concentrated H,SO,4-
H,0 solutions due to their strong hygroscopicity and exhibit
a moderately high real part of the refractive index (RI) across the
solar-visible range (about 1.43 at 533 nm for 70 wt% H,SO,4).*
They absorb minimally in the visible region, but increasing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption through the infrared portion of the solar spectrum
may cause warming in the stratosphere, altering atmospheric
dynamics.”* Sulphate may also affect ozone concentrations in
the stratosphere. The injection of sulphate aerosol by Mount
Pinatubo led to a reduction in total ozone of up to 20% in some
regions and an average of 6-8% reduction in column ozone in
the tropics, resulting in increased surface UV exposure.® Similar
magnitudes of ozone reduction have been predicted for
sulphate SAI interventions.*®*'>** To alleviate some of these
negative effects, solid aerosol particles have been proposed as
viable candidates for SAI, with the potential to reduce the
impact on ozone, produce less stratospheric heating, and result
in less forward scattering than sulphate aerosols, for the same
radiative forcing.”

A range of alternative materials to produce solid aerosol
particles are now being explored for SAL***"*® Materials with
high real parts of the RI in the visible and near-infrared spec-
trum, such as diamond, calcite, alumina, titania, silicon
carbide, and cubic zirconium, will scatter radiation more effi-
ciently than sulphate.***?* Furthermore, many of these mate-
rials also have lower imaginary parts of the RI than sulphate
throughout the infrared region, leading to less stratospheric
warming.** They may also exhibit some advantages in terms of
the chemistry of the stratosphere, with calcite shown to have
less impact on atmospheric ozone compared to sulphate,
although alumina particles may have a strong depleting
effect.>*** The impact of solid aerosol particles on other trace
gases in the stratosphere, such as HCI, is less well-con-
strained.””?"*> A further limitation of solid particles compared
to sulphate is their increased density, leading to shorter
stratospheric residence times and requiring more frequent
injections to maintain cooling.”® As an alternative, hybrid
particles with novel particle morphologies could be engineered
to reduce the density and increase atmospheric lifetimes, while
maintaining the beneficial optical and chemical properties of
solid particles.>*3*

At the present time, available data on the optical properties
of candidate materials may not be sufficient to accurately
predict their scattering efficiency in the stratosphere. Further-
more, at the point of injection, aerosol will be highly concen-
trated and may undergo aggregation. If this occurs, the
scattering properties, which depend both on geometry and RI,
will be impacted.”® Additionally, under stratospheric condi-
tions, naturally present sulphate and water may condense onto
the surface of solid particles. A layer of liquid will alter the
optical properties of particles. These changes in optical prop-
erties, as well as the reduced stratospheric lifetime associated
with more massive particles, will impact the effectiveness of
solid aerosol for geoengineering.*

It is computationally intensive to incorporate a full consid-
eration of chemistry, transport, particle interactions, and
optical processes in a climate model, and we lack sufficient
physicochemical and optical data to fully predict the impact of
SAI in the atmosphere over the lifetime of the intervention.
However, a simple way to assess the impact of SAI candidates on
radiative forcing is to calculate the change in the Bond albedo
due to the addition of aerosol particles. The Bond albedo is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a measure of the reflectivity of an object and SAI methods aim to
increase the albedo by an amount that offsets the radiative
forcing impact of CO,. In this work, we apply a straightforward
optical model to calculate the Bond albedo and explore the
resulting global radiative effects of particles with a variety of
morphologies and optical properties. We also assess the impact
of the morphology on the lifetime of particles in the atmo-
sphere, an important consideration for the long-term effec-
tiveness of an SAI candidate.

2 Theory

We consider the change in Bond albedo, A4, arising from a layer
of homogeneously distributed particles in the stratosphere. The
analysis assumes that no scattering occurs above the introduced
layer, and that photons within the layer experience at most one
scattering event. Under these conditions, AA can be approxi-

mated as*
2 ol _ ol
Ad = — “ wfﬁEiundA} / “ E;“"dA}7 (1)
™ A A

where  is the single scattering albedo, 7 is the optical depth, §
is the isotropic upscatter fraction, E5'" is the solar spectral
irradiance, and the integration is performed over wavelengths 2
between A, and 2,. Here, the incident E5™" on the layer being
considered is taken to be the same as the top-of-atmosphere
(TOA) solar spectral irradiance.*

The single scattering albedo w expresses the fraction of
incident light that is scattered (rather than absorbed) by a single
particle and can be defined in terms of efficiencies as*”

— Qsca
Qexl ’

where Qgc, and Qe are the scattering and extinction efficien-
cies, respectively. The optical depth 7 quantifies the attenuation
of light as it travels through a column of monodisperse
particles:*”

w

(2)

T = NCuH, (3)

where N is the number concentration of particles, Cey is the
single particle extinction cross-section, and H is the height of
the column. Following Pope et al.,** these values are chosen so
that the volume of aerosol per unit volume of air is kept at the
dimensionless value of (47t/3) x 10~ ">, Therefore, for an aerosol
radius of 1 um, this corresponds to a number density of 1 cm™>.
We set H =1 km in all calculations. Because the optical depth
primarily depends on the total aerosol volume along the path,
a layer of 10 km in depth with a particle number concentration
of 0.1 cm™> has the same radiative effect (in terms of A4) as
a layer of 1 km depth with 1 em ™, since both yield the same
total aerosol volume.**

The isotropic upscatter fraction § denotes the fraction of
scattered light directed upwards, averaged over the solar inci-
dence angle. It can be reduced to the single integral®®

- 1 (7 .
8= I JO 6P()sin 6d6, (4)
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where P(f) is the phase function. For unpolarized light, the Mie
phase function is related to the amplitude scattering matrix
elements by*’

_ 10 +15:(0)”

P(6) 0

(5)
where S;(0) and S,(6) are the scattering amplitudes and x = 277/
A is the dimensionless size parameter (with r the particle radius
and A the wavelength of light). The scattering amplitudes are
summations over the mode number I

Si(6) = i%[bm,(cos 0) + a;t;(cos 6)], (6)
S>(0) = iZI;L 1[01,'rc,(cos 0) + byi(cos 6)]. (7)

=1

The Mie scattering coefficients a; (transverse electric modes)
and b; (transverse magnetic modes) depend on the particle's
optical (e.g., complex refractive index) and geometrical (e.g., size
parameter) properties, while the functions 7t; and t; determine
the angular dependence of the scattering, whose definition can
be found elsewhere.*® The extinction and scattering efficiencies
can also be expressed in terms of these Mie coefficients:

Qext = % Z (21 + 1)Re(al + bl)’ (8)
=1
) =
Ou= 5 ; @1+ 1) (Jal* + 1B1F). ©)

For a homogeneous dielectric sphere, the Mie scattering coef-
ficients are expressed as

oy = MUmOY() = () (m) (10)

my(mx)&;(x) — £,(x)y(mx)

my, (x)¥,(mx) — ¥, (mx)y(x)
mé(x)y,(mx) — ¥, (mx)&,(x)’

where m = n + ik is the complex refractive index of the spherical
particle and the Riccati-Bessel functions y,(z) and &,(z) relate to
the spherical Bessel functions of the first and third kind by y/(2)
= zj)(2) and &,(2) = zh(2).

When calculating the isotropic upscatter fraction, we insert
the scattering amplitudes from eqn (6) and (7) into eqn (4),
assuming the unpolarized form of the phase function given by
eqn (5). This results in the following double sum over the mode
number /:

by = (11)

1 d 2l+12‘°:2/+1

B= 272x2 Qea —~ I(1+1) — (l' n 1) [(bzb; + ala;)lllfl

+ (a,b; + b,a;) 1 2] 7
(12)
where ;"% are integrals defined by

I, = Jo 0(7:,7:,/ + r,r,«)sin 6de, (13)

1000 | Environ. Sci.. Atmos., 2025, 5, 998-1013

View Article Online

Paper

o
1% = ‘ H(TC/TC/ + r;r,/>sin 6do. (14)
JOo

These integrals do not depend on particle parameters and can
therefore be computed numerically once, tabulated, and
subsequently used for calculating the isotropic upscatter frac-
tion as a function of size parameter and refractive index. Fig. S1
compares calculations performed using the method described
here with those using the commonly employed Henyey-Green-
stein phase function to determine §.*® For the large refractive
indices and small particle sizes relevant to SAI, differences in
the resulting AA between the two methods are only a few
percent. Furthermore, once the integrals I,;? have been
tabulated, the practical difference in computational efficiency
between the methods was found to be relatively minor for the
systems studied here (the Henyey-Greenstein method was
slightly faster). Overall, in terms of both speed and accuracy,
either method is satisfactory for typical SAI studies.

The formalism presented here can be extended to spherically
symmetric layered particles (e.g., core-shell configurations) by
using the appropriate forms of a@; and b,.** For non-spherical
aerosols, more extensive modifications are required, as
random orientation relative to incoming solar radiation alters
both cross sections and phase functions. In the T-matrix
framework, these effects can be accounted for analytically by
computing orientation-averaged cross sections and phase
functions from the T-matrix elements.** However, non-spherical
aerosols are outside the scope of this work and are not
considered further.

3 Results and discussion

The Bond albedo quantifies the total radiation reflected from
Earth as a fraction of the total incident radiation and, thus, is
restricted to values between 0 and 1. A Bond albedo of 0 indi-
cates an object that absorbs all radiation, while a value of 1
indicates an object that reflects all incoming radiation. The
average Bond albedo of Earth is approximately 0.294,*> and
although the connection between changes in radiative forcing
due to Bond albedo and a CO,-equivalent warming effect is not
always straightforward,* it is estimated that the Bond albedo
would need to increase by 0.018 to offset the effect of doubling
CO,." As Bond albedo directly influences Earth's energy
balance, the change in Bond albedo, A4, serves as a useful
quantitative metric for assessing how modifications to Earth's
reflectivity, including geoengineering interventions like SAI,
impact radiative forcing.”* Relevant here, AA enables direct
comparisons between different scattering materials for SAIL

The correspondence between AA and the globally and
annually averaged radiative forcing, AF, can be determined
using a multiple reflection model*”***¢ for TOA forcing. When
the wavelength range in eqn (1) spans the entire solar spectrum
and the aerosol is weakly absorbing (v ~ 1), A4 and AF have the
negative linear relationship

AF = —kgAA (15)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Change in the Bond albedo, AA, as a function of particle radius and the real part of the refractive index. In all calculations, the imaginary
part of the refractive index is set to 107°. In (a), AA is calculated at 2 = 0.55 pm, in (b) across A = 0.38—0.75 um, and in (c) over the full solar
spectrum. The color bar in (c) shows values for both AA and the globally averaged radiative forcing, AF. In (d), the position of the maximum AA for

(a-c) is shown.

where kg is given by:
(16)

Here, D is the fractional daylength, F, is the incident solar flux
at the TOA (often referred to as the solar constant), T, is the
fractional transmittance of the atmosphere above the aerosol
layer, A, is the fractional cloud coverage, and Ry is the albedo of
the underlying Earth's surface. The parameters in kg represent
geophysical variables influencing the magnitude of radiative
forcing, whereas AA contains the aerosol-specific properties,
including optical depth, single-scattering albedo, upscatter
fraction, and aerosol microphysical properties such as size
distribution and composition. The solar constant, F,, is deter-
mined by integrating the solar irradiance E5"" over the entire
solar spectrum, which yields an approximate value of 1370 W
m ™2 If we set D = 0.5 and take the remaining variable values
from Table S24.2 of ref. 37 (T, = 0.76, A. = 0.6, and Rs = 0.15),
then for weakly absorbing aerosol, AF = —179.6AA (in W m™?).

Ky = gDFOT.j(l — A (1 — Ry

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 1 illustrates the variation in AA for spherical particles as
a function of the real part of the RI and particle radius. The
imaginary part of the RI is set to an extremely low value (k =
10~°) and has no effect on the results. The chosen range for the
real part of the refractive index spans the values observed for
most of the common SAI candidate materials (Fig. S2a). In
Fig. 1a, where AA is calculated at a single wavelength (1 = 0.55
um), distinct Mie resonances appear as sharp ridges across the
heatmap. These resonances arise due to the interaction of light
with the spherical particles at specific size-to-wavelength ratios.
However, these resonances are highly sensitive to wavelength
and are smoothed out when AA is calculated over a range of
wavelengths, as shown in Fig. 1b and ¢, where they no longer
appear. Fig. 1b considers visible wavelengths (A = 0.38-0.75
um), while Fig. 1c incorporates the full solar spectrum. Addi-
tionally, the magnitude of AA decreases from Fig. 1a-c as the
averaging over broader wavelength ranges reduces the albedo
change, and it is clear that considering only visible wavelengths
when calculating AA is inaccurate. Fig. 1c also contains AF

Environ. Sci.: Atmos., 2025, 5, 998-1013 | 1001
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Fig. 2 Panels (a), (c), (e), and (g) show the upscatter optical depth, w8, while panels (b), (d), (f), and (h) show the upscattered solar spectral

irradiance, wtBES""

, all plotted as a function of wavelength for different refractive indices at a fixed particle radius r = 0.10 um. The chosen

refractive indices are m = 1.5 for (a and b), 2.0 for (c and d), 2.5 for (e and f), and 3.0 for (g and h). In each panel, curves are shown for calculations
performed using (i) only the electric-dipole contribution, (ii) only the magnetic-dipole contribution, and (iii) all multipole modes (the full
calculation). The solar spectral irradiance, E3“", is also included in all panels for comparison.

calculated using eqn (15) and the geophysical variables listed
above. This directly quantifies the radiative impact (in W m™?)
associated with the changes in Bond albedo (A4) resulting from
different particle properties. The peak values for AF shown in
Fig. 1c reach approximately —5.0 W m ™2, indicating substantial
theoretical cooling potential. This magnitude exceeds the +3.93
+0.47 Wm ™ ? assessed by the IPCC ARG as the effective radiative
forcing from doubled CO,.*” However, the large forcing values

1002 | Environ. Sci.: Atmos., 2025, 5, 998-1013

in Fig. 1c arise under idealized assumptions regarding both
particle morphology (monodisperse, perfectly spherical) and
optical properties (high real refractive indices that have no
wavelength dependence and negligible absorption). As will be
subsequently shown, deviations from these assumptions reduce
the magnitude of this predicted radiative forcing. Finally,
Fig. 1d shows the particle radius at which AA reaches its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Panels (a), (c), (e), and (g) show the upscatter optical depth, w8, while panels (b), (d), (f), and (h) show the upscattered solar spectral

irradiance, wtBES""

, all plotted as a function of wavelength for different particle radii at a fixed refractive index m = 3. The chosen radii are r = 0.05

pum for (a and b), 0.10 pm for (c and d), 0.15 pm for (e and f), and 0.20 um for (g and h). In each panel, curves are shown for calculations performed
using (i) only the electric-dipole contribution, (ii) only the magnetic-dipole contribution, and (iii) all multipole modes (the full calculation). The
solar spectral irradiance, E5"", is also included in all panels for comparison.

maximum value of RI. While the locations are similar for high
refractive indices, differences emerge at lower RI values.

Fig. 2 examines the wavelength dependence of the integrand
in eqn (1) at a fixed particle radius of 0.10 um and imaginary
part of the RI set to zero. In addition to the standard calculation
(labeled “All multipole modes”), we perform separate calcula-
tions using only b; or only a,, thereby isolating the magnetic
and electric dipole modes, respectively. This is done to

© 2025 The Author(s). Published by the Royal Society of Chemistry

highlight the role that these two specific modes play in the
scattering process. Panels (a), (c), (e), and (g) show the upscatter
optical depth, w8, which determines what fraction of light is
reflected by the aerosol layer at each wavelength. For a real part
of the RI of 1.5 (Fig. 2a), wtf is relatively small and primarily
significant in the ultraviolet region. As the real part of the RI
increases (Fig. 2c, e, and g), distinct Mie resonances appear as
sharp peaks in the ultraviolet, while broad electric and
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Fig.4 Change in the Bond albedo, AA, as a function of particle radius for (a) rutile, (b) anatase, (c) a.-SiC, (d) diamond, (e) cubic ZrO,, (f) a-Al,Os3,
(g) calcite, and (h) sulphate. When calculating AA for these materials, the wavelength-dependent complex refractive index values between 0.2
and 3.00 pm were taken from Fig. 1 in ref. 24 and are also shown in Fig. S2.

magnetic dipolar modes dominate in the visible range. As the
real part of the RI becomes large (e.g., Fig. 2g where it is 3.0), the
particle behaves as a high-permittivity dielectric resonator at
visible wavelengths. Such resonators are characterized by strong
light confinement and low energy losses.**** Once a resonant
mode (here, the electric or magnetic dipole) is confined, cross-
sections increase, raising the upscatter optical depth. Another
important factor is the angular distribution of the scattered
light, which directly affects the isotropic upscatter fraction, 8.
Panels (b), (d), (f), and (h) of Fig. 2 show the upscatter solar
spectral irradiance, wtBES™. Integrating this quantity over all
wavelengths yields the total reflected power. Because solar
irradiance peaks in the visible region, the dominant contribu-
tion to the Bond albedo arises from the electric and magnetic
dipolar resonances excited there.

Fig. 3 illustrates how particle size influences these reso-
nances at a fixed RI of m = 3. At a smaller radius of 0.05 um
(Fig. 3a), the dipolar resonances lie in the near-ultraviolet,
whereas at larger radii (Fig. 3c, e, and g) they shift into the
visible and eventually into the near-infrared. In Fig. 3b and d,

1004 | Environ. Sci.: Atmos., 2025, 5, 998-1013

the reflected power peaks first in the near-ultraviolet and then
in the visible, where the electric and magnetic dipolar reso-
nances yield the largest increases in Bond albedo. Fig. 3d is
notable because a particle radius of r = 0.10 um is frequently
chosen in SAI proposals as being optimal for reflectivity. We see
that the reason why this size is optimal is because it aligns the
electric and magnetic dipole modes with the peak of the solar
spectral irradiance in the visible region. For larger particle sizes
(Fig. 3f and h), the dipolar modes lie outside the visible band,
greatly reducing their impact on the upscatter solar spectral
irradiance. Although higher-order modes begin to appear at
visible wavelengths for these sizes, their intensities are gener-
ally weaker than the dominant dipoles. To summarize the
physical insights from Fig. 2 and 3, optimal particle design is
primarily governed by the electric and magnetic dipole modes
of the particle. Therefore, the Bond albedo can be maximized by
tuning the dipolar modes to coincide with the peak of the solar
spectral irradiance. After the material is selected and the
refractive index of the particle is fixed, this is achieved by
controlling particle size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The effect of imaginary part of the refractive index, k, on the change in the Bond albedo, AA, as a function of particle radius and the real
part of the refractive index. The values of k are (a) 105, (b) 107, (c) 1072, (d) 107, (e) L, and (f) 10. The full solar spectrum is used in all calculations.

Fig. 4 shows how AA varies with particle radius for eight value for A = 0.55 um (dotted lines) and the other incorporating
different materials that are candidates for SAL>* Each panel a wavelength-dependent complex RI from 0.2 to 3.0 pm (solid
compares two calculations: one using a complex RI fixed at its  lines). Rutile, anatase, and a-SiC exhibit the largest AA peaks,
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which is expected since these materials have the highest real
part of the RI, n, in the visible region of the spectrum. They also
show the most pronounced differences at their optimal radii
when wavelength dependence is included, as n varies signifi-
cantly in this region (Fig. S2). For the remaining materials, the
discrepancy between the two calculations is negligible because
n remains relatively constant across visible wavelengths. Over-
all, while the inclusion of dispersion is necessary for accurate
calculations, it primarily acts as a first-order correction.

Fig. 5 shows the effect of the imaginary part of the RI, k, on
AA as a function of particle radius and the real part of the RI.
The full solar spectrum is used in all calculations. In Fig. 5a and
b, where k is small (k = 10°°® and k = 1072, respectively), the
imaginary part of the RI has a negligible effect on the results,
and the behavior is dominated by scattering. In Fig. 5c, as k
increases past 10 2, absorption becomes very significant,
leading to noticeable decreases in AA across the heat map. This
continues as k increases further (Fig. 5d and e) and AA is greatly
reduced. However, when k becomes extremely large, as shown in

1006 | Environ. Sci. Atmos., 2025, 5, 998-1013

Fig. 5f (k = 10), reflection begins to play a major role. This
behavior corresponds to the case of a metallic material, where
the real part of the dielectric function, &; = n*> — k%, governs
reflection by influencing the phase relationship between the
incident and reflected waves at the interface. When ¢, is nega-
tive, as is typical for metals at optical frequencies,” the RI
becomes predominantly imaginary, leading to strong reflection
and minimal transmission into the material. This arises
because a negative ¢; leads to a complex wave vector within the
material, causing rapid attenuation of the transmitted wave and
increased reflectance at the boundary. Consequently, as k
increases beyond n reflection dominates over absorption and
AA rises locally (of course, the strong infrared absorption of
metallic nanoparticles would make them poor overall SAI
candidates).

Fig. 6 shows the effect of particle size distribution on AA.
Log-normal size distributions with three different geometric
standard deviations (o) are calculated as a function of median
particle radius and refractive index, normalized to constant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculating AF,,, for these materials, wavelength-dependent complex refractive index values between 0.2 and 3.00 pm and densities were taken
from ref. 24 (the wavelength-dependent complex refractive index values are also shown in Fig. S2).
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aerosol volume. Fig. 6a-c show (a) a narrow size distribution (o,
= 1.1), (b) an intermediate size distribution (s, = 1.5), and (c)
a broad size distribution (¢, = 2.0). As the distribution width
(og) increases, the maximum AA decreases and shifts toward
smaller median particle radii and lower refractive indices.
Fig. 6d explicitly illustrates the radius at which the maximum
AA occurs, highlighting that narrower distributions have larger
optimal radii and higher refractive indices that yield maximum
changes in albedo.

We next examine realistic parameter variations by
combining wavelength-dependent complex RIs from the litera-
ture with varying log-normal size distributions. Fig. 7 plots the
resulting globally averaged radiative forcing per teragram of
injected aerosol, AF, for the eight candidate SAI materials
considered in Fig. 4. For all materials, as the size distribution
becomes more broad, AF,, decreases and the optimal median
radius shifts to lower sizes, following the trend seen in Fig. 6.
The eight panels in Fig. 7 fall into two classes: the high real RI
materials in panels (a-d) share very similar contour patterns
and reach substantially larger cooling values than the

1008 | Environ. Sci.. Atmos., 2025, 5, 998-1013

intermediate-to-low real RI materials in panels (e-h), where
AF,, is less sensitive to the median particle radius. Material
density also affects the results. The most striking example is
cubic ZrO,, which combines a relatively high real RI with the
highest density of any of the eight materials (5.68 g cm™?). Its
greater mass per particle reduces the cooling achieved per
teragram, explaining its weaker performance relative to purely
optical expectations. For a realistic intermediate size distribu-
tion (o, = 1.5), the key takeaways are that in general: (i) optimal
cooling with high real RI materials is more sensitive to the
median radius than with low real RI materials, and (ii) opti-
mizing the aerosol size distribution is more important than
small increases in the real RI (for example, all high real RI
materials exhibit similar cooling efficiencies).

The possibility that particles used for SAI become coated
with water or sulfuric acid is a significant concern for the
longevity and performance of the resulting aerosols. In the cold
stratospheric environment, water vapor and sulfuric acid can
condense onto the surface of particles, leading to changes in
both size and composition.> This process not only produces

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The change in Bond albedo, AA, as a function of shell radius and the ratio of core radius to shell radius for different combinations of core
and shell refractive indices. The values of the real part of the refractive index for the core and shell are (a) 1.0 and 3.0, (b) 1.5and 3.0, (c) 1.0 and 2.5,
and (d) 1.5 and 2.5, respectively. In all cases, the imaginary part of the refractive index is zero. The full solar spectrum is used in all calculations.

larger particles that sediment out of the stratosphere more of different radii and refractive indices. For high core refractive
rapidly but can also drastically alter how a particle scatters light.  indices (e.g., Fig. 8a), even a thin water coating on the order of
Fig. 8 shows how AA changes when a water layer of varying several nanometres can spoil the optimized optical properties
thickness (from zero to 0.20 pm) coats a spherical particle core of SAI particles.
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In general, core-shell structures provide additional param-
eters for optimizing particle properties in SAI (i.e., through shell
thickness and core-shell RI contrast). Fig. S3 illustrates the
geometry of a core-shell particles. While the examples in Fig. 8
show that a lower real part of the RI shell can diminish A4, this
is not the case for a higher real part of the RI shell. This is
explored in Fig. 9, which provides several examples of how AA
depends on both the thickness of a shell and its RI relative to
that of a lower RI core. In all cases, the imaginary part of the RI
is set to zero. First, comparisons between the left and right
columns in Fig. 9 show that, except when the shell is very thin,
the core's real part of the RI has little influence on A4, though
a higher core RI can allow the shell to be thinner while
preserving similar optical properties. Second, and more
importantly, in all six panels, it is apparent that a higher RI shell
enables AA to closely match that of a homogeneous particle; for
instance, in Fig. 9a, at an outer radius of ~0.1 pm, A4 is ~2 X
102 for a core-to-shell radius ratio of 0.5 and 0, the latter cor-
responding to a homogeneous sphere with a real part of the RI
of 3.0. The design implications here are that a low-density core
coated by a higher-density, higher real part of the RI shell can
optically mimic a solid particle made entirely of the higher RI
material. This offers a viable strategy for reducing overall
particle mass while retaining the desired scattering properties.

To evaluate how core-shell design influences particle
settling and stratospheric residence time, Fig. 10 shows the
settling velocity for 0.10 pm radius, homogeneous particles with
a density of 3510 kg m~* (the density of diamond) and core-
shell particles with a shell of the same density but varying core
densities (pcore). These calculations follow the method from ref.
37 and are outlined in the SI. For a core-to-shell radius ratio of
0.5, where the optical properties of the homogeneous particle
are preserved, the settling velocity can be reduced by about 12%.
Much larger decreases are achievable; for example, increasing
the core-to-shell radius ratio to 0.8 can lower the settling velocity
by about 50%, although this also reduces AA relative to a fully
homogeneous particle (see Fig. 9). Decreasing settling velocity
to extend residence times reduces the required injection rate to
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Fig. 11 Change in the Bond albedo, AA, in a core-shell particle as
a function of real part of the core refractive index and the real part of
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of core radius to shell radius is 0.8, and the imaginary part of the
refractive index is zero. In (a), AA is calculated at A = 0.55 pm, in (b)
across A = 0.38-0.75 um, and in (c) over the full solar spectrum.

sustain a given aerosol loading, potentially lowering operational
costs and minimizing environmental impacts associated with
continuous reinjection. However, these advantages must be
balanced against other design requirements, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maintaining the shell's mechanical and chemical stability while
preserving optimal optical properties. Core-shell and hollow
metal oxide nanoparticle synthesis are documented in the
literature.>*>* By “decoupling” the desired optical performance
(via a high-RI, high-density shell) from the gravitationally driven
removal rate (via a low-density or hollow core), this core-shell
approach offers a promising strategy for designing aerosols
with both high scattering efficiency and prolonged strato-
spheric lifetimes.

An additional design question that emerges when examining
core-shell structures is whether it is possible to achieve a higher
AA than that of a homogeneous particle made of either the core
or shell material alone. Fig. 11 illustrates the dependence of AA
on core and shell RI for particles illuminated by (a) mono-
chromatic light (A = 0.55 um), (b) visible wavelengths (A = 0.38-
0.75 um), and (c) the full solar spectrum. Fig. 11a shows that
substantial enhancements in AA are possible, most notably
along a sharp red-orange ridge that spans a broad range of core
RIs when combined with very high shell RIs (4.0-4.8). A weaker
enhancement is also visible at lower shell RIs. However, as
demonstrated previously in Fig. 1, illumination over a broad
spectral range smooths and suppresses resonance features that
dominate at single wavelengths. This effect is evident in Fig. 11b
and c, where the enhancement in A4 is significantly diminished
and limited to extremely high shell RIs. Consequently, while
composite materials can improve A4, the enhancement under
broadband illumination remains modest for simple core-shell
geometries (and requires shell RIs that are currently imprac-
tical). It may be possible that more complex composite particle
structures can improve this situation, but that is beyond the
scope of this work.

4 Summary

Within a light scattering framework assessing aerosol-induced
changes to the Bond albedo, we present several findings rele-
vant to SAI Overlapping a particle's electric and magnetic
dipolar resonances with the solar irradiance peak can signifi-
cantly enhance reflectivity, particularly for radii around 0.10
pum. The magnitude of this enhancement depends primarily on
the RI at the solar irradiance peak, although dispersion
(wavelength-dependent RI variation) and absorption can also
play a significant role. When realistic log-normal size distribu-
tions are considered, broadening shifts the optimal median
radius downward and reduces AA. High RI materials such as
rutile, anatase, a-SiC, and diamond exhibit similar cooling
efficiencies across a range of particle size distributions when
calculations span the full wavelength spectrum. This means
that, once a sufficiently high RI is achieved, small differences in
the RI are not that important, so the choice among these
materials should instead prioritize chemical stability, low
heterogeneous reactivity, photochemical robustness, toxicity,
cost, ease of large-scale synthesis, minimal infrared absorption,
compatibility with practical injection strategies, and the ability
to produce and maintain the desired particle size distribution.

Beyond homogeneous spheres, even thin, low-RI coatings
can diminish albedo gains. Therefore, understanding and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mitigating particle growth from water or acid condensation is
critical for evaluating both the efficacy and the side effects of SAI
strategies. In contrast, core-shell particles that pair high RI
shells with low-density cores preserve strong scattering while
lowering particle mass and settling velocity. These results
introduce engineered morphologies as a strategy for extending
aerosol residence time in the stratosphere and optimizing
material efficiency. The methodology developed here can be
readily applied to more complex shapes and coatings, providing
a rapid tool for evaluating new SAI particle formulations. Still,
systematic laboratory measurements are needed to improve
model predictions, while climate models incorporating
improved aerosol optical data will clarify their viability.
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