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Abstract Side effects resulting from the deliberate injection of sulfate aerosols intended to partially offset
climate change have motivated the investigation of alternatives, including solid aerosol materials. Sulfate
aerosols warm the tropical tropopause layer, increasing the flux of water vapor into the stratosphere,
accelerating ozone loss, and increasing radiative forcing. The high refractive index of some solid materials
may lead to reduction in these risks. We present a new analysis of the scattering efficiency and absorption of a
range of candidate solid aerosols. We utilize a comprehensive radiative transfer model driven by updated,
physically consistent estimates of optical properties. We compute the potential increase in stratospheric
water vapor and associated longwave radiative forcing. We find that the stratospheric heating calculated in
this analysis indicates some materials to be substantially riskier than previous work. We also find that there
are Earth-abundant materials that may reduce some principal known risks relative to sulfate aerosols.

1. Introduction
1.1. Background

Deliberate injection of aerosols into the stratosphere, usually referred to as solar radiation management
(SRM), seeks to partially compensate for the climate impacts caused by longwave (thermal infrared) radiative
forcing due to anthropogenic carbon dioxide and other greenhouse gases by producing a counteracting
shortwave (solar) radiative forcing. Current scientific understanding for such an intervention [Robock et al.,
2013] stems in part from the natural analogue provided by short-term temperature fluctuations associated
with volcanic eruptions. Such eruptions can increase the optical depth of sulfate aerosols in the stratosphere,
as in the case of the Mount Pinatubo eruption [McCormick et al., 1995]. Determining the efficacy of a given
particle type for SRM and evaluating some of the risks of SRM rest on accurate knowledge of scattering prop-
erties. One important risk of SRM derives from the chemistry of stratospheric aerosols, particularly the poten-
tial for ozone erosion through heterogeneous chemistry [Heckendorn et al., 2009; Pitari et al., 2014; Tilmes
et al., 2008;Weisenstein et al., 2015]. Other major risks that have been identified include stratospheric heating
and its consequences, including coupling to surface wind stress with possible consequences for ocean cur-
rents and West Antarctic Ice Sheet stability [Aquila et al., 2014; Ferraro et al., 2015; McCusker et al., 2015],
hydrological perturbations [Bala et al., 2008; Kleidon et al., 2015; Niemeier et al., 2013], and increased diffuse
shortwave radiation [Kravitz et al., 2012a]. Both risk and efficacy may in principle be manipulated through
choice of material used as aerosol. There are many additional risks, including, among others, political risks
and national and international legal issues, surveyed in several reports [National Research Council, 2015;
Schäfer et al., 2015; Shepherd, 2009] and actively being investigated by social scientists.

In this work, we will treat shortwave and longwave radiative forcing (RF) [Myhre et al., 2013] separately,
because they are associated with different physical processes within the solid aerosols we examine and
because changes in shortwave and longwave radiation present different environmental risks. The shortwave
RF at the top of the atmosphere (TOA) is a measure of howmuch solar radiation is reflected back to space due
to the addition of aerosols. The goal of SRM is generally taken to be an idealized alteration of shortwave RF
which is frequently represented in models as a change in the solar constant and understood conceptually as
a planetary albedo change. For this reason, we focus on the TOA RF, although RF at the tropopause is gen-
erally taken to be more indicative of the potential climate impact of an RF agent. High refractive index solid
aerosols offer the possibility of achieving comparable shortwave radiative forcing to sulfate aerosols with
fewer disadvantages, including significantly reduced total aerosol mass, less diffuse downwelling radiation,
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and less potential for ozone loss through heterogeneous chemistry. Based on their relative abundance, high
refractive index, and potential for reduced chemical risk relative to sulfate, we evaluate specific forms of
silicon carbide [Laor and Draine, 1993] (SiC), synthetic diamond [Edwards and Philipp, 1985] (cubic carbon),
aluminum oxide [Tropf and Thomas, 1998] (Al2O3), titanium dioxide [Hosaka et al., 1997; Jellison et al., 2003;
Ribarsky and Palik, 1985; Schöche et al., 2013] (TiO2), zirconium dioxide [Nicoloso et al., 1992; Pecharroman
et al., 1996] (ZrO2), calcium carbonate [Ghosh, 1999; Long et al., 1993] (CaCO3), and a baseline of idealized sul-
fate aerosols [Biermann et al., 2000; Hummel et al., 1988; Lund Myhre et al., 2003; Palmer and Williams, 1975].
Relevant physical and optical properties for these materials are shown in Table 1 and Figure 1.

1.2. Comparison With Previous Work

In this study, we present a framework to allow a meaningful comparison of known environmental conse-
quences as a function of material properties. While use of solid aerosols for SRM has been the subject of at
least eight prior studies [Blackstock et al., 2009; Ferraro et al., 2015, 2011; Jones et al., 2016; Keith, 2010; Pope
et al., 2012; Teller et al., 1997; Weisenstein et al., 2015], the treatment of the radiative properties has been
inconsistent. Several early papers did not perform radiative transfer calculations [Blackstock et al., 2009;
Keith, 2010; Teller et al., 1997]. One important study computed albedo increases for a wide range of possible
solid aerosol materials [Pope et al., 2012] but did not compute stratospheric heating or infrared radiative
forcing. Other studies have looked at stratospheric heating [Ferraro et al., 2015, 2011] but only for black
carbon and one polymorph of TiO2. Different crystal polymorphs can have substantial differences in physical
properties, including density, scattering, and absorption.

How do variations in these physical properties translate into quantitative differences in estimates of environ-
mental impacts, such as stratospheric heating and hydrological perturbations? As is the case with radiative

Table 1. Physical and Optical Data for Solid Aerosol Layers

Material Polymorph Density (g cm�3)

Refractive Index (0.55 μm)

Total Mass (Tg) Optimum Radius (μm) Number Density (cm�3)n k

TiO2 rutile 4.13 2.88 1.8 × 10�3 1.3 0.130 13.5
TiO2 anatase 3.79 2.55 1.4 × 10�3 1.1 0.145 9.2
SiC α 3.21 2.54 9.1 × 10�4 0.9 0.150 8.1
Carbon diamond 3.51 2.42 3.5 × 10�7 1.0 0.150 8.1
ZrO2 α 5.68 2.17 7.0 × 10�6 2.1 0.170 7.0
Al2O3 α 3.98 1.77 1.9 × 10�3 2.6 0.215 6.0
CaCO3 calcite 2.71 1.57 1.1 × 10�4 2.9 0.275 4.7
H2SO4 70wt % 1.69 1.43 1.0 × 10�8 3.0 0.300 6.1

Figure 1. (left) Shortwave real and (right) imaginary absorptive refractive index used in the calculations. These estimates
are based on available experimental values combined with estimates from model dielectric functions where experimen-
tal data are unavailable or inconsistent. Top of atmosphere solar spectrum is shown (blue dashed line). Note how the
absorption of the rutile polymorph of TiO2 overlaps significantly more with the solar spectrum than does the anatase
polymorph.
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properties, the treatment of the side effects or environmental impacts of solid aerosols has been similarly
uneven. The radiative perturbations caused by stratospheric aerosols interact with coupled radiative, chemi-
cal, and dynamical processes in the atmosphere in a spatially inhomogeneous and potentially nonlinear way.
An absolute quantitative assessment of impacts due to SRM therefore requires computationally expensive
simulations with coupled chemistry-climate models and is inherently model dependent. Some studies have
ignored impacts entirely [Blackstock et al., 2009; Keith, 2010; Teller et al., 1997]. Others have investigated the
potential for chemical perturbations [Pope et al., 2012;Weisenstein et al., 2015]. A few have looked at changes
in circulation [Ferraro et al., 2015, 2011] and stratospheric composition [Pope et al., 2012]. Changes in strato-
spheric composition may be particularly important. Multiple models of sulfate aerosol SRM [Pitari et al., 2014]
have confirmed the potential for increased flux of water vapor into the stratosphere due to tropopause heat-
ing and computed the resulting positive tropopause-level longwave RF due to water vapor’s longwave opa-
city. Stratospheric water vapor is an important greenhouse gas and has been the subject of recent debate as a
possible source of decadal-scale climate variability [Gilford et al., 2015; Hegglin et al., 2014].

We weave together these two threads. We use more comprehensive optical properties and detailed repre-
sentations of aerosol scattering to systematically compute shortwave and longwave RF and radiative heating
rates. And we apply these radiative quantities to specific risks of SRM including (a) tropopause temperature
increases leading to increased water vapor fluxes into the stratosphere, (b) differential impacts of changes in
longwave and shortwave RF on the surface energy budget, and (c) changes in direct versus diffuse shortwave
flux at the surface. For solid aerosols we explicitly calculate—for the first time—possible increases in long-
wave RF due to stratospheric water vapor driven by lower stratospheric heating. We find that in some cases,
our approach leads to more pessimistic conclusions about their risks as SRM materials.

2. Methods

Radiative transfer calculations are performed in this study using the Rapid Radiative Transfer Model (RRTM),
which utilizes the correlated-k method for molecular absorption [Clough et al., 2005; Mlawer et al., 1997] and
the Discrete Ordinates Radiative Transfer (DISORT) [Stamnes et al., 1988] code to compute multiple scattering
from molecules and condensate. RRTM separately computes shortwave and longwave radiative fluxes, span-
ning 820–50,000 cm�1 in 14 bands and 10–3250 cm�1 in 16 bands, respectively. The diurnal cycle in the
shortwave radiative calculations is accounted for varying the solar zenith angle consistent with time and loca-
tion (Text S1 in the supporting information), and 16 streams (angular distribution functions) are employed for
the shortwave computations to ensure accurate representation of scattering anisotropy. Clouds are parame-
terized independently for the shortwave and longwave (Text S2).

Mie theory is utilized to compute scattering properties for spherical particles [Bohren and Huffman, 2008]
based on complex index of refraction data. This computation results in values for aerosol optical depth, single
scattering albedo, and scattering phase, the parameters necessary to perform the aerosol scattering and
absorption calculations within RRTM. We assume an idealized uniform aerosol layer of monodisperse, mono-
mer particles with perfectly defined sharp upper and lower edges, confined between 18 and 23 km (Text S3).
Uniform layers have been considered previously [Ferraro et al., 2011; Pope et al., 2012] and offer a useful
approximation to compare radiative properties exclusive of microphysical and transport processes. Real
layers may of course either sink toward the poles [Weisenstein et al., 2015] or expand in depth in the case
of particles capable of self-lofting [Kravitz et al., 2012b].

The increase in diffuse solar radiation at the surface is computed from the daily average of increases in diffuse
downwelling radiation after introduction of the aerosol layer. We compute instantaneous shortwave and
longwave RF from the difference in net flux for the model atmosphere before and after introduction of the
solid aerosol layer. This initial longwave value represents RF before the temperature is allowed to equilibrate
to maintain radiative dynamical balance. We determine the equilibrium temperature profile by application of
the fixed dynamical heating adjustment [Fels et al., 1980; Ramanathan and Dickinson, 1979]. We then com-
pute adjusted RF using this equilibrium temperature profile.

We compute comparative estimates of the potential risks associated with each aerosol type studied using an
approach similar to a previous assessment [Kirk-Davidoff et al., 1999] of the link between climate change and
the potential for further stratospheric ozone erosion. Kirk-Davidoff et al. [1999] evaluated the change in ozone
with respect to surface temperature as a product of partial derivatives. Our method is shown in detail in
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Figure S3. We calculate themixing ratio of water vapor entering the stratosphere from the radiatively induced
temperature increase at the tropical tropopause by applying a value of 0.8 ppmv H2OK�1 derived from pre-
vious work [Heckendorn et al., 2009; Kirk-Davidoff et al., 1999]. We then assume that transport processes
homogenize the increase in entering water vapor mixing ratio throughout the stratosphere, a simplification
subject to certain limitations (see Text S4). The longwave tropopause-level RF is then calculated from the
change in net longwave flux after the temperature profile equilibrates to the newwater vapor profile through
another application of the fixed dynamical heating adjustment.

3. Data

Complex refractive index data spanning 10–50,000 cm�1 or wavelengths of 0.200μm to 1000μm (Table 1)
are required for these radiative calculations. Although the optical properties of the materials considered here
have been studied across this range of the electromagnetic spectrum, direct measurements of the imaginary
(absorptive) part of the refractive index are not uniformly available. We use physically based approximations
to calculate the imaginary refractive index when necessary. We extend the red (long wavelength) edge of the
electronic absorption feature using the Urbach tail model [Tang et al., 1995; Urbach, 1953]; and we extend the
blue (short wavelength) edge of the (longwave) absorption, due to crystalline phonon modes, with an
ensemble of harmonic oscillators, including anharmonic corrections [Gervais and Piriou, 1974] where neces-
sary. Similar approaches have been used to good effect for computing refractive index values across the elec-
tromagnetic spectrum for astronomical applications [Laor and Draine, 1993; Pégourié, 1988]. We account for
birefringence by averaging over the different principal axes refractive indices, which is approximate [Stout
et al., 2007] but likely a small correction relative to uncertainty from crystal defects and impurities.

We compute a background atmospheric column specification for the radiative transfer calculation from rea-
nalysis, using monthly average, all-sky zonal profiles of temperature, humidity, clouds, and ozone on pressure
surfaces and surface shortwave albedo (Text S5) and longwave emissivity, from the Modern Era Retrospective
Reanalysis (MERRA) [Rienecker et al., 2011]. We obtain the mixing ratio of carbon dioxide and other green-
house gases from the RCP 6.0 scenario for the year 2040 [Hijioka et al., 2008].

4. Results
4.1. Calculating Radiative Quantities: Forcing and Temperature Changes

To identify the optimum radius for monodisperse particles for a fixed total mass of aerosol, we perform radia-
tive transfer calculations with a benchmark specification of atmospheric conditions: annual-average, zonally
averaged data for 15°S to 15°N with equinox solar illumination and fixed emissivity. We estimate the influence
of different locations, different seasons, and clouds and vary surface characteristics using monthly average
zonal data (Text S5). From these benchmark calculations, we obtain maximum TOA shortwave RF as a func-
tion of particle radius as shown in Figure S1. Based on this optimum radius, the total mass of monodisperse
aerosol required to achieve an arbitrary benchmark of �1Wm�2 shortwave RF can be calculated (Table 1).
We choose a monodisperse size distribution for the following reasons. The radiative properties of aerosol
layers are a sensitive function of particle size distributions. Coalescence is a primary determinant of size dis-
tributions; injection rates and locations, however, also have significant influence. Recent work on aluminum
oxide [Weisenstein et al., 2015] finds that for suitable choices of injection location, on a globally averaged
basis, 71% of particles remain as monomers and 18% remain as dimers for 1 Tg/yr of particles with radii of
160 nm. Based on these results, monodisperse distributions provide a physically plausible representation that
allows direct comparisons of radiative impacts, separate from microphysical concerns. Other studies [Ferraro
et al., 2015, 2011; Pope et al., 2012] utilized wide lognormal size distributions, but a relatively small deviation
from optimal size (before any formation of aggregates that may occur) is presumably technologically achiev-
able for solids. Mass-produced particles would of course not be perfectly monodisperse, but scalable pro-
cesses can produce high yields with a narrow distribution [Pal et al., 2007; Yanagishita et al., 2004]. We
note, however, that Weisenstein et al. [2015] find that the fraction of particles remaining as monodisperse
depends on injection rate, so that higher aerosol burdens will result in more multicore aggregates.

The range of optimal radii for monodisperse spheres varies from 130 nm up to 215 nm for the materials used
in this work and increases with decreasing real refractive index. The physical processes controlling the
absorption (the imaginary refractive index k) vary across the shortwave and longwave spectral regions
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relevant to the climate system’s energy balance. Electronic processes dominate the shortwave part of the
spectrum; lattice vibrations dominate the longwave portion. At the boundary between these spectral regions
governed by these processes, the materials considered here are nearly transparent, with trace absorption
dominated by crystal defects and impurities [Tropf et al., 1995]. Measurements of k in the transparent range
are challenging because reflected radiation intensity can be multiple orders of magnitude stronger than
absorption. For this reason, spectroradiometric methods often lack the required sensitivity, but laser calori-
metry can be employed [Hass et al., 1975].

Although this absorption may be small, it is not without significance. We utilize empirical formulations for the
refractive index to approximate the imaginary refractive index in the transparent region. In the case of the
rutile crystal polymorph of TiO2, estimating the imaginary refractive index k in the transparent region gives
a result of about 2 × 10-3 at 600 nm. Our value leads to amean stratospheric heating of 1.7 K versus 1.2 K when
assuming that k is identically zero between 440 nm and 11,000 nm, as per a well-established reference
[Ribarsky and Palik, 1985]. Without knowing crystal defects and impurity composition, it is impossible to apply
exact computational methods from materials physics to quantify the accuracy of these approximations. For
the purposes of this work, the radiative transfer results are computed and compared for a plausible represen-
tation of the absorption in spectral regions where crystal absorption measurements are not available.

In addition to the scattering efficiency, the shortwave RF also depends on the absorption, quantified by the
aerosol single scattering albedo. For this reason, despite its high index, rutile achieves a lower TOA shortwave
RF per unit mass than the anatase TiO2 polymorph (Table 1), due to the relative red shifting of rutile’s electro-
nic bandgap. Electronic absorption from rutile and anatase is responsible for, respectively, a loss—relative to
an idealized aerosol with the same real refractive index but zero absorption—in TOA shortwave RF of 0.11
and 0.04Wm�2 for our benchmark �1Wm�2 case. The combination of high refractive index and minimal
ultraviolet and visible absorption [Choyke and Patrick, 1968] allows α-SiC to achieve the greatest RF for a fixed
total aerosol mass. The cubic β-SiC polymorph would be less mass efficient due to its lower electronic band-
gap [Casady and Johnson, 1996] and higher shortwave absorption [Choyke and Patrick, 1969].

Figure 2. The equilibrium stratospheric heating produced by sufficient total mass of monodisperse solid aerosols to
achieve �1Wm�2 shortwave RF at their optimal radii. Materials are assumed to be uniformly dispersed between 18
and 23 km (shown by superimposed gray bar). The presence of the electronic bandgap of rutile within the UV–A region
(330 nm) is responsible for the substantial higher stratospheric heating relative to the other solid materials.
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Stratospheric temperature change due to aerosol absorption (shown in Figure 2) depends on both the short-
wave and longwave optical properties of materials (Figure S2). In equilibrium the increase in emission of infra-
red radiation by the stratosphere due to increasing temperature must balance the thermal input from
absorption. Diamond and alumina have the smallest stratospheric heating. Diamond, a covalent crystal with
no dipole moment, absorbs longwave radiationminimally [Zaitsev, 2013]. Alumina has a prominent longwave
absorption band near 15μmwhich would be expected to produce significant local heating but for the fortui-
tous overlap of this absorption with the strong atmospheric absorption by the Q-branch of the carbon diox-
ide bending vibration, lowering flux of upwelling radiation in this band. Infrared absorption is strong for
sulfate aerosols relative to all solid materials because of the continuum absorption associated with their
liquid phase.

4.2. The Impacts of Radiative Perturbations Due To Stratospheric Aerosols

Stratospheric temperature increases due to absorption by introduction of an aerosol layer have multiple con-
sequences. In the tropics, rising tropopause temperatures can increase the amount of water vapor that enters
the stratospheric overworld [Dessler et al., 2013; Heckendorn et al., 2009; Kirk-Davidoff et al., 1999; Sherwood
and Dessler, 2000]. Models indicate that ozone loss increases when heterogeneous chemistry occurring on
solid surfaces accelerates with increasing water vapor mixing ratio. Water vapor is a greenhouse gas, and stra-
tospheric water vapor has a much lower opacity than stratospheric carbon dioxide [Clough et al., 1992].
Because of this relative transparency and because the lower stratosphere is so cold relative to the average
radiation temperature of the atmosphere, even small increases in the stratospheric water vapor content
can produce a significant longwave RF at the tropopause. This additional RF (shown in Figure 3) is an impor-
tant consideration for assessing the efficacy of an aerosol material for SRM.

Stratospheric water vapor responds to changes in tropical convection, upwelling [Garcia and Randel, 2008],
and ice lofting [Dessler et al., 2016]. To allow comparison of potential impacts of increased stratospheric water
vapor due to increased tropical tropopause temperature, we adopt a simplified approach that allows a
model-independent and self-consistent estimation of lower stratospheric temperature increase and the asso-
ciated increase in water vapor entering the lower stratosphere via the tropical tropopause. This approach
necessarily excludes a detailed calculation of the response of the various processes that determine the struc-
ture of the tropical tropopause layer to a changing climate. The sensitivity and sign of these processes in
response to changes in RF are in disagreement in current climate models [Pitari et al., 2014], but recent work
suggests that their contributions are additive [Wang et al., 2015]. The additional longwave RF from

Figure 3. Comparative radiative perturbations for idealized mass burdens achieving �1Wm�2 TOA shortwave RF by dif-
ferent materials. The change in the surface (left) shortwave RF perturbs the surface energy budget, reducing precipitation
relative to a comparable longwave RF achieved by reduced greenhouse gases. Global clear-sky RF is reduced relative to the
value in the tropics by the decrease in insolation, and clouds cause a slight further reducting. Stratospheric heating
increases stratospheric water vapor (SWV), leading to further activation of halogen compounds and producing a positive
(right) longwave RF. Increases in diffuse SW (right, note units at top) affect photosynthesis among other environmental
impacts. Inclusion of clouds and global data mitigates these increases in diffuse SW.
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stratospheric water vapor in the case of rutile and sulfate aerosols amounts to 0.18 and 0.24Wm�2, respec-
tively, reducing their efficacies for SRM by about 20%.

Shortwave RF at different levels (shown in Figure 3) depends on both absorption and scattering. In terms of
risks, shortwave absorption is doubly problematic because it both causes stratospheric heating and an imbal-
anced perturbation of the surface energy budget relative to carbon dioxide, the risks of which are explained
below. The troposphere is relatively transparent to shortwave radiation, so this reduction reaches the surface
largely intact. In contrast, changes to surface longwave radiation due to longwave absorption are damped by
the longwave opacity of the troposphere. Shortwave absorption therefore creates a more substantial pertur-
bation to the surface radiative budget, relative to an equivalent stratospheric temperature change due to
absorbed longwave flux alone. Chemical and dynamical changes in response to stratospheric temperature
changes are relatively insensitive to causation. On the other hand, precipitation will be much more strongly
perturbed by shortwave absorption than by longwave absorption, because precipitation responds strongly
to changes in the surface radiation budget [Bala et al., 2008]. Increases in diffuse radiation arising from
injected stratospheric aerosol affect the biosphere [Mercado et al., 2009] and photochemistry among other
potentially significant impacts [Kravitz et al., 2012a].

Beyond altering stratospheric temperature and humidity, which perturbs chemical reaction rates, the chemi-
cal properties of the aerosols may also directly alter stratospheric composition. The physical surface of added
aerosols becomes a substrate for the deposition of ambient sulfuric acid, spreading the sulfuric acid over a
larger surface area [Weisenstein et al., 2015] with the potential for the activation of halogen compounds
[Anderson et al., 2012; Solomon, 1999] and the loss of ozone. Furthermore, the bare solid aerosol surface itself
can facilitate the catalytic activation of inorganic chlorine, as in the case of Al2O3 [Molina et al., 1997], and
shortwave absorption may enable photocatalytic reactions [Fujishima et al., 2008].

5. Conclusions

The absolute magnitude of each radiative perturbation we calculate in Figure 3 requires consideration of
coupled radiative, dynamical, and chemical processes between components of the climate system repre-
sented explicitly by coupled chemistry-climate models. Our calculations provide an approximate but physi-
cally realistic guide to relative impacts when comparing different scattering aerosols. These relative
quantities emphasize that minimizing total aerosol mass is not a sufficient condition for minimizing risk.
The detailed consideration of radiative transfer presented here suggests that some prominent side effects
may be reduced. Diamond, α-Al2O3, and α-SiC are Earth-abundant materials that scatter solar radiation with
greater mass efficiency and less stratospheric heating relative to sulfate. The atmospheric heating produced
by TiO2 is large and uncertain, being highly dependent on crystal polymorph and the unmeasured spectral
region of its solar absorption cross section.

Examination of the leading sources of uncertainties in the findings of this study identifies other questions
requiring further research. A major consideration is how well idealized representations of spherical particles
and their fractal aggregates, modeled with optical properties taken from studies of large single crystals or
thin films, quantify efficacy and risks. Furthermore, ageing could cause substantial changes in optical prop-
erties or chemical reactivity over the expected aerosol lifetime of 1 to 2 years. As noted previously in the
text, the absorption in the transition region between electronic and lattice influence has not in general
been measured adequately. A program of laboratory investigations would quantitatively address this
shortcoming. These laboratory studies would help to constrain the performance of practical materials,
which will contain impurities, defects, and other imperfections that shape their optical properties. The
feasibility of any of these materials is subject to new categories of uncertainties relative to sulfate because
they do not naturally occur in the stratosphere. Furthermore, the acute and chronic ecological and human
health implications for aerosol materials deposited at the surface must be studied in detail as a necessary
component of risk assessment.
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Erratum

In the originally published version of this article, Figures 1 and 3 were incorrectly typeset. The left-side panels
that were missing have since been restored, and this version may be considered the authoritative version
of record.
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