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Aerosols could be injected into the upper atmosphere to engineer
the climate by scattering incident sunlight so as to produce a cooling tendency that may mitigate the risks posed by the accumulation
of greenhouse gases. Analysis of climate engineering has focused
on sulfate aerosols. Here I examine the possibility that engineered
nanoparticles could exploit photophoretic forces, enabling more
control over particle distribution and lifetime than is possible with
sulfates, perhaps allowing climate engineering to be accomplished
with fewer side effects. The use of electrostatic or magnetic materials enables a class of photophoretic forces not found in nature.
Photophoretic levitation could loft particles above the stratosphere, reducing their capacity to interfere with ozone chemistry;
and, by increasing particle lifetimes, it would reduce the need for
continual replenishment of the aerosol. Moreover, particles might
be engineered to drift poleward enabling albedo modification to
be tailored to counter polar warming while minimizing the impact
on equatorial climates.
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he possibility of increasing the earth’s albedo to offset
CO2 -driven warming has been a subject of speculation for
decades (1). Over the last few years, more systematic research
and debate on the topic has emerged spurred by Crutzen’s (2) call
for systematic analysis of geoengineering in response to the continued acceleration of anthropogenic CO2 emissions (3) and the
threat of abrupt climate change. Most research has focused on
the possibility of injecting sulfur into the stratosphere (2, 4–8),
although more elaborately engineered aerosols (9) and spacebased solar scattering systems have also been proposed (9, 10).
Here I examine the possibility that particles might be engineered
to exploit photophoretic forces (11–16), enabling the manipulation of particle distribution and radiative forcing in ways that
could not be achieved with sulfate aerosol.
Limitations of Sulfate Aerosols
The salient advantage of sulfate aerosols as a means to modify
the earth’s albedo is that nature has already performed relevant
experiments in the form of volcanic injections of sulfur, such as
the 1991 eruption of Mount Pinatubo, which deposited ∼9 Mt
sulfur in the stratosphere creating sulfate aerosols that cooled
the earth by ∼0.5 C within a year (17).
As a tool for climate engineering, sulfates are, however, a blunt
instrument. Disadvantages of sulfates include the following: First,
it is difficult to produce sulfate aerosol with an appropriate size
distribution. The mass-specific scattering efficiency of a sulfate
aerosol (or similar dielectric sphere) is strongly dependent on
its radius. The scattering efficiency peaks at ∼0.3 μm diameter
and decreases rapidly for larger or smaller droplets, yet when
aerosols are generated by continuous injection of SO2 the resulting size distribution tends to be substantially larger than optimal
because most of the added sulfur is deposited on existing particles. This substantially limits the radiative forcing produced by
large sulfur injections and can make it difficult to produce a radiative forcing sufficient to offset the radiative effect of a CO2
doubling (4). The problem is compounded if sulfate aerosols
reach the warmer temperatures in the upper stratosphere where
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the vapor pressure of H2 SO4 is sufficiently high to enable vaporphase transfer of mass from smaller to larger particles, compounding the difficulty of maintaining a suitable aerosol size
distribution.
Second, a significant fraction of the light scattered by sulfate
aerosols is scattered in the forward direction, increasing the ratio
of diffuse-to-direct insolation at the surface. The Pinatubo eruption, for example, increased the amount of clear sky diffuse sunlight reaching near surface by more than a factor of 2 (18). The
increase in diffuse radiation will in turn tend to whiten the visual
appearance of the daytime sky and produce side effects ranging
from alteration of ecosystem productivity (19) to the reduction in
the output from concentrating solar power systems (20).
Finally, sulfates in the lower stratosphere provide reactive
surfaces that can accelerate the catalytic removal of ozone by
accelerating the conversion of chlorine from reservoir species
to ClO. This effect may be more serious if water vapor concentrations in the lower stratosphere increase with increasing global
temperatures (21).
The problems of particle size control, forward scattering,
and interference with ozone chemistry would apply, in varying
degrees, to other nonsulfate aqueous aerosols in the lower stratosphere (22).
Given the disadvantages of sulfate aerosols as a tool for
climate engineering, it is worthwhile to explore the possibility
of designing scatters that might enable perturbations in radiative
forcing to be more precisely tailored or to be achieved with less
severe side effects.
Photophoretic Forces on Aerosols
Photophoretic forces arise when radiation produces a temperature difference between an aerosol particle and the surrounding
gas (11–13). The forces are most significant when the mean free
path of the gas molecules is large compared to the particle’s
size. Two kinds of photophoretic force have been described.
The thermal gradient (ΔT) force arises from a radiatively driven
temperature inhomogeneity: Gas molecules leave the warm surface with, on average, higher energy than molecules leaving the
cool surface, thus generating an average force away from the hotter side of the particle (Fig. 1A). The accommodation coefficient
(Δα) force arises from variation of the thermal accommodation
coefficient across the particle, where the accommodation coefficient, α, is the probability that a impinging molecule of gas will
thermally equilibrate with the surface (Fig. 1B). Accommodation
coefficients in air vary widely with reported values ranging, for
example, from ∼0.95 for Al to 0.55 for Pt for temperatures near
315 K (23). The Δα force is body-fixed and can act on isothermal
particles as long as there is a temperature difference between the
particle and the gas.
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Fig. 1. Schematic illustration of photophoretic forces. A and B show, respectively, thermal gradient (ΔT ) and accommodation coefficient (Δα) forces
acting on idealized spherical particles. Note that for ΔT, the photophoretic force (F p ) is aligned with the asymmetry in the radiation field that drives the
thermal gradient, in this case the incident solar radiation (insolation); whereas for Δα, the vector is oriented along the asymmetry in the accommodation
coefficients and rotates with the particle. C illustrates design of the disk described in the text, whereas D illustrates the fields and forces acting on the disk
as described in SI Text.

Model and Results
A particle with a permanent electric or magnetic dipole moment
would experience an orienting torque in the terrestrial electric
or magnetic field that would, as with gravito- photophoresis,
produce a time-averaged force parallel to the orienting field.
One might, by analogy, call the resulting forces electro- or magnetophotophoretic.
Magnetic or electrostatic torques can greatly exceed gravitational torques for small aerosols allowing particles that were engineered to exploit electro- or magnetophotophoresis to exhibit
dynamical properties not found in natural aerosols. For example,
electro- or magnetophotopheresis could be used to enable a
particle to levitate in the lower atmosphere and could be used
to levitate particles smaller than 0.1 μm.
Engineered particles need not be spherical. The most massefficient geometry for a scattering is a thin disk with radius larger
than the wavelength of light. Such a design would produce minimal forward scattering when the disk’s radius is substantially larger than the wavelength of light, eliminating the diffuse radiation
problem encountered with sulfate aerosols. The use of electric or
magnetic materials allows disks to be oriented horizontally, and
the use of material with contrasting accommodation coefficients
allows for levitation.
An Idealized Example. As a specific example, consider a thin disk
with radius ∼5 μm and thickness 50 nm composed of three layers:
5 nm aluminum oxide, 30 nm of metallic aluminum, and finally
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15 nm of barium titanate (Fig. 1C). The thickness of the Al layer
is chosen so that it has high solar-band reflectivity and is nearly
transparent to outgoing thermal infrared so as to produce a large
mass-specific negative radiative forcing (cooling) (9). The Al2 O3
layer serves to protect the Al layer from oxidization. The thickness of the BaTiO3 is chosen so that the electrostatic torque from
the atmospheric electric field is sufficient to orient the disk horizontally against torques arising from reasonable asymmetries in
thickness or α across the disk (24). Assuming a relatively small,
and therefore conservative, 15% difference in α between the
two materials (23), the photophoretic force on the disk would
exceed 2 times its weight under diurnally averaged illumination
at altitudes in the middle stratosphere or mesosphere assuming it
absorbed only 10% of the solar flux (Fig. 2 and SI Text).
The Δα force is proportional to the temperature differential
between particle and ambient air which, in turn, depends on
the difference between the particle’s radiative equilibrium temperature and the ambient temperature. The resulting force is
therefore strongly dependent on the particle’s optical properties.
In a particle with a large εS ∕εT , the ratio of solar-spectrum to
thermal-spectrum emissivity will be warmer than middle atmosphere air and will be lofted to the mesopause, whereas a particle
stratopause
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Fig. 2. Photophoretic force versus altitude. The upward photophoretic
force, F P , is normalized by the downward gravitational force, F G , so that
a particle is stably levitated at F P ∕F G ¼ 1 (dashed line). Downward forces
(F P ∕F G < 0) can occur near the stratopause when the particle’s radiative equilibrium temperature is less than ambient; forces decline to zero above the
mesopause as particle temperatures become radiatively controlled. Particles
may be trapped below the stratopause at “A” or below the mesopause at
“B.” Forces are computed for three combinations of solar and thermal band
emissivity by solving the energy balance equation shown in SI Text, assuming
a disk with h ¼ 50 nm, ρ ¼ 3;000 kg m−3 , ᾱ ¼ 0.7, and δα ¼ 0.15. Calculations
assume the 1976 Standard Atmosphere (30) and T E ¼ 255 K.
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Controlling the Latitudinal Distribution of Radiative Forcing. Photophoretic forces might be used to control the latitudinal distribution of particles. Most simply, particles confined near the
stratopause (point “A” in Fig. 2) would be transported poleward
by the Brewer–Dobson circulation.
Alternatively, the addition of a weak magnetic dipole will
break the rotational symmetry of a particle that is levitated by
gravito- or electrophotopheresis, partially orienting it along the
terrestrial magnetic field and so inducing a magnetophotophoretic effect that could be used to make the particle drift toward
one of the magnetic poles while being stably levitated near the
stratopause or mesopause. For example, the addition of a weak
magnetic moment perpendicular to the plane of the disk described above would tilt the disk toward one of the terrestrial
magnetic poles producing a meridional component of the Δα
force (Fig. 1D). A single ∼0.5 μm magnetite nanoparticle adhering to the disk would provide sufficient torque. The resulting
poleward velocities are of order 102 m∕s for particles confined
beneath the stratopause, whereas for particles confined near
the mesopause, velocities can exceed 10 m∕s (SI Text).
At the stratopause, the meridional velocities achievable with
the tilted disk design appear to be slower than the average transport velocities in the Brewer–Dobson circulation (25), but the
meridional drift velocity might still allow some additional control
of zonal radiative forcing. Velocities may well be large enough at
the mesopause, but it is difficult to estimate mean velocity because particle altitude, velocity, and mesospheric winds all have
strong diurnal cycles, and the time–average transport will likely
depend on the relative phase of the three cycles.
More complex particle designs could achieve substantially
higher meridional velocities. Many alternative combinations of
forces and orienting torques might be exploited to produce a
net poleward force; indeed, poleward migration might be accomplished without electrostatic or magnetic forces (SI Text).
Poleward migration of scattering particles might allow the
reduction in solar radiative forcing to be concentrated near
the poles perhaps counteracting the ice-albedo feedback that
amplifies CO2 -driven polar warming while minimizing the impact
on mid-latitude and tropical climates (26). Such an ability might
be relevant in the event that warming triggers rapid deglaciation (27).

Discussion
The use of particles engineered to exploit photophoretic forces
may enable more selective geoengineering with fewer adverse
effects than would the use of sulfate aerosol. Further, the ability
to orient particles and to achieve long atmospheric lifetimes
might enable deployment of more spectrally selective scattering
systems such as patterned gratings or multilayer coatings (9).
Disadvantages and Uncertainties. Long particle lifetimes may be a
disadvantage as it makes geoengineering less easily reversible than
is the case with short-lived particles. This risk could be mitigated
by choosing particle designs with shorter lifetimes for testing and
initial deployment. Given the presence of hard-UV flux and reacKeith

tive atomic oxygen found in the mesosphere, it should be easy to
design short-lived particles; design and fabrication of long-lived
particles will likely be the engineering challenge.
Unresolved issues include (i) the ability to fabricate and deploy
such particles at reasonable cost, (ii) the ability to predict the distribution of particles given the complex interplay of photophoretic motion, gravitational settling and advection by the winds of
the middle atmosphere, and, of course, (iii) predicting the effectiveness and risks of climate engineering however the alteration
in radiative forcing is achieved.
Finally, although use of engineered particles may offer substantial advantages over sulfate aerosols as a means to manipulate
radiative forcing of climate, there is a corresponding disadvantage: We lack the direct natural analog provided by volcanic
injection of SO2 . This lack of analog means that we should be
more concerned about unexpected side effects, unknown unknowns, and consider how a careful progression from testing to
monitored subscale deployment could constrain the risks.
The Cost of Engineered Particles. Is it possible to fabricate such

particles at sufficiently low cost? Any definitive answer would,
of course, require a sustained broad-based research effort. The
following argument serves only to suggest that one cannot discount the possibility: Approximately 109 kg of engineered particles similar to the example described above would need to be
deployed to offset the radiative effect of CO2 doubling. Assuming
a lifetime of 10 years, the particles must be supplied at a rate of
108 kg∕yr. A plausible upper bound on the acceptable cost of
manufacture can be gained by noting that the monetized cost
of climate impacts and similarly the cost of substantial reductions
in greenhouse gas (GHG) emissions are both of order 1% of
global gross domestic product (GDP) (28). Suppose one demanded that the annualized cost of particle manufacture be less
than 1% of the cost of abating emissions, that is 10−4 of the
∼60 × 1012 global GDP. Under these assumptions, the allowable
manufacturing cost is 60∕kg. Many nanoscale particles are currently manufactured at costs significantly less than this threshold.
Silica-alumina ceramic hollow microspheres with diameters of
1 μm (e.g., 3M Zeeospheres) can be purchased in bulk at costs
less than 0.3∕kg. Moreover, bulk vapor-phase deposition methods
exist to produce monolayer coatings on fine particles, and there
are rapid advances in self-assembly of nanostructures that might
be applicable to bulk production of engineered aerosols.
These scaling calculations certainly do not prove that nanoscale particles for climate engineering could be successfully manufactured and deployed. They do suggest that the possibility of
doing this over the coming decades cannot be dismissed.
Any climate engineering scheme will only partially and imperfectly compensate for the climatic impacts of GHGs, and it will
likely impose significant risks of its own. Given common estimates
of the monetized cost of climate damages, the value of reducing
climate change by geoengineering could exceed 1% of GDP. It is,
therefore, plausible that the costs of geoengineering will be all
but irrelevant to decisions about deployment, which will focus
on the risk-to-risk trade-off between the risk of geoengineering
and the risk of climate damages; assuming, of course, that the
direct costs of geoengineering are limited to a small fraction,
say 0.1%, of GDP. Thus it might be that the cost of engineered
particles could approach 1;000∕kg before the costs of manufacture played a significant role in deployment decisions.
Implications for Research on Solar Radiation Management The possibility that engineered aerosols may offer capabilities and risks
beyond those arising from injection of sulfate suggest that a balanced research effort on climate modification using stratospheric
scatterers should not be limited to exploring the effects of sulfate
aerosols—the focus of essentially all current research—but
should explore a wider range of technological options for altering
PNAS Early Edition ∣

3 of 4

APPLIED PHYSICAL
SCIENCES

with a smaller εS ∕εT that has a radiative temperature below that
of the stratopause will be confined below about 45 km (Fig. 2).
It might be possible to tailor particle properties so that levitated particles are trapped either below the stratopause or below
the mesopause as shown by points “A” or “B” in Fig. 2. In either
case, such particles might avoid two of the disadvantages of
stratospheric sulfates: the increase in diffuse radiation and the
increase in reactive surface area in the lower stratosphere, which
can accelerate ozone depletion (2). Photophoretic levitation
would enable longer atmospheric lifetimes, and by lofting aerosols out of the stratosphere it would reduce the most significant
impact on ozone chemistry.

the atmospheric radiation budget. Research on understanding
the environmental risks and benefits of such geoengineering must
be coupled with a more systematic exploration of the technical
options that might be employed to alter the radiative forcing
of climate.
Limitations of Solar Radiation Management. Whether or not the
ideas proposed here prove to be fruitful, it seems likely that some
method will eventually allow humanity to manipulate the solar
forcing of climate at low cost and with few side effects arising
directly from the system used scatter solar radiation. Such an ability would provide a powerful tool to reduce the risks of climate
change, but it cannot possibly solve all the problems arising from
the growing burden of anthropogenic CO2 (8). Although a reduction in insolation can compensate for the effect of increased CO2
on the global-average surface temperature, it will necessarily
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reduce radiant energy fluxes at the surface and this will, in turn,
reduce the export of latent heat resulting in a climate with less
precipitation and less evaporation than the preindustrial climate.
Moreover, the mere knowledge of such methods might itself be
problematic if it weakened the commitment to curb emissions (1).
Despite this, the continued acceleration of anthropogenic emissions (3) coupled with growing concern about the possibility of
dangerous nonlinear responses to climate forcing (27) argue
for more systematic exploration of the feasibility and risks of
geoengineering (2, 29).
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