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Abstract. Geoengineering applications by injection of sul- model evaluations, emphasizing that mitigation via reduction
fate aerosols into the stratosphere are under consideration asf fossil fuels remains preferable to considering geoengineer-
a measure of last resort to counter global warming. Here a poing with sulfate aerosols.

tential regional-scale application to offset the impacts of heat
waves is critically examined. Using the Weather Research

and Forecasting model with fully coupled chemistry (WRF- ]

Chem), the effect of regional-scale sulfate aerosol emissiord ~Introduction

over California in each of two days of the July 2006 heat ,

wave is used to quantify potential reductions in surface tem-Clobal surface temperatures are expected to rise over the

perature as a function of emission rates in a layer at 12 knfOMing century due to the ongoing emission of greenhouse
altitude. Local meteorological factors yield geographical dif- 925€s, with attendant changes in frequency of extreme events

ferences in surface air temperature sensitivity. For emis-SUCh as heat wavetPCC, 2007). Geoengineering solutions

sion rates of approximately 30 ugths ! of sulfate aerosols &€ under djscussion as a potential means of offseFting this
(with standard WRF-Chem size distribution) over the region, "S- A particular solution that has been proposed involves
temperature decreases of arouriCTresult during the mid-  INecting aerosol-forming compounds or aerosols info the
dle part of the day over the Central Valley, one of the areasStratosphere and cooling the earth’s surface by reflecting in-

hardest hit by the heat wave. Regions more ventilated witHcOMing shortwave flux. Initially proposed Budyko(1974),

oceanic air such as Los Angeles have slightly smaller reduclhis has been controversial for obvious reasons. Because the

tions. The length of the hottest part of the day is also reduced€'Tort to reduce greenhouse gas emissions is failing, the pro-
Advection effects on the aerosol cloud must be more careP0sal has come into renewed discussion. Following serious

fully forecast for smaller injection regions. Verification of consideration byeith(2000 andCrutzen(2008), there have
the impacts could be done via measurements of difference@8€N & number of studies quantifying the effects of various

in reflected and surface downward shortwave. Such regiona[s';trategies for intervention with sulfate aerosols at the global
geoengineering applications with specific near-term targe¢/€ Rasch etal 20083 Robock et al.200§ Brovkin etal,
effects but smaller cost and side effects could potentially2009 Jones et al201Q Kravitz etal, 2011, Niemeier et al.

provide a means of testing larger scale applications. How-201% Volodin etal, 2011 Ricke et al, 2011, and a number

ever, design considerations for regional applications, such aQf studies raising subs.tantial concerns regarding ;ide effects
a preference for injection at a level of relatively low wind (Matthews and Caldeira2007 Trenberth and Dai2007,

speed, differ from those for global applications. The size of R0P0OCk 2008 Tilmes et al, 200§ Heckendorn et 12009

the required injections and the necessity of injection close td<"avitz et al, 2009 Robock et al.2010. Crutzen(200 es-

the target region raise substantial concerns. The evaluation dfmated that the insertion of approximately 5 Tg§rof sul-
this regional-scale application is thus consistent with globalfUl Would be required to balance the impact of greenhouse
gas warming in the case of a double-£€mission scenario.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Wigley (2006 suggested that an annual 5Tg sulfur flux particles. They found that injecting éo particles instead
would be sufficient, alongside a reduction in emissions, whileof SO, gas increases the sulfate burden and that injecting
Pierce et al(2010 andEnglish et al(2012, who found less  H2SO4 gas instead of SPdoes not discernibly alter sulfate
effectiveness, consider 10 Tg Syr The geoengineering in- size or mass. In one simulation, they found that injecting
jection of sulfate aerosols can be compared to those comSOfl_ particles with a lognormal distribution of width 1.5
ing from a volcanic eruption. For example, the eruption of and peak radius of 0.1 um produces 51% higher mass bur-
Mount Pinatubo in June of 1991 released an estimated 20 Tdens than S@injection in a narrow region. Additionally, a
of SOy, which caused up toZC of cooling in surface temper- sof; particle injection instead of S(yas results in smaller
atures with Northern Hemisphere continents in the summeparticles. The higher mass burden and smaller effective ra-
of 1992 Robock 200Q 2002 Soden et a).2002). Rasch et dius lead to significantly higher aerosol optical depth. The
al. (20083 pointed out that the impact of the aerosol emis- present study focuses instead on the regional aspects, using
sions depends on the size of the inserted aerosols, and thah assumed direct injection of a certain size distribution of
smaller-sized aerosols scatter more efficiently provided thasulfate particles. We note that there is currently no technical
these are not too small, and that the total mass is conservedneans to emit such aerosols as particles. The aspect of the
We here use a setup of the the Weather Research and Forproblem considered here emphasizes advection and regional-
casting model with fully coupled chemistry (WRF-Chem) scale impacts, while using a standard source treatment from
(Grell et al, 2005 that has been used for air quality stud- WRF-Chem. The aim is to provide a sense of the meteoro-
ies over California Chen et al.2010 to provide a model- logical factors that would need to be taken into account in
based evaluation of one potential application of geoengineerevaluating any such potential application. Before any such
ing. It is worth underlining that the technology to do such application could be undertaken, the microphysical aspects
an experiment in the real world does not currently exist, butof forming such particles in the atmosphere should also be
there is active research on such methods, including patertaken into account.
applications Chan et al.2010. Given this, it is important to We choose the heat wave of July 2006 in California as a
have model-based studies to help to put into perspective whatase study. During this abnormal event, extremely hot sur-
would be implied if such methods should become available face temperatures were observed, resulting in a death toll es-
Here a model developed for other purposes can contributéimated to exceed 14@6tro et al. 2009. The heat wave
at low cost to particular aspects of understanding the issuekasted for 17 days and peaked on 23 J@e(shunov et al.
involved. 2009. Figurel shows surface air temperatures simulated by
In particular, this study examines whether aerosol injec-the WRF model for 22 and 23 July, as detailed in Sect. 3.
tions, specifically those that are being considered for global-The simulated highest temperatures in California were in a
scale geoengineering, could be applied at the regional scalearrow region in the Central Valley between the ventilated
with the timing chosen to mitigate heat waves, or excessivelycoastal area and mountain ridge (see the Supplement for
hot weather events. If negative impacts of global warmingsurface air temperatures and upper-level flow patterns from
create pressure for regional planners to enact geoengineethe North American Regional ReanalysMdsinger et al.
ing solutions, there are a number of factors that may bring2006). The upper-level flow field is northerly over much of
regional-scale interventions to the forefront of the debatethe domain at 200 mbar with speeds ranging from roughly 4
Regional actions might involve less concerted effort and lesso 14 ms ! over California. Heat waves may not evolve in
international cooperation than a global-scale application. Beexactly the same manner in future climate, and the details of
cause global warming is tending to affect regions differently, how such an experiment would be conducted would differ
regional geoengineering solutions could prove more feasi-depending on the meteorological conditions under consider-
ble than their proposed global counterparts. Finally, smaller-ation. However, the example of the recent heat wave serves
scale solutions could potentially provide a means of testingto provide an upper-level flow field of reasonable magnitude
the larger scale applications. However, the design considerand pattern, which is important to the advection of emitted
ations are not exactly the same; here we consider injectiormerosols, as well as a temperature simulation that yields high
of sulfate aerosols to impact shortwave radiation on a timetemperatures in a geographic pattern that is meteorologically
scale less than a day in the regional application. Global apreasonable.
plications allow for longer evolution time, which may in-  The first point to address is whether advection rapidly car-
clude gas-phase formation of sulfate aerosols. Several recenies the emitted aerosols away from the target region. Sub-
studies Heckendorn et gl2009 Pierce et al.201Q English sequent points of examination are quantifying the potential
et al, 2012 and references therein) have examined exten-size of the reduction in surface solar radiation and reduction
sively the efficacy of various injection methods, involving in surface air temperature (relative to the control simulation)
SO, HoSQu, or SG~, for producing desired sulfate aerosol for a given size of injection, as well as whether the meteorol-
size distribution in the global application. ogy of certain regions makes such experiments more or less
English et al.(2012 compared the efficacy of injecting effective.
three different sulfur species: $@as, HSO, gas, and S§T
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Fig. 1. Surface air temperaturé@) simulated by WRF foa) 22 July 2006 andb) 23 July 2006 over California and Nevada at 16:00 LT.
Crosses show the sample locations in Los Angeles and the Central Valley used2n Fig.
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Fig. 2. Sulfate aerosol mixing ratio in each bin (ugkgof dry air) at the level of the injection with surface temperati@)(and surface
shortwave flux (Wn’rz) differences as a function of the amplitude of sulfate aerosol emissions‘(ﬁg‘rﬂ) for the large-scale experiment
at 13:00LT on 22 July fofa) a point in Los Angeles an(b) a point in the Central Valley (Fresno). See Fidor point locations. See Sect.
2 for bin sizes, defined by dry particle diameter.

2 Setup and experiments scheme Grell and Devenyi2002 for convective parame-

terization. The NOAA land-surface modeTijen and Dud-

) ) hia, 200)) is used. The chemistry package includes dry

The Weather _Research and Forecasting model with f“"ydeposition, aqueous-phase chemistry coupled to some of
coupled chemistry (WRF-Chem{(ell et al, 2005 Grell, 1o microphysics and aerosol schemes, biogenic emissions,
2008 Grell et al, 201)) is applied to simulate the im-  5nihropogenic emissions, chemical mechanisms, photolysis
pact of low stratospheric sulfate aerosols. The WRF'Chemschemes, and aerosol schem@se{l et al, 2005 Fast et
is a nonhydrostatic mesoscale model that uses a terraing 200g Zaveri et al, 2009. The Model for Simulating
following, hydrostatic-pressure vertical coordinate with the pqrosol Interactions and Chemistry (MOSAIGJast et al.
top of the model being a constant pressure surface. Th%OOG Zaveri et al, 2008 Barnard et a].2010 has been used
horizontal structure of the model grid is the Arakawa-C fo gerosol treatment. MOSAIC distributes aerosols accord-
grid. Here, the time integration scheme in the model usespq 1o their dry size into the discrete bins and calculates the
a third-order Runge—Kutta scheme. The Yonsei University,ass and number for each bin. The standard option, four

scheme (YSU, Kong et al, 2009) is used to parameter- png (0.039-0.156, 0.156-0.625, 0.625-2.5, 2.5-10.0 pm dry
ize the planetary boundary layer and Grell 3-D ensemble

www.atmos-chem-phys.net/13/6373/2013/ Atmos. Chem. Phys., 13, 638349 2013
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Fig. 3. Bin 2 (0.156-0.625 um) sulfate aerosol mixing ratios (Lgkgf dry air) and wind barbs (in knots) at the level of the injection on 22
July at hours (LT)a) 08:00,(b) 10:00,(c) 12:00,(d) 14:00,(e) 16:00, andf) 18:00.

diameter) is used. The size range of 0.039-10 um is typ-ated for each chemical constituent of the aerosol, is calcu-
ical of atmospheric aerosolS¢infeld and Pandi2006. lated by volume averaging for each size bin, and Mie theory
The relevant aerosol species here is sulfate (SULI’—Z——‘SO is used to estimate the extinction efficiency and the scatter-
+ HSQ;). The size bins are defined by their lower and up- ing efficiency. For efficient computation of the extinction and
per dry particle diameter, so water uptake or loss does nothe scattering efficiencies, WRF-Chem uses a methodology
transfer particles between birigayveri et al, 2008. Only the  described byGhan et al(2001). After the aerosol radiative
Wexler et al.(19949 parameterization of pB4—H20 ho- properties are calculated they are used in the shortwave ra-
mogeneous nucleation is used in MOSAIZayeri et al, diative transfer model. A Dudhia shortwave radiative scheme
2008. Transfer of the mass between size bins and particlgs applied in our study to calculate the downward solar radia-
growth due to condensation and coagulation is computed ughion flux, taking into account the diurnal variation of the solar
ing the two-moment approach described Tgivion et al.  zenith angle Dudhig 1989).

(1989. The aerosol optical properties, such as extinction, For this study we use version 3.1.1 of WRF-Chem, us-
single-scattering albedo, and the asymmetry factor for scating the two-way nest option to increase resolution in an in-
tering, are calculated as a function of wavelength and threener domain. The coarse model domain is configured cover-
dimensional position. The refractive index, which is associ-ing the western United States with a horizontal resolution of

Atmos. Chem. Phys., 13, 6373390 2013 www.atmos-chem-phys.net/13/6373/2013/
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Fig. 4. Bin 2 sulfate aerosol mixing ratios (ugké of dry air) and wind barbs (in knots) at the level of the injection on 23 July at hours (LT)
(a) 08:00,(b) 10:00,(c) 12:00,(d) 14:00,(e) 16:00, andf) 18:00.

36 km and 80« 60 grid points, and the fine domain of Cali- the same model configuration as is validateddhen et al.
fornia and Nevada with a horizontal resolution of 12 km and (2010 during a field campaign in May 2010 in California.
97 x 97 grid points. The fine domain corresponds to the areaA similar configuration of WRF over California is used in
shown in Fig.1. The vertical structure of the model is 28 several studies and evaluated against observations for vari-
grid points with the top of the model at 50 hPa. The initial ous eventsBao et al, 2008 Lu et al, 2012. Chapman et al.
and lateral boundary conditions for meteorological variables(2009 used WRF-Chem with the MOSAIC aerosol scheme
are obtained from the National Centers for Environmen-to study the radiative impact of elevated point sources, which
tal Prediction Eta/North American Mesoscale model datashowed good agreement with observed data.

set with 40 km spatial resolution at 3 hr intervals (available In the set of model experiments considered here, we
from the Research Data Archive data set number ds609.2irectly inject sulfate aerosols at a single model level at
maintained at the National Center for Atmospheric Researcl 2.1 km (reasons for the choice of altitude are discussed be-
http://dss.ucar.edu Sea surface temperatures are specifiedow) over an idealized region which varies with the experi-
from the same data set. The WRF-Chem emissions for alment. The sulfate aerosols are distributed into the four MO-
anthropogenic chemical species are based on the EPA 2005AIC size bins following size distribution prescribed in the
National Emissions Inventory (NEI 05). This setup follows standard simulationFast et al. 2006 Zaveri et al, 2008.

www.atmos-chem-phys.net/13/6373/2013/ Atmos. Chem. Phys., 13, 638349 2013
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Fig. 5. Downward surface shortwave flux reductions (W) between large-scale 30 pgths—1 experiment and the control on 22 July at
hours (LT)(a) 10:00,(b) 12:00,(c) 14:00, andd) 16:00.

This choice of following exactly the setup used in regional for this stratospheric injection in mass units pgds1, not-

air quality simulations with WRF-Chem is ad hoc, in the ing that the associated number concentration distributions are
sense that geoengineering emissions might follow a differ-computed according to the standard model treatment for sur-
ent distribution. However, it makes this aspect of our setupface sulfate aerosol emissions. The emissions are done on
a simple, widely used choice used in the air quality com-the 12 km fine grid over the specified subdomain in each ex-
munity. The choice of four size-bins follows the air quality periment. The evolution of the bin distribution and aerosol
simulation standard practice, a compromise between resolvgrowth will be discussed in Sect. 3.3.

ing explicitly the aerosol size distribution and computational We perform sets of experiments in which the rate of emis-
considerations3einfeld and Pandi2006. The size distribu-  sion of sulfate aerosols per unit area and the size of the ge-
tion of the injected aerosols as used here (and by the regionalgraphic area over which injection is assumed to occur are
air quality community) is representative of observed size dis-varied, respectively, as summarized in Table 1. In each case
tributions of ambient surface air aerosols. Note that we arehe injection is done over an area of idealized spatial shape,
not assuming that these particles are being formed from theand the sequence of experiments moves from what we term a
gas phase (via chemical reactions and subsequently nucléarge-scale injection region that covers all of California (plus
ation, condensation or coagulation) after injection of,SO some surrounding regions) to successively smaller scales. In-
or HoSOy as was done in previous efficacy studiete¢k-  jection areas roughly corresponding to the size of Southern
endorn et al.2009 Pierce et a].201Q English et al, 2012. California and the San Joaquin Valley are referred to as re-
Rather we are injecting particles that have a size distribu-gional scale, while the smallest injection areas considered
tion typical of surface air. We return to the implications of here, equivalent to 48 km 36 km, correspond to roughly a
this assumption at the appropriate point in the discussionmetropolitan scale. One of the main effects to be illustrated
There is certainly room for further study considering opti- in the sequence of smaller areas is the impact of advection
mal size distribution or methods of engineering particles ineffects and mixing effects from the edges of the injection re-
the regional context, but for initial consideration, this simple gion as a function of scale, while noting the total mass of in-
injection procedure making use of standard WRF-Chem asjected aerosol required for each experiment. The evaluation
sumptions appears to be a useful approach. In the discussiaver the large-scale area permits the impacts on surface tem-
below we will summarize the sulfate aerosol emission rategerature to be evaluated as a function of emission rate per

Atmos. Chem. Phys., 13, 6373390 2013 www.atmos-chem-phys.net/13/6373/2013/
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Fig. 6. Downward surface shortwave flux reductions (W) between large-scale 30 pgihs—2 experiment and the control on 23 July at
hours (LT)(a) 10:00,(b) 12:00,(c) 14:00, andd) 16:00.

Table 1. Description of the experiments and their purposes as discussed in Sects. 3 and 4. Asterisk denotes the case used to illustrate spati
patterns in Figs. 3-8.

Experiment name Emis. area Emis. rate Purpose
[km?] [ugm—2s71]

(1) Large-Scale k100 6; 10; 20; 30*; 60 Evaluate scaling of response
with emission rate over region.

(2) Large-Scale 1x10° 30 Evaluate local sensitivity over

illustration case* region with approximately homoge-
neous cloud.

(3) Regional Scale 69x 10%; 30 Evaluate advection effects for

(SocCal; San 48x 103 regional-scale injections.

Joaquin Valley

cases)

Metropolitan or 1.7x 103; 30 Evaluate advection effects

targeted agricultural 1.7x 103 for smaller horizontal scale

scale injections.

unit area in a context where horizontal mixing edge effectsas the local sensitivity within this region. Results at exam-
are relatively small. It further permits local sensitivity of the ple grid points — one in the Los Angeles region (34.85
surface response to a relatively homogeneous aerosol cloutil8.2% W) and another in the Central Valley region (Fresno,
to be seen. 36.7% N; 119.77 W) — are seen as a function of the emission
The set of experiments varying sulfate aerosol emissiorrate in Fig.2. For the figures presented throughout, we have
rates over a range (6, 10, 20, 30, and 60pgsT!) is  chosen the experiment with emissions rate of 30 g snt
performed using the large-scale injection area to evaluatas typifying the results (termed the large-scale illustration
the impact of the magnitude of the emission rate, as wellcase in Table 1). Caveats on the response as a function of

www.atmos-chem-phys.net/13/6373/2013/ Atmos. Chem. Phys., 13, 638349 2013
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emission rate are discussed in Sect. 3.2, but this figure is useso also serves to illustrate a trade-off between regional and
ful for choosing a representative experiment with which to large-scale considerations discussed in Sects. 3.3 and 6.
examine spatial and temporal evolution of the regional-scale
impacts. Given the magnitude of the surface temperature re3.2 Amplitude of the emissions
sponse (around € at the time shown in Fig), this case
produces a signal strong enough to be well above the level oFigure 2 shows each bin mixing ratio together with surface
numerical noise in the simulated response, as well as to béeemperature and surface shortwave radiation reductions as a
relevant to real-world applications. Of course, the exact temfunction of aerosol emissions for the two sample locations.
perature reduction necessary to achieve a particular end, sudiithin the context of the emission assumptions outlined in
as the avoidance of a certain number of deaths, or reductioBect. 2, there is a highly linear relation between emissions,
of economic damage, would be context dependent and is besulfate mixing ratios in bin 2 (0.156-0.625 pm), and short-
yond the scope of the estimates here. Similar spatial patternaave radiation differences for both regions, although the
to those presented below are found in all the large-scale extemperature response curve differs from one region to an-
periments, with amplitude proportional to the emission rate.other. We underline again the caveats discussed in Sect. 2
The amplitude of the injections will be discussed in more regarding the linearity of the relationship between emission
detail in Sect. 3.2. For the time of the aerosol injection, werates and the solar radiation reduction depending on the de-
have chosen a 2 hr period in the morning, from 06:00 LT totails of the emission strategy, microphysics, etc., as has been
08:00LT, so we can see the effect of the aerosols on the fultliscussed for the global cagedbock 2008 Heckendorn et
diurnal cycle. The experiment is repeated independently oral., 2009 Pierce et al.201Q English et al. 2012. At high
each of two days of the heat wave (22 and 23 July, 2006)gas-phase emission rates, less than proportionate increases
as discussed in Sect. 3.3. Variations on the initial timing will in, for instance, aerosol optical depth can ocdemdlish et
be considered in Sect. 4 for smaller scale experiments, whiclal., 2012. For the aerosol injection experiments here, the
are more sensitive to the period over which the cloud is adtemperature response curve has a linear relation with bin 2
vected. mixing ratios and shortwave differences in the Central Val-

ley area, reaching a reduction of about°Clin the case of

a 60 ugm?s-1 aerosol injection. In the Los Angeles area,

3 Large-scale idealized experiment the temperature response increases in the case of an aerosol
emission higher than 6 pgms—! and achieves a maximum
3.1 Advective effect of 8°C in the case of the highest aerosol emission rate. Each

of the bin mixing ratio curves behaves similarly in the two
Figures3 and4 show the spatial patterns of sulfate aerosol locations. The mixing ratio curve of bin 1 (0.039-0.156 um),
mixing ratio for a key size bin, bin 2 (chosen for its close which has the finest particles, increases and stabilizes af-
relationship to shortwave impact in Fig), evolving as a  ter reaching 22 pgkgt of dry air at an aerosol emission
function of time on 22 and 23 July from emission in a sim- of 6 ugnT2s1. The mixing ratio curve of bin 3 (0.625—
ple square shape, for the large-scale injection experimen2.5um) increases since the aerosol emission is higher than
illustration case. Injection over such a large-scale region6 ugnm2s-1. The mixing ratio of bin 4 (2.5-10.0 um) is very
would likely be impractical for any real-world application low but shows a slight increase with aerosol emission in-
but this experiment serves to illustrate regional differencescreases. For the case of 30 ug9s~! aerosol emission, the
in the temperature response under an area of relatively simishortwave reduction of about 200 Wrhcorresponds to ap-
lar solar response. A first point from Figis that advection proximately a 18 % reduction in incoming surface shortwave
does not rapidly carry the aerosol cloud outside of the do-relative to the control. Each of these estimates would have to
main, even for injections at 12.1 km altitude. Figlalso  be reviewed quantitatively using more refined emissions as-
demonstrates the importance of vertical advection, not jussumptions and microphysics were this regional application to
horizontal, leading to the inhomogeneities in the concentra-be taken to the next stage of evaluation. For present purposes,
tions inside of the injections square. Furthermore, the levelFig. 2 documents model behavior under the aerosol injection
of aerosol injection has been chosen according to meteorolassumptions, and sets the stage for examining questions of
ogy, an example of a strategy that can be advantageous to thbe regional-scale response.
regional application for each particular heat wave event. We
chose the level of 12.1 km as the level of aerosol injection,3.3 Shortwave radiation and temperature for
which has a relatively low wind speed, as estimated from large-scale injection case
the morning wind values over two important target regions
— Los Angeles and the Central Valley. This helps reduce the~igures5 and 6 show the downward surface shortwave re-
rate at which the aerosol cloud is advected. This altitude issponse at times corresponding to Figsind4, respectively.
near the tropopause — considerably lower than would be typThese are shown asductionsin the downward shortwave,
ically chosen for a global geoengineering application — andi.e., as the control minus the experiment, to display positive
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Fig. 7. Surface air temperature reductioR€} between large-scale 30 ug*ﬁ]sfl experiment and the control on 22 July at hours (&)
10:00,(b) 12:00,(c) 14:00, andd) 16:00.

values. In the middle of the day, the overall size of the ductions, and surface air temperature reductions are shown
impact is a decrease of about 350 WAn(out of roughly in Figs.4, 6, and8, respectively. The overall simulations for
1100 Wn12). Aerosols were injected during morning hours, both days show a very similar pattern of surface shortwave
between 06:00 and 08:00LT. The selection of time for in- and surface temperature reductions. The simulations of both
serting aerosols depends on them not being carried out of thdays show significantly higher temperature reductions in the
target region too quickly. Inserting them in the early morn- Central Valley, and the surface air temperature reductions in
ing allows them more time to act before reaching the timethe middle of the day reach up to°C in that area. Thus
of maximum temperature and aids examination of impact onto a first approximation, the shortwave and temperature re-
the diurnal cycle. ductions may be taken as typical of what would result for
The impact of these shortwave reductions by the aerosoheat wave days with similar meteorology (within the bounds
cloud for surface air temperature may be seen in Hgsd spanned by the two sample days here) in this region.
8. For the chosen rate of emissions in this experiment, the Turning to evolution of these effects over the day, Hg.
impacts are substantial. Regional differences in the sensitivshows the sulfate aerosol mixing ratio of each size bin and
ity of the response may be noted. One example is the greatexerosol number for each bin changing with time in the Los
Los Angeles region, which has less impact for a given levelAngeles and the Central Valley areas. Rapid increase in the
of sulfate aerosol concentrations than does the Central Valsmallest-sized bin 1 is seen during the two hours of the injec-
ley. This appears to be consistent with the fact that the Logion, followed by an ongoing decrease after the end of injec-
Angeles region tends to be strongly ventilated by wind flow tion in the second hour. The bin 2 mixing ratio increases for
from the ocean, while the Central Valley’s maximum temper- another two hours after the injection ends, associated with the
atures tend to be strongly affected by local balances involvingconversion from bin 1 to 2. Bins 3 and 4 increase slowly with
radiative transfer and boundary layer turbulence. time, tending to stabilize several hours after the injection.
Comparing the runs for 22 and 23 July indicates the mod- The downward shortwave radiation and surface tempera-
est effects of slightly different day to day flow patterns within ture time series, as well as the shortwave and temperature re-
the heat wave (23 July was slightly hotter than 22 July). Theductions (contrel-experiment) are shown in FigO for the
results of sulfate mixing ratio, downward shortwave flux re- Los Angeles and the Central Valley areas for both 22 and

www.atmos-chem-phys.net/13/6373/2013/ Atmos. Chem. Phys., 13, 638349 2013



6382 D. N. Bernstein et al.: Could aerosol emissions be used for regional heat wave mitigation?

@ (6)

46N - -

44N n

42N
ﬁ S
40N L ‘l” 7 g

34N S 4355
: N
32N gﬁ 3 ) .

30N 4

48N
46N b
44N . .
42N
40N
38N
36N
34N

32N

30N N
T T T T T T T T T T T T
130W  125W  120W  115W  110W  105W 130W  125W  120W  115W  110W  105W

020508111417 2 232629323538414447 5 5356596.2656.8 7

Fig. 8. Surface air temperature reductioR€] between large-scale 30 ugfl%sfl experiment and the control on 23 July at hours (&)
10:00,(b) 12:00,(c) 14:00, andd) 16:00.
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Fig. 9. Time series (local time) of sulfate aerosol mixing ratio (ugkgiry air) (black) and aerosol number (k§dry air) in each size bin
(red) at the level of the injection for 22 July for point locatida¥in Los Angeles andb) in the Central Valley (Fresno). See Figfor point
locations.

23 July. The pattern of shortwave reductions is similar forley surface temperature reduction has two clear peaks. One
both days and for both areas. In each case, the shortwave reeak, about 16 to 17C, occurs in the morning at 09:00LT,
duction is slightly larger around 09:00 and 17:00LT due to while the other peak, which reaches 19 t&€1 occurs in the
variation of total optical depth through the cloud with so- evening at 18:00 LT. The Los Angeles temperature reduction
lar zenith angle. The temperature reduction differs from thehas a peak of 7.5 to°€ at 09:00 LT and another minor peak
Los Angeles to the Central Valley areas. The Central Val-of about 5C at 19:00LT. In each case, the large peak in
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Fig. 10.Time series (local time) of surface air temperat@)((red) and surface shortwave flux (W) (blue); the upper panel shows the
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the control run and the experimental surface air temperature and surface shortwave radiation(#jkdsrAngeles, 22 Julyb) Central

Valley (Fresno), 22 July(c) Los Angeles, 23 July, an@l) Central Valley (Fresno), 23 July.

the reduction corresponds to the time of rapid increase or de- The vertical profiles of the horizontal average of the sulfate
crease of total temperature at the beginning or end of the daygerosol mixing ratio, temperature, and wind speed are shown
effectively shortening the hot part of the day. In the Centralin Fig. 11 for the Los Angeles area (for a box from 33—
Valley, the local meteorological balances in the control run34.2 N, 118.6 W-120.2 W) and in the Central Valley (for a
yield the hottest part of the day in late afternoon, followed box from 35.6 N-37.2 N, 118.6 W-120.2 W). Box aver-

by a rapid drop in temperature, while in the experiment thisages are used to ensure that the temperature and wind speed
is reduced by 7C, followed by an earlier drop in tempera- are representative. The wind speed shown is the mean of the
ture. In Los Angeles, the lag of the hot part of the day, andwind speed over the box (not the speed of the mean wind)
the subsequent temperature drop, are each smaller, and tihecause this is a useful index of the strength of the advec-
reduction of temperature more constant in the experiment. tive effects seen in earlier figures. The bin 2 aerosol mixing
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ratio relative to the background is shown in Fida, where 4  Smaller scale injection regions
a spike may be seen at the injection level of 12 km, which
corresponds to 175mb. This is shown at 18:00LT to illus- The large-scale idealized experiment serves to highlight re-
trate the results of vertical advection, diffusion and gravita-gional differences in sensitivity and to provide a sense of
tional settling after 12 hours. The injection layer is a single the magnitude of temperature response for a given level of
model level (which is 30 mb thick). Over this 12 hr period, aerosol loading. However, these involve very large masses of
the vertical advection, diffusion, and gravitational settling injected aerosol (see Table 1) and are thus less likely to be
have broadened the aerosol layer such that there are concennder consideration for any practical implementation than
trations exceeding 1/1000th of the peak value through a layewould smaller areas. We thus consider examples that move
approximately 150 mb thick over Los Angeles and 240 mbartowards more localized injection regions. For efficiency of
over the Central Valley. At 380 mbar, the concentrations arepresentation, we show two injection regions in a single ex-
close to the background, on the order of #Qig kg~1. While periment (the main effects are sufficiently local that they
no surface deposition occurs on the time scale of a day (forwould be similar if separate experiments were carried out
the conditions with no deep convection relevant here), thefor each). For the regional-scale experiments, we specify one
spreading in the vertical by the diffusive and advective effectsinjection region over the area of Southern California and an-
is significant because, for the emission level used here, somether one over the southern part of San Joaquin Valley, which
of the aerosol clearly spreads into the upper troposphere. This part of the Central Valley. The initial area coverage of
can be important for downstream effects because of the poghe two regional-scale injection regions is $4.0° km? and
sibility of wet deposition, as further discussed below. 48 x 10°km? respectively. The smaller is roughly 1/22 the
The temperature is shown in Figjlb at 14:00LT, when size of the large-scale experiment injection area (the two to-
there is the strongest midday warming. There is essentiallgether total about 1/9 of the large-scale experiment). These
no effect at the level of injection because the aerosol is nostill involve large amounts of aerosol as discussed below, but
absorbing significantly, but the surface effects extend througlserve to illustrate the challenges that would arise at a regional
a lower-tropospheric layer. There is substantial near-surfacecale. In particular, advective effects will become increas-
warming extending through roughly the boundary layer; aingly important to take into account with respect to specific
much smaller warming continues in the lower free tropo- target regions.
sphere. A very slight cooling in the lower mid-troposphere Here the examples provide shading to the following: (i) a
is noted in the Central Valley, but the temperature perturba+egion extending from the greater Los Angeles metropolitan
tion is negligible above the mid-troposphere. area down to San Diego and a large region to the east, and
The vertical profile of the wind speed is shown in Fidc. (i) a region surrounding Fresno in the Central Valley and
The control and experiment profiles are displayed for theextending down to San Bernardino. It would be possible to
wind speed averaged over the Los Angeles box and the certailor such regions more specifically to populated or agricul-
tral Valley box. Modest differences (less than 1M)sin tural areas, or to undertake continuous injections upstream
wind speed may be noted in the lower troposphere, associef the region. The latter would have the trade-off of more
ated with lower-tropospheric warming, but above the mid- precise spatial location versus reduction of concentration if a
troposphere, the wind speed change is negligible in the exgiven total amount of injection is spread over a longer time
periment relative to the control. A point potentially signif- interval. For simplicity, the example here is done with two
icant for applications may also be noted from this figure. hours of injections in the morning, as in the large-scale exper-
There is a minimum of wind speed occurring at approxi- iment, with the injection location and areal extent being esti-
mately 175 mbar, and the level of injection has been chosemated such that the cloud covers much of the target region for
to correspond to this minimum speed. This choice has beemost of the day, even taking into account the advective move-
made to illustrate some differences in factors that would bement. We use simple rectangular injection regions so that it
advantageous from the point of view of the regional appli- is easy to visualize the impact of advection, but of course
cation but not for larger-scale considerations. The level ofthis would be optimized in any practical application using
the wind speed minimum is the same earlier in the day (andveather forecasts for wind fields. The estimates here use
would be reasonably forecast) and so would naturally bel2 hr back trajectories from the Hybrid Single-Particle La-
chosen by decision makers conducting such an experimergrangian Integrated Trajectory (HYSPLIT) mod&réxler
to minimize advection effects. However, this choice would and Rolph2012.
likely not be well suited for contributions to a global geoengi-  Figures12 and 13 show the surface shortwave and sur-
neering stratospheric aerosol loading nor to minimize down-face air temperature reductions relative to the control result-
stream effects because, as shown in Bita, aerosol con- ing from these injection patterns. At 10:00 LT, which is four
centrations spread fairly quickly into the upper troposphere hours after the injection begins, the cloud still resembles a
where wet deposition might occur downstream in a longerslightly shifted and stretched version of the rectangular ini-
time frame. tial region. At 16:00 LT, the area of the aerosol cloud has al-
tered substantially, but in a manner that is largely predictable
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Fig. 11. Vertical profiles on 22 July in the Los Angeles area and in the Central Valley (see text for respective horizontal averaging areas) of

(a) the sulfate aerosol mixing ratio difference (experiment minus control)(fid kigy air) at 18:00 LT,(b) temperature differenc€C) at
14:00LT, andc) wind speed (msl) at 14:00 LT.
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Fig. 13. Surface air temperature reductiod€} on 22 July at hours (LTa) 10:00,(b) 12:00,(c)14:00, andd) 16:00 for the smaller-scale
injection experiments.

from the flow field. In this test, we chose an initial injec- Because the aerosol cloud travels further relative to its hor-
tion region such that the cloud would not drift over the oceanizontal dimension, we also illustrate the impact of injection
within 12 h, although some part of the cloud covers unpopu-time chosen later in the day, which reduces the prediction
lated areas over the desert. From the evolution of the shortproblem of the path the cloud will travel toward a desired tar-
wave pattern in Figl2, one can infer that coverage for an get region. Injection here is done from 11:00-13:00LT. Fig-
area comparable to Los Angeles could plausibly be achievedre 14 shows the surface air temperature and surface short-
with overall injections one quarter to one tenth the size, al-wave flux reductions at 14:00 LT and 16:00 LT relative to the
though this would require careful consideration of the flow control. Surface air temperature and surface shortwave flux
pattern. reductions tend to be smaller than the response in compara-
The amplitude of the shortwave difference and surface airble areas in the experiments with larger injection areas shown
temperature reductions within each region are very similarin (c) and (d) of Figs5, 7, 12, and13. At this scale, the edge
to those in the large-scale area test shown in Fgand 7, effects associated with horizontal mixing of clear air into the
but the values of shortwave and surface air temperature areloud from the sides are becoming sufficiently important that
slightly smaller due to the mixing of clean air from outside even the response under the center of the cloud is not reach-
the cloud. ing the full response that would occur for larger area cover-
Smaller metropolitan and targeted agricultural injection age.
areas both of 1.% 10° km? are chosen to illustrate the im- There are thus trade-offs between advection and mixing
pacts of advection and mixing as one moves further down irhaving relatively stronger effects at smaller scales and the to-
horizontal scale. One area covers Los Angeles metropolitatial amount of aerosol required at the larger scale. With this
area and another one covers agricultural area over Fresn@m mind, the total mass of aerosol injected provides some

Atmos. Chem. Phys., 13, 6373390 2013 www.atmos-chem-phys.net/13/6373/2013/



D. N. Bernstein et al.: Could aerosol emissions be used for regional heat wave mitigation? 6387

(a) (b)

38N

36N . 36N °

38N

34N 34N
Y v

32N T T T T 32N T T T T
124W 122W 120W 118W 116W 114W 124W 122W 120W 118W 116W 114W

(L T T T [ T [ T T
02 08 14 20 26 3.2 38 44 50 56 62 6.8

(d)

()

38N

36N . 36N b

38N

34N — 34N
a 0

32N T T T T 32N T T T T
124W 122W 120W 118W 116W 114W 124W 122W 120W 118W 116W 114W

(T T [ [ [ [
40 100 160 220 280 340 400 460 520

Fig. 14.(a) Surface air temperature reductiof€] for the metropolitan-size injection experiments on 22 July at 14:0QWTas in(a) but
at 16:00 LT;(c) downward surface shortwave flux reductions (\7V7r)1 on 22 July at 14:00 LT; an¢d) as in(c) but for 16:00 LT.

perspective on the magnitude of the endeavor that would b& Testing via shortwave measurements

implied by the different horizontal scales. The injection area

that covers large parts of Southern California corresponddn considering how one might test the effectiveness of such
to approximately 15Gg of sulfate aerosols integrated overderosol injections in a real-world experiment, the natural
the region and over the 2 hr injections interval for a given variability of temperature and the fact there is no control
day. Compared to the 10 Tg S annual injection under recen€Xperiment must be taken into account. There would other-
consideration for global geoengineering applicatid?isce ~ Wise be no way of telling what temperature would have oc-
et al, 201Q English et al, 2012, this is a small fraction: ~curred in the absence of the aerosol rele&sabpck et al.
roughly 1/2000th the size in terms of sulfur equivalent, us-2010. However, downward shortwave reductions, such as
ing 1TgS~3Tg aerosol particles. However, to provide a those shown in Figs and12and the corresponding upward
rough visualization of the mass of sulfate aerosols involvedeflected solar at the top of the atmosphere, could be directly
this corresponds to a payload of about 120 C-5s (the largesheasured. The aerosol cloud spatial pattern is initially highly
US cargo jet, assuming 0.122 Gg payload per plane) —i.e., éentifiable and can be tracked through time. This process
very substantial mass. The Los Ange|es metropo”tan injecWOU'd be made easier in this application because heat waves
tion area rough|y Corresponds to 0.36 Gg of sulfate aeroso‘end to occur at times with small cloud cover. In Conjunction
emitted over the 2 hr interval, i.e., to approximately the pay-With other measurements, the shortwave reduction could be
load of 3C-5s (roughly 1€ of the sulfur equivalent of the attributed to the injections with fairly high accuracy, and this
global case). It must be underlined that this amount is for justcan be used as the leading benchmark of the impact. To trans-

one day, for one heat wave, and for the one specific region. late this to surface temperature reductions, one would then
use data sets from comparable meteorological situations but

with and without natural cloud cover to estimate the surface
temperature reduction per decrease in surface shortwave flux.
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6 Discussion and conclusions it could contribute to reflecting solar radiation and reducing
temperature at a global scale, and (ii) of minimizing aerosol
This study critically examines the potential for an aerosol-load in the troposphere, where it would carry the risk of wet
injection geoengineering strategy to be applied at a regionatleposition in states downstreairévitz et al, 2009. This
scale to reduce the impacts of a heat wave. If global-scaleerves to illustrate that if such an approach were to be consid-
geoengineering proposals begin to move toward practicakred for actual application, there would need to be require-
testing, there may be increasing motivation to consider rements established that those responsible for local injection
gional applications, and so it is worth assessing in advancelecisions consider the downstream effects. It remains pos-
the size of the emission required to have a regional impactsible that some solution such as photophoretic levitation of
and the associated implications and concerns. The sensitivitgngineered nanoparticleKdith, 2010 could be devised to
of surface temperature and the advection effects at the altiaddress some of these issues, but in the absence of such a de-
tude of injection will both depend on the meteorology of the velopment, these potential side effects would remain a con-
particular heat wave. Thus, a specific example is examinedern. The case study here is over California, which has a his-
for the conditions of an observed heat wave with a regional-tory of attention to environmental protection, and thus might
scale model to provide a sense of how substantial these ebe expected to require careful oversight of such an activity
fects will be. if it should move towards application. However, it is worth
The results indicate that a sufficiently large emission of raising the concern that a regional application might be un-
sulfate aerosols can indeed have a substantial impact odertaken in some other location with less consideration for
surface air temperature, although the temperature respongmtential side effects downstream.
varies among areas. For instance, temperature response inFor the injection area covering most of Southern Califor-
the Central Valley is larger than that in the Los Angeles areania considered in Sect. 4, the sulfur equivalent of the aerosol
This is partially attributable to the topographical locations of injections on a given day is roughly 2000 times smaller than
the Central Valley and Los Angeles, as well as Los Angeles’the 10 Tg annual injection of sulfur being considered for
close proximity to the Pacific Ocean, and was reproducibleglobal applications. One way of viewing these results would
on both days of the 2006 heat wave. The temperature rebe that they indicate that sufficient shortwave can be reflected
sponse during the hottest part of the day is a key factor inby an aerosol cloud to affect temperature on a regional scale
reducing heat wave impacts, and is roughRCrin the Cen-  if one is willing to inject sufficient aerosol and to develop
tral Valley for the case of an emission of 30 ug#s L. The means to do so — subject to further evaluation and much anal-
temperature reduction has a strong diurnal cycle, and is actuysis of safety considerations. However, even for smaller ar-
ally larger during the morning and late afternoon hours, dueeas, this would represent a very substantial amount of aerosol
to the optical depth dependence on solar zenith angle. Thito be lofted. Furthermore, this would have to be done repeat-
has the effect of shortening the hot part of the day. edly at each heat wave and for each region. If, for instance,
The temperature reduction scales monotonically with theone were in a situation of seriously considering steps to-
magnitude of the aerosol injection, so the latter could beward global geoengineering, the regional application might
reduced to meet temperature targets. The flow field at thearise either as a means of testing the global application, or
height of injection is a significant factor in the evolution of of timing the injection to produce additional regional bene-
the aerosol cloud. Thus, the choice of the injection ampli-fit in terms of temperature reduction during heat waves. In-
tude and height level would depend on the meteorology adeed, further numerical study of the implications of the re-
the time of the heat wave. These appear to be within thegional application may well be necessary because of the pos-
realm that could be addressed by forecasting the flow, prosibility that a regional government could undertake it uni-
vided the injections would be carried out over regions atlaterally. Nonetheless, the initial estimates provided here of
least as large as a greater metropolitan area. The choice t¢fie amount of aerosol required, combined with concerns al-
the height of the injection based on flow field characteristicsready raised in the literature, suggest that regional planners
would yield a trade-off between choices that would be bet-might be well advised to consider other strategies involving
ter from the point of view of the regional application, and regional adaptation of infrastructure to protect against heat
those that might be preferable from a larger-scale point ofwave impacts.
view. The case presented here uses a choice that might typify This is reinforced by the fact that, in addition to poten-
that of a decision maker choosing the injection height basedial negative downstream impacts such as on precipitation,
solely on local considerations of minimal flow for a specific or ozone layer depletion (e.&Kravitz et al, 2009 Robock
city at a time just before the start of the injections. The height2008, the regional application has an additional, very sub-
used for illustration in this case is near the tropopause, atstantial potential downside. To protect a populated region
12 km where the winds were relatively weak over Los An- from the effects of the heat wave using such a method,
geles and the Central Valley for this case. This is at lowerthe injections would have to be conducted over or just up-
altitude than would be optimal from the perspective of (i) stream from the populated area. Although local deposition is
global dispersion of the aerosol in the stratosphere, wher@egligible over the time scale of the numerical experiments
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