Atmos. Chem. Phys., 12, 47746793 2012 iy —* -

www.atmos-chem-phys.net/12/4775/2012/ Atmospherlc
doi:10.5194/acp-12-4775-2012 Chemistry
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Microphysical simulations of sulfur burdens from stratospheric
sulfur geoengineering

J. M. English®", O. B. Toor?, and M. J. Mills 3

Laboratory for Atmospheric and Space Physics, Department of Atmospheric and Oceanic Sciences, UCB 392, University of
Colorado, Boulder, CO 80303, USA

2Laboratory for Atmospheric and Space Physics, Department of Atmospheric and Oceanic Sciences, UCB 600, University of
Colorado, Boulder, CO 80303, USA

3NCAR Earth System Laboratory, National Center for Atmospheric Research, 3450 Mitchell Lane, Boulder, CO 80301, USA
“now at: NCAR Earth System Laboratory, National Center for Atmospheric Research, 1850 Table Mesa Drive, Boulder, CO
80305, USA

Correspondence tal. M. English (jayenglish@gmail.com)

Received: 19 December 2011 — Published in Atmos. Chem. Phys. Discuss.: 25 January 2012
Revised: 28 April 2012 — Accepted: 8 May 2012 — Published: 31 May 2012

Abstract. Recent microphysical studies suggest that geo-1 Introduction
engineering by continuous stratospheric injection of §&s
may be limited by the growth of the aerosols. We study the
efficacy of SQ, H»SO4 and aerosol injections on aerosol Although continued emission of greenhouse gases is very
mass and optical depth using a three-dimensional general citikely to cause future climate change, international agree-
culation model with sulfur chemistry and sectional aerosolments to limit emissions have so far failed and greenhouse
microphysics (WACCM/CARMA). We find increasing injec- 9as concentrations continue to rise (IPCC, 2007). Even if
tion rates of S@in a narrow band around the equator to have carbon emissions are eliminated completely in the next 10
limited efficacy while broadening the injecting zone as well Years, significant climate change is still possible due to the
as injecting particles instead of $@as increases the sulfate thousand-year lifetime of carbon dioxide in the atmosphere-
burden for a given injection rate, in agreement with previ- 0cean system and the long lag-time of the response of the cli-
ous work. We find that injecting #6804 gas instead of S©  Mate system to the greenhouse gases that have already been
does not discernibly alter sulfate size or mass, in contrasfdded to the atmosphere (Solomon et al., 2010). Concern
with a previous study using a plume model with a micro- about future climate changes has inspired increased attention
physical model. However, the physics and chemistry in air-t0 various schemes to engineer the climate on a global scale,
craft plumes, which are smaller than climate model grid cells,dubbed “geoengineering”. Geoengineering could potentially
need to be more carefully considered. We also find significanP€ used to counteract expected greenhouse gas warming as
perturbations to tropospheric aerosol for all injections stud-Well as severe and unforeseen perturbations to the earth’s
ied, particularly in the upper troposphere and near the polestlimate system as it responds to global warming. One type
where sulfate burden increases by up to 100 times. This enof geoengineering involves removal of carbon dioxide from
hanced burden could have implications for tropospheric rathe atmosphere. Another class, which we consider here, in-
diative forcing and chemistry. These results highlight the Volves reducing the input of solar radiation in order to cool
need to mitigate greenhouse gas emissions rather than at{he planet. Unfortunately, solar radiation management would
tempt to cool the planet through geoengineering, and to furnot remedy other consequences of Ténissions, such as
ther study geoengineering before it can be seriously considocean acidification (Honisch et al., 2012).
ered as a climate intervention option. One solar radiation management method that is receiving
increased attention, originally proposed by Budyko (1974,
1977), involves injecting gases into the stratosphere that
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condense to form reflective sulfate aerosols (Dickinson,to particles, in conjunction with a 2-D GCM for their sim-
1996; Crutzen, 2006). Stratospheric injection is more ef-ulations. When handing off the plume model output to the
fective than tropospheric injection because the stratospheriGCM after 24-h, they injected particles prescribed using a
aerosol has a longer lifetime and therefore a smaller injectiofognormal size distribution with a specified peak size. When
rate can be used. Volcanoes act as natural tests to this idemjecting SOy as particles using the plume model, sulfate
The June 1991 eruption of Mt. Pinatubo injected roughly burden nearly doubled relative to an Si@jection by Heck-
10 Tg S in the form of S@into the stratosphere (Read et al., endorn et al. (2009). About half of this improvement was due
1993; Krueger et al., 1995). A reduction in net radiative flux to modifying the size distribution by using the plume model,
of 3 to 10W nT2 was measured in summer and fall 1991 and the other half due to broadening the injection zone rela-
(Minnis et al., 1993), and surface temperatures dropped byive to that used by Heckendorn et al. (2009).
0.5°C the following year (Dutton and Christy, 1992). Using  Study of the impacts of stratospheric geoengineering on
volcanoes as an analog to geoengineering can be misleadinggppospheric aerosol is much more limited than studies of
however, because volcanic cloud lifetimes are shorter tharstratospheric aerosol. Kravitz et al. (2009) found that strato-
typical climate response times (Pollack et al., 1976), and bespheric SQ injection produced increased acid deposition es-
cause of possible microphysical differences between the inpecially in high latitudes, but the geoengineering contribu-
jection rate and location. tion was much smaller than from tropospheric anthropogenic
Initial stratospheric geoengineering simulations usingSO, emissions, and two orders of magnitude too small to
General Circulation Models (GCMs) found a linear asso-cause ecological harm. Niemeier et al. (2010) predicted in-
ciation between S@injection magnitude, sulfate burden, creased burden in the upper troposphere or lower strato-
and temperature reduction (Rasch et al., 2008; Robock esphere region, but did not quantify the tropospheric pertur-
al., 2008). However, these simulations used prescribed sizbations.
distributions based on observations following the Pinatubo Here, we discuss the first simulations using a 3-D sectional
eruption, despite indications from a 1-D microphysical sec-aerosol model coupled to a GCM comparing injections of
tional model that the climate effects of stratospheric injec-SO; gas, BSO, gas, and SﬁT particles in two different re-
tions may be self-limiting due to particle growth (Pinto et gions: a narrow band around the equator similar to that of
al.,, 1989). More recently, climate simulations have beenHeckendorn et al. (2009), and a broader injection region sim-
completed that include the microphysics of particle growth.ilar to that assumed by Pierce et al. (2010). We study the im-
Heckendorn et al. (2009) fed calculations from a 2-D micro- pact of the type of species injected and the size of the injec-
physical model simulating nucleation, growth, and coagula-tion zone on stratospheric aerosol burden and tropospheric
tion to a GCM. Their model simulations using an Si@jec- aerosol burden.
tion at the equator and a pressure altitude of 50 hPa resulted
in aerosols that grew to more than twice the size of those
from Mt Pinatubo, resulting in a significantly lower particle 2 Methods
lifetime and lower radiative forcing. Niemeier et al. (2010)
used a middle atmosphere GCM coupled with a microphys2.1  Model
ical modal model with nucleation, condensation, and coag-
ulation, and predicted that injecting 9@t 30 hPa instead We use the Whole Atmosphere Community Climate Model
of 50 hPa increases aerosol burden by about 50 %. They agWWACCM) (Garcia et al., 2007) coupled with the Community
sumed a size distribution represented in lognormal modesAerosol and Radiation Model for Atmospheres (CARMA)
Hommel and Graf (2011) used an uncoupled microphysicalToon et al., 1988). This basic framework has been used
sectional model with nucleation, growth, and coagulation into study sulfate nucleation (English et al., 2011), dust (Su
zero-dimensional space and found a similar sulfate burden aand Toon, 2011), sea salt (Fan and Toon, 2011), noctilucent
Heckendorn et al. (2009) and Niemeier et al. (2010). Pierceclouds (Bardeen et al., 2010), meteoric dust (Bardeen et al.,
et al. (2010) suggested injection 0b8IO, vapor instead of  2008), and black carbon (Mills et al., 2008; Ross et al., 2010).
SO, as a method to increase sulfate burdeny $6nverts  Although CARMA is capable of interacting radiatively and
to H,SOy over time scales on the order of weeks, and thechemically with WACCM, for these studies the interactions
H>SOy vapor, or the particles newly nucleated from the va- were mainly disabled. This version of WACCM/CARMA
por, tend to get scavenged by already existing large particleqjtilizes Stratospheric Aerosol and Gas Experiment (SAGE)
making them grow even larger. While the £@ broadly Il sulfate surface area densities for radiative transfer and
distributed in the stratosphere due to its relatively long life- ozone heterogeneous chemistry calculations (Considine et
time, bSOy condenses to sulfate aerosol on the order ofal., 2000). A detailed description of this specific model is
hours, possibly restricting the portion of the stratosphere afpresented by English et al. (2011).
fected by the injection directly, minimizing the peak parti-  For these simulations we employ 4atitude by 5 lon-
cle size and increasing sulfate burden. Pierce et al. used gitude horizontal resolution with 66 vertical levels. A 63-
2-D aerosol plume model to simulate the$0D, conversion  species chemistry module is implemented that includes
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Table 1. Description of simulations completed.

Simulation Species Injection(s) Injection Region Similar to
SO, narrow SQ gas 1,2,5,10 TgSyH, 4° N-4° S, all lon, Heckendorn et al. (2009)
continuous 18.8-19.9km

80‘21_ narrow Hydrated sulfuric acid 10Tg Syfl, continuous, 4° N-4° S, all lon, -
droplets lognormal width 1.5, 18.8-19.9km
100 nm peak radius

SO, broad SQ gas 10 Tg Syrl, continuous 32N-32 S, all lon, Pierce et al. (2010)
19.9-24.6 km
SO‘%_ broad Hydrated sulfuric acid 10 TgSyr 1, continuous, 32°N-32 S, all lon, Pierce et al. (2016)
droplets lognormal width 1.5, 19.9-24.6 km
100 nm peak radius
H,SO4 broad HSO, gas 10 Tg Syrl, continuous 32N-32 S, all lon, Pierce et al. (2010)
19.9-24.6 km
SO%’ plume Hydrated sulfuric acid 10 TgSyr 1, continuous, 4°N-4°S, -
droplets lognormal width 1.5, 135°E-145E,
100 nm peak radius 18.8-19.9km
Pinatubo SQ@gas 10TgSyrl, 48-h burston 16°N-4°S, 92.3E- Heckendorn et al. (2009)
14-15 June of year 2 117.5 E, semi-
lognormaP

Unperturbed - - - -

@ pierce et al. used a plume model in conjunction with a GCM
b The vertical profile of the injection (molec Sl(ﬁm*3 s1) was specified as a function of model level between model levels 38—-49 (15.1-28.5 km), centered at 20 km:

3.52x 107

Injection rate= ————————
! abglevel— 435)

WACCM'’s standard 56-species chemical package. We havenass doubling between bins. Since the bins only carry sul-
added 7 sulfur-bearing gases: S, S0,,560;, HOSG, furic acid, the equivalent sulfate aerosol size (sulfuric acid
H2SOy, and OCS (English et al.,, 2011). The model in- plus water) is determined by the technique of Tabazadeh et
cludes emissions of carbonyl sulfide (OCS) and sulfur diox-al. (1997), which calculates equilibrium weight percent sul-
ide (SQ), two primary sulfur emissions of importance furic acid as a function of temperature and water activity.
to the stratosphere. OCS is specified with a constant suiWeight percent sulfuric acid is assumed to be independent
face concentration of 510 pptv. $0s specified from a of particle size. The particles are assumed to have spheri-
two-dimensional monthly mean surface emissions datasetal shape. Split-time stepping is enabled for nucleation and
(Lamarque et al., 2010; Smith et al., 2011). Wet deposi-growth routines when sulfuric acid is supersaturated. Nucle-
tion for all constituents (including the aerosol bins from ation and growth are treated simultaneously in the model.
CARMA) is calculated using WACCM’s existing techniques If sulfuric acid gas concentrations become unstable (nega-
(Barth et al., 2000). All of the aerosol bins are assumed tative), the CARMA time step is retried with double the num-
have a constant 0.3 solubility parameter. WACCM treats dryber of substeps. Additionally, we limited nucleation so that
deposition of gases (Barth et al., 2000), while dry depositionit did not consume more than 40 % of the sulfuric acid avail-
of aerosols is not considered in our simulations. Prior workable. While our numerical model is stable, we have not done
has found wet deposition to be responsible for about 90 ¥numerical tests of the accuracy of this treatment of nucle-
of the sulfate sink in troposphere (Textor et al., 2006); how-ation. Since nucleation rates are very sensitive to supersat-
ever, the absence of dry deposition in our model may impacuration it is difficult to accurately predict the numbers of
sulfate concentrations in the boundary layer. particles formed. However, English et al. (2011) show that
Binary homogeneous nucleation of sulfuric acid and even order of magnitude differences in the nucleation rates
water is calculated following the technique of Zhao and make little difference to the numbers of particles larger than
Turco (1995). We specify 42 sulfuric acid mass bins in about 10 nm, because even at these small sizes the parti-
CARMA ranging from 0.2nm to 2.6 um dry radius, with cle concentrations are controlled by coagulation. Sulfuric
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10 Simulations are conducted in two latitudinal regions cen-
9 A Rasch etal. —=—Troposphere tered at the equator; an 8 degree wide zone similar to that
B8 e e a tasond 100 hPa specified by Heckendorn et al. (2009) and a 64 degree wide
£ 3 —e—Stratosphere —=—600-1000 hPa zone similar to that specified by Pierce et al. (2010), and two
§ 6 longitudinal regions: all longitudes similar to that specified
g 5 by Heckendorn et al. (2009) and Pierce et al. (2010) as well
s 4 as an 8 degree wide zone to compare to the plume stud-
S 3 ies of Pierce et al. (2010). We study the efficacy of inject-
< 2 ing three different species: $@as similar to Heckendorn
1 et al. (2009), S@‘ aerosol injection similar to Pierce et
0 al. (2010), and an injection of 04 gas to compare to
0 2 4 6 8 10 Pierce et al. (2010). Finally, we compare to simulations of
Stratospheric Sulfur Injection (Tg S/yr) a Pinatubo eruption and an unperturbed stratosphere.

Fig. 1. Sulfate aerosol burden as a function of Si@jection for
the specified regions. Our scenarios injectb3@tween 4S and
4° N in the 18.8-19.9 km grid box at all longitudes. “Whole Atmo-
sphere” represents a direct comparison to Heckendorn et al. (2009) . . . .

and Rasch et al. (2008). “First 100 hPa” represents the region spart'ere we C(_)nS|der thre_e issues: The effect of injection rgte 9”
ning from the tropopause to 100 hPa below the tropopause. “Seconf12Ss loading and optical depth; the effect of geographic dis-
100 hPa” spans 100 hPa below the tropopause to 200 hPa below tHEibution of the injection on mass loading and optical depth;
tropopause. “600—1000 hPa” spans from 600 hPa to the surface. Séd the effect of the material injected on mass loading and
text for method of identifying tropopause. optical depth.

4 Geoengineering efficacy

4.1 SO injection rates

acid surface tension is calculated using the constants from . ) ,
Sabinina and Terpugow (1935). We did not include any other 19Ure 1 (solid blackline) compares steady-state atmospheric
types of aerosols. Coagulation coefficients are calculated tét‘lfate burdens for a limited spatial injection regiofl K-
include Brownian, convective and gravitational effects. A 4°Sand 18.8-19.9 klm) and arange ofﬂﬁ}gctlon rates (0,
sticking coefficient of 1 is used, which assumes that all par-1+ 2: 5. and 10Tgyr™S). We find the relationship between
ticles stick together upon colliding. A correction for the im- Sulfate mass burden and gjection rate is non-linear with
pact of inter-particle Van der Waals forces on (:oagulationreomCeol efﬂ_ca_wy at higher injection rates. To a_ch|eve a 6TgS
is included (Chan and Mozurkewich, 2001) which has beenPUrden. an |0n]ect|on rate of 10 Tg Syris required, which
found to be important to accurately represent stratospheri¢S Within 10 % of the injection rate predicted by other stud-
aerosol concentrations (English et al., 2011). Sulfate aerosdfS that calculated aerosol size d|str|bqtlons (Heckendorn et
growth and evaporation is calculated using sulfuric acid equi—al" 2009; Hommlel'a.nd Qraf, 2011, N|e'meyer et al., 201,0
librium vapor pressure over a binary solution computed from (N0t Shown)). This injection rate to obtain 6 Tg S burden is
the method of Ayers et al. (1980) with a temperature Correc_f|ve times higher than the injection rate predicted by simu-

tion by Kulmala (1990) and thermodynamic constants fromlations that assumed prescribed size distributions (Rasch et
Giauque (1959). al., 2008). As pointed out by others, for a given injection

rate the aerosol mass burden is reduced when microphysics is
treated because the larger particles that occur in the simula-
tions fall out more quickly than the smaller ones assumed in
3 Experimental design simulations that don’t treat microphysics, and radiative forc-
ing is further reduced due to a decrease of mass extinction
We investigate a series of S@njection rates, as well as a efficiency (Heckendorn et al., 2009).
comparison between narrow and broad injection zones, and Our simulations with varying S@injections have their
a comparison of injection species (Table 1). All simulations peak aerosol optical depth (AOD) (Fig. 2) and sulfate col-
were run from the same initialization file. All simulations umn mass (Fig. 3) near the equator, corresponding to the
except Pinatubo were run for 5 years, with the 5th yearinjection zone. The ten-fold increase in $@ass injected
analyzed. Stratospheric steady-state aerosol burdens webetween the 1 Tg Syt and the 10 Tg Syr! simulations in-
achieved by the second simulation year. The Pinatubo simereases peak AOD by factors of only 2.8 at 525nm and 3.1
ulation was run for 6 months before its eruption was simu-at 1024 nm (Fig. 2). Similarly, peak zonal average sulfate
lated on 14-15 June, and the following year (16 June of yeacolumn mass (at the equator) increases by only a factor of
1 through 15 June of year 2) is compared to the other simub for a ten-fold increase in injection rate (Fig. 3). AOD in-
lations. creases less than column mass because in addition to being
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Fig. 2. Annual zonal average of sulfate aerosol optical depth (AOD) at 525 and 1024 nm wavelength for each ofitijec®on scenarios
(average of year 5) and for Pinatubo (average of the 1-year period starting immediately after the 15 June eruption). Extinction coefficients
are calculated as a function of weight percent and wavelength using the refractive indices of Palmer and Williams (1975).
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Fig. 3. Annual zonal average of sulfate column mass (Tg) and hydrated sulfate effective radius (um) for each ofitjecBon scenarios

(average of year 5) and for Pinatubo (average of the 1-year period starting immediately after the June 15 eruption). Column mass is reportec
per grid box (£ latitude by 5 longitude). Effective radius is a column average weighted by the aerosol surface area in each grid box to apply

a fair weighting to grid boxes with more surface area.

proportional to column mass, AOD is also inversely propor- mass increases by a factor of 4, and 525 and 1024 nm AOD
tional to the particle radius for particles of the sizes consid-increase by a factor of 3. Hence, relative to models that do
ered here. Effective radius (Fig. 3), defined as the ratio of thenot treat microphysics, the optical depth is reduced not only
third moment to the second moment of the aerosol size disbecause the mass burden is reduced, but also because the par-
tribution, increases as injection rate increases at all latitudedicle size increases when microphysics is treated. Therefore
We weighted the effective radius by dividing the aerosol sur-SQ, injections may have limited efficacy for optical depth at
face area in each grid box by the total vertically integratedhigher injection rates.

surface area to normalize by the amount of aerosol in each The geoengineering simulations just discussed had a con-
grid box. Surface area was chosen to provide a consistergtant SQ injection rate. We also compare to a simulated
weighting to the denominator of the definition of effective eruption of Mount Pinatubo. Since the Pinatubo injection is
radius. These trends are illustrated more clearly when plota pulse, it results in a cloud whose properties evolve in time,
ting averages in the tropics (38 to 30 N) as a function  so it is difficult to compare with the steady state geoengi-
of injection rate (Fig. 4). Between the 1 Tg simulation and neering cases. We find the Pinatubo zonal-average 525nm
the 10 Tg simulation, effective radius nearly triples, column AOD peaks about 3 months after the eruption at about 0.46 at
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Tropics (30°S to 30°N) Brewer-Dobson circulation about the equator in the WACCM
0.5 model. This distribution should be investigated in more de-
tail to better understand if equatorial injections for geoengi-

0.4 Crective neering may induce a hemispherically asymmetric forcing on
0.3 Radius (m the climate. Our model does not include a quasi-biennial os-
’ Column Mass cillation (QBO) in tropical winds, or radiative heating from
(x102 Tg) . K
0.2 sulfate aerosols, both of which could influence the dynam-
ics that partition sulfate between the hemispheres (Bauman
0.1 525 nm AOD

. STV, et al., 2003). Indeed, our Pinatubo simulation also has higher
0.0 AOD in the Northern Hemisphere than the Southern Hemi-
"o 2 4 6 8 10 sphere, but thi; is not supp_ortt_ed by observations tha_t show a
Stratospheric Sulfur Injection (Tg S) more symmetrical AOD (Minnis et al., 1993, Stenchikov et
al., 1998). In addition to the lack of QBO in our model, our
Fig. 4. Hydrated sulfate aerosol effective radius (um), column massmodel does not include the 1991 Cerro Hudson eruption in
(102 Tg/grid box), and AOD at 525 nm and 1024 nm in the tropics Chile, which was found to contribute to higher AOD in the
(30° S to 30 N) for each of the S@injection scenarios. The sce- Southern Hemisphere (Pitts and Thomason, 1993). A more
narios inject S@ between 4S and 4N in the 18.8-19.9km grid box detailed analysis of our simulation of Mount Pinatubo has
at all longitudes. Column mass is reported per grid béXg4tude been completed (English et al., 2012).
by 5° longitude). Effective radius is a column average weighted by Analysis of size distributions in three different regions of
the aerosol surface area in each grid box vertically to apply a falrthe stratosphere (Fig. 5) illustrates how particle size evolves

welghtlng to grid boxes with more surfgce area. Extinction coeffi- with changing injection rates. At higher injection rates, the
cients are calculated as a function of weight percent and wavelength

using the refractive indices of Palmer and Williams (1975). An area-peak particle size gets larger. The particle size grows even
weighted average across latitude is conducted for all fields. larger at the lowest levels of the stratosphere (90 hPa com-

pared to 39 hPa), probably because of sedimentation of the

largest particles. At 90 hPa, there is a size mode for geo-

engineering scenarios not present in the unperturbed atmo-
5° N, with a magnitude that is about double that of the 10 Tg sphere that increases in size from about 1 um radius for the
geoengineering case. Sulfate mass burden peaks at 8.5 TgISTg injection to about 1.5 um for the 10 Tg injection. This
about 5 months after the eruption, which is about 40 % highettrend was also found by Heckendorn et al., where the peak
than 10 Tg geoengineering. Our model is within the errorsize at 90 hPa was found to grow from about 0.6 to 1.0 pm.
bars of Pinatubo observations of peak magnitude and timind-or the 5Tg injection, our model predicts effective radius
for AOD (Ansmann et al., 1996) and effective radius (Bau- in the center of the sulfate layer (50 hPa at the equator) to
man et al., 2003) in the Northern Hemisphere. For purposebe 0.47 microns, compared to 0.6 microns for Heckendorn
of a fair comparison to geoengineering simulations and toet al. (2009), and 0.4 microns for Neiemeier et al. (2010).
be similar to the approach of Heckendorn et al. (2009), weOur model includes the coagulation correction for Van der
compare a 1-year average for the year immediately follow-Waal's forces (Chan and Mozurkevich, 2005), but we have
ing the eruption, to the annual average of year 5 of the geofound this increases the effective radius by less than 10 % for
engineering simulations. Comparing the simulated PinatubdPinatubo. Generally the geoengineering cases have a broader
eruption to 10 Tg geoengineering, peak AOD is about 17 %size distribution than the Pinatubo case, rather than a differ-
higher at 525 nm and 14 % higher at 1024 nm despite similaent mode. This increase in the number of large particles with
SO, injections (Fig. 2). While these differences might sug- increasing injection rate occurs because the largest particles
gest that continuous injection of $@ slightly less effective  continue to see additional vapor for condensational growth.
than a single burst into a clean atmosphere, the Pinatubo infhe differences in particle size by number correspond to even
jection was placed over a wider altitude and latitude rangeJarger differences in particle size by surface area (Fig. 5).
but a narrower longitude range than the geoengineering cas€learly with greater mass there is also greater particle sur-
(Table 1). As we discuss below these spatial differences irface area, suggesting that ozone loss should increase, as has
injection can be very important to the resulting mass in thebeen calculated previously for geoengineering (Heckendorn
stratosphere. et al., 2009; Tilmes et al., 2009) as well as observed after the

Finally, AOD (Fig. 2) and sulfate column mass (Fig. 3) eruption of Mount Pinatubo (Prather, 1992). The differences

are about three times higher in the Northern Hemispherén the typical particle size are further amplified when com-
than the Southern Hemisphere. Some of this increase is aparing volume size distributions, suggesting that the higher
tributed to more surface sulfur sources in the Northern Hemi-injection scenarios have a higher proportion of sulfate mass
sphere industrial latitudes as shown for the unperturbed casi the largest sizes, which fall out of the atmosphere more
in Fig. 2; however there appears to be an additional contriburapidly. Larger particles are also less effective at scatter-
tion that could be due to an asymmetry in the location of theing incoming solar radiation as the radius further deviates
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Fig. 5. Annual zonal average of sulfate aerosol number, surface area, and volume size distribution for gaghc86n scenario at the
equator and 39, 55, and 90 hPa.

from the optimum mass scattering radius near 150 nm. Oupf 864* particles in a broad region produces about 40 %
results reinforce the original conclusion postulated by Pintohigher mass burden than the equivalent injection oﬁSO
et al. (1989) as well as recent microphysical simulationsparticles in a narrow region (13.8 Tg versus 9.6 Tg). Like-
(Heckendorn et al., 2009; Niemeier et al., 2010; Hommel andwise, stratospheric aerosol lifetime increases for broad injec-
Graf, 2011) that there may be an upper limit to the radiativetions by about 80 % for S®injection and 50 % for Sﬁj

forcing that can be obtained with sulfate aerosols. particle injection relative to injections in narrow latitudinal
o _ bands (Fig. 6). While part of the increase in burden is due to
4.2 Injection region the slightly higher injection altitude, burden is improved for

two other reasons as well: First, particle growth bySéy
We now compare the efficacy of injection region for vari- condensation is reduced becausgSBs vapor is more di-
ous 10Tg S injection scenarios. Injecting:56to a broader  |yte, and second, coagulation is reduced because aerosol con-
latitude and slightly higher altitude region (38-32S and  centration is also more dilute. The benefit of a larger injec-
19.9-24.6 km) produces about a 60% higher mass burdefion region is less for S§ particle injection because this
than the equivalent SOnjection in a narrow region (10.1Tg  scenario is generally influenced by concentration of aerosol
versus 6.3Tg) (Fig. 6). Injecting a lognormal distribution
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Fig. 6. Burdens and stratospheric lifetimes for various 10 Tg injection scenarios. (left panel) Aerosol burden (Tg S) in the stratosphere and
troposphere for various 10 Tg S injection scenarios. The sum is equivalent to whole atmosphere burden, since the burden above the stratopaus
was calculated to be less than”PeTg. Shown are averages and standard deviations across 360 daily averages for the 5th simulation year for
each simulation except Pinatubo. Pinatubo is calculated by averaging across one year immediately following the eruption. See text for method
of identifying tropopause. (right panel) Stratospheric aerosol lifetime for various 10 Tg S injection scenarios. All lifetimes are calculated by
dividing aerosol burden by mass injection rate, except Pinatubo, which is calculated by the elapsed time between the month of peak burden
and the month of et burden.

only, and not HSO4. The impacts of these processes that 1024 nm, with SQ injections showing a larger benefit from
result from changes in injection region are illustrated whena broad injection. However, due to the spatial differences in
looking at equatorial size distributions at three different lev- AOD (Fig. 9), different climatic outcomes may result from
els of the stratosphere (Fig. 7). Injecting S@ SO?[ parti- a narrow versus a broad injection, and the potential impacts
cles into a narrow region (green and blue dotted lines) genershould be studied further.

ally results in a broader size distribution than injections into  When comparing a narrow ﬁo particle injection across

a broad region (green and blue solid lines). The distributionsg|| longitudes (“s@* narrow”) to a narrow SQT particle
become especially wide with S@as due to the availabil- injection across only 10 degrees longitude with the same to-
ity of H2SOy gas for growth in addition to SPiparticles for  tal injection (“SG~ plume”), the resulting aerosol burdens
coagulation. (Fig. 6), lifetime (Fig. 6), size distributions (Fig. 7), effec-
The trends for area and volume distributions are compative radii (Fig. 10), AOD (Fig. 9), column mass (Fig. 10),
rable to trends with number. The differences are most noteand averages in the tropics (Fig. 11) are all comparable. This
worthy near the injection level (55hPa) and become mutedsuggests that the zonal winds distribute the aerosol particles

at higher or lower levels. Sulfate effective radius (Fig. 8) is around the world quickly enough to notimpact microphysics.
also generally larger across most latitudes and levels for the

narrow injection simulations. 4.3 Injection species
The combination of increased burden and reduced effec-

tive radius for broad injections results in higher AOD in most \ye now compare the efficacy of injecting three different sul-
regions except near the equator, where the narrow injectiong,, species: S@gas, HS0 gas, and SQT particles. Pierce
have a higherﬁnjection r.ate (F.ig. 9). Itis particularly interest- gt 4. (2010) suggested that injecting$0s gas that is in-
ing that the Pinatubo simulation produces lower AOD thanstantly well-mixed throughout the gridbox instead of SO

all but one of the 10 Tg geoengineering cases. Generally thig,oyd result in a larger sulfate mass abundance for a given
difference reflects the confined injection region for Pi”atUboinjection rate. We find, on the other hand, that injecting

relative to the other cases. The differences in AOD are driverHZSO4 gas does not produce any discernable benefit over
mainly by differences in sulfate column mass (Fig. 10), al- 5o, injection. Aerosol burden (Fig. 6), stratospheric life-

though a smaller effective radius for the broad injectionsijme (Fig. 6), size distributions (Fig. 7) AOD (Fig. 9), col-
(Fig. 10) is a factor. The effective radius for $@jections ;11 mass (Fig. 10), and effective radius (Fig. 10) are all
is similar in most places except a narrow band near the equasimilar for the two scenarios. However, Pierce et al. (2010)
tor. However, this is where the majority of the sulfate column giq not directly inject HSOy into their global microphysi-
mass is located, reducing the efficacy of a narrow injection..a| model. Instead, they injecte SO, into a plume model,
Overall, a broad injection can be considered an improvemeng g jet the plume evolve until all of the gas had been con-
over a narrow injection when comparing averages frofi80  yerted into particles, and the particle concentration had been
to 30" N (Fig. 11). AOD for broad injections of Sas and  requced to ambient values. They then put the plume particles
SO;~ particles is about 20-60 % higher at both 525 nm and;ni the global microphysical model, assuming a range of
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Fig. 7. Annual zonal average of aerosol number, surface area, and volume size distribution for each 10 Tg S geoengineering scenario at the
equator and 39, 55, and 90 hPa.

injected particle sizes. This approach yielded higher burdensaircraft (which is a typical payload for the handful of aircraft
by minimizing the exposure of the pre-existing aerosol par-actually able to fly at these altitudes today), would require
ticles to SOy gas. It is likely that their plume model is about 80000 aircraft flights per day. It is most likely these
responsible for the difference between results. What is unflights would be concentrated in a few areas of the Earth to
clear is the uncertainty in their assumptions made with theirmake the logistics of operating the aircraft more economical.
approach before they handed of a specified particle size disHence plume interaction would almost certainly occur. Other
tribution to the GCM. Pierce et al. discuss some of the as-details of the plume model, such as turbulence, may be im-
sumptions with their approach in their Supplement, and acportant to the particle sizes that exit the plume, and should be
knowledge that the resulting particle size distribution could validated in field studies.

vary in peak size and width depending on the assumptions. We are not able to address these many complexities involv-
However, it would be difficult to quantify the uncertainty in ing sub-grid scale injection, which would require a global
some of their assumptions. For instance, coagulation is nonmodel with many subgrid-scale embedded aircraft plumes.
linear so it is critical that plumes be allowed to interact with However, we performed some illustrative simulations. Fig-
other plumes that have been produced previously. In ordeure 6 shows that injecting ﬁo particles with a lognormal

to inject 10 Tg Syr! H,SOy, assuming 1ton of B8O, per  distribution of width 1.5 and peak radius of 100 nm produces
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Fig. 8. Hydrated sulfate effective radius for each of the various 10 Tg S injection schemes; annual and zonal average as a function of
atmospheric pressure and latitude (average of year 5). Pinatubo simulation is an average of the first year after the simulated eruption.

51 % higher mass burdens thanS6@jection in a narrow re-  particles are injected instead of a gas, and therefore do not
gion and 37 % higher burdens than in a broad region. Higheffall out of the stratosphere as fast. In the limit when particles
mass burden is achieved because coagulation is inherentigre smaller than the mean free path, the ratio of the coag-
slower at delivering mass to a growing particle than growthulation growth rate to the condensational growth rate is ap-
from the gas phase. Hence the particles remain smaller iproximately equal to the ratio of the thermal velocity of the
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is reported per grid box (dlatitude by 5 longitude). Effective radius is a column average weighted by the aerosol surface area in each grid
box vertically to apply a fair weighting to grid boxes with more surface area.

particle to the thermal velocity of the colliding aerosol, or distributions attained with a Sfp particle injection instead
equivalently the square root of the ratio of their masses. Thiof SO, gas. The advantage of higher burden and smaller par-
effect is supported by comparisons of effective radius. Forticles is illustrated when comparing AOD (Fig. 9, blue lines
SO2 particle injection, global zonal-average effective ra- versus green lines). In both narrow and broad injection re-
dIUS (Fig. 8) peaks at roughly 0.9 um for a narrow region andgions, AOD from scﬁ— particle injection is more than twice
0.8 um for a broad region, which is 37 % and 11 % smaller,that of SQ injection at 525 nm and nearly twice that of £O
respectively, than that from an S@jection. Comparing sur-  at 1024 nm. Higher AOD for S§7 particle injections comes
face area-weighted average of effective radius as a functiofrom both higher sulfate column mass (Fig. 10) and smaller
of latitude (Fig. 10), effective radius for a §Oparticle in-  effective radius (Fig. 10).

jection is about 10 % lower than for $S0Onjection at most The primary advantage of injecting %Oparticles is to
latitudes. Finally, a comparison of average effective radiuscontrol the particle size distribution, as noted by Pierce et
between 30S and 30N (Fig. 11) suggests effective radius al. (2010). However, it is unlikely that the size distribution
foran Sq* particle injection is about 15 % smaller. Compar- remains as narrow as assumed in their plume model, an un-
ison of size distributions (Fig. 7) also illustrate the narrower certainty that they acknowledge is possible. Given that the
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refractive indices of Palmer and Williams (1975). An area-weighted

average across latitude is conducted for all fields.

5 Tropospheric burdens

Next, we investigate perturbations to tropospheric aerosol re-
Tropopause level

0 sulting from stratospheric sulfur injection. In order to ac-
curately quantify perturbations to tropospheric aerosol, the
100 E)Zgaismamagyy \ . height of the tropopause must be adequately represented.
T 200 Lerbrbr / \ This is a difficult task. The constantly changing tempera-
< :: i R []]7—col point ture profile of the atmosphere argues against using an aver-
5 300 ||| TN N LT —rapse rate age tropopause height. If the tropopause is defined based on
§ l ——200 ppbO, cold-point temperature, the tropopause can be unrealistically
400 I AN | —s0 pmbo, high when there is an extended region of stable temperatures
so0 that sometimes occurs in high latitudes. Our model some-
times predicts cold-point tropopause in southern hemisphere
600 high latitudes as high as 80 hPa. If the tropopause is based on

90 75 -60 45 30 15 0 15 30 45 60 75 90 ozone concentration, the method becomes inadequate during
Latitud . . .
atitude the Antarctic spring ozone hole. Additionally, the ozone con-

Fig. 12. Simulated tropopause level (hPa) as a function of latitude CENtration separating tropospheric from stratospheric air can
for varying identification methods, based on an annual zonal av-Vary from 50 to 380 ppb (Zahn et al., 1999; Pan et al., 2004).
erage for the unperturbed simulation. The lapse rate method (deA third technique to identify tropopause is based on a mini-
scribed in the text) was employed for this work. The bars showmum lapse rate. We find that using a modified version of the
minimum and maximum tropopause levels at each latitude acrosiVorld Meteorological Organization definition (WMO, 1957)
all longitudes and 360 daily averages for the 5th simulation year. produces a realistic tropopause location that can handle the
nuances of uncommon temperature profiles that sometimes
occur in our simulated daily average temperatures. We iden-
tify the tropopause to be the lowest level at which the lapse
availability of very small particles for coagulation onto larger rate is closer to zero than +4 K krh at that level and the
particles is a controlling factor for peak size, it is critical to level above it. If the lapse rate at the level above the current
correctly identify the size distribution. Since our results for level is—2 Kkm~1 or less, the current level is flagged as the
H2SOy injection are virtually identical to that for SOnjec- tropopause regardless of whether the current level lapse rate
tion, itis clear that the Pierce et al. plume model is the criticalis less than +4 K km®. The search begins above the bound-
factor in their results, rather than injecting$0, instead of  ary layer to avoid designation of boundary layer inversions
SOp. It would be valuable to validate these assumptions withas the tropopause. Tropopause levels were constrained to be
size distributions observed in an actual plume. between the levels 85 to 433 hPa. A comparison of identified

Atmos. Chem. Phys., 12, 4779793 2012 www.atmos-chem-phys.net/12/4775/2012/



J. M. English et al.: Microphysical simulations of sulfur burdens 4787

Unperturbed SO, Narrow
70 —— 70
100 100
< 150 E 150 _
£ 200 $ 200 E
o 250 o 250 _‘::
a 300 2 300 >
g 8 ®
£ 400 & 400
500 500
700 700
850 850
1000 T T 1000 +——71 71— 7 T 11
90S 60S 30S 0 30N 60N 90N 90S 60S 30S O 30N 60N 90N

SO, (pptv), annual zonal average

___NEEREEN

0.1 2 10 50 200 1000 5000

Fig. 14. Tropospheric sulfate aerosol burden (pptv) for the unperturbed case and th@a80w” geoengineering simulation; annual and
zonal average as a function of atmospheric pressure and latitude. The annual zonal average tropopause location is included (black line). Se
text for method of identifying tropopause.

tropopause locations for the annual zonal average of the un- Increases in specific regions of the troposphere are pro-
perturbed simulation is provided in Fig. 12. Our modified vided in Fig. 13. Total tropospheric burdens increase by
lapse rate definition identifies an average tropopause of abowtbout 200 % for all of the 10Tg scenarios, with the in-
100 hPa in the tropics and 250 hPa at high latitudes. This apereases slightly less for the broad region injections than the
proach yields an average tropopause at about the same locaarrow region injections. There is no significant difference
tion as a method searching for 200 ppb 0zone concentratiorin tropospheric burden increases between injections of SO
This method identifies a tropopause that is higher than theyas, HSO, gas, or S@‘ particles. The vast majority of the

60 ppb o0zone method, and lower than the cold-point methodtropospheric increases occur in the first 100 hPa below the
An analysis of 360 daily averages at each of the 72 longitudesropopause, where the burdens increase by a factor of about
finds that the designated tropopause location ranges from 865. Again, the narrow injections cause a larger perturbation.
to 160 hPa in the tropics, 120 to 433 hPa at southern hemidropospheric burdens in the next 100 hPa down from the
sphere high latitudes, and 190 to 433 hPa at northern hemitropopause are doubled, while burdens near the surface in-
spheric high latitudes. This range of daily tropopause loca-crease by about 50 %. While wet deposition is the primary
tions approximately spans from the 60 ppb ozone average lotropospheric sink of sulfate aerosols (Textor et al., 2006), the
cation at the low end to the cold point average tropopausdack of dry deposition in our model may introduce some error
location at the high end. in surface perturbations.

Based on our designation of tropopause location, we find Comparison of sulfate volumetric mixing ratio between
significant perturbations to tropospheric aerosol from strato-the unperturbed case and the ;S@arrow 10 Tg injection
spheric geoengineering. When comparing the narrow-regior{Fig. 14) suggests increased burdens across much of the up-
SO injection scenarios, sulfate burden in the troposphereper troposphere and high latitudes. Sulfate concentrations
increases as the injection rate increases (Fig. 1, green solidear the equator at the 120 hPa level increase 100-fold, from
line), with the tropospheric burden for the 10 Tg injection about 50 pptv to about 5 ppbv. Similarly, sulfate concentra-
nearly triple that of the unperturbed case. This increasdions near the South Pole and 400 hPa increase from about
is consistent with tropospheric burdens found in other mi-3 pptv to 300 pptv. Increases in sulfate burden relative to
crophysical studies (Debra Weisenstein, private communi-ambient concentrations for each of the 10 Tg geoengineer-
cation). The majority of this increase occurs in the firsting scenarios are illustrated in Fig. 15. Sulfate increases are
100 hPa below the tropopause. In Fig. 1, the slope of the 600largest in the clean high latitude regions for all of the injec-
1000 hPa line is near zero, suggesting that perturbations dion scenarios, as well as the upper troposphere at all lat-
sulfate near the surface from geoengineering are insignificantudes, where burdens increase by about a factor of 100.
compared to traditional sulfur sources (which are representedll of these increases are about double that calculated for
by the zero injection point in Fig. 1). A significant portion of the year after the Pinatubo eruption (Figs. 6, 13, 15) due
the atmospheric burden for all of the 10 Tg geoengineeringto the continuous injection, larger particle size, and faster
scenarios is in the troposphere (Fig. 6, pink columns). falling velocities for the geoengineering cases, as well as
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their accumulated burden from previous years. Our modekulfate. Our unperturbed simulation predicts a global atmo-
does not include dimethyl sulfide (DMS) emissions, which spheric sulfate burden of 0.49 TgS which is outside the
contributes about 20 % of surface sulfur emissions globallyrange of IPCC simulations (0.55 to 1.1 TgS) that include
(Haywood and Boucher, 2000), or in-cloud production of DMS and in-cloud production of sulfate (Forster et al., 2007).
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Fig. 16. Annual zonal average of aerosol number, surface area, and volume distribution for each 10 Tg S geoengineering simulation in the
tropical upper troposphere (the equator and 120 hPa; left column), and the southern high latitude upper tropoSi$hanel (@00 hPa,; right

column).

Therefore, fractional increases of sulfate due to geoengineeradius that is not present in the unperturbed simulation. Large
ing in our model may be artificially high, particularly in the increases to aerosol surface area and volume are predicted
high latitude Southern Hemisphere where DMS emissionsas well. As expected, the narrow tropical injection scenar-
peak. ios perturb the tropical upper troposphere more significantly
An assessment of aerosol number, surface area, and vowhile the broader injection scenarios perturb the high lati-
ume distributions in the upper troposphere (Fig. 16) revealdude upper troposphere more significantly. The Pinatubo sim-
significant changes to aerosol properties for all 10 Tg geo-ulation also predicts changes to upper tropospheric aerosol,
engineering simulations. In both the tropical upper tropo-but the perturbations are generally much smaller than those
sphere (at the equator and 120 hPa) as well as the high lafrom geoengineering. Finally, despite high numbers of par-
itude upper troposphere (98 and 400 hPa), stratospheric ticles smaller than 300 nm predicted for all simulations in
geoengineering produces a size mode at approximately 1 prthe tropical upper troposphere due to binary homogeneous
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nucleation of sulfuric acid and water in this region (English fate burden by another 50%, in agreement with Pierce et
et al., 2011), geoengineering produces a new size mode. al. (2010). We also find that injection 080, gas does not
This enhancement of tropospheric sulfate burdens couldncrease burdens compared toS@jection, in contrast with
have implications for tropospheric cloud properties, radiativePierce et al. (2010). Clearly their plume model is the critical
forcing, and tropospheric chemistry. After the eruption of Mt. factor in their results. Although Pierce et al. conducted a sen-
Pinatubo, large aerosols were found in the upper troposphersitivity study using their plume model, they acknowledge that
(Sato et al., 1993; Stenchikov et al., 1998; Niemeier et al. there remain uncertainties with particle size distribution. We
2009). Some observational analyses observed an increase suggest that considerably more research is needed on plumes
cirrus clouds and a decrease in low clouds (Minnis et al.,to consider issues such as interactions between plumes, the
1993; Ackerman and Strabala, 1994), which could cause surparticle size as a function of mass injected by single aircraft,
face warming, offsetting some of the cooling induced by theand coagulation within plumes before they spread, among
stratospheric aerosols. However, other observational analysther topics. While previous studies have suggested geoengi-
ses have failed to find a connection between Pinatubo and cimeering injections are less effective than volcanic ones in in-
rus (Luo et al., 1997). It is possible that EIfidi contributed  creasing sulfate mass burdens, we find the opposite is true
to the change in cirrus properties that year (Song et al., 1996¥or most of the cases we studied. The main reason is that
but other analyses suggest Elfidiwas insignificant com- volcanic injections are spatially confined, while most of the
pared to the effects of Mt. Pinatubo (Wang et al., 1995). Mod-simulations we considered were for injections over broad re-
eling sensitivity studies have found Pinatubo to perturb cirrusgions. Hence, geographical distribution of the injection may
if a monomodal aerosol distribution is prescribed but not a bi-be more important than the injection rate in general.
modal distribution (Lohmann et al., 2003). Clearly thisisan We also find significant perturbations to tropospheric
issue that needs more research in the context of geoengineeaerosol burdens for all geoengineering simulations. Tropo-
ing. Furthermore, our calculations suggest that geoengineesspheric burdens increase by a factor of two or three, with
ing perturbs tropospheric aerosol more than Mount Pinatubothe majority of the increases occurring at all latitudes in the
If geoengineering with larger injection rates increases thel00 hPa thick layer just below the tropopause, as well as
thin cloud to thick cloud ratio further, while reaching a reflec- most of the troposphere at high latitudes. Aerosol size, sur-
tive cooling plateau in the stratosphere, the effectiveness oface area, and volume are all perturbed in the tropical upper
sulfate injections could be further limited. Finally, our simu- troposphere as well as the high latitude upper troposphere,
lations predict sulfate burdens in the lower atmosphere neaand at a much greater level than simulated for the eruption
the South Pole to increase by up to two orders of magnitudef Mount Pinatubo. These perturbations could impact cirrus
(Fig. 15), increasing the likelihood of acid deposition, which clouds, and as a result, radiative forcing and geoengineering
has been previously noted, though it was concluded that thigfficacy, and alter chemical reaction rates and radiative heat-
increase is several orders of magnitude too small to causang in the upper troposphere. More work needs to be done to
ecological harm (Kravitz et al., 2009). clarify whether cloud properties are modified from changes
In addition to modifying cirrus, enhanced tropospheric in aerosol abundance or upper tropospheric heating.
particles could modify atmospheric chemistry by providing  These results highlight the unforeseen impacts that strato-
surfaces for heterogeneous reactions, or radiative heatingpheric geoengineering may entail. In addition to cirrus cloud
rates. Sulfuric acid aerosols are known to heat the stratomodification and limited efficacy at higher injection rates,
sphere after large volcanic eruptions, and could do the samstratospheric sulfur injections may cause ozone destruction
in the tropopause region if high concentrations were main-(Tilmes et al., 2009; Heckendorn et al., 2009), changes to
tained by persistent injections for geoengineering. the hydrological cycle (Trenberth and Dai, 2007), acid de-
position at the poles (Kravitz et al., 2009), as well as con-
sequences yet unknown. Geoengineering by solar radiation
6 Conclusions management also would not offset other adverse conse-
quences of C@emissions such as ocean acidification. Al-
We have used a 3-D coupled microphysical sectional modethough geoengineering is riddled with risks, costs, and un-
to study the effect of sulfur injection magnitude, injection certainties, humanity’s current path of releasing greenhouse
zone size, and injection species (58,S0,, and SCﬁf par- gases also creates risks, costs, and uncertainties. There-
ticles) on aerosol properties in the stratosphere and tropofore, geoengineering should receive further study to better
sphere. We find that continuous S@jection in a narrow  constrain its risks, costs, and uncertainties, but not distract
region centered at the equator has limited efficacy at highefrom efforts to quickly reduce C®and other greenhouse
injection rates, in agreement with Heckendorn et al. (2009)emissions.
and others. We find that broadening the injection region to
32°N-32 S and 19.9-24.6 km increases the sulfate burden
by approximately 50 % for a 10 Tg Syt injection, and that
injection of SCi‘ particles instead of Sgas increases sul-
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