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Abstract18

By injecting SO2 into the stratosphere at different latitudes, it might be possible to not19

only reduce global mean surface temperature compared to the warming produced by green-20

house gases, but also to minimize changes in the equator-to-pole and inter-hemispheric21

gradients of surface temperature, further reducing some of the impacts arising from cli-22

mate change relative to equatorial SO2 injection. This can happen only if the resulting23

sulfate aerosols are transported to higher latitudes by the stratospheric circulation, en-24

suring that a greater part of the solar radiation is reflected back to space at higher lat-25

itudes, compensating for the reduced sunlight there. However, the stratospheric heat-26

ing produced by these aerosols modifies the global circulation and strengthens the strato-27

spheric polar vortex that acts as a barrier to the transport of air towards the poles. We28

show how this stratospheric heating results in a nonlinear feedback where increasing in-29

jection rates lead to a stronger high latitudinal transport barrier. This implies a poten-30

tial limitation in the high-latitude aerosol burden and subsequent high-latitude cooling.31

Plain Language Summary32

If we were to inject aerosols at high altitudes in order to reflect some incoming so-33

lar radiation and cool the planet, it would result in a localized warming at those alti-34

tudes. This would affect the circulation of air masses, and we show here that it would35

strengthen the intensity of the polar vortexes that control the transport of air from the36

mid-latitudes to the poles. If this transport is inhibited, less aerosol can reach the high37

latitudes, and obtaining the correct distribution of aerosols needed to achieve the required38

climate goals to avoid unintended impacts is made harder.39

1 Introduction40

Stratospheric aerosol geoengineering (SAG) involves deliberately injecting aerosols41

or their precursors into the stratosphere in an attempt to cool the planet, mimicking the42

cooling seen after large volcanic eruptions (Budyko, 1978; Crutzen, 2006). Climate model43

simulations generally agree that injecting SO2 has the potential to reduce global surface44

temperatures relative to the warming induced by greenhouse gases (GHGs); the imper-45

fect compensation between the GHG and SO2 forcing (Govindasamy et al., 2003; Jiang46

et al., 2019) would, however, result in differences in aspects of the surface climate such47

as the hydrological cycle (Tilmes et al., 2013; Niemeier et al., 2013; I. Simpson et al., 2019)48

compared to a non-geoengineered climate with no GHG warming, but these differences49

would still be much lower than those resulting from continued GHG induced warming50

(Irvine & Keith, 2020). Large uncertainties are still present in many areas related to the51

possible interactions with different aspects of the climate (Kravitz & MacMartin, 2020).52

One of the most important perturbations resulting from the injection of SO2 is the53

stratospheric heating resulting from the increase in aerosol heating rates. Modifications54

in the stratospheric transport, observed in the past in the case of large volcanic erup-55

tions (Robock, 2000; Pitari et al., 2016), are consistently found in simulations (Niemeier56

& Schmidt, 2017; Richter et al., 2017; Visioni et al., 2017; Kleinschmitt et al., 2018). Aquila57

et al. (2014) first pointed out the potential of equatorial SAG to interact with strato-58

spheric dynamics by modifying the quasi-biennial oscillation (QBO), resulting, for high59

enough loads of injection, in a permanent locking of the QBO in a Westerly-phase. That60

phase of the QBO results in stronger aerosol confinement in the tropical pipe due to de-61

creased meridional transport and increased residual vertical velocities, which result in62

greater sulfate aerosol growth (Niemeier & Schmidt, 2017; Visioni et al., 2018; Kravitz63

et al., 2019). Larger sulfate aerosols are less effective at backscattering insolation and64

have reduced particle lifetimes (Pierce et al., 2010), reducing the SO4 burden and result-65

ing global aerosol optical depth (AOD) that results from a given SO2 injection rate. Some66

studies (Pierce et al., 2010; Benduhn et al., 2016) have proposed that the injection of67
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H2SO4 droplets instead of SO2 might produce an aerosol size distribution with smaller68

particles, capable of reflecting more solar radiation per unit mass (Dykema et al., 2016),69

thus potentially reducing some of the side effects related to the heating produced by the70

aerosols (Vattioni et al., 2019); other aerosol choices might result in less, or even no, strato-71

spheric heating (Keith et al., 2016).72

Injecting outside of the equator has been shown to better manage desired temper-73

ature targets, and to reduce some of the side-effects of equatorial injections mentioned74

above (Tilmes et al., 2017; Tilmes, Richter, Mills, et al., 2018; Richter et al., 2017; Dai75

et al., 2018; Kravitz et al., 2019). By injecting at 15◦N, 30◦N, 15◦S and 30◦S in the Geo-76

engineering Large Ensemble simulations performed with the Community Earth System77

Model (CESM1(WACCM)), it was possible to produce a stratospheric aerosol layer ca-78

pable of reducing global mean temperatures over the course of the 21st century as well79

as restoring the inter-hemispheric and equator-to-pole temperature gradients affected by80

the increasing GHGs concentration. Managing these additional temperature goals, how-81

ever, requires part of the aerosol distribution to reach the very high latitudes.82

A strong stratospheric polar vortex inhibits aerosol transport to high latitudes and83

results in greater confinement of polar stratospheric air. As such, one measure of the trans-84

port of stratospheric air from the mid latitudes to the poles is the strength of the strato-85

spheric polar vortex (Waugh et al., 2017). In the two hemispheres, westerly zonal winds86

at and above 50 hPa have a peak in strength at approximately 60◦ latitude in winter.87

Projecting future changes in the polar vortex is difficult, as they will be influenced by88

stratospheric cooling from GHGs, as well as projected reductions in ozone-depleting sub-89

stances (ODS, Dhomse et al., 2018). Models tend to disagree on the sign and magnitude90

of net vortex changes (Butchart et al., 2010; Manzini et al., 2014; I. R. Simpson et al.,91

2018; Wu et al., 2019).92

In this work we show that, for SAG simulations, the perturbation produced by the93

stratospheric heating even in non-equatorial SAG results in a strengthening of the po-94

lar vortex in both hemispheres, resulting in a reduced transport of aerosols from the mid95

latitudes to the poles, and, ultimately, in decreased high-latitude AOD per Tg-SO2 in-96

jected. This points to a fundamental limit in the controllability of the aerosol cloud with-97

out additional injection poleward of the polar vortex.98

2 Methods99

The simulations analyzed in this paper have been performed with the Community100

Earth System Model (CESM1(WACCM)), with a resolution of 0.95◦ × 1.25◦, 70 verti-101

cal levels and fully interactive stratospheric chemistry (Mills et al., 2017). CESM1(WACCM)102

capabilities in representing stratospheric dynamics have been discussed in depth in the103

available literature for historical simulations (Dietmuller et al., 2018), and the model val-104

idates well against previous large tropical volcanic eruptions (Mills et al., 2016, 2017).105

The analyses presented here are based on two ensembles of SAG simulations. The106

first, the Geoengineering Large Ensemble (GLENS; Tilmes, Richter, Kravitz, et al., 2018),107

involves independently modifying the annual SO2 injection (5 km above the mean tropopause)108

rate at 30◦N, 15◦N, 15◦S, and 30◦S to maintain (against a background of RCP8.5) three109

independent temperature metrics at their 2010-2030 average levels: global mean tem-110

perature, the inter-hemispheric temperature gradient, and the equator-to-pole temper-111

ature gradient. The second ensemble, labeled GEQ, involves modifying the annual SO2112

injection rate at the equator to maintain global mean temperature at its 2010-2030 av-113

erage level, also against a background of RCP8.5 (Kravitz et al., 2019). These objectives114

were met using a feedback algorithm (Kravitz et al., 2016, 2017) to independently ad-115

just the SO2 injection rates at each location based on past departures from the intended116

temperature targets. An ensemble of 21 baseline simulations were conducted with RCP8.5117

from 2010 to 2030; four of these were extended until at least 2098. The 21-member GLENS118

ensemble branched from these simulations in 2020 and were run until 2100. In GLENS119
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Figure 1. Top panels: Zonal mean AOD (a) for GLENS, and (b) for GEQ normalized to the

amount of SO2 injected in the year before, and color-coded by year. Bottom panels: projections

of AOD onto the first three Legendre polynomials; the ability to choose injection rates at differ-

ent latitudes to independently alter these patterns of AOD is used by the controller to manage

global mean temperature (using global mean AOD, L0, shown in panel c), inter-hemispheric tem-

perature gradient (using AOD projected over a linearly increasing function from south to north,

L1, shown in panel d) and equator-to-pole temperature gradient (using AOD projected over a

quadratic function maximized at the poles and minimized at the equator, L2, shown in panel e).

The values requested by the controller in each year are plotted against the actual L0, L1, and

L2 values of the AOD. A linear fit for small values of the three quantities is provided, with the

threshold where the linear relationship stops being true highlighted.

and RCP8.5, the baseline simulations were conducted from 2010 to 2030 under RCP8.5120

forcing for 21 ensemble members, and four of these ensemble members were extended121

up to at least 2098. For GEQ, 3 simulations were conducted.122

3 Results123

In GLENS, annual mean global average AOD and tropical stratosphere sulfate aerosol124

effective radius both scale proportionally with the annual SO2 injection rate (Tilmes, Richter,125

Kravitz, et al., 2018). This result differs from earlier results given for equatorial injec-126

tions (Niemeier & Timmreck, 2015) and has been concluded to be a direct result of the127

injection strategy (Tilmes, Richter, Kravitz, et al., 2018; Kravitz et al., 2019). In Fig. 1128

we show that this conclusion mostly holds true when looking at globally averaged AOD129

because the globally averaged value heavily weights tropical latitudes, where the linear130

scaling holds. In the extra-tropics, the relationship between AOD and injection rate is,131

on the other hand, non-constant. To highlight the difference between the two injection132

strategies, Fig. 1b shows the same values for GEQ, where there is a clear sublinear re-133

lationship between SO2 injection rate and AOD in the tropical pipe, which we attribute134

to the microphysical effects discussed previously.135
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The effects of this “diminishing return” in the efficiency of the injection at high lat-136

itudes is shown in the bottom panels in Fig. 1, depicting zonally averaged AOD projected137

onto the first three Legendre polynomials (termed L0, L1, and L2). As shown in previ-138

ous works (Ban-Weiss & Caldeira, 2010; Kravitz et al., 2016) the solar constant can be139

reduced across these three idealized patterns to not only reduce global mean tempera-140

ture (termed T0) but also to maintain the inter-hemispheric temperature gradient (T1)141

and equator-to-pole temperature gradient (T2). By means of injecting at different lat-142

itudes it has been shown that it is possible to achieve similar spatial patterns for AOD,143

capable of reflecting sunlight across the three patterns and thus achieving the three tem-144

perature goals (MacMartin et al., 2017). The correlation between injected SO2 at the145

four locations and resulting SO2 in MacMartin et al. (2017), assuming that the relation-146

ship would remain linear for different injection loads.147

From the bottom panels in Fig. 1, it is clear that the assumptions of linearity in148

the response of L0 and L1 holds robustly up to approximately 2070, or roughly 30 Tg-149

SO2 injected overall, but linearity subsequently breaks down, leading to a decrease in150

efficiency (by which here we mean the ratio of produced AOD to injected aerosol pre-151

cursors is lower) at high latitudes.152

Unlike for the equatorial case, this high-latitude effect is not due to microphysi-153

cal changes in the radius of the sulfate particles, since we show in Fig. S1 that the radii154

change less at high latitudes compared to tropical latitudes (20% compared to 50% over155

the course of 60 years of increasing injection rates), compared to the changes in AOD156

shown in Fig. 1. We identify this effect as being due to an overall strengthening of the157

stratospheric polar vortex due to changes in the thermal wind balance, caused by the158

strong temperature gradient in the tropical stratosphere produced by the aerosols. In159

Fig. 2 we show the strength of the mean zonal wind (U) in the winter months at 50 hPa160

and 60◦ latitude both in the NH and SH. Changes in the overall structure of the zonal161

winds have been noted before (Niemeier & Schmidt, 2017; Richter et al., 2017; Kravitz162

et al., 2019; Niemeier et al., 2020), but their temporal variations have not been analyzed.163

To better identify changes in the transport barrier associated with the polar vor-164

tex we use here Ertel’s Potential Vorticity (PV) as a diagnostic tool. This quantity has165

already been used in the past to further verify changes in the transport of various chem-166

ical components in the atmosphere due to circulation changes, especially at high latitudes.167

(Manney et al., 1994; Nash et al., 1996; Ploeger et al., 2015). In the absence of friction168

and diabatic processes, the PV of an air parcel is materially conserved. Thus, it should169

be expected that in regions of enhanced PV gradient, there is reduced exchange of air170

parcels and, therefore, reduced mixing of atmospheric constituents across that gradient171

(Holton, 2004). Manney et al. (1994); Nash et al. (1996) proved that this analogy is suc-172

cessful in identifying transport barriers due to strengthening of the stratospheric polar173

vortex, resulting in reduced mixing of warm air from lower latitudes and, therefore, a174

cooler polar stratosphere with subsequent ozone destruction. We show in Fig. 3 the strato-175

spheric PV gradient in the 2010-2029 period, from which are clearly visible the trans-176

port barriers both in the tropics (when considering the annual mean) and at high lat-177

itudes (in the relative hemispheric winter). While the effect of the polar barriers is vis-178

ible in both injection strategies when considering the AOD in Fig. 1, the effect of the trop-179

ical barrier is also visible in the equatorial injection strategy, that presents clear min-180

ima in proximity of the tropical transport barrier (that are also strengthened due to the181

locking of the QBO in the W phase in this case (Kravitz et al., 2019)).182

In Fig. 4 we show that the PV gradient in both hemispheres in winter has a strong183

positive anomaly that evolves with increasing injection rates. There appear to be dif-184

ferences in the response between the hemispheres: namely, that the transport barrier ap-185

pears to slightly shift in the northern hemisphere (both pole-ward and equator-ward de-186

pending on the decade), but to more consistently shift equator-ward in the southern one.187

While the magnitude of the maxima in both gradient anomalies increases in both hemi-188

spheres in a similar way, the differences in the latitudinal shift could be due to a slight189

asymmetry in the temperature anomaly in the tropics, due to differences in the injec-190
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Figure 2. Changes in U winds at 50 hPa at 60◦ in both hemispheres in the month where the

strength of the polar vortex is highest, for both GLENS (straight line) and RCP8.5 (dashed line),

compared against the RCP8.5 period between 2010 and 2029.
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Figure 3. PV gradient averaged over the 2010-2029 period in RCP8.5, considering the annual

average (panel a) and the average over the related hemispheric winter months (panels b and c).
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Figure 4. Changes in the PV gradient anomaly compared to the 2010-2029 period at 50 hPa

in the month where the strength of the polar vortex is higher (a), DJF, Northern Hemisphere; b),

JJA, Southern Hemisphere), divided by decade (see legend). The average location of the max-

ima is highlighted in each decade with a circle of the same color. Panel c) Yearly AOD averaged

from 90◦ to the transport barrier identified using the PV gradient anomalies, normalized by the

injection rate in that year at 30◦. A graphical linear fit is provided for both quantities.

tion rates in the hemispheres. In Fig. S3 and Fig. S4 we further show for each decade191

the zonal mean PV anomaly at different latitudes and altitudes, highlighting the rela-192

tionship between PV anomaly and changes in the zonal winds identified in Fig. 3. The193

dynamics and structure of the polar vortex in each hemisphere are different, and also in194

our case there could be a variety of reasons why they might not respond exactly the same195

way. We note that the stratospheric polar vortex is generally already stronger in the south-196

ern hemisphere (see Fig. S2), and while this is observed also in reanalyses, CESM1(WACCM)197

has an already identified strong bias in the southern polar vortex (Mills et al., 2017).198

One possible further explanation for both the changes in location and overall inter-199

hemispheric differences in the evolution over time could be found in differences in the200

ozone response: by 2050, ODS concentrations are projected to reduce following a strong201

abatement in emissions, resulting in a full recovery of stratospheric ozone (and possible202

super-recovery, due to stratospheric cooling from GHGs) late in the 21st century (Dhomse203

et al., 2018). The heating produced by the sulfate aerosols can contribute to ozone de-204

struction (Tilmes, Richter, Kravitz, et al., 2018; Richter et al., 2017) by Cly and Bry,205

therefore resulting in a net cooling attributable to ozone at high latitudes. When the con-206

centration of ODS is reduced, however, this mechanism of ozone destruction weakens,207

and ozone is allowed to recover also in the geoengineering case (albeit less than under208

RCP8.5). This then produces a positive change in the heating rates produced by ozone,209

particularly in the SH where ozone destruction was stronger in the 2010-2029 period (Fig. S6).210

The high-latitude positive heating rates after 2050 may partially counter-balance the tem-211
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perature gradient resulting from the aerosol heating rates at lower latitudes, therefore212

modifying the changes in the SH stratospheric polar vortex.213

Finally, in Fig. 4c we use the transport barrier identified in the previous discussion214

to consider the AOD at high latitudes as only that which resides poleward of the lati-215

tude of the maximum of the PV anomaly gradient. Normalizing this AOD to the injec-216

tion rate at 30◦ in both hemispheres, we show how this “high latitudinal efficiency” de-217

creases over time given the strengthening of the polar vortexes. We only show the val-218

ues starting in 2040 (as in Fig. 1) for two main reasons: one is that before that date, the219

algorithm that determines the injection rates has not yet converged, resulting in higher220

year to year differences in the injection rates and in differences in the demand for L1 and221

L2 ((see also Tilmes, Richter, Kravitz, et al., 2018). The second is that, as shown in Fig. 4222

and Fig. S3 and S4, changes in the stratospheric vortex are less clear prior to 2040. The223

behavior is very similar between the two hemispheres, with slightly lower values for the224

AOD in the southern hemisphere that can be explained by the general greater strength225

of the polar vortex discussed above.226

4 Conclusions227

If sulfate geoengineering is to be investigated as a potential measure to partially228

counteract the surface warming resulting from the increase in GHGs over this century,229

particular attention should be devoted to both its potential surface effects (I. Simpson230

et al., 2019; Irvine & Keith, 2020) and to understanding its fundamental limitations. Pre-231

vious work has shown that the effectiveness when injecting sulfate only at the equator232

is somehow limited for very high injection loads due to microphysical constraints (Niemeier233

& Timmreck, 2015), modifications of equatorial dynamics (Aquila et al., 2014) and the234

interplay between these two (Visioni et al., 2018). Injecting outside the equator has been235

shown to have the potential to reduce some side effects (Kravitz et al., 2019) and to of-236

fer further controllability in terms of achievable climate goals through further control of237

the resulting latitudinal optical depth of the aerosols (MacMartin et al., 2017; Kravitz238

et al., 2017; Tilmes, Richter, Kravitz, et al., 2018). Even this approach, however, does239

not completely reduce the warming at high latitudes: this is partially due to an imper-240

fect match between the radiative forcing of the aerosols (dependent on the presence of241

incoming solar radiation) compared to that of the CO2 (Govindasamy et al., 2003; Jiang242

et al., 2019).243

Here we show that another factor to consider when discussing potential limitations244

of SAG is the modification of stratospheric circulation induced by the stratospheric heat-245

ing, especially that produced by aerosols at high latitudes: changes to the thermal wind246

balance result, in our model simulations, in a strengthening of the stratospheric polar247

vortex, with subsequent increased isolation of polar air resulting in a reduction in the248

amount of sulfate aerosols that can be moved by the Brewer-Dobson circulation from medium249

to high latitudes. While this only slightly affects the ability to reduce global mean sur-250

face temperatures, it does influence the desired distribution of AOD at high latitude, re-251

sulting in an increased difficulty in maintaining the equator-to-pole temperature gradi-252

ent that needs to be corrected (and is, in our simulations, mostly corrected by the im-253

plemented feedback algorithm) by increasing the injection amount more than it would254

be if this effect was not present (thus possibly increasing side effects related to sulfate255

deposition, (Visioni et al., 2020)). Ozone changes driven mostly by a reduction of ozone256

depleting substances at high latitudes, but also partially by the aerosols, might also play257

a role.258

In conclusion, this points to the existence of a fundamental limit in the ability of259

SAG to reduce surface temperature at high latitudes: if the amount of cooling desired260

is too high, the stratospheric interactions of the aerosols themselves partially reduce the261

ability of the aerosols to cool.262
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b) PV gradient 2010-2029 (DJF mean)
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c) PV gradient 2010-2029 (JJA mean)
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Figure 4.
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