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Key Points: 

 SO2 injections are simulated in different seasons and latitudes in a fully-coupled 

climate model, resulting in a 5x4 space of outcomes. 

 Injections in different seasons lead to different patterns of aerosol optical depth due to 

differences in the stratospheric circulation. 

 Injecting only in one season leads to higher global aerosol optical depth than if the 

same mass were injected over the entire year. 
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Abstract 

Simulations of stratospheric aerosol geoengineering have typically considered injections at a 

constant rate over the entire year. However, the seasonal variability of both sunlight and the 

stratospheric circulation suggests seasonally-dependent injection strategies. We simulated 

single point injections of the same amount of SO2 in each of the four seasons and at five 

different latitudes (30S, 15S, Equator, 15N, 30N), 5 km above the tropopause. Our findings 

suggest that injecting only during one season reduces the amount of SO2 needed to achieve a 

certain aerosol optical depth (AOD), thus potentially reducing some of the side-effects of 

geoengineering. We find, in particular, that injections at 15N or 15S in spring of the 

corresponding hemisphere results in the largest reductions in incoming solar radiation. 

Compared to annual injections, by injecting in the different seasons we identify additional 

distinct spatiotemporal AOD patterns, thanks to seasonal differences in the stratospheric 

circulation. 

1 Introduction 

 The proposed injection of SO2 in the stratosphere to partly offset the warming 

produced by the increase in greenhouse gases (Crutzen, 2006) has received increasing 

attention in recent years. In the stratosphere SO2 would oxidize, producing sulfate aerosols 

which would spread in longitude and latitude, reflecting part of the incoming solar radiation. 

The response is determined by both the timing and location of the injection, as has been 

shown for explosive volcanic eruptions (Kravitz and Robock, 2011; Aquila et al., 2013; Pitari 

et al., 2016; Toohey et al., 2019).  For sulfate geoengineering, the response has been shown to 

depend on the injection location (English et al., 2012, Niemeier and Timmreck, 2015; Tilmes 

et al., 2017; MacMartin et al., 2017; Jones et al., 2017; Visioni et al., 2018a) but research has 

generally not considered the timing of the injection.  

Most simulations of sulfate geoengineering (SG) have focused on strategies where the 

injection happens at a constant rate throughout the entire year. Until recently most 

simulations considered equatorial injections (see for instance GeoMIP, e.g. Kravitz et al., 

2011; Kravitz et al., 2013). This results in strong confinement of the injected aerosols in the 

tropics, resulting in overcooling the tropics relative to the poles (Kravitz et al., 2016), which 

also impacts meridional temperature gradients and hence storm tracks (Wang et al., 2018). 

Furthermore, the tropical stratospheric heating due to the high tropical aerosol burden could 

modify the quasi-biennial oscillation (Aquila et al., 2014; Richter et al., 2017). For this 

reason, in recent years, simulations with injections placed at different latitudes have been 

proposed and analyzed (Tilmes et al., 2017; Dai et al., 2018) and have been shown to be 

capable of achieving more climate objectives than just a global reduction in temperatures 

(Kravitz et al., 2017; MacMartin et al., 2017, Tilmes et al 2018b), accompanied by reduced 

side effects as compared to equatorial injection. 

Here we propose to extend this approach by considering injection rates that vary with the 

season. There are three main reasons for proposing such a strategy.  First, limiting injection to 

a single season has the potential to increase efficiency (defined as the resulting global-

average aerosol optical depth (AOD) per Tg of injected SO2), because when the injection 

restarts the next year there would be fewer previously formed particles at that location to 

coagulate with.  This would prevent the aerosol particles from growing too large, hindering 

their backscattering efficiency (Niemeier and Timmreck, 2015; Pitari et al., 2016) and 

increasing their gravitational settling velocity, decreasing their lifetime (Visioni et al., 

2018a).  Second, including the season of injection as an additional degree of freedom to the 
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system, together with location, could increase control of the spatiotemporal pattern of the 

response, thus increasing the number of climate objectives that could be met simultaneously 

(MacMartin et al., 2013; Kravitz et al., 2016; MacMartin and Kravitz, 2019). Lastly, the 

potential to inject less SO2 to obtain a certain value of optical depth, combined with a greater 

control of the system, might help to target additional outcomes than temperatures. Reducing 

the amount of injection would make this approach cheaper and in addition reduce some of the 

side effects of the stratospheric sulfate burden, such as stratospheric heating and in turn 

stratospheric dynamic response (Ferraro et al., 2011; Richter et al., 2017) and stratospheric 

chemistry changes (Visioni et al., 2017; Tilmes et al., 2018a). 

There have been a few limited explorations in previous works in regard to injecting at limited 

times of the year: Heckendorn et al. (2009) first noted that injecting impulsively rather than 

continuously would reduce the size of the sulfate particles produced. Dai et al. (2018) used a 

2-D CTM (with a resolution of ~9.5° latitude per ~1.2 km altitude and a sectional 

representation for the sulfate particles with 42 bins); while they mainly focused on spatial 

control of top of the atmosphere (TOA) radiative forcing (RF) via injections at a wide array 

of latitudes and altitudes, they also simulated injections during December or June at high 

northern latitudes, determining that some temporal dependence in the RF peak was possible. 

Kleinschmitt et al. (2018) also simulated a strategy with injections only in two months of the 

year (April and October), finding that the global RF was 10% more than the case with a 

yearly injection, while Laasko et al. (2017) did not find significant changes in their RF when 

shifting the injection season and location in order to follow the maximum solar irradiation. 

Our goal is to analyze more comprehensively the possible outcomes of nonconstant injections 

during the year; this might ultimately lead to injection strategies that build upon and improve 

the one described by Kravitz et al. (2017).  We start by simulating injections of the same 

amount of SO2 one season at a time at five different locations. We then analyze the 

differences in the resulting temporal and spatial patterns of stratospheric AOD and TOA RF. 

This provides an initial assessment of the feasibility of a strategy of time-variable injections 

described above, both by determining if single point seasonal injections result in an increase 

in efficiency, and whether they produce different solar reduction patterns. 

2 Description of simulations 

The simulations have been performed with the Community Earth System Model 

version 1, with the Whole Atmosphere Community Climate Model as its atmospheric 

component, CESM1(WACCM), described by Mills et al. (2017), using CLM4.5 as its land 

model (Tilmes et al., 2018b). The model grid is 0.9° latitude × 1.25° longitude, with 70 

vertical layers and a model top at 140 km.  

Sulfate aerosol microphysics is treated with a three-mode approach (Liu et al., 2012): while 

we acknowledge that this approach has its limits in terms of properly simulating the aerosol 

size distribution, it has been shown to reproduce the outcome of past volcanic eruptions (see 

Mills et al., 2016; 2017) and thus still offers a good compromise between fidelity and 

computational burden. The sulfate chemistry mechanisms include SO2 oxidation into H2SO4 

and the subsequent formation of sulfate aerosols by nucleation and condensation, followed by 

coagulation, evaporation and sedimentation of the formed aerosols. 

The baseline simulation (named Base in this paper) is the same one described by Tilmes et al. 

(2018b), run under a RCP8.5 emission scenario. For the geoengineering simulations, five 

injection locations (30S, 15S, EQ, 15N, 30N) have been selected as in Tilmes et al. (2017), 
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with the sulfate injected roughly 5 km above the tropopause and at a single longitude (180E). 

Simulations are performed for injection in each of the four different seasons: December-

January-February (DJF), March-April-May (MAM), June-July-August (JJA) and September-

October-November (SON), starting in 2040, with 6 Tg-SO2 injected each season (therefore 

different seasons have slightly different injection rates per day). Cases with 6 Tg-SO2 injected 

annually have been also performed for comparison: results proved to be almost identical to 

the previous annual cases at the same injection points described in Tilmes et al. (2017) (that 

used CLM4 instead of CLM4.5). For one of the cases (MAM 15N) the simulation has been 

performed for 10 years; based on the results of that simulation, we concluded that the AOD 

patterns are already converged by the third year, therefore all other simulations have been 

performed for only 5 years and all analyses are performed over the years 2042-2044. We 

show the full 10 years in the supplementary Figs. S1 and S2 (see also MacMartin et al., 

2017).  

 

3 Results 

3.1 Stratospheric aerosol 

It has been shown using annual injections with CESM1(WACCM) that combining 

injections at different latitudes has the potential to achieve similar climate goals as combining 

different solar reduction patterns (Kravitz et al., 2016; Kravitz et al., 2017).  In particular, 

MacMartin et al. (2017) showed that three different idealized spatial patterns of AOD are 

achievable using 4 injection locations (30° and 15° N and S): a uniform pattern (L0), a 

pattern linearly increasing northward or southward (L1) and a pattern that increases at high 

latitudes and decreases at tropical latitudes (L2), to manage the overall temperature, the inter-

hemispheric temperature gradient, and the pole-to-equator temperature gradient. The AOD 

resulting from annually-constant injection varies with season due to the Brewer-Dobson 

circulation in the stratosphere (e.g., Fig. 1 in Tilmes et al. (2017), Fig. 1 in MacMartin et al. 

(2017), Fig. 3 in MacMartin and Kravitz (2019)), but the above-mentioned papers focused 

only on annual-mean quantities.  
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Figure 1 Zonally averaged stratospheric AOD averaged over the three years 2042-2044 as a 

function of time of year, for all 25 injection scenarios. The values for the individual three 

years are shown in Fig. S3. 
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Figure 2 a) Relative AOD differences (in percent) between the seasonal cases in Fig.1 and 

the annual case of the same quantity of SO2 for the same injection location. Black contour 

lines are for the AOD in the annual scenarios. b) Correlation matrix of the time dependent 

spatial patterns in Fig. 1. Since the matrix is symmetrical, only the lower part has been 

reported for clarity and the diagonal (where the value is always 1) has been blackened out. 

In our injection scenarios, the seasonal injection produces temporally and spatially dependent 

patterns of stratospheric AOD, as shown in Fig. 1, that are a product of both the location and 

the time of the injection; the latter is due to differences in the specific seasonal circulation 
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patterns of the stratosphere. The differences between these patterns and those produced by 

annual injections of the same amount are reported in Fig. 2a. These changes are defined for 

each injection as the relative difference (ST,L-AL)/AL, where ST,L is the nlat x nmonth matrix 

containing the monthly 2042-2044 zonal average of the stratospheric AOD at all latitudes for 

each season T and injection location L and AL is the matrix of the same dimension for the 

annual injection at the same location L. We also show in Fig. 2b the correlations 𝑹𝑻𝟏,𝑳𝟏
𝑻𝟐,𝑳𝟐

 

between the AOD for seasonal injections T1,L1 and T2,L2 in Fig. 1, defined as  

𝑹𝑻𝟏,𝑳𝟏
𝑻𝟐,𝑳𝟐 =

∫ ∫ (𝑺𝑻𝟏,𝑳𝟏  𝑺𝑻𝟐,𝑳𝟐)𝒄𝒐𝒔𝝍 𝒅𝝍𝒅𝒕
𝑻

𝟎
+𝝅/𝟐

−𝝅/𝟐

∫ ∫ 𝑺𝑻𝟏,𝑳𝟏𝒄𝒐𝒔𝝍 𝒅𝝍𝒅𝒕
𝑻

𝟎
+𝝅/𝟐

−𝝅/𝟐 ∫ ∫  𝑺𝑻𝟐,𝑳𝟐𝒄𝒐𝒔𝝍 𝒅𝝍𝒅𝒕
𝑻

𝟎
+𝝅/𝟐

−𝝅/𝟐

     (1) 

where the time integration is over the 36 months of 2042-2044 and spatial integration is over 

all latitudes (ψ). The resulting matrix shown considers all 20 by 20 possible combinations of 

cross-correlation between the single patterns of monthly and latitudinal dependent AOD 

between 2042 and 2044 for all locations and seasons, and thus provides a measure of the 

uniqueness of the produced spatiotemporal pattern of AOD at a certain location and season. 

The ability to produce independent spatiotemporal patterns of AOD is a necessary 

prerequisite for producing distinct climate responses, especially in terms of surface air 

temperatures.  As shown in Fig. 1 and 2a, differences between the patterns produced by 

injecting seasonally and annually are indeed present: changes are always present in the 

magnitude of the peak of the AOD, and injections at 15° in both hemispheres in the related 

Spring tend to transport more sulfate into the opposite hemisphere, while injections in the 

related Fall tend to be more confined to the same hemisphere of the injection. In some 

injections, the peak of the AOD is also shifted, especially for injections at 30°. On the other 

hand, the correlations in Fig. 2b show that some spatiotemporal patterns have a correlation 

close to one: it can be noted, however, that very high correlations between two patterns do 

not imply equal outcomes: for the annual injections, the correlation between the 15N and 30N 

injection was 0.92, but the two annual cases clearly produce different climate responses 

(MacMartin et al., 2017). In the same way, Fig. 2b shows that there are patterns produced 

with injections in different locations with a correlation very close to one (15N and 30N, 15S 

and 30S in JJA) that are unlikely to produce a different response, and patterns produced by 

injecting in the same location, but in opposite seasons (for instance, 15N MAM and SON) 

that result in lower correlation, thus likely producing different patterns in the surface climate 

response. Overall these results might help in reducing the amount of possible combinations in 

an injection strategy when multiple locations and seasons are combined together in a single 

simulation. 

We now consider the question of efficiency. In Fig. 3a we compare stratospheric AOD results 

obtained for the seasonal injections with both the results for annual injection at the same 5 

location points, and with annual injections of 12 and 24 Tg-SO2 (described in Tilmes et al., 

2017). The global-mean AOD values (reported also in Fig. S4) for the seasonal injections are 

consistently larger than those for the annual injections by between 6 and 15%, with an 

average of 9.4%.   

It has been established (Niemeier and Timmreck, 2014; Tilmes et al., 2017, Kravitz et al., 

2019) that the increase in injection load produces a decrease in AOD per unit of injection 

(and thus in the scattering efficiency): this happens because coagulation into bigger aerosols 

is favored for higher stratospheric loads, producing particles that are not as efficient in 

reflecting sunlight back and have reduced lifetime due to greater sedimentation rates (Visioni 
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et al., 2018a). Apart from the influence of the differences in solar insolation and hence the 

gas phase oxidation of sulfur dioxide to sulfate aerosol, there are no reasons to assume that 

the operating physical mechanisms responsible for coagulation would be fundamentally 

different for seasonal injections.  

In Fig. 3b and Fig. S5 we try to understand the previous results by looking at how sulfate 

aerosol microphysical growth changes in the different cases. In the 3-mode approach used in 

this model configuration (Liu et al., 2012, Mills et al., 2017), particles in the Accumulation 

mode (AM) (0.06 to 0.3 m diameter range) are those with the highest scattering efficiency 

(Hansen et al., 2005; Pitari et al., 2016); this information is incorporated into computations of 

AOD. In Fig. 3b we show the global mass burden (in Tg-S) of sulfate in the 3-years period, 

while the two modes are shown separately in Fig. S5. The total mass burden of SO4 is higher 

in spring and summer in the northern hemisphere (NH), while less differences are present in 

the southern hemisphere (SH). This is consistent with the behavior of the Brewer-Dobson 

circulation, that strongly controls the transport of chemical species and aerosols from the 

equator to the poles. It both hemispheres, in spring and summer upward transport at the 

altitudes of injection is enhanced, thus increasing the overall aerosol lifetime (Tilmes et al., 

2017). This effect is much stronger in the NH, due to topographical differences. When 

observing the differences in AOD (Fig. S4), however, in DJF the global value is higher in the 

NH than in JJA. This can be explained by looking at the mass burden of just the smaller 

particles (Fig. S5a), that are higher in DJF compared to JJA: this is a result of the increased 

poleward transport and mixing in winter (Tilmes et al., 2017), that move particles away from 

the injection location faster and results in fewer pre-existing aerosols available for the newly 

injected SO2 to coagulate on (increasing their size). This is similar to what was observed in 

Visioni et al. (2018) in regard to equatorial injections and the QBO: particles that are more 

confined due to a specific QBO phase have a higher lifetime but tend to grow too big and 

thus have smaller optical depth. This is consistent with our initial assumption regarding 

injecting in a location where fewer aerosols from the previous year are present. Chemical 

characteristics of the stratosphere at the time of the injection (in particular OH, which 

oxidizes SO2), which are heavily dependent on the solar zenith angle (Minschwaner et al., 

2011), do not appear to correlate with the resulting SO4 burden (not shown), indicating that 

the produced AOD is mostly a function of the transport efficiency.  
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Figure 3 a) Global sulfate AOD averaged over the years 2042-2044 and normalized by Tg-

SO2 injected. The colored triangles represent the value for the annual injections described by 

Tilmes et al. (2017) of 12 and 24 Tg-SO2. Red squares represent the quantity (shown in Fig. 

1) also averaged over the 4 different seasonal injection cases at that location, with error bars 

indicating the range of the 4 seasonal injections. b) Total mass burden of SO4 (expressed in 

Tg-S) for the annual injection case (black dots, average over 2042-2044) and for the single 

injection scenarios (over the same period). 

3.2 TOA radiative forcing 

In this section we show the resulting TOA RF imbalance, defined as the difference 

between the net TOA radiative fluxes in the geoengineering simulations and the fluxes in the 

Base simulations. Given the short duration of our simulations, we limit our analyses to the 

instantaneous response to the injected aerosol, thus we only consider the Clear Sky (CS) 

TOA fluxes. In this way we can increase the signal-to-noise ratio by eliminating uncertainties 

and possible changes in cloud coverage due to the stratospheric sulfate (Visioni et al., 2018b; 

Schmidt et al., 2018) and focus on the pattern of changes due to the direct effect of sulfate 

alone. CS RF, however, is not necessarily an accurate indicator of the effective radiative 

forcing that is commonly used as a metric to assess potential climate change (e.g. Myhre et 

al., 2013). 

In Fig. 4a-e we show the zonal mean distribution in 2042-2044 of TOA RF Imbalance, 

defined as the shortwave minus longwave TOA fluxes, for the 20 seasonal injections and the 

annual ones, minus the same quantity for the Base case, thus isolating the effect of the 

increased sulfate burden. It is clear from the zonal mean distribution of the RF that the 

biggest driver in terms of the produced pattern is still the injected location rather than the 

time of the year. However, differences in magnitude are present for different seasons of 

injection. In Fig. 4f we also compare all cases by considering the same quantity globally 

averaged, the same way it has been done in Fig. S2. As is also evident from the zonal AOD 

patterns in Fig. 1, except for equatorial injections, the produced radiative forcing is mostly 

confined (from 70% to 89%) to the same hemisphere where the injection happens. Therefore, 

when considering an injection strategy with the objective of controlling the inter-hemispheric 

temperature gradient (as described by MacMartin et al., 2017), injecting only in seasons 

where most AOD is confined in the same hemisphere of the injection might be useful: this is 

also visible in Fig. 2a, where some injections (such as 15N-SON and 15S-MAM) show a 
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much stronger hemispheric confinement (up to 80%) as compared to annual injections. To 

achieve even better confinement, injections may not be placed at fixed latitudes but vary with 

the location of the jet stream. This could be explored in future studies. 

The highest global RF and the highest AOD in Fig. S3 do not always match: this can be 

explained by considering the seasonal differences in incoming solar radiation at different 

latitudes, and by considering when the maximum AOD is reached in the different cases (3 to 

4 months after the end of the injection). For instance, at 15N the highest AOD is produced 

when injecting in spring, and the corresponding RF is higher than in the other seasons (18%), 

because the peak is reached in summer. On the other hand, at 30S the highest AOD is 

obtained when injecting in spring, but the highest RF is obtained when injecting in winter 

since the peak AOD is then reached in the summer, two seasons later. 

The importance of considering the changes in the annual insolation cycle can also be 

observed in the differences from annual injections: global AOD produced via annual injection 

is always smaller than AOD produced by seasonal injections. On the other hand, there are 

seasons (SON for 30N and 15N, DJF for 15S and 30S) where the related TOA imbalance is 

smaller. 

 

 

Figure 4 a-e) Zonal mean of the Clear-Sky TOA RF Imbalance (SW+LW) in 2042-2044 for 

the 5 injection locations (one location per panel) and the 4 seasons, plus the annual case 

(colors in associated legend). f) Globally averaged values for the curves shown in panels a-e.  

In Fig. S6 we also show the latitudinal distribution of the TOA RF Imbalance as in Fig. 4a-e, 

but for each season separately. While the annually averaged RF can inform in regard to the 

overall resulting surface cooling, injecting seasonally might also alter the seasonal cycle in a 

different way compared to injecting over the entire year, by cooling more (or less) in certain 
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seasons and locations: potentially, this could be used to better compensate the mismatch 

between the CO2 and the sulfate forcing (Govindasamy et al., 2000).  

4 Conclusions 

In the last decade, many model simulations have been performed to determine how 

the climate system would respond to the deliberate injection of sulfate or the precursor SO2 in 

the stratosphere to mitigate the effect of global warming. The injection strategies in these 

simulations can vary from constant magnitude equatorial injections to simultaneous injections 

at different locations to achieve different climate objectives, as described by Tilmes et al. 

(2018). While this latter approach achieves the specified objectives well and reduces some of 

the known impacts of SG, some of the impacts produced by global warming are still present 

(Richter et al., 2018; Fasullo et al., 2018), suggesting room for improving the strategy further. 

Injections that are also variable in time could potentially improve these results by allowing 

for further tailoring of the objectives, but before this is included in new simulations strategies, 

a better understanding of how different injection locations and seasons differently affect the 

climate is required. 

We have presented here a first step in this direction, by analyzing simulations where 6 Tg-

SO2 are injected at 5 different locations (30N, 15N, Equator, 15S and 30S) in each of the 4 

different seasons. We show that, compared to annually-constant injections of the same mass, 

efficiency can be improved: on average, AOD per unit of injection is 9.4% higher. Injecting 

in only part of the year allows for more particles to be moved away from the injection 

location, so that when the injection starts again the following year, SO2 is injected in a 

cleaner stratosphere, thus producing new, smaller, and more reflective sulfate aerosol 

particles rather than condensing onto already present ones. This suggests that injecting SO2 

during the entire year might not be the most efficient strategy, and that future simulations 

should consider strategies that include time-limited injections. We also show that, looking at 

the TOA shortwave radiative forcing produced by the injected aerosols, there are seasons of 

injection that produce larger RF: injections that simply produce larger overall AOD do not 

necessarily maximize backscattered SW radiation.  Rather, maximal SW RF is produced by 

maximizing stratospheric AOD when the solar irradiance is largest (in the corresponding 

summer). 

Injections in different seasons also produce different spatiotemporal patterns of AOD from 

annual injections in two main aspects: 1) the temporal location of the peak in the AOD 

distribution, and its magnitude and 2) the confinement of the AOD in the hemisphere of the 

injection. The next step would be to understand how these differences translate into changes 

in the climate response, and if they are significant enough to produce further degrees of 

freedom that can be used to develop a better tailoring of the injection strategy. To do so, 

longer simulations will be required. The results obtained here will be used in the future to test 

multiple combinations of seasons and locations to explore the design space of solar 

geoengineering, possibly for implementation in a feedback algorithm, as was done by Tilmes 

et al. (2018a). 

Injecting seasonally may also have the potential to reduce some side effects; this could be 

explored in future work with longer simulations.  In our simulations, for instance, no 

meaningful changes are apparent in the stratospheric ozone column between annual and 

seasonal injections (Fig. S7). For higher loads, however, net changes in ozone might differ if 

the peak in the surface area density is reached in a season where its effect on ozone would be 

smaller (see Tilmes et al., 2009; 2018a). Other variables might also be affected differently, 
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such as stratospheric heating rates and the changes they produce on atmospheric circulation 

(Richter et al., 2017), and related quantities. The effect on ecosystems might also differ 

depending on season of injection: injecting sulfate annually would already affect the seasonal 

cycle, due do the seasonal differences in the incoming solar radiation (Govindasamy et al., 

2000) and since injecting in different season results in seasonally different RF patterns (Fig. 

S6), changes in the seasonal cycle could be amplified or reduced. As Dagon and Schrag 

(2019) showed (under a solar reduction scenario), changes in the seasonal cycle might be 

important for vegetation. 

The results shown here have been obtained by a single model, using a specific treatment of 

sulfate microphysics, with all the uncertainties that entails. Although some previous 

explorations of non-annual injections seem to agree with our results (Kleinschmitt et al., 

2018), it would be important to explore with other models the same phase space of locations 

and seasons to better understand the uncertainties related to sulfate microphysics and its 

interaction with stratospheric circulation: as projected impacts of geoengineering will depend 

on design decisions, exploring how different possible choices that could be made affect the 

climate differently is an important element of ultimately being able to help support informed 

societal decisions regarding this technology. 
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