
1.  Introduction
The potential overshoot in the near future of surface temperature thresholds deemed “safe” by international 
accords like the Paris Agreement has pushed research on temporary temperature reduction strategies like geoen-
gineering into the spotlight. Climate intervention methods that reduce the incoming solar radiation have been 
proposed, when applied in conjunction with substantial cuts in greenhouse gas emissions, to offset some of 
the negative impacts of the present-day and future climate change (NASEM,  2021). The injection of sulfate 
aerosol precursors into the stratosphere (Stratospheric Aerosol Injection, SAI) has been given particular atten-
tion, in part due to it having a natural analogue in the form of explosive volcanic eruptions (Crutzen, 2006). 
Earth System Models have been considered an invaluable tool for assessing the feasibility, efficacy, and climatic 
impacts of such an approach. A detailed simulation of aerosol microphysics and its interactions with atmospheric 
radiation, chemistry, and dynamics under hypothetical SAI requires significant climate model complexity and 
computational expense; it is also reliant on parametrizations of aerosol microphysics in which large uncertainties 
exist (Visioni, MacMartin, Kravitz, et al., 2021). Therefore, simpler experiments have been previously used to 
study potential first-order climate impacts from SAI where the reduction of the incoming shortwave radiation 
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and, hence, surface temperatures is achieved by reducing the value of the solar constant in the models (e.g., 
Govindasamy & Caldeira, 2000; Kravitz et al., 2013).

However, multiple studies showed that in several respects reducing the solar constant is not representative of 
atmospheric impacts from geoengineering using SAI. Namely, solar dimming simulations do not include the 
aerosol-driven warming of the tropical lower stratosphere and its impacts on stratospheric and tropospheric circu-
lation (Ferraro et al., 2015; McCusker et al., 2015; Simpson et al., 2019; Visioni et al., 2020), nor accelerated 
heterogeneous lower stratospheric ozone depletion (Tilmes et al., 2008), nor the increase in the ratio between 
the scattered to direct shortwave radiation in the troposphere (Kalidindi et  al.,  2015; Visioni, MacMartin, & 
Kravitz, 2021; Xia et al., 2017).

However, while the SAI-induced changes in stratospheric dynamics have been identified before, possible changes 
in stratospheric circulation directly induced by the reduction in solar constant have not, however, so far been 
recognized in this context as being relevant for the surface response. Yet, the importance of stratospheric vari-
ability for surface climate has been recognized in other contexts, for instance regarding the 11-year solar cycle. 
In that case, fluctuations in the incoming shortwave radiation and subsequent heating of the upper stratosphere 
initiate a stratospheric dynamical response in the high latitudes that can propagate down to the troposphere via 
positive feedbacks with planetary waves; this process can thus play an important role in modulating decadal 
surface climate variability (e.g., Kodera & Kuroda, 2002; Gray et al., 2010; Thiéblemont et al., 2015). Addition-
ally, the  cooling of the Antarctic springtime lower stratosphere caused by the substantial ozone depletion has 
been shown to have driven a stratospheric dynamical response that significantly impacted the Southern Hemi-
sphere (SH) tropospheric climate over the second part of the 21st century (Banerjee et al., 2020; McLandress 
et al., 2011; Polvani et al., 2011; Son et al., 2009). Here, we posit that stratospheric circulation changes also play 
an important role under solar dimming. Indeed, we demonstrate previously unacknowledged impacts on the SH 
surface climate, making solar dimming a poor analogue for SAI geoengineering.

2.  Methods
2.1.  CESM Simulations

We use two sets of simulations performed using the Community Earth System Model with the Whole Atmos-
phere Community Climate Model (CESM1-WACCM, Mills, et al., 2017), a state-of-the-art climate model run 
with the horizontal resolution of 0.9° × 1.25° and 70 vertical levels up to ∼140 km. The detailed description of 
these model simulations can be found in Visioni, MacMartin, and Kravitz (2021) and Kravitz et al. (2019) but 
we describe them briefly here. Both sets of experiments consist of three independent ensemble members each 
and are run under the RCP8.5 emission scenario, where the period 2070–2089 is analyzed. In the first experi-
ment (CESMsolar), the total solar irradiance is reduced to maintain the global mean surface temperature at the 
2010–2030 levels. In the second experiment (CESMsulfur), the global mean surface temperature is maintained 
at the 2010–2030 levels by means of SO2 injection at the equator at approx. 25 km in altitude. The experiments 
are compared against the analogous four-member ensemble of CESM1 simulations carried out under RCP8.5 
emissions but without geoengineering, as described in Tilmes et al. (2018).

2.2.  GeoMIP Simulations

We use multi-model simulations carried out as part of the Geoengineering Model Intercomparison Project 
(GeoMIP, Kravitz et al., 2015), which itself constitutes part of the Phase 6 Climate Model Intercomparison Project 
(CMIP6, Eyring et al., 2016). In particular, we analyze the results of two geoengineering experiments, G6sulfur 
and G6solar. These experiments aim to the offset radiative forcing from increasing greenhouse gases following 
the Shared Socioeconomic Pathway 5–8.5 (SSP5-8.5, Meinshausen et al., 2020) by means of either injecting SO2 
between 10°N and 10°S at 20 km (G6sulfur) or by reducing the global mean solar constant (G6solar). This aims 
to produce similar global mean surface temperatures as corresponding simulations following the SSP2-4.5 path-
way. Further details of the simulations, including more information on the participating models and the number 
of simulations performed by each can be found in Visioni, MacMartin, Kravitz, et al. (2021).
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3.  Stratospheric Response to Solar Dimming versus SAI
First, we discuss the stratospheric response to solar dimming simulated in CESM1-WACCM Earth System 
Model. We use a set of simulations, henceforth labeled CESMsolar, where the incoming solar radiation is 
reduced in order to offset the increase in global mean surface temperature under the RCP8.5 GHG scenario to 
the present-day level. We compare these to analogous simulations where the reduction in surface temperature to 
present-day levels is achieved by the means of injecting sulfate aerosol precursors into the equatorial lower strat-
osphere, henceforth labeled CESMsulfur.

Both CESMsolar and CESMsulfur show reduced tropospheric temperatures relative to RCP8.5, consistent 
with the reduction in the absorption of incoming shortwave radiation (Figure 1). The tropospheric temperature 
responses are broadly similar in the two experiments, illustrating that solar dimming successfully simulates the 
direct radiative impact of SAI on the tropospheric climate. In the stratosphere, however, the absorption of solar 
and terrestrial radiation by sulfate aerosols in CESMsulfur (Figure S1 in Supporting Information S1) leads to a 
significant warming in the tropics, as evidenced by the increase in shortwave heating rates simulated over most of 
the stratosphere. We note that the simulated stratospheric temperature changes reflect a combination of changes 
in both the short- and longwave heating rates as well as any indirect dynamical changes; all of these would also 
be modulated by the associated changes in stratospheric ozone (Figure S2 in Supporting Information S1). We 

Figure 1.  Radiative and temperature response to Stratospheric Aerosol Injection and solar dimming. Shading: Annual mean differences in (top) short wave 
heating rates (K day −1) and (bottom) in temperature (K), averaged over 2070–2089, between CESMsulfur and RCP8.5 experiments (left), and between CESMsolar and 
RCP8.5 experiments (right). Hatching indicates regions where the difference is not statistically significant (±2 standard errors). Contours show the RCP8.5 climatology 
for reference.
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focus here primarily on changes in the shortwave heating rates as these are directly influenced by the changes in 
the incoming solar radiation and aerosol loading; this is unlike the longwave heating rates which also reflect any 
indirect changes in atmospheric circulation and/or the temperatures themselves. In contrast to the stratospheric 
warming simulated in CESMsulfur, the reduction in solar constant in CESMsolar decreases absorption of short-
wave radiation by stratospheric ozone and the resulting heating, thereby leading to a small cooling in the mid- and 
upper stratosphere. The magnitude of the upper stratospheric heating rate and temperature perturbation is compa-
rable to that associated with variation induced by the 11-year solar cycle (e.g., Bednarz et al., 2019), although the 
spectral distribution of the anomalous solar forcing differs between the two cases.

Changes in stratospheric heating rates have important consequences for stratospheric circulation during dynam-
ically active seasons (autumn to spring in each hemisphere). The aerosol absorption in CESMsulfur increases 
horizontal gradients of shortwave heating rates and temperature. Since atmospheric temperatures and winds are 
closely related via the thermal wind balance, this strengthens the stratospheric jets in each hemisphere (Figures 2 
and S3 in Supporting Information S1). Such strengthening of the stratospheric jets has now been recognized as 
an important part of the atmospheric response to SAI (e.g., Richter et al., 2017; Simpson et al., 2019; Visioni 
et  al.,  2020; Banerjee et  al.,  2021), which would otherwise not be reproduced by the reduction in the solar 

Figure 2.  Stratospheric-tropospheric dynamical response to Stratospheric Aerosol Injection and solar dimming. Shading: Monthly mean differences in zonal 
wind (ms −1) at 60°S (a, b) and December-to-February mean (DJF) mean differences in zonal wind (ms −1) (c, d), averaged over 2070–2089, between CESMsulfur and 
RCP8.5 (a, c), and between CESMsolar and RCP8.5 (b, d). Thick white line in top panels marks the regions where the response is statistically significant (±2 standard 
errors). Hatching in the bottom panels indicates regions where the difference is not statistically significant (±2 standard errors). Black contours in all panels show the 
corresponding RCP8.5 climatology for reference.
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constant itself (Ferraro et al., 2015; Visioni, MacMartin, & Kravitz, 2021). In late austral spring, the SH westerly 
response likely corresponds to delayed break-up of the polar vortex (Figure 2a.)

However, what has not been acknowledged before is that the reduction in the solar constant also induces a dynam-
ical response in the stratosphere, in particular the weakening of the stratospheric jets simulated in both hemi-
spheres (Figures 2 and S4 in Supporting Information S1). In late austral spring, this likely corresponds to the 
accelerated break-up of the polar vortex. The SH easterly response is related to the anomalous propagation and 
breaking of planetary waves in the stratosphere (Figure S5 in Supporting Information S1), here likely as the result 
of the tropospheric cooling, whereas this effect is dampened by the aerosol-induced lower stratospheric heating 
in CESMsulfur (Figure S6 in Supporting Information S1). Furthermore, the reduction in stratospheric heating 
under solar dimming also contributes to the dynamical response by weakening the meridional gradients of short-
wave heating rates and temperature in the upper stratosphere from autumn to spring. Interactions of the zonal 
mean flow with planetary waves further amplify the anomalous easterly flow and facilitate its propagation from 
the upper stratosphere to the troposphere (Figure 2b), where it modulates surface climate variability. While the 
top-down influence of the stratosphere on the troposphere under solar dimming cannot be decoupled in our runs 
from those related to the in-situ changes in the tropical tropospheric temperatures, the clear downward propaga-
tion of the stratospheric signal to the troposphere provides evidence for the importance of the top-down effect. 
Additional idealized studies would be needed to quantify the relative importance of the different processes. Here, 
we mainly highlight the existence of the stratospheric dynamical response under solar dimming and point out the 
first-order impact it has on the SH near-surface climate (see below). We note that a similar weakening of the SH 
polar vortex under solar dimming is also found when the response is compared against the present-day conditions 
(Figure S8 in Supporting Information S1). In that case, however, the interpretation of the causes of the response 
is confounded by the long-term recovery of stratospheric ozone (not shown) and its contribution to the short-wave 
heating rate changes (Figure S7b in Supporting Information S1), as well as by a small overcooling simulated in 
the tropical troposphere (Figure S7d in Supporting Information S1).

4.  Tropospheric Response to Solar Dimming versus SAI
We focus the subsequent discussion on the Southern Hemisphere, where the development and propagation of 
the stratospheric circulation responses in the two geoengineering experiments (Figure 2) result in contrastingly 
different tropospheric responses during austral summer (Figure 3). In particular, Figure 3a shows the response 
of the near-surface eddy-driven jet (EDJ), which plays an important role in determining the location of storm 
tracks and other midlatitude weather patterns (e.g., Trenberth, 1991), and of the Southern Annular Mode (SAM; 
Thompson & Wallace, 2000), a dominant mode of variability in the SH and a manifestation of vertical coupling 
in the atmosphere. In CESMsulfur, the strengthening of the stratospheric zonal winds propagates down to the 
troposphere, resulting in a poleward shift of the EDJ by ∼1° (Figure 3a). This is commensurate with a tendency 
toward an increased sea level pressure difference between the mid- and high latitudes (i.e., a positive SAM phase). 
In stark contrast, the weakening of the SH stratospheric zonal winds under solar dimming in CESMsolar results 
in an equatorward shift of EDJ of ∼2° and a weakening of the sea level pressure difference (i.e., a negative SAM 
phase).

Changes in the position of the midlatitude jets are tightly correlated with shifts in the tropical Hadley Circulation 
(HC; Kang & Polvani, 2011; Waugh et al., 2018). Consistently, we find that the equatorward shift of the EDJ in 
CESMsolar is commensurate with an equatorward shift of the southern edge of the HC (Figure 3a). The magni-
tude of this HC shift is approximately half of that of the midlatitude jet shift, in agreement with the relationship 
inferred from the observational record (Kang & Polvani, 2011). In contrast, the poleward shift of the EDJ in 
CESMsulfur is commensurate with a small poleward shift of the HC edge. Changes in the position of HC edges in 
turn are associated with distinct changes in hydrological patterns (Polvani et al., 2011; Scheff & Frierson, 2012; 
Schmidt & Grise, 2017; Waugh et al., 2018). In CESMsolar, there is a significant equatorward shift in the position 
of the SH subtropical dry zone, which is not reproduced in the SAI simulations. Regarding changes in precipi-
tation itself, the two experiments simulate significantly different zonal mean precipitation responses over large 
parts of the SH (Figure 3b).

We note that changes in the EDJ, HC and the associated impacts on the hydrological cycle have also been 
associated with changes in the horizontal temperature gradients within the troposphere (Adam et al., 2014). In 
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order to rule out the dominant role of these to the SH surface climate response simulated in our solar dimming 
experiments, we analyze an analogous experiment (here denoted CESMsolar_grad; Visioni, MacMartin, & 
Kravitz,  2021) where the reduction in solar constant was applied in a latitudinally varying manner so as to 
minimize changes in inter-hemispheric and equator-to-pole surface temperature gradients. The resulting changes 
in the SAM index, the location of the SH mid-latitude jet, the edge of the HC, and the subtropical dry zone in 
CESMsolar_grad were found to be qualitatively and quantitatively similar to the experiments with the uniform 
reduction in solar constant, CESMsolar (Figure 3a). This implies that changes in the horizontal surface temper-
ature gradients are unlikely to be the primary driver of the SH tropospheric climate responses simulated in our 
solar dimming runs. We note that some statistically significant differences in the precipitation responses are 

Figure 3.  Impacts on the Southern Hemisphere (SH) tropospheric climate. (a) The DJF differences between 2,070 and 
2,089 mean Southern Annular Mode index (see Section 2), and the location of the SH eddy-driven jet, the edge of the SH 
Hadley Cell and the edge of the SH subtropical dry zone (PE) between each of the CESMsulfur (blue), CESMsolar (red), 
CESMsolar_grad (orange) experiments and RCP8.5. Whiskers indicate ±2 standard errors of the difference in means. (b) The 
DJF differences in precipitation (mm/day) between 2,070 and 2,089 CESMsulfur (blue), CESMsolar (red), CESMsolar_grad 
(orange) experiments and RCP8.5. The dashed black line (with scale on the right hand side) indicates climatological mean 
precipitation in RCP8.5 for reference. The analogous figure, but for the differences compared against BASE (i.e., 2,011–2,030 
mean of RCP8.5) is shown in Figure S11 in Supporting Information S1.
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nonetheless present between the two solar dimming simulations (Figure 3b), illustrating that the role of horizontal 
surface temperature gradients cannot be neglected.

5.  Verification in a Multi-Model Framework
We have demonstrated above that the reduction in the incoming solar radiation in CESM and the associated 
changes in tropospheric and stratospheric temperatures induce a dynamical response in the stratosphere that prop-
agates down to the troposphere during the austral summer, thereby leading to coherent changes in the SH surface 
climate that contrast strongly with the analogous tropospheric signatures of SAI. We have established a chain of 
evidence and proposed a mechanism, and now we verify that our single-model results apply also to other models. 
We use the multi-model simulations carried out as part of GeoMIP (Kravitz et al., 2015), whereby the surface 
temperature increase from rising GHGs following the SSP5-85 scenario (Meinshausen et al., 2020) is offset to 
reach temperatures under the intermediate SSP2-4.5 scenario by means of either sulfate aerosol injection in the 
equatorial region (G6sulfur) or by a reduction in the solar constant (G6solar). While the magnitude of the global 
warming that is offset by geoengineering differs between our CESM and the GeoMIP simulations (over 5°C by 
the end of the century in CESM, vs. 2°C on average in the G6 models in the same period), the experimental proto-
cols are overall similar, thereby allowing for a qualitative comparison between the two responses.

Figure 4 shows changes in the modified SAM index, and the positions of the SH midlatitude jet, Hadley Cell 
(HC) edge, and the subtropical dry zone edge during austral summer under geoengineering in G6sulfur and 
G6solar relative to SSP5-8.5, as simulated by the participating models. We clearly see that the sulfate injections 
in G6sulfur largely cancel the SSP5-8.5 response, or leave small residuals in the SH climate response, across the 
models (blue bars, Figure 4). In stark contrast, solar dimming in G6solar leaves changes in the SH climate which 
are much larger in magnitude (red bars, Figure 4). The G6solar responses also show a much better agreement in 
the sign of the changes across the models: with the exception of the CNRM model, all of the models simulate 
a weakening of the SH upper stratospheric jet in austral spring in G6solar, which then propagates down to the 
troposphere in the austral summer (Figures S9 and S10 in Supporting Information S1). In the troposphere, this 
top-down response leads to a distinct weakening of the pressure difference between the mid- and high southern 
latitudes, an equatorward shift of the SH mid-latitude jet, HC edge, and the subtropical dry zone (Figure 4). The 
above multi-model results are qualitatively similar to those simulated in our CESM experiments, and thus demon-
strate the validity of our conclusions in a wider multi-model context.

We note that the six models differ considerably with regard to their chemistry and microphysics (e.g., only 
CESM, UKESM, and CNRM include interactive stratospheric ozone chemistry). In the case of the one model that 
does not reproduce our results (CNRM), the imposed reduction in the incoming solar radiation was somewhat 
lower than for the other models (1.4% in CNRM compared to 2.0% averaged across the six models, see Visioni, 
MacMartin, Kravitz, et al., 2021), which could have impacted the simulated dynamical response.

6.  Discussion
We have demonstrated that reducing the solar constant in climate models alters the tropospheric and stratospheric 
heating rates and temperatures and, thus, induces a stratospheric dynamical response that propagates from the 
upper stratosphere down to the troposphere. While the importance of stratospheric dynamical variability has been 
previously overlooked in the solar dimming context, we have showed that this process can exert a first-order influ-
ence on some of the changes in the SH surface climate diagnosed from the solar-dimming experiments, thereby 
allowing for an erroneous attribution of the simulated tropospheric signatures to the impacts of geoengineering 
using sulfate aerosol injection. Future assessments of SAI using solar dimming simulations as a simpler analogue 
should take this effect fully into consideration when evaluating the simulated surface impacts of geoengineering.

Our results can also be applied to paleoclimate studies which try to understand the climate of previous epochs 
when the sun was fainter, and their parallels with the present-day climate change. Goldblatt et al. (2021) suggested 
the importance of changes in low cloud coverage based on vertical stability and thermodynamic arguments in 
the Faint Young Sun problem, where in the Archean period onwards glaciations were sparse even though the 
sun was fainter. We suggest that changes in the tropospheric circulation brought about by a dynamical response 
from the stratosphere could be another contributing factor to the cloud cover changes that would merit further 
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investigation; this is particularly underscored if considering solar reduction of up to 20% in the paleoclimate 
studies, as compared to the reduction of a few percent in our simulations.

Finally, our results further demonstrate the importance of considering the stratosphere, as well as the troposphere, 
as an active contributor to the SH near-surface climate change. Numerous studies showed the crucial role of the 
springtime temperature anomalies in the Antarctic lower stratosphere brought about by Antarctic ozone depletion 
and its later recovery for driving the recent trends in the SH mid- and high latitude surface climate (e.g., Son 
et al., 2009; Polvani et al., 2011; McLandress et al., 2011; Banerjee et al., 2020). Here, we have demonstrated the 
importance of stratospheric dynamical variability in the geoengineering context, not only for solar dimming as an 
analogue for SAI-type experiments but also for proposed space-based sun-shading methods.

Appendix A:  Metrics of the SH Tropospheric Climate Change
We use four metrics of the Southern Hemisphere (SH) tropospheric climate change. The modified Southern 
Annular Mode (SAM) index is defined here as the difference between zonal mean sea level pressure at 50°S 
and 70°S. The definition is similar to the commonly used station-based SAM index that uses the 40°S and 65°S 

Figure 4.  Verification of the impacts on the Southern Hemisphere (SH) tropospheric climate in a multi-model framework. The December-to-February mean 
(DJF) differences between 2080–2099 mean (a) Southern Annular Mode index (see Section 2), (b) the location of the SH eddy-driven jet, (c) the location of the edge 
of the SH Hadley Cell and (d) the location of the edge of the SH subtropical dry zone (PE) between each of the GeoMIP G6sulfur (blue) and GeoMIP G6solar (red) 
experiments and SSP5-8.5. Results are calculated separately for each model. Whiskers indicate ±2 standard errors of the difference in means. The analogous figure, but 
for the differences compared against the present-day reference period are shown in Figure S12 in Supporting Information S1.
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latitudes (Gong & Wang, 1999); the different latitudes chosen here correspond to those where the magnitude 
of the sea level pressure response to geoengineering simulated in Community Earth System Model (CESM) is 
largest (not shown).

The metrics for the location of the SH eddy-driven jet (EDJ), edge of the Hadley Circulation (HC), and of the 
subtropical dry zone are defined following Waugh et al. (2018). In particular, the location of EDJ is defined as 
the location of the maximum of zonal mean zonal wind at 850 hPa, here assumed to be the center of the grid 
containing the maximum value. The location of the edge of HC is defined as the latitude where the meridional 
stream function at 500 hPa poleward of the tropical minimum changes sign. If more zero-crossing latitudes are 
found within 20° of the initial one, the value of the metric is set to missing data for that year. The location of 
the edge of the subtropical dry zone is defined as the latitude where the difference between model precipitation 
and evaporation changes sign poleward from the subtropical minimum but equatorward from 70°S. If there are 
more zero-crossing latitudes, the metric is set to missing data for that year. The location of the HC edge and the 
subtropical dry zone edge is approximated to lie midway between the centers of the adjacent grids containing the 
positive and negative values.
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