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Abstract Decarbonization in the immediate future is required to limit global mean temperature (GMT)
increase to 2∘C relative to preindustrial conditions, if geoengineering is not considered. Here we use the
Community Earth System Model (CESM) to investigate climate outcomes if no mitigation is undertaken
until GMT has reached 2∘C. We find that late decarbonization in CESM without applying stratospheric sulfur
injection (SSI) leads to a peak temperature increase of 3∘C and GMT remains above 2∘ for 160 years. An
additional gradual increase and then decrease of SSI over this period reaching about 1.5 times the aerosol
burden resulting from the Mount Pinatubo eruption in 1992 would limit the increase in GMT to 2.0∘ for the
specific pathway and model. SSI produces mean and extreme temperatures in CESM comparable to an early
decarbonization pathway, but aridity is not mitigated to the same extent.

1. Introduction

Global greenhouse gas emissions are increasing, roughly following a scenario with no mitigation policy that
was described in the RCP8.5 scenario for Coupled Model Intercomparison Project Phase 5 (CMIP5) [Le Quėrė
et al., 2015; Riahi et al., 2007]. In this scenario a global mean temperature (GMT) of 2∘C above preindustrial is
projected to be reached around 2035–2060, and GMT reaches around 4.5 ± 1.2∘C by the end of the century
based multimodel results, leading to loss of summer Arctic sea ice by the middle 21st century, increase of
heat waves, flooding, and droughts [IPCC, 2014]. Emissions mitigation could reduce these impacts [Van Vuuren
et al., 2007]. However, the recent Paris climate agreement [United Nations Framework Convention for Climate
Change, 2015], to limit GMT change to below 2∘C, requires ambitious mitigation to be set into place in the
next decade including rapid changes in the global energy infrastructure [Stocker, 2013; Rogelj et al., 2015], not
considering geoengineering options. The plausibility of such aggressive mitigation scenarios is controversial
[Rogelj et al., 2015; Peters et al., 2013; Geden, 2015].

Stratospheric sulfur injection (SSI) has been suggested as a means of reducing global surface temperatures
and associated impacts [Crutzen, 2006] instead of or in addition to decarbonization efforts [Wigley, 2006].
Decarbonization is defined here as the mitigation of positive emissions, as well as increasing net-negative
emissions, e.g., carbon dioxide removal (CDR), itself a type of geoengineering [Committee on Geoengineering
Climate, 2015]. Both geoengineering techniques have been assessed recently [Committee on Geoengineering
Climate, 2015] and several studies have carried out simulations based on idealized scenarios to explore climate
system processes determining responses to SSI [Kravitz et al., 2011]. Arguably more realistic applications of
SSI have been performed that are combined with mitigation to limit peak warming or reduce warming rates
with simple climate models [Keith and MacMartin, 2015] or with global climate models using solar dimming to
approximate the effect of stratospheric aerosols [MacMartin et al., 2014a]. So far climate model studies have
not explicitly simulated the effect of stratospheric aerosols to investigate climate impacts of SSI pathways that
are aimed at limiting the GMT overshoot to a certain temperature goal. Our study, using the Community Earth
System Model (CESM), limits peak temperatures to 2 or 2.5∘C based on a newly designed late decarbonization
pathway.

We investigate the role that SSI could play in achieving ambitious global temperature goals if mitigation action
is delayed until the 2∘ target has been reached, which is the case around 2040 in CESM, when climate impacts
are getting to the point that drastic changes may be seriously considered. Three scenarios are discussed: an
aggressive late decarbonization (LD) pathway including strong mitigation and substantial negative CO2 emis-
sions, which leads to a temperature overshoot and eventual decline to a 2∘ target, and two scenarios that in
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addition to late decarbonization apply a time varying amount of SSI estimated to reduce peak warming to
2.5∘C or to prevent any further warming beyond the 2∘C level (SSI-2.5 and SSI-2.0 pathways).

In contrast to earlier studies by Wigley [2006], who only used a simple climate model, we use a state-of-the-art
climate model to investigate the outcome of specific pathways that include both decarbonization and SRM.
We further estimate the amount of aerosol burden that would be required to reach the temperature goals
specific to our model setup. Global and regional climate impacts are compared among these scenarios as well
as to an existing early decarbonization (ED) pathway (RCP2.6), which also limits GMT change to about 2∘C. In
addition to discussing precipitation changes, here we also apply a more comprehensive measure for aridity
than used before in geoengineering studies. We further investigate the evolution of September Arctic sea ice.
Many other climate relevant diagnostics need to be investigated in future studies.

We do not address questions of technical feasibility and additional potential side effects and risks associated
with CDR and SSI. Those include impacts on the ozone layer, stratospheric chemistry [Tilmes et al., 2008] and
dynamics [Aquila et al., 2014], implementation strategies [MacMartin et al., 2014b], and other questions includ-
ing costs and political and ethical questions [Committee on Geoengineering Climate, 2015]. Our results provide
a benchmark for exploring urgent scenarios for limiting climate change. Sensitivities of the results to specifics
of the pathways including alternative overshoot scenarios with earlier or later starting dates and different
decarbonization scenarios need to be investigated in future studies, that would vary maximum overshoot
temperatures and required time and amount of SSI.

2. Experimental Design

Three scenarios are designed using the Integrated Science Assessment Model (ISAM) simple climate model
(see supporting information). This model is calibrated using 15 free parameters to best emulate the global
temperature evolution of Community Earth System Model (CESM) in the Coupled Model Intercomparison
Project Phase 5 (CMIP5) Representation Concentration Pathway 8.6 (RCP8.5) experiment. The LD pathway is
then constructed to follow RCP8.5 emissions for all forcing agents until 2040, when temperatures reached
an increase of 2∘C compared to preindustrial conditions. After 2040, total CO2 emissions follow an idealized
pathway using a functional form in which emissions peak in 2050 and then decline such that the maxi-
mum annual rate of decarbonization is equivalent to that seen in RCP3.4/SSP5 REMIND/MAGPIE simulation,
which itself exhibits the highest rate of decarbonization in the Shared Socioeconomic Pathway (SSP) database
(−1.2 Gt CO2/yr/yr, database accessed November 2015). Emissions then decay to a constant negative emission
“floor” of −18.5 Gt CO2/yr, a sustained level comparable to that assumed in the SSP5/RCP2.6 REMIND-MAGPIE
simulation in the SSP database (Figure 1a). The other greenhouse gas emissions, including methane, nitrous
oxide, and chlorofluorocarbons, follow a similar trend until their values reach RCP2.6 numbers (Figure S1 in the
supporting information). This produces an overshoot in atmospheric CO2 concentrations peaking at 600 ppm
and in ISAM-predicted surface temperatures with a peak of 3∘C by the end of the 21st century.

We also use ISAM to estimate changes in global average forcing (relative to the LD pathway) necessary to limit
warming to 2.5 or 2∘C, as a basis for estimating the stratospheric sulfur loading to impose in CESM in the SSI-2.5
and SSI-2.0 simulations (Figure S2 in the supporting information). The required annually evolving radiative
forcing for CESM is then computed using the difference in shortwave top of atmosphere flux between the LD
pathway and the respective SSI scenario. The SSI-2.5 scenario was designed in addition to the SSI-2.0 pathway
to investigate a more moderate application of SSI to offset only part of the temperature increase beyond 2∘C.

Global climate model simulations were performed using the same setup as used to produce the CESM Large
Ensemble (LE) [Kay et al., 2015]. This model is a fully coupled climate model, based on the CESM Version 1
model with Version 5 of the Community Atmosphere Model [Hurrell et al., 2013]. In this setup, the chemical
composition of the atmosphere including ozone is prescribed. However, dynamical fields including tempera-
ture, winds, and water vapor, as well as radiation, respond to changes in the stratospheric aerosol burden. The
LE consists of 30 members of initial condition perturbation simulations from 1920 to 2100 all using the same
external forcing (RCP8.5). Additionally, we employ results of one ensemble member of the RCP2.6 scenario.

New experiments were performed between 2040 and 2199 forced with emissions of anthropogenic aerosols
that follow the RCP8.5 scenario, and the ISAM derived LD pathway concentration projections for greenhouse
gases. For each simulation two ensemble members were produced. Prior to performing SSI-2.5 and SSI-2.0
simulations, the amount of stratospheric aerosol burden required to achieve the estimated time varying
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Figure 1. Time evolution of CO2 emissions, sulfur forcings, and injection amount. (top) ISAM derived CO2 emission
evolution for the LD pathway, SSI2.5 and SSI2.0, black, and the ED pathway (RCP2.6), green. (middle) Stratospheric sulfur
burden in Tg S (in form of H2SO4) per year, based on the prescribed aerosol data set for the Chemistry Climate Model
Initiative [Eyring et al., 2013] (black), SSI-2.5 (blue), and SSI-2.0 (red). (bottom) Estimated injection in TgSO2/yr for SSI-2.5
(blue) and SSI-2.0 (red).

radiative forcing from the ISAM model was derived as follows. The radiative forcing reduction in CESM result-
ing from a prescribed stratospheric aerosol distribution was calculated using a double radiation call. We
employed a prescribed distribution produced with a microphysical model [Tilmes et al., 2015] driven by a con-
tinuous 8 Tg SO2 per year tropical injection. The stratospheric aerosol burden in CESM was then varied over
time by scaling it to achieve the required radiative forcing reaching up to 1.1 and 2.2 W/m2 (as estimated with
ISAM) and therefore to achieve the desired temperature evolution. Based on the scaling factor the injection
amount was derived assuming that it is linearly related to the aerosol burden, which is a good approximation
for small injection amounts [Niemeier et al., 2011]. Changes of the aerosol size distribution due to coagula-
tion and deposition of aerosols with increasing injection amounts, as well as a potentially reduced climate
response due to changes in the stratospheric composition in particular water vapor, have not been taken
into account.

3. Results

Based on calculations using CESM, achieving the reduction in radiative forcing of 1.1 and 2.2. W/m2 requires
increasing the burden of stratospheric sulfur (S) by up to 3.5 Tg S for SSI-2.5 and up to 7 Tg S for SSI-2 to
meet the 2.5 and 2.0∘ target, respectively (Figure 1, middle). The resulting burden is comparable to the effect
of the largest volcanic eruptions in this century, which reached 5.5 Tg S (for Agung in 1963) and 4.5 Tg S
(for Mount Pinatubo in 1992), based on the Chemistry Climate Model Initiative (CCMI) stratospheric aerosol
data set [Eyring et al., 2013]. Corresponding maximum emissions of SO2 necessary to produce these strato-
spheric aerosol burdens reach 8 million tons of SO2 per year for SSI-2.5 and up to 17 million tons of SO2 per year
for SSI-2.0 (Figure 1, bottom). These estimates depend on the radiative response of the model that may vary
by up to a factor of 2 between different model versions [Neely et al., 2015]. Uncertainties also depend on the
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Figure 2. Time evolution of global and annual averages. (a) Surface temperature, (b) Northern Hemisphere September
sea ice area, (c) precipitation over land, and (d) the aridity index (precipitation/Potential Evapotranspiration (PET)), for
different scenarios. A 10 year running mean was applied. Different colors identify different experiments and ensemble
members (see legend). For RCP8.5, shaded areas indicate the standard deviation of results including all 30 members of
the large ensemble.

efficiency of the injection amount to produce a certain aerosol burden, which varies by injection strategy

[Niemeier et al., 2011; English et al., 2012; Pierce et al., 2010].

The CESM results follow the global mean surface temperature evolution predicted by ISAM (Figure 2a) despite

the fact that a strong decarbonization pathway has not been performed before using CESM and additional

climate feedbacks were not included in ISAM. The simulated pathways show distinct global mean temperature

evolutions within the first 20 years. The LD pathway leads to additional warming that peaks a full degree above

the 2∘C level reached in 2040 and persists for 160 years. SSI keeps temperatures from rising above 2.5∘C in

SSI-2.5. A slight overcooling for the SSI-2.0 case (orange lines) to somewhat below the 2∘ target reflects the

difficulty of precisely estimating injection amounts above about 10 Tg SO2 injection per year between about

2060 and 2120. Nonetheless, in SSI-2.0 global temperatures over this time period are stabilized and similar to

temperatures for the ED scenario, which are also slightly below 2∘C.

Along with GMT changes, scenarios produce different outcomes for Northern Hemisphere September sea

ice area (Figure 2b). The LD pathway cannot halt the sharply declining trend through 2040, driven by

Arctic amplification of surface temperatures (Figure S3 in the supporting information), leading to less than

0.2×1012 m2 of September sea ice area by about 2060. SSI-2.5 also shows strongly reduced sea ice area beyond

2040. Only SSI-2.0 keeps temperatures over the Arctic from increasing substantially and September sea ice
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Figure 3. Regional change in extreme temperature occurrence in summer. Relative change in the frequency of summer
months, June-July-August (JJA), with (left column) extreme cold and (right column) extreme heat for 2070–2099 and
2170–2199 compared to 1986–2005, defined as monthly mean surface temperature below the 5th or above the 95th
percentile of the probability distribution function based on 1986–2005, for different regions as defined in Figure 6S in
the supporting information: North America (top), Western Europe (middle), and India (bottom). The value of the 5th and
95th percentile is illustrated in each panel. Error bars indicate the standard deviation of available ensemble members for
each pathway.

area around 1 × 1012 m2 after 2040, similar to the result for the ED case. By the end of the 22nd century, as
global average temperatures converge across scenarios, sea ice extent also converges to somewhat less than
the value in 2040.

Global precipitation rates over land in the LD pathway strongly increase through about 2080 in accord with
global temperatures (Figure 2c; see Figure S4 in the supporting information for global precipitation). The
SSI-2.5 pathway halts the precipitation increase after about 2060, while SSI-2.0 leads to a decrease in precipita-
tion below 2040 values until 2080. Global precipitation in SSI-2.0 is decreasing between 2040 and 2080, even
though surface temperatures are similar compared to the ED pathway, where precipitation is increasing until
2060. This illustrates that in SSI scenarios precipitation is more reduced than would be expected from their
effect on GMT alone. These trends can be explained by changes in the surface energy budget (see supporting
information Figure S5).

In SSI-2.0 and SSI-2.5 the high levels of greenhouse gases between 2040 and 2100 increase temperatures in
the troposphere, while the artificial stratospheric aerosol burden reduces the net short wave (SW) radiation
and cools the surface. The surface cooling in SSI-2.0 to values similar to the ED pathway result in reduced
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Figure 4. Regional change in dry and wet land occurrence in summer. Relative change in the frequency of the aridity
index (P/PET) for summer months over (left column) dry lands and (right column) wet lands, defined as monthly mean
aridity below or above 0.65 of the Aridity Index distribution for 2070–2099 and 2170–2199 compared to 1986–2005, for
different regions as defined in Figure 6S in the supporting information: North America (top), Western Europe (middle),
and China (bottom). Error bars indicate the standard deviation of available ensemble members for each pathway.

latent heat flux and a slowdown of the hydrological cycle by the end of the 21st century [Bala et al., 2010;
Schmidt et al., 2012; Tilmes et al., 2013], while in SSI-2.5 latent heat flux is not reduced due to the slight increase
in surface temperature relative to the ED pathway.

In contrast, the dominant effect in the ED pathway is the increase in the SW radiation due to reduced anthro-
pogenic aerosols compared to present day. Those changes are balanced by an increase in latent heat fluxes
and therefore result in increasing precipitation. Precipitation changes between different pathways can be
expected to be significantly different between 2060 and 2120 based on only two ensemble members, assum-
ing that each pathway describes the same variability as the large ensemble simulation for RCP8.5, while
differences are not significant before 2060 and after 2120. Between 2100 and 2200, the ramp-down of SSI and
declining CO2 concentration result in precipitation levels that converge over time to become similar across all
pathways by 2200.

TILMES ET AL. GEOENGINEERING AND DELAYED MITIGATION 6
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Pathways differ less in terms of aridity than they do for precipitation (Figure 2d). Aridity, measured using
the Aridity Index (the ratio of precipitation to potential evapotranspiration, PET), is influenced not only by
precipitation but also by changes in surface fluxes, surface temperatures, winds, and humidity. The land sur-
face generally becomes drier as warming proceeds [Fu and Feng, 2014]. PET across these scenarios tracks the
global temperature response more closely than does precipitation (Figure S4 in the supporting information).
As a result, SSI-2.0 reduces drying less than it reduces precipitation consistent with mechanisms discussed
in Lin et al. [2016]. The ED pathway is more effective in this regard, keeping aridity roughly constant at
2040 levels.

In terms of the regional impact, temperature effects differ significantly across regions in 2070–2100, when
forcing levels strongly differ between the scenarios, while they converge across scenarios by 2170–2200
(Figure 3). In 2070–2100 the frequency of extreme summer heat (defined as monthly means above the current
95th percentile) in the LD pathway is significantly higher than in 2040, becoming 3–5 times more frequent
than at present in North America, Western Europe, and India (additional regions and seasons are shown in
Figures S7 to S9 in the supporting information). The SSI scenarios reduce the frequency of extreme heat, with
the SSI-2.0 and ED pathways both cutting the frequency about in half relative to the LD pathway.

Changes in extreme cold temperatures differ across regions and seasons (Figure 3, left column). For North
America, Europe, and West Africa, exceptionally cold months no longer occur in the LD pathway in 2070–2100,
while in the SSI and ED pathways they are still very rare (reduction in frequency of 80% or more). In India and
China (Figure S8 in the supporting information) the reduction in frequency is smaller, ranging from 20 to 40%.

A more detailed investigation of regional precipitation and aridity distribution changes for different periods
in comparison to present day shows for all pathways an increase in heavy precipitation occurrence and a
reduction in medium precipitation for most regions besides for West Africa, and some increase in very low
precipitation for Western Europe and North America in summer (Figure S10 in the supporting information). SSI
does not significantly suppress these changes in heavy precipitation events and therefore would be unlikely
to significantly change the occurrence of flooding in most regions compared to the LD pathway.

The distribution of wet and dry land, defined as having an aridity index above or below 0.65, respectively, shifts
significantly toward dry land between 1986–2005 and 2070–2100 in all regions for RCP8.5, the LD pathway,
and the SSI scenarios, with significantly smaller change for the ED pathway (Figure 4). In all scenarios there
is little change in aridity by the end of the 22nd century compared to present day. The discussed regional
changes may be model dependent and multimodel comparisons are required to identify more robust regional
changes in particular in the hydrological cycle.

4. Conclusions

In summary, if climate actions are delayed until 2∘C of warming has been reached, rapid mitigation would
likely need to be combined with significant geoengineering efforts including CDR and SSI to maintain tem-
peratures below 2∘C above preindustrial. An additional 2.5∘ SSI pathway has been investigated to explore
the characteristics of a less strong SSI pathway. Based on CESM simulations, the artificial injection of up to
18 Tg SO2 per year for SSI 2.0 and 8 Tg SO2 per year for SSI 2.5 into the upper atmosphere can constrain temper-
ature increase to below 2∘C and 2.5∘C, respectively. SSI 2.0 would produce changes in temperature extremes
and September sea ice comparable to those in an early action pathway (ED) without SSI. The increase in pre-
cipitation induced by increasing greenhouse gas and decreasing tropospheric aerosol concentrations in an LD
pathway would be substantially reduced to values below those that exist in 2040 before SSI begins. The 2.5∘C
scenario would stabilize global precipitation values in the 21st century, but extreme temperatures and Arctic
sea ice are not reduced as effectively. Both pathways would do less to reduce increases in aridity compared
to the ED pathway.

Results are likely to be strongly model and pathway dependent, including estimated injection amounts, global
and especially regional temperature, and precipitation changes. Further investigations of pathways discussed
in this paper, for example, as a part of the Geoengineering Model Intercomparison Projects (GeoMIP), would
facilitate a more in-depth understanding of the potential impacts of SSI in a mixed mitigation/geoengineering
scenario. Furthermore, the plausibility of the pathways investigated here is uncertain given that neither CDR
technologies to actively remove large amounts of CO2 from the atmosphere nor solar radiation management
technologies have been developed yet that could be employed at the required scales.
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