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Stratospheric aerosol intervention (SAl) is a proposed strategy to
reduce the effects of anthropogenic climate change. There are many

temperature targets that could be chosen for a SAlimplementation, which
would regionally modify climatically relevant variables such as surface
temperature, precipitation, humidity, total solar radiation and diffuse
radiation. In this work, we analyse impacts on national maize, rice, soybean
and wheat production by looking at output from 11 different SAl scenarios
carried out with a fully coupled Earth system model coupled to a crop
model. Higher-latitude nations tend to produce the most calories under
unabated climate change, while midlatitude nations maximize calories
under moderate SAlimplementation and equatorial nations produce the
most calories from crops under high levels of SAI. Our results highlight
the challenges in defining ‘globally optimal’ SAl strategies, evenif such
definitions are based on just one metric.

Recent studies have shown that climate change is diminishing the rate
of growth of global food production'. Regional production decreases
and food shortages in lower-latitude developing nations could be a
large negative consequence of climate change’. With diminishing food
productionandincreasing global population, researching methods to
limit warmingisincreasingly important. One of the most discussed and
researched methods for intentionally manipulating the climate system
to counteract anthropogenic warmingis the use of stratospheric aero-
sols*’. This climate intervention strategy aims to mimic volcanic erup-
tions by injecting sulfur dioxide into the stratosphere, where it oxidizes
to form sulfuric acid, which then forms reflective aerosol particles®.
Injections would need to occur continuously to maintain decreased
solarradiation and surface temperatures”®, These continued injections
would have largeimpacts on the climate system, including temperature,
precipitation, humidity and direct and diffuse radiation, which are con-
trolling climate factors for crop production. These climate variables are
allexpected to change due to stratospheric aerosol intervention (SAI)°.

Crops are grown to optimize their production in the current
climate. Additional heat stress in the future is expected to reduce
global yields of maize and push other crops such as wheat to higher

latitudes’. Limiting that additional heat stress with SAl could improve
yields in the future and possibly maintain the present-day distribu-
tion of crop growth. This also means that SAIl could decrease yields
in higher-latitude nations relative to warming. Global carbon dioxide
concentrations are anticipated to continue to grow, increasing the
CO, fertilization effect and thus benefiting crops. C; crops such asrice,
soybean and wheat would benefit from increased CO, and reduced
heat stress, since C; crops tend to prefer cooler environments and their
photosynthesis is limited by CO, (ref. 10). C, plants such as maize are
notas CO, limited, since they have an anatomical adaptation that allows
them to increase the CO, concentration around the atmospherically
isolated Rubisco enzyme, reducing photorespiration'. This means
thatincreased CO, in the future would tend to benefit C; plants more
than C, plants. SAl would change regional precipitation patterns and
humidity, potentially impacting regional crop production'. It would
alsodecrease totalincomingsolar radiation while increasing downward
diffuseradiation due toscattering by the stratospheric aerosols, which
would have opposingimpacts on crop production'. The changes that
SAlwould bring to the global and regional climate would have implica-
tions for crop production and food security.
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Fig. 1| Climate impacts of SAl and climate change scenarios. a-f, Global cropland average time series of ensemble average temperature (a), carbon dioxide
concentration (b), precipitation (c), specific humidity (d), totalincoming solar radiation (e) and diffuse radiation over cropland (f) for climate change and climate

intervention scenarios. Precipitation is presented as a five-year rolling average.

Previous studies have aimed to address potential impacts on crops
from SAI One study used a statistical model including temperature,
precipitation and CO, fertilization under a future SAl scenario to offset
high-CO, warming®. That study found a benefit to global rice, maize
and wheatyields and adecrease in high-latitude rice. Another statisti-
calstudy represented SAlon the basis of volcanic eruptions to capture
impacts on crops from changes to global sunlight. They concluded
that little of the global agricultural damage due to climate change
would be offset by climate intervention, as the negative impacts from
SAlon maize, rice, soybean and wheat due to changes in sunlight were
balanced by benefits from global cooling. A few studies using dynamic
crop models simulated regional agriculture responses to SAI, but
the results vary depending on the SAl scenarios and the crop mod-
els used™°. The most recent study used output from the Norwegian
Earth System Model with prognostic biogeochemical cycling to run
offline simulations of the Community Land Model version 5 (CLM5)
toanalyse impacts of SAlon maize, rice, soy, spring wheat, sugar cane
and cotton”. They concluded that SAl used to reduce radiative forc-
ing from RCP8.5 to RCP4.5 could benefit global yields by about 10%.
Our study uses a fully coupled Earth system model with aninteractive
crop model to analyse the impacts on maize, rice, soybean and spring
wheat production under multiple SAl scenarios that limit global aver-
age surface warming to targets set at the international negotiations

at the 21st Conference of the Parties (COP21) in Paris of 1.5and 2.0 °C
above pre-industrial levels'®", We also use additional scenarios that go
even further, reducing the global mean surface temperature increase
to 1.0 and 0.5 °C above pre-industrial levels*’. These scenarios may
be considered more policy-relevant than those previously studied,
since they implement only moderate amounts of SAl to meet defined
policy goals, rather than using large amounts of aerosols just to obtain
arobust signal-to-noise ratio. This study also compares the impacts
on crops of reducing incoming solar radiation through reducing the
solar constantinstead of SAI. Offline simulations were then conducted
to understand which individual climatic changes caused by SAl influ-
enceimpacts on crop production. Past studies have focused on global
average crop impacts fromasingle SAl scenario orimpacts on certain
regions orindividual nations. Since proposed SAl schemes so far have
beenbased on controlling regional or global surface air temperatures,
they would not also be able to control regional temperature, precipita-
tion and other factorsimportant to plants, so different nations would
beimpacted differently®. Thisis particularly relevant considering that
there may be many possible temperature targets that could be chosen
foraSAlimplementation. Thisstudy aims to understand which of these
policy-relevant scenarios will produce the most future calories from
crop production for each nation. Itisimportant to compare scenarios
and different intervention temperature targets so individual nations
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a Change to total global calories under climate intervention relative to climate change
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Fig.2|Crop productionimpacts under SAl scenarios relative to climate
change. a-e, Time series of global percentage change in total calories (maize,
rice, soybean and wheat) (a), calories from maize (b), calories fromrice (c),
calories from soybean (d) and calories from wheat (e) under climate intervention
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relative to the corresponding climate change scenario. The grey shaded regions
indicate the standard deviation of a 50-year (1950-2000) detrended historical
period. The valuesin b-e are presented as five-year rolling averages.

can understand which may be best for them if an informed, global
decision on SAlis ever needed to be made.

Results

Solar constant reduction to represent SAI

Previous studies of crop and vegetation impacts from SAl have used
solar constant reduction to represent impacts from SAI"*?2, The Geo-
engineering Model Intercomparison Project Phase 6 experiments use
bothsolar constant reduction (Gé6Solar) and sulfate aerosol interven-
tion (Gé6Sulfur) to limit radiative forcing from Shared Socioeconomic
Pathway (SSP; see Methods for details) scenario SSP5-8.5 down to
what it would be with SSP2-4.5 (ref. 23). These two scenarios result
in similar temperature, precipitation, humidity and total solar radia-
tion responses over all cropland area globally (Fig. 1). Although most
yield responses to these climate forcings are not significantly different
between the G6 experiments, there is a slight benefit to yields under
G6Sulfur compared with Gé6Solar (Supplementary Fig. 1). We expect
increased crop yields under G6Sulfur due to the increased scattering
of solarradiation by the sulfate aerosols, enhancing downward diffuse
solarradiationin the G6Sulfur experiment relative to G6Solar (Fig. 1f).

Thisenhanced diffuse radiationincreases yields for maize, rice, soybean
and spring wheat in G6Sulfur compared with G6Solar. Previous studies
thatused solar constantreduction to simulate SAI, or that used acrop
model that did not partition between direct and diffuse radiation, could
thus have underestimated crop yield responses to SAI.

Crop production changes due to SAI

Limiting anthropogenic warmingincreases the global sum of calories
frommaize, rice,soybeanandspringwheatunderallSAlscenarios (Fig.2).
Under the scenario SSP5-8.5-1.5 °C, the number of global calories from
thefour crops simulated increases by 22 + 1% relative to SSP5-8.5during
the years 2060-2069 (Fig. 2a). Total global calories during the years
2060-2069 increase by 24% under SSP2-4.5-0.5°C, 20 + 1% under SSP2-
4.5-1.0°C, 12 + 3% under SSP2-4.5-1.5°C, 18% under SSP5-3.4-1.5°C,
12 1% under SSP5-3.4-2.0 °C, 16 + 1% under G6Solar and 19 + 1% under
G6Sulfur (Fig. 2a). These changes to caloric production under climate
interventionareallbeyond the standard deviation of the 50-year histori-
cal period of +5% (Fig. 2a). How much total caloriesincrease depends on
the time period and therefore the CO, concentration and the amount
of SAI (Fig. 2).
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Change in production for the top ten producers under SAl (2060-2069 average)
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Fig. 3| Crop production changes for top producers under SAl relative to climate change. Percentage change in maize, rice, soybean and wheat production for the
current FAOSTAT top ten producers of each crop (2060-2069 average) under different climate intervention scenarios relative to climate change™.

While global caloric production shows benefits under SAl, there
are also many regions and nations where production will be reduced
from SAl relative to warming without SAI. Maize, rice, soybean and
spring wheat yields are anticipated to increase in high latitudes from
warming due to climate change’. Some of the world’s largest crop
producers are in high-latitude regions (Fig. 3). Reducing warming
with stratospheric aerosols tends to decrease production in these
high-latitude nations relative to awarming scenario (Figs.3-6). Com-
paring the magnitude of calories produced under a given scenario
must be done between scenarios that share the same SSP, since dif-
ferent SSPs have varying amounts of nitrogen fertilizer application,
cropping area and CO, concentration (Fig. 1 and Supplementary
Fig. 3). Canada produces the most calories under the climate change
scenario SSP2-4.5 (Fig. 4). Russia produces the most calories under
the high-emission scenario SSP5-8.5 (Fig. 5) and climate change sce-
nario SSP5-3.4-0S (Fig. 6). Midlatitude nations tend to prefer more
moderate amounts of SAl to maximize crop calories (Figs. 4-6). Other,
lower-latitude nations benefit from larger amounts of SAI, showing the
most calories from crop production when temperatures are limited
the most, such asin SSP2-4.5-0.5 °C (Fig. 4). The majority of the world’s
top crop-producing nations show increasesin their productionunder
SAl, but each SAl scenario has multiple top producing nations with
decreasesintheir productionrelative to climate change (Fig. 3). None
ofthe1lclimate change or climate intervention scenarios analysed here
benefit everyone. Although global production tends to increase with
more SAl, the number of nations that show adecrease in their produc-
tion does also (Supplementary Fig. 4). Under SSP2-4.5, total calories

from maize, rice, soybean and spring wheat are the highest in 102, 31
and 21 nations when maintaining temperatures that are 0.5, 1.0 and
1.5°Cabove pre-industrial levels with SAl during the years 2060-2069,
respectively (Fig.4). There are 12 nations that maximize calories from
crops under the unabated climate change scenario SSP2-4.5 during the
years2060-2069 (Fig.4). Evenif102 nations would produce the most
calories from limiting temperatures to 0.5 °C above pre-industrial
levels under SSP2-4.5 using SAl, there would still be 64 nations that
would not, including the 12 that may not benefit at all from SAI. Under
SSP5-8.5,121 nations produce the most calories under SSP5-8.5-1.5 °C,
20 under G6Sulfur, 9 under Gé6Solar and 18 others produce the most
calories from crops under the high-emission scenario SSP5-8.5during
theyears 2060-2069 (Fig. 5). Under SSP5-3.4-0S, 89 nations produce
the most calories from maize, rice, soybean and spring wheat under
the scenario SSP5-3.4-1.5 °C, 56 nations under SSP5-3.4-2.0 °C and 22
nations under SSP5-3.4-0S (Fig. 6). The number of nations that maxi-
mize their calories under a specific temperature target varies by crop
(Figs.4-6). Calories fromrice are greater in more nations under climate
changerelative to those fromother crops (Figs. 4-6).Soybean calories
tend to be largest in more nations when temperatures are limited the
most with climateintervention compared with other crops (Figs. 4-6).
Thisisduetothe respective low and high temperature sensitivity of rice
and soybean (Fig. 7). Most of the world’s top crop-producing nations
increase production under climate intervention (Fig. 3). Although most
nations would produce the most total calories from crops under the
more extreme SAl scenarios, there are stillmany countries that would
not, potentially causing conflict (Supplementary Fig. 4).
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Fig. 4| Climate change or SAl scenario that produces the most calories for each nation under SSP2-4.5. SSP2-4.5 scenarios that produce the most calories from
total crop production (maize + rice + soybean + wheat) and from the individual crops maize, rice, soybean and wheat for each nation during the years 2060-2069.

Individual climate impacts on crop production under SAI

To understand why crop production is changing under SAI, we ran
offline simulations of CLMS5crop that only allowed single climate vari-
ables to change due to climate intervention. We tested the individual
contributionsto crop productionimpacts from changing temperature,
precipitation, specific humidity, total solar radiation and diffuse radia-
tion separately under SAl used to maintain warming of 1.5 °C above
pre-industrial levels under SSP2-4.5. The period 2060-2069 under
these scenarios also represents 1 °C of global temperature reduction
using SAI. Increased CO, fertilization has a large benefit to crop pro-
duction under SSP2-4.5 and SSP5-8.5 during the years 2060-2069
(Supplementary Fig. 2). CO, concentrations in SSP5-3.4-OS increase
slightly and then begin to decrease over the years 2060-2069, with
asmall overall benefit to crop production (Fig. 1 and Supplementary
Fig. 2). CO, concentrations are prescribed and do not change under
climate intervention, relative to climate change, in the model used in
this study, so these changes are not due to SAI. This high sensitivity
to CO, means that changes to maize, rice, soybean and spring wheat
production under SAl in the future would still be an increase relative
to present-day conditions for most nations (Supplementary Fig. 5).
Changesto precipitation, humidity, total radiation and diffuse radiation
had minimal impacts on global maize, rice, soybean and spring wheat
productionrelative to temperature (Fig. 7). However, there are regional
changesto these variables that may become important. Precipitation
changes had a significant negative impact on midlatitude maize and
springwheat (SupplementaryFig.7). Under SSP2-4.5-1.5 °C, aerosols are
injected primarily in the Southern Hemisphere, meaning thatimpacts
on Northern Hemisphere crops from increased diffuse radiation or
decreased total radiation may be subdued™. Limiting warming under
climate intervention had the most areas with a significant impact on
yield for all crops compared with changes to other climate variables
(Supplementary Figs. 6-10). Total solar radiation reduction under
SSP2-4.5-1.5 °C had the least significant impact on crop production,
showing almost no areas of statistically significant yield reductions

relative to SSP2-4.5 (Supplementary Fig. 10) compared with regional
yield responsesto other climate variables (Supplementary Figs. 6-10).
Theseresults will depend onthe amount of SAlimplemented, the sce-
nario and time period analysed, and the crop model being used.

Discussion

Using a state-of-the-art climate model coupled to a crop model, we
analysed impacts on crop production under 11 future climate change
and climate intervention scenarios (Table 1). We then ran offline crop
model simulations tobetter understand what changesto the climate are
contributing to the impacts of SAl on maize, rice, soybean and spring
wheat production.

The Community Earth System Model version 2 (CESM2) with the
Whole Atmosphere Community Climate Model (WACCM6) showed a
satisfactory ability to model crops and their interaction with the Earth
system and was included in Coupled Model Intercomparison Project
Phase 6 (CMIP6)**. CLM5crop has also been tested substantially"* %,
CLM5crop did a reasonable job capturing interannual variability in
globaland nationalyields fromahistoric period (Supplementary Fig.11).
The CLM5crop historical simulation portrayed in Supplementary
Fig. 11 was run at 2° resolution using the GSWP3 atmospheric forc-
ing data with transient climate, CO,, nitrogen deposition, land-cover
change, irrigation and fertilization’®. We have detrended the yield time
seriesin Supplementary Fig. 11 since differences in the magnitude and
trend of yield are primarily due to cultivars, technology, planting and
harvest dates, irrigation and fertilization practicesin the real world that
are not relevant to this study. We have also included a non-detrended
version of Supplementary Fig. 11 to better compare to other studies
(Supplementary Fig. 12). The interannual variability of national yield
reported by the Food and Agriculture Organization Corporate Statisti-
cal Database (FAOSTAT) is the combined result of changing agriculture
management and interannual climate variation. In the model simula-
tion, the interannual variability of yield is mainly due to climate variabil-
ity. CLMScrop shows larger rice yield variation than FAOSTAT for some
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Fig. 5| Climate change or SAl scenario that produces the most calories for each nation under SSP5-8.5. SSP5-8.5 scenarios that produce the most calories from
total crop production (maize + rice + soybean + wheat) and from the individual crops maize, rice, soybean and wheat for each nation during the years 2060-2069.

countries, which is a known issue of seasonality within CLM5crop for
Southeast Asia thatis currently being updated®. Also, FAOSTAT reports
yields foracertainyear according to when most of the growing season
foranation occurs, so we have shifted the time series of simulated his-
torical yieldsin Supplementary Fig. 11if the correlation coefficient with
the FAOSTAT time series was increased by at least 0.3 to better compare
similarities ininterannual variability>**". CLM5crop’s ability to simulate
national time series of crop yield and production is comparable to that
of other state-of-the-art process-based crop models®. While no crop
modelis perfect, CLMScrop’s interannual response to changing climate
makes it avaluabletool to understand how national yield and produc-
tion will change under future climate scenarios. CLM5crop still needs
tobeimproved with abetter representation ofimpacts from extreme
weather events, theinclusion of ultraviolet radiationimpacts on crops
and surface ozoneimpacts on crops, and updated assumptions about
changing future agricultural planting and harvesting dates. Uncer-
taintiesin future changes to nitrogen fertilization and how CLM5crop
handles CO, fertilization and responses to climate (such as temperature
change) are areas of ongoing work. CLM5crop currently plants spring
wheat everywhere wheatis grown. Including winter wheat inthe future
couldimpacttheresults. Moreover, to ensure arobust understanding
of crop responses to different climate scenarios, a multi-crop model
assessmentis needed, since the findings of this study are derived from
only a single model, and the inclusion of other models could lead to
variationsintheresults. Further workis needed to update the model to
include these parameters to paint amore complete picture of potential
impacts on crops due to SAl, and analysis using multiple climate and
crop models is needed to help reduce uncertainties.

Limiting global warming from anthropogenic greenhouse gas
forcing using SAI benefits global production of maize, rice, soybean
andwheatrelative to climate change without SAlunder all the scenarios
we analysed. Climate intervention to limit anthropogenic warming
while maintaining elevated CO, increases global calories from maize,
rice, soybean and wheat by 12-24% during the decade 2060-2069,

depending onthe scenario, whichis consistent with the most recent SAI
crop modelling study that also used CLM5crop but adifferent climate
model”. Benefits to crop production from SAl relative to climate change
without SAlare dominated by heat-stress reduction. Solar dimming to
represent SAl impacts on crops underestimates yields due to lacking
arepresentation of diffuse radiation fertilization. Diffuse fertilization
may dominate the yield response to radiative changes under small
amounts of SAI, but larger amounts of aerosols may decrease yields
duetoareductionintotal solar radiation®. Although global production
increases under SAl, there are production decreases for top producers
ofeach crop under all climate intervention scenarios. It cannot be easily
argued that trade can offset regional losses under SAl, as the world cur-
rently produces enough food to feed everyone on the planet, yet many
still face food insecurity and starvation due to crop production being
unevenly distributed around the world®. These patterns of regional
foodinsecurity could be shifted or exacerbated by SAlimplementation,
making regional crop impacts from SAl an important consideration.
High-latitude regions such as Russia and Canada show the largest
decreases in crop production under climate intervention relative to
climate change. The number of countries that produce fewer calories
under SAlrelative to climate change increases with more temperature
limitation. No SAltemperature target benefits everyone. Different parts
of the world maximize calories from crops under different tempera-
ture targets, with higher-latitude nations producing the most calories
under unabated global warming, midlatitude nations under moderate
temperature limitation and equatorial nations maximizing calories
under high levels of climate intervention.

These resultsintroduceimportant governance concerns related to
SAldeployment. Although crop productionin most nations increases
under SAlrelativeto climate change, there would probably be decreases
relative to warming in several top producing nations. Nations that do
increase crop production under SAlwould prefer different temperature
targets to maximize the calories produced from crops. How would
SAldeployment be governed? Many have argued that since SAlwould
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Fig. 6 | Climate change or SAl scenario that produces the most calories for each nation under SSP5-3.4-0S. SSP5-3.4-0S scenarios that produce the most calories
from total crop production (maize + rice + soybean + wheat) and from the individual crops maize, rice, soybean and wheat for each nation during the years 2060-2069.
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Fig. 7| Individual climate impacts on crop production under SAlrelative to
climate change. Individual contributions to global crop production changes
under SAlused to reduce global cropland temperatures by 1 °C under SSP2-4.5-
1.5 °Crelative to SSP2-4.5 during the years 2060-2069. The data are presented as
ensemble mean values + ensemble range of two ensemble members represented
aspoints (n=2).

impact all nations, universal agreement on deployment would be
needed®. Ifaninternational group was charged with making a decision
that accounted for the will of all or most nations in the world, coming
toadecisive agreement would be challenging. It has also beenargued
that nations that would be harmed by SAI could be compensated in
some way™. This method is unproven and would be challenging for
many reasons. Associating climate or extreme weather impacts with
SAl rather than with natural variability would be difficult®***. Would
harmfulimpacts be compared with some historical climate, or with the
future climate without SAI**? Crop production is only asingle metric,

and incorporating the responses of other impact metrics to varying
levels of climate intervention would only complicate theissue. Further
work to better quantify theimpacts of SAland how SAl could be effec-
tively governed is still needed to aid policymakers in decision making.

Methods
Model description
The climate change and climate intervention scenarios were simulated
using CESM2(WACCM®6) with troposphere, stratosphere, mesosphere
and lower thermosphere chemistry, and CLMS5 with coupled CLM-
Scrop®*.CESM2is currently the only Earth system model with abuilt-in
coupled crop model, makingitideal for analysingimpacts oncrops under
future climates. WACCM6 has aresolution of 0.95° x 1.25° latitude-longi-
tudewith 70 vertical layers, reaching 150 kmabove sealevel'***. WACCM6
uses the updated four-mode version of the Modal Aerosol Module ver-
sion 4 to represent tropospheric and stratospheric aerosol dynamics™.
WACCM6 and other model components were coupled to CLM5 and
CLMScrop. CLMScrop currently simulates only maize, rice, soybean,
spring wheat, sugar cane and cotton. We chose to focus on maize, rice,
soybean and spring wheat as those four crops comprise the majority of
global food production as well as caloric consumption®. Land unit grid
cells within CLMS can be partitioned to include prescribed transient
crop areawhen CLM5cropisactive. Crops are planted and then transi-
tionthroughleafemergence, grainfill and harvest phases®. To calculate
yield, grain carbon is assumed to be 45% of the total dry weight, and
a harvest efficiency of 85% is assumed for all crops®. The coupling
between crops, the land surface and the atmosphere allows for the
directanalysis of potential impacts on crops from changesin tempera-
ture, precipitation, CO,, humidity and diffuse and direct radiation. Crop
production was calculated using fully coupled CESM2-CLM5crop yield
output and time-varying cropping area from the accompanying SSP
scenarios. To determine how SAlwould impact food production, yield
output was converted to calories. Food caloric production is defined
here as follows: Production (kilocalories per year) = Yield (tonnes per
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Table 1| Scenario names for climate change and climate
intervention simulations with the years of the simulations
and the number of ensemble members

Scenario Years of Ensemble Mean temperature
analyses members over cropland (°C)
(2060-2069)
SSP2-4.5 2015-2070 10 19.6
SSP2-4.5-1.5°C 2035-2070 10 18.6
SSP2-4.5-1.0°C 2035-2070 2 17.6
SSP2-4.5-0.5°C 2035-2070 2 17.0
SSP5-3.4-0S8 2040-2100 3 201
SSP5-3.4-2.0°C 2040-2100 8 19.0
SSP5-3.4-1.5°C 2040-2100 3 18.3
SSP5-8.5 2020-2100 3 21.0
SSP5-8.5-1.5°C 2020-2100 3 18.4
G6Solar (SSP5-8.5) 2020-2100 2 19.7
G6Sulfur (SSP5-8.5) 2020-2100 2 19.7

hectare per year) x Cropping Area (hectares) x Crop Nutritional Value
(kilocalories per tonne)®.

Description of simulations

Reference CMIP6 climate change scenarios SSP2-4.5, SSP5-3.4-0S
and SPP5-8.5 (ref. 38) were simulated with accompanying climate
intervention scenarios to limit anthropogenic warming to 0.5, 1.0,
1.50r 2.0 °C above pre-industrial levels (Table 1). Different SSPs have
varying amounts of nitrogen fertilizer application and land-use change.
SSP2-4.5 is a medium-emission scenario, with the CO, concentra-
tion starting at 415 ppm in 2020 and increasing to 600 ppm by 2100
(ref. 38). SSP5-8.5 is an unmitigated high-emission scenario, with the
CO, concentration growingrapidly throughout the twenty-first century
from415 ppmin2020t01,100 ppmin 2100 (ref. 36). SSP5-3.4-OS starts
in2015 and goes to 2100; it follows SSP5-8.5 until 2040, and thereafter
strong mitigation efforts (such as carbon dioxide removal) areimple-
mented®®. Even with strong mitigation and negative emissions starting
in 2040, the CO, concentration still grows until 2065, when it reaches
its peak of about 525 ppm (Fig. 1). All three climate change scenarios
see an overshooting of both global average temperature targets set
at COP210f 1.5 and 2.0 °C above pre-industrial levels”. Temperatures
above these targets have been deemed to have significant negative
impacts on societies and ecosystems*°.

To simulate SAl, afeedback controller algorithmis used to calcu-
late theamount of SO, injected into the stratosphere eachyearat15° N,
15°S,30° N and 30°S. This calculation is made every year depending
on the previous year’s global mean temperature, interhemispheric
temperature gradient and equator-to-pole temperature gradient*. A
morein-depth exploration of the SAlstrategies considered is available
inaccompanying papers'®2°,

Scenarios following SSP5-3.4-0S use SAIl to limit global mean
warming to both COP21 targets of 1.5 and 2.0 °C above pre-industrial
levels™. The scenario SSP2-4.5-1.5 °C limits warming to 1.5 °C under
SSP2-4.5and is named Assessing Responses and Impacts of Solar Climate
Intervention on the Earth System with Stratospheric Aerosol Injec-
tion (ARISE-SAI-1.5)". SSP2-4.5-1.0 °C and SSP2-4.5-0.5 °C reduce the
global meantemperatureincrease to 0.5and 1.0 °C above pre-industrial
levels, below the warming targets set at COP21 (ref. 20). SSP2-4.5-
1.0 °C and SSP2-4.5-0.5 °C were carried out with a simpler version of
CESM2(WACCMB6): one containing interactive chemistry only in the
middle atmosphere and notinthe troposphere. Thisis not expected to
impactcrop results, asthe two versions show almost identical responses

tolarge stratosphericaerosol loads*>. These simulations start SAlin the
year 2035. There is also a scenario that follows SSP5-8.5 and uses SAl to
maintain temperatures of 1.5 °C above pre-industrial levels’. In this
scenario, climateintervention beginsin the year2020. Additional simu-
lations used in this study were run as part of the Geoengineering Model
Intercomparison Project Phase 6 (ref. 23). These include G6Sulfur and
Gé6Solar. G6Sulfur uses SO, injections to bring global mean temperatures
from the high-emission climate change scenario SSP5-8.5 down to the
medium-emission scenario SSP2-4.5, and G6Solar uses solar dimming
to achieve the same temperature reduction®. Table 1 summarizes the
key features of the simulations described above.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Output fromthe CESM2(WACCM6) SSP2-4.5and SSP2-4.5-1.5 °Ciis freely
available at https://doi.org/10.26024/0cs0-ev98. CESM2(WACCM6)
output from SSP5-8.5, SSP5-3.4-0S, Geoengineering Model Intercom-
parison Project G6Solar and G6Sulfur is freely available on Earth System
Grid at https://esgf-node.linl.gov/search/cmip6/. CESM2(WACCM6)
output from SSP5-3.4-0S-2.0 °C, SSP5-3.4-0S-1.5 °C and SSP5-8.5-
1.5°Cis available at https://doi.org/10.26024/t49k-1016. Coupled and
offline CLMS5crop postprocessed yield data are available at https://doi.
org/10.6084/m9.figshare.24085797.v1. Historical yield observation data
were obtained from FAOSTAT at https://www.fao.org/faostat/en/#data.

Code availability

The source code for the CESM(WACCM) model used in this study
is freely available at https://www.cesm.ucar.edu/working_groups/
Whole-Atmosphere/code-release.html, and the code for CLMS5is avail-
ableat https://www.cesm.ucar.edu/models/cesm2/land/. Postprocess-
ing and figure generation scripts can be found at https://github.com/
bjc204/Clark_etal_NatureFood_2023.

References

1. Fugile, P. Climate change upsets agriculture. Nat. Clim. Change 11,
293-299 (2021).

2. Kummu, M., Heino, M., Taka, M., Varis, O. & Viviroli, D. Climate
change risks pushing one-third of global food production outside
the safe climatic space. One Earth 4, 720-729 (2021).

3. Rosenzweig, C. et al. Assessing agricultural risks of climate
change in the 21st century in a global gridded crop model
intercomparison. Proc. Natl Acad. Sci. USA 111, 3268-3273 (2014).

4. Crutzen, P. J. Albedo enhancement by stratospheric sulfur
injections: a contribution to resolve a policy dilemma? Climatic
Change 717, 211-220 (2006).

5.  Wigley, T. M. A combined mitigation/geoengineering approach to
climate stabilization. Science 314, 452-454 (2006).

6. National Academies of Sciences, Engineering, and Medicine
Reflecting Sunlight: Recommendations for Solar Geoengineering
Research and Research Governance (National Academies Press,
2021); https://doi.org/10.17226/25762

7. Robock, A. 20 reasons why geoengineering may be a bad idea.
Bull. At. Sci. 64,14-18 (2008).

8. Rasch, P.J., Crutzen, P. J. & Coleman, D. B. Exploring the
geoengineering of climate using stratospheric sulfate aerosols:
the role of particle size. Geophys. Res. Lett. 35, L02809 (2008).

9. Jagermeyr, J. et al. Climate impacts on global agriculture emerge
earlier in new generation of climate and crop models. Nat. Food 2,
873-885 (2021).

10. Farquhar, G., Caemmerer, S. & Berry, J. A biochemical model of
photosynthetic CO, assimilation in leaves of C, species. Planta
149, 78-90 (1980).

Nature Food


http://www.nature.com/natfood
https://doi.org/10.26024/0cs0-ev98
https://esgf-node.llnl.gov/search/cmip6/
https://doi.org/10.26024/t49k-1016
https://doi.org/10.6084/m9.figshare.24085797.v1
https://doi.org/10.6084/m9.figshare.24085797.v1
https://www.fao.org/faostat/en/#data
https://www.cesm.ucar.edu/working_groups/Whole-Atmosphere/code-release.html
https://www.cesm.ucar.edu/working_groups/Whole-Atmosphere/code-release.html
https://www.cesm.ucar.edu/models/cesm2/land/
https://github.com/bjc204/Clark_etal_NatureFood_2023
https://github.com/bjc204/Clark_etal_NatureFood_2023
https://doi.org/10.17226/25762

Article

https://doi.org/10.1038/s43016-023-00853-3

mn.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Collatz, G. J., Ribas-Carbo, M. & Berry, J. A. Coupled
photosynthesis-stomatal conductance model for leaves of C,
plants. Funct. Plant Biol. 19, 519-538 (1992).

Bala, G., Duffy, P. B. & Taylor, K. E. Impact of geoengineering
schemes on the global hydrological cycle. Proc. Natl Acad. Sci.
USA 105, 7664-7669 (2008).

Proctor, J. et al. Estimating global agricultural effects of
geoengineering using volcanic eruptions. Nature 560, 480-483
(2018).

Pongratz, J., Lobell, D. B., Cao, L. & Caldeira, K. Crop yields in a
geoengineered climate. Nat. Clim. Change 2, 101-105 (2012).

Xia, L. et al. Solar radiation management impacts on

agriculture in China: a case study in the Geoengineering Model
Intercomparison Project (GeoMIP). J. Geophys. Res. Atmos. 119,
8695-8711(2014).

Zhan, P. et al. Impacts of sulfate geoengineering on rice yield

in China: results from a multimodel ensemble. Earth’s Future 7,
395-410 (2019).

Fan, Y. et al. Solar geoengineering can alleviate climate change
pressures on crop yields. Nat. Food 2, 373-381(2021).

Tilmes, S. et al. Reaching 1.5 and 2.0°C global surface
temperature targets using stratospheric aerosol geoengineering.
Earth Syst. Dynam. 11, 579-601(2020).

Richter, J. et al. Assessing responses and impacts of solar climate
intervention on the Earth system with stratospheric aerosol
injection (ARISE-SAI): protocol and initial results from the first
simulations. Geosci. Model Dev. 15, 8221-8243 (2022).
MacMartin, D. et al. Scenarios for modeling solar radiation
modification. Proc. Natl Acad. Sci. USA 119, 2202230119

(2022).

Tilmes, S. et al. CESM1(WACCM) Stratospheric Aerosol
Geoengineering Large Ensemble Project. Bull. Am. Meteorol. Soc.
99, 2361-2371(2018).

Dagon, K. & Schrag, D. P. Quantifying the effects of solar
geoengineering on vegetation. Climatic Change 153, 235-251(2019).
Kravitz, B. et al. The Geoengineering Model Intercomparison
Project Phase 6 (GeoMIP6): simulation design and preliminary
results. Geosci. Model Dev. 8, 3379-3392 (2015).

Danabasoglu, G. et al. The Community Earth System Model
Version 2 (CESM2). J. Adv. Model. Earth Syst. 12, e2019MS001916
(2020).

Lombardozzi, D. L. et al. Simulating agriculture in the Community
Land Model Version 5. J. Geophys. Res. Biogeosci. 125,
€2019JG005529 (2020).

Lawrence, D. M. et al. The Community Land Model version 5:
description of new features, benchmarking, and impact of forcing
uncertainty. J. Adv. Model. Earth Syst. 11, 4245-4287 (2019).
Fisher, R. et al. Parametric controls on vegetation responses to
biogeochemical forcing in the CLM5. J. Adv. Model. Earth Syst. 11,
2879-2895 (2019).

Dirmeyer, P. A. et al. GSWP-2: multimodel analysis and
implications for our perception of the land surface. Bull. Am.
Meteorol. Soc. 87,1381-1398 (2006).

Rabin, S. S., Sacks, W. J., Lombardozzi, D. L., Xia, L. & Robock, A.
Observation-based sowing dates and cultivars significantly affect
yield and irrigation for some crops in the Community Land Model
(CLM5). Preprint at Geoscientific Model Development https://doi.
org/10.5194/gmd-2023-66 (2023).

Food Balance Spreadsheets (FAO, accessed 20 July 2022); https://
www.fao.org/faostat/en/#data/FBS

Miiller, C. et al. Global gridded crop model evaluation:
benchmarking, skills, deficiencies and implications. Geosci.
Model Dev. 10, 1403-1422 (2017).

Proctor, J. Atmospheric opacity has a nonlinear effect on global
crop yields. Nat. Food 2, 166-173 (2021).

33. Reynolds, J. L. Solar geoengineering to reduce climate change:

a review of governance proposals. Proc. R. Soc. A https://doi.
0rg/10.1098/rspa.2019.0255 (2019).

34. Svoboda, T. &Irvine, P. Ethical and technical challenges in
compensating for harm due to solar radiation management
geoengineering. Ethics Policy Environ. 17, 157-174 (2014).

35. Bunzl, M. Geoengineering harms and compensation. Stanf. J. Law
Sci. Policy 4, 69-75 (2019).

36. Gettelman, A. et al. The Whole Atmosphere Community Climate
Model version 6 (WACCMB). J. Geophys. Res. Atmos. 124, 12380-
12403 (2019).

37. Liu, X. et al. Description and evaluation of a new four-mode
version of the Modal Aerosol Module (MAM4) within version 5.3
of the Community Atmosphere Model. Geosci. Model Dev. 9,
505-522 (2016).

38. O'Neill et al. The Scenario Model Intercomparison Project
(ScenarioMIP) for CMIP6. Geosci. Model Dev. 9, 3461-3482 (2016).

39. United Nations Framework Convention on Climate Change (UN
General Assembly, 2015); https://unfccc.int/sites/default/files/
english_paris_agreement.pdf

40. IPCC Climate Change 2021: The Physical Science Basis (eds
Masson-Delmotte, V. et al.) (Cambridge Univ. Press, 2021).

41, Kravitz, B. et al. First simulations of designing stratospheric sulfate
aerosol geoengineering to meet multiple simultaneous climate
objectives. J. Geophys. Res. Atmos. 122, 12,616-12,634 (2017).

42. Dauvis, N. A. et al. Climate, variability, and climate sensitivity of
‘Middle Atmosphere’ chemistry configurations of the Community
Earth System Model Version 2, Whole Atmosphere Community
Climate Model Version 6 (CESM2(WACCMB)). Preprint at Authorea
https://doi.org/10.22541/ess0ar.167117634.40175082/v1 (2022).

43. Visioni, D. et al. Identifying the sources of uncertainty in climate
model simulations of solar radiation modification with the
G6sulfur and G6solar Geoengineering Model Intercomparison
Project (GeoMIP) simulations. Atmos. Chem. Phys. 21,10039-
10063 (2021).

Acknowledgements

This work was supported by NSF grant nos. AGS-2017113 and ENG-
2028541 awarded to A.R. and L.X. and by a gift from SilverLining’s
Safe Climate Research Initiative. This material is based on work
supported by the National Center for Atmospheric Research, which is
a major facility sponsored by the NSF under cooperative agreement
no. 1852977. Computing and data storage resources, including the
Cheyenne supercomputer (https://doi.org/10.5065/D6RX99HX), were
provided by the Computational and Information Systems Laboratory
at the National Center for Atmospheric Research. We thank H.
Stephens for developing the yield conversion script.

Author contributions

B.C., L.X. and A.R. designed the study. S.T., J.H.R. and DV. conducted
the climate model simulations. B.C., S.S.R. and L.X. conducted

the offline crop model simulations. B.C. analysed the data with
contributions from all the authors. B.C., L.X. and A.R. wrote the first
draft, and all authors contributed to editing and revising the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s43016-023-00853-3.

Correspondence and requests for materials should be addressed to
Brendan Clark.

Nature Food


http://www.nature.com/natfood
https://doi.org/10.5194/gmd-2023-66
https://doi.org/10.5194/gmd-2023-66
https://www.fao.org/faostat/en/#data/FBS
https://www.fao.org/faostat/en/#data/FBS
https://doi.org/10.1098/rspa.2019.0255
https://doi.org/10.1098/rspa.2019.0255
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://doi.org/10.22541/essoar.167117634.40175082/v1
https://doi.org/10.5065/D6RX99HX
https://doi.org/10.1038/s43016-023-00853-3

Article

https://doi.org/10.1038/s43016-023-00853-3

Peer review information Nature Food thanks the anonymous reviewers
for their contribution to the peer review of this work.

Reprints and permissions informationis available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2023

Nature Food


http://www.nature.com/natfood
http://www.nature.com/reprints

nature portfolio

Corresponding author(s): Brendan Clark

Last updated by author(s): Sep 6, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wn
(e
3
S}
Q
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX [0 XS

XOO X X OO X KX

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

(1 [

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

LT X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data is computer output. No software was used for data collection.

Data analysis The source code for the CESM(WACCM®6) model used in this study is freely available at https://www.cesm.ucar.edu/working_groups/Whole-
Atmosphere/code-release.html, and the code for CLMS5 is available at https://www.cesm.ucar.edu/models/cesm2/land/
Postprocessing script to convert CLM5crop output to yield and production can be found at https://github.com/bjc204/
Clark_etal_NatureFood_2023

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Output from the CESM2(WACCM®6) SSP2-4.5 and SSP2-4.5-1.5°C are freely available at https://doi.org/10.26024/0cs0-ev98. CESM2(WACCM6) output from




SSP5-8.5, SSP5-3.4-0S, GeoMIP G6Solar and G6Sulfur are freely available on Earth System Grid at https://esgf-node.lInl.gov/search/cmip6/. CESM2(WACCM6)
output from SSP5-3.4-0S-2.0°C, SSP5-3.4-0S-1.5°C, and SSP5-8.5-1.5°C are available at https://doi.org/10.26024/t49k-1016. Coupled and offline CLM5crop
postprocessed yield data is available at https://doi.org/10.6084/m9.figshare.24085797.v1. Historical yield observation data was obtained from Food and Agriculture
Organization Corporate Statistical Database (FAOSTAT) at https://www.fao.org/faostat/en/#data.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender NA

>
Q
5
(e
c
D
©
O
=
S
S
=
(D
©
©)
=
>
(@]
wm
(e
3
3
Q
<

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

D Life sciences D Behavioural & social sciences E Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We used a climate and crop model to simulate the impact of stratospheric aerosol climate intervention on national crop production
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Data collection Data was used from coupled climate-crop model output. Climate model output was then used to force the crop model to test
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randomization is not applicable to this study.

Blinding Blinding was not relevant in this study since it relies on data from climate and crop model output.

Did the study involve field work? [ ] Yes X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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