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Estimating global agricultural effects of
geoengineering using volcanic eruptions

Jonathan Proctor’?7#, Solomon Hsiang!->’

Solar radiation management is increasingly considered to be an
option for managing global temperatures!?, yet the economic
effects of ameliorating climatic changes by scattering sunlight
back to space remain largely unknown®. Although solar radiation
management may increase crop yields by reducing heat stress?, the
effects of concomitant changes in available sunlight have never
been empirically estimated. Here we use the volcanic eruptions
that inspired modern solar radiation management proposals
as natural experiments to provide the first estimates, to our
knowledge, of how the stratospheric sulfate aerosols created by the
eruptions of El Chichon and Mount Pinatubo altered the quantity
and quality of global sunlight, and how these changes in sunlight
affected global crop yields. We find that the sunlight-mediated
effect of stratospheric sulfate aerosols on yields is negative for
both C4 (maize) and C3 (soy, rice and wheat) crops. Applying our
yield model to a solar radiation management scenario based on
stratospheric sulfate aerosols, we find that projected mid-twenty-
first century damages due to scattering sunlight caused by solar
radiation management are roughly equal in magnitude to benefits
from cooling. This suggests that solar radiation management—
if deployed using stratospheric sulfate aerosols similar to those
emitted by the volcanic eruptions it seeks to mimic—would, on
net, attenuate little of the global agricultural damage from climate
change. Our approach could be extended to study the effects of solar
radiation management on other global systems, such as human
health or ecosystem function.

Geoengineering—the purposeful alteration of the climate to offset
changes induced by greenhouse gas emissions—is a proposed, but
still poorly understood, approach to limit future warming®. One of
the most widely suggested geoengineering strategies is solar radiation
management (SRM). SRM proposals typically involve spraying precur-
sors to sulfate aerosols into the stratosphere to produce particles that
cool the earth by reflecting sunlight back into space®. The closest nat-
ural analogues to these SRM proposals are major volcanic eruptions’.
Eruptions of El Chichén (1982, Mexico) and Mount Pinatubo (1991,
the Philippines) injected 7 and 20 Mt of sulfur dioxide, respectively,
into the atmosphere, which was then oxidized to form stratospheric
sulfate aerosols (SSAs)8. These particles propagated throughout the
tropics over several weeks and spread latitudinally over the following
months, increasing the opacity of the stratosphere—as measured by
optical depth—more than an order of magnitude above baseline levels
for multiple years (Fig. 1a-c, e).

The eruptions of El Chichén and Pinatubo had substantial effects on
the global optical environment and climate. We analyse daily data from
859 insolation stations® (n= 3,311,553 station-days; Fig. 1d) paired with
stratospheric aerosol optical depth (SAOD)!° and cloud fraction data
under all-sky conditions. We find that the Pinatubo eruption (global
average of +0.15 SAOD) reduced direct sunlight by 21%, increased
diffuse sunlight by 20% and reduced total sunlight by 2.5% (Fig. 1f,
Extended Data Table 1, Supplementary Information, section II).
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These global all-sky results generalize previous clear-sky estimates
at individual stations!!. Globally, this reduction in insolation led
to cooling of about 0.5°C® and redistribution and net reduction
in precipitation'?, effects that were partially offset by a concurrent
El Nifo event (Fig. 2). On the basis of these observations, it has
previously been suggested that SRM cooling could mitigate agri-
cultural damages from global warming®. The net effect of SRM,
however, remains uncertain owing to possible unintended con-
sequences from SSA-induced changes. Here we empirically esti-
mate how the alteration of sunlight by SSAs may directly affect
agricultural yields, after accounting for effects mediated by temperature,
precipitation and clouds.

The sign of the ‘insolation effect’ of SRM on agriculture is theo-
retically ambiguous'3~'¢. Scattering light decreases total available
sunlight—which tends to decrease photosynthesis—but increases the
fraction of light that is diffuse, which can increase photosynthesis by
redistributing light from sun-saturated canopy leaves to shaded leaves
below!>!”. It is unknown whether damages from decreasing total light or
benefits from increasing diffuse light dominate in crop production. The
sign of this insolation effect will depend primarily on two factors: the
forward-scattering properties of the aerosol and the relative benefit of
diffuse light for the growth of edible yield (Supplementary Information,
section II1.5). The latter may depend on canopy geometry, photosyn-
thetic pathway (for example, C3 or C4) and ambient conditions'*>!%,
Previous studies of unmanaged ecosystems have tended to find that
scattering increases biomass growth!>!?—although not always'®*—and,
importantly, that edible yield production may not directly correlate
with biomass growth. Studies of agricultural systems tend to estimate
the negative effects of tropospheric aerosol scattering'*'® and positive
effects of solar brightening? on yields. Simulations of potential SRM
effects focus on cooling and precipitation effects?! and suggest global
yields may increase owing to cooling?, although these analyses do not
account for the full effect of scattering. To our knowledge, this is the first
study to estimate and account for the net effects of SSA radiative scat-
tering on yields, thereby testing whether the benefits of SSA scattering
demonstrated in unmanaged ecosystems'>!? also apply to agricultural
production, as has often been hypothesized*!“, This analysis is also, to
our knowledge, the first global empirical study of the insolation effect
on crops as well as the first study to leverage a quasi-experimental design
to estimate the total effect of SRM on any economic sector.

The theoretically ideal experiment would measure the total effect
of SRM on yields using many identical Earths, half of them treated
with SSAs. In practice, we approximate this experiment with one Earth
during sequential periods of high and low SSA exposure, exogeneously
determined by volcanic eruptions. We identify the insolation effect
of SSAs on yields*? (Extended Data Fig. 1) by comparing countries
to themselves over time, with changing SSA treatment—measured in
SAOD composited from satellite and other observations'® (Fig. 1e)—
while controlling flexibly for potentially confounding climate varia-
bles, including temperature, precipitation, cloud fraction and the El

1Global Policy Laboratory, Goldman School of Public Policy, University of California, Berkeley, Berkeley, CA, USA. 2Department of Agricultural and Resource Economics, University of California,
Berkeley, Berkeley, CA, USA. 3National Bureau of Economic Research, Cambridge, MA, USA. *School of Global Policy and Strategy, University of California, San Diego, San Diego, CA, USA.
5Department of Earth System Science, Stanford University, Stanford, CA, USA. 6School of International and Public Affairs and The Earth Institute, Columbia University, New York, NY, USA. "These

authors contributed equally: Jonathan Proctor, Solomon Hsiang. *e-mail: proctor@berkeley.edu

480 | NATURE | VOL 560 | 23 AUGUST 2018

© 2018 Springer Nature Limited. All rights reserved.


https://doi.org/10.1038/s41586-018-0417-3
mailto:proctor@berkeley.edu

Fig. 1 | Large volcanic eruptions alter the global optical environment.
a-c, SAOD (1,000 nm) before the Pinatubo eruption (March 1991) (a),
two months after the eruption (August 1991) (b) and the next year, after
the aerosol cloud had spread (March 1992) (c). d, Surface insolation
observing stations used in our analysis of the effect of SAOD on insolation;
light blue stations additionally measure diffuse light. e, SAOD (550 nm)

Nifio—Southern Oscillation (ENSO) (Supplementary Information,
section II1.3). Our multivariate fixed-effects panel estimation strategy
(equation (16) in Supplementary Information) accounts for unobserved
time-invariant factors—such as soil type or historical propensity for
civil unrest—as well as country-specific time-trending variables, such
as access to fertilizers or trends in damaging tropospheric ozone?.
Our primary analysis focuses on the Pinatubo eruption because the
concentration and distribution of resulting SSAs were measured with
substantially more accuracy than were those of earlier eruptions?*. We
validate the model by verifying that the estimated responses of crop
yields to temperature and precipitation are consistent with previous
studies® (Extended Data Fig. 2).

We find that the changes in sunlight from SSAs reduce both C4
(maize; P<0.01, n=2,501 country-years) and C3 (soy, rice and wheat;
P <0.05, n=4,828 crop-country-years) yields, by 48% and 28%, respec-
tively, per unit SAOD (Fig. 3a, model 1). This indicates that the global
average scattering from Pinatubo (4-0.15 SAOD) reduced C4 yields
by 9.3% and C3 yields by 4.8% (Fig. 3b), although some of this loss
was probably offset by SSA-induced cooling, making it difficult to
observe directly. By contrast, process models'” and empirical analyses
of unmanaged-ecosystem biomass growth'® tend to estimate a posi-
tive insolation effect, which suggests that either the diffuse fertilization
effect is weaker for crops than ecosystems or scattering light alters the
relative production of biomass and edible yield.

Our finding that SSA scattering from Pinatubo negatively affected
yields is robust to removing temperature, precipitation, ENSO and
cloud controls (Fig. 3a, models 2-5), estimating the effect separately
for each crop, accounting for the zenith angle of incoming sunlight,
using two alternative datasets of SSA SAOD, dropping observations
from the countries in which the major eruptions occurred and adding
surface CO; as a control (Extended Data Table 2). We examine the
effect of future, current and past SSAs on current yields, finding that
only contemporaneous exposure to SSAs matters (Fig. 3d). We estimate
the yield-insolation response flexibly, and fail to reject that the response
is linear over the support of our data (Extended Data Fig. 3).

Extending the analysis back in time increases the sample size but also
the measurement error, owing to weaknesses in the historical observa-
tional system. The estimated insolation effect for both C3 and C4 crops
becomes smaller, and remains significant for C4 crops, as we sequen-
tially include data from the eruptions of El Chichén (1982) (Fig. 3a,
model 6) and Agung (1963) (Extended Data Table 2 column 9). This
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day-of-year), to remove seasonal effects as well as differences in geography
and observational protocols.

pattern is consistent with both systematic ‘attenuation bias’ from the
mis-measurement of SAOD before the satellite era® and differences
in the radiative properties of the SSAs generated by Pinatubo and El
Chichén, discussed below.

Two results support the idea that our analysis captures a sunlight-
mediated effect. First, the response of C3 crops is less negative than
that of C4 crops (P < 0.01). C3 crops benefit from scattering more than
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Fig. 2 | Global summary statistics of key model variables. a, SAOD

for years after the eruptions of El Chich6n (March to April 1982) and
Pinatubo (June 1991) (dotted lines). b-e, The ENSO 3.4 index (b), surface
air temperature (c), precipitation (d) and cloud fraction (e) during the
same period. f, Yields of maize (orange), wheat (grey), soy (blue) and rice
(green) decline after the eruptions. Climate and yield values are growing-
season averages, de-trended by country-specific quadratic time trends and
averaged over countries in the sample. SAOD data are processed similarly,
but are not de-trended.
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Fig. 3 | Empirical estimates of the insolation effect of SSAs on crop
yield. a, The estimated effect of increasing SSA optical depth by one
unit on C4 (blue) and C3 (green) yields, owing to changes in sunlight
(model 1, equation (16) in Supplementary Information, and Extended
Data Table 2). Models 2-5 drop and then sequentially add temperature
(T), precipitation (P), cloud (C) and ENSO (E) controls. Models 7-8
estimate effects separately for Pinatubo (year > 1990, circles) and Chichén
(year < 1990, squares); Model 8 uses a different SAOD dataset (SPARC).
b, Reconstructions of the SSA insolation effect using model 1. Each line
represents a single country over time. ¢, As in b, but using model 7.

d, Simultaneously estimated insolation effects two years before and two
years after the current growing season. See Supplementary Information
sections I11.2.3, II1.2.2 and I11.4. In a, d, whiskers represent 95%
confidence intervals.

C4 crops because the C3 photosynthetic rate saturates at lower light
levels'. Second, per unit of SAOD, aerosols from El Chichén are both
more forward scattering (Extended Data Tables 1, 3) and less damaging
to yields (Fig. 3a, models 7, 8) than those of Pinatubo. This pattern
is consistent with diffuse fertilization increasing edible yield. It also
suggests that aerosol radiative properties may explain some hetero-
geneity in the estimated insolation effect across these eruptions. This
heterogeneity substantially affects reconstructed yield losses from SSA
scattering (Fig. 3c). We are, however, unable to determine whether this
difference in the estimated insolation effect across eruptions is due to a
difference in the radiative properties of the SSAs or to a differing degree
of measurement error and, in turn, attenuation bias (Supplementary
Information, section II1.6).

To calculate the total effect of SSAs on yields for a future SRM
scenario, we apply our empirical results (Fig. 3a, model 1) to output

from an earth system model and compare future yields under two
scenarios: (1) climate change under Representative Concentration
Pathway 4.5 (RCP4.5)—a modest mitigation pathway—and (2) the
same, but with sulfur dioxide injection to balance all additional anthro-
pogenic forcing after 2020%.

Over cropped areas in this simulation (2050-2069), the SRM treatment
(average +0.084 SAOD) decreases the average temperature by 0.88°C,
reduces precipitation by 0.26 mm per month and increases the cloud frac-
tion by 0.0081 relative to the control during the maize growing season
(Extended Data Fig. 4). In turn, average maize yields increase by 6.3%
owing to this cooling (Fig. 4a), decrease by 5.3% owing to SRM-induced
dimming (Fig. 4b) and change by <0.2% owing to altered precipitation
and clouds (Fig. 4c, d). We sum these partial effects to construct the total
effect of SRM, and repeat the analysis for soy, rice and wheat (Extended
Data Fig. 5). We find that, relative to the control, SRM treatment has no
statistically discernible effect on yields once we have accounted for opti-
cal effects (P> 0.1 for all crops; Fig. 4e, Extended Data Fig. 6). Failing to
account for the insolation effect, as was done in the only previous global
estimate®, substantially overestimates the benefits of SRM to agriculture.

Our analysis finds that volcanogenic SSAs have statistically signifi-
cant and economically substantial insolation-mediated costs that are
roughly equal in magnitude to their benefits from cooling. This sug-
gests that anthropogenic SSAs used in SRM may not be able to substan-
tially lessen the risks that climate change poses to global agricultural
yields and food security (Extended Data Fig. 7).

Our finding that SSAs from El Chichén were more forward scattering
and less damaging than SSAs from Pinatubo indicates that optimizing the
radiative properties of particles used in SRM might mitigate insolation-
mediated damages. However, we cannot rule out the possibility that
this difference was due instead to poor observation of the SSAs from
El Chichén.

Farmer-level adaptations, such as switching to varieties more
resistant to dimming, could theoretically mitigate the insolation-
mediated damage of SRM. However, given that farmer-level adaptations
to extreme heat have been modest?, it is not clear that adaptation to
dimming will be easier.

Our quasi-experimental results are consistent with the sunlight-
mediated effect of tropospheric aerosols'® and emissions of their
precursors®® on Indian wheat and rice yields, further supporting the
notion that we capture a sunlight-mediated response. It is however
possible that other factors, such as increased ultraviolet-light exposure
from stratospheric ozone destruction, could explain part of the esti-
mated effect. Notably, changes in tropospheric ozone concentrations
due to Pinatubo are thought to be negative®’, which would increase
yields—suggesting that our results might underestimate the SSA inso-
lation effect.
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Fig. 4 | Partial and total effects of SRM on yields. a-d, The partial
effects of SRM—relative to a climate-change-only scenario (RCP4.5)—on
expected maize yields from 2050-2069, owing to changes in temperature
(a), insolation (b), precipitation (c) and cloud fraction (d). Statistically
insignificant changes (P > 0.05) are hatched. Changes in uncropped land
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have been masked out by setting the values to zero. e, Global partial and
total effects of SRM (cropped-fraction weighted average) for maize (red),
soy (turquoise), rice (green) and wheat (purple). Error bars show 95%
confidence intervals for the predicted effect.
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METHODS

No statistical methods were used to predetermine sample size.

To link national annual yield data from the Food and Agricultural Organization
of the United Nations to climatological data, we aggregate all gridded temperature,
precipitation, cloud and SAOD datasets to the annual-country level by averaging
values over cropped area®! to the growing season®? using a methodology that is
similar to those previously published®,

Our analysis of the effect of SSAs on log insolation (n = 3,311,553 station-days
for total insolation and 889,327 for direct and diffuse insolation) models
SAOD, cloud fraction! and ENSO (current and lagged) linearly (equation (2)
in Supplementary Information). We include station by day-of-year fixed effects.
Our analysis of the effect of SSAs on atmospheric forward scattering shares the
same specification (equation (5) in Supplementary Information).

Our analysis of the effect of SSAs on log yields models the effect of SAOD
linearly (nonlinear estimates do not significantly differ from the linear estimate;
Extended Data Fig. 3), the response of temperature, precipitation® and clouds*”
using restricted cubic splines, and allows the response of ENSO (current and
lagged) to differ between teleconnected and non-teleconnected regions® (equation
(16) in Supplementary Information). We include country fixed effects and country-
specific quadratic time trends. For all empirical insolation and yield analyses we
calculate standard errors to account for serial correlation within countries across
years and for spatial autocorrelation within years across countries®.

To calculate the total effect of SRM relative to a climate change scenario, we
average results over three ensemble members from the Max Planck Institute
Earth System Model?”. Uncertainty in the total effect represents uncertainty in the
estimated parameters of the empirical yield model (Supplementary Information,
section IV.4). We do not consider carbon fertilization effects in calculation

of the total effect because carbon dioxide levels are the same in the SRM and
climate-change-only scenarios.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Code availability. Replication code is available at https://zenodo.org/communities/
global-agricultural-effects-of-geoengineering-volcanic-eruptions/ as well as upon
request from the corresponding author.

Data availability. All data used in this analysis is from free, publicly available
sources and is available upon request from the corresponding author.
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P4
Extended Data Fig. 1 | Countries included in the estimation of the Countries in dark green are included only in estimation of the insolation
insolation-mediated effect of SAOD on crop yield. Countries in light effect for C3 crops, and countries in red are included only in estimation of
green are included in the estimation of the insolation-mediated effect of the insolation effect for maize. Countries in grey are not included in the

SSAs on yields for both C3 (soy, rice and wheat) and C4 (maize) crops. analysis owing to missing data.
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Extended Data Fig. 2 | Estimated response of yields to changes in
growing-season average temperature (orange), precipitation (blue)
and cloud fraction (grey). Temperature, precipitation and cloud fraction
axes show growing-season means. The y axes show partial effects on yield
relative to a value of zero for each climatological variable (fr(T5), fo(Pir)

and fc(C;,) in equation (16) in Supplementary Information). Vertical
dotted lines show the placement of the knots for the restricted cubic
splines specification. Dashed lines show the 95% confidence intervals.
n=2,501, 1,256, 1,562 and 2,010 country-years for maize, soy, rice and
wheat, respectively.
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Extended Data Fig. 3 | Flexible (blue) and linear (red) estimation of equation (16) in Supplementary Information). Vertical dotted lines show
the insolation-mediated effect of SSAs on crop yields. The SAOD axes the placement of the knots for the restricted cubic splines specification.
show growing-season means. Each point on a curve gives the optical Dashed lines show the 95% confidence intervals.

effect of SAOD, relative to a value of zero (the slope of the red lines is 3 in
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Extended Data Fig. 4 | Effect of SRM on climatological determinants climate-change-only scenario. Changes in uncropped land have been
of yield. SRM-induced changes in maize growing-season average masked out by setting the values to zero.

SAOD, temperature, precipitation and cloud fraction, relative to the
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Maize Soy
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Extended Data Fig. 5 | Total effect of SRM on maize, soy, rice and t-test comparing the estimated effect of SRM to a null hypothesis of zero
wheat yields. Total effects are constructed by summing the partial effects effect. When calculating the distribution of the estimated SRM effect,
from insolation, temperature, precipitation and clouds. Effects are relative ~ we consider only statistical uncertainty. This uncertainty is shown in

to the climate-change-only scenario. Changes in uncropped land have Extended Data Table 2, Extended Data Fig. 2, and the calculations are
been masked out by setting the values to zero. Statistically insignificant described in Supplementary Information, section IV.4.

effects (P >0.05) are hatched. We calculate P values using a two-sided
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Extended Data Fig. 6 | The finding that SRM mitigates little of the Statistically insignificant effects (P> 0.05) are hatched in the maps.
damages of climate change is consistent across three ensemble runs. Changes in uncropped land have been masked out by setting the values
Bar graphs show the total effect of SRM on global yields (cropped-fraction  to zero. We calculate P values using a two-sided t-test comparing the
weighted average), relative to the climate change control, for each of estimated effects to a null hypothesis of zero effect. Within each ensemble
the three Earth system model runs. Results are similar across ensemble member, we calculate the distributions of the estimated effects considering
member runs. Maps on the right show the total effect of SSAs on maize only statistical uncertainty. This uncertainty is shown in Extended
yields for each of the ensemble runs. Error bars in the bar graphs show Data Table 2, Extended Data Fig. 2, and the calculations are described
95% confidence intervals for estimated mean effects for each crop. in Supplementary Information, section I'V.4.
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scenario (RCP 4.5) to an historical scenario (Supplementary Information, are not included. Error bars show 95% confidence intervals around the
section IV.3). b, As in Fig. 4e, but comparing a climate-change-with-SRM estimated mean effect.

scenario to an historical scenario. Note that these calculations consider
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Extended Data Table 1 | Effect of SSAs on total, direct and diffuse insolation

(1) @ 3) ) 5) (6) @) ®) ©)
Radiation Type: Total Total Total Direct Direct Direct Diffuse Diffuse Diffuse
Years in Sample: [83-09] [79-09] [79-09] [83-09] [79-09] [79-09] [83-09] [79-09] [79-09]
SAOD —0.172*** —0.067 —1.580*** —1.395%** 1.199*** 1.197***
(0.062) (0.058) (0.320) (0.295) (0.122) (0.125)
SAOD x (yr<89) —0.024 —1.039 2.063***
[Chichén] (0.079) (0.760) (0.102)
SAOD x (yr>89) —0.100* —1.406*** 1.171%**
[Pinatubo] (0.054) (0.301) (0.115)
Cloud Fraction —0.946*** —2.792%** 0.499***
(0.041) (0.179) (0.085)
Nino 3.4 0.002 0.002 0.002 0.018** 0.017 0.017 —0.001 0.0004 0.001
(0.002) (0.003) (0.003) (0.009) (0.012) (0.012) (0.003) (0.003) (0.003)
Nino 3.4 (lagged) 0.004 —0.001 —0.001 0.006 —0.011 —0.011 —0.003*** 0.001 0.0003
(0.003) (0.003) (0.003) (0.010) (0.013) (0.013) (0.001) (0.001) (0.002)
Observations 3,311,553 4,371,586 4,371,586 889,327 1,000,776 1,000,776 889,327 1,000,776 1,000,776
Adjusted R? 0.766 0.750 0.750 0.552 0.413 0.413 0.722 0.744 0.744

Coefficients on SAOD describe the effect of increasing SSA optical depth by 1 unit on the log of total, direct or diffuse sunlight. Columns 1, 4 and 7 show the preferred specification (equation (2) in
Supplementary Information). Columns 2, 5 and 8 include data from 1979-2009 to capture the effect of both the Pinatubo and EI Chichén eruptions. Columns 3, 6 and 9 estimate the effect separately
for EI Chichén and Pinatubo (Supplementary Information, section I1.1). We do not control for cloud fraction in columns 2, 3, 5, 6, 8 and 9 because the cloud data are available only beginning in 1983.
All models account for station-by-day-of-year fixed effects. Standard errors of the mean, shown in parentheses, are clustered by country and by year to account for serial correlation over time within a
country and for autocorrelation across space within a year. We calculate P values using a two-sided t-test. *P < 0.1, **P < 0.05, ***P < 0.01.
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Extended Data Table 2 | Robustness of the insolation effect of SSAs on yields to changes in model specification, data sample and data

source
1) @] (3) (4) (5) (6) ) (8) 9) (10) (11) (12) (13)
Yearsin Sample ~ [83-09]  [83-09]  [83-09]  [83-09]  [83-09]  [83-09]  [83-03]  [83-05]  [61-09] 83-09] (83-09]  [79-03]  [79-03]
Climate Controls None T TP TPC TPCE TPCE TPCE TPCE TPE TPCE TPCEO TPE TPE
SAOD Data Cos(SZA)  SPARC SPARC2 Drop Add CO, SPARC
Mex. & Phil.
Maize (C4)
SAOD -0.607***  -0.615%**  -0.572%k* 0 561%FF*  -0.649%*¢* -0.3092%F* _0.901*** -0.776%** -0.258** -0.672%** -0.644***
(0127)  (0.120)  (0.115)  (0.118)  (0.112)  (0.0656)  (0.252)  (0.162)  (0.125) (0.116) (0.119)
SAOD x (yr<89) -0.229 -1.073
[Chichén] (0.173)  (0.764)
SAOD x (yr>89) 0.533%k% _(.796%**
[Pinatubo] (0.142)  (0.247)
Observations 2,501 2,501 2,501 2,501 2,501 2,501 1,868 2,025 3,867 2,447 2501 2,322 2,211
R-squared 0.950 0.952 0.953 0.953 0.954 0.954 0.953 0.955 0.939 0.953 0.954 0.948 0.949
C3 - pooled
SAOD -0.294**%  -0.286**  -0.203**  -0.207**  -0.331*%*  -0.183**  -0.550**  -0.439**  -0.0638 -0.349** -0.325%*
(0131)  (0.131)  (0.132)  (0.129)  (0.136)  (0.0741)  (0232)  (0.192)  (0.135) (0.140) (0.144)
SAOD x (yr<89) 0.0283 0.0669
[Chichén] (0.132)  (0.606)
SAOD x (yr>89) 0.362%*  -0.545%*
[Pinatubo] (0.165)  (0.228)
Observations 4,828 4,828 4,828 4,828 4,828 4,828 3,618 3,916 7,431 4,694 4828 4,480 4,297
R-squared 0.940 0.941 0.941 0.942 0.942 0.942 0.946 0.946 0.928 0.941 0.942 0.942 0.943
Soy (C3)
SAOD -0.313 -0.327 -0.335 -0.356 -0.482* -0.319* -0.848**  -0.860***  -0.152 -0.541* -0.483*
(0287)  (0.282)  (0.276)  (0.288)  (0.270)  (0.160)  (0.381)  (0.268)  (0.280) (0.270) (0.271)
SAOD x (yr<89) 0.227 1.888
[Chichén] (0.236)  (1.290)
SAOD x (yr>89) 0.630%*  -0.843**
[Pinatubo] (0.233)  (0.324)
Observations 1,256 1,256 1,256 1,256 1,256 1,256 937 1,026 1,897 1,202 1,256 1,169 1,118
R-squared 0.883 0.888 0.889 0.890 0.890 0.890 0.905 0.903 0.868 0.891 0.890 0.894 0.894
Rice (C3)
SAOD -0.395* -0.407* -0.424** -0.412*% -0.301 -0.158 -0.298 -0.203 -0.191 -0.321 -0.283
(0.196)  (0.198)  (0.201)  (0.202)  (0.217)  (0.118)  (0.372)  (0.267)  (0.143) (0.228) (0.225)
SAOD x (yr<89) -0.149 -1.125
[Chichén] (0.244)  (1.059)
SAOD x (yr>89) -0.225 -0.353
[Pinatubo] (0.251)  (0.368)
Observations 1,562 1,562 1,562 1,562 1,562 1,562 1,179 1,278 2,474 1,509 1,562 1,448 1,396
R-squared 0.935 0.935 0.935 0.935 0.936 0.935 0.941 0.941 0.907 0.935 0.936 0.932 0.933
Wheat (C3)
SAOD -0.201 -0.164 -0.161 -0.164 -0.257**%  -0.126%*  -0.594** -0.352* 0.103 -0.253** -.256%*
(0127)  (0.122)  (0.122)  (0.18)  (0.121)  (0.0600)  (0.249)  (0.200)  (0.114) (0.123) (0.114)
SAOD x (yr<89) 0.0672 0.0118
[Chichén] (0.156)  (0.564)
SAOD x (yr>89) -0.295%  -0.520%%
[Pinatubo] (0.158)  (0.232)
Observations 2,010 2,010 2,010 2,010 2,010 2,010 1,502 1,612 3,060 1,983 2,010 1,863 1,783
R-squared 0.939 0.940 0.940 0.941 0.941 0.941 0.944 0.944 0.934 0.940 0.941 0.942 0.943

The table above shows the insolation effect of SSAs for maize, C3 crops pooled, and soy, rice and wheat yields individually across a range of robustness checks (Supplementary Information, section
111.4). The C3 response is estimated assuming that crops that share the C3 photosynthetic pathway (soy, rice and wheat) have a common insolation effect (equation (18) in Supplementary Information).
Columns 1-5 drop all climate controls and then add temperature (T), precipitation (P), cloud fraction (C) and ENSO (E) controls back in one at a time; column 5 is our preferred specification (equation
(16) in Supplementary Information); column 6 accounts for the angle at which incoming light passes through the SSA layer by dividing SAOD by the cosine of the solar zenith angle (SZA); columns

7 and 8 use two alternative SSA datasets, SPARC and SPARC2 (Supplementary Information, section 1.4); column 9 includes data from 1961-2009 to span the eruption of Agung; column 10 drops
Mexico and the Philippines, where the El Chichén and Pinatubo eruptions occurred, from the analysis; column 11 adds surface CO, concentration as a control; column 12 estimates the effects for El
Chichén and Pinatubo separately; and column 13 does the same using the SPARC dataset. All models account for country fixed effects and country-specific quadratic time trends. Standard errors of
the mean, shown in parentheses, are clustered by country and by year to account for serial correlation over time within a country and for autocorrelation across space within a year. We calculate

P values using a two-sided t-test. *P< 0.1, *#P < 0.05, *** P<0.01.
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Extended Data Table 3 | Effect of SSAs on atmospheric forward

scattering

1)

O]

®)

Dep. Var. = Pr(photon reaches the surface | photon hits a particle)

Year [83-09] [79-09] [79-09]
SAOD 0.233*** 0.243***
(0.030) (0.030)
SAOD x (yr<89) 0.345***
[Chichén] (0.031)
SAOD x (yr>89) 0.240***
[Pinatubo] (0.029)
Cloud Fraction —0.047***
(0.018)
Nino 3.4 0.001 0.001 0.001
(0.001) (0.001) (0.001)
Nino 3.4 (lagged) —0.0004 —0.001 —0.001
(0.001) (0.001) (0.001)
Observations 886,287 997,142 997,142
Adjusted R? 0.228 0.227 0.227

The dependent variable is the probability that a photon of light makes it to the surface, condition-
al on hitting a particle (w in equation (3) in Supplementary Information). Coefficients on SAOD
represent the effect of increasing SAOD by 1 unit on w for the entire atmospheric column. Column
1 is our preferred specification (equation (5) in Supplementary Information). Column 2 drops
cloud controls and includes both the Pinatubo and El Chichén eruptions. Column 3 estimates the
effects for El Chichén and Pinatubo separately. All models account for station-by-day-of-year fixed
effects. Standard errors of the mean, shown in parentheses, are clustered by country and by year
to account for serial correlation over time within a country and for autocorrelation across space
within a year. We calculate P values using a two-sided t-test. ***P<0.01.

© 2018 Springer Nature Limited. All rights reserved.



natureresearch ot s

Reporting Summary

Nature Research 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 Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| 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.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistics 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.

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

XXX 00 OO0 0XOS

X OO0 KX

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

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

[]

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Stata 14, R version 3.4.3, Matlab 2017

Data analysis Stata 14, R version 3.4.3, Matlab 2017

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/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data used in this analysis is from free, publicly available sources and is available upon request from the corresponding author.

>
Q
=:
c
=
D
=
D
wn
D
Q
=
(@)
o
=
D
o
©)
=
2
Q
wn
C
3
Q
=
S

8102 [Hdy




Field-specific reporting

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

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

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

Sample size For our primary analysis we used all national yield observations from the Food and Agricultural Organization of the United Nations Statistics
Division from 1983-2009 for maize, soy, rice and wheat. We document all data management decisions in Supplementary Information Section
1. In our main yield analysis, N = 2,501, 1,256, 1,562, 2,010 for maize, soy, rice and wheat yields, respectively. In our main insolation analysis,
N =3,311,553, 889,327, and 889,327 for total, direct and diffuse light, respectively.
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Data exclusions  We included only countries that have no missing observations from 1983-2009 to balance the panel; notably, this drops countries created or
dismantled by the break up of the Soviet Union in 1991. We document all data management decisions in Supplementary Information Section
1.

Replication The quasi-experimental research design does not allow us to explicitly reproduce the natural experiment; however, we subjected our results
to all the standard checks and found it to be robust. These tests are detailed in Supplementary Information Section 3.4.

Randomization  This was not an experiment; however, the paper's quasi-experimental design approximates an experiment by comparing countries to
themselves over time with plausibly randomly assigned exposure to stratospheric volcanic aerosols. We detail the quasi-experimental
research design in Supplementary Information Sections 3.1-3.3.

Blinding Blinding was not possible in this setting. Given the paper's historical quasi-experimental design and given that crops were the main subject,
the traditional concerns with blinding (e.g. bias introduced by knowledge of one's treatment group) is not an issue. Blinding the analyst of the
data was not possible given the need for extensive data cleaning and validation.
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