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Estimating global agricultural effects of 
geoengineering using volcanic eruptions
Jonathan Proctor1,2,7*, Solomon Hsiang1,3,7, Jennifer Burney4, Marshall Burke3,5 & Wolfram Schlenker3,6

Solar radiation management is increasingly considered to be an 
option for managing global temperatures1,2, yet the economic 
effects of ameliorating climatic changes by scattering sunlight 
back to space remain largely unknown3. Although solar radiation 
management may increase crop yields by reducing heat stress4, 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 Chichón 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 warming5. 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 space6. The closest nat-
ural analogues to these SRM proposals are major volcanic eruptions7. 
Eruptions of El Chichón (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 Chichón and Pinatubo had substantial effects on 
the global optical environment and climate. We analyse daily data from 
859 insolation stations9 (n = 3,311,553 station-days; Fig. 1d) paired with 
stratospheric aerosol optical depth (SAOD)10 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).  

These global all-sky results generalize previous clear-sky estimates 
at individual stations11. Globally, this reduction in insolation led 
to cooling of about 0.5 °C8 and redistribution and net reduction 
in precipitation12, effects that were partially offset by a concurrent 
El Niño event (Fig. 2). On the basis of these observations, it has 
previously been suggested that SRM cooling could mitigate agri-
cultural damages from global warming4. 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 ambiguous13–16. 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 
below15,17. 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 III.5). The latter may depend on canopy geometry, photosyn-
thetic pathway (for example, C3 or C4) and ambient conditions13,18. 
Previous studies of unmanaged ecosystems have tended to find that 
scattering increases biomass growth15,19—although not always18—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 scattering13,16 and positive 
effects of solar brightening20 on yields. Simulations of potential SRM 
effects focus on cooling and precipitation effects21 and suggest global 
yields may increase owing to cooling4, 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 ecosystems15,19 also apply to agricultural 
production, as has often been hypothesized4,14. 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 yields22 (Extended Data Fig. 1) by comparing countries 
to themselves over time, with changing SSA treatment—measured in 
SAOD composited from satellite and other observations10 (Fig. 1e)—
while controlling flexibly for potentially confounding climate varia-
bles, including temperature, precipitation, cloud fraction and the El 
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Niño–Southern Oscillation (ENSO) (Supplementary Information, 
section III.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 ozone23. 
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 eruptions24. We 
validate the model by verifying that the estimated responses of crop 
yields to temperature and precipitation are consistent with previous 
studies25 (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 (+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 models19 and empirical analyses 
of unmanaged-ecosystem biomass growth15 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 CO2 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 Chichón (1982) (Fig. 3a, 
model 6) and Agung (1963) (Extended Data Table 2 column 9). This 

pattern is consistent with both systematic ‘attenuation bias’ from the 
mis-measurement of SAOD before the satellite era26 and differences 
in the radiative properties of the SSAs generated by Pinatubo and El 
Chichón, 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. 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) 

from 1975–201010. f, Annual average daily total (orange), direct (yellow) 
and diffuse (red) sunlight across all stations; before averaging, each 
measurement at a given station on a given day-of-year was de-meaned (by 
subtracting the mean of all observations from the respective station and 
day-of-year), to remove seasonal effects as well as differences in geography 
and observational protocols.
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Fig. 2 | Global summary statistics of key model variables. a, SAOD 
for years after the eruptions of El Chichón (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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C4 crops because the C3 photosynthetic rate saturates at lower light 
levels13. Second, per unit of SAOD, aerosols from El Chichón 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 III.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 202027.

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 
estimate4, 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 Chichón 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 Chichón.

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 modest28, it is not clear that adaptation to 
dimming will be easier.

Our quasi-experimental results are consistent with the sunlight- 
mediated effect of tropospheric aerosols16 and emissions of their  
precursors29 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 negative30, 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 

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.

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 Chichón 
(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. c, 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 III.2.3, III.2.2 and III.4. In a, d, whiskers represent 95% 
confidence intervals.
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Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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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 area31 to the growing season32 using a methodology that is 
similar to those previously published25,33.

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 fraction34 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 temperature35, precipitation36 and clouds37 
using restricted cubic splines, and allows the response of ENSO (current and 
lagged) to differ between teleconnected and non-teleconnected regions38 (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 countries23.

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 Model27. 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.
 
	31.	 Ramankutty, N., Evan, A. T., Monfreda, C. & Foley, J. A. Farming the planet: 1. 

geographic distribution of global agricultural lands in the year 2000. Glob. 
Biogeochem. Cycles 22, GB1003 (2008).

	32.	 Sacks, W. J., Deryng, D., Foley, J. A. & Ramankutty, N. Crop planting dates: an 
analysis of global patterns. Glob. Ecol. Biogeogr. 19, 607–620 (2010).

	33.	 Burke, M. & Emerick, K. Adaptation to climate change: evidence from US 
agriculture. Am. Econ. J. Econ. Policy 8, 106–140 (2016).

	34.	 ISCCP Science Team. ISCCP data and information. NASA Atmospheric Science 
Data Center https://eosweb.larc.nasa.gov/project/isccp/isccp_table (accessed 
7 February 2016) (1999).

	35.	 Rohde, R. et al. A new estimate of the average Earth surface land temperature 
spanning 1753 to 2011. Geoinfor. Geostat. Overview 1, 1000101 (2013).

	36.	 Willmott, C. & Matsurra, K. Terrestrial air temperature and precipitation: 
monthly and annual time series (1950–1999). Earth System Research Laboratory 
http://www.esrl.noaa.gov/psd/ (accessed 1 January 2016) (2001).

	37.	 Norris, J. R. & Evan, A. T. Empirical removal of artifacts from the ISCCP and 
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(2015).
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Extended Data Fig. 1 | Countries included in the estimation of the 
insolation-mediated effect of SAOD on crop yield. Countries in light 
green are included in the estimation of the insolation-mediated effect of 
SSAs on yields for both C3 (soy, rice and wheat) and C4 (maize) crops. 

Countries in dark green are included only in estimation of the insolation 
effect for C3 crops, and countries in red are included only in estimation of 
the insolation effect for maize. Countries in grey are not included in the 
analysis owing to missing data.

© 2018 Springer Nature Limited. All rights reserved.



LetterRESEARCH

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 (fT(Tit), fP(Pit) 

and fC(Cit) 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.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Flexible (blue) and linear (red) estimation of 
the insolation-mediated effect of SSAs on crop yields. The SAOD axes 
show growing-season means. Each point on a curve gives the optical 
effect of SAOD, relative to a value of zero (the slope of the red lines is β 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.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | Effect of SRM on climatological determinants  
of yield. SRM-induced changes in maize growing-season average  
SAOD, temperature, precipitation and cloud fraction, relative to the 

climate-change-only scenario. Changes in uncropped land have been 
masked out by setting the values to zero.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Total effect of SRM on maize, soy, rice and  
wheat yields. Total effects are constructed by summing the partial effects 
from insolation, temperature, precipitation and clouds. Effects are relative 
to the climate-change-only scenario. Changes in uncropped land have 
been masked out by setting the values to zero. Statistically insignificant 
effects (P > 0.05) are hatched. We calculate P values using a two-sided 

t-test comparing the estimated effect of SRM to a null hypothesis of zero 
effect. When calculating the distribution of the estimated SRM effect, 
we consider only statistical uncertainty. This uncertainty is shown in 
Extended Data Table 2, Extended Data Fig. 2, and the calculations are 
described in Supplementary Information, section IV.4.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 6 | The finding that SRM mitigates little of the 
damages of climate change is consistent across three ensemble runs. 
Bar graphs show the total effect of SRM on global yields (cropped-fraction 
weighted average), relative to the climate change control, for each of 
the three Earth system model runs. Results are similar across ensemble 
member runs. Maps on the right show the total effect of SSAs on maize 
yields for each of the ensemble runs. Error bars in the bar graphs show 
95% confidence intervals for estimated mean effects for each crop. 

Statistically insignificant effects (P > 0.05) are hatched in the maps. 
Changes in uncropped land have been masked out by setting the values 
to zero. We calculate P values using a two-sided t-test comparing the 
estimated effects to a null hypothesis of zero effect. Within each ensemble 
member, we calculate the distributions of the estimated effects considering 
only statistical uncertainty. This uncertainty is shown in Extended 
Data Table 2, Extended Data Fig. 2, and the calculations are described 
in Supplementary Information, section IV.4.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 7 | Effects of climate change and SRM relative to 
an historical scenario. a, As in Fig. 4e, but comparing a climate change 
scenario (RCP 4.5) to an historical scenario (Supplementary Information, 
section IV.3). b, As in Fig. 4e, but comparing a climate-change-with-SRM 
scenario to an historical scenario. Note that these calculations consider 

only climatological and sunlight-mediated effects; changes in yields owing 
to carbon fertilization, or other factors that may differ between scenarios, 
are not included. Error bars show 95% confidence intervals around the 
estimated mean effect.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 1 | Effect of SSAs on total, direct and diffuse insolation

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 El Chichón eruptions. Columns 3, 6 and 9 estimate the effect separately 
for El Chichón and Pinatubo (Supplementary Information, section II.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.

© 2018 Springer Nature Limited. All rights reserved.
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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

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 
III.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 I.4); column 9 includes data from 1961–2009 to span the eruption of Agung; column 10 drops 
Mexico and the Philippines, where the El Chichón and Pinatubo eruptions occurred, from the analysis; column 11 adds surface CO2 concentration as a control; column 12 estimates the effects for El 
Chichón 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.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 3 | Effect of SSAs on atmospheric forward 
scattering

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 Chichón eruptions. Column 3 estimates the 
effects for El Chichón 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.
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