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Abstract

Hydraulic fracturing technology has markedly reduced the cost of extracting natural gas, low-
ering the cost of generating electricity using natural gas and causing many electric power pro-
ducers to switch away from coal. We estimate productivity spillovers on U.S. agriculture from
this change. According to our findings, the reduction in emissions of nitrogen oxides (NOx)
from power plants due to coal-to-gas switching increased corn and soybean production per acre
(yield) significantly. In response to the observed changes in power plant NOx emissions over
the 8-year period from 2003–05 to 2011–13, we estimate that average corn yields improved by
2.52% and soybean yields by 1.66%. These improvements imply total benefits of $1.9 billion an-
nually across the two crops. The estimated yield improvements vary substantially across states
depending on the change in NOx emissions. For corn, they range from 0.34% to 6.79%, and for
soybeans, they range from 0.22% to 4.26%. The demand for the two crops is quite inelastic,
which means that prices decrease by more than production increases in response to this positive
productivity shock. Drawing on the agricultural productivity literature, we conclude that con-
sumers are better off and farmers are worse off because of the yield improvements attributed to
the reduction in NOx emissions.
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1 Introduction

In the past decade, the amount of coal used for electricity generation in the U.S. has decreased by

more than a third. It has been replaced by technologies that emit less pollution—mostly natural

gas, but also wind and other renewables. Multiple government policies have targeted emissions

from electric power plants, but the main driver of this move away from coal has been the declining

price of natural gas due to hydraulic fracturing (fracking), which dramatically lowered the cost

of natural gas extraction. Coglianese et al. (2017) estimate that fracking accounts for 92% of the

decline in coal use for electricity generation, and Fell and Kaffine (2018) estimate that together

natural gas and wind account for the vast majority of the reduction in coal use.

In this paper, we estimate agricultural productivity spillovers from reducing coal power plant emis-

sions. Coal power plants emit large amounts of nitrogen oxides (NOx), which mix with volatile

organic compounds (VOCs) to produce ozone. High ground-level ozone in the summer slows pho-

tosynthesis and thereby reduces crop production per acre (yield). Exposure to ozone, alone or in

combination with other pollutants, has been shown to be responsible for about 90% of the U.S.

crop loss due to air pollution; see Heck et al. (1982) Murphy et al. (1999) Mauzerall and Wang

(2001), Tong et al. (2007), among others.

Both NOx and ozone can travel hundreds of miles, so power plant NOx emissions significantly raise

ozone levels in locations far from the pollution source. Using detailed panel data, we estimate that

average corn yields increased by an estimated 2.52% and soybean yields by 1.66% in response to

the observed changes in power plant NOx emissions over the 8-year period from 2003–05 to 2011–

13. These increases constitute total benefits across the two commodities of $1.9 billion annually.

The estimated yield increases vary substantially across states depending on the change in NOx

emissions. For corn, they range from 0.34% to 6.79%, and for soybeans they range from 0.22%

to 4.26%. As a benchmark to assess the magnitude of our estimated yield improvements, corn

(soybean) yields increased by 2% (1.8%), on average, annually during the period of our analysis

(USDA (2017)).

We focus on corn and soybeans because they are central to the world food system, and their

U.S. production occurs mostly in parts of the country with high concentrations of coal-fired power

plants. Together, corn and soybeans occupy more than 50% of U.S. cropland and generate about

$90 billion in farm revenue annually, approximately 60% of all U.S. crops’ value. They make up

almost 35% of the caloric content of global food production, equal to the joint contribution of

wheat and rice (Schlenker and Roberts, 2009). Moreover, the U.S. is the dominant producer of

both crops; during our sample period (2003-2013), the U.S. accounted for 37% of average annual

world corn and soybean production. During the 11-year window of our empirical analysis, the 12

states that accounted for more than 85% of the country’s corn and soybean production were also

home to electric power plants responsible for roughly a third of coal consumption (MMBtu), carbon

dioxide (CO2), NOx, and sulfur dioxide emissions of the electric power sector (Table 1).
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Recent papers that employ regression techniques to evaluate the effects of pollution on crop yields

include Carter et al. (2017a), McGrath et al. (2015), Burney and Ramanathan (2014), and Auffham-

mer et al. (2006). Carter et al. study the effects of ozone on rice yields in China. Burney and

Ramanathan study the effects of black carbon and ozone, and Auffhammer et al. study the effect of

black clouds on rice yields in India. The work by McGrath et al. is the one that is most closely re-

lated to ours. Using U.S. data from 1980–2011 and multivariate regressions controlling for weather,

they find that ozone exposure reduced corn yields by 8.0-11.6% and soybeans by 3.3–7.7%. They

also show that both crops are more sensitive to ozone in extreme temperatures and dry conditions,

and corn is more sensitive to ozone than soybeans. Although McGrath et al. do not establish a

formal relationship either between ozone and any of its precursors or between crop yields and NOx

emissions, we do.1

Regarding agricultural productivity spillovers from electricity generation, the closest paper to ours

that we are aware of is Kaffine (2018). Following an empirical approach similar to ours, he estimates

spillover effect of wind farms on agriculture in the U.S. due to microclimate impacts, which arise

from changes in local temperature, moisture and CO2 levels due to vertical mixing, turbulence, and

wakes created by wind turbines. According to his findings, an additional 100 megawatts of wind

capacity increases corn yields by between 0.5% and 1%.

In addition to our main results, which are based on reduced-form regressions of crop yields on power

plant NOx emissions, we also quantify the two links in this causal chain. We show that ozone levels

increase in response to power plant NOx emissions and we estimate the effect of measured ozone

levels on crop yields. In so doing, we use a novel weather data set with daily data at a grid

resolution of approximately 0.3 degrees from the North American Regional Reanalysis dataset

of the National Center of Environmental Prediction at the National Oceanic and Atmospheric

Administration (NOAA). This is a dataset that has not been used before in econometric studies

evaluating the effects of pollution on human health or crop yields in the U.S that we are aware

of. Based on conversations with NOAA staff, these are the most comprehensive historical daily

weather data available at such a fine spatial resolution.

1There is an alternative strand of the literature that calculates yield and potential economic losses using ozone
exposure indices and crop-specific dose response functions; see Debage (2014), Van Dingenen et al. (2009), Mills et al.
(2007), and Mauzerall and Wang (2001), among others. Controlled experiments in the US and Europe in the 1980s
and 1990s led to the development of response functions that predict the yield response of a crop due to ozone exposure
for a given exposure index. Table 1 in Van Dingenen et al. provides relative yield loss (RYL) functions for wheat, rice,
soybean, and corn using ozone threshold exposure indices. A crop potential loss (CPL) is then calculated as CPL=
RYL/(1-RYL) × crop production. Finally, the economic loss (EL) is calculated as EL-CPL × crop market price.
Crop response functions are also employed in conjunction with regional and global atmospheric chemical transport
models (ACTMs) with high spatial and temporal resolution to assess yield and implied economic losses due to ozone
exposure thanks to the rapid development of high performance computing in recent years. A typical ACTM, such
as the Community Multiscale Air Quality modeling system of the US EPA, uses meteorology and emission inputs to
predict hourly concentrations of air pollutants such as ozone over space and time. Ghude et al. (2014), Avnery et al.
(2011b), Avnery et al. (2011a), and Van Dingenen et al. (2009), among others, are some recent examples of papers
that use regional and global ACTMs to assess crop losses due to ozone exposure. There is also an earlier literature
that utilizes response functions along with spatial equilibrium models to assess losses, such as Adams et al. (1986)
and Kuik et al. (2000).
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The remainder of the paper is organized as follows. Section 2 provides some background on ozone

and its effects on crop yields. In Section 3, we discuss the various data sources, and Section 4

presents our main results. In Section 5 we establish the causal chain from NOx emissions to crop

yields through ozone pollution, and in Section 6 we discuss the farm revenue implications and

welfare effects due to the change in crop yields. We finally conclude. To accommodate space

limitations, we relegate some material to the Appendix.

2 Ozone and Crop Yields

Ozone is a secondary pollutant formed by chemical reactions between oxides of Nitrogen (NOx)

and volatile organic compounds (VOCs), which are known as ozone precursors, in the presence of

sunlight. We are interested in ground level or “bad” ozone that is formed in the lower troposphere

and is distinct from the beneficial stratospheric ozone.2 In addition to the variety of health prob-

lems, especially for children, the elderly, and people of all ages who have lung diseases, ozone can

be particularly harmful on sensitive vegetation and ecosystems. A substantial amount of research

has also demonstrated that ozone and its precursors can travel hundreds of miles away from their

sources under appropriate meteorological conditions.

The primary source of NOx is fossil-fuel combustion. Additional sources of NOx include biomass

burning, lightning, and soils. VOCs are emitted from a range of human activities, including fossil-

fuel combustion, evaporation of fuel, solvent use, and chemical manufacturing. Terrestrial vegeta-

tion also provides a large natural source of VOCs (e.g., pinene from coniferous trees). The weather

plays a significant role in ozone formation; hot sunny days provide the most favorable conditions

for ozone production. For this reason, NOx emissions are typically regulated during the summer

(May 1–September 30) in the U.S. when sunlight intensity and temperatures are highest.

Wind speed and direction are important determinants of ozone transport. Low wind speeds lead

to the buildup of high local concentrations. High wind speed prevents the local build-up near the

sources, but contributes to long-range transport and regional ozone particularly during directionally

persistent wind conditions. For example, CUSAQC (1999) report ozone concentration patterns at

different wind directions and speeds that are consistent with an atmospheric ozone lifetime of about

one day and a corresponding transport distance of 200, 500, and 800 km at speeds of 2, 5, and 8

meters per second.

When enough ozone enters the leaves of a plant through the stomata, it reduces photosynthesis,

the process that plants use to convert sunlight to energy to live and grow. It can also slow the

plant’s growth and increase the risk of disease, damage from insects, effects of other pollutants, and

harm from severe weather. Some plants also show signs of visible damage, such as marks on their

2The material in this section draws heavily from Chapter 6 in National Research Council (1991), the Introduction
in Mauzerall and Wang (2001), US EPA (1991), and https://www.epa.gov/ozone-pollution.
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leaves, when ozone is present under certain conditions. Exposure to ozone, alone or in combination

with other pollutants, has been shown to be responsible for about 90% of the U.S. crop loss due to

air pollution; see Heck et al. (1982) Murphy et al. (1999) Mauzerall and Wang (2001), Tong et al.

(2007), among others.3

Dose-response functions have been developed to quantify the effects of ozone on photosynthesis.

The dose is the amount of ozone available during the response period and is defined as the ozone

concentration multiplied by the duration of exposure (Felzer et al. (2007)). While doses measure

the concentration over a period of time, because of antioxidant defenses, ozone is often observed to

affect vegetation only after surpassing certain threshold levels. Under low antioxidant conditions,

plants may have a much lower ozone threshold.4

3 Data

Emissions. We measure emissions as accumulated totals during the ozone (May–September) and

growing (April–September) seasons. Hourly electric generating unit (EGU)-level NOx emissions are

available from the U.S. Environmental Protection Agency (EPA) Continuous Emission Monitoring

System (CEMS). We limit our attention to NOx emissions from coal and natural gas for EGUs

owned by electric utilities. Electric utilities account for more than 95% of the emissions during the

period of our analysis. We use the primary fuel type for each EGU to identify NOx emissions from

coal and natural gas.5 As our main explanatory variable, we use total emissions from power plants

within an assumed radius from each county centroid during the growing season.

Ozone. Daily 8-hour maximum concentrations for the network of ozone monitors are readily

available from the Daily Summary Tables constructed from the Air Quality System (AQS) data by

EPA. The same data contain information on the latitude and the longitude of the monitor site that

is needed to construct county-level measures of ozone pollution. We refer to this daily measure

3According to US EPA (1991), research since the 1990s continues to support and strengthen the conclusions that:
(i) the entrance of ozone into the leaf through the stomata is the critical step in ozone effects, (ii) current ambient
concentrations in many areas of the US are sufficient to impair growth of numerous common and economically
valuable plant and tree species, (iii) effects can occur with only a few hourly concentrations above 80 ppb, (iv) a
plant’s response to ozone depends upon the cumulative nature of ambient exposure as well as the temporal dynamics
of concentrations, (v) other environmental biotic and abiotic factors (e.g., insects, water, and nutrient availability,
elevated CO2, and temperature) are also influential to the overall impact of ozone on plants and trees. Table AX9-16
in the same report shows a range of growth yield responses within and among species noting that the comparison of
studies that report ozone exposure using different indices, such as means of hourly concentrations and seasonal sums
of hourly concentrations above threshold values, is generally difficult.

4There are three different ozone indices that account for threshold effects: AOT40, SUM06, and W126. The
AOT40 is the sum of the amounts by which hourly ozone concentrations exceed a threshold of 40 ppb over the
growing season and during daylight hours. The SUM06 is the sum of hourly ozone concentrations over 60 ppb over
the growing season and during daylight hours. The AOT has been used to define critical levels of ozone in Europe,
whereas the SUM06 has been used in the U.S. based on crop-yield studies. The W126 index weights each hourly
value by a sigmoidal weighting scheme, so that low ozone values are not completely ignored.

5Oil accounts for 1.8% of total NOx emissions from electric utilities during 2003–2013, which are the years relevant
for our analysis.
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of ozone concentration as 8HR-DMAX in the remainder of our discussion. Following previous

work (e.g., Schlenker and Walker (2015), Currie and Neidel (2005)), we use monitor-level data to

construct county-level measures of ozone pollution during the ozone and growing seasons for each

county with corn and soybeans yield data.

In more detail, we first calculate a season average of ozone concentrations for each monitor by

taking the mean of the 8-HR DMAX values. We then calculate the distance between each ozone

monitor and the county centroid. Finally, we calculate a weighted average of concentrations across

all monitors within an assumed radius from the county’s centroid—we look at radii of 50, 100, and

200 miles—using the inverse of the distance to the monitor as the weight. The method, also known

as inverse distance weighting, allows us to a construct an ozone concentration measure for each

county during the ozone and growing seasons in every year during 2003–2013. Following the same

approach, we also construct additional ozone exposure indices (e.g., number of days 8-HR DMAX

exceeds 40 ppb) to use in robustness checks. We use ozone-season averages in the models linking

ozone to NOx emissions. We use growing-season averages in the regressions that relate crop yields

to ozone.

A natural concern, which has also been raised before in related literature (e.g., Currie and Neidel

(2005)), is the variation in the number of ozone monitors over time, as well as the variation in the

number of observations per monitor, both of which affect the variation in ozone pollution in our

analysis. In robustness checks that follow, we show that changes in the number of monitors and

the average distance to the monitors over time do not affect our results.

Crops. Annual county-level data on yields are available from the National Agricultural Statistics

Service (NASS) of the U.S. Department of Agriculture (USDA).6 We use annual state-level average

price received by farmers from USDA NASS to calculate the change in crop value due to reductions

in NOx emissions. Following Schlenker and Roberts (2009) and Annan and Schlenker (2015))

and to focus on rain fed agriculture, we limit our sample to counties east of the 100th meridian

and exclude Florida. For crop prices used in our robustness checks, we use futures prices from the

Chicago Mercantile Exchange (CME). Although the futures prices are national, crop planting dates

that exhibit variation across states are available from the USDA. Hence, we construct state-specific

futures prices that better reflect the farmers’ expectations during the planting season for prices

received after harvest. As in Miao et al. (2015), we first identify the most active usual planting

dates for each state as reported in NASS (2010). For each state, we then calculate the average

daily prices of December corn futures prices and November soybean futures prices over the range

of usual planting dates.

Weather. To account for the movement and concentration of emissions and pollution, we use fine-

scale wind data. Daily data at a grid resolution of approximately 0.3 degrees (32 km) for a long list

of weather variables are readily available from the North American Regional Reanalysis (NAAR)

6Appendix Tables A1 and A2 provide a breakdown of production and acres for corn and soybeans by state.
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dataset of the National Center of Environmental Prediction (NCEP) at the National Oceanic and

Atmospheric Agency (NOAA). To the best of our knowledge, this is a dataset that has not been

used before in econometric studies on the effects of pollution on human health or crop yields in the

U.S. Based on conversations with NOAA staff, these are the most comprehensive historical daily

weather data at this fine spatial resolution.

There are two primary uses of this dataset in the paper. The first is to obtain measures of wind

speed and direction for each power plant, which help us to construct explanatory variables in

the regressions that link crop yields and ozone pollution to power plant NOx emissions as in

Schlenker and Walker (2015). The second, is to obtain county-level weather-related controls, such

as barometric pressure, relative humidity, and cloud area fraction in the regressions that link ozone

pollution to power plant NOx emissions. In terms of temporal and spatial aggregation of the data,

we first calculate an average of the weather variable of interest (e.g., wind speed) for each grid point

during the ozone season. We then calculate the distance between NAAR grid points and county

centroids or power plants. Finally, we use the data for the variable of interest associated with the

grid point that is the closest to the county centroid or power plant.

For regressions that link crop yields to NOx emissions and ozone pollution, we use the temperature

and precipitation data from Annan and Schlenker (2015), an updated version of Schlenker and

Roberts (2009), which are available for each county during the growing season. The data from

Schlenker and Roberts have been used extensively in the literature on the effects of climate change

on U.S. agriculture and are discussed in great detail elsewhere (e.g., Roberts et al. (2012)). Following

these papers, in the models for corn yields, use precipitation, the square of precipitation, cumulative

degree days between 10◦C and 29◦C (moderate heat), and cumulative degree days above 29◦C

(extreme heat). For soybeans, we use the same controls except we define the extreme heat threshold

at 30◦C rather than 29◦C.

4 The Effect of NOx Emissions on Crop Yields

4.1 Empirical Approach

We use fixed-effect models to establish a direct link between crop yields and power plant emissions:

yct = ac + βnct + z′ctγ + fc(t) + εct, (1)

where yct is the crop yield for county c in year t, zct denotes the temperature and precipitation

controls, and nct measures total cumulated emissions across plants within an assumed radius from

the county centroid during the growing season. We estimate (1) separately for corn and soybeans

via OLS. The county fixed effects, ac, capture time invariant heterogeneity that matters for yield,

such as the quality of soil. We use fc(t) to denote different functions of a linear trend, which control
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for unobservable time effects and give rise to alternative specifications discussed below. We use

εct to denote the error term. Our standard errors are clustered at the USDA agricultural district

level.7

We consider four alternative specifications of (1). In the baseline specification, we eliminate fc(t),

such that the identification of the effects of NOx emissions on yield comes from deviations from

county-specific means. In the second specification, fc(t) contains a common linear trend. In this

case, we identify the effect of NOx emissions using deviations from an overall time trend too. In

the third specification, fc(t) contains state-specific linear trends through interactions of the linear

time trend with state fixed effects. In the final specification, fc(t) contains county-specific linear

trends through interactions of the linear time trend with county fixed effects. Hence, in the third

and fourth specifications, we identify the effects of NOx emissions also using deviations from state-

and county-specific trends.

In earlier papers, which utilize longer samples than ours, time trends aim to capture technological

changes, such as varieties with better yields due to selective breeding and changes in agronomic

practices with a varying degree of flexibility depending on the specification. For example, Miao

et al. (2015) use a linear and a quadratic trend. Their sample spans the period 1977–2007. Annan

and Schlenker (2015) use year fixed effects and county-specific quadratic trends. Their data are for

1989–2013. Schlenker and Roberts (2009) also use year fixed effects and county-specific quadratic

trends for a much larger sample period, 1950–2005, during which there was a three-fold increase in

yields. In our case, technological changes and changes in agronomic practices are not as pronounced

given that our sample is for 2003–2013. Our short time series dimension also limits the amount

of flexibility we can reasonably allow in the trends. Thus, we do not use higher-order polynomial

trends.

4.2 Preliminaries

For the regressions of NOx on corn yield, we have 17,274 observations for 1,858 counties such that

the average number of observations per county is around 9. There are 8 observations or more for

80% of the 1,858 counties. In the case of soybeans, we have 15,860 observations for 1,639 counties

with an implied average number of observations per county close to 9. Similar to corn, there are

8 observations or more for 80% of counties in the sample. The average yield for corn (soybeans)

is 129 (39) bushels per acre with a standard deviation of 36 (10) bushels.8 In the counties we use

for the yield regressions, we observe an average of 26 power plants that are 67 miles away from the

7Our regression samples contain over 1,000 counties in 30 states and more than 200 agricultural districts. According
to the USDA, these districts are groups of counties in each state, by geography, climate, and cropping practices. The
geographic attributes include soil type, terrain, and elevation (mountains). The basic components of climate are mean
temperature, annual precipitation and length of growing season. These factors influence the crops grown, the need
to conserve soil moisture, and the use of irrigation (cropping practices). See goo.gl/RNiYkb for additional details.

8Using harvested acres as weights, the average yield for corn (soybeans) is 150 (42) bushels per acre with a standard
deviation of 31 (9.5) bushels.
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county centroids on average. The distribution of NOx emissions is heavily skewed to the right with

a mean of around 23,000 tons and a standard deviation of about 20,000 tons.9

Figure 1 shows the temporal and spatial variation in yields and NOx emissions in our regression

sample. The within-county (between-counties) standard deviation (SD) of corn yields is 23 (29)

bushels per acre. The within-county (between-counties) SD of NOx emissions is 8,718 (18,232) tons

for the counties in the yield regressions that pertain to corn. The within-county (between-counties)

soybean yield SD is 6.6 (8) bushels per acre. The within-county (between-counties) SD of NOx

emissions is 8,661 (17,740) tons in the yield regressions that pertain to soybeans. Hence, for both

crop yields and NOx emissions, the variation across counties is larger than the variation within a

county over time, and more so in the case of emissions.

4.3 Main Results

Table 2 presents the results of the yield regressions in (1) assessing the effect of NOx emissions from

power plants tracked by the EPA CEMS within 100 miles from the county centroids.10 In panel A,

we present results for corn. In panel B, we present result for soybeans. For both crops, we report

results for 8 models. In the first four models, we don’t control for weather. In the remaining four,

we do.

Corn. Column A8 of Table 2, which is the most flexible specification, shows that each 1,000 tons

of NOx emissions predicts 0.37 fewer bushels of corn per acre. The coefficient on NOx emissions

is significant at 1%. Using this estimate, an increase in NOx emissions by 8,700 tons implies a

decrease in corn yields by 3.24 bushels per acre. Recall from our discussion of Figure 1 that an

increase of 8,700 tons is approximately equal to 1 SD increase in emissions within county. Assuming

an average corn yield of 130 bushels per acre, our estimates imply a 2.49% decrease in yields.

When we use a common linear trend (column A6), the NOx coefficient becomes small (-0.04) and

it is not statistically significant at conventional levels. This estimate implies that counties with

higher than average trends in NOx emissions typically had neither higher nor lower trends in yield.

However, corn yield trends could vary across counties for many reasons other than variation in

nearby NOx emissions, including different climate trends (Burke and Emerick (2016)), soil differ-

ences that make some regions more amenable to technological progress, and different trends in land

use.11 Thus, it is important to allow heterogeneous trends, and our preferred estimates are those

9Table A3 contains descriptive statistics for crop yields, NOx emissions, power plants, and the weather variables
that enter (1) for the 100-mile radius by crop.

10We address distance from the emissions source in Section 4.4, where we interact NOx emissions with distance
from the power plant to the county centroid.

11For example, the number of corn acres harvested in Illinois grew by 7% during our sample period, whereas it
grew by 208% in North Dakota. Dramatic changes in corn acreage imply large changes in the average quality of the
land being used, which would drive yield trends. Thus, we expect different trends in land use to generate different
yield trends across space.
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reported in column A8.12

One potential identification concern could be that hot weather is confounded with NOx emissions.

Specifically, high temperatures reduce crop yields and also raise the demand for air conditioning,

which in turn increases electricity generation and NOx emissions. If this mechanism were important,

we would expect to see the negative NOx coefficient decrease in absolute value when we control

for temperature. We do not observe such a drop. Controlling for weather only changes the NOx

coefficient in models without trends as shown in columns A1 and A5.13

In the models that include trends, the weather controls soak up a substantial amount of variation

and thereby reduce the standard errors, but they don’t affect the NOx coefficient estimates much.

In the models with county-specific trends shown in columns A4 and A8, the R2 increases from 0.16

to 0.43 when we add the weather controls and the standard error on the NOx coefficient drops from

0.09 to 0.07.

The coefficients on the weather variables are similar to those in Schlenker and Roberts (2009).14 We

estimate a small positive coefficient on moderate heat and a large negative coefficient on extreme

heat. Using the specifications with the county- or state-specific trends, the harmful effect of the

extreme heat is roughly 70–80 times as large as the beneficial effect of moderate heat. Since there

is very little irrigation in the counties in our sample, precipitation is an important determinant of

yields. Similar to Schlenker and Roberts, we estimate a quadratic relationship between yield and

rainfall. The optimal amount of precipitation is 29–30 inches depending on the specification.

Soybeans. The pattern of the NOx coefficients is similar to that for corn. They are all negative

and significant at 1% except for the specification with the common trend. Based on the most

flexible specification (column B8), in which the estimated NOx coefficient is -0.07, an increase in

NOx emissions by 1 within-county SD implies a decrease in soybean yields of 0.61 bushels per acre.

Using the average yield of 40 bushels per acre, our estimates imply a 1.52% decrease in yields. In

terms of the weather-related controls, the harmful effect of extreme heat is 8–10 times as large as

the beneficial effect of moderate heat, and the optimal amount of precipitation is 31–32 inches,

depending on the specification. In contrast to corn, the moderate-heat coefficient estimates have

similar values across all specifications.

In sum, we estimate that an increase in NOx emissions by 8,700 tons within a 100-mile radius of

12Table A4 shows results for the same set of models based on a balanced panel including counties with yield
information in all years during 2003–2013. We report results for both unbalanced and balanced panels to make sure
that the interaction of the trends with the panel structure—balanced vs. unbalanced—has no material implications
for our findings. In the case of corn (soybeans), the unbalanced panel contains 17,274 (15,860) observations while
the balanced panel contains 10,956 (10,835) observations. Using the balanced-panel models implies a drop in the
number of counties from 1,858 (1,693) to 996 to (985) for corn (soybeans). Table A5 offers a detailed breakdown of
observations in the balanced- and unbalanced-panel models by state. The balanced panel results are similar to those
from the unbalanced panel.

13Table A6 shows the variation in the four weather variables by quartile of NOx emissions. There is no indication
that high NOx emissions are associated with extreme heat.

14As Table A6 indicates, the moderate heat is measured in 1,000 degree days, and the extreme heat is measured
in 100 degree days. The precipitation is measured in meters.
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the county centroid implies a decrease in corn yields by 2.49% and a decrease in soybean yields

by 1.52%. Before evaluating the welfare impacts of these effects in Section 6, we show that NOx

affects crop yields through ozone and investigate the robustness of our findings.

4.4 Interacting NOx Emissions with Distance and Meteorological Variables

NOx and ozone transport depend on the distance between counties and power plants, as well as

meteorological conditions such as wind speed, wind direction, temperature, precipitation, cloud

coverage, and solar radiation. In this section, we report results from models that interact NOx

emissions with a set of meteorological variables identified from the atmospheric environment liter-

ature on ozone formation and transport.15

Using c to denote the county and t to denote a year, we use OLS to estimate the fixed-effects model:

yct = ac + x′ctβ + z′ctγ + fc(t) + εct, (2)

where yct is yield, ac is a county fixed effect capturing time invariant unobservables, and xct is

a vector of variables related to NOx emissions discussed below. The vector zct contains the same

temperature and precipitation controls as in (1). Finally, fc(t) contains county-specific linear trends.

We use εct to denote the error term.

We consider three alternative specifications of (3) due to different elements of xct. In the simplest

specification (I), xct contains a single element, total accumulated NOx emissions across plants

within an assumed radius (e.g., 100 miles) from each county centroid denoted by
∑

p∈P noxpt. This

is the regressor of interest in (1). The set of power plants P and the implied emissions that enter

the summation depend on the assumed radius. In the second specification (II), we also interact

NOx emissions with the distance between the plant and the county centroid, i.e.,
∑

p∈P noxptdcp.

In the third specification (III), which is the richest, we fully interact NOx emissions with wind

speed and direction, which both contribute to ozone transport across space and time. The series of

interaction terms in specification III involve wind direction and wind speed. For example, holding

wind speed constant, counties downwind should be affected more by NOx emissions relative to

counties upwind. To capture this relationship between pollution and emissions, we use vpt to

denote the wind speed at the plant and coscpt to denote the cosine of the difference between the

wind direction at the plant and the location of the county relative to the plant, which can differ

for upwind (coscpt > 0) and downwind (coscpt < 0) counties. We measure the wind direction and

the cosine of the difference between the wind direction at the plant and the county location as in

Schlenker and Walker (2015).16

15See Cox and Chu (1993), Thompson et al. (2001), and more recently, (Camalier et al. (2007), Dawson et al. (2007)),
among others. See also Details of the Omnibus Meteorological Database at by the EPA Support Center for Regulatory
Atmospheric Modeling at https://www.epa.gov/scram/air-modeling-observational-meteorological-data.

16The full set of variables entering xct is similar to that in Schlenker and Walker (2015) is listed in Table A7. One
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Table 3 shows the marginal effects of a 1,000-ton increase in NOx emissions on corn yields dis-

tinguishing between counties that are downwind and counties that are upwind from the relevant

power plants.17 The marginal effects are all negative and significant at 1% for both upwind and

downwind counties in specifications II and III for all three radii. The magnitude of the effects is

very similar. Moreover, in specification III, the marginal effects for the upwind counties fall inside

the 95% confidence interval of their counterparts for the downwind counties. Overall, the marginal

effects decline as we expand the radius around the county centroids.

Table 4 shows the marginal effect of the same assumed increase in NOx emissions on soybean yields.

The marginal effects are generally negative and significant at 1% for both upwind and downwind

counties in specifications II and III for all three radii except. In the case of specification III for

the upwind counties, the marginal effects are negative but not significant at conventional levels for

all three radii. Contrary to the corn, for specification III, the marginal effects for the downwind

counties are notably larger than their counterparts for the upwind counties for all three radii.

Moreover, the marginal effects for the downwind counties in specification III are almost twice as

large as their counterparts for the downwind counties in specification II for the 100- and 100-mile

radii. Similar to corn, and for all three specification for both downwind and upwind counties, the

marginal effects decline as we expand the radius around the county centroids.

Although the marginal effects of NOx emissions on corn yields are similar between upwind and

downwind counties, the marginal effect of NOx emissions on soybean yields are larger for downwind

than upwind counties. We classify a county as downwind in a given year if the average wind

direction flowed from the power plants within the defined radius and towards the county centroid.

This average obscures substantial variation in wind direction across days within a year—a county

that is downwind on average is likely to be upwind for a substantial fraction of the growing season.

It also obscures variation in power plant locations—a county with power plants in all directions

from the county centroid will experience emissions blowing towards the centroid no matter which

direction the wind is blowing. To investigate the variation in the wind direction, we calculated the

proportion of days in growing season for each year during 2003–2012 that the wind was blowing

from each of four directions (north, east, south, west). According to our caclulations, the wind

was rarely blowing from the same direction on more than half of days. The wind was also rarely

blowing from any one direction for less than 10% of days. As a result, it is reasonable to expect

significant NOx pollution effects on crop yields even in upwind counties.18

difference between us and them when it comes to the construction of these variables is that they have a one-to-one
match between pollution sources and sinks. In particular, each California zip code in their sample (sink) is linked
to a single airport (source) given that they focus on a distance of at most 10 kilometers between the sink and the
source. In our case, a many-to-many match between pollution sources (power plants) and sinks (counties) is possible,
especially when we consider power plants that are located within 100 and 200 miles from the counties for which we
have data on corn and soy yields.

17Table A8 shows the full regression results for corn and Table A9 shows the full regression results for soybeans.
18See Appendix Figures A1 and A2 for histograms related to the wind direction.
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4.5 Robustness Checks

The discussion that follows pertains to robustness checks for unbalanced-panel models. We focus

on the most-flexible specification with county-specific trends and the 100-mile radius unless stated

otherwise. In Figure 2, we provide the NOx coefficients for the robustness checks discussed below.

We denote the various specifications using a series of mnemonics (e.g., PRIC) with benchmark

(BENCH) referring to the estimates in columns A8 and B8 of Table 2, namely, -0.37 for corn and

-0.07 for soybeans. In more detail, we performed the following checks:

A. Controlling for Crop Prices (PRIC). Miao et al. (2015) argue that an increase in ex-

pected crop prices can steer the farmers towards the adoption of improved crop practices, seed

varieties, and other technologies, all of which can have a positive effect on yield. However, an

increase in expected crop prices may also decrease yields if it leads, for example, to expanding

acreage to low quality areas. Hence, the net effect of crop prices on yields is an empirical ques-

tion. When we control for crop prices using the CME futures, the NOx coefficient is negative

and significant at 1% and falls inside the 95% of its benchmark counterpart for both crops.

B. March-August Growing Season (MARC). In this robustness check, we defined the growing

season between March and August following Miao et al. (2015) and Schlenker and Roberts

(2009) as opposed to April–September in our main results. The NOx coefficient is negative and

significant at 1% and falls inside the 95% confidence of its benchmark counterpart for both

crops.

C. Counties with Ozone Information (OZON). In this case, we estimated the regressions

that link crop yields to NOx emissions using the same observations as the regressions that link

crop yields to ozone pollution presented in a subsequent section. The NOx coefficient is negative

and significant at 1% and falls inside the 95% confidence interval of its benchmark counterpart

for both crops.

D. Top 10 states (TP10). Limiting our sample to the top 10 producing states during 2003–2013

entails a NOx coefficient that is negative and significant at 1% for both crops. In the case of

corn, the point estimate falls inside the 95% confidence interval of its benchmark counterpart.

In the case of soybeans, the NOx coefficient is notably larger in magnitude (-0.12) than its

benchmark counterpart and falls outside its 95% confidence interval.

E. Counties in Annan and Schlenker (ANSC). Using data for the counties in Annan and

Schlenker (2015) for 2003–2013 implies a NOx coefficient that is negative and significant at 1%

and it is highly comparable to its benchmark analog for both crops.

F. Excluding 2012 (NO12). We also estimated the regressions that link crop yields and NOx

emissions excluding 2012, which was characterized by the most adverse weather conditions dur-

ing the growing season in recent years. At the same time, gas prices paid by electric power
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plants were at particularly low levels. In April 2012, gas-fired electricity generation accounted

for 32% of all electricity generation. For the first time since EIA began collecting data, gas-fired

generation was virtually equal to coal-fired generation.19 Therefore, there were two countervail-

ing forces in play in terms of their effects on yield: bad weather and lower NOx emissions from

power plants. The NOx coefficient for corn is -0.17 and it is significant at 1%. It is smaller in

magnitude than its benchmark counterpart of -0.37. For soybeans, the NOx coefficient -0.10

and significant at 1% compared to -0.07 for the benchmark. Together, these findings imply that

our results are not driven by 2012.

G. Controlling for other NOx emissions (EPAT). We also addressed the concern that our

benchmark models do not control for NOx emissions from other sources that have a negative

effect on ozone pollution and may also be correlated with NOx emissions from power plants. To

do so, we replaced the linear trend with NOx emissions attributed to sources other than fossil

fuel combustion at electric utilities from the EPA Air pollutant Emissions Trends data, which

we further interacted with county fixed effects. The NOx coefficient is negative and significant

at 1% for both crops. In the case of corn, the point estimate is -0.25 and falls inside the 95%

confidence interval of its benchmark counterpart. In the case of soybeans, the point estimate is

-0.16 and falls outside the 95% confidence interval of its benchmark counterpart (-0.07).

H. Clustering By State (CLUS). Clustering the standard errors by state implies a NOx co-

efficient that is significant at 1% for both crops. Although this is an attempt to account for

spatial correlation in the unobservables in our regressions that link crop yields to NOx emis-

sions, we should also remind the reader of the small number of clusters (30), as well as the fact

that this clustering schemes fail to take intro account any correlation in unobservables between

neighboring counties in different states.

Finally, we performed two additional robustness checks. First, we used a distance-weighted NOx

emissions variable in place of the sum. We constructed a distance-weighted sum of NOx emissions

across plants within 100-mile radius such that emissions from plants that are further away receive

smaller weight (i.e., inverse-distance weighting). With the exception of the common-trend model,

the NOx coefficient is negative and significant at 1% for both crops.20 For the corn model with

county-specific trends, the NOx coefficient is -14.67, while for soybeans it is -2.60. Assuming an

increase in distance-weighted NOx emissions equal to 1 within-county SD, which is equivalent to

190 tons, the implied decrease in corn yields is 2.15% when evaluated at the average yield of 130

bushels per acre. The same increase in NOx emissions implies a decrease in soybean yields of

1.23% for the average yield of 40 bushels per acre. These results are very similar to the benchmark

estimates.21

19https://www.eia.gov/todayinenergy/detail.php?id=6990.
20For the regression tables, see Table A10 for corn and Table A11 for soybeans, respectively
21Similar to the sum of NOx emissions, the distribution of the distance-weighted sum of NOx emissions is heavily

skewed to the right with a mean of 443 (450) tons and a SD of 463 (455) tons in the corn (soybean regressions). The
between-counties SD is 0.426 (0.414) and the within-county SD is 190 (187) tons.
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Second, we used log yield in place of actual yield as the dependent variable. In the model with

county-specific trends using the unbalanced panel, the NOx coefficient is negative and significant

at 1% when we use log yields.22 The coefficient estimates are -0.0036 and -0.0014 for corn and

soybeans. The implied drop in yields due to an increase in NOx emissions by 8,700 tons is 3.10%

for corn and 1.24% for soybeans based on average yields of 130 and 40 bushels per acre. These

estimates are quite similar to the estimates of 2.49% for corn and 1.52% for soybeans implied by

the benchmark estimates.

5 The Causal Chain from NOx to Ozone to Crop Yields

In what follows, we present two sets of results to establish the causal connection from power plant

NOx emissions to crop yields through ozone pollution. First, using data from EPA monitors, we

regress measured ozone pollution on NOx emissions from electric power plants. Second, we regress

crop yields on measured ozone pollution.

5.1 Ozone Pollution and NOx Emissions

5.1.1 Empirical Approach

We estimate a regression similar to (3), except at the monthly frequency using data for the ozone

season (May–September). Specifically, we use OLS to estimate linear models with fixed effects that

link ozone pollution to NOx emissions of the form:

pct = ac + x′ctβ + z′ctγ + f(t) + εct, (3)

where pct is ozone pollution, ac is a county fixed effect capturing time invariant unobservables, and

zct is a vector of controls as in (3). We define pct as a distance-weighted average of the mean 8HR-

DMAX ozone concentration across monitors for each month during the ozone season within the

assumed radius and measure it in parts per billion volume (ppb); we once again employ inverse-

distance weighting. The vector xct is the same as in (2), except it enters the regression at the

monthly rather than annual frequency and is computed for the ozone season (May–September)

rather than the growing season (April–September). The vector zct contains linear and quadratic

terms, as well as the interactions of the following variables we constructed using NAAR data: air

temperature, wind speed, total daily precipitation, barometric pressure, geopotential height, low

cloud area fraction, upward longwave radiation, and upward shortwave radiation. Finally, f(t)

contains year and month (seasonal) fixed effects for each month during the ozone season and εct

is the error term. We cluster the standard errors by county. Subsequent checks show that our

22For the regression tables, see Table A12 for corn and Table A13 and soybeans, respectively. In Section A.1, we
allow for a flexible functional form in the relationship between crop yields and NOx emissions using cubic splines.
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findings are robust to alternative ways of handling time-related effects and to alternative clustering

approaches.23

The shortest radius of 50 miles implies a sample of 62,775 observations. In the case of the 200-mile

radius, the sample size increases to 91,908 observations. The mean and SD of ozone pollution are

very similar across the three radii with values of about 47 ppb and 6–7 ppb, respectively. However,

both the mean and the SD of NOx emissions increases substantially as we expand the radius.

Moreover, although there are close to 8 power plants, on average, within 50 miles from the county

centroids, there are close to 98 plants within 200 miles from the county centroids. In terms of

the average number of ozone monitors, it ranges from about 4 for the 50-mile radius to 35 for the

200-mile radius.24

5.1.2 Pollution and Emissions Results

Table 5 presents results from our ozone regressions starting with the most parsimonious (I) and

moving to the least parsimonious (III) specifications with respect to NOx emissions for the assumed

radii of 50, 100, and 200 miles. Similar to the yield regressions, we only report results for the NOx

variables that enter the three specifications. The different number of observations across radii is

due to the fact that not all counties have an ozone monitor within the assumed radius. Robustness

checks to our results in this section are available in Appendix A.2.

According to the most parsimonious specifications in column I, an increase in NOx emissions from

power plants of 1,000 tons increases ozone pollution by 0.32 ppb in the case of the 50-mile radius,

0.24 ppb in the case of the 100-mile radius, and by 0.12 ppb in the case of the 200-mile radius.

Hence, we see a 0.25%–0.68% increase in ozone concentration relative to its mean.25 In all three

instances, the effect of NOx emissions on ozone pollutions is significant at 1%. When we interact

NOx emissions with the distance between the power plants and the county centroids in column II,

the coefficient for the non-interacted term is still positive and significant at 1% for the 100- and

200-mile radii. It is positive and significant at 10% for the 50-mile radius. The coefficient of the

interacted term, however, is small and statistically insignificant at conventional levels for all three

radii.

The last set of results in column III pertain to the richest specification we considered, where we

interact NOx not only with distance, but also with wind speed, allowing the effects to differ for

downwind and upwind counties. As in Schlenker and Walker (2015), who have used a similar set

of variables in their study of airport taxi time on ozone in California (see their Table 1), very few

of the coefficients of the interactions are significant at conventional levels. For example, in the case

23We provide a series of robustness checks for the regressions that link ozone pollution to NOx emissions in
Section A.2.

24Table A14 contains the full set of descriptive statistics by distance from the county centroids.
25The mean in NOx emissions is 1,150 tons for the 50-mile radius, 3,820 tons for the 100-mile radius, and 13,920

tons for the 200-mile radius (see Table A14).
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of the 50-mile radius, the coefficient of the NOx interaction with wind speed (NOx × Speed) is the

only significant one at conventional levels (10%). The same coefficient is also significant in the case

of the 100-mile (at 5%) and 200-mile (at 10%) radii. The only other significant coefficient is that

for the NOx interaction with distance (NOx × Dist. × Angleu) at 10%, as well as with distance and

wind speed (NOx × Dist. × Angleu × Speed) at 5% for upwind counties in the case of the 100-mile

radius. Although very few of the individual t-statistics for the coefficients of the NOx interactions

point to statistical significance of particular coefficients in our richest specification, the p-value of

an F-test for the joint significance of these coefficients reported in the bottom of the table implies

that they are highly significant.

Table 6 shows the marginal effects of a 1,000-ton increase in NOx emissions on ozone pollution,

separated by whether the county centroid is upwind and downwind from the relevant power plants.

For specification (II), the upwind and downwind estimates are very similar to each other and to those

from specification (I). This is consistent with the small estimated coefficient on the NOx/distance

interaction in specification (II). In the flexible specification (III), the point estimates of the marginal

effects for the downwind and upwind counties are very similar in the case of the 50-mile radius. For

the 100-mile radius, the marginal effects for the downwind counties are almost 2.5 times as large

as those for the upwind counties and fall outside their 99% confidence intervals. At the 200-mile

radius, the upwind coefficient is close to zero and it is not statistically significant at conventional

levels.

In sum, the average effect of NOx emissions on ozone is larger for emissions in a 50-mile radius

than locations farther away. In the case of the 200-mile radius, the effect is positive and significant

only for counties downwind of power plants.

5.2 Crop Yields and Ozone Pollution

5.2.1 Empirical Approach

We model the relationship between crop yields and pollution using linear models with fixed effects

of the form:

yct = ac + βpct + z′ctγ + fc(t) + εct, (4)

where pct is average ozone pollution in county c in the growing season (April–September) of year t.

As in (1), yct is the crop yield, zct denotes the temperature and precipitation controls, ac denotes

county fixed effects, and fc(t) denotes different functions of a linear trend. We estimate (4) via

OLS and perform inference clustering the standard errors by USDA agricultural district.

Given that our ozone measurements may not accurately represent the average crop exposure to

ozone, (4) is likely subject to substantial measurement error. Moreover, because ozone monitors

tend to concentrate near urban areas, we have fewer observations for the ozone-yield regressions in
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(4) than the NOx-yield regressions in Table 2. For example, for North Dakota, which is among the

top 15 states in both corn and soybean production, there were no ozone monitors within 100 miles

of any county centroid in the state that satisfied our requirement for 8-HR D-MAX measurements

during the April-September growing season. Overall, the sample size for the corn models drops

from 17,274 to 9,716 and the soybean sample drops from 15,860 to 9,048.

Figures 3 and 4 show the temporal and spatial variation in crop yields and ozone pollution using the

regression sample. Panels (a) and (b) show substantial variation across space and no global time

trend. The within-county SD of corn yields is 23 bushels per acre and the between-counties SD is

31 bushels per acre. The within-county (between-counties) ozone SD is 3.1 (3.4) ppb for counties

reporting corn yields. The within-county (between-counties) SD of soybean yields is 6.3 (8.2)

bushels per acre. The within-county (between-counties) SD of ozone is 3.1 (3.5) ppb for counties

reporting soybean yields.26 Hence, although the variation in ozone pollution across counties is

comparable to the variation in ozone pollution within a county over time, the yield variation across

counties is notably larger than the yield variation within a county over time for both crops. The

two bottom panels in both figures illustrate the negative relationship between yields and ozone

pollution via the scatter and kernel density plots provided. The kernel density plots show the

conditional distribution of crop yields by quartile of the ozone distribution.

5.2.2 Yields and Pollution Results

Table 7 shows the results of the yield regressions in (4) for corn and soybeans using monitors within

100 miles from the county centroids to construct our measure of ozone pollution.27 The table has

the same structure as Table 2 with panel A pertaining to corn and panel B pertaining to soybeans.

Once again, the first four columns in each panel show results for models without weather-related

controls, while the remaining four show results for models with weather-related controls.

Corn. All 8 models in Table 7 imply negative and statistically significant ozone coefficients.

In the absence of weather-related controls, the ozone coefficient is remarkably stable across the

four specifications, falling in the range -3.38 (county-specific trends) to -3.22 (baseline) for the

unbalanced- and -3.72 (common trend) to -3.61 (baseline) for the balanced-panel models. These

coefficients become considerably smaller in magnitude once we include the weather-related controls

because high temperatures contribute to ozone formation and reduce crop yields.

26The ozone measurements differ slightly across the two crops because there are some counties that grow corn but
not soybeans and vice versa.

27Table A15 contains descriptive statistics for crop yields, ozone pollution and monitors, and the weather variables
that enter (4) for the 100-mile radius by crop. Table A16 shows the variation in the four weather variables by
quartile of ozone pollution in the unbalanced-panel models. The results for the 50- and 200-mile radii are discussed
in Section A.3 as part of the various robustness checks we considered. Table A18 shows results for the balanced-panel
models, which are similar to their unbalanced panel counterparts. Table A17 provides a detailed breakdown of the
number of observations in the unbalanced- and balanced-panel models by state and shows that at least 60% of the
observations in the unbalanced-panel models also appear in the balanced-panel models for the top 10 producing states
for both crops that account for more than 80% of production.
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Based on the estimates with county-specific trends (column A8), an increase in ozone concentration

by 3.1 ppb, which is equal to 1 within-county SD in our sample, leads to a decrease in corn yields

by 1.91 bushels per acre. Using the average corn yield of 130 bushels per acre, these estimates

imply a 1.47%–3.16% decrease in yields. Our estimates of the damaging effects of extreme heat on

corn yields are comparable to those in the NOx models in Table 2. However, we find much larger

positive effects of moderate heat when we control for ozone, which are also statistically significant

at 1%. The range of the optimal amount of precipitation is 27–28 inches, which is comparable to

the range of 29–30 inches in the NOx models of Table 2.

Soybeans. Although the ozone coefficients for soybeans are negative across all models, they are

not statistically significant in the models with the state- and county-specific trends in columns B7

and B8 of Table 7. This lack of precision may stem from measurement error and the smaller sample

size compared to the regressions estimating the effect of NOx emissions on soybean yields. In the

absence of weather controls, the magnitude of the ozone coefficient falls in the tight range -0.74

(county-specific trends) to -0.71 (state-specific trends). Similar to corn, the magnitude of the ozone

coefficients is notably smaller when we control for weather in columns B5–B8. The coefficients are

between -0.35 (baseline) and -0.10 (state trends).

Using the estimates with county-specific trends (column B8), an increase in ozone concentration

by 3.1 ppb implies a decrease in soybean yields of 0.38 bushels per acre. Given the average yield

of 40 bushels per acre, our estimates imply a 0.94% decrease in yields. These effects on soybean

yields are similar, but slightly smaller, than the corresponding effects for corn. As is the case for

corn, our estimates of the damaging effects of extreme heat on soybean yields are comparable to

those for the NOx models in Table 2. Contrary to corn, the beneficial effects of moderate heat

in the ozone models is comparable to its counterpart in the NOx models. The optimal amount of

precipitation is 30–31 inches and is highly comparable to its counterpart for the NOx models.

5.3 The Implied Effect of NOx Emissions on Crop Yields Through Ozone

We now combine the results in Sections 5.1 and 5.2 to obtain the implied effect of NOx emissions

on crop yields as intermediated through ozone. The NOx coefficient in the most parsimonious

specification of Table 5 for the regression of ozone on NOx emissions is 0.24 for the 100-mile radius.

According to column A8 in Tables 2 and 7 for the unbalanced-panel yield models with county-

specific trends, the NOx coefficient is -0.37 and the ozone coefficient is -0.62. Thus, an increase

in NOx emissions by 8,700/6=1,450 tons per month for each month during the April-September

growing season implies an increase in ozone by 0.35 ppb and a decrease in corn yields equal to

0.62×0.35 = 0.22 bushels per acre. This indirect estimate of the effect of NOx emissions is less than

its direct analog of 3.24 bushels per acre in Section 4.3.28 Repeating the same exercise for soybeans,

28Recall that we assumed an increase in NOx emissions by 8,700 tons in the yield regressions that is equal to 1
within-county SD of NOx emissions in the case of the 100-mile radius. We scale 8,700 by 1/6 to account for the fact
that the regressions linking yield ozone pollution to NOx emissions are estimated using monthly data.
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the effect of a 0.35 ppb increase in ozone on soybean yields is a decrease of 0.12×0.35 = 0.04 bushels

per acre, which is less than its direct analog of 0.61 bushels per acre.

To assess the effects discussed in the previous paragraph, it is important to keep in mind that

the intermediate variable in these calculations, ozone pollution, is measured as an average across

monitors weighted by distance to the county centroid. As a measure of the ozone to which the crops

in a county are exposed, this variable contains error. We expect the implied effects to be attenuated

by this measurement error, so it makes sense that the implied effects are smaller than the direct

effects in Table 2. In sum, we take these implied effects as a strong qualitative indication that NOx

emissions affect crop yields significantly through ozone, but likely underestimate the magnitude of

these effects.29

6 Discussion and Implications

Tables 8 and 9 contain estimates of the value of the yield improvements generated by the reduction

in NOx emissions during our sample period. For each county, we compute the change in average

NOx emissions from the first three years of our sample to the last three years of our sample. Using

our regression estimates, we then compute the predicted change in yield attributable to these NOx

changes. We report the results by state. Specifically, using s to denote the state, we compute the

estimated change in yields due to reductions in NOx emissions using the following expression:

∆yields = β̂ × (x1s − x0s), (5)

where x1s is a weighted average of NOx emissions for counties in the state for 2011–2013, x0s is a

weighted average of NOx emissions for counties in the state for 2003–2005, and β̂ is the coefficient

of NOx emissions in columns A8 and B8 of Table 2 for corn and soybeans, respectively. To convert

the estimated yield changes to dollar values, we multiply the estimated yield changes by average

acres, yield, and prices, in 2014–2016.

Averaged across the states in our sample, Tables 8 and 9 show estimated yield improvements of

4.35 bushels per acre of corn (2.53%) and 0.82 bushels per acre of soybeans (1.66%). The estimates

are quite heterogeneous across states. The largest corn yield effects are those for Kentucky, where

we estimate a 6.79% yield improvement from reduced NOx emissions. The smallest effect are those

for North Dakota, for which the yield improvement is 0.34%. Similarly, for soybeans, we estimate

yield improvements ranging from 0.22% in North Dakota to 4.26% in Kentucky. These differences

in yield improvements reflect the varying changes in exposure to NOx emissions. Since a small

29An alternative perspective on these estimates would be to view NOx emissions as an instrument for ozone in the
yield regressions. In this case, a Wald instrumental variables estimate of the effect of ozone on corn yields would
be -0.37/(0.24/6) = -9.24 and the corresponding estimate for soybeans would be -0.07/(0.24/6) = -1.74. These
estimates are larger in magnitude than the corresponding OLS estimates of -0.62 and -0.13, which is consistent with
the conclusion that measurement error attenuates the OLS estimates.
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number of coal power plants operate near North Dakota farms, those farms experienced only small

changes in exposure to NOx emissions. In contrast, states in the eastern corn belt, such as Kentucky

and Ohio, experienced a substantial decrease in NOx emissions as coal use by power plants in these

states declined.

Multiplying the estimated change in production by average prices in 2014–16, we estimate an

additional annual value of $1,286 million for corn and $648 million for soybeans due to reduced

NOx emissions; see column (8) in Tables 8 and 9. The largest values are generated in Illinois, which

is the second largest producer of corn and soybeans behind Iowa, but experienced almost three

times larger reductions in nearby NOx emissions than Iowa.

As a comparison, Muller and Mendelsohn (2007) report gross annual damages to the U.S. agriculture

from 2002 NOx emissions equal to $0.7 billion per year in their Table 1. Their estimates are based

on the Air Pollution Emission Experiments and Policy Analysis (APEEP) model, which translates

VOC and NOx emissions into ozone and uses dose-response functions to estimate the effects of ozone

on crop yields. Although our estimates are substantially larger, a precise comparison between their

damages and ours is not straightforward due to several differences in the calculation of the effects

of NOx emissions on crop yields between the two papers.30

The incidence of an improvement in agricultural productivity such as the one we estimate in this

paper depends on the elasticity of demand. If demand is relatively inelastic, then an increase

in supply will reduce prices by so much that farm revenue declines. In that case, most of the

benefits flow to consumers. In a comprehensive assessment of the effects of agricultural productivity

improvements, Alston (2018) concludes that “American farmers as a group, supplying land, labor,

and managerial inputs used in agriculture, have been made worse off by the changes in technology

that transformed America agriculture.” This conclusion is drawn partly from the lack of evidence

that demand elasticities are large enough to allow farmers to capture the benefits of improving

productivity and partly from the fact that farming has not become more profitable over time even

though agricultural productivity has increased substantially. Real net farm income in the U.S. has

remained relatively constant at about $60 billion per year (in 2009 dollars) over the past 90 years; it

has declined from 50% of the value of agricultural production in the 1930s to around 20% currently.

Global population and incomes have soared over this period fueling the demand for agricultural

products which, all else equal, would have increased the returns to farming. The fact that net

income in the agricultural sector has remained stagnant implies that farmers as a whole are net

30First, Muller and Mendelsohn use nationwide NOx emissions from all sources in the 2002 EPA National Emissions
Inventory, whereas we use NOx emissions from power plants in the eastern U.S. that lie within a 100-mile radius
from the centroids of counties growing corn and soybeans. In 2002, nationwide emissions due to fuel combustion
from electric utilities accounted for about 20% of all NOx emissions. Second, Muller and Mendelsohn include a wide
variety of crops, whereas we focus on corn and soybeans. Based on the 2002 USDA summary of crop values, corn and
soybeans accounted for approximately 66% of the value of the crops they use. Third, they use 2002 prices of $2.25
for corn and $5.19 for soybeans (see Table 10 in their Appendix), whereas we use 2014–2016 prices of $3.59/bushel
and $9.51/bushel. Finally, U.S. production of corn and soybeans in 2002 was 8.97 and 2.76 billion bushels, whereas
in 2014–16 the average U.S. production was 14.05 and 4.04 billion bushels.
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losers from increasing agricultural productivity.

Although numerous elasticity estimates exist in the literature, most are not suitable for the purpose

of assessing the incidence of a yield improvement coming from a simultaneous long-run productivity

shock to corn and soybeans in the U.S. Some papers in the literature generate estimates based on

short-run shocks, some estimate the response of supply or demand of one crop holding the price

of the others constant, and others estimate elasticities that apply at a global or regional scale.

We need both supply and demand elasticities for U.S. production because the price effect of a a%

production increase equals a/(ηs − ηd), where ηs denotes the supply elasticity and ηd denotes the

demand elasticity. We refer to η = ηd − ηs as a net demand elasticity. We present in columns (9)

and (10) of Tables 8 and 9 estimates of the change in revenue based on two different net demand

elasticities: -0.40 and -0.49, respectively.

We obtain the low net demand elasticity of -0.40 from Carter et al. (2017b), who use a vector

autoregression to estimate the effect on corn prices of the increase in corn demand induced by

federal ethanol policy beginning in 2006. Their model accounts separately for short- and long-run

shocks and thus is useful for estimating the price effect of a long-run yield increase caused by a

permanent reduction in NOx emissions. According to Carter et al., a permanent 1.3 billion bushel

increase in corn demand—about 12% of 2005 production—raised prices by 30%, which implies a

net demand elasticity of −0.12/0.30 = −0.40. Their model does not include soybeans. However,

given that corn and soybeans are substitutes in production and, to a lesser extent, in consumption,

shocks to these markets tend to be highly correlated. Thus, we use −0.4 as the low elasticity value

for both crops.

Our high elasticity estimate of -0.49 is based on a modified version of Roberts and Schlenker (2013),

who estimate the global demand and supply elasticities for a calorie-weighted index of corn, wheat,

soybeans and rice. Using their publicly available code and data from the American Economic

Review website, we limited their sample to corn and soybeans for the U.S. only and estimated the

same models as in their Table 1. Thus, we obtained demand and supply elasticities for an index

of U.S. corn and soybeans. We used the instrumental variables estimates for the model with four

knots in the cubic spline trend and obtained a supply elasticity of 0.295 and a demand elasticity of

-0.196, which imply a net demand elasticity of η = ηd − ηs = −0.196− 0.295 = −0.49.31

The supply elasticity estimate is very similar to Hendricks et al. (2014), who use field-level data

from satellite imaging to estimate the elasticity of corn and soybean supply in Iowa, Illinois, and

Indiana. They obtain long-run elasticities of 0.3. The demand estimate is somewhat smaller than

others in the literature, but prior papers typically include storage as a source of demand and they

use short-run price shocks for identification. Firms can mitigate short-run price shocks by adjusting

inventory, which implies that inventory demand is very elastic with respect to short-run shocks.

However, firms cannot mitigate long-run shocks through inventory management. For example,

31Table A24 presents these regression results in full.
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Adjemian and Smith (2012) estimate elasticities of total demand for corn and soybeans equal to

−0.8 and −1.0, respectively, but they present evidence that the elasticities are much smaller when

inventory levels are low because consumption is the only available margin of adjustment.

Columns (9) and (10) of Tables 8 and 9 show the estimated change in farm revenue under the two

elasticity assumptions, which we compute for each state s as follows:

∆revs = acress × yields × prices × 0.01×
(

%∆yields +
a

η

)
, (6)

where a ∈ {2.53, 1.66} is the national percentage change in yield for each crop and η ∈ {−0.40,−0.49}
is the net demand elasticity. Under the low elasticity assumption, we see that farmers lose revenue

in all states with the largest losses accruing to states with high production and relatively small

yield improvements such as Iowa. Total farm revenue losses across the two crops in this case are

$2.87 billion per year. Given that the estimated total value of the yield improvements is $1.93

billion, this result implies that consumers of corn and soybeans obtain 250% of the value of the

yield improvements and farmers obtain −150%. Farmers also lose revenue in all states under the

high elasticity assumption with farmers in Iowa and Illinois experiencing the biggest losses. Total

farm revenues lost across the two crops are now $1.98 billion per year. Hence, from the value of

the yield improvements of $1.93 billion consumers obtain 200% and farmers obtain -100% of the

yield improvements.

As a final remark, a case can be made for a larger net demand elasticity than assumed here.

Econometric methods may under-estimate the elasticity with respect to long-run shocks because

samples are too short and long-run shocks too infrequent to properly identify their effects. Moreover,

U.S. corn and soybean farmers compete in a global market, which implies that export markets can

absorb fluctuations in U.S. production without substantial price impacts. The U.S. exports about

15% of its corn crop and 50% of its soybean crop annually. Net demand elasticities greater than

one would imply substantial gains to farmers from the reduction in NOx emissions, especially those

within 100 miles of a power plant. However, such high elasticities appear difficult to justify given

the available empirical evidence.

7 Conclusions

The advent of fracking, along with various policy measures and the declining cost of renewables,

has caused dramatic a reduction in the amount of coal used in electricity generation. The resulting

reduction in pollution has had widespread effects on human health and welfare. In this paper, we

study the effects of the decrease in NOx emissions from power plants on agricultural productivity.

We find substantial effects, and we validate the causal channel through which they occur—lower

NOx implies lower ground-level ozone, which accelerates photosynthesis and increases crop yields.

Over the 8-year period from 2003-05 to 2011-13, average corn yields increased by an estimated
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2.53% and soybean yields by 1.66% in response to the observed changes in NOx emissions from

power plants. These increases constitute total benefits across the two commodities of $1.93 billion

annually. Drawing on the agricultural productivity literature, we conclude that the agricultural

benefits of this productivity improvement accrue to consumers and, because the demand for corn

and soybeans is quite inelastic, it likely makes farmers worse off.

Muller et al. (2011) estimate gross environmental damages from coal-fired electricity production

of $53.4 billion per year in 2000 prices. NOx emissions account for $3.34 billion of this amount,

with the remainder stemming from human health effects. Our estimates, constitute the effects of

power plant NOx emissions on the two most important agricultural crops in the midwestern U.S.,

but these crops are only a small fraction of the biomass in this area. Thus, to the extent that

reducing NOx emissions and ozone levels speeds up photosynthesis in other plants, the spillovers

have a much larger scope than corn and soybeans. Although these effects are hard to value and

may include negatives such as weed growth, we believe that reducing NOx emissions from power

plants can be beneficial not only for human morbidity and mortality but also for agriculture.
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8 Figures

Figure 1: Crop yields and NOx emissions

0

20

40

60

80

100

120

140

160

180

to
ns

 (0
00

s)

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

(a) NOx emissions, corn

0

50

100

150

200

250

bu
sh

el
s/

ac
re

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

(b) yields, corn

0

20

40

60

80

100

120

140

160

180

to
ns

 (0
00

s)

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

(c) NOx emissions, soybeans

0

10

20

30

40

50

60

70

bu
sh

el
s/

ac
re

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

(d) yields, soybeans

Note: The data points in all four plots are county-year combinations. We report total cumulated
NOx emissions within a 100-mile radius from the county centroids calculated following the approach
in Section 3. Panels (a) and (b) pertain to counties growing corn. Panels (c) and (d) pertain to
counties growing soybeans.

Return to Section 4.3
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Figure 2: Crop yields and NOx emissions, robustness checks

-1.2
-1.1
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

BENCH PRIC MARC OZON TP10 ANSC NO12 EPAT CLUS

(a) corn, unbalanced panel

-1.2
-1.1
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

BENCH PRIC MARC OZON TP10 ANSC NO12 EPAT CLUS

(b) corn, balanced panel

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

BENCH PRIC MARC OZON TP10 ANSC NO12 EPAT CLUS

(c) soybeans, unbalanced panel

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

BENCH PRIC MARC OZON TP10 ANSC NO12 EPAT CLUS

(d) soybeans, balanced panel

Note: The mnemonics on the horizontal axis correspond to the various robustness checks discussed
in detail in Section 4.5. With the exception of EPAT, we use the specification with county-specific
trends and show the NOx coefficients and the associated 95% confidence intervals. The dashed
lines indicate the 95% confidence intervals for the NOx coefficient in columns A8 (corn) and B8
(soybeans) of Table 2 for the unbalanced panel and Table A4 for the balanced panel. The confidence
intervals are constructed using standard errors clustered by USDA agricultural district. Panels (a)
and (b) pertain to counties growing corn. Panels (c) and (d) pertain to counties growing soybeans.

Return to Section 4.5
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Figure 3: Crop yields and ozone pollution, counties growing corn
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Note: The data points in all four plots are county-year combinations. The kernel density plots
show the conditional distributions of the crop yields for each quartile of the distribution of ozone
pollution. We show the average of the 8-hour daily max ozone concentration within a 100-mile
radius from the county centroids that is calculated following the approach in Section 3.

Return to Section 5.2.2
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Figure 4: Crop yields and ozone pollution, counties growing soybeans
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Note: The data points in all four plots are county-year combinations. The kernel density plots
show the conditional distributions of the crop yields for each quartile of the distribution of ozone
pollution. We show the average of the 8-hour daily max ozone concentration within a 100-mile
radius from the county centroids that is calculated following the approach in Section 3.

Return to Section 5.2.2
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9 Tables

Table 1: Top crop producing states 2003–2013

state
Percentage

corn soybeans coal CO2 NOx SO2

AR 0.595 3.868 1.403 1.430 1.340 1.021

IA 18.233 15.085 2.179 1.762 1.908 1.535

IL 16.198 14.167 5.088 4.327 3.433 3.475

IN 7.350 8.207 6.032 4.992 5.671 7.511

KS 3.855 3.557 1.833 1.728 2.234 1.181

MN 10.013 9.219 1.701 1.537 1.983 0.941

MO 3.174 6.254 4.015 3.466 3.362 3.228

ND 1.989 3.811 1.649 1.492 2.308 1.674

NE 11.673 7.614 1.226 1.108 1.486 0.985

OH 4.203 6.666 6.272 5.398 6.764 10.653

SD 4.702 4.784 0.174 0.158 0.468 0.172

WI 3.588 2.106 2.305 2.093 1.753 1.799

Total 85.573 85.338 33.877 29.491 32.710 34.174

Note: The table shows the percentage of corn and soybean production in bushels that states in
the leftmost column account for. It also shows the percentage of coal consumption (MMBtu) for
electricity generation that plants located in the state account for. Finally, it shows the percentage
of carbon dioxide (CO2), nitrogen oxides (NOx), and sulfur dioxide (SO2) emissions from electric
utilities, that plants in the states account. The crop production data are from the U.S. Department
of Agriculture (USDA) National Agricultural Statistics Service (NASS). The data on coal consump-
tion are from the Monthly Energy Review of the U.S. Energy Information Administration (EIA).
The data on emissions are from the U.S. Environmental Protection Agency (EPA) Continuous
Emission Monitoring System (CEMS).

Return to Section 1
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Table 2: Crop yields and NOx emissions

A. corn

Without weather controls With weather controls

(A1) (A2) (A3) (A4) (A5) (A6) (A7) (A8)

NOx -0.1040∗∗∗ -0.0966∗ -0.2976∗∗∗ -0.4497∗∗∗ -0.3225∗∗∗ -0.0383 -0.2510∗∗∗ -0.3721∗∗∗

(0.0380) (0.0498) (0.0561) (0.0916) (0.0324) (0.0515) (0.0501) (0.0691)

Moderate heat 1.7801 1.8581 5.4127 6.0699

(5.9007) (5.8451) (5.3070) (5.6084)

Extreme heat -36.7926∗∗∗ -40.8110∗∗∗ -41.4702∗∗∗ -41.1446∗∗∗

(4.1820) (4.0793) (3.6967) (3.9856)

Precip. 94.5057∗∗∗ 83.7734∗∗∗ 88.4199∗∗∗ 93.5231∗∗∗

(17.2578) (17.7433) (17.8418) (19.5518)

Precip. Sq -62.5746∗∗∗ -57.6018∗∗∗ -59.0501∗∗∗ -62.2809∗∗∗

(13.0589) (13.4186) (13.4295) (14.7690)

R-squared 0.0016 0.0016 0.0598 0.1577 0.2823 0.2998 0.3533 0.4339

Observations 17,274 17,274 17,274 17,274 17,274 17,274 17,274 17,274

Counties 1,858 1,858 1,858 1,858 1,858 1,858 1,858 1,858

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

B. soybeans

Without weather controls With weather controls

(B1) (B2) (B3) (B4) (B5) (B6) (B7) (B8)

NOx -0.1045∗∗∗ -0.0152 -0.0500∗∗∗ -0.0915∗∗∗ -0.1444∗∗∗ -0.0000 -0.0375∗∗∗ -0.0699∗∗∗

(0.0136) (0.0156) (0.0151) (0.0242) (0.0130) (0.0120) (0.0116) (0.0180)

Moderate heat 16.3407∗∗∗ 16.1358∗∗∗ 16.2933∗∗∗ 16.5833∗∗∗

(1.4759) (1.4126) (1.4670) (1.5504)

Extreme heat -13.2173∗∗∗ -15.5220∗∗∗ -15.4432∗∗∗ -15.2759∗∗∗

(0.9534) (0.9592) (1.0039) (1.0903)

Precip. 52.2279∗∗∗ 47.6179∗∗∗ 47.2033∗∗∗ 48.5534∗∗∗

(4.0696) (3.8842) (3.9941) (4.3051)

Precip. Sq -32.3131∗∗∗ -30.3188∗∗∗ -29.9059∗∗∗ -30.6653∗∗∗

(2.7827) (2.7205) (2.7774) (2.9819)

R-squared 0.0190 0.0375 0.0723 0.1538 0.2804 0.3298 0.3505 0.4169

Observations 15,860 15,860 15,860 15,860 15,860 15,860 15,860 15,860

Counties 1,693 1,693 1,693 1,693 1,693 1,693 1,693 1,693

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a
common linear trend. The models in columns (3) and (7) also include state-specific linear trends.
The columns in models (4) and (8) also county-specific linear trends. The standard errors are
clustered by USDA agricultural district. The asterisks denote statistical significance as follows:
10%(*), 5%(**), 1%(***).

Return to Section 4.3

33



Table 3: Crop yields and NOx emissions: marginal effects, corn

(I). No interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.7059 0.1481 -4.7656 -0.7059 0.1481 -4.7656

100 -0.3721 0.0691 -5.3870 -0.3721 0.0691 -5.3870

200 -0.1430 0.0203 -7.0595 -0.1430 0.0203 -7.0595

(II). Interactions with distance only

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.7033 0.1499 -4.6923 -0.7039 0.1494 -4.7102

100 -0.3727 0.0690 -5.4011 -0.3729 0.0691 -5.3955

200 -0.1421 0.0195 -7.3045 -0.1417 0.0192 -7.3815

(III). Full set of interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.7761 0.1734 -4.4752 -0.7487 0.1784 -4.1960

100 -0.3668 0.0844 -4.3453 -0.4548 0.0845 -5.3829

200 -0.1553 0.0350 -4.4426 -0.1462 0.0370 -3.9565

Note: The table shows the effect of an increase in NOx emissions by 1,000 tons on corn yields.
We report effects for counties that are upwind and downwind separately. The former (latter) are
counties for which the cosine of the difference between the wind direction at the power plants and
the direction in which the county is located is positive (negative). The effects shown in each of the
three panels are based on the models in Table A8. In panels II and III, we evaluate the effects at the
means of the variables interacted with NOx emissions (e.g., mean distance, mean wind speed, etc.).
The standard errors are calculated using the delta method and are clustered by USDA agricultural
district.

Return to Section 4.4
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Table 4: Crop yields and NOx emissions: marginal effects, soybeans

(I). No interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.1248 0.0480 -2.6022 -0.1248 0.0480 -2.6022

100 -0.0699 0.0180 -3.8811 -0.0699 0.0180 -3.8811

200 -0.0371 0.0076 -4.8831 -0.0371 0.0076 -4.8831

(II). Interactions with distance only

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.1250 0.0473 -2.6426 -0.1250 0.0474 -2.6375

100 -0.0699 0.0178 -3.9208 -0.0700 0.0178 -3.9276

200 -0.0384 0.0075 -5.1474 -0.0393 0.0076 -5.1641

(III). Full set of interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 -0.1589 0.0558 -2.8468 -0.0871 0.0630 -1.3833

100 -0.1228 0.0238 -5.1506 -0.0049 0.0298 -0.1643

200 -0.0761 0.0092 -8.2428 0.0173 0.0118 1.4740

Note: The table shows the effect of an increase in NOx emissions by 1,000 tons on soybean yields.
We report effects for counties that are upwind and downwind separately. The former (latter) are
counties for which the cosine of the difference between the wind direction at the power plants and
the direction in which the county is located is positive (negative). The effects shown in each of the
three panels are based on the models in Table A9. In panels II and III, we evaluate the effects at the
means of the variables interacted with NOx emissions (e.g., mean distance, mean wind speed, etc.).
The standard errors are calculated using the delta method and are clustered by USDA agricultural
district.

Return to Section 4.4
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Table 5: Ozone pollution and NOx emissions

50-mile radius 100-mile radius 200-mile radius

(I) (II) (III) (I) (II) (III) (I) (II) (III)

NOx 0.3235∗∗∗ 0.2101∗ 1.4925∗ 0.2374∗∗∗ 0.2718∗∗∗ 0.8442∗∗∗ 0.1235∗∗∗ 0.1315∗∗∗ 0.6246∗∗∗

(0.0388) (0.1203) (0.7796) (0.0169) (0.0491) (0.2823) (0.0055) (0.0217) (0.1123)

NOx × Distance 0.0035 0.0026 -0.0005 0.0016 -0.0001 -0.0010

(0.0036) (0.0223) (0.0007) (0.0041) (0.0002) (0.0008)

NOx × Angleu -0.4350 -0.0429 0.2267

(1.1289) (0.4328) (0.1723)

NOx × Angled -0.4037 0.0426 0.0399

(1.1653) (0.4521) (0.1816)

NOx × Speed -0.4170∗ -0.1869∗∗ -0.1531∗∗∗

(0.2506) (0.0905) (0.0363)

NOx × Distance × Angleu 0.0234 0.0102∗ -0.0001

(0.0327) (0.0061) (0.0012)

NOx × Distance × Angled 0.0129 -0.0042 -0.0007

(0.0333) (0.0065) (0.0013)

NOx × Distance × Speed -0.0000 -0.0009 0.0001

(0.0071) (0.0013) (0.0003)

NOx × Angleu × Speed 0.1158 0.0275 -0.0539

(0.3721) (0.1405) (0.0567)

NOx × Angled × Speed 0.1307 0.0029 0.0150

(0.3793) (0.1486) (0.0606)

NOx × Dist. × Angleu × Speed -0.0068 -0.0039∗ -0.0004

(0.0107) (0.0020) (0.0004)

NOx × Dist. × Angleu × Speed -0.0043 0.0003 -0.0004

(0.0108) (0.0021) (0.0004)

R-squared 0.6255 0.6255 0.6279 0.6393 0.6393 0.6463 0.6784 0.6784 0.6924

Observations 62,775 62,775 62,775 85,889 85,889 85,889 91,908 91,908 91,908

Counties 1,662 1,662 1,662 1,865 1,865 1,865 1,900 1,900 1,900

F-stat(joint sig.) 69.42 34.86 22.59 197.54 99.39 103.88 511.56 258.46 235.33

p-value (joint sig.) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Note: We report the estimates for three specifications for assumed radii of 50, 100, and 200 miles. All specifications
include county fixed effects, year fixed effects, month fixed effects for each month during the ozone season (May–
September), and weather-related variables, their squares, and interactions as discussed in Section 5.1.2. The
standard errors are clustered by county. The bottom of the table contains the p-value for an F statistic for joint
significance tests that pertain to the NOx-related variables.

Return to Section 5.1.2
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Table 6: Ozone pollution and NOx emissions: marginal effects

(I). No interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 0.3235 0.0388 8.3316 0.3235 0.0388 8.3316

100 0.2374 0.0169 14.0547 0.2374 0.0169 14.0547

200 0.1235 0.0055 22.6176 0.1235 0.0055 22.6176

(II). Interactions with distance only

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 0.3262 0.0391 8.3355 0.3251 0.0390 8.3460

100 0.2370 0.0169 14.0050 0.2368 0.0169 13.9871

200 0.1234 0.0055 22.4986 0.1233 0.0055 22.2879

(III). Full set of interactions

downwind upwind

distance effect s.e. t-stat effect s.e. t-stat

50 0.2742 0.0467 5.8695 0.2572 0.0476 5.4053

100 0.2676 0.0215 12.4532 0.1072 0.0202 5.3184

200 0.1772 0.0079 22.4036 -0.0076 0.0071 -1.0823

Note: The table shows the effect of a 1,000-ton increase in NOx emissions on ozone pollution.
We report effects for counties that are upwind and downwind separately. The former (latter) are
counties for which the cosine of the difference between the wind direction at the power plants and
the direction in which the county is located is positive (negative). The effects shown in each of the
three panels are based on the models in Table 5. In panels II and III, we evaluate the effects at
the means of the variables interacted with NOx emissions (e.g., mean distance, mean wind speed,
etc.). The standard errors are calculated using the delta method and are clustered by county.

Return to Section 5.1.2
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Table 7: Crop yields and ozone pollution

A. corn

Without weather controls With weather controls

(A1) (A2) (A3) (A4) (A5) (A6) (A7) (A8)

NOx -3.2222∗∗∗ -3.3343∗∗∗ -3.2944∗∗∗ -3.3883∗∗∗ -1.3253∗∗∗ -1.0032∗∗∗ -0.6567∗∗∗ -0.6155∗∗

(0.2075) (0.2086) (0.2214) (0.2669) (0.2095) (0.2289) (0.2295) (0.2826)

Moderate heat 26.6684∗∗∗ 23.8977∗∗∗ 23.3332∗∗∗ 27.7758∗∗∗

(6.8251) (6.7960) (7.0419) (8.0467)

Extreme heat -42.0073∗∗∗ -46.4231∗∗∗ -48.5870∗∗∗ -50.6741∗∗∗

(4.4661) (4.9925) (5.0236) (5.9981)

Precip. 119.5373∗∗∗ 114.8971∗∗∗ 123.5704∗∗∗ 146.4016∗∗∗

(22.9986) (23.4841) (25.0946) (28.8636)

Precip. Sq -85.6469∗∗∗ -83.1893∗∗∗ -87.2723∗∗∗ -102.7602∗∗∗

(16.8022) (17.2055) (18.0813) (20.9440)

R-squared 0.1910 0.2044 0.2491 0.3755 0.3649 0.3714 0.4128 0.5205

Observations 9,716 9,716 9,716 9,716 9,716 9,716 9,716 9,716

Counties 1,637 1,637 1,637 1,637 1,637 1,637 1,637 1,637

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

B. soybeans

Without weather controls With weather controls

(B1) (B2) (B3) (B4) (B5) (B6) (B7) (B8)

NOx -0.7266∗∗∗ -0.7123∗∗∗ -0.7118∗∗∗ -0.7409∗∗∗ -0.3509∗∗∗ -0.1323∗∗ -0.1044 -0.1219

(0.0625) (0.0638) (0.0651) (0.0755) (0.0696) (0.0658) (0.0756) (0.0919)

Moderate heat 18.3386∗∗∗ 16.0634∗∗∗ 15.6375∗∗∗ 16.4569∗∗∗

(1.9347) (1.8210) (1.9036) (2.0962)

Extreme heat -11.7538∗∗∗ -15.5490∗∗∗ -15.6120∗∗∗ -16.1714∗∗∗

(0.9567) (1.2358) (1.3471) (1.6407)

Precip. 51.4493∗∗∗ 49.1884∗∗∗ 48.5012∗∗∗ 49.4866∗∗∗

(5.9004) (5.8945) (5.9649) (7.0465)

Precip. Sq -32.7304∗∗∗ -31.8299∗∗∗ -31.4400∗∗∗ -32.0271∗∗∗

(3.7561) (3.7941) (3.7718) (4.4214)

R-squared 0.1244 0.1286 0.1809 0.3044 0.2889 0.3316 0.3572 0.4604

Observations 9,048 9,048 9,048 9,048 9,048 9,048 9,048 9,048

Counties 1,513 1,513 1,513 1,513 1,513 1,513 1,513 1,513

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a
common linear trend. The models in columns (3) and (7) also include state-specific linear trends.
The columns in models (4) and (8) also county-specific linear trends. The standard errors are
clustered by USDA agricultural district. The asterisks denote statistical significance as follows:
10%(*), 5%(**), 1%(***).

Return to Section 5.2.2
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Table 8: Gains in crop value from reduced NOx emissions: corn

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
rank state acres yield price ∆ yield %∆ yield ∆ value ∆ revL ∆ revH

1 IA 13.283 191.05 3.53 2.53 1.32 118.337 -340.021 -234.991
2 IL 11.567 190.72 3.62 6.94 3.64 290.339 -303.195 -209.540
3 MN 7.712 179.31 3.41 4.54 2.53 119.595 -179.344 -123.946
4 NE 9.217 180.64 3.56 2.44 1.35 80.138 -225.481 -155.832
5 IN 5.573 170.64 3.74 6.69 3.92 139.576 -135.234 -93.461
6 SD 5.100 156.69 3.28 0.88 0.56 14.757 -99.599 -68.833
7 OH 3.343 162.93 3.76 8.74 5.36 109.812 -77.788 -53.760
8 WI 3.110 166.17 3.48 5.33 3.21 57.744 -68.340 -47.230
9 MO 3.320 164.31 3.52 5.71 3.47 66.683 -72.921 -50.396
10 MI 2.107 160.04 3.58 4.25 2.66 32.037 -45.808 -31.658
11 KS 4.213 145.97 3.56 5.53 3.79 82.830 -83.130 -57.451
12 ND 2.787 138.52 3.25 0.48 0.34 4.321 -47.632 -32.919
13 KY 1.380 162.77 3.84 11.06 6.79 58.623 -32.784 -22.657
14 PA 0.973 143.61 3.97 3.41 2.38 13.192 -21.097 -14.581
15 MS 0.565 174.04 3.99 1.06 0.61 2.387 -14.916 -10.308
16 NC 0.817 125.19 4.18 2.91 2.33 9.954 -16.250 -11.230
17 TN 0.800 159.69 3.79 6.87 4.30 20.802 -18.379 -12.702
18 TX 2.113 136.38 4.13 1.08 0.79 9.427 -45.178 -31.223
19 LA 0.435 172.42 3.95 1.44 0.83 2.463 -11.238 -7.766
20 NY 0.582 140.82 3.99 1.60 1.13 3.711 -12.436 -8.594
21 AR 0.545 181.04 4.00 1.34 0.74 2.925 -14.963 -10.341
22 MD 0.403 163.94 3.78 8.16 4.98 12.458 -9.505 -6.569
23 GA 0.312 168.49 3.97 2.19 1.30 2.711 -7.913 -5.469
24 VA 0.330 150.88 3.90 4.99 3.31 6.418 -7.371 -5.094
25 SC 0.297 113.92 3.88 6.54 5.74 7.538 -4.987 -3.447
26 AL 0.282 140.98 3.66 6.91 4.90 7.117 -5.519 -3.814
27 DE 0.165 187.44 3.79 8.19 4.37 5.126 -4.458 -3.081
28 OK 0.297 132.68 3.81 1.93 1.45 2.188 -5.715 -3.950
29 NJ 0.074 149.92 3.74 5.68 3.79 1.571 -1.575 -1.089
30 WV 0.035 147.35 3.79 9.01 6.11 1.207 -0.750 -0.518

ALL 81.737 171.92 3.59 4.35 2.53 1285.988 -1913.525 -1322.450

Note: We report average yield, average annual total acres, and average prices for each state for
2014–2016 in (3)–(5). The yields and prices are weighted by acres harvested. The change in yield
in (6) is calculated as β̂ × (x1 − x0), where β̂ is the coefficient of NOx emissions in column A8 of
Table 2, x1 is a weighted average of NOx emissions for counties in the state for 2011–2013, and x0
is a weighted average of NOx emissions for counties in the state for 2003–2005. In both case, we
use acres harvested as weights. The percentage change in yield in (7) is equal to the change yield in
(6) divided by the average yield in (4). The change in revenue in (8) equals the change in yield in
(6) times the acres in (3) times the price in (5). Columns (9) and (10) show estimated changes in
revenue computed using equation (6) in the text. Column (9) assumes a low net demand elasticity
and column (10) assumes a high net demand elasticity discussed in more detail in Section 6. The
states are ordered in term of total production for 2003–2013. The acres and dollars are in millions.
The yield is in bushels per acre and the price is in dollars per bushel.

Return to Section 6
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Table 9: Gains in crop value from reduced NOx emissions: soybeans

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
rank state acres yield price ∆ yield %∆ yield ∆ value ∆ revL ∆ revH

1 IA 9.673 55.95 9.43 0.48 0.85 43.457 -126.956 -87.740
2 IL 9.847 57.02 9.75 1.41 2.47 135.409 -136.241 -94.157
3 MN 7.384 48.18 9.33 0.68 1.41 46.942 -82.619 -57.099
4 IN 5.527 54.36 9.69 1.26 2.32 67.503 -72.435 -50.060
5 NE 5.250 57.63 9.23 0.55 0.96 26.851 -69.496 -48.029
6 OH 4.757 52.35 9.71 1.56 2.99 72.232 -60.169 -41.583
7 MO 5.200 45.67 9.62 1.02 2.22 50.824 -56.867 -39.301
8 SD 5.118 46.90 9.03 0.17 0.35 7.675 -53.942 -37.279
9 AR 3.092 48.75 10.01 0.25 0.52 7.877 -37.540 -25.944
10 ND 5.827 36.29 9.02 0.08 0.22 4.244 -47.453 -32.795
11 KS 3.943 40.72 9.21 1.17 2.88 42.554 -36.810 -25.440
12 MI 2.020 47.46 9.50 0.84 1.77 16.082 -22.660 -15.660
13 MS 2.153 48.68 10.20 0.22 0.46 4.896 -26.608 -18.389
14 WI 1.870 49.66 9.37 1.02 2.06 17.896 -21.649 -14.961
15 KY 1.780 48.84 9.87 2.08 4.26 36.547 -21.345 -14.752
16 NC 1.707 35.68 9.59 0.58 1.62 9.438 -14.534 -10.045
17 TN 1.653 45.67 9.88 1.16 2.55 18.986 -18.564 -12.829
18 LA 1.325 48.69 10.20 0.29 0.60 3.970 -16.370 -11.314
19 PA 0.555 45.73 9.36 0.65 1.42 3.378 -5.911 -4.085
20 VA 0.615 36.61 9.36 0.80 2.19 4.603 -5.240 -3.621
21 MD 0.512 42.48 9.40 1.52 3.58 7.311 -5.084 -3.514
22 SC 0.405 31.08 9.55 1.31 4.21 5.054 -2.990 -2.067
23 NY 0.307 42.78 9.44 0.33 0.78 0.960 -3.083 -2.131
24 AL 0.457 37.96 9.65 1.44 3.79 6.347 -4.164 -2.878
25 DE 0.173 43.12 9.41 1.55 3.60 2.526 -1.746 -1.207
26 OK 0.391 29.24 9.39 0.37 1.27 1.359 -2.669 -1.845
27 GA 0.280 38.25 10.03 0.54 1.40 1.508 -2.675 -1.848
28 NJ 0.101 37.36 9.32 1.15 3.07 1.083 -0.878 -0.607
29 TX 0.099 30.31 9.19 0.25 0.83 0.228 -0.684 -0.472
30 WV 0.026 49.50 9.38 1.55 3.12 0.377 -0.300 -0.208

ALL 82.045 49.27 9.51 0.82 1.66 648.116 -957.682 -661.860

Note: We report average yield, average annual total acres, and average prices for each state for
2014–2016 in (3)–(5). The yields and prices are weighted by acres harvested. The change in yield
in (6) is calculated as β̂ × (x1 − x0), where β̂ is the coefficient of NOx emissions in column B8 of
Table 2, x1 is a weighted average of NOx emissions for counties in the state for 2011–2013, and x0
is a weighted average of NOx emissions for counties in the state for 2003–2005. In both case, we use
acres harvested as weights. The percentage change in yield in (7) is equal to the change yield in (6)
divided by the average yield in (4). The change in revenue in (8) is equal to the change in yield in
(6) times the acres in (3) times the price in (5). Columns (9) and (10) show estimated changes in
revenue computed using equation (6) in the text. Column (9) assumes a low net demand elasticity
and column (10) assumes a high net demand elasticity discussed in more detail in Section 6. The
states are ordered in term of total production for 2003–2013. The acres and dollars are in millions.
The yield is in bushels per acre and the price is in dollars per bushel.

Return to Section 6
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A.1 NOx Emissions and Crop Yields: Flexible Functional Form

To investigate potential nonlinearities, we modeled the relationship between crop yields and NOx

emissions using a cubic spline function with knots at the 25th (8,300 tons) and 75th percentiles

(30,000 tons) of the NOx distribution. Figure A3 shows spline-based effects for NOx emissions.

These are plots of the NOx effects for the specification with county-specific trends as in columns

A8 and B8 of Table 2. We plot the decrease in yield due to an increase in NOx emissions by 8,700

tons and we present results for yields in levels and logs for both crops.

When the yields are in levels, the spline-based effects for corn exhibit a mild increasing pattern as

a function of NOx emissions implying a decrease in yields of 2.44–3.25% when significant at 5%,

which is the case for NOx emissions exceeding 22,000 tons. However, the point estimates of these

spline-based effects fall inside the 95% confidence interval of their counterpart for the constant

effect of 2.49%. The spline-based effects for soybeans are significant at 5% and fall outside the 95%

confidence interval of their counterpart for the constant effect (1.52%) for NOx emissions exceeding

21,000 tons. These spline-based effects are essentially constant implying a decrease in yields of

2.96%–3.06%.

When the yields are in logs, the spline-based effects for corn are significant at 5% for NOx emissions

exceeding 18,000 tons and fall inside the 95% confidence interval of their counterpart for the constant

effect of 3.10%. The spline-based effects for soybeans are also significant at 5%. This time, the

spline-based effects fall outside the 95% confidence interval of their counterpart for the constant

effect of 1.24% for NOx values between 17,000 and 22,000 tons. As it was the case for the yields in

levels, the spline-based effects exhibit a declining pattern for NOx emissions in this range implying

a decrease in yields between 3.60% and 5.17%.

A.2 Robustness of Pollution and Emissions Results

In this section, we explore the robustness of our findings regarding the effects of power plant NOx

emissions on ozone pollution in Table 5 and Table 6. We provide a summary of the NOx effects for

most of robustness checks in Figures A4–A6. Following the same approach as for the robustness

checks discussed before, we use a series of mnemonics to refer to the various robustness checks with

benchmark (BENCH) referring to the effects in Table 6. Furthermore, we discuss more extensively

the effects for downwind counties in the case of the 100-mile radius.

Volatile Organic Compounds. Because the initial atmospheric concentrations and correspond-

ing emissions of volatile organic compounds (VOCs) and NOx are not directly proportional to the

maximum ozone concentration ultimately formed, it is important to know the maximum amount

of ozone that can form from a given initial mixture of VOCs and NOx. In the early 1950s, at-

mospheric scientists first plotted maximum ozone concentrations as a function of initial VOC and

NOx concentrations as in Figure A7. The level curves in this graph are known as isoplethes and
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show combinations of initial ozone precursor concentrations that imply the same levels of ozone.

The location of a point on an ozone isopleth determines how reductions in VOC and NOx affect

ozone concentrations. Rural areas or suburban areas downwind of major cities are NOx limited.

They are characterized by high VOC/NOx ratios as the ones to the right of the red ridge line in

Figure A7 that corresponds to a VOC/NOx ratio of 8. For NOx-limited areas, a reduction in NOx

leads to a reduction in ozone. Polluted urban areas are VOC limited. They are characterized by

low VOC/NOx ratios as the one to the left of the ridge line in Figure A7. In this case, the shape of

the isopleths is such that a reduction in NOx may increase (e.g., isopleths with ozone concentration

of 24 ppb or less) or decrease (e.g., isopleths with ozone concentration of 30 ppb or more) ozone.

It is also possible that a decrease in NOx may have no effect on ozone concentration. This is, for

example, the case for VOC/NOx ratios less than 4.

Although EPA maintains a network of VOC and NOx monitors around the country, which could

allow us to calculate VOC/NOx ratios for the counties in our sample, the network is not very dense

and would entail a large decrease in our sample sizes if we were to classify counties as NOx- or

VOC-limited based on the VOC/NOx ratios, especially for the shorter radii. For this reason, we

follow one of the two approaches in Deschenes et al. (2017). In particular, the occurrence of higher

ozone concentrations on weekends than on weekdays has been noted for many years and in a variety

of locations. Areas where ozone formation is VOC-limited tend to exhibit higher peak ozone on the

weekends due to the more pronounced weekend reduction of NOx than VOC emissions (Blanchard

and Fairley (2001)). The rich ozone data we have allow us to calculate the average weekend and

weekday concentrations during the ozone season for each county in our sample for 2003–2013; that

is, these average concentrations exhibit only spatial variation. Following this “weekend/weekday”

approach, if the average weekend ozone concentration is higher (lower) than the average weekday

concentration during the ozone season the county is classified as VOC- (NOx-) limited.

Table A19 shows the NOx coefficients and the associated standard errors in specification I of Table 5

when we allow for different slope coefficients for NOx- and VOC-limited counties.32 The bottom

of the table indicates that more than 80% of the counties in our sample are NOx-limited. The

effects of NOx emissions on ozone pollution are positive and significant at 1% for both NOx- and

VOC-limited counties for all three radii. In particular, the effects for the NOx-limited counties are

comparable to the benchmark ones in column (I) of Table 5. The effect for the 200-mile radius

is smaller than its benchmark counterpart. For the VOC-limited counties, the effects are larger

than the benchmark ones, especially for the 200-mile radius, and fall outside their 95% confidence

intervals. They also fall outside the 95% confidence interval of the NOx-limited effects except for

the 50-mile radius.

The remaining robustness checks are as follows:

32We estimate specification I also allowing for different coefficients for the weather-related variables, the year fixed
effects, and the month fixed effects, for the NOx- and VOC-limited counties.
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A. Year and Month Fixed Effects (YRMO). In our first robustness check, we use 55 year-

by-month fixed effects as opposed to 11 year and 5 month fixed effects. The effects of NOx

emissions on ozone for the downwind counties are positive and significant at 1% in all three

specifications for all three radii. The point estimates of the effects also fall inside the 95%

confidence interval (CI) of their benchmark counterparts in Table 6 in all three specifications

for the 100-mile radius. In the case of the 100-mile radius, the effects for the upwind counties are

notably smaller than the effects for the downwind counties and fall outside their 95% confidence

interval in specification III.

B. County-specific Trends (CTRE). In our second robustness check, we interact the county

fixed effects with a linear time trend. The effects of NOx emissions on ozone for the downwind

counties are positive and significant at 1% in all three specifications for all three radii with one

exception. The effect in specification III for upwind counties is not significant at conventional

levels in the case of the 200-mile radius. The point estimates also fall inside the 95% CI of their

benchmark counterparts in Table 6 in all three specifications for the 100-mile radius. Once

again, in the case of the 100-mile radius, the effects for the upwind counties are notably smaller

than the effects for the downwind counties and fall outside their 95% CI in specification III.

C. Nearest monitor (NEAR). In our third robustness check, we use the nearest ozone monitor

for each county to measure pollution as opposed to a number of monitors within the assumed

radius. These results are based on 35,529 observations for 1,734 counties. The average distance

to the closest ozone monitor is 28 miles with a standard deviation of 23 miles. The effects for the

downwind counties are all positive and significant at 1% in all three specifications for all three

radii. They are 2 to 3 times as large as their benchmark counterparts. As a result, the point

estimates fall outside the 95% CI of their benchmark counterparts in all three specifications for

the 100-mile radius. In the case of the 100-mile radius, the effects for the upwind counties are

smaller than the effects for the downwind counties and fall outside their 95% CI in specification

III.

D. Variation in the number of monitors (VNMO). In our fourth robustness check, we

include interactions of the number of monitors used to construct our dependent variable with

county fixed effects in all three specifications. These interactions allow us to confirm that our

findings are not driven by variation in ozone due to changes in the number of monitors that

are turned on and off during the ozone season within the assumed radius from the county

centroids. The effects for the downwind counties are all positive and significant at 1% in all

three specifications for all three radii. The point estimates also fall inside the 95% CI of their

benchmark counterparts in all three specifications for the 100-mile radius. In the case of the

100-mile radius, the effects for the upwind counties are smaller than the effects for the downwind

counties and the fall outside their 95% CI in specification III.

E. Variation in the distance to monitors (VDMO). In our fifth robustness check, we in-

teract county fixed effects with the average distance to the ozone monitors within the assumed
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radius as opposed to the number of monitors. The effects for the downwind counties are all

positive and significant at 1% in all three specifications for all three radii. The point estimates

fall inside the 95% CI of their benchmark counterparts in all three specifications for the 100-mile

radius too. In the case of the 100-mile radius, the effects for the upwind counties are smaller

than the effects for the downwind counties and fall outside their 95% CI in specification III.

F. Controlling for other NOx emissions (CEPA). In our sixth robustness check, We inter-

act county fixed effects with NOx emissions attributed to sources other than fossil fuel combus-

tion at electric utilities from the EPA Air Pollutant Emissions Trends data, which are measured

in tons and are available at annual frequency for each state. In this case, we address, to some

extent, the concerns that our benchmark models do not control for NOx emissions from other

sources (e.g., transportation) that have a positive effect on ozone pollution and may also be

correlated with NOx emissions from electric power plants.

The effects of NOx emissions on ozone for the downwind counties are positive and significant

at 1% in all three specifications for all three radii. They point estimates also fall inside the

95% confidence interval of their benchmark counterparts in Table 6 in specifications II and III

for the 100-mile radius. The effect in specification I is larger (roughly 1.5 times as large) and

the point estimate falls outside the 95% CI of its benchmark counterpart. In the case of the

100-mile radius, the effects for the upwind counties are notably smaller than the effects for the

downwind counties fall outside their 95% CI in specification III.

G. Specification IIIa. In our seventh robustness check, we estimate the effect of NOx emissions

on ozone using only a subset of the interactions of NOx emissions in specification III of Table 5.

In particular, we only use NOx × Distance, NOx × Speed, and NOx × Distance × Speed. The

effects for the downwind counties are positive and significant at 1% for all three radii. They are

also smaller (about 2/3) than the benchmark ones and fall outside their 95% confidence interval

for the 100-mile radius. In the case of the 100-mile radius, the effects for the upwind counties

fall inside the 95% CI of their downwind counterparts in specification III.

H. Specification IIIb. In our 8th robustness check, we estimate the effects of NOx emissions

on ozone using a different subset of the interactions of NOx emissions in specification III of

Table 5. In particular, we use NOx × Distance, NOx × Angleu, and NOx × Angled. The effects

for the downwind counties are positive and significant at 1% for all three radii. Although they

are also larger than the benchmark ones, the point estimates fall inside the 95% CI of their

benchmark counterparts for the 100-mile radius. In the case of the 100-mile radius, the effects

for the upwind counties are smaller (roughly half) than the effects for the downwind counties

and fall outside the 95% CI of their downwind counterparts.

I. Clustering by State (CLUS). Finally, when we cluster the standard errors by state, the

effects of NOx emissions are significant at 1% with three exceptions. The effect is significant

at 1% in specification III for both downwind upwind counties in the case of the 50-mile radius.
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The effect for upwind counties is not significant at conventional levels in specification III in the

case of the 100- and 200-mile radius. In this case, it is important for the reader to keep in mind

the small number of clusters, as well as the fact that this clustering scheme does not allow for

correlation in unbobservables for neighboring counties that are located in different states.

A.3 Robustness of Yields and Pollution Results

In Figure A8, we show the ozone coefficients along with 95% confidence intervals (CIs) for a series

of robustness checks regarding the relationship between crop yields and ozone pollution. These

robustness checks pertain to the specification with county-specific trends and the 100-mile radius for

the unbalanced-panel models unless stated otherwise. As it was the case with previous robustness

checks, we use a series of mnemonics with BENCH referring to our benchmark results in columns

A8 and B8 of Table 7 noting that there is a series of figures and tables later in the Appendix for

some of the robustness checks. In more detail, our robustness checks are as follows:

A. Controlling for Crop prices (PRIC). The ozone coefficients is negative and significant

at 1% and falls inside the 95% CI of its benchmark analog in the case of corn. The ozone

coefficient is not significant at conventional levels in the case soybeans.

B. March-August Growing Season (MARC). The ozone coefficient is negative and significant

at 1% for both crops. The point esimtate falls inside the 95% CI of its benchmark analog for

both crops.

C. Top 10 states (TP10). The ozone coefficient is negative but not significant at conventional

levels for both crops.

D. Annan and Schlenker Counties (ANSC). The ozone coefficient is negative and significant

at 1% for both crops. It is also highly comparable in magnitude to its benchmark analog and

falls inside its 95% CI.

E. Excluding 2012 (NO212). The ozone coefficient is negative but not significant at conventional

levels for both crops.

F. Clustering by State (CLUS). When we cluster the standard errors by state the ozone

coefficient is not significant at conventional levels for both crops. However, once again, we

should caution the reader about the small number of clusters in this case, as well as about the

fact that this clustering scheme fails to account for any correlation in unobservables between

neighboring counties that are located in different states.

G. Alternative Radii (050M & 200M). Starting with the 50-mile radius, the ozone coefficient

is negative and significant at 5% for soybeans. Its magnitude (-0.23) is almost twice as large

as its benchmark analog but falls inside its 95% CI. In the case of corn, the ozone coefficient is
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negative but not significant at conventional levels in the case of corn. Moving to the 200-mile

radius, the ozone coefficient is not significant at conventional levels for both crops.

H. Log Yields. In Table A22 that pertains to corn, the ozone coefficient is negative and significant

at 1% for the baseline model and the model with the common trend in the case of the unbalanced-

panel models. It is not significant at conventional levels for the models with the state- and

county-specific trends. An increase in ozone by 3.1 ppb (1 witin-county SD) implies a decrease

in yields between 1.95% and 2.61%. In Table A23 that pertains to soybeans, the ozone coefficient

is negative and significant at 1% for the baseline model. It is not significant at conventional

levels in the remaining models. In the baseline model, an increase in ozone by 3.1 ppb implies

a 2.15% decrease in yields.

I. Cubic Splines. Figure A9 plots the effects of ozone on crop yields using a cubic spline and

2 knots at the 25th and 75th percentile of the ozone distribution for the specification with

state-specific trends. As it was the case for the NOx spline-based effects on yields, these are

plots of the ozone effects for the specification with county-specific trends in columns A8 and B8

in Table 7 using a cubic spline for ozone as opposed to a simple linear term in (4). Assuming

an increase in ozone by 3.1 ppb, we present results for crop yields in levels and logs.

Starting with the yields in levels, the spline-based effects for corn are significant at 5% and

exhibit a mild hump-shaped pattern as the values of ozone increase implying a decrease in

yields between 2.37% and 2.73%. However, the spline-based effects fall inside the 95% CI of the

constant effect (1.47%) in the assumed range of ozone values. In the case of soybeans, we see

a more pronounced hump-shaped pattern in the ozone effects reaching a peak of 3.25%—the

minimum is around 2.27%—when ozone pollution is around 48 ppb. The spline-based effects

are significant at 5% and fall outside the 95% CI of the constant effect (0.8%) for ozone values

in excess of 45.5 ppb. Moving to the yields in logs, the spline-based effects for both crops are

not significant at conventional levels.
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A.4 Appendix Figures

Figure A1: Crop yields and NOx emissions: variation in wind direction, corn
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Note: The histograms are constructed using a single data point for each power plant that lies in
a 100-mile radius from the centroids of the counties growing corn in our sample. For each power
plant, we calculated the percent of days during the April-September growing season that the wind
direction is from the East, South, West, and North for each year during 2003–2012. For example,
panel (a) shows that for 3 percent of the plants in our sample, the wind blows from the North
about 20 percent of the days during the growing season. The wind direction is defined as follows:
North (0–45◦, 315–360◦), East (45–135◦), South (135-225◦), West (225-315◦).

Return to Section 4.4
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Figure A2: Crop yields and NOx emissions: variation in wind direction, soybeans
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Note: The histograms are constructed using a single data point for each power plant that lies in a
100-mile radius from the centroids of the counties growing soybeans in our sample. For each power
plant, we calculated the percent of days during the April-September growing season that the wind
direction is from the East, South, West, and North for each year during 2003–2012. For example,
panel (a) shows that for 3 percent of the plants in our sample, the wind blows from the North
about 20 percent of the days during the growing season. The wind direction is defined as follows:
North (0–45◦, 315–360◦), East (45–135◦), South (135-225◦), West (225-315◦).

Return to Section 4.4
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Figure A3: Crop yields and NOx emissions: cubic splines
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(a) corn, yields in levels
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(b) soybeans, yields in levels
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(c) corn, yield in logs
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(d) soybeans, yield in logs

Note: The black solid line shows the effect of an increase in NOx emissions by 8,700 tons for
various levels of NOx emissions. This increase is equal to 1 within-county standard deviation of
NOx emissions in our sample. The black dashed lines show the 95% confidence intervals around
these effects using standard errors clustered by USDA agricultural district. The light gray lines
are constructed assuming a constant effect. The percentage change in yield in the vertical axis is
calculated using an average yield of 130 (40) bushels per acre for corn (soybeans) when the crop
yields are in levels. For additional details, see the discussion in Section A.1.

Return to Section A.1
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Figure A4: Ozone pollution and NOx emissions robustness checks: 50 miles
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(c) downwind, II
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(d) upwind, II
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(e) downwind, III
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Note: We plot the effects of NOx emissions on ozone pollution along with 95% confidence intervals
for each of the three specifications in (3) associated with the various robustness checks indicated
on the horizontal axis. The robustness checks are discussed in detail in Section A.2. We report
effects for downwind and upwind counties separately. The dashed lines indicate the 95% confidence
intervals of the benchmark effects in Table 6. The confidence intervals are constucted using standard
errors clustered by county.

Return to Section A.2

51



Figure A5: Ozone pollution and NOx emissions robustness checks: 100 miles
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(b) upwind, I
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(c) downwind, II
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(d) upwind, II
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(e) downwind, III
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Note: We plot the effects of NOx emissions on ozone pollution along with 95% confidence intervals
for each of the three specifications in (3) associated with the various robustness checks indicated
on the horizontal axis. The robustness checks are discussed in detail in Section A.2. We report
effects for downwind and upwind counties separately. The dashed lines indicate the 95% confidence
intervals of the benchmark effects in Table 6. The confidence intervals are constucted using standard
errors clustered by county.

Return to Section A.2
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Figure A6: Ozone pollution and NOx emissions robustness checks: 200 miles
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(e) downwind, III
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Note: We plot the effects of NOx emissions on ozone pollution along with 95% confidence intervals
for each of the three specifications in (3) associated with the various robustness checks indicated
on the horizontal axis. The robustness checks are discussed in detail in Section A.2. We report
effects for downwind and upwind counties separately. The dashed lines indicate the 95% confidence
intervals of the benchmark effects in Table 6. The confidence intervals are constucted using standard
errors clustered by county.

Return to Section A.2
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Figure A7: Typical ozone isopleths

Note: The figure shows typical ozone isopleths reproduced from Figure 6-1 in National Research
Council (1991). The NOx-limited region is typical of locations downwind of urban and suburban
areas, whereas the VOC-limited region is typical of highly polluted urban areas.

Return to Section A.2
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Figure A8: Crop yields and ozone pollution: robustness checks
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(d) soybeans, balanced panel

Note: The mnemonics on the horizontal axis correspond to the various robustness checks discussed
in detail in Section A.3. We use the specification with county-specific trends and show the ozone
coefficients and the associated 95% confidence intervals. The dashed lines indicate the 95% confi-
dence intervals for the NOx coefficient in columns A8 (corn) and B8 (soybeans) of Table 7 for the
unbalanced panel and Table A18 for the balanced panel. The confidence intervals are constructed
using standard errors clustered by USDA agricultural distict.

Return to Section A.2
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Figure A9: Crop yields and ozone pollution: cubic splines
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(a) corn, yields in levels
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(b) soybeans, yields in levels
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(c) corn, yields in logs
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(d) soybeans, yields in logs

Note: The black solid line shows the effect of an increase in ozone pollution by 3.1 ppb for various
levels of ozone pollution. The assumed increase in ozone pollution is equal to 1 within-county
standard deviation in our sample. The black dashed lines show the 95% confidence intervals around
these effects using standard errors clustered by USDA agricultural district. The light gray lines
are constructed assuming a constant effect. The percentage change in yield in the vertical axis is
calculated using an average yield of 130 (40) bushels per acre for corn (soybeans) when the crop
yields are in levels. For additional details, see the discussion in Section A.3.
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A.5 Appendix Tables

Table A1: Ranking of corn producing states, 2003–2013

rank production plant harvest

state prod. plant harvest bushels cum. % acres cum. % acres cum. %

IA 1 1 1 23.825 19.926 0.147 17.238 0.143 17.954
IL 2 2 2 21.032 37.516 0.133 32.804 0.130 34.353
MN 3 3 3 13.039 48.422 0.085 42.843 0.081 44.494
NE 4 4 4 13.013 59.305 0.083 52.578 0.080 54.580
IN 5 5 5 9.407 67.173 0.063 59.991 0.061 62.298
SD 6 6 6 5.732 71.967 0.050 65.809 0.045 67.947
OH 7 8 7 5.453 76.528 0.038 75.292 0.036 72.455
WI 8 7 8 4.671 80.434 0.043 70.822 0.033 76.588
MO 9 9 9 3.995 83.775 0.033 79.130 0.031 80.517
MI 10 10 10 3.267 86.507 0.026 82.200 0.023 83.432

KS 11 11 11 2.464 88.568 0.023 84.877 0.021 86.095
ND 12 12 12 2.272 90.468 0.020 87.221 0.019 88.438
KY 13 14 13 1.786 91.962 0.014 90.596 0.013 90.108
PA 14 13 15 1.293 93.043 0.015 88.930 0.010 92.696
MS 15 19 18 0.945 93.834 0.007 96.014 0.007 95.476
NC 16 17 16 0.918 94.601 0.009 94.303 0.008 93.760
TN 17 18 17 0.878 95.336 0.008 95.208 0.007 94.649
TX 18 15 14 0.853 96.050 0.012 91.985 0.011 91.434
LA 19 20 20 0.799 96.718 0.005 96.653 0.005 96.865
NY 20 16 19 0.760 97.354 0.011 93.239 0.006 96.194

AR 21 23 22 0.711 97.948 0.005 98.371 0.004 97.995
MD 22 21 21 0.585 98.437 0.005 97.272 0.005 97.439
GA 23 25 25 0.405 98.776 0.003 99.158 0.003 99.204
VA 24 22 23 0.404 99.114 0.005 97.836 0.004 98.437
SC 25 24 24 0.331 99.391 0.004 98.785 0.003 98.854
AL 26 26 26 0.252 99.601 0.002 99.445 0.002 99.486
DE 27 27 27 0.246 99.807 0.002 99.671 0.002 99.717
OK 28 28 28 0.100 99.891 0.002 99.848 0.001 99.869
NJ 29 29 29 0.098 99.973 0.001 99.954 0.001 99.967
WV 30 30 30 0.033 100.000 0.000 100.000 0.000 100.000

Note: Bushels and acres in billions.
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Table A2: Ranking of soybean producing states, 2003–2013

rank production plant harvest

state prod. plant harvest bushels cum. % acres cum. % acres cum. %

IA 1 1 1 5.071 15.429 0.107 13.393 0.106 13.467
IL 2 2 2 4.740 29.852 0.103 26.290 0.102 26.442
MN 3 3 3 3.092 39.259 0.077 35.996 0.076 36.136
IN 4 4 4 2.700 47.474 0.057 43.203 0.057 43.396
NE 5 6 6 2.480 55.019 0.051 56.517 0.051 56.711
OH 6 7 7 2.218 61.768 0.049 62.649 0.049 62.891
MO 7 5 5 2.045 67.990 0.055 50.120 0.054 50.294
SD 8 8 8 1.549 72.702 0.044 68.113 0.043 68.366
AR 9 10 10 1.292 76.632 0.034 77.393 0.034 77.624
ND 10 9 9 1.224 80.356 0.040 73.100 0.039 73.344

KS 11 11 11 1.081 83.646 0.034 81.653 0.033 81.824
MI 12 12 12 0.858 86.255 0.021 84.335 0.021 84.524
MS 13 13 13 0.735 88.492 0.019 86.738 0.019 86.912
WI 14 14 14 0.703 90.631 0.018 88.946 0.017 89.116
KY 15 16 16 0.588 92.419 0.014 92.809 0.014 92.969
NC 16 15 15 0.497 93.933 0.016 90.993 0.016 91.145
TN 17 17 17 0.491 95.428 0.014 94.510 0.013 94.646
LA 18 18 18 0.367 96.545 0.010 95.742 0.009 95.840
PA 19 22 22 0.201 97.157 0.005 98.229 0.005 98.309
VA 20 19 19 0.188 97.729 0.006 96.444 0.005 96.535

MD 21 20 20 0.178 98.270 0.005 97.048 0.005 97.136
SC 22 21 21 0.123 98.644 0.005 97.648 0.005 97.728
NY 23 25 25 0.103 98.957 0.002 99.210 0.002 99.240
AL 24 24 24 0.086 99.219 0.002 98.914 0.002 98.944
DE 25 27 27 0.066 99.419 0.002 99.694 0.002 99.717
OK 26 23 23 0.063 99.612 0.003 98.605 0.003 98.638
GA 27 26 26 0.060 99.795 0.002 99.458 0.002 99.482
NJ 28 29 29 0.032 99.891 0.001 99.980 0.001 99.981
TX 29 28 28 0.030 99.981 0.001 99.864 0.001 99.866
WV 30 30 30 0.006 100.000 0.000 100.000 0.000 100.000

Note: Bushels and acres in billions.
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Table A3: Crop yields and NOx emissions: descriptive statistics

(a) corn

variable obs. mean std.dev. min max median

Yield (bu/acre) 17,274 128.704 35.702 10.364 236.578 131.407

NOx (000 tons) 17,274 22.560 20.217 0.000 167.130 17.580

Power plants (count) 17,084 26.820 19.809 1.000 158.000 23.000

Power plants (distance) 17,084 66.515 8.230 33.488 95.965 66.812

Moderate heat (1,000 ddays) 17,274 1.876 0.421 0.759 3.083 1.853

Extreme heat (100 ddays) 17,274 0.567 0.587 0.000 5.018 0.369

Precipitation (meters) 17,274 0.626 0.171 0.121 1.453 0.604

Precipitation Sq. 17,274 0.422 0.233 0.015 2.117 0.365

(b) soybeans

variable obs. mean std.dev. min max median

Yield (bu/acre) 15,860 38.593 10.181 0.674 68.464 39.282

NOx (000 tons) 15,860 22.830 19.811 0.000 165.596 17.995

Power plants (count) 15,643 26.413 18.331 1.000 158.000 23.000

Power plants (distance) 15,643 66.429 8.156 33.488 95.965 66.698

Moderate heat (1,000 ddays) 15,860 1.872 0.398 0.759 3.083 1.861

Extreme heat (100 ddays) 15,860 0.361 0.383 0.000 3.421 0.226

Precipitation (meters) 15,860 0.628 0.167 0.178 1.324 0.607

Precipitation Sq. 15,860 0.423 0.228 0.032 1.753 0.369

Note: We report summary statistics for crop yields, NOx emissions, and the weather-related vari-
ables for the regressions in Table 2. The distance between county centroids and electric power
plants is measured in miles. Panel (a) pertains to counties growing corn. Panel (b) pertains to
counties growing soybeans.
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Table A4: Crop yields and NOx emissions, balanced panel

A. corn

Without weather controls With weather controls

(A1) (A2) (A3) (A4) (A5) (A6) (A7) (A8)

NOx -0.1015∗∗ -0.1467∗∗∗ -0.3660∗∗∗ -0.4969∗∗∗ -0.3582∗∗∗ -0.1052∗ -0.3200∗∗∗ -0.4350∗∗∗

(0.0426) (0.0559) (0.0618) (0.0864) (0.0395) (0.0557) (0.0534) (0.0665)

Moderate heat 4.8579 5.5901 10.4057 10.0485

(7.5171) (7.5322) (6.5169) (6.7797)

Extreme heat -45.0996∗∗∗ -48.7577∗∗∗ -50.9478∗∗∗ -50.5130∗∗∗

(6.3914) (6.3414) (5.3937) (5.6142)

Precip. 106.1490∗∗∗ 98.1267∗∗∗ 100.6713∗∗∗ 100.8911∗∗∗

(23.0009) (23.4334) (23.7456) (25.4461)

Precip. Sq -73.2592∗∗∗ -69.7823∗∗∗ -70.6218∗∗∗ -70.1671∗∗∗

(17.6625) (18.0365) (18.3450) (19.5951)

R-squared 0.0016 0.0020 0.0553 0.1080 0.3313 0.3440 0.3988 0.4440

Observations 10,956 10,956 10,956 10,956 10,956 10,956 10,956 10,956

Counties 996 996 996 996 996 996 996 996

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

B. soybeans

Without weather controls With weather controls

(B1) (B2) (B3) (B4) (B5) (B6) (B7) (B8)

NOx -0.1271∗∗∗ -0.0107 -0.0485∗∗ -0.0943∗∗∗ -0.1714∗∗∗ -0.0021 -0.0424∗∗∗ -0.0832∗∗∗

(0.0163) (0.0190) (0.0190) (0.0280) (0.0164) (0.0156) (0.0148) (0.0221)

Moderate heat 19.4418∗∗∗ 19.4447∗∗∗ 19.8716∗∗∗ 19.8342∗∗∗

(1.4378) (1.3654) (1.3689) (1.4213)

Extreme heat -14.9895∗∗∗ -17.6316∗∗∗ -17.9256∗∗∗ -17.6955∗∗∗

(1.1562) (1.1002) (1.0641) (1.1096)

Precip. 52.5467∗∗∗ 48.6496∗∗∗ 48.5062∗∗∗ 47.8010∗∗∗

(4.3259) (3.9167) (4.0643) (4.3844)

Precip. Sq -33.3704∗∗∗ -32.0220∗∗∗ -32.0178∗∗∗ -31.2704∗∗∗

(2.9872) (2.8019) (2.8847) (3.0954)

R-squared 0.0265 0.0536 0.0843 0.1386 0.2885 0.3475 0.3694 0.4138

Observations 10,835 10,835 10,835 10,835 10,835 10,835 10,835 10,835

Counties 985 985 985 985 985 985 985 985

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a
common linear trend. The models in columns (3) and (7) also include state-specific linear trends.
The columns in models (4) and (8) also county-specific linear trends. The standard errors are
clustered by USDA agricultural district. The asterisks denote statistical significance as follows:
10%(*), 5%(**), 1%(***).
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Table A5: Crop yields and NOx emissions
Observations for balanced- and unbalanced-panel models

corn soybeans
State Rank Unb Bal Ratio % Rank Unb Bal Ratio %

IA 1 1,089 1,089 100.00 1 1,089 1,089 100.00
IL 2 1,083 902 83.29 2 1,090 1,001 91.83

MN 3 814 715 87.84 3 820 759 92.56
NE 4 712 671 94.24 5 704 649 92.19
IN 5 946 759 80.23 4 949 726 76.50
SD 6 457 385 84.25 8 454 363 79.96
OH 7 882 693 78.57 6 845 638 75.50
WI 8 681 616 90.46 14 664 561 84.49
MO 9 937 561 59.87 7 962 649 67.46
MI 10 659 451 68.44 12 525 429 81.71

KS 11 740 242 32.70 11 771 484 62.78
ND 12 270 154 57.04 10 289 242 83.74
KY 13 951 605 63.62 15 809 429 53.03
PA 14 619 341 55.09 19 465 176 37.85
MS 15 439 187 42.60 13 432 308 71.30
NC 16 807 583 72.24 16 817 649 79.44
TN 17 729 275 37.72 17 629 242 38.47
TX 18 628 253 40.29 29 180 33 18.33
LA 19 203 132 65.02 18 310 143 46.13
NY 20 482 132 27.39 23 292 132 45.21

AR 21 318 143 44.97 9 387 286 73.90
MD 22 241 143 59.34 21 208 88 42.31
GA 23 680 121 17.79 27 507 44 8.68
VA 24 663 330 49.77 20 580 308 53.10
SC 25 334 209 62.57 22 341 198 58.06
AL 26 375 66 17.60 24 261 44 16.86
DE 27 33 33 100.00 25 31 11 35.48
OK 28 280 33 11.79 26 330 66 20.00
NJ 29 129 77 59.69 28 92 77 83.70
WV 30 93 55 59.14 30 27 11 40.74

ALL 17,274 10,956 63.42 15,860 10,835 68.32

Note: We use Bal to refer to balanced-panel models and Unb to refer to unbalanced panel models.
The Ratio % column is calculated using the number of observations in the unbalanced-panel models
divided by the number of observations in the balanced-panel models in Tables 2 and A4 times 100.
The states appear in descending order of their total production (bushels) for 2003–2012.

Return to Section 4.3

61



Table A6: Crop yields and NOx emissions
variation in weather variables by quartile of NOx emissions

(a) corn

quartile NOx heat mod. heat ext. prec. prec. sq.

1 3.986 1.758 0.562 0.581 0.368

2 12.895 1.943 0.682 0.628 0.425

3 23.218 1.945 0.613 0.632 0.426

4 50.152 1.858 0.410 0.664 0.470

(b) soybeans

quartile NOx heat mod. heat ext. prec. prec. sq.

1 4.338 1.737 0.349 0.582 0.368

2 13.455 1.946 0.439 0.633 0.428

3 23.674 1.937 0.385 0.637 0.432

4 49.852 1.870 0.271 0.661 0.464

Note: We report the mean of the conditional distribution of each variable for each of the 4 quartiles
of NOx emissions for the unbalanced-panel models in the regressions of crop yields of NOx emissions
in Table 2. The NOx emissions (NOx) are measured in thousand tons. The moderate heat (heat
mod.) is measured in 1,000 degree days. The extreme heat (heat ext.) is measured in 100 degree
days. The precipitation (precip) is measured in meters. The rightmost column refers to squared
precipitation. For additional details regarding the weather-related variables, see Section 3. Panel
(a) pertains to counties growing corn. Panel (b) pertains to counties growing soybeans.
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Table A7: Crop yields and NOx emissions: mnemonics

variable mnemonic series name∑
p∈P noxpt NOx∑
p∈P noxptdcp NOx × Distance∑
p noxptcoscptI[coscpt > 0] NOx × Angleu∑
p noxptcoscptI[coscpt < 0] NOx × Angled∑
p noxptvpt NOx × Speed∑
p noxptdcpcoscptI[coscpt > 0] NOx × Distance × Angleu∑
p noxptdcpcoscptI[coscpt < 0] NOx × Distance × Angled∑
p noxptdcpvpt NOx × Distance × Speed∑
p noxptcoscptI[coscpt > 0]vpt NOx × Angleu × Speed∑
p noxptcoscptI[coscpt < 0]vpt NOx × Angled × Speed∑
p noxptdcpcoscptI[coscpt > 0]vpt NOx × Dist. × Angleu × Speed∑
p noxptdcpcoscptI[coscpt < 0]vpt NOx × Dist. × Angled × Speed

Note: In this table, we provide the list of variables that enter the richest specification of the
regression in (2). In terms of notation, p refers to an electric power plant, c to a county and t to
time. We also use d to denote distance, v to denote wind speed, and cos to denote the cosine of the
difference between the wind direction at the power plant and the location of the county relative to
the power plant. A more detailed discussion of the variables is available in Section 4.4.

Return to Section 4.4.

63



Table A8: Crop yields and NOx emissions: corn

50-mile radius 100-mile radius 200-mile radius

(I) (II) (III) (I) (II) (III) (I) (II) (III)

NOx -0.7059∗∗∗ -0.8741∗∗ -0.8243 -0.3721∗∗∗ -0.2815 0.0604 -0.1430∗∗∗ -0.1957 -0.9231

(0.1481) (0.3414) (3.1749) (0.0691) (0.2567) (1.6927) (0.0203) (0.1533) (0.9861)

NOx × Distance 0.0051 -0.0284 -0.0014 -0.0210 0.0004 0.0019

(0.0108) (0.0876) (0.0040) (0.0262) (0.0011) (0.0071)

NOx × Angleu 2.3110 -1.7238 -0.5095

(4.7700) (2.7388) (2.1153)

NOx × Angled 0.3633 0.2574 -0.6061

(4.2399) (2.4062) (1.4893)

NOx × Speed -0.1287 -0.0652 0.2544

(0.9467) (0.5120) (0.3069)

NOx × Distance × Angleu -0.1044 0.0226 0.0064

(0.1384) (0.0345) (0.0158)

NOx × Distance × Angled 0.0167 -0.0047 0.0031

(0.1224) (0.0340) (0.0103)

NOx × Distance × Speed 0.0147 0.0058 -0.0007

(0.0260) (0.0078) (0.0022)

NOx × Angleu × Speed -0.5031 0.4605 0.0615

(1.4553) (0.8534) (0.6614)

NOx × Angled × Speed -0.2289 0.0168 0.1889

(1.3182) (0.7654) (0.4808)

NOx × Dist. × Angleu × Speed 0.0242 -0.0069 -0.0012

(0.0425) (0.0108) (0.0049)

NOx × Dist. × Angleu × Speed 0.0004 0.0003 -0.0010

(0.0374) (0.0108) (0.0033)

R-squared 0.4310 0.4310 0.4322 0.4339 0.4339 0.4368 0.4353 0.4354 0.4391

Observations 17,274 17,274 17,274 17,274 17,274 17,274 17,274 17,274 17,274

Counties 1,858 1,858 1,858 1,858 1,858 1,858 1,858 1,858 1,858

F-stat(joint sig.) 22.71 13.21 0.87 29.02 14.78 1.51 49.84 27.76 1.90

p-value (joint sig.) 0.0000 0.0000 0.5665 0.0000 0.0000 0.1354 0.0000 0.0000 0.0462

Note: We report the estimates for three specifications for assumed radii of 50, 100, and 200 miles. All specifications
include county fixed effects, county-specific linear trends, as well as temperature- and precipitation-related controls.
The standard errors are clustered by USDA agricultural district. The bottom of the table contains the p-value for
an F statistic for joint significance tests that pertain to the NOx-related variables. The asterisks denote statistical
significance as follows: 10%(*), 5%(**), 1%(***). Additional details are available in Section 4.4.

Return to Section 4.4

64



Table A9: Crop yields and NOx emissions: soybeans

50-mile radius 100-mile radius 200-mile radius

(I) (II) (III) (I) (II) (III) (I) (II) (III)

NOx -0.1248∗∗∗ -0.1153 -1.4858 -0.0699∗∗∗ -0.0315 0.1888 -0.0371∗∗∗ 0.0536 0.1597

(0.0480) (0.1252) (1.0474) (0.0180) (0.0830) (0.5960) (0.0076) (0.0408) (0.2906)

NOx × Distance -0.0003 0.0539∗ -0.0006 -0.0021 -0.0007∗∗ -0.0013

(0.0031) (0.0285) (0.0012) (0.0084) (0.0003) (0.0021)

NOx × Angleu 2.1527 0.0171 0.0393

(1.3837) (0.9216) (0.4925)

NOx × Angled -1.0305 0.0138 0.3039

(1.2833) (0.8228) (0.3989)

NOx × Speed 0.3565 -0.0767 -0.0437

(0.2966) (0.1802) (0.0881)

NOx × Distance × Angleu -0.0646∗ 0.0026 0.0007

(0.0388) (0.0130) (0.0034)

NOx × Distance × Angled 0.0525 0.0074 -0.0007

(0.0357) (0.0114) (0.0027)

NOx × Distance × Speed -0.0149∗ 0.0006 0.0003

(0.0081) (0.0026) (0.0006)

NOx × Angleu × Speed -0.5377 -0.0116 0.0064

(0.4062) (0.2829) (0.1600)

NOx × Angled × Speed 0.2372 -0.0333 -0.0880

(0.3675) (0.2499) (0.1214)

NOx × Dist. × Angleu × Speed 0.0168 -0.0002 -0.0002

(0.0116) (0.0040) (0.0011)

NOx × Dist. × Angleu × Speed -0.0136 -0.0015 0.0003

(0.0100) (0.0035) (0.0008)

R-squared 0.4156 0.4156 0.4163 0.4169 0.4169 0.4192 0.4202 0.4210 0.4275

Observations 15,860 15,860 15,860 15,860 15,860 15,860 15,860 15,860 15,860

Counties 1,693 1,693 1,693 1,693 1,693 1,693 1,693 1,693 1,693

F-stat(joint sig.) 6.77 3.87 1.28 15.06 7.78 2.17 23.84 13.35 4.66

p-value (joint sig.) 0.0099 0.0224 0.2441 0.0001 0.0006 0.0208 0.0000 0.0000 0.0000

Note: We report the estimates for three specifications for assumed radii of 50, 100, and 200 miles. All specifications
include county fixed effects, county-specific linear trends, as well as temperature- and precipitation-related controls.
The standard errors are clustered by USDA agricultural district. The bottom of the table contains the p-value for
an F statistic for joint significance tests that pertain to the NOx-related variables. The asterisks denote statistical
significance as follows: 10%(*), 5%(**), 1%(***). Additional details are available in Section 4.4.

Return to Section 4.4

65



Table A10: Crop yields and NOx emissions: corn, emissions weighted by distance

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

NOx -13.2509∗∗∗ -1.5702 -8.6773∗∗∗ -14.6748∗∗∗ -15.2273∗∗∗ -4.4325∗∗ -11.3119∗∗∗ -17.1709∗∗∗

(1.3528) (1.9742) (1.7013) (2.6607) (1.6333) (2.1522) (1.8732) (2.6948)
Moderate heat 2.4540 1.9091 5.6999 6.3157 5.3225 5.7041 10.6518 10.2177

(5.8809) (5.8607) (5.3342) (5.6405) (7.4991) (7.5625) (6.5632) (6.8284)
Extreme heat -36.5838∗∗∗ -40.8371∗∗∗ -41.7025∗∗∗ -41.3847∗∗∗ -44.8258∗∗∗ -48.8270∗∗∗ -51.2545∗∗∗ -50.8007∗∗∗

(4.1445) (4.0907) (3.7139) (4.0069) (6.3251) (6.3577) (5.4200) (5.6446)
Precip. 95.1982∗∗∗ 83.7040∗∗∗ 87.6509∗∗∗ 92.8362∗∗∗ 106.3018∗∗∗ 97.8493∗∗∗ 99.3074∗∗∗ 99.5739∗∗∗

(17.1966) (17.7274) (17.8269) (19.5517) (22.9589) (23.4184) (23.7462) (25.4567)
Precip. Sq -63.0663∗∗∗ -57.5791∗∗∗ -58.8015∗∗∗ -62.1248∗∗∗ -73.3402∗∗∗ -69.6502∗∗∗ -70.0190∗∗∗ -69.5943∗∗∗

(12.9965) (13.4148) (13.4019) (14.7390) (17.6267) (18.0360) (18.3281) (19.5737)

R-squared 0.2796 0.2998 0.3521 0.4327 0.3285 0.3440 0.3970 0.4426
Observations 17,274 17,274 17,274 17,274 10,956 10,956 10,956 10,956
Counties 1,858 1,858 1,858 1,858 996 996 996 996

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).

Table A11: Crop yields and NOx emissions: soybeans, emissions weighted by distance

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

NOx -6.0588∗∗∗ -0.1265 -1.3904∗∗∗ -2.6010∗∗∗ -7.6799∗∗∗ -0.3150 -1.7696∗∗∗ -3.4390∗∗∗

(0.6032) (0.4960) (0.4854) (0.8042) (0.7863) (0.6630) (0.6277) (1.0839)
Moderate heat 16.6253∗∗∗ 16.1230∗∗∗ 16.3240∗∗∗ 16.6322∗∗∗ 19.6222∗∗∗ 19.4360∗∗∗ 19.8904∗∗∗ 19.8593∗∗∗

(1.4692) (1.4121) (1.4645) (1.5471) (1.4311) (1.3667) (1.3679) (1.4191)
Extreme heat -13.1055∗∗∗ -15.5120∗∗∗ -15.4803∗∗∗ -15.3496∗∗∗ -14.8673∗∗∗ -17.6216∗∗∗ -17.9607∗∗∗ -17.7572∗∗∗

(0.9408) (0.9604) (1.0039) (1.0889) (1.1405) (1.1043) (1.0643) (1.1078)
Precip. 52.2459∗∗∗ 47.6359∗∗∗ 47.0805∗∗∗ 48.3668∗∗∗ 52.4012∗∗∗ 48.6714∗∗∗ 48.3753∗∗∗ 47.5660∗∗∗

(4.0808) (3.8905) (3.9981) (4.3172) (4.3447) (3.9256) (4.0658) (4.3970)
Precip. Sq -32.3162∗∗∗ -30.3227∗∗∗ -29.8561∗∗∗ -30.6059∗∗∗ -33.2525∗∗∗ -32.0278∗∗∗ -31.9552∗∗∗ -31.1603∗∗∗

(2.7948) (2.7233) (2.7820) (2.9930) (3.0144) (2.8066) (2.8881) (3.1074)

R-squared 0.2745 0.3298 0.3502 0.4162 0.2828 0.3476 0.3693 0.4133
Observations 15,860 15,860 15,860 15,860 10,835 10,835 10,835 10,835
Counties 1,693 1,693 1,693 1,693 985 985 985 985

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).
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Table A12: Crop yields and NOx emissions: corn, log yields

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

NOx -0.0023∗∗∗ -0.0001 -0.0021∗∗∗ -0.0036∗∗∗ -0.0025∗∗∗ -0.0006 -0.0027∗∗∗ -0.0040∗∗∗

(0.0003) (0.0005) (0.0005) (0.0007) (0.0003) (0.0005) (0.0005) (0.0007)
Moderate heat 0.1614∗∗∗ 0.1620∗∗∗ 0.1928∗∗∗ 0.1955∗∗∗ 0.1688∗∗∗ 0.1744∗∗∗ 0.2162∗∗∗ 0.2112∗∗∗

(0.0519) (0.0519) (0.0464) (0.0482) (0.0618) (0.0620) (0.0521) (0.0534)
Extreme heat -0.4261∗∗∗ -0.4564∗∗∗ -0.4615∗∗∗ -0.4540∗∗∗ -0.4836∗∗∗ -0.5112∗∗∗ -0.5289∗∗∗ -0.5226∗∗∗

(0.0370) (0.0356) (0.0324) (0.0340) (0.0541) (0.0530) (0.0442) (0.0456)
Precip. 0.8112∗∗∗ 0.7303∗∗∗ 0.7986∗∗∗ 0.8337∗∗∗ 0.7605∗∗∗ 0.6999∗∗∗ 0.7542∗∗∗ 0.7399∗∗∗

(0.1513) (0.1531) (0.1521) (0.1670) (0.2113) (0.2141) (0.2160) (0.2307)
Precip. Sq -0.5314∗∗∗ -0.4939∗∗∗ -0.5280∗∗∗ -0.5468∗∗∗ -0.5181∗∗∗ -0.4918∗∗∗ -0.5229∗∗∗ -0.5048∗∗∗

(0.1127) (0.1145) (0.1137) (0.1255) (0.1609) (0.1636) (0.1662) (0.1774)

R-squared 0.3031 0.3127 0.3515 0.4353 0.3384 0.3461 0.3901 0.4349
Observations 17,274 17,274 17,274 17,274 10,956 10,956 10,956 10,956
Counties 1,858 1,858 1,858 1,858 996 996 996 996

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).

Table A13: Crop yields and NOx emissions: soybeans, log yields

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

NOx -0.0040∗∗∗ 0.0003 -0.0008∗∗ -0.0014∗∗∗ -0.0047∗∗∗ 0.0003 -0.0009∗ -0.0017∗∗

(0.0004) (0.0004) (0.0004) (0.0005) (0.0005) (0.0005) (0.0005) (0.0007)
Moderate heat 0.5400∗∗∗ 0.5339∗∗∗ 0.5382∗∗∗ 0.5453∗∗∗ 0.5951∗∗∗ 0.5952∗∗∗ 0.6054∗∗∗ 0.6042∗∗∗

(0.0463) (0.0439) (0.0443) (0.0468) (0.0468) (0.0439) (0.0429) (0.0444)
Extreme heat -0.4763∗∗∗ -0.5447∗∗∗ -0.5406∗∗∗ -0.5345∗∗∗ -0.4978∗∗∗ -0.5753∗∗∗ -0.5816∗∗∗ -0.5759∗∗∗

(0.0311) (0.0307) (0.0306) (0.0338) (0.0391) (0.0375) (0.0358) (0.0376)
Precip. 1.5911∗∗∗ 1.4541∗∗∗ 1.4399∗∗∗ 1.4799∗∗∗ 1.4826∗∗∗ 1.3683∗∗∗ 1.3518∗∗∗ 1.3294∗∗∗

(0.1559) (0.1470) (0.1529) (0.1664) (0.1640) (0.1497) (0.1572) (0.1673)
Precip. Sq -0.9776∗∗∗ -0.9183∗∗∗ -0.9030∗∗∗ -0.9268∗∗∗ -0.9243∗∗∗ -0.8848∗∗∗ -0.8736∗∗∗ -0.8524∗∗∗

(0.1024) (0.0978) (0.1018) (0.1110) (0.1074) (0.0998) (0.1051) (0.1117)

R-squared 0.3113 0.3533 0.3709 0.4327 0.3058 0.3596 0.3773 0.4177
Observations 15,860 15,860 15,860 15,860 10,835 10,835 10,835 10,835
Counties 1,693 1,693 1,693 1,693 985 985 985 985

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).
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Table A14: Ozone pollution and NOx emissions: descriptive statistics

(a) 50 miles

variable obs. mean std.dev. min max median

Ozone (ppb) 62,775 47.115 6.909 18.806 77.839 47.115

NOx (000 tons) 62,775 1.148 1.364 0.000 13.331 0.698

Ozone monitors (count) 62,775 3.573 3.041 1.000 24.000 3.000

Ozone monitors (distance) 62,775 33.916 8.978 1.055 49.998 34.851

Power plants (count) 62,775 8.436 7.903 0.000 74.000 7.000

Power plants (distance) 62,775 32.644 7.610 0.000 49.553 33.483

(b) 100 miles

variable obs. mean std.dev. min max median

Ozone (ppb) 85,889 46.761 6.794 17.226 72.069 46.759

NOx (000 tons) 85,889 3.819 3.178 0.000 27.298 3.073

Ozone monitors (count) 85,889 10.028 7.871 1.000 45.000 8.000

Ozone monitors (distance) 85,889 67.040 13.635 1.677 99.995 68.191

Power plants (count) 85,889 27.585 19.581 0.000 158.000 24.000

Power plants (distance) 85,889 66.266 8.313 0.000 95.757 66.739

(c) 200 miles

variable obs. mean std.dev. min max median

Ozone (ppb) 91,908 46.763 6.295 17.226 68.342 46.652

NOx (000 tons) 91,908 13.927 8.599 0.052 61.669 12.117

Ozone monitors (count) 91,908 35.212 22.302 1.000 110.000 31.000

Ozone monitors (distance) 91,908 133.544 16.983 17.443 199.843 133.566

Power plants (count) 91,908 97.974 53.559 3.000 288.000 85.000

Power plants (distance) 91,908 131.751 10.898 90.892 173.082 132.299

Note: We report summary statistics for crop yields, ozone pollution, and the weather-related variables for the
regressions in Table 7. The distance between county centroids and power plants is measured in miles.
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Table A15: Crop yields and ozone pollution: descriptive statistics

(a) corn

variable obs. mean std.dev. min max median

Yield (bu/acre) 9,716 130.444 35.307 10.364 225.000 133.634

Ozone (ppb) 9,716 47.627 4.164 28.683 61.590 47.891

Ozone monitors (count) 9,716 2.665 1.801 1.000 11.000 2.000

Ozone monitors (distance) 9,716 67.515 18.808 1.677 99.953 69.537

Moderate heat (1,000 ddays) 9,716 1.912 0.336 0.913 3.066 1.901

Extreme heat (100 ddays) 9,716 0.533 0.519 0.000 4.309 0.378

Precipitation (meters) 9,716 0.652 0.167 0.153 1.326 0.632

Precipitation Sq. 9,716 0.453 0.232 0.024 1.762 0.400

(b) soybeans

variable obs. mean std.dev. min max median

Yield (bu/acre) 9,048 39.632 9.755 5.000 64.221 40.703

Ozone (ppb) 9,048 47.565 4.153 33.852 61.590 47.739

Ozone monitors (count) 9,048 2.665 1.805 1.000 11.000 2.000

Ozone monitors (distance) 9,048 67.152 18.973 1.677 99.953 69.090

Moderate heat (1,000 ddays) 9,048 1.921 0.321 0.983 2.941 1.917

Extreme heat (100 ddays) 9,048 0.353 0.364 0.000 3.421 0.233

Precipitation (meters) 9,048 0.652 0.163 0.216 1.269 0.634

Precipitation Sq. 9,048 0.452 0.227 0.047 1.613 0.402

Note: Note: We report summary statistics on crop yields, ozone pollution, and the weather-related variables for
the regressions in Table 7. The distance between county centroids and power plants is measured in miles.
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Table A16: Crop yields and ozone pollution: variation in weather variables

(a) corn

quartile ozone heat mod. heat ext. prec. prec. squared

1 42.142 1.761 0.312 0.687 0.498

2 46.525 1.875 0.422 0.687 0.496

3 49.177 1.962 0.560 0.675 0.485

4 52.672 2.052 0.839 0.557 0.332

(b) soybeans

bin ozone heat mod. heat ext. prec. prec. squared

1 42.089 1.762 0.188 0.682 0.491

2 46.451 1.878 0.265 0.686 0.493

3 49.125 1.980 0.378 0.672 0.481

4 52.604 2.066 0.581 0.567 0.343

Note: we report the mean of the conditional distribution of each variable for each of the 4 quartiles of ozone
pollution for the unbalanced-panel models in the regressions of crop yields of ozone pollution in Table 7. The
Ozone pollution (ozone) is measured in parts per billion (ppb). The moderate heat (heat mod.) is measured in
1,000 degree days. The extreme heat (heat ext.) is measured in 100 degree days. The precipitation (precip) is in
meters. The rightmost column refers to squared precipitation. Panel (a) pertains to counties growing corn. Panel
(b) pertains to counties growing soybeans. Additional details are available in Section 3.
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Table A17: Crop yields and ozone pollution
Observations for balanced- and unbalanced-panel models by state

corn soybeans
State Rank Unb Bal Ratio % Rank Unb Bal Ratio %

IA 1 553 553 100.00 1 553 553 100.00
IL 2 1,002 835 83.33 2 1,009 923 91.48

MN 3 84 84 100.00 3 84 83 98.81
NE 4 221 221 100.00 5 221 221 100.00
IN 5 748 600 80.21 4 752 553 73.54
SD 6 81 70 86.42 8 81 70 86.42
OH 7 712 552 77.53 6 683 524 76.72
WI 8 270 247 91.48 14 271 234 86.35
MO 9 854 523 61.24 7 870 582 66.90
MI 10 124 114 91.94 12 126 105 83.33

KS 11 340 120 35.29 11 356 254 71.35
ND 12 0 0 10 0 0
KY 13 913 579 63.42 15 776 410 52.84
PA 14 562 314 55.87 19 423 159 37.59
MS 15 137 71 51.82 13 141 101 71.63
NC 16 363 254 69.97 16 357 287 80.39
TN 17 576 183 31.77 17 484 164 33.88
TX 18 187 83 44.39 29 94 21 22.34
LA 19 36 29 80.56 18 68 30 44.12
NY 20 90 19 21.11 23 44 10 22.73

AR 21 209 92 44.02 9 250 180 72.00
MD 22 175 105 60.00 21 143 69 48.25
GA 23 388 56 14.43 27 300 26 8.67
VA 24 331 161 48.64 20 290 146 50.34
SC 25 100 46 46.00 22 111 53 47.75
AL 26 254 56 22.05 24 184 37 20.11
DE 27 26 26 100.00 25 24 7 29.17
OK 28 207 29 14.01 26 253 50 19.76
NJ 29 117 70 59.83 28 84 70 83.33
WV 30 56 38 67.86 30 16 8 50.00

ALL 9,716 6,130 63.09 9,048 5,930 65.54

Note: We use Bal to refer to balanced-panel models and Unb refers to unbalanced panel models. The Ratio %
column calculated using the number of observations in the unbalanced-panel models divided by the number of
observations in the balanced-panel models in Tables 7 and A18 times 100. The states appear in descending order
of their total production (bushels) for 2003–2012.
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Table A18: Crop yields and ozone pollution, balanced panel

A. corn

Without weather controls With weather controls

(A1) (A2) (A3) (A4) (A5) (A6) (A7) (A8)

NOx -3.6153∗∗∗ -3.7205∗∗∗ -3.7075∗∗∗ -3.8135∗∗∗ -1.4754∗∗∗ -1.2139∗∗∗ -0.8239∗∗∗ -0.7712∗∗

(0.2317) (0.2403) (0.2624) (0.3043) (0.2489) (0.2876) (0.2824) (0.3293)

Moderate heat 30.2257∗∗∗ 28.6380∗∗∗ 28.8200∗∗∗ 32.8234∗∗∗

(8.3206) (8.1977) (8.5569) (9.7785)

Extreme heat -50.6276∗∗∗ -54.7925∗∗∗ -58.7911∗∗∗ -60.7445∗∗∗

(6.4675) (7.5301) (7.4501) (8.5049)

Precip. 114.7164∗∗∗ 109.8673∗∗∗ 116.3960∗∗∗ 134.4177∗∗∗

(31.2258) (31.7440) (32.9760) (36.6545)

Precip. Sq -85.3710∗∗∗ -83.0084∗∗∗ -86.4028∗∗∗ -98.5441∗∗∗

(23.6806) (24.0771) (24.8311) (27.5465)

R-squared 0.2241 0.2400 0.2764 0.3599 0.4207 0.4255 0.4619 0.5298

Observations 6,130 6,130 6,130 6,130 6,130 6,130 6,130 6,130

Counties 917 917 917 917 917 917 917 917

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

B. soybeans

Without weather controls With weather controls

(B1) (B2) (B3) (B4) (B5) (B6) (B7) (B8)

NOx -0.6901∗∗∗ -0.6719∗∗∗ -0.6785∗∗∗ -0.6937∗∗∗ -0.3808∗∗∗ -0.1500∗ -0.1332 -0.1315

(0.0669) (0.0673) (0.0667) (0.0776) (0.0855) (0.0762) (0.0839) (0.1022)

Moderate heat 20.2398∗∗∗ 18.7241∗∗∗ 18.7575∗∗∗ 18.8879∗∗∗

(1.9713) (1.7752) (1.8067) (1.9894)

Extreme heat -12.3042∗∗∗ -17.1650∗∗∗ -17.6776∗∗∗ -17.9832∗∗∗

(1.2368) (1.4542) (1.3700) (1.6348)

Precip. 48.3844∗∗∗ 45.5535∗∗∗ 45.5851∗∗∗ 44.8739∗∗∗

(5.6791) (5.4941) (5.6594) (6.7217)

Precip. Sq -31.2729∗∗∗ -30.4591∗∗∗ -30.8399∗∗∗ -30.2372∗∗∗

(3.6325) (3.4749) (3.5317) (4.1337)

R-squared 0.1110 0.1243 0.1870 0.2820 0.2752 0.3326 0.3701 0.4439

Observations 5,930 5,930 5,930 5,930 5,930 5,930 5,930 5,930

Counties 905 905 905 905 905 905 905 905

County FE Yes Yes Yes Yes Yes Yes Yes Yes

Trend Yes Yes

State × Trend Yes Yes

County × Trend Yes Yes

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).
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Table A19: Ozone pollution and NOx emissions: NOx- and VOC-limited

50 miles 100 miles 200 miles

NOx-limited 0.3883∗∗∗ 0.2463∗∗∗ 0.1030∗∗∗

(0.0430) (0.0183) (0.0053)

VOC-limited 0.3850∗∗∗ 0.3539∗∗∗ 0.2679∗∗∗

(0.0824) (0.0525) (0.0195)

R-squared 0.6770 0.6972 0.7442

Observations 62,775 85,889 91,908

Counties 1,662 1,865 1,900

Counties NOx-ltd. 1,434 1,583 1,550

Counties VOC-ltd. 228 282 350

Note: The table shows the NOx coefficients and the associated standard errors in specification I of Table 5 when
we allow for different slope coefficients for NOx- and VOC-limited counties The standard errors are clustered by
county. The asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***). Additional details are
available in Section A.2.
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Table A20: Crop yields and ozone pollution: corn, days ozone exceeding 40 ppb

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

Ozone -0.1544∗∗∗ -0.1050∗∗∗ -0.0285 -0.0063 -0.1410∗∗∗ -0.1105∗∗∗ -0.0233 0.0006
(0.0362) (0.0363) (0.0391) (0.0449) (0.0420) (0.0417) (0.0416) (0.0466)

Moderate heat 22.4409∗∗∗ 20.1228∗∗∗ 20.0008∗∗∗ 24.3519∗∗∗ 24.6488∗∗∗ 23.9597∗∗∗ 24.5763∗∗∗ 28.6452∗∗∗

(7.0589) (7.0112) (7.1482) (8.2317) (8.8240) (8.8495) (8.9870) (10.3157)
Extreme heat -43.7710∗∗∗ -49.1481∗∗∗ -51.3649∗∗∗ -53.8264∗∗∗ -53.6087∗∗∗ -58.9076∗∗∗ -62.9345∗∗∗ -65.2593∗∗∗

(4.7101) (5.0972) (5.1117) (6.0352) (6.9535) (7.6927) (7.4789) (8.4161)
Precip. 136.8643∗∗∗ 124.8515∗∗∗ 129.1814∗∗∗ 153.0203∗∗∗ 132.5828∗∗∗ 120.4993∗∗∗ 122.7609∗∗∗ 142.0491∗∗∗

(22.0532) (23.0729) (24.7056) (28.0845) (30.6291) (31.7613) (32.7080) (35.9669)
Precip. Sq -95.6520∗∗∗ -89.0304∗∗∗ -89.7960∗∗∗ -105.7863∗∗∗ -95.7210∗∗∗ -89.4346∗∗∗ -89.3504∗∗∗ -102.1687∗∗∗

(16.2883) (17.0534) (17.9436) (20.5662) (23.3503) (24.1593) (24.7204) (27.1348)

R-squared 0.3510 0.3643 0.4094 0.5179 0.4032 0.4153 0.4568 0.5259
Observations 9,716 9,716 9,716 9,716 6,130 6,130 6,130 6,130
Counties 1,637 1,637 1,637 1,637 917 917 917 917

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).

Return to Section A.3

Table A21: Crop yields and ozone pollution: soybeans, days ozone exceeding 40 ppb

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

Ozone -0.0410∗∗∗ -0.0174 -0.0093 -0.0136 -0.0366∗∗ -0.0217 -0.0156 -0.0148
(0.0139) (0.0117) (0.0130) (0.0160) (0.0162) (0.0140) (0.0149) (0.0178)

Moderate heat 17.1019∗∗∗ 15.6287∗∗∗ 15.1690∗∗∗ 16.0202∗∗∗ 18.6481∗∗∗ 18.3474∗∗∗ 18.3296∗∗∗ 18.4756∗∗∗

(1.9461) (1.8554) (1.9295) (2.1457) (1.9594) (1.8062) (1.8229) (2.0217)
Extreme heat -12.3200∗∗∗ -15.9010∗∗∗ -16.0129∗∗∗ -16.6002∗∗∗ -13.2688∗∗∗ -17.6224∗∗∗ -18.1965∗∗∗ -18.5290∗∗∗

(0.9895) (1.1932) (1.2841) (1.5434) (1.2554) (1.3666) (1.2689) (1.4902)
Precip. 56.3013∗∗∗ 50.6126∗∗∗ 49.5517∗∗∗ 50.8143∗∗∗ 52.8753∗∗∗ 46.7583∗∗∗ 46.6579∗∗∗ 46.1135∗∗∗

(5.6045) (5.6520) (5.7053) (6.7201) (5.5461) (5.4105) (5.5317) (6.5209)
Precip. Sq -35.6003∗∗∗ -32.7289∗∗∗ -32.0258∗∗∗ -32.8092∗∗∗ -33.8974∗∗∗ -31.2740∗∗∗ -31.5012∗∗∗ -31.0011∗∗∗

(3.5741) (3.6367) (3.6263) (4.2354) (3.5688) (3.4245) (3.4771) (4.0387)

R-squared 0.2767 0.3304 0.3563 0.4594 0.2601 0.3316 0.3689 0.4429
Observations 9,048 9,048 9,048 9,048 5,930 5,930 5,930 5,930
Counties 1,513 1,513 1,513 1,513 905 905 905 905

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).
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Table A22: Crop yields and ozone pollution: corn, log yields

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

Ozone -0.0084∗∗∗ -0.0063∗∗∗ -0.0028 -0.0028 -0.0097∗∗∗ -0.0083∗∗∗ -0.0047∗∗ -0.0045∗

(0.0019) (0.0020) (0.0019) (0.0024) (0.0021) (0.0023) (0.0020) (0.0025)
Moderate heat 0.3995∗∗∗ 0.3814∗∗∗ 0.3739∗∗∗ 0.4117∗∗∗ 0.4000∗∗∗ 0.3912∗∗∗ 0.3890∗∗∗ 0.4222∗∗∗

(0.0697) (0.0708) (0.0706) (0.0797) (0.0785) (0.0783) (0.0793) (0.0913)
Extreme heat -0.4963∗∗∗ -0.5252∗∗∗ -0.5454∗∗∗ -0.5541∗∗∗ -0.5583∗∗∗ -0.5814∗∗∗ -0.6135∗∗∗ -0.6221∗∗∗

(0.0463) (0.0478) (0.0434) (0.0515) (0.0609) (0.0662) (0.0597) (0.0705)
Precip. 1.0730∗∗∗ 1.0426∗∗∗ 1.1192∗∗∗ 1.2660∗∗∗ 0.8791∗∗∗ 0.8521∗∗∗ 0.9374∗∗∗ 1.0536∗∗∗

(0.2103) (0.2129) (0.2233) (0.2657) (0.2768) (0.2805) (0.2882) (0.3275)
Precip. Sq -0.7537∗∗∗ -0.7376∗∗∗ -0.7705∗∗∗ -0.8613∗∗∗ -0.6461∗∗∗ -0.6329∗∗∗ -0.6797∗∗∗ -0.7515∗∗∗

(0.1529) (0.1548) (0.1608) (0.1932) (0.2101) (0.2123) (0.2183) (0.2482)

R-squared 0.3793 0.3820 0.4160 0.5262 0.4195 0.4211 0.4525 0.5215
Observations 9,716 9,716 9,716 9,716 6,130 6,130 6,130 6,130
Counties 1,637 1,637 1,637 1,637 917 917 917 917

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).

Table A23: Crop yields and ozone pollution: soybeans, log yields

Unbalanced Panel Balanced Panel
(U1) (U2) (U3) (U4) (B1) (B2) (B3) (B4)

Ozone -0.0069∗∗∗ -0.0004 0.0009 0.0007 -0.0077∗∗∗ -0.0014 -0.0006 -0.0002
(0.0021) (0.0020) (0.0023) (0.0028) (0.0023) (0.0021) (0.0023) (0.0028)

Moderate heat 0.5378∗∗∗ 0.4705∗∗∗ 0.4564∗∗∗ 0.4841∗∗∗ 0.5477∗∗∗ 0.5064∗∗∗ 0.5007∗∗∗ 0.5127∗∗∗

(0.0470) (0.0445) (0.0461) (0.0506) (0.0480) (0.0433) (0.0429) (0.0467)
Extreme heat -0.4373∗∗∗ -0.5495∗∗∗ -0.5568∗∗∗ -0.5752∗∗∗ -0.4158∗∗∗ -0.5481∗∗∗ -0.5628∗∗∗ -0.5803∗∗∗

(0.0309) (0.0352) (0.0351) (0.0447) (0.0424) (0.0470) (0.0418) (0.0497)
Precip. 1.5172∗∗∗ 1.4504∗∗∗ 1.4372∗∗∗ 1.5028∗∗∗ 1.3139∗∗∗ 1.2369∗∗∗ 1.2330∗∗∗ 1.2535∗∗∗

(0.1910) (0.1898) (0.1910) (0.2283) (0.1761) (0.1746) (0.1766) (0.2086)
Precip. Sq -0.9555∗∗∗ -0.9289∗∗∗ -0.9191∗∗∗ -0.9600∗∗∗ -0.8354∗∗∗ -0.8132∗∗∗ -0.8175∗∗∗ -0.8283∗∗∗

(0.1200) (0.1198) (0.1186) (0.1419) (0.1121) (0.1096) (0.1095) (0.1278)

R-squared 0.3295 0.3686 0.3926 0.4908 0.3090 0.3608 0.3978 0.4654
Observations 9,048 9,048 9,048 9,048 5,930 5,930 5,930 5,930
Counties 1,513 1,513 1,513 1,513 905 905 905 905

Note: All 8 models contain county fixed effects. The models in columns (2) and (6) also include a common linear
trend. The models in columns (3) and (7) also include state-specific linear trends. The columns in models (4)
and (8) also county-specific linear trends. The standard errors are clustered by USDA agricultural district. The
asterisks denote statistical significance as follows: 10%(*), 5%(**), 1%(***).

Return to Section A.3
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Table A24: Supply and Demand Elasticities:
A modified version of Roberts and Schlenker (2013)

Instrumental Variables Three Stage Least Squares
(1a) (1b) (1c) (2a) (2b) (2c)

Panel A: Supply Equation
Supply Elast. βs 0.107 0.196∗ 0.188∗ 0.173 0.203∗∗ 0.203∗∗

(0.219) (0.107) (0.106) (0.155) (0.086) (0.086)
Shock ωt 1.315∗∗∗ 1.283∗∗∗ 1.287∗∗∗ 1.243∗∗∗ 1.285∗∗∗ 1.291∗∗∗

(0.104) (0.086) (0.088) (0.086) (0.069) (0.071)
First Stage ωt−1 -0.499 -0.809∗∗∗ -0.813∗∗∗ -0.561∗∗∗ -0.642∗∗∗ -0.633∗∗∗

(0.347) (0.244) (0.243) (0.179) (0.162) (0.167)
First Stage ωt -0.099 -0.383 -0.385 -0.424 -0.337∗ -0.331∗

(0.357) (0.249) (0.253) (0.278) (0.194) (0.201)

Panel B: Demand Equation
Demand Elast. βd -0.371∗∗ -0.295∗∗∗ -0.289∗∗∗ -0.165∗ -0.300∗∗∗ -0.299∗∗∗

(0.146) (0.059) (0.053) (0.090) (0.066) (0.062)
First Stage ωt -1.046∗∗ -1.314∗∗∗ -1.329∗∗∗ -1.656∗∗∗ -1.299∗∗∗ -1.298∗∗∗

(0.417) (0.269) (0.245) (0.330) (0.253) (0.250)

Panel C: Effect of Demand Shift
Multiplier 1

β̂s−β̂d
2.09 2.04 2.10 2.96 1.99 1.99

Exp. Multiplier 3.15 2.20 2.20 4.53 2.10 2.10
(95% Conf. Int.) (-7.3,14.7) (1.4,4.0) (1.4,4.1) (-6.9,19.2) (1.4,3.4) (1.4,3.4)

F1st-stage Supply 2.08 10.97 11.15
F1st-stage Demand 6.30 23.92 29.38
Observations 46 46 46 46 46 46
Spline Knots 3 4 5 3 4 5

Note: The table shows the regression results for the supply and demand of calories in Table 1 of Roberts and
Schlenker using U.S. data for corn and soybeans only. The first three columns (1a)-(1b) use instrumental variables,
while columns (2a)-(2c) use three stages least squares. Columns (a), (b), and (c) include restricted cubic splines
in time with 3, 4, and 5 knots, respectively. Panel A gives results for the supply equations (1) and (2) in Roberts
and Schlenker, i.e., coefficients above the vertical line give the results for log quantity, while coefficients below
the line give first stage results of log price. Similarly, panel B gives results for their demand equations (3) and
(4). Coefficients on time trends are suppressed. Panel C gives the effect of a demand shift on commodity prices:
multipliers translate percentage changes in demand into percentage changes in equilibrium price. Stars indicate
significance levels: ∗∗∗ : 1%; ∗∗ : 5%; ∗ : 10%.
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