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U.S. Maize Yield Growth and Countervailing 
Climate Change Impacts
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Abstract Over the past several decades, maize yields in the US Midwest have risen 
at about 17% per decade as a result of steady technological progress. Although the 
trend is expected to remain positive, climate change is expected to have an increas-
ing countervailing effect. In this chapter, I compute the yield growth rates necessary 
to fully offset the potential negative effects of a warming climate. Relying on a 
statistical model allowing for nonlinear effects of temperature on yield, I find that 
maize yields would decrease by −4.2, −21.8 and −46.1% around the trend, under 
uniform warming scenarios of 1  °C, 3  °C and 5  °C, respectively. I find that an 
increase of 6.6%/decade in maize yields is required to fully offset the detrimental 
effects of a severe but still plausible 3 °C warming in the next three decades. This 
indicates that future maize yield trends could – all else equal – be substantially cur-
tailed due to the climate change. This case study illustrates how agricultural policy 
analysts can assess the magnitude of potential climate change impacts relative to 
historical yield trends to help identify targets for agricultural research.

1  Introduction

Climate change is resulting in shifting rainfall patterns and rising temperatures that 
will increasingly challenge agricultural producers across the globe, including in 
temperate regions with high agricultural productivity such as the United States (US) 
Midwest region. Various statistical studies have found a strong longitudinal rela-
tionship between exposure to high temperature (>30 °C) and lower-than-average 
crop yields (Schlenker and Roberts 2009; Lobell et al. 2011). This historical evi-
dence presages lower yields in the region under a warmer climate relative to a world 
without climate change.1 At the same time, Midwest maize yields have risen at 
about 17% per decade in recent times as a result of steady technological progress. 
This chapter analyzes the extent to which these secular maize yield trends can help 

1 Evidence suggests that temperature affects yield by lowering the water supply in rainfed environ-
ments (see Lobell et al. 2013).
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offset the projected relative decline of maize yields resulting from a warming 
 climate.2 This case study illustrates how agricultural policy analysts can assess the 
magnitude of potential climate change impacts relative to historical yield trends to 
help identify targets for agricultural research and investments.

The case study is organized as follows. First, I estimate a statistical model of 
maize yields regressed on weather variables for the US Midwest. The model allows 
for nonlinear temperature effects on yield following the approach developed by 
Schlenker and Roberts (2009). This model accounts for distinct effects of tempera-
ture exposure to various temperature bins within each day of the growing season. 
The model is based on panel data and exploits the longitudinal covariance of maize 
yields and weather conditions at the county level. Second, I use the estimated cli-
mate sensitivity parameters to developed maize yield change projections under 
three uniform warming scenarios (1, 3 and 5 °C). Third, I use these projections to 
answer the following question. What yield growth rate would be necessary to fully 
offset the projected yield effects under warming scenario? Obviously, the answer 
depends on the time horizon of the warming, so I explore time frames ranging from 
one decade to a century. Finally, I discuss the magnitude of potential climate change 
impacts on maize yields in light of historical yield trends.

The chapter is organized as follows. First, I describe the data sources and provide 
summary statistics for key variables in the analysis. I also provide an overview of 
the warming scenarios. In the subsequent section I present the crop statistical model 
and describe how climate change impact projections are computed. I then present 
the model results and the associated impacts from a uniform warming and provide 
a discussion of the findings. I then conclude the chapter.

2  Data Sources and Summary Statistics

The empirical analysis in this chapter relies on agricultural and climate data. The 
agricultural data was obtained from Quick Stats, the US Department of Agriculture’s 
(USDA) online database. This database provides data from historical surveys on 
county-level agricultural production variables such as acres planted and harvested 
as well as production. The dependent variable in the study, maize yield, is obtained 
by dividing total maize production by acres planted. For the 1929–2014 period, this 
information is complete for 644 counties in 13 Midwest states. This constitutes the 
set of counties in the study.

The climate data is obtained from the PRISM Climate Group, which provide 
USDA’s official climatological data. The PRISM data is a detailed gridded dataset 
providing daily measurements of minimum, average and maximum temperature and 
total precipitation for each 4-by-4  km grid over the entire contiguous US since 
1981. Because the data is gridded, it needs to be aggregated to the county level to 

2 Although crop yield does not directly reflect agricultural productivity, it provides a useful metric 
that is easily understood by a wide audience interested in agriculture and food security concerns.
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match the agricultural observations. I perform this aggregation by weighting each 
PRISM grid by the amount of cropland it contains based on USDA’s Cropland Data 
Layer (CDL). The CDL provides 30-m resolution land cover pixels corresponding 
to over 100 classes. The weights were based on cropland pixel counts falling within 
each PRISM data grid and the average of CDL cropland counts for years 2008–2014 
were used. Note that temperature exposure to each temperature “bin” or interval is 
computed by fitting a double sine curve going through the minimum and maximum 
temperature of each consecutive day for each PRISM grid and subsequently count-
ing the time spent within each degree bin over the growing season in each year. The 
temperature exposure was then aggregated to county using the aforementioned 
approach.

Key summary statistics are presented in Table 1 and correspond to a balanced 
panel of 644 counties over the 1981–2014 study period. This period is confined to 
years with complete climate data. The table shows maize yields vary considerably, 
ranging from 17.0 to 210.8 bu./acre. This variation obviously encompasses both 
cross-sectional (across counties) and longitudinal (within counties) dimensions. 
There is also a wide range of variation for precipitation over this time period with 
minimum and maximum levels of 110 and 1254  mm for the April–September 
period. Following conventional practice, these months correspond were chosen to 
approximate the maize growing season in the region.

Regarding air temperature, the present study relies on measurements of the tem-
perature distribution across the entire growing season rather than average monthly 
temperature. In other words, the temperature variables correspond to the time spent 
within each temperature bin over the April–September period. This approach is 
arguably better suited to capture exposure to extreme temperatures than monthly 
average temperatures. Although the statistical analysis makes use of exposure data 
to each bin ranging from 0 to 36 °C, I only present summary statistics for  aggregated 

Table 1 Summary statistics for select variables

Variable Min 25th pct. 50th pct. Mean 75th pct. Max

Corn yield (bu/acre) 17.0 101.1 123.7 122.2 144.6 210.8
Precipitation (mm) 110 467 558 569 659 1254
Temperature exposure 
(days)

<0 °C 0.00 1.07 2.43 3.24 4.744
0–5 °C 0.00 4.13 6.14 6.55 8.68
5–10 °C 3.12 12.25 15.96 15.98 19.68
10–15 °C 9.42 23.89 28.38 28.38 32.67
15–20 °C 23.14 38.52 42.29 42.02 45.78
20–25 °C 24.55 39.06 43.32 43.30 47.69
25–30 °C 6.27 26.05 30.70 30.88 35.97
>30 °C 0.01 5.90 11.14 12.66 18.15

Notes: Summary statistics correspond to a balanced panel of 644 counties for the 1981–2014 
period. Weather variables are aggregated between April and September of each year. For reference, 
100 bu./acre of maize are roughly equivalent to 6.3 t/ha
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contiguous bins in Table  1. The table shows that the most frequent temperature 
range is between 15 and 25 °C, which corresponds to the bins with the highest mean 
exposures.

In this chapter I seek to compare the potential effects of a warming climate rela-
tive to historical yields trends. Figure 1 illustrates the rise in maize yields in the 
Midwest since 1929. Panel A shows the yield trend has roughly doubled in absolute 
terms between 1929–1960 and 1961–2014. However, this obscures the fact that the 
rate of this trend has slowed down by almost 40% during this period, as shown in 
panel B.3 I will refer to these growth rates later on in the analysis. Also, it is worth 
noting that I do not detect a statistically significant trend in weather variables over 
the study period (1981–2014). This suggests that these yield trends are mostly a 
reflection of technological progress and not really of parallel climate trends.

Regarding climate change data, I adopt 3 uniform warming scenarios of 1, 3 and 
5 °C with no precipitation change. The reason I focus on temperature rather than 
precipitation changes is that previous studies (e.g. Lobell et al. 2008; Schlenker 
and Roberts 2009) have found that temperature changes are the major explanatory 
factor explaining crop yield fluctuations in the US Midwest (and elsewhere). A 
possible reason is that high temperatures capture the effect of dry summer spells, 
which are crucial for maize production, but are not captured by the season-long 
precipitation variables. Figure 2 provides an overview of the temperature distribu-
tion for the baseline climate as well as under the warming scenarios (lower row). 
The maps illustrate the mean exposure above 30  °C in each county during the 
growing season. Under the baseline climate, very few counties have mean exposure 
exceeding 30 days over the April–September period (total of 183 days). However, 

3 The 1929–1960 period corresponds to the period of hybrid corn varieties adoption across the US.
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exposure above this threshold substantially increases under the most severe warm-
ing scenario. This will have a major effect on the projected yield impacts as we will 
see shortly.

3  Crop Yield Model and Climate Change Impacts

Crop statistical models have re-emerged as an alternative approach to the traditional 
biophysical models for assessing the potential impacts of climate change on crop 
yields. A statistical crop yield model is basically a regression analysis of crop yields 
on weather variables. Early examples can be traced back to the early part of the last 
century (Wallace 1920; Hodges 1931). In this chapter, I adopt the approach devel-
oped more recently by Schlenker and Roberts (2009). These authors developed an 
innovative approach that separately estimates the effect of the cumulative exposure 
(over the growing season) to different temperature bins on crop yield.4 
Mathematically, the nonlinear effect of temperature on yield may be represented by 

4 This approach assumes that temperature effects on yield are cumulative and substitutable over 
time. This assumption may be relaxed.

Fig. 2 Exposure to extreme temperature under varying uniform warming scenarios (Notes: The 
upper row shows the yearly mean exposure (in days) to temperatures exceeding 30 °C during the 
April–September growing season for each county in 13 Midwest states for baseline and 3 uniform 
warming scenarios. The lower row presents the temperature distribution across the sample for each 
temperature bin. Each box represents the median and the first and third quantiles of the distribu-
tion. The whiskers extent to data extremes. The dotted vertical line indicates the 30 °C threshold 
for illustrative purposes)
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a function of temperature h, denoted g(h). Logged maize yield yit in county i and 
year t can thus be represented as:
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where ϕit(h) is the time distribution of temperature for April–September, pit is pre-
cipitation, zit is a quadratic time trend and the ci are county fixed-effects that capture 
time-invariant factors explaining yields level across counties (e.g. soil quality, etc). 
However, Eq. (1) cannot be estimated directly because of the integral. To make this 
model tractable one needs to approximate the integral with a summation over dis-
crete temperature bins:
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where Φit(h + 1) − Φit(h) represents the time spent over the [h; h + 1] interval, and 
g(h + 0.5) is a parameter to estimate. However, given the high number of tempera-
ture bins, collinearity between exposures to contiguous bins might create noisy esti-
mates. As a result I assume that g(h) is a smooth function over temperature bins 
which I can approximate with cubic B-spline with 8 degrees of freedom evaluated 
at each temperature bin. This can be written as:
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where Bj is the jth column of the basis matrix of the natural cubic spline. The model 
effectively regresses yield on eight temperature variables, xit , j. The model is esti-
mated via Least Squares and errors are clustered by county and by year to account 
for heteroscedasticity and contemporaneous error dependence. Once parameters γj 
are estimated, one can derive the marginal effects of temperature exposure by pre- 
multiplying estimated coefficients by the basis matrix. These marginal effects cor-
respond to the marginal effects of each temperature bin on crop yield.

Obtaining climate change projections based on these marginal effects is 
straightforward and simply requires multiplying the marginal effects for each tem-
perature bin by the change in exposure to each bin under a given warming sce-
nario. The log yield changes can then transformed into percentage changes using 
well-known formulas.
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4  Results and Discussion

4.1  Model Results and Warming Impacts

The main result of the model is the nonlinear effect of temperature on maize yields 
which is illustrated in Fig.  3. The effects of precipitation are not presented here 
because the scenarios do not alter the level of precipitation. Exposure to tempera-
tures above 30 °C appear detrimental to maize yields. The response function reflects 
the fact that years with higher exposure to high temperature tend to be associated 
with lower than average maize yields in the study region. This is in line with previ-
ous findings in the literature.

The lower part of the Fig.  3 represents the baseline temperature distribution 
across temperature bins. This is somewhat similar to the distribution within bins 
illustrated in Fig. 2. Again, for the baseline climate, exposure beyond 30 °C is not 
very common. However, a uniform warming scenario shifts the temperature distri-
bution to the right, which increases the frequency of high temperatures. The antici-
pated consequence is that maize yields would decrease as exposure to detrimental 
temperature levels rises.

0.02

-0.02

-0.04

-0.06

-0.08

0 5 10

Temperature distribution (°C)

15 20 25 30 35
0

E
xp

os
ur

e 
(d

ay
s)

2

4

6

8

10

0

Lo
g 

Y
ie

ld
 (

B
us

he
ls

)

Point estimate
95% Confidence band
99% Confidence band

Fig. 3 Nonlinear effects of temperature on maize yields
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Figure 4 illustrates the maize yields impacts for all counties in the sample (top 
row) as well as the distribution of impacts (bottom row) for each warming scenario. 
Because the statistical model regresses the log yield on weather variables condi-
tional on a time trend, these impacts reflect percentage changes around the yield 
trend. A warming scenario of 1 °C has a relatively small effect with some northern 
counties experiencing small positive effects. However, more severe warming sce-
narios generate increasing crop yield losses. Interestingly, the model predicts rising 
heterogeneous effects across the sample as illustrated by the higher variance of 
projected impacts for the most severe warming scenario. The reason is that warming 
results in a disproportionately higher increase in the frequency of extreme tempera-
tures in region that were warmer in the baseline climate.

The acreage-weighted maize yield impacts for the sample are −4.2%, −21.8% 
and −46.1% for the 1 °C, 3 °C, and 5 °C warming scenarios, respectively. Again, 
these impacts are around the trend so they do not represent net effects on yields. 
These impacts from uniform scenarios, however, do not provide information about 
their timing or the pace of warming.

Fig. 4 Maize yield impacts under alternative warming scenarios (Notes: The top row represents 
the projected effect of the corresponding warming scenario for each county in the sample. Grey 
counties are not in the sample. Some of these effects are not statistically significant when close to 
zero. The bottom row represents the distributions of these county-level effects)
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4.2  Warming Impacts Against Technological Progress

To provide some context for the magnitude of these yield impacts, I compute the 
yield growth rate necessary to fully compensate these warming effects. This rate is 
computed as r = 1/t (( y0 − yt)/y0 + 1) where t is the time allowed for yield growth (in 
decades), and ( y0 − yt)/y0 is the share of acreage-weighted average yields loss in the 
projected climate relative to the baseline climate (yt < y0).

I present these rates based on the historical yield sensitivity to temperature in 
panel A of Table 1. The table naturally shows that in order to compensate the impacts 
of a warming climate the growth rate in maize yields needs to be higher, the sooner 
this warming occurs. This explains the higher rates for lower time horizons (upper 
rows). Obviously, the rate needs to be even higher, to compensate larger damages 
from a more warming. This explains why higher rates are also found under more 
severe scenarios. Panel A shows that to compensate for a 3 °C warming within the 
next 3 decades (mid-century) the maize yield growth rate needs to be 6.56%/decade. 
This warming scenario approximately corresponds to climate change projections 
under higher emissions scenarios toward the middle of the century for the continen-
tal US. Recall that the recent historical yield trend shown in Fig. 1 is about 17.4%/
decade. This is greater than the required growth rate to offset the warming impacts. 
However, these results show that climate change would have a sizable countervail-
ing impact even if relatively high secular yield growth rates are maintained. More 
precisely, if the secular trend continues at this historical rate, the net yield growth 
might be reduced to about 17.4−6.6  =  10.8%/decade. This is a 38% reduction, 
which seems considerable.

The previous discussion assumed that only an increase in average yields is con-
sidered to counterbalance potential yield losses from a warming climate. However, 
breeding programs may be designed to reduce the vulnerability of maize yield to 
extreme conditions. This can be graphically represented as a reduction in the slope 
of the marginal effect of high temperature on crop yield in Fig. 3. I consider a case 
in which these marginal effects for temperatures exceeding 30 °C are reduced by 
half. Projected yield impacts will naturally be lower. Similarly, the required maize 
yield growth rates need to compensate a warming climate would also be lower. 
These rates are represented in panel B of Table 1. Indeed, with reduced extreme 
temperature sensitivity, the offsetting rates could be lower.

Panel C presents the difference between the compensating rates in the case based 
on historical heat sensitivity and with reduced heat sensitivity. These rates can be 
interpreted as the “secular yield growth rate equivalent” of an immediate reduction 
by half in extreme temperature sensitivity. In other words, the comparison of panels 
A and C provide insights into the tradeoff of combatting projected yield losses from 
warming by increasing average yield trends or by reducing the sensitivity of yields 
to extreme conditions. It is clear that the sooner and the more severe the warming is, 
the more appealing reducing the sensitivity to extreme becomes. Alternatively, if 
warming is mild or very distant, reducing yield sensitivity to high temperature 
 present relatively small advantages (Table 2).
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5  Conclusion

In this chapter I illustrate how to assess the yield growth rate requirements to fully 
compensate yield losses due to climate change based on statistical techniques. The 
crop statistical model employed allows for nonlinear effects of temperature on 
yields. In line with results in the literature, the statistical model suggests that expo-
sure to temperature exceeding 30  °C is detrimental to maize yields in the US 
Midwest. A warming climate would therefore entail an increase in exposure to det-
rimental conditions and reduce yields. Indeed, I find sample-wide yield impacts 
around the yield trend of −4.2%, −21.8% and −46.1% for the 1 °C, 3 °C, and 5 °C 
uniform warming scenarios, respectively. The middle of the road-scenario is plau-
sible by mid-century.

I find that a historical rate in maize yield growth in the US Midwest of 17.4%/
decade exceeds the rate (6.56%/decade) needed to compensate a plausible warming 
of 3 °C within the next 3 decades. However, the net yield trend would be substan-
tially diminished under this scenario due to the countervailing effect of a warming 
climate. In addition, I explore how the reduction in half of yield sensitivity to 
extreme temperature reduces the yield growth requirements to offset detrimental 
warming effects. I find that reducing sensitivity to extreme condition is a more 
attractive option when warming is imminent and severe. This case study highlights 
how agricultural policy analysis can assess the magnitude of potential yield losses 
due to climate change relative to historical yield trends.

Table 2 Maize yield growth rate required to fully compensate warming damages

(A) (B) (C)
Time horizon Historical sensitivity Reduced sensitivity Difference

(in decades) +1 °C +3 °C +5 °C +1 °C +3 °C +5 °C +1 °C +3 °C +5 °C
1 4.14 19.69 37.90 −0.24 5.88 18.66 4.38 13.81 19.24
2 2.07 9.84 18.95 −0.12 2.94 9.33 2.19 6.90 9.62
3 1.38 6.56 12.63 −0.08 1.96 6.22 1.46 4.60 6.41
4 1.03 4.92 9.47 −0.06 1.47 4.66 1.09 3.45 4.81
5 0.83 3.94 7.58 −0.05 1.18 3.73 0.88 2.76 3.85
6 0.69 3.28 6.32 −0.04 0.98 3.11 0.73 2.30 3.21
7 0.59 2.81 5.41 −0.03 0.84 2.67 0.62 1.97 2.74
8 0.52 2.46 4.74 −0.03 0.74 2.33 0.55 1.72 2.41
9 0.46 2.19 4.21 −0.03 0.65 2.07 0.49 1.54 2.14
10 0.41 1.97 3.79 −0.02 0.59 1.87 0.43 1.38 1.92

Notes: The yield growth rate required to compensate damages is computed as r = 1/t[(y0 − yt)/ y0)  + 1 ] 
where t is the time allowed for yield growth (in decades), and (y0 − yt)/ y0 is the share of acreage- 
weighted average yields loss in the projected climate relative to the baseline climate (yt < y0). The 
“Historical Heat Sensitivity” relies directly on the estimated parameters for computing climate 
change impacts. The “Reduced Heat Sensitivity” reduces by half the marginal effects of tempera-
ture exceeding 30 °C, i.e. the curve in Fig. 3 becomes less steep. “Difference” corresponds to the 
difference in rates between the “Historical Heat Sensitivity” rates and those for the “Reduced 
Sensitivity” rates
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The analysis could be extended with a cost-benefit analysis of alternative 
 mean- increasing or variance-reducing technological change. The study also has 
important limitations including the fact that crop yield models cannot account for 
CO2 fertilization or detailed management information that may be explicitly mod-
eled with biophysical approaches. Other limitations include the assumptions about 
time separability of temperature effects as well as the omission of confounded 
effects of other inputs with weather conditions.
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