remote sensing

Article

Bayesian Spatial Models for Projecting Corn Yields

Samantha Roth 1@, Ben Seiyon Lee 2 Robert E. Nicholas 3, Klaus Keller *

check for
updates

Citation: Roth, S.; Lee, B.S.; Nicholas,
R; Keller, K.; Haran, M. Bayesian
Spatial Models for Projecting Corn
Yields. Remote Sens. 2024, 16, 69.
https:/ /doi.org/10.3390/1s16010069

Academic Editors: Ignacio A.

Ciampitti and Amy Braverman

Received: 30 September 2023
Revised: 12 December 2023

Accepted: 19 December 2023
Published: 23 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Murali Haran *

Department of Statistics, Pennsylvania State University, University Park, PA 16802, USA; svr5482@psu.edu
2 Department of Statistics, George Mason University, Fairfax, VA 22030, USA

Department of Meteorology and Atmospheric Science, Pennsylvania State University,

University Park, PA 16802, USA

4 Thayer School of Engineering at Dartmouth College, Hanover, NH 03755, USA

*  Correspondence: mharan@stat.psu.edu

Abstract: Climate change is predicted to impact corn yields. Previous studies analyzing these impacts
differ in data and modeling approaches and, consequently, corn yield projections. We analyze the
impacts of climate change on corn yields using two statistical models with different approaches
for dealing with county-level effects. The first model, which is novel to modeling corn yields,
uses a computationally efficient spatial basis function approach. We use a Bayesian framework to
incorporate both parametric and climate model structural uncertainty. We find that the statistical
models have similar predictive abilities, but the spatial basis function model is faster and hence
potentially a useful tool for crop yield projections. We also explore how different gridded temperature
datasets affect the statistical model fit and performance. Compared to the dataset with only weather
station data, we find that the dataset composed of satellite and weather station data results in a
model with a magnified relationship between temperature and corn yields. For all statistical models,
we observe a relationship between temperature and corn yields that is broadly similar to previous
studies. We use downscaled and bias-corrected CMIP5 climate model projections to obtain detrended
corn yield projections for 2020-2049 and 2069-2098. In both periods, we project a decrease in the
mean corn yield production, reinforcing the findings of other studies. However, the magnitude of the
decrease and the associated uncertainties we obtain differ from previous studies.

Keywords: climate change; crop yields; Bayesian inference; Gaussian process; basis representation

1. Introduction

As of 2021, the United States produces more corn than any other nation [1]. Corn
is planted on around 90 million acres each year in the US, and its many uses include the
production of feed grain, ethanol, food, and beverages [1]. About 15% is exported to other
countries, so the impacts of climate change on the US corn yield production have economic
consequences worldwide [1]. We can learn about the impacts of climate change on corn
yields using statistical or process-based dynamical models. Compared to process-based
dynamical models, statistical models are computationally cheaper, thus enabling easier
uncertainty characterization [2,3].

Our limited knowledge of future climates and factors influencing yields contribute to
uncertainty surrounding the impacts of climate change on agriculture [4-6]. Findings vary
depending upon the type of statistical model and variables considered. Climate change
impacts on corn yield are shown to vary by location [7] and climate change scenario [8].
Multiple studies find that climate change may impact the corn yield in the US by increasing
the yield variability and decreasing the average yield [5,9-11].

Many insightful studies [7,9,10,12] do not directly account for spatial correlation.
Others are also silent on the impact of parametric uncertainty on projections [7,10]. Fol-
lowing [5], we examine the influences of precipitation, technological advances by state,
county-level factors, and heat exposure. Their model accounted for spatial correlation using
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the nonparametric approach of [13]. Previous work that considers impacts of both para-
metric and climate forcing uncertainty on corn yield projections finds a wider range and a
lower tail of low yield outcomes [9]. Following [9], we sample climate forcing uncertainty
by considering climate model projections from eighteen downscaled and bias-corrected
CMIP5 climate models. Ref. [9] uses pre-calibration to account for parametric uncertainty,
whereas we employ a Bayesian modeling framework. Bayesian modeling allows for a
natural way to account for parametric uncertainty.

We propose a scalable spatiotemporal statistical model that accounts for climate forcing
uncertainty to project corn yields. We also evaluate the performance and computational
expedience of using spatial basis functions to account for spatial correlation. Accounting
for spatial correlation using a basis representation drastically reduces the computational
burden compared to fitting a full Bayesian spatial model, which is crucial for a dataset with
observations at 1821 counties for 38 years. We use the PICAR (Projection-based Intrinsic
Conditional Auto-Regression) approach to constructing basis functions [14]. We compare
two variants of the PICAR approach with a simple yet more computationally expensive
Bayesian model that fits a time-constant random intercept for each county.

We also compare statistical models using different temperature datasets. We are moti-
vated to conduct such a study because of our interest in understanding corn yields. Corn is
a critical cereal grain not only to the US but also to many other parts of the world. In over
half of Sub-Saharan African countries, it is the primary cereal grown [15]. Temperature data
are clearly key to studying corn yields. Although we have temperature observations from
many weather stations in the US, the density of weather stations in Africa is one-eighth
the density recommended by the World Meteorological Organization [16]. This scarcity
limits our ability to use weather station data alone to learn about the relationship between
temperature and corn yields in Africa.

In lieu of quality weather station data, we can use data products that also rely on
other sources to train a model for corn yields. Satellite, or remotely sensed, data can fill
gaps in weather station measurements but are indirect measurements [17]. Challenges in
relating satellite measurements to air temperature [18], gaps [19], and the limited coverage
of the daily temperature cycle [20] limit the usage of satellite temperature data compared to
weather station data. A statistical model trained using a gridded data product combining
satellite and weather station data versus only weather station data should result in different
modeled relationships, and, consequently, different yield projections under climate change.
Our results can inform the differences in modeled relationships and predictive ability
between corn yield models fit with gridded temperature data products that use (1) weather
station data and (2) both satellite and weather station data. This study may help to
understand the effect of using combined weather station and remotely sensed temperatures
instead of weather station-only temperature data; this effect may be important in places
like Sub-Saharan Africa.

The remainder of this paper is as follows. In Section 2, we describe the datasets
and climate model outputs that we use in this paper, along with the Bayesian models
we develop to obtain corn yield projections using the data and climate model outputs.
In Section 3, we describe the result of applying our statistical models and Bayesian approach
to projections, a comparison between the two modeling approaches we pursue, and the
corn yield projections along with uncertainties. We also compare results when using each
of the two sources of temperature data. Finally, in Section 4 we provide a discussion of our
results along with caveats and directions for future work.

2. Materials and Methods

We begin by providing details of how we evaluate the impacts of climate variables
on corn yields then project detrended corn yields. We first discuss fitting a full Bayesian
spatial model and then introduce PICAR and the simple random intercept methods as more
computationally efficient approaches for large space-time datasets. Finally, we describe
how we project detrended corn yields.
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2.1. Data and Study Area

We use 1981-2018 county-level corn yield data from the National Agricultural Statistics
Service [21]. We study twenty-four US states east of the 100th meridian since their crops
tend to be rain-fed [5]. We measure yield in bushels per acre and drop missing observations.
For our comparison of statistical models and detrended yield projections, we use daily air
temperature minima and maxima at 2 m above the ground and precipitation observations
from METDATA, a meteorological data product from [22] with a spatial resolution of
4km x 4 km. Following [5,9], we consider the temperature and precipitation for each
year’s growing season. We define the growing season as the six months after the twenty-
one-day moving average temperature reaches 10 °C [23]. Following [5,9], for each county
we use a sine function to compute the amount of time spent in each 1 °C temperature
interval between the daily maximum and minimum temperatures for each day in the
growing season. We then aggregate the data to obtain the total amount of time spent in
each 1 °C temperature interval over the entire growing season.

We obtain climate projections for all CMIP5 climate models from MACAv2-METDATA [24].
Ref. [24] bias-corrects the general circulation model (GCM) projections using METDATA and
downscales using Multivariate Adaptive Constructed Analogs (MACAs). For two 30-year
periods, the near future (2020-2049) and the end of the century (2069-2098), we consider
the business-as-usual (RCP 8.5) scenario. We choose this scenario for comparability with
previous work projecting corn yields [5,9,23,25].

In our comparative study of temperature datasets, we replace METDATA, which does
not make use of remotely sensed temperatures, with data from TopoWX [26]. TopoWX
uses remotely sensed landskin temperatures from MODIS [27] and digital elevation model
variables to model the impact of topoclimatic variables on the air temperature at 2 m above
the surface. We choose TopoWX for its desirable properties: temporal continuity, a high
spatial resolution (800 m x 800 m), a long period of record (1948-2016), and the inclusion
of daily temperature minima and maxima. Other reanalysis data products that combine
remotely sensed and weather station temperatures exist (e.g., ERA5-Land [28] and NCEP
CFSR [29]), but these are available at a much lower spatial resolution. We choose not to use
temperature observations from MODIS alone because no data are available from before
2000 [27]. In addition, none of the mentioned products besides TopoWX provide daily
temperature minima and maxima directly.

2.2. Model Variables

In order to project future corn yields, we first need to relate historical corn yields
to weather variables. We model the yields in bushels per acre in this study. When we
model the natural log of yield [5], we see heteroskedastic residuals. We assume the effect of
temperature exposure on yields is cumulative over time and use the same functions of the
weather and other variables in our model as [5]. We model the expected yield as follows:

I
E(yi) = [ 8(b)gi(h) dh+ zqa. )

Here, g(h) is a nonlinear function of heat and ¢; () is the amount of time the crop
was exposed to temperature / in county i and year t over the growing season. The range of
temperatures during the growing season is (I, ). z;; includes a quadratic function of the
total growing season precipitation and a quadratic time trend for each state to account for
technological advances. We approximate the integral in Equation (1) with

E(yit) = ) _g(h+0.5)(¢it(h + 1) — dpie(h)) + zjpar. )

\R‘ME‘\

For a county i and year t, ¢;;(h) is the cumulative distribution function of temperature. Fol-
lowing [5], we select g(+) to be a piecewise linear function with a threshold at & = 29 °. This
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threshold is the point where the impact of temperature exposure changes from beneficial to
detrimental to corn yields [5,10].

2.3. Traditional Spatial Models and Computational Challenges

Spatial models allow us to account for spatial correlation in the response not accounted
for by the covariates. When we do not account for spatially correlated residuals, the as-
sumptions of classic statistical tests are not met [30,31] and the impacts of covariates that are
also autocorrelated tend to be inflated [32]. Here, we introduce a traditional spatial model
for our data. We also discuss the associated computational challenges, which make adapt-
ing Projection-based Intrinsic Conditional AutoRegression (PICAR) [14] for spatiotemporal
data a useful alternative.

LetZ = (Zstys s Zss by s Zsypipr- - - Zsg ip) bea S x T vector of observations of a
spatiotemporal process, where S is the number of observed locations and T is the number
of observed years. We can specify a hierarchical model for the spatiotemporal observations,
as follows:

Z=XB+V-+e

e ~N(0,031)

V ~N(0,Ir ®%(n))
ﬁNN(O,(le;I)

0% ~ Inverse Gamma(az, bz).

X is a matrix with S x T rows and K columns, one for each covariate. The kth col-
umn of X gives the values of covariate k for each location and year as follows: X; =
(Xisytyre s Xisotyr e - -r Xy tpr - Xksg tr) - B is the corresponding K-dimensional vector
of coefficients. We select covariates so that X corresponds to our model for expected yields
described in Section 2.2. In this model, E(Z) = X8, i.e., the expected corn yield is equal
to a weighted sum of variables describing the temperature exposure, precipitation, state,
and year.

In the above formulation, we account for two types of random effects in our observa-
tions that the variables stored in X cannot explain: those that have patterns in space (V)
and those that do not (¢). We model the observation errors as a vector of independently
and identically distributed normal random variables: e ~ A(0,0?I). We model the time-
constant spatial random effects as W = (W, ..., Ws;)" ~ N(0,Z(#)). Z(n) is a positive
definite covariance matrix where # is the vector of covariance function parameters. The co-
variance between locations S and s; is X(%) ji1= Cov(WSj, W, ). We choose the covariance
function so that COV(Wsj, W, ) only relies on the Euclidean distance between locations s i
and s;. We form the vector V with S x T entries from W by repeating time-constant spatial
effects for each year, V.= (W/,..., W’)’. The covariance matrix for V is the Kronecker prod-
uct of the T x T identity matrix It and the covariance matrix for W. By this construction,
the spatial random effects vary by location but remain constant across years.

W is high-dimensional and spatially correlated, which makes fitting a full Bayesian
spatial model computationally burdensome. Fitting this model with the MCMC could
result in poor mixing [33,34] and would require evaluating a normal density at each step,
which is costly (O(n?)). We circumvent the computational costs associated with fitting a
full Gaussian spatial model by considering two relatively computationally efficient options.

2.4. Computationally Efficient Approaches

We study two modeling approaches: (1) PICAR [14], a basis representation approach
to approximate the spatial random effects, and (2) direct estimation of county-level ran-
dom effects. Basis representation approaches approximate spatial random effects with a
weighted sum of spatial basis functions. A basis function can be interpreted as a spatial
pattern. We infer the weights for these patterns using the data. By assigning weights
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to these spatial patterns using random coefficients, we generate a spatial random field.
Basis representation approaches improve computational efficiency compared to estimating
the spatial random effects directly cf. [35,36]. There are many such approaches available,
but the PICAR approach is convenient because it uses Moran'’s basis [37], which provides a
low-dimensional representation and is easily extended to new model settings.

First, we describe the PICAR approach as in [14] and how we adapt it for spatiotem-
poral data. We approximate the spatial random effects W as follows:

® is a n x p matrix whose columns are spatial basis functions or a set of spatial patterns,
and J € R? is the vector of basis coefficients. We specify the prior covariance matrix
s = (T(?(M’ M)~! based on the recommendation of [14]. Ug is the marginal variance
parameter for §, and M is the Moran’s basis function matrix. We approximate W using the
PICAR approach, as follows:

1.  Produce a triangular mesh over the spatial domain of the observations using Delaunay
triangulation [38] with the R-INLA package [39]. The number of nonintersecting
triangles making up the mesh can vary, with more triangles corresponding to a
higher-density mesh.

2. Build MJ, a spatial random field on the mesh nodes. The mesh nodes are the points
where the corners of the nonintersecting triangles meet. M is a matrix of basis
functions whose columns represent patterns of spatial dependence among mesh
nodes. J weights prominent spatial patterns more heavily.

3. Construct ®J = AMJ, our approximation of W. The projector matrix A contains
piecewise linear basis functions to interpolate MJ onto the county centroids.

Additional implementation details are found in [14]. In [14], the PICAR approach
was used to examine spatial datasets with complete observations where each row of ®
corresponds to a spatial location (e.g., counties). We adapt PICAR for spatiotemporal data
by augmenting ® so that observations in the same county have the same spatial random
effect across the observed years. We stack ® on top of itself 38 times, once for each year
from 1981 to 2018. Then, we identify the missing counties for each year and delete the
corresponding rows of ®.

We assess two ways to select the mesh density and the rank of M. These factors
influence the computational cost of fitting the PICAR model, where a higher mesh density
and higher rank of M make the model slower to fit. At 180 combinations of mesh density
and rank of M, we compute two model selection criteria for a frequentist approximation of
the PICAR model. Akaike’s information criterion (AIC) [40] approximates the predictive
performance, and the Bayesian information criterion (BIC) [41] estimates the marginal
probability density of the data given the model [42]. The BIC more heavily penalizes
model complexity than the AIC. Using the BIC, we selected a rank of 20 for M and a lower
mesh density. Using the AIC, we selected a rank of 190 for M and a higher mesh density.
Lower values are preferable for both criteria. In our case, both model selection criteria
produce models with similar predictive performances (see the results in the supplement
(Supplementary Materials)).

In the second model, we replace W with IsB¢. Here, I is a matrix where each column
corresponds to an indicator for one of the S = 1821 counties with observations. For a
column corresponding to a given county, each entry of the column has a one if the yield
observation in that row is in that county and a zero if the observation in that row is not in
that county. B is the matrix of coefficients for the columns of Is. We call this approach the
county intercepts approach, sometimes shortened to Cty Int, since it results in having a
separate random intercept for each county. This reference model only accounts for spatial
random effects indirectly. Note that the number of random effects in the county intercepts
model is 1631 to 1801 greater than the number of random effects in the PICAR models.
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We fit each of the statistical models considered using a Gibbs sampler implemented in
the R language [43]. We run the algorithm long enough to allow all effective sample sizes
(ESSs) to exceed 10,000. The ESS estimates the number of independent samples with the
same power of estimation as the samples from our autocorrelated sampler [44,45].

2.5. Projections

We define the detrended yield as the yield with the impact of time removed. We
remove the impact of time on the yield because we do not assume that the impacts of
temporal factors will remain the same in the future [46]. We summarize our approach for
projecting detrended yield using each statistical model, as follows:

1. Model the yield observations as Z = XB + ®¢ + € (PICAR model) oras Z = X +
IsBs + € (county intercepts model). We use the Markov chain Monte Carlo (MCMC)
to obtain an approximate posterior distribution for ®, the vector of regression model
parameters. If using a PICAR model, ® = {8, J,0?, (7‘25}. If using the county intercepts
model, ® = {B, B¢, 0}

2. Subtract the estimated mean effect of the state quadratic time trend from each historical
observation for estimates of the historical detrended yields (Z_;). The estimated
historical detrended yields from fitting each statistical model are different because the
estimated time trend from each model is different.

3.  Remove the columns containing the time trend by state from X to obtain X_;.

4. Re-fit the PICAR or county intercepts model in step 1, replacing Z with Z_; and X
with X_;. Then, we have an approximate posterior distribution for @ _;, the vector of
regression model parameters excluding the parameters for the quadratic time trend
by state.

5. Replace the weather variables in X_; with downscaled and bias-corrected climate
model projections for each year in 2020-2049 from one CMIP5 model to obtain X* ,.
We treat each climate model’s projections as equally likely as conducted by [9].

6. Take N random samples of parameter settings from the posterior distribution of
©_;. Denote the ith sample as ©_;(i). For each sample, obtain a projection of
the detrended yield as follows: E(Z*,) = X*,B_,(i) + ®J_(i) (PICAR model) or
E(Z%;) = X*,B_;(i) + IsBs (i) (county intercepts model).

7. Repeat steps five and six, replacing 2020-2049 with 2069-2098.

8.  Perform steps five to seven for each of the eighteen CMIP5 models. For each year
in the projection periods and each statistical model, we have N x 18 detrended
yield projections.

For each year in the projection period, this procedure provides a Monte Carlo approxi-
mation of the posterior predictive distribution of the detrended corn yield corresponding
to the projections from each CMIP5 climate model and each statistical model.

3. Results

We first compare the impacts of weather variables according to the county intercepts
and PICAR models. We repeat this comparison for the county intercepts model trained with
either METDATA or TopoWX temperatures. We compare the predictive performance of the
county intercepts and PICAR models. We repeat this comparison for the county intercepts
model trained with either METDATA or TopoWX temperatures as well. We use the BIC to
choose a version of the PICAR model that is best suited to the data while accounting for
model complexity. Here, model complexity is related to the number of basis functions used
as well as the mesh density chosen. We also compare the county intercepts and PICAR
models’ performances in reducing the spatial correlation of the residuals. We then compare
the projections from these models for the near future (2020-2049) and end-of-century
(2069-2098) projection periods.



Remote Sens. 2024, 16, 69

7 of 19

3.1. Variable Impacts

We first consider the modeled relationships between the weather variables of interest,
the precipitation and temperature, and the corn yield. In Figure 1a, we display the impact of
an additional hour of exposure to each 1 °C temperature interval during the growing season
on yields (bushels/acre). We find that exposure to temperatures between 10 °C and 29 °C
has a weakly increasingly positive impact on yields, while exposure to temperatures above
29 °C has a strongly increasingly negative impact on yields, the same type of relationship
found by [5]. Figure 1b summarizes the quadratic relationship between the total growing
season precipitation and yields. We find that increasing the total precipitation up to around
0.8 L during the growing season has a decreasingly positive impact on yields. Above 0.8 L,
increasing total growing season precipitation has an increasingly negative impact on yield.

Fit function of heat Fit function of precipitation

ARRRRARARY
nARRRRARARARAARRARNARATAR \

40

quantile

-0.11 g
201 ¢
source

Cty Int
-- PICAR

o
o

Impact on yield (bushels/acre): 1 hr exposure
Impact on yield (bushels/acre): precipitation

10 20 30 40 0.4 038 12
Degrees Celsius Precipitation (L)
@) (b)
Figure 1. Relationships between heat exposure and yield (panel (a)) and total precipitation and yield
(panel (b)). Each panel shows the relationship between the climate variable and yield based on the
middle 90% of MCMC samples of the parameter posteriors using either the county intercepts or
PICAR model. The modeled impact of heat on corn yield is similar to previous studies in both models.
The county intercepts model finds more extreme high temperature damages than the PICAR model.

We also consider the impacts of the mean fit quadratic time trend by state from the
historical period to what they would be the end of the 21st century. Both the PICAR and
county intercepts models give that the impact of time on yields is generally positive to
varying degrees for all states (Figure 2a,b). In some states such as Georgia, the estimated
impact of temporal factors at the end of the century would be enormous. However,
extrapolating the impact of time to the end of the century may not produce realistic results,
so we project the detrended yield instead.

For the sake of brevity, we only evaluate how the county intercepts model changes
when the TopoWX temperatures replace METDATA temperatures. The relationship be-
tween the precipitation and yields is virtually unchanged when we replace METDATA
temperatures with TopoWX temperatures, which is desirable since the precipitation dataset
has not changed (Figure 3b). When we replace METDATA temperatures with TopoWX
temperatures, (1) exposure to temperatures between 10 °C and 29 °C has a slightly more
increasingly positive impact on yields and (2) exposure to temperatures above 29 °C has
an even more strongly increasingly negative impact on yields (Figure 3a). In summary,
switching METDATA for TopoWX temperatures increases the slopes in the piecewise linear
relationship between the temperature and yields.
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County intercepts: fit function of time by state PICAR: fit function of time by state
10001

10001

500 500, g gt | cE i

Impact on yield (bushels/acre): time
Impact on yield (bushels/acre): time
g
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@) (b)
Figure 2. Mean relationships between time and yield for each state based on the county intercepts
model (panel (a)) and the PICAR model (panel (b)). The modeled impact of technology is highly
variable by state according to both the county intercepts and PICAR models.
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Figure 3. Relationships between heat exposure and yield (panel (a)) and total precipitation and yield
(panel (b)). Each panel shows the relationship between the climate variable and yield based on the
middle 90% of MCMC samples of the parameter posteriors where the model is trained using either
METDATA or TopoWX temperatures. The modeled impact of heat is more extreme when we replace
METDATA with TopoWX temperatures. The precipitation impact is practically unchanged.

3.2. Predictive Performance

We compare the performances of the county intercepts model to the PICAR model
based on the prediction of withheld data. We choose the Widely Applicable Information
Criterion (WAIC), a measure of predictive accuracy that averages over the posterior dis-
tribution rather than conditioning on a point estimate [42]. We select the final four years
(2015-2018) as our validation set since we are interested in making future projections with
our models. For both models, the median distance of the prediction to the observation is less
than 10% of the observation. Hence, we judge that their predictive abilities are adequate.

Overall, the county intercepts model has a slightly improved predictive ability com-
pared to the PICAR model, but this difference is small considering the scale of the data
values. The yield observations have 1st, 25th, 50th, 75th, and 99th quantiles of 33, 86, 111,
139, and 201 bushels/acre. We hypothesize that this is because this model’s indirect repre-
sentation of spatial correlation is much higher dimensional. The county intercepts model
has RMSE of 21.2 bushels/acre; the PICAR model has RMSE of 24.9 bushels/acre (Table 1).
The county intercepts model has a WAIC of 858,544, and the PICAR model has a WAIC
of 901,826.6 (Table 1). Lower WAIC values indicate a better predictive ability. The county
intercepts model’s WAIC is less than 5% smaller than the PICAR model’s WAIC.
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For each year, the county intercepts model is slightly more accurate but again small
relative to the data scale (Table 2). Although the last held-out year has the highest RMSE
for both models, the trend is that the RMSE values decrease from 2015-2017. We hence
see no evidence for a potentially concerning increasing trend in RMSE. The distribution of
prediction errors is approximately symmetric around zero for each approach (Figure 4a,b).
However, there are generally more cases of predictions that are much too high than much
too low.

Table 1. Root-mean-squared error (RMSE) and Widely Applicable Information Criterion (WAIC) for
county intercepts model VS Projection-based Intrinsic Conditional Autoregression (PICAR) model
for held-out years in bushels/acre. Predictive performances of the county intercepts model and the
faster PICAR model are nearly the same relative to scale of data.

County Intercepts PICAR
RMSE 21.2 249
WAIC 858,544 901,826.6

Table 2. Root-mean-squared error (RMSE) for county intercepts model VS Projection-based Intrinsic
Conditional Autoregression (PICAR) model for each held-out year in bushels/acre. Predictive
performances of the county intercepts model and the faster PICAR model are similar for each held
out year relative to the scale of the data.

County Intercepts PICAR
2015 22.6 25.5
2016 20.1 247
2017 19.1 23.3
2018 23.0 26.4

The county intercepts model and PICAR model produce similar projections. The PICAR
model, however, takes considerably less time to approximate the posterior distribution.
The PICAR model has a mean effective sample size (ESS) per second of 151 and a minimum
ESS/second of 48.2. Meanwhile, the county intercepts model has a mean ESS/second of
2.98 and a min ESS/second of 2.66. We take enough approximate posterior samples so that
the ESS for each parameter is at least 10,000. The BIC criterion selects a relatively low rank of
Moran’s basis function matrix and mesh density, contributing to the computational efficiency.

Generally, the remaining spatial patterns in the residuals (observed—predicted crop
yield) are similar across all models for all held-out years (Figure 5a-h). For 2018 (Figure 5g,h),
the county intercepts approach overpredicts the yield a bit more in parts of lowa. The PICAR
model overpredicts the yield a bit more in a few other counties and years. Again, these
differences are not large relative to the scale of the corn yields. The largest overestimates of
yields from both models tend to occur in Georgia. We hypothesize that this is due to the fit
of the quadratic time trend by state.

We compare the predictive performances of the county intercepts model fit with
METDATA to the county intercepts model fit with TopoWX data on two years of held-
out data (2015-2016). Note that we are comparing these models using only two years of
held-out data now since TopoWX is only available up to 2016.
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Yield: observed - predicted Yield: 100*(observed - predicted)/observed
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Figure 4. Distribution of prediction errors (panel (a)) in bushels/acre and percent errors (panel (b))
from the county intercepts and PICAR models. The majority of errors are very small relative to scale
of the data. Both distributions of errors have long lower tails.

For 2015-2016, the model fit using temperatures from the TopoWX dataset has a very
slightly improved predictive ability compared to the model fit with temperatures from
the METDATA dataset (Table 3). Even so, this difference is small considering the scale
of the data values. The model fit with TopoWX data has RMSE of 21.2 bushels/acre; the
model fit with METDATA has RMSE of 21.3 bushels/acre. The model fit with METDATA
has a WAIC of 858,544, and the model fit with TopoWX data has a WAIC of 853,522.
The model fit with TopoWX temperatures has a WAIC less than 1% smaller than that of the
model fit with METDATA temperatures. We also consider RMSE for each held-out year of
data individually using the model fit with each temperature dataset (Table 4). For 2015,
the model fit with TopoWX temperatures is slightly more accurate. For 2016, the model fit
with METDATA temperatures is slightly more accurate.

Table 3. Root-mean-squared error (RMSE) and Widely Applicable Information Criterion (WAIC) for
models trained on METDATA temperatures VS TopoWX temperatures for held-out years. Predictive per-
formances of models trained using METDATA and TopoWX temperatures are almost indistinguishable.

METDATA TopoWX
RMSE 21.3 21.2
WAIC 858,544 853,522

Table 4. Root-mean-squared error (RMSE) for models trained on METDATA temperatures VS
TopoWX temperatures for each held-out year. Predictive performances of models trained using
METDATA and TopoWX temperatures are similar for each held out year.

METDATA TopoWX
2015 22.6 21.1
2016 20.1 21.3

We also consider how the residuals in space compare when the TopoWX temperatures
are used in place of the METDATA temperatures (Figure 6). The spatial patterns in the
residuals are generally similar for both for held-out years. For 2015, the spatial plots of yield
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residuals are nearly indistinguishable. For 2016, the model fit with TopoWX temperatures
appears to overpredict slightly more than the model fit with METDATA in Iowa.
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County intercepts: 2018 yield residual
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Figure 5. Residuals in space for held-out years from county intercepts model (panels (a,c,e,g)) and
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PICAR model (panels (b,d,f/h)). The patterns are broadly similar for both models.
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Figure 6. Residuals in space for held out years from the model fit with METDATA temperatures

(panels (a,c)) and the model fit with TopoWX temperatures (panels (b,d)). The patterns are broadly
similar whether METDATA or TopoWX temperatures used to train model.
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3.3. Projections

We consider two projection periods, the near future (2020-2049) and the end of the
21st century (2069-2098). For each projection period and statistical model, we display the
change in mean yield averaged over all years for each county (Figure 7). To compute these
values, we first obtain a sample of detrended yield projections at each county and year.
The sample contains a detrended yield projection corresponding to each climate model and
each posterior parameter sample. We weight the samples equally to compute the mean
projection for each county and year. We average these projections over all years in the
projection period to obtain a mean detrended yield value for each county. To obtain the
historical mean detrended county yield, we average the historical estimated detrended
yields over all years for each county. For each county, we subtract the historical mean

detrended county yield from the projected mean detrended county yield to obtain the
projected change in yield.

County intercepts: 2020-2049 projected mean change PICAR: 2020-2049 projected mean change
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Figure 7. Difference between mean projected detrended yield for all years across all CMIP5 model
projections in the near future (panels (a,c)) or the end of the century (panels (b,d)) and the estimated
historical mean detrended yield with the county intercepts (panels (a,b)) and PICAR models (panels
(c,d)). The difference between end-of-century projections and projections from the previous time
period may be partly attributable to the removal of the by-state quadratic trends. The county

intercepts model projects more severe corn yield decreases than the PICAR model in many counties.

For both projection periods, both statistical models mostly project decreases in mean
yield over the region of interest and greater decreases in 2069-2098. For 2020-2049,
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the county intercepts model projects a decrease in mean yield in 79.0% of counties and
the PICAR model projects a decrease in mean yield in 77.4% of counties. By 20692098,
the county intercepts model projects a decrease in mean yield in 96.3% of counties and the
PICAR model projects a decrease in mean yield in 96.3% of counties. For all models and in
both projection periods, a small number of counties (67 out of 1821) in both the south and
the north experience increases in both projection periods and across all statistical models.
In both 2020-2049 and 2069-2098, the spatial patterns in the projections are generally similar
between the PICAR model and the county intercepts model. However, in some counties
the changes projected by the county intercepts model are more extreme.

For each statistical model, we also project and characterize uncertainty surrounding
the mean detrended yield for each year averaged over all counties (Figure 8). Broadly,
the uncertainties we characterize are from the statistical model parameter posteriors and the
differing projections of 18 bias-corrected climate models. To average the yearly mean yield
over all counties, we weight each county by its last reported growing area. We compute
the bounds of the 95% credible interval to summarize the uncertainty surrounding these
projections. To obtain these bounds, we first obtain a projection of yearly mean detrended
yield using each climate model at each step of the 1000 steps of the thinned parameter
posterior sample. We then have a sample of 18,000 projections of the mean detrended yield
for each year. Considering all climate models and all posterior parameter samples to be
equally likely, we set the 2.5 and 97.5% quantiles of each year’s sample of projections to be
the bounds of the 95% credible interval. For each year, we take the mean of this sample as
the mean projection.
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Figure 8. For county intercepts model (panel (a)) and PICAR model (panel (b)): estimated observed
mean detrended yields (blue), median (brown), and mean (red) detrended yield projections and
95% credible intervals for the mean for all years over all CMIP5 model projections in the near and
distant future (black lines). The PICAR model projects less uncertain, less climate change-damaged
detrended yearly mean yields than the county intercepts model
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As the century progresses, increasing uncertainty surrounds decreasing detrended
mean projections from both statistical models. The county intercepts model (Figure 8a)
gives a smaller mean projection and wider credible intervals than the PICAR model does
(Figure 8b). Averaged over 2020-2049 (2069-2098), the county intercepts model projects
the detrended mean yearly yield to be 23.7% (76.4%) smaller than the historical detrended
mean yearly yield. For 2020-2049 (2069-2098), the 95% credible interval bounds range
from 6.63% larger to 139% smaller (4.44% to 213% smaller) than the historical detrended
mean. Averaged over 2020-2049 (2069-2098), the PICAR model projects the detrended
mean yearly yield to be 18.9% (65.8%) smaller than the historical detrended mean yearly
yield. The 95% credible interval bounds range from 8.75% larger to 47.4% smaller (1.68% to
118% smaller) than the historical detrended mean.

Our two statistical models provide similar results in terms of yearly means and spatial
patterns of projected changes in corn yields. The uncertainties surrounding the detrended
mean yield projections are large and become larger later in the century. Overall, our
results from both statistical models considering parametric and climate model choice
uncertainty project that climate change will negatively impact mean corn yields by the
end of the century. Compared to [5], we find greater decreases in yields by the end of the
century. Compared to the results of [9], which considers parametric uncertainty through
pre-calibration, we generally find less uncertainty in our projections.

4. Discussion

We compare two statistical models that differ in their treatment of county-level spatial
effects. One novelty of our work is the use of spatial basis representations, specifically
following the PICAR approach, in projecting corn yields. The county intercepts model
employing a random intercept for each county is commonly used. We find that the predic-
tive performances of both approaches are similarly satisfactory relative to the scale of the
data. However, the PICAR approach is approximately four times faster; we hypothesize
that this speed-up will be more dramatic with a greater number of observations. For both
models, the relationship between heat and corn yields is broadly similar to that reported
by [5]. Similarly to previous studies, both models project an increasingly negative impact
of climate change on corn yields as the century progresses [5,9]. Using our Monte Carlo-
based approach and an ensemble of 18 climate models, we account for both parametric
uncertainty and model uncertainty in these projections.

We also compare statistical models fit with different gridded temperature data prod-
ucts. One only uses weather station data and one combines weather station and remotely
sensed data. The modeled relationships are broadly similar, but temperature has a stronger
effect on yields according to the model fit with the weather station and remotely sensed data
product. Using this data product also yields a model with a slightly improved predictive
ability in our data-rich area of interest. If we were to use a data product that combines
weather station and remotely sensed temperatures in a region where weather stations are
sparser, the increase in model performance and differences in modeled relationships would
likely be more pronounced.

Our statistical modeling framework is subject to several caveats. We assume that the
estimated statistical relationship between historical weather and yields will hold in the
future. The relationship between weather and yields may change given crop adaptation or
new technology [47]. Although indirectly accounted for by removing the time trend, we
do not explicitly include measurements of carbon dioxide [48] or air pollution [49], which
may impact yields. For this reason, our projected changes in yields should be interpreted
as changes only due to the climate. Our treatment of parametric uncertainty assumes
the structure of our statistical model relating corn yields to weather is correct, but other
model structures could be chosen. For example, recent work suggests that compound
hydroclimatic extremes may be more valuable than individual extremes and soil moisture
may be more useful than precipitation for predicting corn yield variations [50]. Our model
considers individual extremes and precipitation. We also do not consider that the spatial
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distribution of crops may change, which could mitigate the negative impacts of climate
change on yields [11].

In addition, we do not account for errors in historical weather observations or in our
estimate of the amount of time crops are exposed to each 1 °C interval. Errors in weather
variable measurements and estimates could obscure the relationship between corn yields
and our weather variables. Our PICAR-based spatial random effects or random county
intercepts are impacted by how well the chosen functions of weather variables account
for variability in corn yields. In our model, we treat the bias-corrected climate model
output as equivalent to weather observations, but there are major differences between
them [10]. We consider the business-as-usual forcing scenario in our projections. Some
argue that a scenario with no mitigation measures or no additional mitigation measures
beyond what currently exists is highly unlikely [51]. Still, our recent emissions mirror the
emissions trajectory associated with RCP 8.5 [52]. Although International Energy Agency
(IEA) emissions projections lie between RCP 4.5 and RCP 8.5 [53,54], missing climate cycle
carbon feedbacks impact IEA emissions scenarios by increasing them towards cumulative
emissions consistent with RCP 8.5 [52]. The plausibility of the world following an emissions
trajectory like that of RCP 8.5 is the subject of active scholarly debate.

We also assume that county-level spatial effects will remain constant in the future.
While we deal with time-constant spatial correlation in the residuals using the PICAR
approach, there is still lingering spatial correlation in the residuals. We hypothesize that
this is mainly because the spatial effects are constant in time. Time-varying spatial effects
may more completely account for the spatial patterns in the residuals. We could then
subtract these effects and project the weather-only part of corn yields [10]. However,
a model with spatiotemporal random effects would take much longer to fit due to the
increased number of parameters.

5. Conclusions

In summary, we consider two types of statistical models: one that indirectly deals
with spatial correlation via a random effect for each county (county intercepts) and one
that directly deals with spatial correlation via spatial basis functions (PICAR). We compare
them in terms of (1) relationships between weather variables and corn yields, (2) predictive
performance, and (3) projections considering key uncertainties. We find broadly similar
impacts of weather variables and predictive abilities between these two types of models.
The PICAR model projects slightly less drastic decreases in corn yield with less uncertainty
than the county intercepts model. The PICAR model also boasts computational savings,
but the county intercepts model has a slightly better predictive accuracy. When we replace
temperatures from a gridded weather station data product (METDATA) with temperatures
from a gridded data product that combines weather station and satellite data (TopoWX),
we also see models with broadly similar weather variable impacts and predictive abilities.
However, using temperatures from TopoWX slightly magnifies the impact of temperature
on corn yields. Overall, the choice of the representation of spatial effects and the choice of
temperature data product impact modeled relationships and predictive accuracy, but results
are still broadly similar. This research demonstrates the importance of accounting for
uncertainty surrounding model choice and weather data sources on model inference and
or projections.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1s16010069/s1, Figure S1: Fit relationship between heat exposure and
yield with based on the middle 90% of MCMC samples of the coefficient posteriors; Figure S2: Fit
relationships between time and yield for each state based on the means of the coefficient posteriors;
Figure S3: Distribution of prediction errors from the CI, PICAR(BIC) and PICAR (AIC) models.
Figure S4: Residuals in space for each held out year (2015-2018) with the CI model (top row), PICAR
(BIC) model (middle row), and PICAR (BIC) model (bottom row); Table S1: Predictive performance
on held out years.
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