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This  study  provides  statistical  emulators  of  crop  yields  based  on  global  gridded  crop  model  simulations
from  the  Inter-Sectoral  Impact  Model  Intercomparison  Project  Fast  Track  project.  The  ensemble  of  sim-
ulations  is  used  to build  a  panel  of  annual  crop yields  from  five  crop  models  and  corresponding  monthly
summer  weather  variables  for over  a century  at  the grid  cell  level  globally.  This  dataset  is then  used  to
estimate,  for each  crop  and  gridded  crop model,  the statistical  relationship  between  yields,  tempera-
ture,  precipitation  and  carbon  dioxide.  This  study  considers  a new  functional  form  to better  capture  the
non-linear  response  of yields  to weather,  especially  for  extreme  temperature  and  precipitation  events,
and now  accounts  for the  effect  of soil  type.  In-  and out-of-sample  validations  show  that  the  statistical
tatistical model
limate change

emulators  are  able  to  replicate  spatial  patterns  of yields  crop  levels  and  changes  overtime  projected  by
crop  models  reasonably  well,  although  the  accuracy  of  the  emulators  varies  by  model  and  by  region.  This
study  therefore  provides  a reliable  and  accessible  alternative  to global  gridded  crop  yield  models.  By  emu-
lating crop  yields  for  several  models  using  parsimonious  equations,  the  tools  provide  a  computationally
efficient  method  to account  for  uncertainty  in  climate  change  impact  assessments.

©  2017  The  Author.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

The vulnerability of crops to weather is well known and numer-
us studies have attempted to estimate the impact of climate
hange on yields (Challinor et al., 2014). These studies generally
ely on either process-based crop models (e.g. Alexandrov and
oogenboom, 2000; Butt et al., 2005; Deryng et al., 2014; Parry
t al., 1999; Rosenzweig and Parry, 1994) or statistical techniques
e.g. Blanc, 2012; Blanc and Strobl, 2013; Haim et al., 2007; Lobell
nd Field, 2007; Schlenker and Roberts, 2009). While process-based
rop models are able to capture the effect of weather and other
nvironmental conditions on crop growth and yields at the grid
ell or site level, they are computationally demanding and some-
imes proprietary, which limits their accessibility. On the other
and, statistical models are more easily applicable but depend on
he availability of observations to estimate the impact of average
eather conditions on crop yields while controlling for other fac-

ors. To benefit from the capabilities of processed-based models

hile preserving the application simplicity of statistical models,

lanc and Sultan (2015) provide an ensemble of statistical tools
mulating maize yields from process-based crop models at the grid

E-mail address: eblanc@mit.edu

ttp://dx.doi.org/10.1016/j.agrformet.2016.12.022
168-1923/© 2017 The Author. Published by Elsevier B.V. This is an open access article un
(http://creativecommons.org/licenses/by/4.0/).

cell level globally using a simple set of weather variables. They
employ the ‘perfect model’ approach, consisting of training a sta-
tistical model on the output of a process-based crop model, based
on the assumption that these output are ‘true’. This method has
been used by Holzkämper et al. (2012) and Lobell and Burke (2010)
with the purpose of evaluating the ability of statistical models to
predict crop yields out-of-sample. These studies find that statisti-
cal models are capable of replicating the out-of-sample outcomes of
process-based crop models reasonably well. Oyebamiji et al. (2015)
expand on these studies by estimating a crop yield emulator at
the global level for five different crops but, as in previous stud-
ies, only consider one process-based crop model. As the choice of
crop model is an important source of uncertainty in climate change
impact assessments on crop yields (e.g. Bassu et al., 2014; Mearns
et al., 1999), Blanc and Sultan (2015) expanded the scope and appli-
cability of statistical emulators by considering five different crop
models. These emulators are based on simulations data from the
Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) Fast
Track experiment dataset of global gridded crop models (GGCM)
simulations. This project, coordinated by the Agricultural Model
Intercomparison and Improvement Project (AgMIP) (Rosenzweig

et al., 2013) as part of ISI-MIP (Warszawski et al., 2014), was tailored
specifically to compare crop models. Therefore, all GGCMs simu-
lations were driven by bias-corrected climate change projections

der the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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posing organic matters and forming in areas of poor drainage;
46 É. Blanc / Agricultural and Fore

erived from the Coupled Model Intercomparison Project, phase 5
CMIP5) archive (Hempel et al., 2013; Taylor et al., 2012). The sta-
istical emulators produced by Blanc and Sultan (2015) provide an
ccessible tool to estimate the impact of climate change on crop
ields while accounting for crop modeling uncertainty by allow-
ng users to emulate yields projections from five different GGCMs.
owever, the crop yield emulators from Blanc and Sultan (2015) are
nly available for maize. This study proposes to expand the scope of
hese emulators to three additional crops: rice, soybean and wheat.

This study also improves the response functions estimated by
lanc and Sultan (2015) by estimating more precisely the response
f crop yields to weather. The effect of weather on crop yields is
on-linear and is therefore usually modeled in regression analy-
es by including a quadratic term in the specification (e.g. Blanc,
012; Grassini et al., 2013; Schlenker and Lobell, 2010). However,
he symmetrical concave relationship imposed by this functional
orm might be too restrictive. Blanc and Sultan (2015) find that a
fth order polynomial transformation is well suited to represent

he nonlinear relationship between weather and crop yields. How-
ver, the polynomial form exhibits behaviors difficult to explain
or extreme values of temperature and precipitation. As an alter-
ative, this study applies the fractional polynomial method from
oyston and Altman (1994). This approach provides the flexibility
nd improved fit of a non-parametric model, but with the simplicity
f a parametric model.

Data and methods used to statistically estimate relationship
etween yields and weather variables are presented in Section 2.
esults are presented and discussed in Section 3. The models are
alidated in Section 4. Section 5 concludes.

. Material and methods

.1. Data

Data used in this study are sourced from the ISI-MIP Fast
rack experiment, an inter-comparison exercise of global gridded
rocess-based crop models using the CMIP5 climate simulations.1

n this exercise, several modeling groups provided results from
lobal gridded process-based crop models run under the same set
f weather and CO2 concentration inputs.

.1.1. Weather and CO2
Bias-corrected weather data used as input into each crop model

re obtained from the CMIP5 climate data simulations. Daily
eather data generated by three CMIP5 climate models, or Gen-

ral Circulation Models (GCMs): HadGEM2-ES, NorESM1-M, and
FDL-ESM2 M.  These GCMs are selected to be representative of

espectively, high, medium and low levels of global warming
Warszawski et al., 2014).

GCM simulations are provided for the ‘historical’ period of
975–2005 and the ‘future’ period of 2006–2099. For the ‘future’
eriod, one Representative Concentration Pathway (RCP) consis-
ent with the highest level of global warming compared to historical
onditions, RCP 8.5, and the corresponding CO2 concentrations data
Riahi et al., 2007) is considered.2 Combined with the large range of
limate change patterns represented by the three GCMs, this study

onsiders the broadest plausible range of future climate change.

Using daily precipitation, and minimum and maximum temper-
ture produced by each GCM and used as inputs by GGCMs, monthly

1 The data are available for download at https://www.pik-
otsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-
utting-activities/isi-mip/data-archive/fast-track-data-archive

2 The data are available at http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage
page=welcome
eorology 236 (2017) 145–161

averages of precipitation (Pr) and temperature (Tmean) are calcu-
lated for each summer month.3 For ease of reference, in this study
numbers suffixes are used to represent each summer month, so 1,
2, and 3 refer to, respectively, June, July and August in the Northern

Hemisphere and December, January and February in the Southern
Hemisphere.

2.1.2. Crop yields
Crop yields are obtained from GGCMs members of the ISI-

MIP  Fast Track experiment. Due to data limitations, simulations
from five crop models are selected: the Geographic Informa-
tion System (GIS)-based Environmental Policy Integrated Climate
(GEPIC) model (Liu et al., 2007; Williams, 1995), the Lund Potsdam-
Jena managed Land (LPJmL) dynamic global vegetation and water
balance model (Bondeau et al., 2007; Waha et al., 2012), the Lund-
Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) with
managed land model (Bondeau et al., 2007; Lindeskog et al., 2013;
Smith et al., 2001), the parallel Decision Support System for Agro-
technology Transfer (pDSSAT) model (Elliott et al., 2013; Jones et al.,
2003), and the Predicting Ecosystem Goods And Services Using Sce-
narios (PEGASUS) model (Deryng et al., 2011). For each of these
GGCMs, model simulations considering the effect of CO2 concen-
trations are selected in order to account for the CO2 fertilization
effect, which plays an important role on biomass production. In
this study, only simulations assuming no irrigation are considered
in order to capture the effect of precipitation on crop yields.

All GGCMs estimate annual crop yields in metric tons per hectare
(t/ha) at a 0.5 × 0.5◦ resolution (about 50 km2). And although they
differ in their representation of crop phenology, leaf area develop-
ment, yield formation, root expansion and nutrient assimilation,
they all account for the effect of water, heat stress and CO2 fer-
tilization, and assume no technological change. A more detailed
description of each model’s processes is provided by Rosenzweig
et al. (2014). As mentioned in Blanc and Sultan (2015), caveats
are associated with each model leading to divergences and GGCM-
specific periodic patterns of yield projections.4

Crop models simulate yields from 1975 to 2005 for the ‘histori-
cal’ period and 2006–2099 for the ‘future’ period. As only one RCP
scenario is selected for each GCM, the panel is constructed over the
consecutive period 1975–2099 without distinction (i.e. one histor-
ical scenario and one future scenario for each GCM). In the final
sample, grid cells for which there are less than 10 yield observations
after data cleaning are omitted.

2.1.3. Soil orders
Soil orders at the 0.5 × 0.5◦ resolution are extracted from the

FAO-UNESCO (2005) Soil Map  of the World using the USDA soil
taxonomy (Soil Survey Staff, 1999) which classifies soils on the
basis of soil physical and chemical properties observed in situ (e.g.
soil horizons,5 structure, texture, color) and inferred from environ-
mental conditions (e.g., soil temperature and moisture regimes).
As shown in Fig. 1, soils are grouped into 12 main soil orders:
Gelisols which are permanently frozen or contain permafrost near
the soil surface and are found in the Arctic, Antarctic and extremely
high elevations; Histosols which are composed mainly of decom-
Spodosols which develop under coniferous vegetation where lit-
ter contributes to acid accumulations in the soil; Andisols which

3 Mean temperature is calculated as Tmean = (Tmin + Tmax)/2, Tmin  and Tmax  are,
respectively, the minimum and maximum daily temperatures.

4 These caveats are discussed at https://www.pik-potsdam.de/research/climate-
impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip/data-
archive/fast-track-data-archive/data-caveats

5 Soil order data are available for download at
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/use/?cid = nrcs142p2 054013

http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome
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Fig. 1. Global soil regions based on the FAO-UNESC

evelop from volcanic materials; Oxisols which are found in tropi-
al and subtropical latitudes where precipitation and temperature
re high; Vertisols which are clay-rich exhibiting seasonal cracking
nd swelling in climates with a distinct dry seasons; Aridisols which
evelop in dry environments and are prone to salinization; Ultisols
hich are red clay soils formed in humid areas that are intensely

eached; Mollisols which are dark, rich and fertile soils commonly
sed for pastures and crops; Alfisols which are formed under forest
egetation in semiarid to humid areas; Inceptisols which are young
oils occurring in a wide range of climates except aridic; and Enti-
ols which are mineral soils unaltered from their parent’s sediment
r rock material.

.1.4. Summary information and statistics
The size characteristics of the panel dataset are summarized in
able 1. Samples have on average 18 million observations covering
bout 60,000 grid cells globally. However, sample sizes vary by crop
nd GGCM, with simulations for maize and wheat being the most
xtensive. Simulations from pDSSAT for rice and soybean, and from

able 1
GCMs summary information.

Crop Model Observations Grid Cells

Maize

GEPIC 22,293,247 62,005
LPJ-GUESS 20,665,195 56,620
LPJmL 22,794,487 62,148
PEGASUS 13,406,155 51,580
pDSSAT 15,758,066 51,447

Rice
GEPIC 22,356,067 62,249
LPJ-GUESS 19,638,299 55,834
LPJmL 21,874,607 59,169

Soybean

GEPIC 22,277,853 62,115
LPJ-GUESS 20,189,609 55,585
LPJmL 22,469,951 61,367
PEGASUS 9,534,992 43,436

Wheat

GEPIC 22,987,936 63,260
LPJ-GUESS 19,816,608 55,106
LPJmL 24,151,787 65,732
PEGASUS 13,551,266 51,413
pDSSAT 5,298,321 50,669

otes: simulations for wheat from the pDSSAT model are only available for the
adGEM2 GCM.
l Map  of the World using the USDA soil taxonomy.

PEGASUS for rice are not available. Additionally, simulations for
wheat by the pDSSAT model are only available for the HadGEM2
GCM, hence the sample size for this crop model when predicting
wheat yields is smaller than those for other crop models.

As depicted in Fig. 2, the growing season is from May  to
September in the Northern Hemisphere, and from mid-November
to March in the Southern Hemisphere for maize; from mid-May to
October in the Northern Hemisphere and late November to mid-
April in the Southern Hemisphere for rice; and from mid-May to
early October in the Northern Hemisphere and late November to
March in the Southern Hemisphere for soybean. For wheat, which
represents a combination of spring and winter wheat, two  main
planting seasons are discerned: spring and fall. Maturity largely
occurs at the end of summer in the Northern hemisphere but
is more dispersed in the Southern hemisphere. See Figure A1 in
Appendix A for detailed representation of the distribution of plant-
ing and maturity date for each crop and hemisphere.

Summary statistics for crop yields by GGCM and GCM are pre-
sented in Table 2 Global average crop yields are generally the
smallest for the LPJmL model and the highest for the PEGASUS
model—although this model provides simulations for maize and
wheat only. The range of simulated yields vary greatly across
models, with the pDSSAT model simulating maize yields of up to
34.9t/ha compared to a maximum of 9.7t/ha projected by the LPJ-
GUESS model. For rice, soybean and wheat, the smallest maximum
yields are projected by the GEPIC model with 11.3t/ha, 5.8t/ha
and 10.4t/ha respectively, while the upper bound is projected by
the LPJmL for rice (19.5t/ha), PEGASUS for soybean (18.3t/ha) and
pDSSAT for wheat (34.3t/ha). Across GCMs, crop yields are on aver-
age the largest under the NorESM1 M scenario although the range
of projected yields vary greatly depending on the GGCM and crop
considered.

Summary statistics for the summer weather variables, Tmean
and Pr,  and CO2 are presented in Table 3. For clarity purposes, sum-
mary statistics for these variables are averaged over all GGCMs
(weather inputs differ slightly by crop model due to different spa-
tial coverage, i.e., a different number of grid cells are represented

by each GGCM for each crop). Summary statistics detailed by GGCM
are provided in Appendix A. Precipitation is on average the lowest
in the first month of summer and the highest in the last month.
Temperatures, however peak in the second month of summer.
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Fig. 2. Monthly distribution of planting and maturity dates by crop.
Note: Planting and maturity dates in the Southern hemisphere (on the second line of the axis) are rescaled in order for seasons to coincide with those in the Northern
hemisphere.

Table 2
Summary statistics for crop yields (t/Ha) by GGCM and GCM.

Crop Model GFDL ESM2M HadGEM2 ES NorESM1 M

Mean Min  Max  Mean Min  Max  Mean Min Max

Maize GEPIC 1.8 0.0 14.7 1.6 0.0 12.3 1.9 0.0 12.8
LPJ-GUESS 1.7 0.0 10.3 1.8 0.0 10.8 1.9 0.0 9.7
LPJmL  1.3 0.0 17.4 1.5 0.0 17.7 1.5 0.0 17.2
pDSSAT 2.6 0.0 24.1 2.9 0.0 23.9 2.9 0.0 23.8
PEGASUS 1.8 0.0 34.6 1.7 0.0 34.4 2.0 0.0 34.9

Rice  GEPIC 1.6 0.0 13.6 1.5 0.0 11.3 1.7 0.0 11.3
LPJ-GUESS 1.1 0.0 16.3 1.1 0.0 18.6 1.3 0.0 17.2
LPJmL  1.1 0.0 17.1 1.1 0.0 19.5 1.2 0.0 17.8

Soybean GEPIC 0.9 0.0 5.8 0.9 0.0 5.0 1.0 0.0 5.8
LPJ-GUESS 0.8 0.0 8.2 0.8 0.0 8.9 1.0 0.0 10.3
LPJmL  0.7 0.0 13.7 0.8 0.0 13.1 0.9 0.0 15.2
PEGASUS 1.2 0.0 18.0 1.1 0.0 16.5 1.4 0.0 18.3

Wheat GEPIC 1.3 0.0 10.4 1.4 0.0 11.0 1.4 0.0 10.8
LPJ-GUESS 2.3 0.0 17.1 2.3 0.0 15.0 2.4 0.0 14.4
LPJmL  1.5 0.0 17.0 1.5 0.0 16.3 1.5 0.0 16.2
pDSSAT 2.1 0.0 34.3
PEGASUS 1.2 0.0 25.8 1.0 0.0 26.1 1.2 0.0 27.9

Table 3
Summary statistics for averaged weather variables by GCM at the global level.

Variable Unit GFDL ESM2M HadGEM2 ES NorESM1 M

Mean Min  Max  Mean Min Max  Mean Min  Max

Pr 1 mm/day 3.2 0.0 147.1 3.0 0.0 152.1 3.0 0.0 148.6
Pr  2 mm/day 3.5 0.0 176.0 3.5 0.0 173.6 3.5 0.0 189.0
Pr  3 mm/day 3.5 0.0 127.3 3.5 0.0 112.5 3.5 0.0 102.3
Tmean  1 ◦C 21.4 −3.1 45.0 22.8 −3.1 46.6 22.0 −3.3 43.6
Tmean  2 ◦C 23.1 0.5 45.1 24.5 0.6 47.0 23.9 0.0 44.8
Tmean  3 ◦C 22.4 −1.2 45.5 23.8 −1.3 46.6 22.9 −2.1 44.7

Note: suffixes 1, 2, 3 denote, respectively, June, July and August in the Northern Hemisphere and December January and February in the Southern Hemisphere.
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Table  4
Summary statistics for averaged weather variables averaged over GCMs at the soil order level.

Subsample Tmean 1 Tmean 2 Tmean 3 Pr 1 Pr 2 Pr 3

Mean Min  Max  Mean Min Max  Mean Min Max Mean Min  Max Mean Min  Max  Mean Min Max

7 Histosols 16.8 −8.74 37.1 20.1 1.29 39.4 19.9 2.86 39.4 3.00 0.0 59.7 3.38 0.0 48.2 3.30 0.0 48.2
8  Spodosols 13.9 −10.2 36.6 17.7 0.17 38.7 17.6 0.83 38.7 2.41 0.0 57.4 2.66 0.0 35.7 2.68 0.0 30.7
9  Andisols 17.5 −2.62 35.7 19.3 0.29 35.0 19.8 1.71 35.1 3.58 0.0 114 3.98 0.0 114 4.17 0.0 90.8
10  Oxisols 27.4 10.1 40.7 27.1 11.5 39.8 27.2 13.2 41.5 7.57 0.0 87.6 7.84 0.0 91.8 7.91 0.0 112
11  Vertisols 30.0 5.14 43.7 29.6 9.42 44.8 29.1 11.1 45.8 2.79 0.0 84.5 4.49 0.0 105 4.96 0.0 105
12  Aridisols 25.6 −0.82 46.3 27.8 1.76 47.3 27.7 2.72 47.3 0.79 0.0 55.4 0.99 0.0 55.4 1.09 0.0 109
13  Ultisols 27.0 −1.87 42.1 27.5 2.71 42.1 27.6 9.15 41.8 6.87 0.0 156 7.41 0.0 189 7.41 0.0 189
14  Mollisols 20.4 −2.31 41.5 23.5 3.76 42.0 23.5 3.94 42.0 2.10 0.0 80.7 2.22 0.0 114 2.00 0.0 114

.70 

.62 

.80 

W
s
h
G
s
3
c

r
f
b
w
1
r

2

d
c
j
t
s
c
i
b
a
t
u

a
s
a
l
o
i
t
v
d
b
(
s
t
a
a

t

and straightforward method used to represent non-linear effects
in regression analyses consist of including a quadratic term for
precipitation temperature, precipitation and CO2. As detailed in
Table 5, this quadratic transformation is represented by specifica-
15  Alfisols 23.0 −2.95 44.7 24.5 2.76 45.2 24.3 4
16  Inceptisols 16.9 −10.7 44.5 20.0 −1.92 44.4 19.9 0
17  Entisols 27.6 −9.29 46.4 28.7 −2.29 46.4 28.6 1

hile no clear pattern amongst GCMs is discernable from these
tatistics in terms of precipitation, temperatures are clearly the
ighest under the HadGEM2-ES GCM and the lowest under the
FDL-ESM2M GCM. Atmospheric CO2 concentrations, not repre-

ented in this table, do not differ by GCM or GGCM and range from
31 parts per million (ppm) in 1975 to 927 ppm by the end of the
entury.

Weather statistics for each soil order averaged over GCMs are
eported in Table 4. These statistics indicate that climates dif-
er across soil regions with mid-summer temperature averaging
etween 18◦ C in regions with Spodosols soils to 30◦ C in regions
ith Vertisols soils. Similarly, precipitation ranges from less than

 mm/day in regions with Aridisols soils to more than 7 mm/day in
egions with Oxisols soils.

.2. Methods

A statistical model is fitted for each crop to a panel of yields pro-
uced by a GGCM. The response functions are then used to predict
rop yields. To evaluate the accuracy of the emulator, yield pro-
ections from the emulator are then compared to the outcome of
he process-based crop models using the same weather inputs—in-
ample validation—and using weather from alternative climate
hange scenarios—out-of-sample validation. The goal of the study
s to produce simple equations that emulate crop yields and can
e used by others to predict changes in yields based on data from
lternative GCMs. By providing emulators for an ensemble GGCMs,
hese emulators also allow users to account for crop modeling
ncertainty in climate change impact assessments.

To statistically estimate the determinants of crop yields, Blanc
nd Sultan (2015) considered the effect on maize yields of a large
et of climate variables, such as minimum and maximum temper-
tures, growing degree days and the number of days with extreme
ow and high temperatures, as well as the number of days with-
ut precipitation. The results showed only marginal improvements

n the projection accuracy of the emulators relative to regressions
hat only include average summer precipitation and temperature
ariables (S1 specifications). In this study, the effect of within-day
ifferences in temperature on all crops was further investigated
y including the diurnal temperature range in Blanc and Sultan
2015)’s preferred specification (S1polyint). However, the results
how very small improvements in the goodness of fit.6 Therefore,

his study considers a parsimonious specification that only includes
verage summer precipitation and temperature weather variables,
s well as CO2 and interactions between these variables. For conti-

6 Differences in normalized root mean square error (NRMSE) when the diurnal
emperature range is included and excluded were less than 0.001 percentage point.
46.1 3.05 0.0 145 3.79 0.0 158 4.01 0.0 158
43.8 3.04 0.0 116 3.68 0.0 135 3.75 0.0 135
46.7 2.20 0.0 117 2.86 0.0 119 3.17 0.0 119

nuity with Blanc and Sultan (2015), this specification is also labeled
S1.

For maize, rice and soybean, the S1 specification includes
monthly average of summer weather variables to represent a com-
mon growing season.7 For wheat, in order to capture the effect of
weather on both spring and winter wheat, the growing season cov-
ers the last month of spring and the first two months of summer.8

Among various representations of weather effects on crop growth,
this set of monthly weather variables was found to provide the best
compromise in term of predictive ability and simplicity. The spec-
ification also includes interaction terms between temperature and
precipitation, between temperature and CO2 to account for the CO2
enrichment effect, and between precipitation and CO2 to account
for the CO2 effect on water use efficiency. For each crop and GGCM,
the specification estimated is of the form:

Yieldlat,lon,gcm,y =  ̨ +
∑3

i=1 ˇiPr ilat,lon,gcm,y

+
∑3

i=1 �iTmean ilat,lon,gcm,y + ϑCO2gcm,y+∑3
i=1 �iPr ilat,lon,gcm,y ∗ Tmean ilat,lon,gcm,y

+
∑3

i=1 ωiPr ilat,lon,gcm,y ∗ CO2gcm,y+∑3
i=1 �iTmean ilat,lon,gcm,y ∗ CO2gcm,y + ılat,lon + �lat,lon,gcm,y

(1)

where for each year, y, Yield corresponds to crop yields simulated
by process-based crop models for each grid cell (defined by its lon-
gitude, lon,  and latitude, lat)  under each climate model, gcm; Pr
and Tmean variables correspond to monthly mean precipitation and
temperature variables. CO2 is the annual midyear CO2 concentra-
tion level in the atmosphere; ı is a grid cell fixed effect; and � an
error term. Following Blanc and Sultan (2015), adjustments to the
specification are made for the pDSSAT model to account for soil
fertility erosion, and for the GEPIC model to account for 30-yearly
input of CO2.

Eq. (1) represents a linear effect of weather and CO2 on crop
yields. However, it has been established in the literature that
crop yield response to weather is non-linear. The most common
7 That is, the growing season for these crops is modeled as the months of June,
July and August in the Northern Hemisphere, and the months of December, January
and February in the Southern Hemisphere.

8 That is, the growing season for wheat is modeled as the months of May, June
and July in the Northern Hemisphere and the months of November, December and
January in the Southern Hemisphere.
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Fig. 3. Effect of Pr 2 on yields by crop and GGCM for the S1sqint, S1polyint and S1fpint specification. Note: covariates are held at their mean values.

Fig. 4. Effect of Tmean 2 on yields by crop and GGCM for the S1sqint, S1polyint and S1fpint specification. Note: covariates are held at their mean values.
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Table  5
Specification description.

Specification Variables non-linear transformations Sample

S1sqint Pr, Pr sq, Tmean, Tmean sq, CO2, CO2 sq Global
S1polyint Pr, Pr sq, Pr cu, Pr qu, Pr qc, Tmean, Tmean sq, Tmean cu, Tmean qu, Tmean qc, CO2, CO2 sq Global
S1fpint Pr p1, Pr p2, Tmean p1, Tmean p2, CO2 p1, CO2 p2 Global
S1fpintsoil Pr p1, Pr p2, Tmean p1, Tmean p2, CO2 p1, CO2 p2 Soil order level

Note: suffix sq denotes square terms, cu cubic terms, qu quartic terms, and qc quintic terms, p1 and p2 power terms.
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Fig. 5. Effect of Pr 2 on yields by crop

ion S1sqint.9 However, this functional form imposes a constraint
f symmetrical relationship. A fifth order polynomial specifica-
ion, S1polyint, is thus considered to allow greater flexibility in the
epresentation of the effect of weather. A shortcoming associated
ith the representation of weather effect using polynomial equa-

ion is odd tail-end behaviors and, as noted by Blanc and Sultan

2015), the weather effects should be interpreted with caution
hen considering extreme events. In response to this limitation,
e consider a fractional polynomial specification, S1fpint, which

9 For consistency and comparison with the results of Blanc and Sultan (2015),
imilar specification notations are used.
GCM for the S1fpintsoil specification.

addresses this issue by relaxing the symmetry constraint but allow-
ing non-parametric flexibility.

In its general form, the fractional polynomial model of degree m
is defined as:

Y = ˛0 +
∑m

i=1
˛iX

(pi) + � (2)

where the parentheses on the power term on X imply the following
transformation:
X(pi) =
{
Xpi if pi /= 0

lnX if pi = 0
(3)
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Fig. 6. Effect of Tmean 2 on yields by crop and GGCM for the S1fpintsoil specification.
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omitted so far is soil characteristics. Depending on the soil compo-
sition, water and nutrient holding capacities differ and affect their
availability to plants. Except for PEGASUS,10 all GGCMs considered
Fig. 7. Goodness of fit measures by crop and GGCM for the statistic

For each repeated power, pi, the term is multiplied by another
nX. To fit a multivariable fractional polynomial model, and a
losed-test algorithm performs a backward elimination starting
rom the most complex specification. In this application, the max-

mum permitted degree is m = 2. Following Royston and Sauerbrei
2008), powers are chosen from among the set {−2, −1, −0.5, 0, 0.5,
, 2, 3}.
ulators (S1sqint, S1polyint, S1fpint and S1fpintsoil specifications).

An important factor of crop growth and yields that has been
10 PEGASUS uses only available water capacity from the ISRIC-WISE dataset (Batjes,
2006).
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Fig. 8. Average crop yield projections from GGCMs and statistical emulators (

se soil information from the Harmonized World Soil Database,
hich contains more than 15,000 soil mapping units combining

ational and regional soil profiles with the FAO-UNESCO Soil Map

f the World. To simplify their representation, general soil orders
ollowing the USDA soil taxonomy are considered.11 As these soil
ypes are time-invariant, their direct effects are captured by the

11 Trial regression estimations for the PEGASUS model using different subclasses of
ater capacity to capture differences in soil characteristics did not provide satisfying

esults. Regressions by soil orders subsamples have higher forecast performance for
his  model.
tsoil specification). Note: Shaded areas represents the ‘historical’ period.

grid-cell fixed effects. Additionally, as the weather effect on crops
is expected to differ across soil types, the preferred estimation
strategy estimates separate weather response functions for each
soil order.12 The specification is labeled S1fpintsoil and uses the
same independent variables and functional forms as in the S1fprint
specification.
12 In this analysis, we do not estimate a response function for the Gelisols soil order,
as  it represents soils permanently frozen.



154 É. Blanc / Agricultural and Forest Meteorology 236 (2017) 145–161

 s betw

3

S
l
e
b
B
r
p

c
s
a
T
c
o
t
r
s
i
h
m
s
r
o
(
t
S
v

Fig. 9. Comparison of changes in crop yields from 2000 s to 2090

. Results

Regressions are first estimated for the three specifications
1sqint, S1polyint and S1fpint for each crop and GGCM at the global
evel. The preferred specification (S1fpint) is then re-estimated for
ach soil order subsample (S1fpintsoil). The power terms used for
oth specifications S1fpint and S1fpintsoil are reported in Appendix
. Results for each regression are presented in Appendix C. The cor-
esponding estimated values for ı (the grid cell fixed effect) are
rovided in Appendix D.

At the global level, S1fpint regression results show that pre-
ipitation and temperature during all the months of the growing
easons for each crop have a significant impact on crop yields from
ll GGCMs under any of the three functional forms considered.
he significant coefficients for the interaction terms between pre-
ipitation and temperature, Pr x Tmean,  indicate that the impact
f a change in temperature depends on the amount of precipita-
ion and vice versa. However, the representation of the non-linear
elationship between weather variables and yields differ between
pecifications. To facilitate the comparison between the three spec-
fications, the average effect of temperature and precipitation,
olding covariates at their mean values, are depicted for each crop
odel and GCM in Figs. 3 and 4. The graphs show that the S1sqint

pecification functional form, due to its symmetrical nature, is very
estrictive. For instance, it shows a concave effect of precipitation
n yields with a turning point at very high level of precipitation

around 30 mm/day). However, such precipitation rarely occurs in
he dataset (mean Pr 2 is around 3 mm/day). The S1polyint and
1fpint address this issue by fitting a curve skewed toward low
alues of precipitation. These specifications capture the skewness
een GGCMs and statistical emulators (S1fpintsoil specification).

of the curve with a generally sharper increase in yields associ-
ated with very low precipitation than the S1sqint. However, the
graphs show that the S1polyint specification represents an increase
in yield for precipitation over 30 mm/day. Such tail-end behavior
could lead to erroneous conclusions when extrapolating beyond the
range of commonly observed precipitation, which is of particular
concern when simulating the effect of climate change. The S1fpint
model provides a solution to the odd tail-end behavior when using
a degree-2 fractional polynomial.

The effects of temperature changes in the second summer
month, again when covariates are held constant at their mean
values, are shown in Fig. 4. The S1fpint model allows a better rep-
resentation of the large beneficial impact of a temperature increase
when temperatures are low compared to the quadratic specifi-
cation S1sqint, which generally has a flatter bell shape, and the
polynomial specification S1polyint, which exhibit hard to explain
tail-end behavior for most GGCMs (for example, an ever-increasing
positive effect of temperature on crop yields beyond 45◦ C). Graphs
of the average effects of temperature and precipitation during the
first and last months of the summer growing season, provided in
Appendix E, show similar patterns.

Building on the S1fpint specification, the associated power
terms are estimated for each soil order subsample in the S1fpintsoil
estimations. As shown in Figs. 5 and 6, the average effect of tem-
perature and precipitation during the second month of summer
(holding covariates at their mean values within each subsample)

differ greatly depending on the soil order sample considered. The
largest yield response to precipitation and temperature are sim-
ulated in general in Andisols and Mollisols subsamples, which
are generally representative of very fertile soils. The shape of the
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Fig. 10. Changes in maize yields from 2000 s to 2090 s estimated by the statistical emulators (S1fpintsoil specification) and GGCMs and comparison (log ratio).
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ote:  Grid cells where yields projections from crop models are on average less than
he  impact projected with the emulator is contrary to the sign of the impact projec

esponse functions also differs between subsamples. For instance,
ith the LPJ-GUESS model, temperature increases have a negative
ildly convex impact on yields in the Oxisols subsample, which

re mostly located in the Tropics and subject to high summer tem-
eratures and precipitations. Conversely, for most other soil order
ubsamples, the effect of temperature is concave. One should note
hat the confidence intervals for a few cases are relatively large
e.g. Tmean 2 of rice with LPJ-GUESS in the Vertisols subsample)
nd therefore projection accuracy using the emulator for these soil
ubsample-GGCM combinations are likely to be less accurate than
hose for other subsamples.

The effect of CO2 on crop yields, both direct—as captured by the
on-linear representation of CO2 and the interaction term between
O2 and temperature—and indirect (via water use efficiency

mprovements)—as captured by the interaction term between CO2
nd precipitation—are accounted for in the regression and pre-
ented in Appendix E. The estimates indicate a concave relationship
etween CO2 and yields for most GGCMs.

To evaluate the accuracy of the emulators, for each crop, GGCM
nd specification, the root mean square error (RMSE) is calculated
o estimate the average error between predicted and ‘actual’ yields.
or the S1fpintsoil specification, estimated for each soil subsam-
le, the overall average RMSEs are weighted by the number of
bservations in each subsample. To account for differences in yield
evels between crops and models, the normalized root mean square
rror (NRMSE) is calculated by dividing the RMSE by the differ-
nce between maximum and minimum yields. These goodness of
t measures are represented in Fig. 7. The bar graphs show that
 over the whole study period are masked in white. Grid cells for which the sign of
 the GGCM are masked in black.

across crop models, the largest errors in absolute terms are associ-
ated with the PEGASUS and pDSSAT models. However, in relative
terms, errors are usually the smallest for the PEGASUS and pDSSAT
models and the largest for the GEPIC model. Modelling errors are
generally larger for maize than for the three other crops, except
for soybean for the GEPIC model. When considering functional
forms, the average errors between the yields from the statistical
models and the GGCMs are generally the lowest for the S1fpint
specification. On average, the fractional polynomial functional form
reduces errors by 0.04t/ha for maize, 0.03t/ha for rice and soy-
bean, and 0.02t/ha for wheat compared to a quadratic function.
The overall gain in goodness-of-fit compared to a higher-degree
polynomial function is less clear-cut with RMSEs for the S1fpint
specification on average 0.005t/ha less than for the S1polyint spec-
ification. Nonetheless, over all crops and crop models, the small
gains in goodness of fit combined with the improved representa-
tion of the precipitation and temperature effects on crop yields,
demonstrate that the fractional polynomial transformation is best
suited to the task. When re-estimating the S1fpint specification at
the soil order level (S1fpintsoil), the goodness of fit is by allowing
parameter heterogeneity across soil order subsamples. Specifically,
in the S1fpintsoil specification at the global level, errors are reduced
by up to 0.09t/ha for maize, 0.02t/ha for rice, 0.01t/ha for soybean,
and 0.09t/ha for wheat relative to the S1fpint specification. Overall,

the gain in accuracy of the estimation involving soil types consid-
erations appears substantial enough to warrant the additional level
of complexity.
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Table 6
Pearson’s correlation between changes in crop yields from 2000 s to 2030s, 2050s, 2070 s and 2090 s between GGCMs and statistical emulators (S1fpintsoil specification).

Crop Model Pearson’s Correlation Coefficient

2030s 2050s 2070s 2090s

Maize GEPIC 0.48* 0.53* 0.48* 0.56*
LPJ-GUESS 0.63* 0.69* 0.72* 0.73*
LPJmL  0.66* 0.72* 0.76* 0.79*
PEGASUS 0.47* 0.56* 0.63* 0.62*
pDSSAT 0.43* 0.57* 0.64* 0.70*

Rice  GEPIC 0.51* 0.56* 0.51* 0.59*
LPJ-GUESS 0.54* 0.60* 0.62* 0.64*
LPJmL  0.53* 0.56* 0.56* 0.59*

Soybean GEPIC 0.44* 0.50* 0.51* 0.60*
LPJ-GUESS 0.63* 0.68* 0.70* 0.72*
LPJmL  0.59* 0.65* 0.68* 0.70*
PEGASUS 0.59* 0.65* 0.68* 0.70*

Wheat GEPIC 0.56* 0.58* 0.55* 0.50*
LPJ-GUESS 0.58* 0.59* 0.63* 0.63*
LPJmL  0.43* 0.47* 0.48* 0.47*
PEGASUS 0.43* 0.47* 0.48* 0.47*
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pDSSAT 0.36* 

ote: * p < 0.1.

. Validation

To assess the ability of the statistical models to predict crop
ields simulated by GGCMs, emulated yields are first compared
ith GCCM yields in an in-sample forecasting exercise consider-

ng the full sample. An out-of-sample validation exercise is then
onducted by comparing emulated yields based on a partial sam-
le excluding simulation from one climate model, and comparing
mulated yields to GGCM yields from the excluded sub-sample. The
alidation analyses focus on the preferred specification, S1fpintsoil.
esults for the S1fpint specification estimated at the global level are
resented in Appendix G.

.1. In-sample validation

To validate the emulators’ prediction accuracy, the within-
ample validation exercise is based on yield estimates using the
ull sample and predictions for each grid cell, year and climate

odel. Annual yields for each crop, GGCM and statistical emula-
or averaged over the three climate models and all grid cells for
he whole globe are reported in the left panels of Fig. 8. The pan-
ls on the right represent the same global average but weighted by
rop-specific irrigated area from the MIRCA2000 dataset (Portmann
t al., 2010). The dark lines represent simulations from the emulator
sing the S1fpintsoil specification and the lighter lines are repre-
entative of the GGCMs’ projections. The graphs show that average
ields levels differ across GGCMs, despite being driven by the same
limate data.13 On average, however, predictions from the statis-
ical emulators follow the same trend as projections from GGCMs.
ome inter-annual yield variability is also captured by the statistical
odels, although with less accuracy. When considering yield pro-

ections weighted by harvested area, the graphs show on average
uch larger yields and greater inter-annual discrepancies between

he emulators and the GGCMs, especially for maize at the beginning
nd end of the sample.
As a large share of the absolute crop yields estimated using
he emulator is captured by the grid cell fixed effects, we  com-
are temporal changes in crop yields estimated by the GGCMs

13 Note that the LPJ-GUESS model simulate potential yields (yield non-limited by
utrient or management constraints) whereas the other crop models simulate actual
ields.
0.48* 0.58* 0.60*

and the emulators as an additional validation exercise. To this
end, the Pearson’s coefficients of correlation between predicted
yield changes from the 2000 s (period 2000–2009) and four future
decades (2030s, 2050s, 2070 s and 2090s) are reported in

Table 6 The correlation coefficients are all statistically significant
at the 0.01 level, and overall the smallest coefficients are observed
for the 2030 s period, and the largest coefficients are observed
for the 2090 s period. For instance, the coefficient of correlation
between changes in crop yields from the 2000 s to the 2030 s for
wheat with the pDSSAT model is 0.36, indicating that the emula-
tor capture only 13% of the changes in yields estimated by this crop
model. In contrast, the coefficient of correlation between changes in
crop yields from 2000 s to 2090 s for maize with the LPJmL model is
0.79, which indicates that 62% of the variation in the CGCM projec-
tions is captured by the emulator. From these results, the emulators
appear better suited for replicating long-term crop yield changes
than short-term variations. Additionally, a further indication of the
benefits of estimating separate weather response functions for each
soil subsample is that coefficients of correlation between changes
in crop yield changes at the global level in the S1fprint specification
are higher than those in the S1fpint specification for all cases (see
Appendix G, Table G1).

Corresponding density-based plots comparing the changes in
crop yields projected by the S1fpintsoil specification and the
GGCMs from the 2000 s and the 2090 s are provided in Fig. 9 (plots
for all periods are provided in Figures F18 to F21 in Appendix F). The
plots show that for most models, a large share of the data points
are located within −1 and +1 t/Ha, except for the LPJ-GUESS models,
for which changes in yields are more widespread and are mostly
positive. Generally, data points are clustered along the 45◦white
line, indicating a general agreement between changes in yields
predicted with the GGCMs and those projected with the emulators.

To identify spatial patterns of agreements between climate
change impact projections from the two types of models, left pan-
els of Figs. 10–13 present the percentage changes in crop yield
from 2000 s to 2090 s for each GGCM and sS1fpintsoil specifica-

tion at the grid cell level. To compare the differences in impacts
between the two approaches, the logarithmic ratios of percentage
changes are calculated and presented in the right panels.14 To focus

14 The log ratio is deemed more appropriate than a simple ratio which is not a
symmetric measure. For example, if the GGCM projects an increase twice as large as
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ig. 11. Changes in rice yields from 2000 s to 2090 s estimated by the statistical em
ote:  See note of Fig. 10.

n favorable crop growing regions, marginal growing areas (where
ields projections from crop models are less than 1t/ha) are masked
n white. Maps representing yield projections in levels form the
1fpintsoil specification and GGCMs and their differences (in abso-
ute and percentage terms) are provided in Appendix F (Fig. F1 to
17).

In general, the maps confirm that the emulator reproduces the
patial patterns of climate change impacts on crop yields. Areas
f disagreement regarding the sign of climate change impact on
ields (represented in black on the comparison maps) are limited
nd generally observed in areas where the projected impact is close
o zero. For all crops and GGCM, these areas of disagreement are
lso greatly reduced when considering the soil subsample emulator
S1fpintsoil) compared to the global emulator (S1fpint) (see Figure
20 to G23 in Appendix G).

For maize, the large increases in crop yields in the northern-
ost regions and decrease in the tropical regions by the end of

he century projected by most GGCMs are reproduced by the emu-
ator. However, as shown in the right panels, the emulator tends
o underestimate the strength of the impacts projected by the
PJml, PEGASUS and pDSSAT models in northern America. For the

PJ-GUESS model, strong agreement between the GGCM and the
mulator is observed over most of the Northern Hemisphere, but
isagreement regarding the sign of the impacts is observed in cen-

he emulator, say +20% vs +10%, the ratio would be 0.5. Now, if the GGCM projects
n  increase twice as small as the emulator, say +10% vs +20%, the ratio would be
.  The log ratio would be −0.3 and +0.3 respectively, indicating that the emulator
nderestimate climate change impacts in the first case and overestimates it in the
econd case in equal measures.
s (S1fpintsoil specification) and GGCMs and comparison (log ratio).

tral Africa where climate change impacts are relatively small. In all
other GGCMs, however, yields changes projected with the emulator
are overestimated in northern Eurasia.

For rice, spatial patterns of changes in crop yields projected by
the GGCMs diverge significantly between GGCMs, with GEPIC pro-
jecting decreases in yields in Eastern US and the tropical regions,
LPJ-GUESS projecting increase globally and LPJmL projecting small
increases in tropical regions. Those impacts are also replicated by
the emulators, although the emulator of the GEPIC model tends to
overestimate yields in southeast US where rice productivity is pro-
jected to be high while the emulators for the two  other models are
more accurate. Large disagreements between the two methods are
also observed in eastern South America for the LPJmL model.

For soybean, generally good spatial agreement of yield changes
from the 2000 s to the 2090 s is observed between the emulator and
GGCMs projections. In the southeast US, the emulator for the GEPIC
model underestimates yield increases. For LPJmL, soybean yields
changes are underestimated in northern America and underesti-
mated in eastern Europe. For the LPJ-GUESS model, discrepancies
are overall relatively small.

Wheat yield changes projected by the emulators are also in high
agreement with those from the LPJ-GUESS model, except for small
pockets of relatively high yields in South America, central Asia and
southeast Australia. For the GEPIC and LPJmL models, however, the
emulators tend to underestimate wheat yield changes in Europe
and North America. For the pDSSAT model, the emulator overesti-

mates yield changes in northern Eurasia where yields are relatively
low. Additionally, the emulator projects detrimental impacts of cli-
mate change in eastern China where the PEGASUS model projects
large beneficial impacts.
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ig. 12. Changes in soybean yields from 2000 s to 2090 s estimated by the statistica
ote:  See note of Fig. 10.

.2. Out-of-sample validation

To validate the ability of the emulator to perform under
nknown climate change scenarios, an out-of-sample validation
xercise is conducted by estimating the regression coefficients
sing a partial sample that includes data from all but one climate
odel, and then using these coefficients to emulate yields under
eather variables estimated by the excluded climate model. This

eave-one-GCM-out validation procedure is implemented three
imes in order to assess the predictive ability of the emulators for
ach omitted GCM.

Performance statistics for the out-of-sample validation exercise
re reported in Table 7 and compared to the same statistics calcu-
ated using the full sample from Section 3. As expected, prediction
rrors are larger out-of-sample than in-sample but the differences
re relatively small. The NRMSEs show a differential between the
verall out-of-sample and the in-sample statistics ranging between
.002 points for wheat with the PEGASUS model, and 0.008 points
or maize with the LPJ-GUESS model.

To evaluate discrepancies between yield projections from GGCM
ields and out-of-sample yields from the emulator over time, Fig. 14
hows the yield time series weighted by area harvested for each
rop, GGCM and leave-one-GCM-out combination. The figures indi-
ate that the emulated crop yields are generally underestimated for
he NorESM1-M model when this GCM is excluded from the train-

ng dataset. This result is explained by the fact that yield projections
nder weather conditions from this model are, in most cases, higher
han under other GCMs. Conversely, crop yield predictions from the
tatistical emulators tend to be over-estimated when the GFDL-
lators (S1fpintsoil specification) and GGCMs and comparison (log ratio).

ESM2 M model is excluded from the training sample, and for which
yields are usually the smallest.

The conclusions from the out-of-sample validation exercise are
in line with expectations from statistical analyses, which estimate
an average effect. They further highlight the importance of consid-
ering the largest ensemble of climate change scenarios possible for
the estimation of the emulators. In this regard, the wheat emulator
for the PEGASUS model should be used with caution as it is trained
on the HadGEM-ES GCM only. As the full sample was designed to
encompass the extreme ranges of climate change currently being
projected, statistical models estimated using this sample are there-
fore expected to provide the best predictions of crop yields even
under alternative climate change scenarios—which are expected to
be within the range of scenario considered.

5. Concluding remarks

This analysis provides simple emulation tools facilitating the
assessment of climate change impacts on crop yields. The emula-
tors are constructed based on an ensemble of crop yield simulations
from five GGCMs as part of the ISI-MIP Fast Track intercompar-
ison exercise. These GGCMs estimate the impact of weather on
crop yields at a 0.5 × 0.5◦ resolution under various climate change
scenarios. Based on a panel of crop yield and weather data at the
grid-cell level, crop-specific response functions are estimated for

each GGCM.

Building on Blanc and Sultan (2015), this analysis provides esti-
mates for four crops: maize, rice, soybean and wheat. It focuses
on a regression specification that include temperature and pre-
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ig. 13. Changes in wheat yields from 2000 s to 2090 s estimated by the statistical e
ote:  See note of Fig. 10.

ipitation only, which is deemed the best compromise in term
f predictive ability and simplicity. As an extension to Blanc and
ultan (2015), this analysis compares the traditional non-linear
epresentations of weather effects on crop yields, the quadratic
orm, and higher degree polynomial with fractional polynomial
ransformations of weather variables. Fractional polynomial trans-
ormations relax the symmetrical relationship constraint imposed
y the quadratic transformation while allowing non-parametric
exibility, and addresses the tail-end behavioral issue posed by
igher degree polynomial transformations. Additionally, the effect
f soil type is addressed by estimating the fractional polynomial
pecification separately for each soil order, which allows parame-
er heterogeneity across subsamples. These subsample estimates,
espite adding some complexity to the estimation procedure, gen-
rally improve the accuracy of the statistical emulators.

The validation exercises show that crop yield predictions from
he emulator are reasonably representative of those from most
GCMs. Predictions from the statistical emulators follow the same

rend as projections from GGCMs, although inter-annual yield vari-
bility is captured with less accuracy. When considering changes
n yields overtime, correlation analyses show that the emulators
re better able to capture long-term changes in yields projected
y GGCMs than short-term variations. Spatial analyses of these
hanges reveal that, overall, the emulators tend to capture the spa-
ial patterns of climate change impacts on crop yields. However,
isagreements appear regarding the strength of the impacts. The
mulators tend to over- or under-estimate climate change impact
n yields in different regions depending on the GGCM considered.
herefore, when using the emulators for regional impact assess-

ents, care should be taken when choosing the ensemble of GGCM

hat best capture the impact projected by the underlying model.
tors (S1fpintsoil specification) and GGCMs and comparison (log ratio).

Out-of-sample validations show that, as expected, prediction
accuracy is reduced when the training sample excludes yield
responses to weather variables outside the range of values used
to estimate the model. It is therefore critical to estimate the statis-
tical emulator using the largest sample available, which is designed
to encompass the largest range of plausible changes in temperature
and precipitation over the twenty-first century.

The crop yield emulators estimated in this study provide an
accessible and reliable tool to estimate changes in crop yields under
alternative plausible user-defined changes in climate. However,
due to GGCM specificities, simulations are more suited to assess
long-term trends in yields rather than inter-annual yield variability.
The use of the emulator to estimate climate change impact on crop
yields should follow the same principles. Also, as shown by the ISI-
MIP  simulations, the different GGCMs considered in this analysis do
not necessarily agree on the extent of the impact of climate change
on crop yields even under a similar scenario of climate change. As
none of the GGCMSs is deemed better than another at projecting
future crop yields, it is important to consider predictions from many
models to account for crop yield modeling uncertainty. By provid-
ing yield emulators for several crop models, this study provides a
computationally efficient method for researchers to consider mod-
eling uncertainty in climate change impact assessments.
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Fig. 14. Average crop yield projections weighted by area harvested from GGCMs and statistical models estimated using the S1fpintsoil specification in the leave-one-GCM-out
validation exercise.

Table 7
RMSE and NRMSE statistics for the leave-one-GCM-out validation using the S1fpintsoil specification compared to the full sample.

Crop Model RMSE NRMSE

GFDL−ESM2M HadGEM2-ES NorESM1-M Overall Full sample GFDL−ESM2M HadGEM2-ES NorESM1-M Overall Full sample

Maize GEPIC 0.96 0.99 0.83 0.93 0.84 0.07 0.07 0.06 0.06 0.06
LPJ-GUESS 0.57 0.51 0.52 0.54 0.46 0.05 0.05 0.05 0.05 0.04
LPJmL  0.77 0.77 0.70 0.75 0.69 0.04 0.04 0.04 0.04 0.04
pDSSAT 1.43 1.34 1.34 1.37 1.27 0.06 0.06 0.06 0.06 0.05
PEGASUS 1.32 1.37 1.34 1.34 1.25 0.04 0.04 0.04 0.04 0.04

Rice  GEPIC 0.79 0.73 0.66 0.72 0.66 0.06 0.05 0.05 0.05 0.05
LPJ-GUESS 0.63 0.55 0.58 0.59 0.52 0.03 0.03 0.03 0.03 0.03
LPJmL  0.62 0.63 0.54 0.59 0.55 0.03 0.03 0.03 0.03 0.03

Soybean GEPIC 0.39 0.39 0.34 0.37 0.34 0.07 0.07 0.06 0.06 0.06
LPJ-GUESS 0.41 0.35 0.36 0.37 0.34 0.04 0.03 0.03 0.04 0.03
LPJmL  0.50 0.48 0.46 0.48 0.45 0.03 0.03 0.03 0.03 0.03
PEGASUS 0.73 0.65 0.70 0.69 0.64 0.04 0.04 0.04 0.04 0.04

Wheat GEPIC 0.60 0.58 0.53 0.57 0.53 0.05 0.05 0.05 0.05 0.05
LPJ-GUESS 0.68 0.60 0.62 0.63 0.55 0.04 0.04 0.04 0.04 0.03
LPJmL  0.48 0.45 0.42 0.45 0.39 0.03 0.03 0.02 0.03 0.02

0.68

N adGE

o
P
i
e
p

PEGASUS 0.74 0.73 0.70 0.72 

ote: statistics for pDSSAT and wheat are not available as only simulations for the H

f Science under DE-FG02-94ER61937, the U.S. Environmental

rotection Agency under XA-83600001-1 and other government,

ndustry, and foundation sponsors of the Joint Program on the Sci-
nce and Policy of Global Change. For a complete list of sponsors,
lease visit http://globalchange.mit.edu/sponsors/all.
 0.03 0.03 0.03 0.03 0.02

M2-ES scenario are available.

Appendix A. Supplementary data
Supplementary materials associated with this article can
be found, in the online version, at http://dx.doi.org/10.1016/j.
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