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a  b  s  t  r  a  c  t

Crop  phenology  is related  to  the partitioning  of  assimilates  to different  organs,  crop  productivity  and
timing  of crop  management.  Understanding  the  uncertainty  in  simulated  crop  phenology  can  help  target
future  direction  of  model  improvement  and  assess  climate  change  impact  more  accurately.  However,  the
uncertainty  in maize  phenology  modelling  across  regions  and  under  climate  scenarios  has  not  been  prop-
erly  addressed.  This  study  investigated  the  uncertainty  in  simulated  maize  phenology  using  six  widely
used  models  (SIMCOY,  MAIS,  Beta,  WOFOST,  CERES,  and  APSIM).  The  models  were  firstly  calibrated  and
validated  using  long-term  observational  data  across  China’s  Maize  Belt.  The  validated  models  were  then
used  to  simulate  maize  phenology  changes  in response  to climate  change.  The  results  showed  that  the
six  models  could  reach  acceptable  precision  (NRMSE  <  8% for  all  the  six  models)  by the  calibration  under
current  climate.  However,  the  uncertainty  between  models  in  simulated  maize  phenology  increased  with
the coefficient  of  fluctuation  from  3.2%  under  the  baseline  to 6.3%  under  RCP4.5  and  7.4%  under  RCP8.5  in
2030s  and 8.9%  under  RCP4.5  and  14.5%  under  RCP8.5  in 2080s  for the  simulated  silking date,  and  from
4.2%  under  the  baseline  to 7.0%  under  RCP4.5  and 7.7%  under  RCP8.5  in 2030s  and  10.2%  under  RCP4.5  and
16.7%  under  RCP8.5  in  2080s  for  the  simulated  maturity  date  in  North  China  Plain.  This  highlights  a signif-
icant  knowledge  gap in  understanding  how  the key  physiological  processes  of maize  respond  to changing
temperature,  particularly  temperatures  beyond  the  optimum.  The  uncertainty  in  predicted  phenology
is  largest  for  summer  maize  in North  China  Plain,  smaller  for  spring  maize  in  northeast  and  southwest

China.  The  increased  uncertainty  in  North  China  Plain  was  due  to more  frequent  supra-optimal  tempera-
tures,  where  different  models  disagree  most  in terms  of  phenology  response  to temperature,  highlighting
a  key  area  for  future  model  improvement.  This implies  that there  could  be a  large  uncertainty  in sim-
ulated  maize  yield  under  future  climate  change  in previous  modelling  studies  conducted  with  a single
crop  growth  model  due  to  the  uncertainty  in  simulated  maize  phenology.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Crop phenology, an indicator of plant responses to climate vari-
bility and change (Hu et al., 2005; Tao et al., 2006; Estrella et al.,
007; Wang et al., 2013), affects the partitioning of assimilates
o different plant organs and determines the appropriate time of

gronomic management (Hodges, 1991; Ruml and Vulić, 2005).
herefore, accurate modeling of crop phenology is critical for reli-
ble simulations of crop growth and yield and the assessment of

∗ Corresponding author. Fax: +86 10 6273 4636.
∗∗ Corresponding author. Fax: +61 2 6246 5965.

E-mail addresses: wangj@cau.edu.cn (J. Wang), Enli.Wang@csiro.au (E. Wang).

ttp://dx.doi.org/10.1016/j.eja.2015.08.005
161-0301/© 2015 Elsevier B.V. All rights reserved.
the impact of climate change on crop production (van Oort et al.,
2011; Mats et al., 2013; Wang et al., 2014).

Crop phenology is determined by crop genetic characteristics
and environment factors (McMaster et al., 1992; Wilczek et al.,
2010; Schröder et al., 2014). For a specific cultivar, crop phenology
is predominately controlled by temperature and photoperiod, and
in some cases also affected by water and nutrient conditions and
other factors (Hodges and French, 1985; Fredeick et al., 1989; Uhart
and Andrade, 1995; Springer and Ward, 2007). In general, temper-
ature affects the development rate during the whole crop growing

season while photoperiod only affects the duration of the inductive
phase (from end juvenile to floral initiation) (Calder, 1964).

For cereal crops, any changes in the timing of floral initiation will
result in changes in final leaf number, flowering and maturity time

dx.doi.org/10.1016/j.eja.2015.08.005
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eja.2015.08.005&domain=pdf
mailto:wangj@cau.edu.cn
mailto:Enli.Wang@csiro.au
dx.doi.org/10.1016/j.eja.2015.08.005
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ig. 1. The geographic location of Northeast China (NEC), North China Plain (NCP), S
ining  and Zhumadian in NCP, Fengdu, Leshan, Puding and Luliang in SWC.

Coligado and Brown, 1974; Hunter et al., 1974, 1977; Warrington
nd Kanemasu, 1983b). Obviously, any uncertainty in simulation of
henological development will subsequently lead to uncertainty in
imulated crop yield, particularly under future warming conditions
ue to changes in the length of crop growing period (Tao et al., 2006;
sseng et al., 2013; Wang et al., 2012, 2014; Katharina et al., 2015).

Maize is one of the most important food crops over the world,
ccounting for more than 34% of global cereal production (FAO,
012), and has the largest sown area in China (National Bureau
f Statistics of China, 2013). Some previous studies indicated that
aize yield in China is highly vulnerable to climate warming and

his vulnerability has been assessed using physiologically based
aize growth models (Tao and Zhang, 2010; Wang et al., 2011;

iong et al., 2014). Most of these studies have used a single crop
rowth model to assess the impact of past and future climate
hange on maize production (Xiong et al., 2007; Wu et al., 2008; Liu
t al., 2012; Lin et al., 2014; Wang et al., 2014). However, different
aize crop models vary in their response functions of phenology

o both temperature and photoperiod (van Diepen et al., 1989; Yin
t al., 1995; Yan and Hunt, 1999; Zheng et al., 2000), particularly at
emperatures above the optimum (Challinor and Wheeler, 2008).
he models also simulate the interaction between temperature (T)
nd photoperiod (P) differently, some using additive while others
sing multiplicative methods (Yan and Wallace, 1998). How such
ifferent handling of response functions between the models trans-

ers to differences in simulated maize phenology under current
nd future climate conditions has been rarely addressed. China’s
aize Belt covers a wide range of planting areas where maize crop
rows under different climate conditions. Under such conditions,
ifferent models may  simulate different responses to future cli-
ate change. Therefore, it is necessary to assess the uncertainty

n phenology predictions for maize crop in China caused by using
est China (SWC) and the study sites: Hailun, Huadian and Chaoyang in NEC, Beijing,

different crop phenology models under current and future climate,
which leads directly to uncertainty in predictions of crop yield (Tao
et al., 2009a,b; Asseng et al., 2013; Zhang and Tao, 2013; Bassu et al.,
2014; Kumudini et al., 2014).

The objectives of this study are to (1) evaluate the accuracy of
six widely applied maize crop models in simulating maize phe-
nology under current climate in the China’s Maize Belt, extending
from Northeast China, to North China Plain and Southwest China,
(2) compare the model sensitivity to temperature and photoperiod
variations; and (3) investigate the uncertainties in simulated maize
phenology under future climate change scenarios across the study
region.

2. Materials and methods

2.1. Study areas, climate and crop data

Ten sites were selected in this study, where regular records
of maize phenology were available. These sites cover the main
maize production regions in China, including Hailun, Huadian and
Chaoyang in Northeast China (NEC), Beijing, Jining and Zhumadian
in North China Plain (NCP) and Fengdu, Leshan, Puding and Luliang
in Southwest China (SWC) (Fig. 1, Table 1). The 10 sites covered
large spatial variations in climate and cropping systems. In gen-
eral, NEC is a large flat plain with a temperate humid/semi-humid
climate and a prevailing single-cropping system. Spring maize is
planted on average in late April and harvested in late September.
NCP is characterized by a moderate monsoon climate and a pre-

vailing winter wheat and summer maize double-cropping system.
Summer maize is planted on average in early June and harvested in
late September. SWC  has complex terrain, including basin, hill and
mountain, with mixed subtropical and alpine frigid climate and
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Table  1
Site information, the planted maize variety and the continuous planting periods at each site. The maize planting periods were divided into even and odd years. Observed
phenological data for the single cultivar in even years were used to calibrate the six models and those in odd years were used to validate the six models. NEC = Northeast
China,  NCP = North China Plain, SWC  = Southwest China, the same as below.

Area Station name Latitude
(◦N)

Longitude
(◦E)

Altitude
(m)

Annual average
temperature (◦C)

Cultivar Periods (continuous
planting years)

NEC Hailun 47.26 126.58 239.2 2.1 Haiyu 6 2000–2006(7)
Huadian 42.59 126.45 263.3 4.6 Jidan 120 1996–2004(9)
Chaoyang 41.33 120.27 169.2 9.1 Danyu 13 1990–1999(10)

NCP Beijing 39.48 116.28 31.3 12.9 Jingza 6 1982–1994(13)
Jining  35.27 116.36 40.7 13.7 Luning 1 1981–1987(7)
Zhumadian 33.00 114.01 82.7 15.1 Zhengdan 8 1993–2003(11)

SWC Fengdu 29.52 107.41 218 18.2 Chengdan 14 1996–2001(6)
.2 
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Leshan 29.34 103.45 424
Puding 26.19 105.45 1274
Luliang 25.02 103.40 1840

 dominating multiple cropping system. Spring maize is planted
n early March to early May  and harvested in late July to late
eptember dependent on local temperature conditions. Site infor-
ation, the maize varieties and the maize planting periods at the 10

ites were summarized in Table 1. Among the 10 sites, three repre-
enting sites, Chaoyang in NEC, Beijing in NCP and Fengdu in SWC,
ere selected to depict temperature distribution under current and

uture climate scenarios.
At each site there is a standard agricultural meteorological

xperimental station of the China Meteorological Administration
CMA). It consists of a standard weather station to record daily
eather data and an agricultural meteorological experimental sta-

ion to observe crop phenology and yield. Historical daily weather
ata are therefore available from the sites, including daily average,
aximum and minimum temperatures (◦C), rainfall (mm),  wind

peed (m/s), sunshine hours (h), and relative humidity (%). Crop
ata include major phenological stages of maize (sowing, emer-
ence, silking and maturity dates) and records on management
ractices. These data have uniform CMA  observing standards for
ollecting surface climate, crop phenology, and crop yield data
cross China (Liu et al., 2012). Crop management practices at the
xperimental stations are better than the prevalent local practices
Tao et al., 2006).

.2. Maize phenology models

Six phenology models, i.e., SIMCOY (SIMulation of COrnYileld)
Brown, 1969; Place and Brown, 1987), MAIS (MAIze Simulation)
Stewart et al., 1998), Beta (Gao et al., 1992; Zheng et al., 2000),

OFOST (WOrd FOod STudy) (van Diepen et al., 1989), CERES (Crop
nvironment REsource Synthesis)–Maize (Jones and Kiniry, 1986)
nd APSIM (Agricultural Production System sIMulator)–Maize
McCown et al., 1996; Wang et al., 2002; Keating et al., 2003)
ere selected, representing the widely used and well-documented
aize phenology models. Detailed description of phenology sim-

lation in the six models is provided in Appendix A. Among the
ix models, SIMCOY and MAIS do not consider the impact of pho-
operiod on maize phenology while the other models include both
emperature and photoperiod functions. APSIM and CERES assume
hat the effects of photoperiod on maize phenology are additive
o those of temperature, while Beta and WOFOST use multiplica-
ive functions to describe the interaction between temperature and
hotoperiod effects. The six models covered main types of maize
henology models (Kumudini et al., 2014).
The six models used contrasting temperature response func-
ions for simulating maize phenology (Fig. 2). While APSIM, CERES,
nd WOFOST models use linear or stepwise linear functions, SIM-
OY, MAIS and Beta models adopted curvilinear responses. Beta
17.1 Zhongdan 2 1983–1986(4)
14.3 Andan 136 2003–2009(7)
15.2 Huidan 4 1996–2001(6)

and WOFOST use daily mean temperature, CERES and APSIM use
sub-daily temperature, and SIMCOY and MAIS use daily maximum
and minimum temperatures. In addition, SIMCOY uses different
response functions for day and night time temperatures. SIMCOY,
APSIM and CERES do not change the temperature response with
developmental stage, while the other three models have different
temperature response functions for stages from sow to emergence,
from emergence to silking and from silking to maturity.

Significant differences exist in the cardinal temperatures for the
temperature responses between the models. The base temperature
for maize development (Tb) varies from 0 to 12 ◦C in emergence
stage, from 0 to 14.9 ◦C in vegetative stage and from 0 to 12.7 ◦C
in reproductive stage. The corresponding ranges for the optimum
temperature for maize development (To) are 25 to 34 ◦C, 24 to 34 ◦C,
and 25 to 34 ◦C, respectively. The maximum temperature for maize
development (Tc) also varies between the six models, with 31 ◦C in
emergence stage and 34 ◦C in vegetative and reproductive stages for
Beta model, 44 ◦C for APSIM and CERES models, and higher values
or no definition in other three models during all the developmental
phases.

In order to compare the six models, maize growing season
is divided into three stages: the emergence period (EMG—from
sowing to emergence); the vegetative growth period (VGP—from
emergence to silking); the reproductive growth period (RGP—from
silking to physiological maturity). The responses of development
rate or effective thermal time to temperature in the six models
were also inter-compared.

In some years, maize could not mature before the occurrence of
first frost damage due to low development rate caused by subopti-
mal  growing season temperature. In that case, it was assumed that
maize was  killed by the occurrence of frost in fall, i.e. three con-
secutive nights with minimum temperature below −2.2 ◦C (Carter
and Hesterman, 1990). Then, the date when maize was  killed was
assigned as the maturity date uniformly for all the models.

2.3. Calibration and validation of maize phenology models

At each site, a single maize variety planted continuously for 4
years or more was selected to calibrate and validate maize phenol-
ogy models, providing a unique opportunity to test whether the
models could capture the impact of climate variability on maize
phenology. Thereafter, sensitivity and uncertainty analysis were
also conducted at these sites. The maize planting periods for the
single variety at each of the ten sites in Table 1 were divided into

two categories: even and odd years. Observed phenological data
in even years were used to calibrate the six models and those in
odd years were used for validation. Because the main parameters
in six models are different for emergence, vegetative and reproduc-
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rackets show cardinal temperatures (◦C) and their corresponding effective therm
eat  units; GTI = general thermal index; EMG  = sowing to emergence; VGP = emerge

ive phases, they were estimated separately for each of the three
evelopmental phases by using a trial-and-error method to achieve
he best match between the simulated and observed silking and

aturity dates (days after sowing).

.4. Climate change scenarios and sensitivity analysis

Future climate change scenarios used for this study were
btained from Beijing Climate Center (BCC) derived from regional
limate model RegCM4 at a resolution of 0.5◦ × 0.5◦ in China with
epresentative concentration pathways (RCPs) (Gao et al., 2013).
wo emission scenarios, RCP4.5 representing relatively low emis-
ion scenario and RCP8.5 representing relatively high emission
cenario, were selected as future climate change scenarios. Table 2
hows the projected averaged temperature change during maize
rowing seasons at the ten sites in 2030s (2020–2049) and in
080s (2070–2099) relative to the baseline climate (1970–1999).
he future climate scenarios for each site were extracted from the
loset grid point data. Mean, maximum and minimum tempera-
ures of maize growing season increased in 2030s and 2080s under
oth RCP4.5 and RCP8.5 scenarios at all the sites. The most obvi-
us increase occurred at the sites in NCP with growing season
ean temperature increase by 1.5–1.8 ◦C under RCP4.5 scenario

nd 2.0–2.4 ◦C under RCP8.5 scenario in 2030s, by 2.7–3.0 ◦C under
CP4.5 scenario and 4.3–4.7 ◦C under RCP8.5 scenario in 2080s. The
mallest increase of growing season temperatures occurred at sites
n Southwest China.

To explore the uncertainties in simulated maize phenology

nder future climate change, the six maize phenology models were
un for baseline 1980s (1970–1999) and projected future climate
n 2030s (2020–2049) and 2080s (2070–2099) under both RCP4.5
nd RCP8.5 scenarios. The planting date of maize and the cultivar
se function to temperature among the six phenology models. The numbers in the
e (◦Cd) (a–b, d–f) or temperature response function (c). Abbreviations: CHU = crop

 silking; RGP = silking to physiological maturity.

for each site were set the same as the average planting dates and
the cultivar for each site in Table 1.

In addition, sensitivity analysis to temperature was  performed
by artificially changing the growing season daily Tmean from his-
torical climate data (Table 2) by −3 ◦C, −2 ◦C, −1 ◦C, +1 ◦C, +2 ◦C,
+3 ◦C, +4 ◦C and +5 ◦C for all the models. For models (SIMCOY, MAIS,
CERES and APSIM) that respond to Tmax and Tmin rather than Tmean,
we assumed that a change (increase/decrease) by one degree in
both Tmax and Tmin simultaneously would lead to one degree corre-
sponding change in Tmean. Sensitivity analysis to photoperiod was
conducted by changing growing period daily photoperiod directly
for Beta, WOFOST and CERES models. For APSIM model, we  mod-
ified the photoperiod by changing the latitude of the study site.
Considering the geographical position, the change in photoperiod
for sites (Beijing, Jining and Zhumadian in NCP, Fengdu, Leshan,
Puding and Luliang in SWC) could not reach −2 h. Therefore, the
changes in photoperiod were −2 h, −1 h, +1 h, +2 h and +3 h for sites
in NEC while −1 h, +1 h, +2 h and +3 h for sites in NCP and SWC.

2.5. Statistical analysis

Root mean square error (RMSE) and normalized root mean
square error (NRMSE) was used to evaluate the deviation between
simulated and observed maize phenology:

√

RMSE =

√√√√
n∑
i=1

(Yi − Xi)
2

n
(1)
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NRMSE(%) = 1

X̄

√√√√√
n∑
i=1

(Yi − Xi)
2

n
× 100 (2)

where Xi and Yi are the observed and simulated phenology (days
after sowing), respectively. X̄ is the mean of observed phenology.

Coefficient of fluctuation (Cf) is used to compare the variation
in simulated maize phenology with the six models. Cf can be calcu-
lated as the following (Xiong et al., 2005):

Cf =
6∑
k=1

|Yk − Ȳ |
nȲ

(3)

where Yk is the simulated phenology by the kth model. Ȳ is the
average of the simulated phenology by the six models. The larger
Cf, the larger the variation in simulation results between models,
implying increased uncertainty in simulation results.

3. Results

3.1. Comparison of simulated development rate by six phenology
models

As a result of different temperature response functions and
cardinal temperatures (Fig. 2), different development rates are
simulated by different models at any given temperature but very
similar development rate at around 20 ◦C (Fig. 3). When temper-
ature is between Tb and To, all the models simulate an increasing
developmental rate with temperature, though the absolute rates
are different. However, when temperature increases beyond To,
contrasting different development rates were simulated by the six
models, with a sharp decrease in rate in the Beta model, moderate
decreasing rate in APSIM and SIMCOY models, unchanged rate in
WOFOST model, and a sharp increasing rate in CERES model dur-
ing all the three phenological phases. For MAIS model, simulated
development rate decreased in emergence and vegetative stages,
but increased sharply in reproductive stage.

3.2. Performance of the models against observational data

Calibration and validation results (Fig. 4) indicated that six mod-
els simulated growth stages reasonably well with no systematic
bias except for Beta model at Huadian, Hailun and Chaoyang, CERES
model in Huadian, Hailun and Fengdu, APSIM model in Huadian,
Chaoyang and Fengdu. RMSE between simulated and observed silk-
ing and maturity dates (days after sowing) for calibration period
was mostly <4.8 d and <6.9 d in NEC, respectively, <6.8 d and <7.0 d
in NCP respectively and <3.4 d and <6.5 d in SWC, respectively. For
validation period, RMSE between simulated and observed silking
and maturity dates was  mostly <5.8 d and <6.6 d in NEC, respec-
tively, <5.6 d and <5.8 d in NCP, respectively and <6.5 d and <6.7 d in
SWC, respectively. Though absolute deviations existed in individ-
ual models and in individual sites, NRMSE between observed and
simulated silking and maturity dates was both <8% for all the mod-
els and in all the sites (data for each site not shown). Taking into
account the errors in observation, these results indicate that most
of models are able to reasonably simulate the observed duration
from sowing to silking and maturity at all the sites selected from

NEC, NCP, and SWC  under current climate. The results also suggest
that the six models could reach acceptable precision after calibra-
tion. Overall, prediction precision of models was in the order Beta
and WOFOST < CERES and APSIM < SIMCOY and MAIS.
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ig. 3. Comparison of response curves of maize development rate to temperature a
n  the six models. Abbreviation: EMG  = sowing to emergence, VGP = emergence to s

.3. Inter-model comparison of simulated response of phenology
o climate change

All the models simulated an advance in silking and maturity
ates (days after sowing) under both climate change scenarios
s compared with those under the baseline climate along the
EC-SWC Maize Belt, except for the Beta model in NCP (Fig. 5).

t is apparent that the difference in simulation results exits not
nly between different models, but also between different climatic
egions.

In 2030s, all the other models simulated an advance in silking
ates by 3.9–6.6% under RCP4.5 and RCP8.5 scenarios except that
he Beta model simulated a delay in silking date in NCP by 13.2%
nd 16.2% under the two scenarios respectively. Simulated matu-
ity date would advance more compared to simulated silking date
y 1.4–10.2% under RCP4.5 and RCP8.5 scenarios excluding Beta
odel in NCP, which predicted postponed maturity dates by 8.0%

nd 8.6% under RCP4.5 and RCP8.5 scenarios, respectively. In 2080s,
he most obvious advance of simulated silking dates occurred in
EC from 8.0% (RCP4.5) to 16.7% (RCP8.5). Simulated maturity date
ould advance by 7.6–29.6% along the NEC-SWC maize belt. How-

ver, simulated silking and maturity dates with Beta model would
elay by 16.6% and 39.7% respectively under RCP4.5 and RCP8.5
cenarios in NCP. The large difference in simulated silking and
aturity dates between Beta model and others was  due to the sharp

ecrease in development rate beyond the optimum temperature in
eta model.

The differences in simulation results between the models are
 direct result of the differences in the temperature response
unctions for phenological development built in these models
Figs. 2 and 3). Further sensitivity analysis showed that simulated
ilking and maturity dates were delayed with the decrease in tem-
erature (−1 ◦C, −2 ◦C and −3 ◦C) while advanced with the increase

n temperature (+1 ◦C, +2 ◦C, +3 ◦C, +4 ◦C and +5 ◦C) for all the mod-
ls in NEC, NCP and SWC  except for Beta model (Fig. B1). At the sites
ith relatively higher growing season temperature (Beijing, Jining

nd Zhumadian in the NCP), the Beta model simulated a delay in
ilking and maturity dates with the increase in temperature. For all
ther models, WOFOST was most sensitive, while SIMCOY was  least
ensitive in terms of simulated phenology to temperature increase.
n addition, the differences between simulated maize phenology
ncreased with rising temperature, implying higher uncertainty
nder future warming conditions (Fig. B1). The sensitivity analy-

is also showed that models differed largely in the sensitivity to
hotoperiod, with WOFOST being the most sensitive, while CERES
nd APSIM having a similar photoperiod sensitivity at most of sites
Fig. B2).
 the six models. The temperatures between dash lines represent the range of To set
, RGP = silking to physiological maturity.

3.4. Uncertainty in simulated silking and maturity dates

The spread in simulation results from the multiple models,
together with the coefficient of fluctuation (Cf), can be used to
reflect the uncertainty in phenology simulations caused by differ-
ent approaches incorporated in the models. The distribution of the
results from the six models and the Cf for simulated silking and
maturity dates (days after sowing) across the three maize grow-
ing regions in China clearly show that the uncertainty changed
with future climate scenarios and also across climatic regions
(Figs. 5 and 6). For the spring maize region of NEC, future warming
would have temperatures increasing toward the optimum tem-
perature range of maize, particularly in the reproductive stage,
where the models agree most in terms of temperature responses
(Figs. 3 and 7), resulting in smaller uncertainties in simulated matu-
rity dates (Fig. 6). However, in the summer maize region of NCP and
spring maize region of SWC, future warming would likely have tem-
peratures moving into the temperature range where the models
increasingly disagree (Figs. 3 and 7) leading to increased uncer-
tainty in simulated maize phenology, both for silking and maturity
dates (Fig. 6). It should be noted that Beta model was  an exception
in NCP, however, uncertainty in simulated maize phenology in NCP
excluded Beta model was  still the highest among the three maize
regions (data not shown). It is also noticeable from Fig. 6 that for
a given region, the average difference in simulated maturity dates
between the two climate change scenarios (e.g., RCP4.5 and RCP8.5
in both 2030s) was  smaller than the spread of the results from mul-
tiple models (difference between 25% and 75% percentiles). This is
particularly the case in NCP, where very little differences occurred
between the average simulated maturity dates among scenarios
and future years; however, the simulation results became increas-
ing uncertain with the warming conditions in the future.

4. Discussion

Crop modeling has been increasingly used in climate change
impact studies for crop production across the world. Due to the
imperfect knowledge captured in the current crop models, the
uncertainty in the simulation results must be addressed in such
modeling studies in order for the modeling results to be more use-
ful to assist in the development of adaptation strategies (Semenov
et al., 1996; Asseng et al., 2013; Zhang and Tao, 2013; Bassu et al.,
2014; Kumudini et al., 2014). Previous studies indicated the poten-

tial issues in the quantitative descriptions of crop development
rate in response to above optimal temperatures for wheat and rice
(Asseng et al., 2013; Zhang and Tao, 2013). Kumudini et al. (2014)
compared eight maize phenology models with large dataset in
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Fig. 4. Calibration (a) and validation (b) of the six maize phenology models at the ten sites in China’s Maize Belt. Different color boxes represent different sites. The diamond
inside  the box represents the mean days after sowing, and the square inside the box indicates the median days after sowing. The left and bottom edges of the box represent
the  minimum values, and the right and top edges of the box represent maximum values. The big square indicates 25 and 75 percentiles, respectively. The variation from left
to  right edge represented that of observed silking and maturity dates (days after sowing), and the variation from top to bottom edge represented that of simulated silking and
maturity dates (days after sowing). The black and violet solid lines are the linear regression equations for the mean values of silking and maturity dates (days after sowing)
respectively.
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Fig. 5. Simulated silking date (days after sowing) (a) and maturity date (days after sowing) (b) by six models under baseline (1970–1999), RCP4.5 (2020–2049, 2070–2099)
and  RCP8.5 (2020–2049, 2070–2099) scenarios averaged from Hailun, Huadian and Chaoyang in NEC, from Beijing, Jining and Zhumadian in NCP and from Fengdu, Luliang,
Leshan  and Puding in SWC, respectively. Edges of box show 25% and 75% with the line and the square within the box showing the median and the mean respectively. The
circles  show the maximum and minimum values.
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Fig. 6. Simulated silking date (days after sowing) (a) and maturity date (days after sowing) (b) averaged from six models under baseline (1970–1999), RCP4.5 (2020–2049,
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070–2099) and RCP8.5 (2020–2070) in NEC, NCP and SWC  respectively. The numb
1970–1999), RCP4.5 (2020–2049, 2070-2099) and RCP8.5 (2020–2049, 2070–2099
he  median and the mean respectively. The circles show the maximum and minimu

orth America and Argentina and found the difference in prediction
recision between the models under current climate. Our analy-
is further showed that there is significant disagreement between
odels in simulating the rate of phenological development of
aize across a wide range of temperatures in China’s Maize Belt,

ne of the Golden-Maize-Belts over the world, particularly with
upra-optimal temperatures (Fig. 3). As a result, the models sim-
lated different change patterns in maize phenology both across
egions in China under the current climate and under different cli-

ate change scenarios (Figs. 4 and 6). This is however not obvious
hen the models are calibrated against local data and only applied

ocally under the current climate conditions, as reflected in the
esults of model calibration and validation. Temperature response
f phenology below optimum temperature was approximately lin-
ar, which made six models perform similarly through calibration
nder current climate. The uncertainty in simulated phenology
ecomes increasingly larger towards the future warming, i.e. under
cenarios for 2030s and 2080s.

The significant differences in temperature response functions
nd cardinal temperatures in the models reflect to a large extent the
nvironment where the models were developed. The Beta model
riginated from the Rice Clock Model conducted by Gao et al.
1992). The cardinal temperatures of maize in the Beta model were
erived from the statistics of the previous publications in China
ather than the controlled-environment and field experiments. The
ptimum temperature of maize (25 ◦C) in the Beta model was
uch lower than that used in the other models. Crop heat units

CHU) in the SIMCOY model and general thermal index (GTI) in

he MAIS model were derived from controlled-environment and
eld experiments in Canada and the northern USA, but the maxi-
um  temperatures in the experiments was lower than 33 ◦C and

5 ◦C, respectively (Brown, 1969; Stewart et al., 1998). WOFOST,
ove the boxes were coefficient of fluctuation (Cf) among six models under baseline
es of box show 25% and 75% with the line and the square within the box showing
ues.

CERES and APSIM models determined the development rate based
on the growing degree-day (GDD) to reach a specific growing
stage of maize (Shaykewich, 1995). In the CERES-Maize and APSIM
models, the temperature response functions and cardinal temper-
atures were based on measured response of leaf appearance rate to
temperature in controlled-environment experiments conducted by
previous studies (Tollenaar et al., 1979; Warrington and Kanemasu,
1983a). However, the maize phenology model of WOFOST was
parameterized with only two  field experiments in Toulouse (Boons-
Prins et al., 1993). Although the temperature response functions
in most of the phenology models were derived from the observed
data included a wide range of temperature, supra-optimal tempera-
ture data in controlled—environment experiments are very limited.
Under the field experiments, high temperatures (>30 ◦C) occurred
rarely in the North America and north-west European climate,
which limited the parameterization of the phenology models above
optimal temperature. Therefore, more controlled-environment
and field experiments need to be conducted to quantify the
development rate of maize under supra-optimal temperature
conditions.

The simulated advance in maize phenology under future climate
warming scenarios by most of the models is consistent with results
from other studies for maize crop (Tao et al., 2006; Wang et al., 2012,
2014), with similar results for wheat and rice crops (Alexandrov
et al., 2002; Hu et al., 2005; Wang et al., 2013; Zhang and Tao, 2013).
Simulated change in maturity dates (advance by 1.4–10.2% under
RCP4.5 and RCP8.5 scenarios in 2030s) was also close to the results
of Tao et al. (2009b) who  used a super-ensemble-based probabilis-

tic approach to project phenology in NCP for 2050s. In spite of this
consistency, the big spread in simulation results from multiple
models highlight the knowledge gaps in understanding maize
phenology response to temperatures beyond the optimal temper-
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ites,  Chaoyang in NEC, Beijing in NCP and Fengdu in SWC.

ture range, and the need to further improve process modeling
nder these temperatures. This also emphasizes the importance
o take prediction uncertainty into account in future climate
hange impact studies (Kumudini et al., 2014) because increased
ncertainty under climate warming would impact simulated
aize yield due to different length of maize growing period.

Due to the spatial variation in climate, particularly tempera-
ure, the uncertainty in phenology simulations will change spatially
hen the current models are applied to a large geographic area

overing different climatic zones, like the China’s Maize Belt. The
hanges will depend mainly on the temporal and spatial distribu-
ion of temperatures and how temperature changes in the future,
s compared to the temperature thresholds built in the models
Fig. 7). Impact of photoperiod is much less important as compared
ith that of temperature, due to its constant relationship with lati-

ude and its lack of inter-annual variation, although the results from
ensitivity analysis showed that significant change in maize phe-
ology simulated using WOFOST, Beta, CERES and APSIM models
ith changing photoperiod (Fig. B2).

Another source of uncertainty in simulating maize phenology
nder future climate change is the uncertainty in future climate
hange scenarios (Semenov et al., 1996; Trnka et al., 2004; Fischer
t al., 2005; Lobell et al., 2006; Wilby et al., 2009). Here, our results
end to indicate that uncertainty caused by model structures could
e higher than those caused by climate scenarios, a result simi-
ar to those of Asseng et al. (2013). In any case, it is justified that
oth uncertainty sources need to be considered in future modeling
tudies. In addition, water and nutrient conditions related to crop
anagement and rainfall fluctuations also affect crop phenology,
◦C, 10–15 ◦C, 15–20 ◦C, 20–25 ◦C, 25–30 ◦C, 30–35 ◦C and >35 ◦C in the representative

especially under water and nutrient stress conditions, which was
not included in this study.

5. Conclusion

Comparison of six maize phenology models showed that the
models simulate an approximately linear increasing developmen-
tal rate with temperature before the optimal temperature although
the absolute rates are different, but differ distinctly beyond the
optimal temperature. Under current climate condition, the six
models could reach acceptable precision by calibrating because
growing mean temperature was most below the optimum tem-
perature. However, the uncertainty in simulated maize phenology
increased with more frequent supra-optimal temperature under
future climate scenarios, largest for summer maize in North China
Plain, smaller for spring maize in northeast and southwest China.
These results indicate that further studies on maize growth and
development under supra-optimal temperature conditions in the
controlled-environment and field experiments is needed in order
to construct more reliable crop-climate relationships and embed
them in the phenology models.
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ppendix A.

aize phenology models

The progress of development stages of maize is unified by using
 development index (DVI) defined as 0 at sowing date, 1 at emer-
ence date, 2 at silking date, and 3 at maturity date. DVI is calculated
y accumulating the daily development rate (DVR):

VIt =
t∑
i=1

DVRi (A.1)

here DVIt is the developmental index at day t and DVRi is the
evelopment rate at ith day.

.1. SIMCOY model
The SIMCOY model developed for southern Ontario, Canada has

een used to simulate maize yields under different management
ptions (Brown, 1969; Place and Brown, 1987). In this model, daily
evelopment rate (DVR) of maize is determined by crop heat units
CHU):

VR =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

CHU
CHU VGP × coeff EMG

for 0  < DVI ≤ 1

CHU

CHU VGP × (1 − coeff EMG)
for 1  < DVI ≤ 2

CHU

CHU VGP × (coeff RGP − 1)
for 2 < DVI ≤ 3

(A.2)

HU = [CHU(day) + CHU(night)]/2 (A.3)

HU(day) = 3.33 × (Tmax − 10) − 0.084 × (Tmax − 10)2 (A.4)

HU(night) = 1.85 × (Tmin − 4.4) (A.5)

here CHU VGP is thermal time from sowing to silking (◦Cd),
oeff EMG  and coeff RGP are the proportions of the thermal
ime from sowing to emergence and from sowing to maturity to
HU VGP, respectively. Tmax and Tmin are daily maximum and min-

mum temperatures, respectively.

.2. MAIS model
Daily development rate of maize is determined by general ther-

al  index (GTI) in the MAIS model (Stewart et al., 1998):

VR =

⎛
⎜⎜⎜⎜⎝

GTI
GTI EMG

for 0 < DVI ≤ 1

GTI
GTI VGP

for 1 < DVI ≤ 2

GTI
GTI RGP

for 2 < DVI ≤ 3

(A.6)

TI =
{

0.043177 × T2
mean − 0.000894 × T3

meanfor0 < DVI ≤ 2

5.3581 + 0.011178 × T2
meanfor 2 < DVI ≤ 3

(A.7)

here GTI EMG, GTI VGP and GTI RGP are the thermal time (◦Cd)
rom sowing to emergence, from emergence to silking and from

ilking to maturity, respectively. Tmean, daily mean temperature, is
alculated by:

mean = (Tmax + Tmin)/2 (A.8)
nomy 71 (2015) 19–33 29

A.3. Beta model
The Beta model was  developed following the idea of Rice Clock

Model (Gao et al., 1992; Zheng et al., 2000). Daily development rate
of maize is a function of temperature and photoperiod:

DVR =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

DVRmax × f (T)

= e−K ×
(
Tmean − Tb

To − Tb

)P

×
(
Tc − Tmean

Tc − To

)Q

for 0 < DVI ≤ 1

DVRmax × f (T) × F(P)

= e−K ×
(
Tmean − Tb

To − Tb

)P

× (
Tc − Tmean

Tc − To
)
Q

× e−G(D−Do) for1 < DVI ≤ 3

(A.9)

where DVRmax, daily maximum development rate, is the recip-
rocal of physiological development days. Tb, Tc and To are the base,
maximum and optimum temperatures (◦C) for maize development,
respectively. D is the photoperiod in hours, which is calculated by
latitude, day of the year and twilight angle (Goudriaan and van
Laar, 1978). Do is the optimum photoperiod for maize development,
taken as 12.5 h in this study. K, P, Q, G are empirical constants.

A.4. WOFOST model
Daily thermal time (DTT) drives the phenological phase of maize

in the WOFOST model (van Diepen et al., 1989; Koning and Diepen,
1992):

DVR =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

DTT
GTT EMG

for 0 < DVI ≤ 1

DTT
GTT VGP

× fpho for 1 < DVI ≤ 2

DTT
GTT RGP

for 2 < DVI ≤ 3

(A.10)

DTT =

⎧⎪⎨
⎪⎩

0 for Tmean ≤ Tb

Tmean − Tb for Tb < Tmean ≤ Tc

Tc − Tb for Tmean > Tc

(A.11)

f pho = min(0,  1,
D − Dc

Do − Dc
) (A.12)

where GTT EMG, GTT VGP and GTT RGP are the thermal time (◦Cd)
from sowing to emergence, from emergence to silking and from
silking to maturity, respectively. Dc is the upper limit of photope-
riod, above which maize development ceases, taking as 20 h, and
Do = 12.5 h.

A.5. CERES model
The CERES-maize model simulates VGP based on the variation

in apical meristem (Jones and Kiniry, 1986). DTT is the daily ther-
mal  time (◦Cd), the temperature accumulation aggregated over 3-hr
step, i.e., 8 times in a day:

DTT =

⎧⎪⎪⎨
⎪⎪⎩

(Tmax + Tmin)/2 − Tb for Tmin > Tb and Tmax < 34

8∑
j=1

DTTj/8 for Tmin ≤ Tb or Tmax ≥ 34 and j = 1 : 8

(A.13)

⎧⎨ Tmean,j − Tb for Tmean,j > Tb and Tmean,j < 34
DTTj = ⎩ (34  − Tb) × (1 − (Tmean,j − 34)/10) for 34 ≤ Tmean,j and T
mean,j

< 44

0  for Tmean,j ≤ Tb or Tmean,j ≥ 44
(A.14)



3 . Agro

T

w

d
e
D
c

D

G

w

t
t
t
l
j

F

G

w
g
e
G
s
p
2
i
t
w
1
d

D

T
b

P

w

s

)

0 N. Wang et al. / Europ. J

mean,j = Tmin + (0.931 + 0.114j − 0.0703j2 + 0.0053j3)

× (Tmax − Tmin) (A.15)

here j was the jth phase of eight 3-h.
The development stage from sowing to emergence can be

ivided into two phases: sowing to germination and germination to
mergence. Here we set one day germination occurs after sowing.
aily development rate of maize from germination to emergence
an be expressed as:

VR = DTT
GTT germ emerg

(A.16)

TT germ emerg = 45 + 6.0 × Sd (A.17)

here Sd is the sowing depth (cm).
The development stage from emergence to silking is divided into

hree development phases in the CERES-maize model: emergence
o end juvenile, end juvenile to tassel initiation, and tassel initiation
o silking. The time of silking occurrence is determined by the final
eaf number (FLN), which is determined in the period from end
uvenile to tassel initiation:

LN = GTT emerg tassel /21 + 6 (A.18)

TT emerg tassel = P1 + GTT endjuv tassel (A.19)

here GTT emerg tassel is cumulative thermal time from emer-
ence to tassel initiation (◦Cd), P1 is the thermal time from
mergence to the end of the juvenile period (◦Cd) and
TT endjuv tassel is the thermal time from end juvenile to tas-

el initiation (◦Cd). Eq. (A.18) implies that six leaf primordia are
resent at the emergence, and one leaf primordium is initiated each
1 growing degree days (Kiniry and Ritchie, 1981).The physiolog-

cal development days needed for the phase from end juvenile to
assel initiation was 4 days. The actual days needed for this phase
ere affected by photoperiod, and if photoperiod is greater than

2.5 h, daily development rate is delayed in P2 d/h. Thus, daily
evelopment rate can be expressed as:

VR = 1/(4 + P2 × (D − 12.5)) (A.20)

he phenological phase from tassel initiation to silking is controlled
y thermal time (P3, ◦Cd) for the phase calculated by:

3 = (FLN − 2) × PHINT + 96 (A.21)
here PHINT is phyllochron interval (◦Cd).
Daily development rate in the phase from tassel initiation to

ilking can be expressed as:
nomy 71 (2015) 19–33

DVR = DTT
P3

(A.22)

Daily development rate of maize from silking to maturity can be
calculated as:

DVR = DTT
P5

(A.23)

where P5 is the thermal time from silking to physiological maturity
(◦Cd).

A.6. APSIM model
Maize phenology module in the APSIM model is similar to that in

the CERES-maize model (McCown et al., 1996; Keating et al., 2003)
but accumulated growing degree days for each 3-h phase and the
responses of phenology to photoperiod are different between the
two models. The growing degree days for three- hourly tempera-
ture can be calculated:

DTT =
8∑
j=1

DTTj/8 j = 1 : 8 (A.24)

DTTj =

⎧⎪⎨
⎪⎩

(10/18) × Tmean,j for 0 < Tmean,j ≤ 18

Tmean,j − 8 for 18 < Tmean,j ≤ 34

−2.6 × (Tmean,j − 44) for 34 < Tmean,j ≤ 44

(A.25)

Photoperiod function is additive to the temperature response
function during the development stage from end juvenile to flo-
ral initiation. Thermal time from end juvenile to floral initiation
(TT endjuv init, ◦Cd) is modified by photoperiod response function:

TT enduv init =⎧⎨
⎩

TTenduv init for D < PP crit1

TT enduv init + PP slope × (D − PP crit1) for D ≥ PP crit1 and D ≤ PP crit2

TT  enduv init+10+PP slope × (PP crit2 − PP crit1) for D > photoperiod crit2
(A.26

where PP crit1 is critical photoperiod (h) above which the devel-
opment rate of maize is decreased, PP crit2 is maximal photoperiod
(taken as 24 h). PP slope is the extent to which growth is affected
by photoperiod increased beyond PP crit1 and 2 (◦C/h).
Appendix B.

Temperature and photoperiod sensitivity analysis
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Fig. B1. Sensitivity of simulated silking date (a) and maturity date (b) to daily mean temperature (Tmean) using six models at Hailun, Huadian and Chaoyang in NEC, Beijing,
Jining  and Zhumadian in NCP, Fengdu, Leshan, Puding and Luliang in SWC  respectively. The phenology was expressed as days after sowing (d). Temperature sensitivity
analysis were conducted by changing Tmean by −3, −2, −1, 0, 1, 2, 3, 4, 5 ◦C resulting in the changes in simulated silking and maturity dates (d).

Fig. B2. Sensitivity of simulated silking date (a) and maturity date (b) to photoperiod using four models at Hailun, Huadian and Chaoyang in NEC, Beijing, Jining and Zhumadian
in  NCP, Fengdu, Leshan, Puding and Luliang in SWC  respectively. The phenology was  expressed as days after sowing (d). Photoperiod sensitivity analysis were conducted by
changing daily photoperiod by −2, −1, 0, 1, 2, 3 h for sites in NEC and −1, 0, 1, 2, 3 h for sites in NCP and SWC  resulting in the changes in simulated silking and maturity dates.
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