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Abstract Crop models are robust tools for simulating the
impact of climate change on rice development and
production, but are usually designed for specific stations
and varieties. This study focuses on a more adaptable
model called Simulation Model for Rice-Weather Rela-
tions (SIMRIW). The model was calibrated and validated
in major rice production regions over China, and the
parameters that most affect the model’s output were
determined in sensitivity analyses. These sensitive para-
meters were estimated in different ecological zones. The
simulated results of single and double rice cropping
systems in different ecological zones were then compared.
The accuracy of SIMRIW was found to depend on a few
crucial parameters. Using optimized parameters, SIMRIW
properly simulated the rice phenology and yield in single
and double cropping systems in different ecological zones.
Some of the parameters were largely dependent on
ecological zone and rice type, and may reflect the different
climate conditions and rice varieties among ecological
zones.

Keywords rice, phenology, parameter optimization,
SIMRIW, simulation

1 Introduction

Rice is the staple food of Asians, Africans and Latin
Americans (Yoshida, 1981; Peng et al., 1995). Throughout
the past several decades, a warming trend has been
documented around the world. This global warming trend
has presented special obstacles and challenges to rice
production (Tao et al., 2003; Peng et al., 2004; Tao et al.,
2006). The effect of climate change on rice production,
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which has raised considerable concern among scientists
(Kropff et al., 1993; Horie et al., 1997; Matthews et al.,
1997; Hayashi and Jung, 2000; Xiong et al., 2001; Lin et
al., 2005), is frequently investigated and predicted by crop
models. Since their introduction in the 1960s (Brouwer and
De Wit, 1969; Duncan, 1971), crop models have benefitted
from advances in agricultural science and computer
technology. The Simulation Model for Rice-Weather
Relations (SIMRIW) is a simplified process model that
simulates the growth and yield of irrigated rice under
different weather conditions. The model rationally sim-
plifies the underlying physiological and physical processes
of rice crop growth, and has been used to assess the impact
of climate change on paddy rice yield (Horie et al., 1995).
The large number of parameters in typical models may
introduce uncertainty in the simulated results (Anderson,
2010). To ensure consistency between model predictions
and corresponding observations, we must calibrate the
parameter values in crop models. Although several rice
models have been developed and applied (Spitters, 1986;
Gao et al., 1992; Yin and Kropff, 1996; Bouman and Van
Laar, 2006; Wopereis et al., 2009), these have usually been
limited to specific station and varieties, and do not account
for the varying parameter values among ecological zones.
In this paper, we conduct a sensitivity analysis of the
SIMRIW parameters and select the parameters that most
greatly affect the output of the model. These sensitive
parameters are optimized in different ecological zones. The
simulated results of single and double rice cropping
systems are then compared in different ecological zones.

2 Materials and methods
2.1 Description of model

SIMRIW is a simplified process model for simulating the
growth and yield of irrigated rice under different weather
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conditions. This model assumes that the grain yield (Y,
g-m?) constitutes a specific proportion of the total dry
matter production (W, g-m™2) of rice:

YG = hVVtotala (1)

where 4 is the harvest index.

2.1.1 Phenological development of the crop

The rice development rate in SIMRIW is described by the
development index (DVI). DVIis defined as 1.0 at heading,
and 2.0 at maturity, i.e., | < DVI < 2. The DVI at day ¢ after
transplanting is calculated by summing the rice develop-
mental rate (DVR) over time:

=t
DVI, = DVR, )
i=0

where DVR; is the development rate at day i (day™'). The
daily development rate is given by the daily temperature
and day length, and depends on the crop stage as follows:

DVR = 1/G,{1.0 + exp|[-Ar(T—T},)]} for DVISDVI",
(€)

DVR = {1—exp[B(L—L.)]}/G,{1.0 + exp[-A4(T—T;)]}
for DVI > DVI" and L<L,, 4)

DVR = 0 for DVI'<DVI<I and L > L., (5)

DVR = {l—-exp[-K,.(T-T,)]}/G, for 1<DVI<2, (6)

where G, is the minimum number of days required for
heading (day), 47 is the sensitivity of the developmental
rate to air temperature (dimensionless), 7'is the daily mean
air temperature (°C), 7}, is the air temperature at which
DVR equals half of the maximum rate at the optimum
temperature (°C), DVI* is the DVI at which the crop
becomes sensitive to the photoperiod (day™), L is the day
length (h), L. is the critical day length (h), and K,. and T,
are empirical constants. G, is the minimum number of days
in the grain-filling period.

2.1.2  Dry matter production

In SIMRIW, the amount of radiation absorbed by the
canopy (S,) is a function of the leaf area index (LAI) (F)
(m?-m™).

Sy =S {1=r=(1=ry)exp[=(1-m)kF]},  (7)

where S, is the daily incident solar radiation (MJ-m2-day "),

1) 1ppm=1x10°

r is the reflectance of the canopy, 7, is the canopy of bare
soil, k is the extinction coefficient of the canopy to daily
short-wave radiation, and m is the scattering coefficient.
The canopy reflectance () is given by the following
equation:

F
r=rp—(rp—r,)exp <_E)’ ®)

where, 7/is the reflectance of a surface completely covered
by vegetation. We assigned the following values to the
parameters in the above functions: k= 0.6, m = 0.25, r,=
0.22, and r, = 0.1.

The conversion efficiency of absorbed short-wave
radiation to rice crop biomass C, is influenced by the
atmospheric CO, concentration:

R,,(C,—330)

—C |1 Dma 220
C=C e 330+ k)

()]
where C, is the radiation conversion efficiency at 330
ppm" CO, (g-MI'"). R,, is the asymptotic limit of the
relative response to CO,, and K, is an empirical constant
(ppm).

The relative growth rate of leaf area index (F) is related
to the daily mean temperature (7) in the period before
heading:

lxdF
Fdt

(10)

where A4 is the maximum relative growth rate of LA/
(m?-m™?), obtained under optimum conditions of non-
limiting temperature, solar radiation, nutrients, pests and
diseases, T, is the minimum temperature for LAl growth
(°C), F,s is the asymptotic leaf area index when the
temperature is non-limiting (m?>-m?), and K, and % are
empirical constants.

= A{1—exp [~ K, (T~ T)]}[1 - (F/F,)"),

2.1.3  Yield formation

The harvest index #/ is the lower value of the low-
temperature stress /. and high-temperature stress /y,:

h = min (h,,hy,). (11)

The low-temperature harvest index is formulated as:
hc = hm’Y(lf’Yc)’ (12)

y = 1—exp[—K,(DVI,—1.22)], (13)

where £, is the maximum harvest index in a given
prefecture, obtained under optimum climatic conditions
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and cultivation practices. K, is an empirical constant and y,.
is a sterile spikelet:

Ve = Yo — K0 (14)

In Eq. (14), y, and K, are empirical constants, and C.
is the curvature factor of the low-temperature spikelet
sterility. Q is calculated as follows:
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Q=Y (I"-T1), (15)

where T* is the base temperature, and the summation is
performed over the period 0.75<DVI<1.20.
The high-temperature harvest index is formulated as:

hh = hm(170'957h)5 (16)

T.-T, Chot
To - Tb

_— Tmax _Tb Tc_Tmax
h T,-T, T.-T,

vi=0 for T, <T,.

2.2 Rice phenology data and climate data

Data on rice phenology and yield were obtained from the
agro-meteorological experimental stations of the China
Meteorological Administration (CMA) from 1981 to 2009.
Early-rice, late-rice and single-rice data were collected
from 120, 117, and 160 stations, respectively.

Following Mei et al. (1988), rice cultivation areas in
China were classified into six ecological zones according
to: northeastern China (zone I), North China Plain (zone
1), north of the Yangtze River (zone III), south of the
Yangtze River (zone IV), southwestern China (zone V) and
South Costal Areas (zone VI).

The mean, maximum, and minimum temperatures from
1981 to 2009 were also obtained from the CMA. Day
length is a function of latitude and day of year (Spitters,
1986).

Solar radiation (Rad) was estimated from sunshine
duration observations and the Angstrom—Prescott equation
(Angstrom, 1924; Prescott, 1940):

n

R, = (a, +bs-N)Ra, (18)
where R, denotes solar or shortwave radiation
(MJ-m™-day™), n is the actual sunshine duration, R,, is the
solar radiation at the top of the atmosphere, and N is the
maximum possible duration of sunshine or daylight hours.
On cloudless days, the actual sunshine duration equals the
number of daylight hours (» = N) and their ratio is one. a, is
a regression constant expressing the fraction of extra-
terrestrial radiation reaching the earth on overcast days
(when n= 0), and a; + b; denotes the fraction of
extraterrestrial radiation reaching the earth on clear days

(n =N).

2.3 Sensitivity analysis

Sensitivity analysis measures the reaction of models to
changes in parameters. The purpose of this analysis is to

for Tpax > T,

N———

(17

select the parameters that largely affect the model output.
The accuracy of these sensitive parameters determines the
reasonableness of the simulation results.

SIMRIW exports the heading date, maturity date and
yield from the observational dataset at each station. These
variables are used for calibration and validation. Thus, the
sensitivity analysis was conducted on the phenology
(heading and maturity dates) and yield.

The sensitivity of each parameter in SIMRIW (Table 1)
is determined by varying that parameter while retaining the
other parameters at their default values.

2.4 Parameter estimation and model validation

Based on the results of the sensitivity analysis, a SIMRIW
parameter estimation was undertaken by the SCE-UA
method (Duan et al., 1994).

The phenological development and yield calculation
parameters were calibrated using phenological data (head-
ing date and maturity date) collected from 1990 to 2000,
and yield data collected from 2000 to 2009.

The accuracy of the models was evaluated by the root
mean square error (RMSE) between the observed and
simulated values:

S (Simulated; — Observed;)?
RMSE = \| = .
n

(19)

where 7 is the number of comparisons.

3 Results
3.1 Sensitivity analysis

The sensitivity analysis identified six (B, L., G,, Ay, T,
DVI*), three (K, T, G,) and four (h,, T, Fu, K,)
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Table 1 The estimated parameters in SIMRIW
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Parameter Description Default value Range
G,/day Minimum number of days required for heading 53.85 35.21-72.64
Ar Sensitivity of the developmental rate to air temperature 0.26 0.10-0.43
T,/°C The air temperature at which DVR is the half of the maximum rate at the optimum temperature 16.65 9.45-20.43
L.J/h The critical day length 24.36 12.60-34.98
K, Empirical constants 0.118 0.09-0.14
T., Empirical constants 12.7 10.0-13.0
G,/day The minimum number of days for grain-filling period 27.4 25.0-31.0
D The maximum harvest index of a giver prefecture obtained under optimum climatic conditions and 0.45 0.38-0.50
cultivation practices

F,/°C Asymptotic value of the leaf area index when temperature is non-limiting 7 5.0-7.5
ch/(mz-m*z) The minimum temperature for LA/ growth 11.5 10.0-12.0

parameters relevant to the heading date, maturity date and
yield calculation, respectively.

The phenological development of rice during the
DVI< 1 period (growth stage before heading) involves
six SIMRIW parameters. The sensitivity of each parameter
is shown in Fig. 1. The heading date is largely affected by
the parameter G,, consistent with the inverse relationship
between DVR and G, shown in Eq. (3). The simulation
result also significantly depended on L., A7 and T}, (Fig. 1
(a)), although these parameters exerted less effect on
heading date during the 1 < DVI < 2 period (Fig. 1(b)).

The yield formulation (contain the dry matter produc-
tion) in SIMRIW is chiefly affected by #4,, and is
insensitive to T, and F,,. The parameters are optimized
in the parameter estimation (Fig. 1(c)).

3.2 Parameter optimization

Along with the default values, Table 1 lists the ranges of
optimal values of the estimated parameters in SIMRIW.

Among the four important SIMRIW parameters govern-
ing the phenological development of rice, G, (the
minimum number of days required for heading) varies
much more widely among ecological zones than the other
parameters during the 0 < DVI < 1 period. A7, denoting the
sensitivity of the development rate (DVR) to air tempera-
ture, increases in the order late-rice > single-rice > early-
rice, although late-rice and early-rice developments are
reasonably consistent among ecological zones. The 47 of
single-rice is lower in zone I than in the other zones. T}, the
air temperature at which DVR is half the maximum rate at
the optimum temperature (°C), is lower for late-rice than
for early-rice and single-rice (Table 2).

The 1 < DVI <2 period is most greatly affected by G,;
the remaining parameters (K, and T,) little vary among the
ecological zones (Table 2).

Concerning the three parameters in the yield formula-
tion, £,,, denoting the maximum harvest index of a given
prefecture under optimum climatic conditions and cultiva-
tion practices, is relatively invariant among ecological
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Fig. 1 Sensitivity analysis of SIMRIW parameters for: (a)
heading date calculation, (b) maturity date calculation, (c) yield
calculation
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Table 2 SIMRIW parameters optimized in each ecological zone
Rice types Ecological Heading date Maturity date Yield
zone G, Ar Le T K, T., G, B Fus T
Single-rice zone | 57.01 0.20 33.48 13.96 0.11 11.75 26.79 0.44 7.12 10.21
zone 11 64.18 0.34 24.97 11.48 0.09 11.58 2521 0.43 7.25 11.28
zone 111 70.03 0.28 26.15 20.31 0.11 10.25 25.54 0.42 6.98 11.89
zone IV 68.60 0.30 26.12 14.50 0.09 12.74 26.31 0.42 7.45 11.50
zone V 38.36 0.33 25.33 20.37 0.10 11.95 26.87 0.45 7.50 11.23
Early-rice zone 111 53.26 0.13 28.92 11.21 0.10 12.35 25.36 0.38 6.88 10.96
zone IV 44.85 0.18 20.05 17.62 0.10 10.68 26.22 0.41 6.56 10.39
zone VI 68.52 0.20 15.65 17.54 0.10 10.97 25.12 0.44 6.53 10.65
Late-rice zone I1I 57.44 0.35 23.15 10.26 0.10 11.94 25.43 0.39 5.82 11.24
zone IV 65.14 0.41 21.47 19.47 0.10 11.53 25.67 0.38 5.67 11.36
zone VI 68.32 0.38 13.33 14.33 0.10 10.55 25.98 0.42 5.88 10.26

zones. F,, the asymptotic value of the leaf area index
under non-limiting temperature conditions, is high for
single-rice and lower for late-rice, whereas 7, (minimum
temperature for LAl growth) is lower for early-rice than
single-rice and late-rice (Table 2).

3.3 Model validation

The primary purpose of rice models is to simulate the rice
phenology. The accuracy of the phenology simulation is
critical in yield simulations. Since the rice phenology in
each ecological zone depended on the climatic conditions,
we optimized the parameter sets in each simulated growing
season in each ecological zone. The simulated heading and
maturity dates were validated in each zone.

The mean simulated heading date for single-rice was
DOY 218.71,231.21, 224.66, 210.60, and 220.27 in zones

I IL, II1, IV, and V, respectively. The RMSE was minimized
in zones I and III. The mean heading date for early-rice was
176.91 in zone I (RMSE = 3.82 days), 171.81 in zone IV,
and 160.25 in zone VI. The mean heading date of late-rice
was 256.00, 256.24, and 274.50 in zones III, IV, and VI,
respectively. The SIMRIW model more accurately simu-
lated the heading date for single-rice than for early-rice and
late-rice. It also output more accurate single-rice heading
dates in zone III than in other zones. Conversely, the
heading date of early-rice was most accurately simulated in
zone 1V (Table 3).

The simulated maturity date of single-rice in zone I was
263.12, whereas that of early-rice, single-rice and late-rice
in zone Il was 199.49, 257.91 and 292.87, respectively. In
zone III, the mean simulated maturity date of early-rice,
single-rice and late-rice was 198.10, 235.70 and 296.53,
respectively. Similarly to the heading date, the SIMRIW-

Table 3 SIMRIW validation results of heading date, maturity date and yield for various rice categories in different ecological zones

Rice types Ecological Heading date Maturity date Yield
zone Mean/doy  Std/days RMSE/days Mean/doy  Std/days RMSE/days Mean/(t-ha ') Std/(t-ha ') RMSE/(t-ha ")
Single-rice zone [ 218.71 5.65 1.56 263.12 6.64 2.28 7.91 1.69 0.78
zone 11 231.21 7.39 2.43 273.37 7.37 4.55 6.48 2.07 0.65
zone 111 224.66 7.27 1.25 260.51 4.15 3.79 7.01 2.12 0.71
zone IV 210.60 5.85 3.48 242.61 3.50 4.85 7.13 1.98 0.63
zone V 220.27 7.55 3.56 260.89 4.96 4.44 9.13 242 0.58
Early-rice zone I1I 176.91 6.56 3.82 201.72 5.28 4.21 4.93 1.43 0.89
zone IV 171.81 7.60 3.15 199.49 5.91 3.98 5.18 1.66 0.75
zone VI 160.25 1.15 2.78 187.67 6.80 3.99 6.27 1.28 0.74
Late-rice zone 111 256.00 6.15 4.35 296.62 7.69 4.89 5.31 1.72 0.62
zone IV 256.24 7.70 4.54 295.47 8.87 5.11 5.28 1.67 0.71
zone VI 274.50 391 3.79 307.73 5.40 4.68 5.85 1.34 0.77
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simulated maturity date was more accurate for single-rice
than for early-rice and late-rice (Table 3).

Table 3 also lists the SIMRIW-simulated rice yields.
Once calibrated, the SIMRIW model properly simulated
the rice yield in major rice production areas in China.
Comparing the observed and simulated yields in Table 3,
we observe that single-rice yield was most accurately
simulated in zone V, and that single-rice yields were more
accurately simulated than early-rice and late-rice yields.

4 Discussion

Only a few of the many parameters in SIMRIW exert a
large impact on the model output. Once these parameters
were optimized for a given ecological zone and rice type,
SIMRIW accurately simulated the rice phenology and
yield in single and double cropping systems in different
ecological zones. Some of the parameters largely vary
among ecological zones and rice types, probably reflecting
the different climate conditions and rice varieties among
ecological zones.

The SIMRIW-estimated parameters clearly depend on
crop region. The minimum number of days required for
heading, G, exerts a major impact on the heading date
calculation, mainly through the inverse relationship
between DVR and G, shown in Eq. (3). During the
1 < DVI <2 period, heading date is most sensitive to the
parameter G,. Collectively, G, and G, determine the base
length of the rice growth duration. In most ecological
zones, the duration of single-rice exceeds that of early-rice
and late-rice. The optimized 4 was relatively high for late-
rice, and low for early-rice. This indicates that late-rice is
more sensitive to temperature than single-rice and early-
rice. The A7 of early-rice and late-rice was relatively
invariant among ecological zones, but was lower in zone I
than in other zones for single-rice. Therefore, single-rice is
less sensitive to temperature in zone I than in other zones.

5 Conclusions

This study has identified the sensitive parameters in the
SIMRIW model. These sensitive parameters varied widely
among the investigated ecological zones. For single-rice,
the heading date was more accurately simulated than the
maturity date. The RMSE of the heading date simulation
ranged from 1.25 to 4.54 days, whereas that of the maturity
date simulation ranged from 2.28 to 5.11 days. The
simulated heading and maturity dates were more accurate
for single-rice than for early-rice and late-rice. The yield
RMSEs ranged from 0.78 t/ha to 0.89 t/ha, with the best
results obtained in zone V. We conclude that once the
parameters were optimized, SIMRIW properly simulated
the rice phenology and yield in single and double cropping
systems in various ecological zones.
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