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Remote sensing technologies have been advanced continuously to a certain level for multi-scale applications
to ease social and political concerns resulting from food security. In this study, an integrated monitoring,
sensing and modeling system for estimating CO2 fixation and grain yields using a photosynthetic sterility
model was developed. Input data for model computation include observed meteorological data, numerical
prediction reanalysis data, and satellite data such as solar radiation, land-cover and Normalized Difference
Vegetation Index (NDVI) on a continental scale. Model validation requires crop yields and the Crop Situation
Index (CSI) was provided by the Japanese government. It also demonstrates the application potential of this
system to grain fields of paddy rice, winter wheat, and maize in Southeast Asia. The carbon hydrate in grains
has the same chemical formula as that of cellulose in grain vegetation. The partition of sequestered CO2 into
grain, straw, and root portions of plant biomass weight was computed. The present photosynthesis model
was evaluated using the mass of carbon included in the harvested grains of provincial crop production.
Results indicate that the proposed system successfully estimates the photosynthesis fixation of rice
reasonably well in Japan and China through the analysis of carbon in grains. However, the model tends to
underestimate the photosynthesis rates for winter wheat and maize. The parameterization of radiation
response function and the temperature response functions for low-temperature sterility need to be
improved in the future.
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1. Introduction

The sustainable crop production in theworld has become uncertain in
terms of food security under climate change, economic development, and
population growth and migration. The food crisis might be worse in the
future due to insufficient crop production in developed countries and
growingdemand for fooddrivenby economic development in developing
countries. Remote sensing technologieshavebeen advanced continuously
to a certain level for multi-scale applications to ease social and political
concerns resulting from food security. The network of Global Earth
Observation System of Systems (GEOSS) assesses agricultural production
as its main area of social benefit (see the reference, GEO GEOSS, 2009).
Many studies have expanded the scale of monitoring crop production
from farm field for precision agriculture to province and state levels.
However, national, continental, and global scale cropmonitoring systems
remaindifficult to developdue to the lackof quality data for themodeling.

In this study, an integrated monitoring, sensing and modeling
system for estimating CO2 fixation and grain yields using a
photosynthetic sterility model was developed. This system integrates
the effects of solar radiation and air temperature on photosynthesis
along with grain filling from heading to ripening. Monitoring crop
production using remotely sensed data and daily meteorological data
can provide important early warning for poor crop production. Grain
production monitoring is expected to support crisis management and
therebymaintain food security in Asia, which faces climate fluctuation
that is expected to persist during this century of global warming
(IPCC, 2009; ERIA, 2008). Prices of grains have tripled over the last
decade, and show instability caused by global financial uncertainty
(see the reference, Food Outlook, 2009). The mechanism-based
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indices such as the Crop Production Index (CPI) and Unit CPI (CPIU)
are defined in this paper by using a satellite-based photosynthesis
model to monitor crop yields on a continental scale. The proposed
index, CPIU, sets the amount of growth as known by using the
Normalized Difference Vegetation Index (NDVI) data. Such an index
also incorporates estimates of the instantaneous photosynthesis rate
(PSN) as well as low-temperature sterility and high-temperature
injury from the heading to the ripening stages.

Crop fields are classified using a decision-tree method with MODIS
land-cover data, the NDVI, and Land Surface Water Index (LSWI)
indices derived from Système Pour l'Observation de la Terre (SPOT)
VEGETATION data. The fundamental land-cover data are supplied by
the National Aeronautics and Space Administration (NASA) Goddard
Space Flight Center (GSFC) (2010). The LSWI was used by Xiao et al.
(2005) for paddy classification with the index NDVI. This study also
provides spatial distributions of the photosynthesis (PSN) and Net
Primary Production (NPP) pixel wise measures, which reflect the CO2

fixation in Asian areas, based on the land-cover classification
described above. One validation method is to compare the carbon
weight included in harvested grains with photosynthetically fixed
grain carbon, which is computed using our model, by partitioning
sequestered CO2 into rice starch, and cellulose included in straw and
root portions of plant biomass. Carbon partitioning itself is studied by
crop scientists (Sasaki et al., 2005; Yoneyama et al., 1989), but it has
never been reported as used for validation in so many crop models.
We propose this validationmethod using the partitioning of carbon to
verify the accuracy of grain plant photosynthesis models.

Numerous studies on grain production monitoring at the farm and
province scale are available in literature (e.g., Hayes and Decker, 1996;
Idso et al., 1977; Tubiello et al., 2002). However, most of these studies
were conducted in the U.S. where they export most grains in the
world (FAO FAOSTAT, 2007), and most of them focused on wheat and
corn rather than rice. Studies of national-scale crop production
monitoring in China or India were reported by Gao et al. (1998) and
Kogan et al. (2005). Moreover, remote sensing data were extensively
used in previous crop yield prediction studies (e.g., Gonzalez et al.,
2002; Roebeling et al., 2004; Wiegand et al., 1986). However, most
of the models in these studies (Cavero et al., 2000; Doraiswamy et al.,
2004; Jones et al., 2003) are complex and contain numerous em-
pirical constants as well as vertical distributions of soil moisture.
Doraiswamy et al. (2005) combined the data from the Scattering by
the Arbitrarily Inclined Leaves (SAIL) model and Moderate Resolution
Imaging Spectroradiometer (MODIS) by estimating the maize Leaf
Area Index (LAI) in rural Illinois. Dente et al. (2008) assimilated LAI
data into the crop growth model CERES (Crop Environment Resource
Synthesis) to improve the accuracy of wheat yield predictions at the
regional scale, with their LAI maps retrieved from the ENVISAT
Advanced Synthetic Aperture Radar (ASAR) and the Medium
Resolution Imaging Spectrometer (MERIS) data. Fang et al. (2008)
presented data assimilation approaches to combine the CERES model
and LAI from MODIS in the corn yield estimation. However, the scale
of application is only 110 km2 in Dente et al. (2008) and not
horizontal but only separated point sites in the Indiana State in
Fang et al. (2008). The CERES models for principal grains have the
concept of daily dry matter production based on the heat unit defined
by air temperatures. The combination of models and remotely sensed
data are useful approaches for farm-scale management by precision
agriculture. In this study, we assimilated the data of NDVI from SPOT
VEGETATION, solar radiation from the Japanese Geostationary
Meteorological Satellite (GMS) Center, air temperature from global
weather data, MODIS land-cover data, and ground observed meteo-
rological data to develop a photosynthetic sterility model (Kaneko
et al., 2009b). Also, solar radiation data are assimilated by using
reanalysis data from the National Centers for Environmental Predic-
tion (NCEP) and the European Center for Medium-range Weather
Forecasts (ECMWF) in addition to the GMS data.
The crop production indices such as CPI and CPIU defined in the
next section to monitor grain production have been developed as
the photosynthesis-sterility Crop Production Index, incorporating the
effects of temperature on the photosynthesis rate and on the sterility
during grain filling from heading to ripening, in our previous studies
(Kaneko, 2006a,b,c, 2007; Kaneko et al., 2003, 2004a,b, 2005, 2008a,b,
2009a,b). The CPIU index depends on solar radiation, temperature and
vegetation biomass (represented as NDVI from SPOT VEGETATION). In
view of climate change and the associated variations in annual
rainfalls in Asian countries, it is important to monitor the quantity of
grain production at an early stage. Continuous monitoring of crop
production using the predictive indices CPI and CPIU can support the
management of food security over Southeast Asia, particularly in
world major grain importers like China and Japan.

Asian governments are advancing negotiations to accommodate
andmaintain rice reserves to reduce the threat of food crises resulting
from poor production in Asian countries, in addition to the East Asia
Emergency Rice Reserve (EAERR) and other worldwide services
such as the Foreign Agricultural Service (FAS) of the United States
Department of Agriculture (USDA),Monitoring Agricultural ResourceS
(MARS) of the European Commission, and the Global Information and
Early Warning System (GIEWS) of Food and Agriculture Organization
(FAO) of the United Nations. Nevertheless, the present scale of
that storage is less than 1/10 of the necessary reserves because grain
storage requires huge budget outlays annually. Furthermore, conven-
tional monitoring services do not produce computed results but a
result obtained using synthesized meteorological information with
vegetation indices derived from satellites. Crisis management by crop
monitoring using this numerical yield model with the GEOSS network
can help many countries, especially nations that are not self-sufficient
in grain production, to avert or mitigate looming social, economic, and
political tensions.

2. Model development and validation

2.1. Model for monitoring crop production

The model developed in this study elucidates the effects of low-
temperature sterility and high-temperature injury on crop yields in
addition to accounting for the mechanism of photosynthesis. These
concepts are necessary for monitoring rice production on a conti-
nental scale. Sterility of plants in tropical areas, caused by low
temperatures in paddies, affects yields during the plant flowering
stage by causing sterility on pollination in the temperate zone. The
photosynthesis rate (PSN) is defined below in Eq. (1a) with a
Michaelis–Menten type of radiation response function frad_mm, which
is proper for wheat and maize, and another type of radiation response
function frad_pc proposed by Prioul and Chartier (1977), which
properly fits the curve of the photosynthesis rate for paddy rice:

PSN = f ▪rad fSyn T ▪
c

� �
β▪
s eLAI ð1aÞ

frad mm =
amm⋅PAR

bmm + PAR
ð1bÞ

frad pc =
apc⋅PAR + PSNmax−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �2
−4cc⋅apc⋅PSNmaxPAR

r

2cc
ð1cÞ

where frad equals to frad_mm in Eq. (1b) for wheat and maize, and
equals to frad_pc in Eq. (1c) for rice. Also, PSN is the photosynthesis rate
(gCO2/m2/day), PAR denotes the photosynthetically active radiation
(MJ/m2), βs is the stomatal opening (no dimension), amm (gCO2/MJ/
day) and bmm (m2/MJ) are Michaelis–Menten constants, Tc represents
the canopy temperature (°C), eLAI stands for the effective leaf area
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index (no dimension), apc is the Prioul–Chartier constant (dimen-
sionless), PSNmax is the maximum PSN (gCO2/m2/day), and cc is the
curve convexity constant (dimensionless).

The effect of chlorophyll on PSN is expressed using NDVI (which
approximates the variable used for eLAI; Kaneko, 2006a,b,c). In
similar studies conducted earlier, Aase and Siddoway (1981) directly
related NDVI to the spring wheat yield. Rasmussen (1992, 1998)
advanced assessment of time integrals of NDVI to PSN and Net
Primary Production (NPP). The unit of the photosynthesis rate in this
model is the carbon dioxide fixation rate (gCO2/m2/day), which fits
the objectives for carbon circulation on earth in the era of climate
change. The stomata βs is expressed using the CropWater Stress Index
(CWSI), which is defined as the ratio of actual evapotranspiration
(Eac) divided by the Penman potential evaporation (Ep). However,
βs does not affect the PSN in the case of paddy areas because of
irrigation, which creates semi-submerged plants in shallow water.
The values of Eac and Ep are supplied from ECMWF to compute
horizontal distributions of the PSN. We also applied a complementary
model to monitor paddy yields at Japanese sites and at Nanjing, China,
using meteorological data for the accuracy evaluation of Eac and Ep
supplied from ECMWF.

Even if leaf areas index is larger than 1, the energy available for use
in crop photosynthesis never exceeds the amount of the sunlight
energy falling at a right angle on a single area of the earth surface. The
solar energy concept of photosynthesis indicates that the maximum
eLAI is equal to 1. The eLAI is approximated by NDVI, which includes
the effects of chlorophyll amounts and effective leaf areas for
photosynthesis. Furthermore, NDVI is theoretically less than 1. The
concept of the effective leaf area is clear from the energy budget
perspective to model the photosynthesis rate. On the other hand, LAI
is valuable for evaluating the vegetation biomass. We consider that
inclined leaves of crop plants scatter and reflect incoming light from
one another. The eLAI in the case of crop plants with dense leaves
could therefore be slightly larger than 1.

The temperature response function of the photosynthesis rate fSyn
is such that the rate PSN falls at low air temperatures. The function fSyn
shows an S-shaped curve defined by Eq. (2), which is well known as
the sigmoidal logistic type function:

fSyn Tcð Þ = 1

1 + exp ksyn Tc−Thvð Þ
n o

2
4

3
5; ð2Þ

where Thv is the temperature parameter at half of the maximum
photosynthesis rate (°C), and ksyn is the gradient constant of the
relation between the function fSyn(Tc) and the canopy temperature,
which is approximated by the air temperature at 2 m above the
ground surface.

The temperature response functions for the low-temperature
sterility and high-temperature injury can be defined as the following
equations (Vong and Murata, 1997):

fLster Tcð Þ = 1− exp kLster TLster−Tcð Þ½ � ð3aÞ

fHster Tcð Þ = 1− exp kHster Tc−THsterð Þ½ �; ð3bÞ

In those equations, kLster is the low-temperature sterility constant,
TLster is the low-sterility limit temperature (°C), kHster is the high-
temperature injury constant, THster is the high-injury limit tempera-
ture (°C), and Tc is the plant leaf temperature (°C).

Finally, the response function of the compounded temperature
sterility affects both low-temperature and high-temperature injuries
in grain production, as expressed in the following equation:

FSter Tsð Þ = fLster Tcð Þ⋅fHster Tcð Þ ð4Þ
It is necessary to normalize the effective LAI (represented by
NDVI), which differs among monitoring sites because the vegetation
cover ratio includes other land-cover, soils, and breeds of crop plants.
Computed values of CPI under almost identical meteorological
conditions may differ because NDVI varies among different regions
in Japan, even if the yields are equal. Despite having an equivalent
harvest yield, the large NDVI certainly causes overestimation of PSN
and yields in the province. To elucidate the effects of growth and other
factors on the CPI, a standardized NDVI, called the Unit NDVI, is
defined in this study as dividing the NDVI by its value corresponding
to average yield over the current season as follows:

NDVIU;i =
NDVIi

NDVIH100
; ð5Þ

where NDVIU,i stands for the Unit NDVI on the i-th day, NDVIi denotes
the NDVI on the i-th day, and NDVIH100 signifies the NDVI on the
ripening day, based on the average annual yield.

The following normalized photosynthesis rate is used for CPIU.

PSNU =
PSN

iPSN100
; ð6Þ

where the PSNU represents the normalized photosynthesis rate; iPSN
(gCO2/m2) is the integrated photosynthesis rate from sowing to the
end of the harvesting stage, and iPSNH100 is defined by the averaged
iPSN as a photosynthetic indicator of the normal crop production at
the harvesting stage in a region, that is, the crop situation index (CSI)
is equal to 100. The CSI is the ratio of crop production in a certain year
to the mean production over ten most recent years obtained at
harvest. The objective of the normalization in Eq. (6) is to remove
regional factors due to different characteristics in each province.

The Crop Production Index (CPI, gCO2/m2) at harvest is defined in
Eq. (7) as follows:

CPI = FSter Tcð Þ⋅∫th
ts
PSN⋅dt ð7Þ

The CPI index at harvest is formed as a mechanism-based type
of grain production index. The integration of photosynthesis rate
in Eq. (7) over the interval from sowing ts to harvest th must be
multiplied by the temperature sterility function FSter. The normaliza-
tion of CPI defines the dimensionless unit Crop Production Index
(CPIU) by using the normalized PSNU as expressed in Eq. (6):

CPIU = FSter Tcð Þ⋅∫th
ts
PSNU⋅dt ð8aÞ

FSter = ∫tr
tf
fSter Tcð Þ⋅dt; ð8bÞ

where tf is the start time of flowering (day), and tr is the time of
ripening (day).

The objective of the normalization is to make the PSN dimension-
less, thereby removing noisy factors which originate from character-
istics in that province.

The CPIU defined in Eq. (8a) involves the heading term expressed
via Eq. (8b), which accounts for the effect of temperature on flowering,
pollination and ripening. The CPIU at plant stages is expressed in
reference to the study by Tanno et al. (2001) as follows: During crop
plant stage 1 of growth, crop production depends solely on the
integration of PSNU. It is defined as the integration of PSN from ts to t as
follows:

CPIU = ∫t
ts
PSNU⋅dt ð9Þ
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and during the crop plant stage 2, which includes booting, heading,
and flowering to ripening:

CPIU = FSter Tcð Þ⋅∫t
ts
PSNU⋅dt ð10aÞ

FSter = ∫t
tf
fSter Tcð Þ⋅dt ð10bÞ

and during the crop plant stage 3 of harvesting:

CPIU = FSter Tcð Þ⋅∫tr
ts
PSNU⋅dt ð11aÞ

FSter = ∫tr
tf
fSter Tcð Þ⋅dt ð11bÞ

where tf is the start time of flowering and tr is the time of ripening.
The time intervals of FSter in the CPIU differ from those of other

plant stages because sterility affects yields for only a limited duration
of flowering and pollination.

2.2. Method for model validation

The validation is based on pursuing the weight of carbon that is
fixed in grains by photosynthesis using the developedmodel, in which
the unit of the photosynthesis rate is expressed not in terms of
biomass or energy but in terms of CO2 sequestration. Crop yields can
also provide the weight of carbon in grain according to the chemical
formula of starch as (C6H10O5)n. Some crop scientists (Kato et al.,
2006; Sasaki et al., 2005; Yoneyama et al., 1989) have investigated
carbon partitioning in rice to elucidate carbon, nitrogen, and root
effects on rice photosynthesis and production. Validation of the
photosynthetic sterility model uses carbon weights included in
provincial harvested grain yields by comparison with the values
computed using the present model. Fig. 1 depicts the partitioning of
sequestered CO2 into rice, straw, and root portions of plant biomass
from related references of carbon partitioning by Yoneyama et al.
(1989) and the Harvest Index by Sinclair (1998) and Cui et al. (2000).
The percentage of the carbon included in grain weight and sterility
effects calculated from CSI values is useful to evaluate the model
Fig. 1. Carbon partitioning in paddy vegeta
performance of yield estimation by determining the weight of carbon
sequestered in plant grains.

This paper presents the first effort to use carbon partitioning data
to validate a crop production model using the chemical formulae of
cellulose and starch sequestered by plant photosynthesis.
3. Data

The photosynthesis (CO2 fixation) rate PSN requires daily solar
radiation and air temperature data not only for computing the CPIU
index for grain production monitoring, but also for evaluating carbon
cycle and biomass energy processes. The operational aim of
monitoring the quantity of crop production in Southeast Asia
demands daily data for solar radiation and air temperatures across
large regions. A useful source of the meteorological data is the world
weather data network, which currently gives daily weather reports of
data around the world in real time. However, these are point data at
meteorological observation sites. Therefore, in this study the
atmospheric reanalysis data supplied by ECMWF in EU and NCEP in
the USA will be used, which include the gridded surface meteorolog-
ical data on a global scale. In addition, the ground air temperature
data at 10 sites in the test provinces are supplied by the Japanese
Meteorological Agency from the Automated Meteorological Data
Acquisition System (AMeDAS).

The Japanese Ministry of Agriculture, Forestry and Fisheries
(MAFF) provides statistical information of rice yields, which includes
the CSI value for paddy rice at 10 provinces. Crop seeding and harvest
calendars are provided by the statistical information offices of the
district agricultural administrative bureaus of MAFF upon our request.
Fig. 2 portrays the distribution of vegetation index NDVI derived from
SPOT VEGETATION in eastern Asia, and the modeling sites for
validation. The NDVI is used as an index of vegetation biomass for
crop production indices of CPI and CPIU. The irradiance data are
supplied by Japanese meteorological observatories, Japanese GMS,
and the ECMWF. The satellite irradiance data are used for computing
the CPI and CPIU over Asian countries other than Japan. In addition,
calendars of crop seeding and harvesting for winter wheat and maize
are provided by the Food and Agriculture Organization (FAO) and the
United States Department of Agriculture (USDA) for Asian countries.
tion, as depicted using reported data.



Fig. 2. Modeling sites in eastern Asia, including Japan, used for validation with the base of NDVI derived from SPOT VEGETATION.

Fig. 3. Seasonal variations of the computed photosynthesis rate, including worst and
best harvest cases at the Furukawa site in northern Japan.
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The satellite NDVI data used in the CPIU index are those of a 1 km
mesh set of vegetation index data derived from SPOT VEGETATION.
The classified 4 croplands have the same grid size of 1 km. The NDVI
data derived from NOAA Advanced Very High resolution Radiometer
(AVHRR) by Tateishi (2001) during 1993–1999 are used for
computation of CPI and CPIU at validation sites of paddy areas in
Japan. The values of the vegetation index at the AMeDAS sites are
extracted by calculating the position using the relation between
latitude-and-longitude and the number of pixels of the dataset.
Summarizing the input data for the computation of this model, those
are meteorological data such as air temperature, solar radiation, and
satellite data on NDVI used to compute PSN and CPIU. Validation
requires crop statistical data, i.e. yields and CSI on the ground. The CSI
is sufficiently accurate for validation. The values of CSI are counted
systematically in all provinces by MAFF as part of the administrative
activities by the Japanese government. The base grid size to com-
pute PSN is 1 km resolution, which is the pixel size of the SPOT
VEGETATION. Meteorological data related to air temperature and
solar radiation are available for a 0.5 degree grid, as extrapolated from
meteorological reanalysis data. The PSN is computed horizontally in a
1 km grid with a 10-day interval. On the other hand, daily
meteorological data observed by AMeDAS are used in special
monitoring sites for the model validations for the respective
computations of PSN and CPIU.

4. Results

The CPIU index has incorporated the main factors related to grain
production. It is applicable to significant climate changes and
abnormal weather conditions because of its basis in photosynthesis
and sterility. Fig. 3 presents seasonal changes of the PSN during the
worst production year (1993) and the best production year (1994) at
the Furukawa site in the Miyagi prefecture of northern Japan. The PSN
in 1993 is in general lower due to the relative lack of solar radiation
and low air temperature in that year, while the PSN in 1994 is in
general higher because of sufficient radiation and high air tempera-
ture. The effects of the two types of radiation response functions on
PSN are compared in Fig. 3. The applicability of the functions depends
on grains, grassland and forest. Fig. 4 plots the relation between the
CSI index and the values of computed CPIU at 10monitoring sites, with
the three main mechanisms of photosynthesis, low-temperature
sterility, and high-temperature injury indicated. As clearly shown in
Fig. 4, the low-temperature sterility causes severely poor harvests
whose CSI drops sharply with the decrease of CPIU. The photosyn-
thesis rate for the CPIU less than 1 (Fig. 4) decreases concomitantly
with the diminution of the CPIU because of insufficient solar radiation
or lower daily accumulation of air temperature. The ability of CPIU
to discriminate three yield mechanisms is demonstrated in Fig. 4.
Fig. 5(a) and (b) respectively shows the interannual variability of

image of Fig.�2
image of Fig.�3


Fig. 4. Relation between computed CPIU and CSI showing the three mechanisms of
photosynthesis, low-temperature sterility, and high-temperature injury. Fig. 6. Comparison of PSN computed using the present model and the MODIS PSN.
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estimated CPIU index for early monitoring of rice production at the
Furukawa site in Japan and Nanjing site in China. The normalized
cumulative CPIU is the highest in the good meteorological conditions
of 2005, whereas the 2003 with the second worst meteorological
condition in the recent 20 years, has the lowest CPIU (Fig. 5a). For the
Nanjing site in China, CPIU curves in Fig. 5(b) show similar values with
no sterility effects of cold weather because of the relatively hot
climate in southern China. The CPIU index shows a skillful ability for
crop production monitoring and early warning of poor harvests.
Comparisons of the solid lines of the model's values and the dotted
lines of MODIS seasonal PSNs show similar trends, as demonstrated in
Fig. 6. However, MODIS PSN shows the daily net photosynthesis in
contrast to the present PSN in the daytime. Solid lines of the present
Fig. 5. Seasonal variations of the crop production index CPIU during 2000–2005 in the
Furukawa and Nanjing paddy areas, including best and worst harvest year cases.
model tend to rise on the upper side of the dotted lines of MODIS PSN.
Validation of this model using carbon partitioning method must
reduce the night respiration from the photosynthesis rate that is
computed using this model.

The crop fields of MODIS fundamental land-use distribution are
classified into four cultivation modes—rice, winter wheat, spring
wheat, and other crops—using an expert type of decision-tree method
with two factors: vegetation phenology andwater surface detection of
the LSWI (Xiao et al., 2006; Xiao et al., 2005). Paddy fields can be
discriminated bywater surfaces and seasonal variation of NDVI, which
drops suddenly after harvesting. Winter wheat has NDVI variation: it
falls in late spring. Maize is the major crop in northeastern China.
However, the corn fields are usually mixed with fields of spring wheat
and soybean in the same areas. The NDVI phenology of seasonal
variation of maize in theMODIS crop land settled the areas of maize in
the Northeast China Plain. Cropland pixels different from these
conditions are classified in the class of other crops. Fig. 7 shows a
distribution of photosynthesis rate (CO2 fixation) in grain fields
during most severe drought conditions in the Northeast China Plain.
The red color in winter wheat areas in the Hebei Plain exhibits a high
photosynthesis rate inMay in central China, comparedwith PSN at the
corn areas in Northeast China Plain. The winter wheat is the heading
to the filling stages in the Hebei Plain. In contrast, the reason of small
PSN in the corn areas is that the air temperature is still low in May in
the Northeast China Plain.

Table 1 presents validation cases of the photosynthesis model by
partitioning carbon weights included in plant biomass of cellulose
(C6H10O5)n in aboveground leaves and stems, extracting carbon
contained as starch in grains expressed using the same chemical
formula. The validation table presents carbon weights in the crops of
rice, winter wheat, and maize. The calculation processes of model
validation on the side of data for crops harvested in provincial crop
fields include calculation of dry weights of three crop types: the ratio of
carbon included in CO2, carbon contained in harvested yields, carbon
included in the grain portion of crop plants per unit area, and the
provincial amount of carbon fixation. On the other hand, the estimated
CO2 computed using the photosynthesis model in Table 2 gives the
carbon weight included in grains by the following process. The first is
calculation of net fixation by reducing nighttime respiration. The
daytime respiration is already included in daily photosynthesis. The
next step is the unit conversion from (gCO2/m2) to the harvesting
statistical unit of (tC/ha). Thirdly, carbon fixation aboveground is
necessary for extracting the grain portion of plant biomass. Fourth, the
carbon partitioning method is useful to calculate carbon weight that is
sequestered only in the grain portion using the Harvest Index, which is
defined by the weight of grain and aboveground plants. The last is a
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Fig. 7. Distribution of PSN (CO2 fixation) in grain fields in Southeast Asia on 1 August 2001. The shaded areas in the left side represent the solar radiation coverage derived from
Japanese GMS. A decision-tree method using NDVI and LSWI phenology divided the MODIS crop field into four classes: paddy, winter wheat, maize, and other. The PSN is computed
using frad pc for paddy, and frad_mm for winter wheat and maize.
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comparison of the former value of carbon in harvested weight of the
field yield data with that included in the computations.

5. Discussion

The applicability of the present model depends on whether it is to
be used for rice, winter wheat or maize. Results of the comparison for
the rice case show good agreement with ground measured harvested
data. The differences between carbon contents in grain and carbon
fixation estimated by the model are −3.7%, +15.7%, and +15.8%,
respectively, in Iwamizawa, Ohogata, and Furukawa in Japan. The
estimation error of −1.4% is small and sufficiently accurate for rice
monitoring at Nanjing, China. However, the comparison errors are
considerably large in the cases of winter wheat and maize. Precisely
Table 1
Weights of carbon included in harvested grains for validation of the photosynthesis model

Nation Japan Chin

Province Hokkaido Akita Miyagi Jiang

Region Iwamizawa Ohogata Furukawa Nan

Grain Paddy Paddy Paddy Padd

Harvest Index 0.42 0.486 0.507 0.52

Year 2001 2001 2001 200

Model type PC PC PC PC

Grain areas (ha)×103 (ha) 24.3 9.33 45.6 201
Grain Production×103 (t) 120.0 54.30 247.2 169
Yield (t/ha) 4.94 5.82 5.42
Dry_W_y (t/ha) 3.55 4.18 3.89
Ratio C/carbohydrate 0.444 0.444 0.444
Carbon_y (tC/ha) 1.58 1.86 1.73
Carbon_fixation_Grain (Production)×103 (t) 38.3 17.3 78.9 540
described, the results of Ohogata in Akita prefecture of northwestern
Japan imply that the present model slightly overestimates the
photosynthesis rate, resulting in large carbon fixation in goodweather
conditions. The model slightly overestimates the effects of sterility
on the PSN, resulting in a low degree of carbon fixation in bad
meteorological conditions. The radiation response function or the
constant PSNmax of rice can improve the estimation accuracy of
the present model in the case of good meteorological conditions. The
parameterization of the low-temperature sterility constant kLster and
the Prioul–Chartier constant apc of Table 3 will also correct these
errors. In severe meteorological cases of a bad harvest in 2003, the
evaluated errors will be improved by considering the sterility effects
in determining the carbon fixation ratio for paddy rice with utilization
of the CSI. The last values listed in Table 3 present the final evaluated
.

a Variable and formulae

su Hebei Shandong Province

jing Shijiazhuang Jinan Region

y w_wheat Maize Grain

9 0.41 0.46 HI

1 2001 2001

MM MM Michaelis–Menten (MM), Prioul–Chartier (PC)

0 2580 2505 Agrain

33 11227 15324 Pgrain
8.42 4.35 6.12 YT

6.05 3.12 4.39 YDW=Yt
*0.718

0.444 0.444 0.444 RCCh=72/162
2.69 1.39 1.95 YC=YDW

* RCCh

3 3583 4890 CFGP=YDW
* RCCh

* Agrain

image of Fig.�7


Table 2
Fixed carbon computed using the photosynthesis model in the grain portion of the plants.

Validation regions Nation Japan China Variable and formulae

Province Hokkaido Akita Miyagi Jiangsu Hebei Shandong Province

Region Iwamizawa Ohogata Furukawa Nanjing Shijiazhuang Jinan Region

Conditions Grain Paddy Paddy Paddy Paddy w_wheat Maize Grain

Harvest Index 0.42 0.486 0.507 0.529 0.41 0.46 HI

Year 2001 2001 2001 2001 2001 2001

Model type PC PC PC PC MM MM Michaelis–Menten (MM),
Prioul–Chartier (PC)

Evaluation from
this model

CO2 CO2 fixation (Model) (gCO2/m2) 2986 3654 3264 4256 1592 2942 FM
CO2 fixation (βs) (gCO2/m2) – – – – 1303 2314 FMβ
CO2 fixation (tCO2/ha) 29.86 36.54 32.64 42.56 13.03 23.14 FMβt

Respiration_night (tCO2/ha) 12.33 15.09 13.48 17.58 1.86 9.55 Paddy: RN=FMβt *0.413
Wheat: RN=FMβt *0.143

Carbon respiration_night (tC/ha) 3.37 4.12 3.68 4.80 0.51 2.61 RNt

Net fixation (tCO2/ha) 17.53 21.45 19.16 24.98 11.16 13.58 Fnet=FMMβt−RN

Net provincial CO2 fixation (Million t) 0.43 0.20 0.87 50.2 28.8 34.0 FNPC=FMt*Agrain/106

Carbon Ratio C/CO2 0.273 0.273 0.273 0.273 0.273 0.273 RCCo=12/44
Net C fixation (tC/ha) 4.78 5.85 5.22 6.81 3.04 3.70 CFMt=Fnet *RCCo

C_fixation_aboveGround (tC/ha) 3.61 4.42 3.95 5.15 2.30 2.80 CMFaG=CFMt*0.756
C_fixation_Grain-only (tC/ha) 1.52 2.15 2.00 2.72 0.94 1.29 CMGt=CMFaG*HI
Provincial C fixation_Grain_Model×103 (t) 36.9 20.1 91.3 5477 2434 3226 CMGA=CMGt*Agrain

Provincial C_fixation in whole
grain plant×103 (t)

116.2 54.6 238.2 13695 7854 9278 CMNA=CFMt*Agrain

Ratios and errors Carbon fixation ratio in Grain
(model/yield_data)

0.96 1.16 1.16 1.01 0.68 0.66 RCGF=CMGt /YC

Estimation error (%) −3.7% 15.7% 15.8% −1.4% −32.1% −34.0% (1−RCGF)*100

397D. Kaneko et al. / Ecological Informatics 5 (2010) 390–399
errors. The revised errors are small. They are −3.7% for Iwamizawa in
Hokkaido in northern Japan on the side of good harvest in 2001, and
1.4% at Furukawa in Miyagi prefecture of northeastern Japan on the
side of a bad harvest in 2003.

Regarding the data for winter wheat and maize, the estimation
errors are considerably high because of insufficient sites and crop
statistical data in Japan and China used in modeling. For these grains,
more validation sites are necessary, but only very few exist in Japan
and there are no sufficient crop statistical data to support modeling.
The sources of errors are considered as follows.

1) NDVI is sometimes influenced by the cloud effects; therefore, the
model tends to underestimate PSN.

2) Yield values vary considerably according to the region, despite
almost identical weather conditions. Other factors such as soils and
fertilizers also affect the regional yield values.

3) The average yield modeled by the 1 km2 grid resolution differs
from that of 500 km2 resolution. The mean NDVI in the same area
Table 3
Correction of carbon estimation errors to evaluate sterility effects on carbon fixation ratio f

Prefecture Hokkaido Akita

County Iwamizawa Ohog

Year 2001 2003 2001

Harvest situation Good harvest Bad harvest Good

Yield (t/ha) 4.94 3.89 5.82
Net fixation (tCO2/ha) 17.53 15.14 21.4
C_fixation_Grain-only (tC/ha) 1.52 1.31 2.15
Carbon_y (tC/ha) 1.58 1.24 1.86
CSI 101 79 102
Carbon fixation ratio in Grain (model/yield_data) 0.96 1.06 1.16
Sterility correction factor subtracted by
photosynthesis effect

– 0.84 –

Carbon fixation ratio in grain corrected by sterility No sterility 0.837 No s
No sterility 0.890 No s

Estimation error (%) −3.7% −16.3% 15.7
−3.7% −11.0% 15.7
is useful for validation through comparison with carbon partition-
ing in grain plants in actual fields.

4) The Harvest Index varies widely depending on cultivars, soil
fertility and early harvesting for good taste. These factors influence
carbon partitioning in grain plants.

5) Regarding the influences by mixels, main interests are in paddy
fields, which are covered by water. Almost no other crop can be
found in pixels. Winter wheat fields are also easily decomposed
from other crops because of the season of harvest in late spring.
However, maize, spring wheat and soybean fields are mixed by
annual rotation of planting, which is one of the error sources of
PSN in the maize fields.

6) Regarding winter wheat and maize, the estimation errors are
considerably large because of the dearth of reliable sites and crop
statistical data in Japan and China formodeling. The authors intend
to apply the present model to other monitoring sites in Australia
for winter wheat and maize sites in central U.S.A. to adjust model
parameters to fit the yield data.
or paddy rice using CSI.

Miyagi Variable and formulae

ata Furukawa Province

2003 2001 2003 Year

harvest Bad harvest Good harvest Bad harvest Harvest situation

5.37 5.42 3.65
5 15.20 19.16 15.29 CFMt

1.52 2.00 1.60 YT

1.71 1.73 1.16 YC

94 103 69 CSI
0.890 1.16 1.37 RCGF=CMGt/YC

0.99 – 0.74 fster=(CSI+CSI100 *0.05)/CSI100

terility 0.890 No sterility 0.945 RCGF*CSI/100
terility 0.881 No sterility 1.014 RCGF* fster

% −11.0% 15.8% −5.5% ECSI
% −11.9% 15.8% 1.4% ESterSYN
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7) The calculation and definition of yield, whether it is by dried
weight and grains only, and whether the corncobs are included for
the case of maize, can be different. Carbon partitioning methods
for model validation require the use of broad test sites with exact
and reliable grain statistical data as the case of paddy rice sites in
Japan.

8) Fluxnet data will be useful for validation of this model. However,
the observed tower data include CO2 absorption and emission
from soil carbon storage. The flux observation must include soil
flux to extract CO2 fixed by the photosynthesis phenomena from
ecosystem data using vertical flux distribution data.

The MODIS photosynthesis data are also valuable for comparison
with this model but they are not proper for validation because the
MODIS data are not observed. They are instead estimated using a
light-use efficiency model (Running et al., 1999). On the other hand,
tower flux data include an approximately 20% underestimated
imbalance (Wilson et al., 2002) in closure of the surface energy
balance because of the time variation in low frequency by “bursting”
phenomena in eddy structures and because of other energy terms of
storage (Meyers and Hollinger, 2004) or respiration at night (Wilson
et al., 2002). The authors believe that carbon partitioning is the better
means to validate the crop photosynthesis mode.

Concerning the mean net CO2 and carbon fixation rates in paddy
areas for carbon circulation and global warming, those values were,
respectively, 19.38 (t CO2/ha) and 5.28 (t C/ha) in Japan. These values
are canopy photosynthesis rates, which include no soil emission and
storage, in contrast to the cases of surface-flux ecosystem observation
in paddy fields. Meanwhile, the carbon enrichment chamber
experiment by Sakai et al. (2001) in Japan provides the maximum
gross photosynthesis rate 49.01 (gCO2/m2/day), the maximum net
photosynthesis rate 36.53 (gCO2/m2/day), and the maximum night-
time respiration 7.64 (gCO2/m2/day) for ambient normal CO2

concentration, respectively, as control experiments to the elevated
CO2 concentration chambers. The present model slightly overesti-
mates the canopy daytime PSNmax in Fig. 3 (Japan) and Fig. 6 (China)
on upper-side cases of good meteorological conditions in paddy areas
in Fig. 3, and total seasonal carbon fixation values in Fig. 6. Precisely,
the daytime mean PSNmax of the averaged seasonal variation of PSN
that is simulated in Fig. 3 is almost identical to the maximum uptake
rate of 39 (gCO2/m2/day) of a daily net ecosystem CO2 exchange
observed by Saito et al. (2005) at the Tsukuba FLUXNET station in
central Japan. The reason is that the soil flux is around 2.0 (gCO2/m2/
day) in a flooded paddy, as reported by Yoshida et al. (1974).
However, the present model shows the daytime canopy PSNmax near
50 (gCO2/m2/day) in Fig. 3 on the upper-side cases of good
meteorological conditions in paddy areas. The reduction of the
maximum nighttime respiration 7.64 (gCO2/m2/day) from this
daytime PSNmax 50 (gCO2/m2/day) gives the daily maximum canopy
PSNmax as 42.4 (gCO2/m2/day), which is slightly higher than the
maximum net photosynthesis rate of 36.53 (gCO2/m2/day) and the
maximum daily net ecosystem uptake rate of 39 (gCO2/m2/day)
including soil flux about 2.0 (gCO2/m2/day). This trend is considered
to be the same in cases ofmean total values of seasonal carbon fixation
19.38 (t CO2/ha) and 5.28 (t C/ha) in Japan, as described above in this
section.

6. Conclusions

In this study, a monitoring system for estimating CO2 fixation and
grain yields is developed by using a photosynthetic sterility model
integrating the effects of solar radiation and air temperature on
photosynthesis, along with the grain filling from heading to ripening.
This modeling system in conjunction with satellite remote sensing
data, enables the evaluation of carbon fixation by vegetation on a
continental scale and grain yields monitoring in Asia as an operational
procedure. An analytical photosynthesis and sterility model is
described, which incorporates data related to solar radiation, air
temperature and NDVI by assimilating operational meteorological
data and satellite data on a global scale. The system is also applicable
to important social fields related to global warming such as
monitoring desertification and Clean Development Mechanism
(CDM) for reduction of CO2 emission in developing countries. The
partitioning of sequestered CO2 into grain, straw, and root portions of
plant biomass weight is computed; the present photosynthesis model
is evaluated using the mass of carbon included in the harvested grains
of provincial crop production. The applicability of the present
modeling system depends on whether it is intended for use with
rice, winter wheat or maize. In general, the proposed model yields
good results for the case of rice, but it tends to overestimate the
photosynthesis rate slightly in good meteorological conditions and
underestimate PSN in bad weather conditions by overestimating the
sterility effects on rice yields. The parameterization of radiation
response function and the temperature response functions for low-
temperature sterility can improve the model for the operational
monitoring system.

Regarding winter wheat and maize, the estimation errors are
considerably large because of the dearth of reliable sites and crop
statistical data in Japan and China for modeling. The authors intend to
apply the present model to other monitoring sites in Australia for
winter wheat and maize sites in central U.S.A. to adjust model
parameters to fit the yield data. Regarding the mean CO2 and carbon
fixation rates in paddy areas, those values were, respectively, 25.92 (t
CO2/ha) and 5.28 (t/ha) in Japan, as found in this study.
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