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Winter Wheat Yield Forecasting Based on Time Series of MODIS NDVI
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Abstract: The large regional-scale crop yield forecasting is of great significance to ensure national food security and
agricultural sustainable development. To predict regional-scale winter wheat yield, the winter wheat forecasting method
proposed by Becker-Reshef was implemented in major winter wheat planting areas in China. Firstly, the winter wheat
planting areas were extracted through time series of MODIS NDVI with 250 m spatial resolution in Hebei, Henan and
Shandong Provinces. Winter wheat adjusted NDVI peak at the heading stage was used to analyze the correlation with winter
wheat yield on the purest wheat pixels from 2000 to 2010. Winter wheat yield prediction models were established through
the regression statistical relationship between NDVI peak at heading stage and winter wheat yield at the prefecture-city unit
from 2000 to 2009. The results showed that the dense wheat planted cities had good model accuracy. Finally, the accuracy
of prediction models was evaluated by using the statistical winter wheat yield in 2010. The results showed that winter wheat
yields could be forecasted two months in advance with average forecasting error of 7. 49% , and the yield forecasting method

using adjusted NDVI peak at heading stage had considerable potential applications at the prefecture-city scale in China. The

study provides basis and a method for other crops yield forecasting in agricultural regions.
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0 Introduction

Winter wheat is one of the major food crops in
China. Large-scale winter wheat growth monitoring and
yield forecast is of great significance to the timely and
accurate understanding of national grain production
status  for grain regulations and international
agricultural trade. Currently, the yield forecast models
include crop growth models and empirical regression
models. Assimilating remote sensing observations into
crop growth model is also an important method for crop
yield forecast. The crop growth model requires a large
number of input parameters and the calibration of large
scale crop modeling is especially difficult, which thus
has some limitations for developing an operational yield
estimation system at a large scale''’. Empirical
regression models are often used to estimate crop yield
through establishing the regression relationships
between remote sensing derived indicators (e. g.,

vegetation index (VI)) and crop yield. This method

Received date:2015 -08 —26  Accepted date:2015 —09 —27

requires fewer input parameters and is easily to be
implemented, but it is lack of universality. In such
studies, the normalized difference vegetation index
(NDVI) is commonly used for crop growth monitoring
and yield prediction'”’. Huang et al. utilized NOAA
NDVI and MODIS NDVI to establish a provincial rice
yield estimation model in Sichuan, Hunan, Guangxi,

37 .
B30 and  winter

wheat yield estimation model in Henan Province'*' |

Jiangxi and Heilongjiang Provinces

which reached preferable yield estimation accuracy.
Becker-Reshef et al. proposed a generalized winter
wheat yield regression forecast model, which was
originally established in Kansas and subsequently,
directly applied to Ukraine in Europe'>’. This model
forecasted the yield in Ukraine six weeks ahead of
winter wheat maturity, with a forecast error of about
15% for the yield and about 10% for the total
production, and the total winter wheat yield prediction
error is about 6. 3% when running the data in May

2009. Compared with the United States, the cropping
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system of main winter wheat producing areas is more
fragmented and complicated in China. Therefore, it is
of practical significance to verify the applicability of
Becker-Reshef et al.’s” ~®' crop yield model in China.
Based on the MODIS NDVI noise adjusted method
proposed by Becker-Reshef et al. "~ | the adjusted
NDVI peak at the heading stage of winter wheat was
used to build the yield forecast model at the prefecture-
level city scale in Hebei, Henan and Shandong
provinces, and the accuracy and applicability of this
yield estimation model at the prefecture-level city scale

was evaluated in the main winter wheat producing

region in China.
1 Data and methods

1.1 The study area
Winter wheat producing areas in Shandong, Henan

and Hebei of China’ s

Huanghuaihai region were

selected as the study area (Fig.1). The dominant soil
type is alluvial soil, with partial yellow soil and brown
soil. These areas have good soil quality and are the
high producing regions of winter wheat in China. The
winter wheat production in the three provinces makes

7-8] " Winter wheat

up about 67% of the total in China
and summer corn were the typical crops in this area.
Generally, late February to early March is the green-up
stage, early April is the jointing stage, early to middle
May is the heading and milking stage and the maturity
Overall, the

phenology of winter wheat in Henan province is about

and harvest are around early June.

10 to 20 days earlier compared with Hebei province. In

addition, central and southern Hebei province,

northwest and southwest Shandong province, northern,
central and eastern Henan province have higher winter

wheat planting density.
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Fig. 1
1.2 Data
1.2.1 Remote sensing and statistical data
The MODIS NDVI data with a spatial resolution of
1 km and a temporal resolution of 8-day from 2000 to
2010 were downloaded from the UMD global agriculture
monitoring ( GLAM ) system with website of “http://
pekko. geog. umd. edu/usda/beta/”. The winter wheat
yields and planting areas for the prefecture-level city

were obtained from the national statistical yearbook.

Prefecture city boundary
[ Previncial boundary
I Winter wheat

Study area

1.2.2 Winter wheat planting area extraction from
time series MODIS NDVI

The classification method based on the feature
matching of phenological curve was adopted to derive
the winter wheat planting areas from the 250 m
resolution MODO9A1 reflectance data during critical
winter wheat growth stages in 2010, Based on the
validation from field sample plots ( main land cover
other crops,

types include winter wheat, cotton,
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building, bare soil, forests and water), the overall
classification accuracy of the winter wheat is about
89.3% and the Kappa coefficient is about 0. 85.
Then, a 1 km grid was overlaid on the 250 m land
cover mask to obtain a pixel purity map based on the
percentage of winter wheat in each cell of the grid.
1.3 Data processing method

1.3.1 Time-series analysis of NDVI

Based on winter wheat purity ( the winter wheat
percentage in each pixel ) distribution in 2010, the
pixels of top 5% purity (1 km resolution ) were
selected as the mask for winter wheat of each
prefecture-level city. This data can be used for
extracting and analyzing NDVI profile'"”’ | and the
winter wheat NDVI peak at the tillering and heading
stages can be obtained from the masked 8-day NDVI
data from 2000 to 2009"°.

1.3.2 NDVI peak algorithm

Considering the noise representing winter wheat
growth conditions, the NDVI noise suppression method
proposed by Becker-Reshef et al. was used, i.e. the
maximum NDVI ( MA_NDVI) is equal to the NDVI
peak value at winter wheat’ s heading stage minus the
lowest average NDVI value of background noise. NDVI
peak is the main input parameters for yield estimation
model. The heading stage determines the grain number
per spike to some extent and is a good indicator of final
wheat yield.

The maximum adjusted NDVI (MA_NDVI) for each
prefecture-level city was extracted from time-series
NDVI data from 2000 to 2010, which equals the
maximal 95th percentile of NDVI minus multi-year

average of the minimal 5th percentile of the average'*’.
N

1
MA_NDVI, :Imm-ﬁ( > Immiy) (1)

el
where, N is the number of years from 2000 to 2010;
I

winter wheat growing period for year y; [

is the maximal 95th percentile of NDVI during

max 95,
wins, , 15 the
minimal 5th percentile of NDVI during winter wheat
growing period for year y.
1.3.3 Winter wheat yield forecast method

NDVI peak reflects the photosynthesis and growth of
winter wheat. Least squares method was used to
forecast winter wheat yield from NDVI peak. The
relationship between NDVI peak during winter wheat’ s

heading stage and yield was analyzed using the 10-year

data from 2000 to 2009, the correlation was used to
represent the relationship between NDVI peak and
yield, and the relative error and root mean square error
were used to indicate the model accuracy and

predictive ability.
2  Results

2.1 The winter wheat purity analysis

According to the 250 m winter wheat planting
distribution in 2010, the Zonal Statistics function in
ArcGIS software was used to derive the 1 km x 1 km
winter wheat purity (i. e. the percentage of winter
wheat planting area in each pixel). Fig. 2 shows the

distribution of winter wheat purity.
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Fig.2  Purity map of winter wheat

In general, the winter wheat planting is relatively
stable in our study area, thus the purity of winter wheat
planting area in 2010 was used to reflect the entire time
series from 2000 to 2010. It can be seen that the pixels
of high winter wheat purity are mainly located in
southern Hebei, western Shandong and most of Henan,
and the rest of the planting area has relatively low
purity. Since there is no winter wheat planting in
Chengde and Zhangjiakou, these two cities were not
included in the subsequent analysis. Luohe, Zhoukou,
Xuchang, Shangqiu, Heze, and Puyang have high
winter wheat purity and are the major producing areas

Due to the influence of
(11

of the three provinces.
topography , climate and other factors'"'’ | Sanmenxia,

Luoyang, Rizhao and Langfang have a relatively low
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percentage of winter wheat.
2.2 Time series of NDVI

The winter wheat NDVI value for each prefecture-
level city was extracted using the pixels of top 5%
purity from the 8-day data to derive the NDVI time

series from 2000 to 2010. The NDVI peaks of top 5%
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winter wheat purity for all prefecture-level cities show
high consistency with the trend of yield. Four cities
with different purities Tangshan with purity 44. 60% ,
Yantai with purity 78.03% , Cangzhou with purity
89. 10% and Puyang city with purity 100% |,
to show the NDVI time series (Fig.3).
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Fig.3 NDVI time series for four cities ( Numbers represents winter wheat yield per unit for each year)

From the 8-day MODIS NDVI curves of four cities,
there are three peaks each year, which correspond with
the winter wheat heading stage, the summer maize
maturity stage and the winter wheat’ s tillering stage for
the next season. However, the winter wheat’ s heading
stage of Tangshan city does not appear to be obvious
characteristics partly due to its relatively low winter

wheat purity (44.60% ).
the NDVI value of heading stage remains relatively

For the entire time series,
stable. However, the yield shows an increasing trend,
which is related with the crop varieties improvement,
technical progress and field management.

From Fig.3,
winter wheat’ s heading stage in Tangshan, Yantai and
Cangzhou reach 0.5 to 0.6,
winter wheat yield are about 3 000 to 5 500 kg/hm’. In
and the
ranging from 5 800 to

it can be seen that the NDVI values of
and the corresponding

Puyang city, the value is about 0.6 to 0.8,
wheat yield is relatively high,
7 000 kg/hm’.

In general, winter wheat yield and NDVI peak at
heading stage show positive correlation at the prefecture
city scale. It should also be noted that there are also

exceptions. In the regions without sufficient irrigation

the favorable weather conditions during winter wheat’ s
jointing stage to heading stage will cause a higher
NDVI peak at heading stage. However, if the winter
wheat suffers from adverse weather conditions in the
post-heading growing stage, it will lead to the difficulty
in grouting and thus low yield. On the contrary, the
unfavorable weather conditions during winter wheat’ s
jointing and heading stage would lead to a low NDVI
peak during heading stage; however, the favorable
conditions in the post-heading growing stage can result
in a high yield. Additionally, in the regions with
complicated topography, the micro-climate and terrain
factors have great impacts on the wheat yield.

From the Fig. 3b, it can be seen that the NDVI
peak at winter wheat was higher in Yantai in 2002, but
its yield presented a decreasing trend as compared with
the previous year due to the prolonged rainfalls in early
May 2002. On the contrary, in Fig. 3¢, NDVI peak in
Cangzhou City in 2003 was low, but the winter wheat
yield was relatively high, which is possible because the
but the

rainfalls and irrigations in the later growing season were

drought happened at the green-up stage,

favorable for the recovery of winter wheat, resulting in
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no obvious crop yield loss.
2.3 Yield prediction model based on NDVI peak
at winter wheat heading stage
Regression forecast model at each prefecture-level
city was built between NDVI peak and wheat yield from
2000 to 2009 using least square method. The feasibility

and reliability of yield estimation model were analyzed
by the correlation coefficient (R) , the significance test
F value, the relative error ( @) and the root mean
square error ( RMSE). For simplicity, the estimation
models for 12 typical cities in 43 cities were selected to

be shown in Tab. 1.

Tab.1 Models for forecasting winter wheat yield in Shandong, Hebei and Henan Provinces

Provinces Cities Yield prediction models Purity/ % R F &/%  RMSE/(t-hm~2)
Jining y =6005. 45x +1601. 52 86. 87 0.88 15.53 4.13 0.31
Shandon Taian y=2049.95x +4 985.75 98. 68 0.87 5.35 2.95 0.23
Weifang y =2508. 13x +4 100. 49 92.39 0.32 0.25 7.24 0.55
Zibo y=9479. 545 - 585. 16 99.78 0.20 0.47 7.16 0.51
Xuchang y =2639.50x +3247. 10 95.47 0.67 7.01 2.97 0.24
Nanyang y=10012. 53x -2 076. 36 94.21 0. 69 3.63 6.32 0.41
Henan Jiaozuo y =10 048. 69x —2 827. 62 95.29 0.03 0 5.46 0.46
Sanmenxia y =7 509. 96x — 103. 95 7.24 0.34 3.37 15. 42 0.56
Cangzhou y =615.80x +5 130. 74 89.10 0.77 18.4 7.06 0.34
. Handan y=3293.22x +2921.84 100. 00 0.46 0.93 3.77 0.24
Hebel Hengshui y =183, 44x +5 541. 40 96. 02 0.05 0.46 3.36 0.23
Shijiazhuang y =9 117. 49x — 867. 36 100. 00 -0.22 1.18 1.87 0.16

From Tab. 1, it can be seen that NDVI peaks of
winter wheat heading stage show significantly positive
correlation with winter wheat yield, with a varying
model forecasting precision across the prefecture-level
cities. Among them, most cities show a strongly
positive correlation between NDVI peaks of the winter
wheat heading stage and yields. Due to the impact of
winter wheat purity, topography, landscape, cropping
system, droughts at certain years, pests and other
factors, some cities have low correlation for yield
estimation model. The maximal error with 15. 42% was
found in Sanmenxia, corresponding to the low winter
wheat purity of 7.24% ; the minimal error of 1. 94%
was found in Shijiazhuang, corresponding to the winter
wheat purity of 100% .

Overall, most yield models have a estimation error
below 9% with an average relative error of 6. 59% and
a RMSE ranging from 0. 16 to 0. 80 t/hm”*, showing the
effectiveness of the yield estimation model.

In order to analyze the correlation between winter
wheat NDVI peak of heading stage and the yield
throughout the study region, the scatter diagram
between NDVI peak at heading stage and yield from
2000 to 2010 was plotted for Henan Province and the
entire study area, and the regression analysis was also

conducted (Fig.4).
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Fig.4 Regressions between winter wheat NDVI peak at
heading stage and yield in Henan Province

The NDVI peaks at winter wheat heading stage range
from 0. 25 to 0. 85 and the yields range from 2 000 to
8 000 kg/hm’. From Fig. 4a, it can be seen that the
NDVI peak at heading stage in Henan province is
highly correlated with winter wheat yield. According to
Fig. 4b, the correlation coefficient is relatively low for
the entire study area due to the complex spatial
heterogeneity of land use and cropping pattern across
different provinces.
(i. e., Dezhou,

with  different

Four prefecture-level cities

Anyang, Xinxiang and Puyang )
correlations were explored using regression analysis,
and the relationships between yield and NDVI peak at
the heading stage were shown in Fig. 5.

In general, meteorological disasters, terrain factors
and the purity of winter wheat are important factors for
influencing the winter wheat yields, however, this

difficult to

model s detect these impacts on
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Fig.5 Regressions between winter wheat NDVI peak and yield

production. Fig. 5 shows the predicting ability of four

typical yield regression models. Firstly, strongly
positive correlation, such as Zaozhuang in Fig. 5a,
these regions are the main winter wheat producing areas
with high purity in the top 5% wheat pixels. The
results showed that NDVI peak can effectively reflect
its correlation with wheat yield. Secondly, moderately
positive correlations, such as Hebi in Fig. 5b, these
areas are also located in the main winter wheat
productive areas with high purity in the top 5% wheat
pixels. Because Hebi is located in the Taihang
Mountains in western Henan, it is susceptible to
drought due to the poor vegetation cover, thin soil layer

131 \hich leads to

and unfavorable weather condition" - ,

the inconsistency but still strong correlation between
NDVI peaking of heading stage and yield. Thirdly,
weak positive correlation, such as Luoyang in Fig. 5S¢,
the top 5% winter wheat pixels in such cities usually
have low purity, and are also impacted by severe
diseases and pests, it is reported that winter wheat
yield decreased by 20%
winter wheat powdery mildew of Luoyang in 2000

~ 40% due to the severe

and extreme weather with the severe dry-hot wind
weather of Luoyang in 2001, 60% ~ 70% of winter
wheat was impacted at different levels'"’. Fourthly,
weak correlation or no correlation, such as Puyang in
Fig. 5d, although such regions are also the main winter
wheat producing areas with high purity in the top 5%
wheat pixels, severe natural disasters from 2000 to
2010 occurred in Puyang, such as a low temperature
freezing weather occurred in April 2010, impacting

99% winter wheat'"*’

. In the same year, the prolonged
drought had an impact on the city’s 80% winter wheat

at the grouting stage. As results, under these

circumstances, the NDVI peak of heading stage shows
weak correlation with yield, thus making it difficult to

develop a perfect yield estimation model.
3 Model validation

To test and compare the accuracy and applicability
of the yield prediction model for Shandong, Henan and
Hebei provinces, the relative error (i. e., ( yield
forecast — vyield statistics )/yield statistics ) was
calculated by comparing the forecasting winter wheat
yield in 2010 with the statistical data. Results show
that the precisions of prefecture level regression
forecasting model for winter wheat vary across cities.
Overall, the absolute value of the model testing error is
between 0.64% and 14.91% , with a majority yield
estimation error of less than 10% and an average error
of 7.49% , which shows that the model has potential

applicability in winter wheat producing areas in China.
4 Conclusion

(1) The accuracy of winter wheat yield estimation
model proposed by Becker-Reshef et al. > depends on
the density of winter wheat. NDVI peaks have good
correlation with the wheat yield in high winter-density
regions, such as west of Shandong, south of Henan,
middle and south of Hebei, and poor model results
have been observed in low wheat-density areas.

(2) The winter wheat yield estimation model based
on NDVI peak of heading stage can predict winter
wheat yield 2 months in advance. The average wheat
predicting error is about 7.49% at the prefecture
level, which shows a satisfactory applicability in the
winter wheat producing regions of Shandong, Henan
and Hebei under some circumstances.

(3) As compared with the model applications in
Kansas of USA and Ukraine of Europe, this model has
great potential to be improved for application in China.
the crop fields in Shandong, Henan and Hebei are
relatively fragmented, leading to a low winter wheat
purity; in North China, trees are often planted along
the crop fields, which leads to the contribution of trees
and other vegetation to NDVI. Thus, NDVI sometimes
can not effectively describe the winter wheat growing
conditions. Therefore, using medium spatial resolution
remote sensing data (such as the Landsat8, HJ-1 A/B
and GFI WVF data) can effectively reduce the effects
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of mixed pixels and thus better reflect the growth of
Additionally,
information of NDVI peak at the heading stage, without

winter wheat. this model uses the
taking other relevant factors into account at post-
heading stages (e. g. , drought, high temperature and
pest). Thus, the model performance can be improved
through incorporating the contribution of the impacts
during multiple key growing stages. Furthermore, this
study did not take the potential changes of winter wheat
varieties into account. In fact, wheat variety also has
impacts on the relationship between NDVI peak and
wheat yield. For example, to avoid the wheat falling
down and increase the efficiency of fertilizer, the
modified short varieties were planted in some regions in
recent years, which lead to a decreased NDVI peak
value at the heading stage, despite similar or even

increased production.
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Winter Wheat Yield Forecasting Based on Time Series of MODIS NDVI

Huang Jianxi' Luo Qian' Liu Xiaoxuan' Zhang Jie’
(1. College of Information and Electrical Engineering, China Agricultural University, Beijing 100083, China
2. Department of Geography, University of Maryland, College Park 20742, USA)

Abstract. The large regional-scale crop yield forecasting is of great significance to ensure national food
security and agricultural sustainable development. To predict regional-scale winter wheat yield, the winter
wheat forecasting method proposed by Becker-Reshef was implemented in major winter wheat planting
areas in China. Firstly, the winter wheat planting areas were extracted through time series of MODIS
NDVI with 250 m spatial resolution in Hebei, Henan and Shandong Provinces. Winter wheat adjusted
NDVI peak at the heading stage was used to analyze the correlation with winter wheat yield on the purest
wheat pixels from 2000 to 2010. Winter wheat yield prediction models were established through the
regression statistical relationship between NDVI peak at heading stage and winter wheat yield at the
prefecture-city unit from 2000 to 2009. The results showed that the dense wheat planted cities had good
model accuracy. Finally, the accuracy of prediction models was evaluated by using the statistical winter
wheat yield in 2010. The results showed that winter wheat yields could be forecasted two months in
advance with average forecasting error of 7. 49% , and the yield forecasting method using adjusted NDVI
peak at heading stage had considerable potential applications at the prefecture-city scale in China. The
study provides basis and a method for other crops yield forecasting in agricultural regions.

Key words: winter wheat; yield forecasting; time series; MODIS NDVI
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Fig.4 Regression between winter wheat NDVI peak

at heading stage and yield in Henan Province
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