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Abstract

Understanding the temporal and spatial variability in crop yield is considered as one of the key steps in
agricultural risk assessment. Therefore, a study of an irrigated area in Cihea, West Java, Indonesia, was
conducted to assess rice yield per field using SENTINEL-2 imagery and yield observation data in 2018 and 2019.
The study area is located in the Citarum River basin. SENTINEL-2 images were used to derive paddy rice’s
growth curve and estimate rice growth stages based on the normalized difference vegetation index. Using these
results, the regression model formula using Band 4 (665 nm) and the normalized difference water index in the
ripening stage was created (R* = 0.40, RMSE = 1.21 t/ha). The results from this model were used to generate
yield maps, which illustrated a distinct spatial variation in rice yield, such as the average rice productivity in the
study area was relatively high, however, the difference between years tended to be small in the upper stream area.
The results of this study show that this method is effective in this area to monitor rice yield condition and
distribution.
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1. Introduction

Small farmers around the world face many risks that threaten income stability, such as pests and diseases,
extreme weather conditions, and so on (O'Brien et al., 2004). These risks are further increased by the impacts of
climate change, such as changes in rainfall distribution increased frequency, and duration of extreme weather
events such as droughts and floods, among which tropical countries are the most vulnerable regions to these
impacts (Morton, 2007). In monsoon Asia, the increase in food demand by rapid population growth is
remarkable. Rice is one of the major foods in this region, and it has been pointed out that there are two possible
patterns of response in terms of yield, a decrease in rice yield due to an increase in temperature, a decrease in
solar radiation, and a change in precipitation, and an increase in yield due to an increase in photosynthesis
because of an increase in carbon dioxide concentration (Song et al., 2022; Franks et al., 2013; Ainsworth, 2008).
Indonesia is one of the countries that has been reported to be strongly influenced by the interannual variability of
precipitation in agriculture due to the Asia-Australia monsoon and the El Nino Southern Oscillation (ENSO)
(Hackert & Hastenrath, 1986). One previous study indicates that the dry season was clearly extended because the
wet season was delayed in the ENSO year (Naylor, Battisti, Vimont, Falcon, & Burke, 2007). To reduce the risk
of crop damage due to climate change, agricultural insurance is one of the effective tools to prevent the income
decline of farmers and mitigate food safety problems (Miranda & Gonzalez-Vega, 2011), and it is essential to
develop a method for quantitative damage assessment (Hongo, Tsuzawa, Tokui, & Tamura, 2015).

In the world, a variety of damage assessment methods for calculating agricultural insurance payments have been
tried and implemented by the government (Mahul & Stutley, 2010). For instance, Weather Index Insurance is an
insurance system that works when rainfall records below a certain threshold based on evaluation indices such as
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rainfall observed by weather stations or satellites in each region (Kuwata, Mahmood, & Shibasaki, 2015).
However, it has been pointed out that the gap between the actual damage and the evaluation result by the
measured value of the index is a serious problem as a basis risk (Doherty & Richter, 2002). In the case of Japan,
the average yield is the yield per 1,000 m* (= 10 are) estimated before the cultivation of paddy rice is started
based on the actual yield data of the past, when the weather change in the year and the weather damage such as
low temperature and sunshine shortage are considered to be average, and it is regarded as the standard of the
crop condition index which indicates the quality of the yield. In Japan, the actual yield data have been stocked,
and the average yield has been calculated using the yield data per field. The data has been corrected by the
AMeDAS data since 1979 when the meteorological observation system was arranged. In Japan's Agricultural
Insurance Scheme (called as NOSAI), this is used as a standard yield for the insurance payment.

On the other hand, one of the current evaluation methods in the agricultural insurance system in Indonesia is a
visual interpretation of diseases and pests, droughts, etc. by pest observers in field surveys. In the current
evaluation system, the pest observers must visit each field, observe paddy conditions, and the insurance money is
paid when the damage to paddy rice by disease or insect damage is judged to reach over a certain rate value of
the field. The addition of a yield-based evaluation method can make the gap between the evaluation of damage
and actual damage less and lead to a more quantitative evaluation of damages. However, in Indonesia, there is no
accumulation of observed yield data and there are many data that are difficult to obtain such as data on climate,
fertilizer type, and agricultural chemicals data. Therefore, it takes a great deal of labor, time, and cost to collect
these data. A remote sensing technique using satellite data is an effective tool to reduce these burdens. In
agriculture, the prediction of crop yield and its spatial pattern is widely carried out by relating the characteristics
of the spectrum and vegetation index (VI) calculated from the reflectance extracted from satellite images with
the plant physics viewpoint (Chen, Quilang, Alosnos, & Finnigan, 2011). In recent years, crop yield estimation
using SENTINEL-2 satellite data with high spatial and temporal resolution has been widely carried out and used
for rice yield estimation (Soriano-Gonzalez, Angelats, Martinez-Eixarch, & Alcaraz, 2022). The remote sensing
data obtained from such satellite data can be used as spatial information for agricultural monitoring that reflects
the effects of the growing environment of crops, including weather and land conditions (Liu & Kogan, 2002).
Therefore, even when it is difficult to obtain such information as observed yield, meteorological data such as
temperature and precipitation in the study area, and other information such as the amount and type of fertilizer
applied, the spectral information obtained from the satellite data is considered to represent these differences.

Rice yield estimation using remote sensing techniques is carried out all over the world, but the research
conducted in the agricultural environment of Indonesia is still limited, and it is necessary to examine the
estimation technique suitable for this region. In Indonesia, the size of fields is irregular and fields of various
growth stages are intermingled because the planting date is different by the area. For these reasons, in Indonesia,
the analysis technique considering the growth stage of each field is essential, and there are few reports on the
yield estimation using the technique considering this point. Therefore, the purpose of this study is to extract the
growth curve in each field based on the heading stage, examine the possibility of yield estimation using
wavelength and index for each growth stage, and understand the spatial distribution of productivity in the field
unit.

2. Method
2.1 Study Area

West Java has the highest rice production in Indonesia and the largest paddy field area in the country. However, a
comparison of the yield per hectare in West Java shows that the yield is about 5.2 t/ha, which is lower than that
of Bali (5.59 t/ha), East Java (5.34 t/ha), and Central Java (5.23 t/ha) (Panuju, Mizuno, & Trisasongko, 2013).
The study area is the irrigated area in Cihea (6°50'S, 107°16'E) located in the northeast of Cianjur, West Java,
Indonesia. This region is one of the main rice production regions in West Java, and the dry season is from June to
September and the rainy season is from December to March. This study area is in the Citarum river basin, and
the north side is the lower stream area and the south side is the upper stream area. Here, paddy rice is
transplanted mainly two or three times per year. The first transplanting is the rainy season from October to April,
the second is the dry season from May to August, and the third is the second dry season from August to October.
In this study, the dry season corresponding to the second season of transplanting was analyzed. In the study area,
the test site (About 250 ha) has been set as one of the SATREPS project activities, and about 6000 fields are
included. For these fields, polygons for each field have been created as the test site field. In the test site field,
there is data on the rice variety for each area, and it is possible to know the variety cultivated in the target period.
Figure 1 shows the location of the entire area and the test site.
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Figure 1. Locations of (a); study area and (b); test site in the study area

o
Upper stream

2.2 Ground-Based Data

Yield investigation was carried out in the study area from July 16 in 2018 to 18, from August 1 to 3, and from
August 11 in 2019 to 23 in the harvesting stage. The number of fields used for this analysis was 38 in 2018 and
59 in 2019, for a total of 97 fields. In each field, two plots were set on a diagonal line, and a total of nine rice
plants (3 x 3 plants per plot) were harvested as samples, and the distance between each plant was measured with
a folding ruler. The yield per hectare (t/ha) was calculated using these field data. Yields in each year were
approximately 6~10 t/ha (Figure 2). The survey sites with measured yields less than 4t/ha were located in the
lower stream area, and drought damage was observed during the field investigation. And in the investigation, the
hearing survey for transplanting date and variety was also carried out for the farmers.
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Figure 2. Observation yield of 2018 and 2019
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2.3 Satellite Imagery
2.3.1 SENTINEL-2 Data

For the satellite image of the study area in 2018, bands 2 to 12 in the Level-1 C (L1C) product of SENTINEL-2
satellite data developed by ESA were used. For the atmospheric correction of the satellite image data, the
SEN2COR plug-in of Sentinel Applications Platform (SNAP) developed and released by ESA was used, and the
terrain correction processing was performed using SRTM DEM. For the satellite image in 2019, SENTINEL-2
satellite data were used the same as in 2018, but bands 2 to 12 in the Level-2A (L2A) product were used because
the L2A products, on which atmospheric correction had already been done, were available. Since the L2A
product is based on the L1C and atmospheric correction was performed through the SEN2COR plug-in, the data
used in this analysis between 2018 and 2019 were used as if there were no differences due to atmospheric
correction processing. A summary of the SENTINEL-2 satellite data is shown in Table 1. The study period of the
field investigation was mainly from April to May in both years. Considering that the transplanting period varies
depending on the field, we obtained SENTINEL-2 satellite data from January to September of each year. The
data were preprocessed including geometric correction, resampling, and cropping of the study area. The spatial
resolution of the band for each wavelength is different from 10 m, 20 m, and 60 m, respectively, and here, and
resampled with 10m grid. Using the Scene Classification (SC) band in the product, pixel values classified into
clouds and shadows were excluded. And, the image in which the cloud covers the whole study area and the
correction is difficult was excluded.

Table 1. Description of SENTINEL-2 satellite data and calculated indices in this analysis

SENTINEL-2
Resolution 10/20/60 m
Band 1 (443 nm)
Band 2 (490 nm)
Band 3 (560 nm)
Band 4 (665 nm)
‘Band 5(7050m)
Band 6 (740 nm)
Band (Central Wavelength) Band 7 (783 nm)
Band 8 (842 nm)
Band 8a (865 nm)
Band 9 (946 nm)
“Band 10 (13740m)
Band 11 (1610 nm)

Band 12 (2190 nm)

2.3.2 Precipitation Data

Global Rainfall Map (GSMaP) by JAXA Global Rainfall Watch' was produced and distributed by the Earth
Observation Research Center, Japan Aerospace Exploration Agency (Kubota et al., 2020). It incorporates both
passive microwave (PMW) and infrared (IR) sensors data from the satellite to map global precipitation at high
temporal and spatial resolution. In this study, MVK standard product version 7 was used as precipitation data.
They offer hourly precipitation estimates on 0.1° latitude/longitude grid over the globe (60°S to 60°N) from
March 2014 to the present. We extracted 3 x 3 pixels around the study area and calculated the average values in
2018 and 2019. Figure 3 showed the daily mean of the precipitation change during the rice growth season in
2018 and 2019.
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Figure 3. Daily mean precipitation in (a): 2018 and (b): 2019

2.3.3 Solar Radiation Data

The limiting factors of plants are generally water conditions and energy conditions such as temperature and solar
radiation (Swami, 2017). In Indonesia, the irrigated rice crop fields heve less impact on rice yield of temperature
rise compared with rainfed fields (Yuliawan & Handoko, 2016). Here, therefore, we confirmed solar radiation
conditions in each upper stream area and lower stream area. AMATERASS solar radiation data were used in this
analysis. AMATERASS solar radiation dataset is developed based on the Advanced Himawari Imagers (AHIs)
aboard Himawari-8 acquire fulldisk observations in 16 observation bands (three for visible, three for near
infrared, and 10 for infrared wavelengths) every 10 min, with a spatial resolution ranging from 0.5 to 2 km
(Bessho et al., 2016; Takenaka et al., 2011). The algorithm is based on a fast neural network, accurately
reproducing the radiative transfer model. The surface downwelling solar radiation data were used as solar
radiation data for this study area. The spatial resolution is 4 km. Here, eight pixels covering the study area were
extracted and divided into three categories: the top two pixels are upper stream, the middle five are middle
stream and the bottom one is a lower stream, and the daily average solar radiation for each pixel in each stream
area was calculated from the data every 10 minutes. Figure 4 showed the simple moving average of daily mean
solar radiation in 2018 and 2019 according to three watersheds. Also, the difference of a simple moving average
of daily mean solar radiation between each watershed in 2018 and 2019 was shown in Figure 5. In Figure 5,
positive values showed that solar radiation in the lower stream was higher than in the upper stream (Figure 5(a))
and that in the middle stream higher than in the upper stream (Figure 5(b)). Negative values in these figures
mean the opposite.
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Figure 5. Difference of simple moving average of daily mean solar radiation in 2018 and 2019. (a) Difference
between the lower stream and the upper stream; (b) Difference between the middle stream and the upper stream
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2.4 Methods

The preprocessed data were used to calculate the normalized difference vegetation index (NDVI) and the
normalized difference water index (NDWI). The calculations for each index are given in Equations 1 and 2.

NDVI = (NIR — Red)(NIR + Red) (1)
NDWI = (NIR — SWIR)(NIR + SWIR) )

Band 4 was applied to Red, Band 8 to NIR, and Band 11 to SWIR in (1) and (2). The NDWI used here was
established to estimate water content in plants (Gao, 1996). Gao (1996) used the 1.24 um in a weak absorption
band of water as SWIR. Among the observed wavelength bands of SENTINEL-2, band 11 (1.61 um) is at the
edge of a strong water absorption band, so band 11 is used as SWIR.

The vegetation index represented by NDVI rises with the growth of paddy rice from transplanting, and it starts to
decrease after several days from heading as a peak, and the harvest time comes after the ripening period. In this
analysis, NDVI was used to estimate the heading stage. Time series NDVI of each pixel of the satellite image
was calculated, smoothed out by a cubic smoothing spline to remove noise (Boor, 1978), and interpolated to
obtain daily data. Then, the time when NDVI took the maximum value in the period from 30 days to less than
100 days from the transplanting date was defined as the heading stage. Smoothed NDVI of a paddy field was
shown in Figure 6 as an example. The green line of this figure shows the transplanting date. Extraction of paddy
fields and estimation of transplanting dates have already been carried out based on Sentinel-1 (Manago, Hongo,
Sofue, Sigit, & Utoyo, 2020). The paddy field distribution and transplanting dates used in this analysis are based
on the results. Also, the result of a hearing survey of transplanting date was used in addition to the estimation
result by the previous study.
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Figure 6. Spline smoothing of time series NDVI of rice growth season

In previous studies, it is clarified that the rice yield has a high relationship with NDVI at the heading stage and
NDVI after the stage respectively (Liu et al., 2015), while some reports pointed out that it is highly related to the
spectral reflectance of rice at the booting stage and ripening stage (Kawamura, Ikeura, Phongchanmaixay, &
Khanthavong, 2018; Mosleh, Hassan, & Chowdhury, 2016). These differences are considered to be due to
environmental factors in the study area and differences in rice varieties. Based on these previous studies, this
analysis included the period from the heading period estimated by time series NDVI to 40 days every 5 days.
Each reflectance from band 2 to band 12 in each period was extracted, and VIF (Variance Inflation Factor) was
calculated to remove the band which could become multiple collinear. VIF is expressed by the following
formula.
1
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Generally, the multiple collinearity is suspected, when the VIF is over 10. Then, in this analysis, the regression
model using the data of every 5 days was made using the wavelength band in which VIF showed values less than
10. The VIF between each band is shown in Table 2.

In the model preparation, the parameter was chosen considering AIC (Akaike Information Criterion) (Akaike,
1998). The AIC is defined by the following equation.

AIC=n [1og (m%) + 1] +2(p+2) ()
where, n is a sample size, p is the number of explanatory variables, S, is the residual sum of squares, and the log
is the natural logarithm. The accuracy of each model was verified using five-fold cross-validation by random
data partitioning. The model equation chosen based on the AIC, RMSE, and coefficient of determination is

shown in Equation (5). The accuracies of other equations are shown in Table 3. The parameters selected for the
equation with the best accuracy were band4 and NDWTI at 25 days after the estimated heading stage.

Y =122.97-Red + 21.96-NDWI - 6.32 5)

For the fields in the test site, the analysis using the above technique was conducted using the weighted average
value of each pixel value contained in each field. A pixel-based analysis was performed in the area outside the
test sites.

Table 2. VIF values between the parameters (* shows VIFs above 10)

Band

VIF

2 3 4 5 6 7 8 9 11 12 NDVI
3 3.45
4 1.82 1.96
5 1.90 3.10 2.05
6 1.06 1.00 1.65 1.01
7 1.14 1.02 2.14 1.10 22.31%*
8 1.08 1.01 1.93 1.06 11.15* 17.21*
9 1.13 1.02 2.05 1.09 19.15* 131.10* 15.99*
11 1.51 1.85 1.59 3.44 1.01 1.06 1.03 1.07
12 1.48 1.50 1.84 2.87 1.13 1.28 1.19 1.29 7.99
NDVI 1.08 1.01 1.93 1.06 11.15%* 17.21* 833.33*%  15.99* 1.03 1.19
NDWI 1.51 1.85 1.59 3.44 1.01 1.06 1.03 1.07 8326.33* 7.99 1.03

Table 3. The accuracies of all models on each number of days from the estimated heading stage. Values in the
table are coefficients of determination (R?), RMSE, and AIC

Number of days after heading stage

0 5 10 15 20 25 30 35 40
R’ 0.212 0.23 0.29 0.32 0.35 0.40 0.39 0.28 0.13
RMSE (t/ha) 1.38 1.38 1.32 1.28 1.26 1.21 1.22 1.34 1.46
AIC 298.3 297.3 292.7 288.5 283.4 276.7 278.0 293.5 308.9

3. Results and Discussion
3.1 Creation of a Yield Estimation Model Using Growth Curves

Among the periods from heading to 40 days after heading, the yield estimation error tended to be smallest in the
period corresponding to 25 days (Table 3). This period corresponds to the ripening stage in the growth period of
paddy rice, and the effect of the environment in this period on the yield is indicated. For instance, high
temperatures during the ripening stage decrease the supply of carbohydrates from the vegetative organs to
developing cereals, and yield tends to decrease because accumulation in the unhulled rice is inadequate (Kobata
& Uemuki, 2004). In addition, the environment during this period had a significant effect on the yield, as
evidenced by a decrease in yield due to water stress during the ripening period (Zaman, Abdullah, Othman, &
Zaman, 2018). Therefore, the result of this analysis can be explained by the previous studies. The relationship
between the estimated yield that was calculated using Equation 5 and the observed yield is shown in Figure 7,
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and the relationship between the observed yield and each parameter is shown in Figure 8. As a result of the
5-fold cross-validation, R = 0.52 (p < 0.05).
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Figure 8. Relationship between each investigated variable and the observed yield. (a); Relationship between Red
reflectance (Band4) and observed yield, (b); Relationship between NDWI and observed yield

In a single correlation, the higher the absorption rate of band 4 (665 nm), the higher the estimated yield. In
general, the light absorption properties of chlorophyll in plants have peaks at around 430 nm and 662 nm (Du,
Fuh, Li, Corkan, & Lindsey, 2008). Therefore, the higher the chlorophyll content, the higher the absorption of
band 4 (665 nm).

The tropical region in which Indonesia is located has small temperature differences throughout the year. For the
reference, Figure 9 shows the daily mean temperature from April to September 2019 observed by HOBO station
near the test site. This figure shows that the daily mean temperature from April to September 2019 varied mainly
between 25 °C and 28 °C. According to this temperature variation in this study area, water is expected to be the
main limiting factor for rice growth because of the stable high air temperature. Figure 8(b) show that the higher
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the NDWI which means water content of rice, the more likely it is to increase the yield. Our results showed that
NDWI is one of the dominant factors for rice yield, and that was similar to those reported in
JesusSoriano-Gonzalez et al. (2022) in rice yield estimation using SENTINEL-2 data.

Here, the correlation coefficient between yield and red alone and the correlation coefficient between yield and
red when red and NDWI are combined are different in sign. The results showed a possibility that there is
multicollinearity between red and NDWI. Therefore, we calculated the standard error of the regression
coefficient for both parameters. The standard error of the regression coefficient of Red is 28.52 and that of
NDWTI is 3.18. Therefore, it is considered that the regression coefficient of both of them could be reliable.

29
Observed temperature in middle stream
28 -

27 ¢

26

Temperautre (°C)

25 -

2 t

23 -

22 1 1 L L 1 L
2019/4/1 2019/5/1 2019/6/1 2019/7/1 2019/8/1 2019/9/1 2019/10/1

Figure 9. Daily mean temperature from April to September 2019 observed by HOBO station near the test site

3.2 Yield Distribution of the Study Area Based on Average Yield

Figures 10(a) and 10(b) show the distribution of the mean estimated yield values of the whole area and the test
sites in Cihea over the two years. In the study period, the yield difference by the region tended to be high a little
in the upper stream region, and it tended to be low in the study area tip in the lower stream, but the yield tended
to be high in the whole area. Drought damage is observed more frequently in the tip of the study area in the
lower stream area than in other areas, and drought is confirmed in the field investigation. These differences are
considered to be due to regional differences in climate conditions such as precipitation and solar radiation. For
example, Figure 5(a) showed that solar radiation in the lower stream was higher than upper stream area. It can be
one cause that drought was susceptible to occur in lower stream areas in the target period. One of the major rice
varieties in Indonesia is Ciherang, which is also widely cultivated in the study area. The average yield of this
cultivar was reported to be 6 to 8.5 t/ha (Santosa & Suryanto, 2015). Compared with this average yield, the yield
of the study area was average or slightly higher.

Figure 10(b) shows that there is a maximum difference of about 3 t/ha in the average yield among the fields. In
the study area, the variety which differs by the year is cultivated. Then, in order to confirm whether this
difference is the difference by the variety, the time series change of each band and index was confirmed for each
field of the variety different. In the comparison between varieties in the test site field, the difference of the time
series change by the difference of varieties was not confirmed. This result suggested that the differences
observed among the fields are not due to differences in the varieties, but to differences in the environmental
conditions.

The test site is not a large area, so that solar radiation is unlikely assumed different between each field. As a
country located on the equator, Indonesia is overflowing with rainfall more than enough, but due to a lack of
good water management, the Indonesian State water deficit (Yazd, Wheeler, & Zuo, 2020). On the other hand,
Sujono (2010) reported that the lower production was affected by the lower number of tillers due to too high a
rainfall intensity during growth period in Indonesia (Sujono, 2010). These results suggested that the balance and
timing of wetting and drying fields highly influence rice yield productivity. Usually, the implementation of
conventional method irrigation operations takes 10-15 days based on the availability (on supply). In the study
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area, irrigation using the conventional method is still carried out at the survey site, however, the need for
irrigation water during the same planting season is not constant (Brouwer & Prins, 1989). Also, it was observed
that there are some fields where irrigation water is not sufficiently reached due to the distance from the irrigation
canal and small steps between fields or within the fields in the field survey. Based on this, it is considered that
these might be a cause of a difference in the contribution of irrigated water amount, and it influences the

differences in yield.
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Figure 10. The Mean estimated yield of (a) Cihea, the whole study area; (b) the test sites in the study area
located in the middle stream

3.3 Factors of Difference in Annual Yield

Yield estimation results for each year of the study area are shown in Figure 11. Overall, the peak of the estimated
yield is at 5~6 t/ha, which is consistent with the range obtained in the field survey (Figure 2). Comparing Figure
11 (a) and (b), the yield tended to be higher in 2019 than in 2018. The water stored as irrigation water in the
Cihea Irrigation District is mainly from precipitation. However, it has been already known the amount of water
resources in Indonesia fluctuates by season and is distributed unfairly from region to region (Bulsink, Hoekstra,
& Booij, 2009; Fulazzaky, 2014). Considering these previous studies, the main reason for the yield difference in
our results is presumed that the difference in water content between precipitation and irrigation. To confirm the
water condition of paddy fields each year, the distribution of NDWI at 25 days after the heading is shown in
Figure 12. In 2018 shown in (a), NDWI tended to be lower than in 2019. And, it was shown that there were
many low places where NDWI were around 0.1 to 0.1 from the middle to the lower stream in comparison with
2019, though it was a little high NDWI around 0.3 to 0.4 in the upper stream in 2018. However, the total
precipitation from April to September in 2018 was about 461 mm, and that in 2019 was 434 mm, and there was
almost no difference in the total precipitation in the growth period of paddy. In addition, 25 days after the
heading stage mainly corresponds to July. The precipitation in July from GSMaP was 0 in both years, suggesting
that there was little precipitation (Figure 3). Also, solar radiation was extracted from the pixel value
corresponding to the upper stream and the lower stream, and the time series change was observed. There was
some difference in the watershed (Figure 4). The difference between the lower stream area and the middle stream
was 25.26 W/m? in 2018, and 21.15 W/m? in 2019. Similarly, the difference between the middle stream area and
the upper stream area was 20.6 W/m? in 2018 and 15.5 W/m?in 2019, while the difference between the lower
stream area and the upper stream area was 12.5 W/m? in 2018 and 13.6 W/m? in 2019. Therefore, the moving

11



jas.ccsenet.org Journal of Agricultural Science Vol. 14, No. 8;2022

average of daily mean solar radiation in each watershed was calculated, and the tendency of each stream was
confirmed (Figure 5). The results of the difference in each stream showed that the solar radiation in July, which
corresponds to the heading stage or later in the middle and lower streams was higher than in the upper stream in
2018 (Figure 5(a), (b)). On the other hand, solar radiation in the upper stream was a little higher than in the
middle stream in 2019 (Figure 5(b)) and the difference was around 15.5 W/m’ From these results, it is
considered that the total precipitation in the period corresponding to the growth period is almost same for 2 years,
however, the solar radiation varies depending on the streams, and the solar radiation in both the middle and the
lower reaches tends to be higher than that in the upper reaches in 2018 from June to August, suggesting the
possibility that the water obtained by irrigation evaporates and dissipates or irrigation water was not enough for
that climate condition. From this result, it was suggested that the water content in the middle and lower streams
in 2018 was a little lower than that in 2019, expressed as a difference of about 0.6~1.0 in NDWI, and this might
be one of the causes of the low yield in the middle and lower streams. In 2019, solar radiation in the upper
stream tended to be high, but the estimated yield did not show a decreasing trend (Figure 11). This is considered
because irrigation water was provided enough in the upper stream.
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Figure 11. The estimated yield in (a) 2018, (b) 2019 of the whole study area
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Figure 13 shows the difference between the estimated yield in 2018 and that in 2019. The larger the positive
value shows the higher the yield value in 2018, and the larger the negative value shows the higher the yield value
in 2019. A value closer to zero indicates less difference in yield over two years. This figure shows that many
regions took the negative value in the lower stream region and the value itself also tended to be large, while the
difference for 2 years from the upper stream region to the middle stream region tended to take the value that
closes to 0. This suggests that irrigation water supply is relatively stable in the upper stream area, and annual
differences due to precipitation and temperature tend to be small. On the other hand, the lower stream area is
more sensitive to the effects of weather conditions such as less precipitation and higher temperature. As a result,

it is considered that the difference in yield tends to easy to appear in the lower stream.
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Figure 13. Difference of estimated yield (2018 - 2019) at (a) Cihea; (b) test site

4. Conclusions

Understanding the yield per field is important for the proper management of paddy rice and quantitative damage
evaluation. In this study, the spatial variation of rice yield was estimated using the time series SENTINEL-2
satellite data by extracting the growth curve by adjusting the growth stage for each field where the fields with
different transplanting dates intermingled. At first, in the field unit, the multiple regression model was created by
calculating the reflectance and index every 5 days after the heading stage, and the accuracy of each model was
compared and verified. As a result, the red wavelength band and NDWI in the period corresponding to the
ripening stage about 25 days after the heading stage were selected as parameters. By using this model equation,
it was possible to estimate the yield of the whole study area with an accuracy of coefficient of determination of
0.40 and RMSE of 1.2 t/ha (p < 0.05), and it was shown that the remote sensing technique was an effective tool
to carry out the continuous yield monitoring in this region in the future. NDWI was selected as one of the
parameters which represented environmental conditions, indicating that water is the major limiting factor in the
study area. The yield and the NDWI distribution showed differences in the upper stream and lower stream
regions of the study area. Since the yield difference by year tends to increase in the lower stream area, it was
suggested that the difference by the difference in meteorological conditions tends to increase more in the lower
stream area than in the upper stream area. From the above result, it was shown that there was dispersion in the
yield by region and year. Therefore, when an insurance system based on yield as one of the evaluation indices is
introduced in Indonesia in the future, yield estimation considering the transplanting date and growth stage for
each field is necessary.
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