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Abstract: In Indonesia, there is a need to improve the efficiency of damage assessments of the
agricultural insurance system for paddy rice producers affected by floods, droughts, pests, and diseases.
In this study, we develop a method to estimate the transplanting date required for damage assessments
of paddy rice fields. The study area is the Cihea irrigation district in West Java, Republic of Indonesia.
Backscattering coefficients of VH polarization measured by a synthetic aperture radar onboard the
Sentinel-1 satellite were used for the estimations. We investigated the accuracy of the estimations
of the proposed method by smoothing out the time-series data, applying a speckle filter, and by
signal synthesis of the surrounding fields. It was found that these variations effectively improved the
estimation accuracy. To further improve the estimation accuracy, the data for all incident angles were
used after correcting the incident angle dependence of the backscattering coefficients for three types
of data with different incident angles (32◦, 41◦, and 45◦) obtained in the study area. The estimated
transplanting date for each field in the test site was compared with the transplanting date obtained
through interviews. The standard deviations of the estimation errors for the four cropping periods
from March 2018 to February 2020 were found to be ~5–6 days, and the percentages of estimation
errors in transplanting dates within 5, 10, and 15 days were estimated to be 69%, 92%, and 97%,
respectively. It was confirmed that a sufficiently reliable transplanting date estimation can be obtained
~10–15 days after transplantation.
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1. Introduction

According to the United Nations’ world population estimate, the global population is expected to
reach 9.7 billion by 2050 [1], and the global demand for grains is increasing every year, in combination
with particularly pronounced economic growth in developing countries [2]. Furthermore, there have
been grave concerns regarding global warming and consequent climate change characterized by an
increase in natural disasters such as floods and droughts, which can adversely affect agricultural
production [3]. Therefore, agricultural insurance is attracting attention as one of the measures to
stabilize food supplies by helping farmers affected by such disasters. In Indonesia, the world’s
third-largest rice producer, an agricultural insurance system is in place to help rice producers affected
by floods, droughts, pests, and diseases [4–7]. The system determines insurance payouts based on
the results of damage assessments in the field where damage has occurred. At present, damage
assessments are performed by damage evaluators from the state government (pest observer) and the
insurance company (loss adjuster). However, the area covered by each pest observer in the field survey
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is very large, and the evaluation of the entire target area is very time-consuming. Furthermore, in
Indonesia, the rugged terrain and limited roads make it difficult to assess damage, because access
to paddy fields is sometimes limited [8]. To evaluate damage to rice paddy fields, it is important to
determine the transplanting date for the following reasons. First, the insurance coverage period is
set from the transplanting of paddy rice to the harvesting period; hence, it is necessary to determine
the transplanting date to set the insurance start date. Second, to evaluate the flood damage, it is
required that the growth stage of the rice plants during the flood should be 30 days or later from the
transplanting date. Therefore, it is necessary to know the transplanting date to determine the target
fields for further investigations. However, at present, the only way to determine the transplanting date
is by checking the records of the farmer or the agricultural organization; therefore, a more objective
and scientific method is required to determine the transplanting date for damage assessments. A new
method should be developed for estimating the transplanting date using remote sensing technology
that is fast, accurate, and low cost.

Satellite observation is suitable for efficiently investigating vast paddy field areas. It has been
reported that the transplanting date of rice can be estimated by the time-series data of vegetation indices,
such as normalized difference vegetation index (NDVI) and enhanced vegetation index, obtained
from the reflectance measured by optical satellites [9,10]. However, visible-to-near-infrared sunlight
is often blocked by clouds, and the ground surface may not be clearly observed by optical satellites.
In contrast, microwaves with wavelengths of several centimeters to several tens of centimeters,
such as X band (~3–4 cm), C band (~4–8 cm), and L band (~20–60 cm), are transmitted through
clouds but scattered by vegetation. Therefore, synthetic aperture radar (SAR), which can observe
the scattering of such microwaves, can be used to observe the ground surface even in areas covered
with clouds. Crop monitoring using SAR has a long history [11], and several studies on paddy
field classification using the SAR satellite data, such as RADARSAT-2, TerraSAR-X, and Sentinel-1,
have been conducted [12–15]. In Indonesia, studies using SAR for the extraction of flood areas [16],
crop classification in upland fields [17], growth stage classification of paddy rice [18], development of
growth model for paddy rice [19], and so on have been conducted. In a study on transplanting date
estimation using the SAR, the flooding/transplanting date was estimated with an accuracy of nine days
by obtaining the time when the time-series data of the X-band backscattering coefficient (BSC) obtained
by TerraSAR-X fell below the value threshold assumed to represent the transplanting date [20]. In the
case of our study area, however, it is difficult to set a uniform threshold of BSC because it is not always
flooded at the time of transplanting, and the signal intensity of the SAR backscattering data varies with
field conditions. In addition, the TerraSAR-X data used by Asilo et al. was at 11-day intervals; however,
it is expected that a more accurate transplanting date estimation is possible by using the data that are
more frequently acquired by Sentinel-1. Nguyen et al. [21,22] used the time-series data of the BSC of
Sentinel-1 to estimate the start time of rice growth; however, their main purpose was to extract paddy
field areas, and the accuracy in estimating the transplanting date was not mentioned. The purpose
of this study is to develop a new method, which is quick, accurate, and low cost, for estimating the
transplanting date required for damage assessments of rice paddy fields in Indonesia. Moreover,
we examined how to accurately derive the transplanting date from the C-band SAR data of Sentinel-1.

2. Materials and Methods

2.1. Study Area

The study area is the Cihea irrigation district in the north-eastern part of Cianjur Province,
West Java, Indonesia. Figure 1 shows a map of the Cihea irrigation district (the area surrounded by a
dashed line in Figure 1b); the area is sandwiched between two rivers flowing northward—the Cisokon
and Citarum rivers. The size of this area is approximately 12 km from east to west and 15 km from
north to south. A training center of the West Java Province Agricultural Administration is located near
the center of the Cihea irrigation district (6◦50′42” South, 107◦16′15” East), and the 250 ha area near
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the training center (the area surrounded by the solid line in Figure 1b) was used as the test site for
the analysis. The study area is located in the tropics, which has a dry season from April to October
and a wet/rainy season from November to March. Here, rice is planted twice (once in the dry season
and once in the rainy season) or three times a year (twice in the dry season and once in the rainy
season). Furthermore, since the irrigation water is derived from rivers and is therefore affected by the
rainfall, the transplanting date varies depending on the cropping season and field. The field is not
always in a flooded state at the time of transplanting, and the signal intensity of the SAR data also
varies. Furthermore, many fields have small areas; therefore, high spatial resolution is required for
analysis. The transplanting date estimation method must take into consideration the characteristics of
the study area.
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Figure 1. Maps showing the study area as well as the area around it. (a) Around Java Island. The Cihea
irrigation district is located in the circle. (b) Around the Cihea irrigation district. The dashed line
indicates the boundary of the Cihea irrigation district and the solid line indicates the boundary of the
test site.

2.2. Methodology

2.2.1. Overview

The BSC obtained from the SAR data decreases as the ground surface of the study area becomes
smoother, and it is considered to take the minimum value around the transplanting date in the paddy
fields. The Sentinel-1 data include VV and VH polarizations; however, our preliminary investigation
showed that the BSC of the VV polarization decreases significantly, even outside the transplanting
period. Therefore, only VH polarization was used in the analysis. Owing to the characteristics of the
SAR amplitude image, random noise (speckle noise) that differs from pixel to pixel is unavoidable;
therefore, the local minima of the BSC time-series data were searched after the application of an
appropriate noise reduction technique. The upper limit of the BSC was determined to exclude signals
other than the transplanting period, and a local minimum at which the differential signal intensity
between the minimum and the upper limit values becomes the maximum was found in order to obtain
a transplanting date estimation value for each pixel. For a paddy field, wherein the pixels of the field
in the image are known, the transplanting date estimation was obtained through the weighted average
of transplanting date estimates of each pixel within the field, as this provides a more accurate date.
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In the transplanting date estimation, two kinds of estimations are provided, namely, preliminary
and final estimations. Preliminary estimation is updated as new Sentinel-1 data become available,
and is used for quick evaluations when damage occurs to the paddy field. If the transplanting date is
close to the date of the latest data acquisition, the preliminary estimation may contain errors; thus,
final estimation is carried out after the transplanting period for each cropping season and used for
verification of preliminary estimation (see Section 2.2.4 for details). The accuracy of the preliminary
estimation increases with the accumulation of new satellite data, and eventually, an estimation close to
the final estimation is obtained. The details are described below.

2.2.2. Data Used

Sentinel-1 is an Earth observation satellite constellation equipped with a C-band SAR operated
by the European Space Agency, and two Sentinel-1 satellites, i.e., Sentinel-1A and Sentinel-1B were
launched on 3 April 2014 and 25 April 2016, respectively. The Sentinel-1 satellite data are provided free
of cost through the Copernicus Open Access Hub, and Sentinel-1A Level-1 Ground Range Detected
data (IW mode, High resolution, dual VV + VH polarization) are used to estimate the transplanting date.
For the data in the range and azimuth directions, the look numbers are 5 and 1, respectively, and the
spatial resolutions are 20 m and 22 m, respectively. The sampling interval is 10 m in both directions.
The repeat cycle of Sentinel-1A is 12 days; however, due to the overlapping effect, three types of
data with incident angles 32◦ (descending), 41◦ (ascending), and 45◦ (descending) can be obtained at
intervals of 4–5 days when combining ascending and descending.

2.2.3. Preprocessing

The BSC of the VH polarization is calculated by preprocessing the Sentinel-1 data, including the
study area, using the Python interface (snappy) of the Sentinels Application Platform (SNAP) in the
following order.

• Orbit file: Obtain an accurate orbit state vector of the satellite.
• Subset: Clip the region of interest (East longitude 107.201–107.367◦, South latitude 6.760–6.910◦).
• Calibration: Convert digital value to BSC, σ0, where the area normalization is aligned with ground

range plane; or β0, where the area normalization is aligned with the slant range.
• Terrain flattening: Convert β0 to γ0 (where the area normalization is aligned with a plane

perpendicular to a slant range).
• Speckle filter: Apply a speckle filter (default: Lee filter with a size of 3 × 3).
• Terrain correction: Perform geometric correction using a digital elevation model (SRTM 3Sec) and

interpolate on a Universal Transverse Mercator (UTM) grid at 10 m intervals including reference
points (N 9,236,000 m, E 743,800 m) by bilinear interpolation.

• Logarithmic conversion: Convert BSC to a decibel value.

After these preprocesses, the extents of the UTM common grid (E 743,800–757,310 m,
N 9,235,810–9,251,810 m) are clipped and saved in the GeoTIFF format.

2.2.4. Signal Search

The BSC time-series data are generated from the GeoTIFF files of the Sentinel-1 data acquired
during the period that includes a sufficient margin for the transplanting date search period. In cases
of preliminary estimation, the end of the transplanting date search period was set to the date of the
latest data acquisition, and the length of the transplanting date search period was determined such
that the estimation was not affected by the previous transplantation or the latest flood. For the study
area, transplant to harvest requires a period of approximately 90–100 days; therefore, the length of the
transplanting date search period was set to 60 days. (For example, if the latest data was obtained on 1
April 2019, the transplanting date search period would be 31 January 2019–1 April 2019.) In the case of
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the final estimation, the transplanting date search period was determined as a period covering the
transplanting period of all target fields (for example, 15 March 2019–15 June 2019 for the first crop at
the test site in the dry season of 2019). When reading the data, as the BSC is dependent on the incident
angle, the difference between the three types of data (incident angles of 32◦, 41◦, and 45◦) was reduced
by subtracting the offset of the data with incident angles of 41◦ and 45◦ relative to the data with the
incident angle of 32◦. This offset was estimated from the average of the time-series data for each pixel
over three years. Further, to reduce noise, the time-series data for each pixel was smoothed out by a
cubic smoothing spline [23], and the interpolated values were obtained on a time grid with an interval
of 0.1 days. With this interpolation, the time-series data are represented by a smooth spline curve that
does not necessarily pass through the data points. The smoothness of the spline curve can be adjusted
by the smoothing out parameter psm (default: 0.01. A perfectly smoothed out straight line is obtained
with psm = 0, and a cubic spline curve through all the data points without smoothing out is obtained
with psm = 1). From the smoothed out data obtained with this approach, all the local minima within
the transplanting date search period were determined. In a preliminary estimation, when the value of
the BSC decreased near the end of the time-series data (i.e., the date of the latest data), the end point
was added as a local minimum. Then, the date tij and the BSC value vij of each local minimum were
obtained (i, j are indices of pixels and local minima, respectively). Here, the average value for a certain
period (default: tij − 20 days to tij + 20 days) centered on the local minima was defined as the BSC
value, such that the local minima with small nearby BSCs for a certain long period was given priority.
However, for the end points added when performing the preliminary estimation, the end point value
itself was used as the BSC value without averaging so that the latest transplanting date was given
priority. If the BSC value of the local minimum exceeded the predetermined upper limit vth (default:
−13 dB), it was assumed that the obtained signal could not be attributed to the transplanting date, and
the corresponding local minimum was excluded. The number Ni of the remaining local minima may
be greater than 1, depending on the pixel. The differential signal intensity yij on the transplanting date
was defined as follows:

yi j = vth − vi j. (1)

By definition, the differential signal intensity increases as the BSC around the transplanting
date decreases.

2.2.5. Signal Synthesis

In most cases in the study area, transplantation was performed on similar days in the vicinity.
Subsequently, to obtain a more plausible transplanting date estimate considering the surrounding
condition, the differential signal intensities obtained for 120 pixels (i = 1–120) within a radius of
approximately 65 m from the target pixel (i = 0) were added, along with Gaussian weights, and the
synthesized signal intensity y0 around the target pixel was obtained as follows:

y0(t) =
120∑
i=0

exp

− l2i
2σ2

l

 Ni∑
j=1

yi j exp

−
(
t− ti j

)2

2σ2
t

, (2)

where li is the center-to-center distance between the target pixel 0 and the peripheral pixel i, and σt

(six days) and σl (default: 30 m) are the spread width of Gaussian in the time and space directions,
respectively. The spread width in the time direction was determined to have an appropriate spread of
the synthesized signal in consideration of the estimation error of the transplanting date. With these
reasonable spread widths, many Gaussians overlap near the plausible transplanting date.

2.2.6. Pixel-by-Pixel Transplanting Date Estimation

In the study area, the condition at the time of transplantation—flooded or not flooded—varies
from field to field; hence, it is difficult to set a uniform threshold of the synthesized signal intensity.



Agriculture 2020, 10, 625 6 of 18

Therefore, the day on which the synthesized signal intensity y0 obtained in the transplanting date
search period becomes maximum was determined as the transplanting date estimation value for
each pixel.

2.2.7. Field-by-Field Transplanting Date Estimation

For the 250 ha test site inside the study area, a shapefile (parcel data) was prepared by extracting
the outline of each paddy field and surrounding it with a polygon. The number of fields in the parcel
data is 5968, and the average area of each field is 400 m2. For these fields, the transplanting date of a
field was estimated by averaging the estimated transplanting dates of the pixels included partially or
fully in the polygon surrounding the field. In calculating the average, the synthesized signal intensity
of each pixel was used as the default weight.

In the following discussion, unless stated otherwise, “signal” indicates a raw value or a smoothed
out value of the BSC. To avoid confusion, the difference between the BSC upper limit and the BSC
at the local minimum is called a “differential” signal, and the composite of the differential signals of
peripheral pixels is called a “synthesized” signal. Moreover, the average value of the synthesized
signals of the pixels inside a field is called a “field average” signal.

2.2.8. Optimization of Transplanting Date Estimation Method

The 250 ha test site was divided into 25 irrigation blocks, each block containing ~100–400 fields.
For each block, interviews were conducted to determine the transplanting dates. Table 1 and Figure 2
show the transplanting date (block value) of each block for the first crop in the dry season of 2019
obtained by the interview survey. A block value is a representative value of each block, and actual
transplanting dates may have varied within the block; however, differences among blocks were usually
within three days. Therefore, the block value is regarded as a true value, and the transplanting date
estimation method was optimized such that the estimated value was as close to the block value
as possible.

Table 1. Block values of transplanting date at the test site (first crop in the dry season of 2019). Dates are
in YYYY/MM/DD format.

Block. Date Block Date

1A 2019/05/05 8B 2019/05/22
1B 2019/05/15 9A 2019/05/23
2A 2019/05/15 9B 2019/05/20
2B 2019/05/08 10A 2019/05/05
3A 2019/05/01 10B 2019/05/05
3B 2019/05/01 11A 2019/05/02
4A 2019/04/28 11B 2019/05/15
4B 2019/04/28 12 2019/05/20
5 2019/05/19 13 2019/05/12
6 2019/05/08 14A 2019/05/08

7A 2019/05/05 14B 2019/05/12
7B 2019/05/12 15 2019/05/12
8A 2019/05/22

The transplanting date was estimated for each field in the test site under the default settings listed
in Table 2. In the optimization process, the settings (1–18; Table 3) were changed one by one, and the
results were compared with those for the default settings. Then, the average (AVG) and standard
deviation (STD) of the transplanting date estimation errors (i.e., estimated values minus block values)
were calculated. The value of AVG is stable if the setting is fixed and can be corrected by subtracting it
from the estimated transplanting date as an offset. In contrast, STD is a random error and cannot be
corrected. Therefore, optimization was performed to obtain a low STD.
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Figure 2. Map of transplanting date block values at the test site (first crop in the dry season of 2019).
The 250ha test site is divided into 25 irrigation blocks, which are color-coded by the transplanting date
(block value) obtained from the interview survey for each block.

Table 2. Default settings for transplanting date estimation.

Option Condition Settings

A Smoothing in the time
direction Smoothing parameter psm = 0.01

B Spread width in the spatial
direction Gaussian spatial spread width σl = 30 m

C Speckle filter Use Lee filter

D Incident angle All incident angles are used, with incident angle correction

E BSC upper limit at the time of
transplantation BSC upper limit vth = −13 dB

F BSC averaging period at the
time of transplantation

The BSC at the time of transplantation is obtained by averaging
the BSC in the period from −20 days to +20 days around the date

of the local minimum of the time-series data.

G Backscattering coefficient Use σ0 for BSC

H Field average

The transplanting date estimation is performed for each pixel first,
and the transplanting date estimated for the pixels inside the

polygon surrounding the field is averaged with the synthesized
signal intensity as a weight.
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Table 3. Condition settings for the optimization of the transplanting date estimation method.

Option No. Settings

A
1 Without smoothing in the time direction (psm= 1)
2 Weak time smoothing (psm= 0.05)
3 Strong time smoothing (psm = 0.001)

B
4 Without spread in the spatial direction (σl = 0.1 m)
5 Wide spatial spread (σl = 60 m)

C
6 No speckle filter
7 Use gamma map for speckle filter

D
8 Use all incident angle data and do not correct the incident angle dependence
9 Use only data with an incident angle of 32 ◦

E
10 Large upper limit of BSC (vth = −11 dB)
11 Small upper limit of BSC (vth = −15 dB)

F
12 Do not average BSC (Use the local minimum of BSC)
13 Short average period for BSC (tij − 10 days ~ tij + 10 days)

G
14 Use γ0 for BSC (without correction for incident angle dependence)
15 Use γ0 for BSC (with correction for incident angle dependence)

H

16
The transplanting date estimation is performed for each pixel first, and the transplanting

date estimated for the pixels inside the polygon surrounding the field is averaged with the
overlapping area of the pixel and the polygon as a weight.

17

The transplanting date estimation is performed for each pixel first, and the transplanting
date estimated for the pixels inside the polygon surrounding the field is averaged with the

overlapping area of the pixel and the polygon times the synthesized signal intensity as
a weight.

18

The transplanting date estimation is performed for each field using field average BSC, which
is obtained by averaging the BSCs of the pixels inside the polygon surrounding the field

with the overlapping area of the pixel and the polygon as a weight. The signal synthesis was
performed for the neighboring field.

2.2.9. Examination of Validity

Firstly, the final estimation was obtained by the optimized transplanting date estimation method,
and its validity was examined. For the entire study area, since ground truth data of the transplanting
date were unavailable, it was not possible to directly verify the estimation result; however, it was
possible to partially verify the estimation result by comparing it with the NDVI (NDVI = [Near −
infrared Reflectance − Red Reflectance]/[Near-infrared Reflectance + Red Reflectance]), which changes
with the growth of rice after transplantation. For the 250 ha test site, the estimation error was estimated
by regarding the block value as the true value. Finally, the validity of preliminary estimation was
examined by comparing it with final estimation.

3. Results and Discussion

3.1. Optimization of Transplanting Date Estimation Method

Figure 3 shows the time-series data after spline interpolation (solid line) for the conditions where
the default settings in the options A, C, D, and G in Table 2, which may affect the time-series data,
were changed, as listed in Table 3 (settings 2 and 14 are omitted because they can be inferred from
others such as settings 3 and 15.) In the same figure, the curve of the spline-interpolated data (dashed
line) obtained by the default settings in Table 2 is superimposed with that of the spline-interpolated
data obtained by changing the default settings, and it can be seen that the time-series data changes
depending on the settings. In addition, the data points before spline interpolation is also superimposed
in Figure 3a. From Figure 3a, it can be seen that fine noise is removed by smoothing out the time-series
data, and the position of the local minimum near the transplanting date is shifted to the right due
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to the smoothing. This is probably because the shape of the time-series data before smoothing out
is not symmetrical on the left and right sides of the local minimum, that is, the increase on the right
side is slower than that on the left side. This is supported by the fact that the shift amount increases
when the smoothing out is enhanced (Figure 3b). It should be noted that when the smoothing out is
enhanced, not only the date, but also the BSC value at the local minima shift to a larger one. When the
speckle filter is changed (Figure 3f,g) or when only the data with an incident angle of 32◦ is used
(Figure 3d), the date of the local minimum changes significantly from that obtained from the default
settings. In contrast, when the incident angle correction is not performed (Figure 3c) or when γ0 is
used as the BSC (Figure 3e), there is no significant change in local minima from the default.
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Figure 3. Examples of BSC time-series data. The solid lines in panels (a–g) represent the spline
interpolation data used in the analysis under settings no. 1, 3, 6, 7, 8, 9, and 15 shown in Table 3,
respectively. The dashed lines are the spline interpolation data obtained with the default settings. The
white circles in the panel (a) indicate the data of the incident angle of 32◦, and the black dots indicate
the data with incident angles of 41◦ or 45◦ before the spline interpolation. The vertical dashed line
indicates the transplanting date block value of the target pixel in block 15.

The AVG and STD of the transplanting date estimation errors obtained under each setting are
summarized in Table 4. In addition, to make it easier to understand how AVG and STD change
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depending on the settings for transplanting date estimation, the amount of difference in AVG and
STD from the default setting were calculated and entered in the AVG dif. and STD dif. columns of
Table 4, respectively.

Table 4. Transplanting date estimation errors.

Option Condition No. AVG STD AVG
dif.

STD
dif.

- Default 0 7.77 5.63 +0.00 +0.00

A Smoothing in the time direction
1 8.52 6.38 +0.75 +0.74
2 7.04 5.87 −0.73 +0.23
3 8.79 5.44 +1.02 −0.19

B Spread width in the spatial direction 4 7.98 6.05 +0.20 +0.42
5 7.73 5.57 −0.04 −0.07

C Speckle filter 6 7.69 5.77 −0.08 +0.13
7 7.69 5.79 −0.08 +0.15

D Incident angle 8 7.71 5.65 −0.06 +0.02
9 7.47 6.54 −0.30 +0.90

E BSC upper limit at the time of transplantation 10 7.69 5.81 −0.08 +0.18
11 7.70 5.56 −0.07 −0.07

F BSC average period at the time of transplantation 12 7.74 5.64 −0.03 +0.01
13 7.76 5.63 −0.02 +0.00

G Backscattering coefficient 14 7.72 5.66 −0.05 +0.02
15 7.75 5.64 −0.02 +0.00

H Field average
16 7.78 5.68 +0.01 +0.04
17 7.78 5.67 +0.01 +0.04
18 7.83 5.64 +0.06 +0.01

First, focusing on the STD, which cannot be corrected because it is a random error, the optimal
setting was adopted for each option from A to H based on the following consideration. The results
indicated that the default setting was the most optimal.

• A: Smoothening in the time direction had a strong improvement effect of approximately 0.7 days
on the STD. It is considered that this is because the noise is reduced by smoothening; however,
it is also considered that the restriction of the upper limit value of the BSC increases owing to the
upward shifting of the BSC at the local minimum by smoothening. The stronger the smoothening,
the smaller the STD tends to be. However, if the smoothening is very strong, the distortion of the
time-series data becomes larger and the preliminary estimation is delayed from approaching the
final estimation. Therefore, an intermediate strength, psm = 0.01 is adopted here.

• B: The spread width in the space direction showed a strong improvement effect of approximately
0.4 days on the STD. The wider the spread, the smaller the STD tended to be; however, this result
may be influenced by the assumption at the test site that same block has same transplanting dates.
Since such an assumption is not always correct outside the test site, an intermediate value of
σl = 30 m is adopted for the spatial spread width.

• C: Moderate improvement effect of approximately 0.2 days was observed in the STD using the
speckle filter. Here, the Lee filter, which gave the smallest STD, was adopted.

• D: The STD increased significantly (approximately 0.9 days) when only the data with an incident
angle of 32◦ was used. When the data with all incident angles were used, the incident angle
correction had a weak improvement effect of approximately 0.02 days on the STD. Here, a method
of using data with all incident angles after performing incident angle correction was adopted.
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• E: The upper limit of the BSC at the time of transplantation had an effect of approximately 0.2 days
on STD. In principle, the smaller the upper limit value is, the smaller the STD becomes. However,
if the upper limit value is significantly small, a signal below the upper limit value may not be
found at the time of transplantation and the transplanting date may not be identified. Therefore,
an intermediate value of vth = −13 dB is adopted in this study. For setting no. 11 with vth = −15 dB,
there were two fields for which the transplanting dates could not be identified. Here, just one
upper limit is set; however, it is also possible to set two upper limits and apply the second upper
limit (vth = −13 dB) to the fields where the transplanting dates cannot be identified by the first
upper limit (vth = −15 dB).

• F: By averaging the BSC around the transplanting date, there was a weak improvement effect of
approximately 0.01 days on the STD. There was almost no difference in the STD when comparing
the cases where the average period was ±10 days and ±20 days; however, ±20 days was adopted
as the average period because a longer period makes it easier to determine the latest transplanting
date when performing preliminary estimation.

• G: For the BSC, σ0 was used because the STD was small; however, the difference between the
STDs of σ0 and γ0 is not significant (approximately 0.003 days). It is noted that in the case of a
paddy field near a steep slope, such as Bali island, using γ0 may improve the estimation accuracy.

• H: As for the field average, the STD was smaller by approximately 0.04 days in the case of
averaging the transplanting date estimated for pixels within the field than in the case of estimating
the transplanting date using the BSC averaged for each field. In this study, the method of averaging
the estimated transplanting date for pixels in the field by weighting the synthesized signal intensity
was adopted since the STD was the smallest. Although not adopted here, the method using the
BSC averaged for each field is faster and has acceptable accuracy; hence, it is a useful method
when it is required to reduce the calculation time.

The following is a discussion on AVG dif. in Table 4. In most settings, AVG dif. was in the range
of –0.08 days to +0.06 days; however, when there was no spatial spread (setting no. 4, Table 4) or when
only the data with an incident angle of 32◦ was used (setting no. 9, Table 4), a relatively large AVG dif
of +0.20 days or –0.30 days, respectively, was observed. This may have been due to the influence of
signals other than transplantation or noise. The effect of temporal smoothing on the AVG is particularly
large. The AVG dif. became +0.75 days when smoothing out in the time direction was not performed
(setting no. 1, Table 4), which is considered to be caused by the unstable position of the local minimum
due to the noise. Furthermore, when smoothing was weak (setting no. 2, Table 4) and strong (setting
no. 3, Table 4), AVG dif. was –0.73 days and +1.02 days, respectively. This is probably because the
stronger the smoothing, the more distorted the asymmetrical curve. If the settings such as the strength
of the smoothing out are fixed, the value of AVG does not change much even if the cropping period is
different. Therefore, in the following discussion, unless otherwise stated, a uniform offset is subtracted
from the estimated transplanting date for correction. The offset value was determined to be nine days,
considering the transplanting date estimation error (details will be described later) obtained for four
cropping periods from March 2018 to February 2020.

3.2. Examination of Validity

3.2.1. Comparison with NDVI

The transplanting date of the first crop in the dry season of 2019 in the Cihea irrigation district was
estimated pixel by pixel, and the maps of the resulting transplanting date estimation and synthesized
signal intensity are shown in Figure 4a,b, respectively. The transplanting date search period was set
between 1 March 2019 and 15 June 2019. Here, only the pixels interpreted to be the paddy fields
were extracted by a supervised classification using BSC time-series data. Figure 4b shows that the
synthesized signal intensity varies considerably from location to location; hence, it is difficult to
set a uniform threshold for the synthesized signal intensity. It is estimated that, in the study area,
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the transplantations were performed from early March to early June in 2019. Figure 4c is a map
of NDVI calculated from atmospherically corrected surface reflectance data (L2A) acquired by the
Sentinel-2 satellite. The data acquisition date was 9 June 2019, three months after the transplanting in
early fields (early March) and immediately after the transplanting in late fields (early June). In general,
it is known that the NDVI of rice is lowest immediately after transplanting with low vegetation density,
increases gradually and becomes highest around the heading time when leaves grow thick, and then
gradually decreases toward the ripening stage [9]. The solid line in Figure 4d shows the relationship
between the NDVI of the entire study area calculated from the Sentinel-2 image on 9 June 2019 and
the number of days elapsed from the estimated transplanting date. Furthermore, the dashed line in
Figure 4d shows the relationship between the NDVI in the test site calculated from multiple Sentinel-2
images acquired between April and September 2019 and the number of days elapsed from the block
value of the transplanting date. In both cases, the peak of the NDVI is approximately 55 days after the
transplanting date, and both the curves are similar. Therefore, it is considered that the estimation of
the transplanting date for the entire study area was performed well.

3.2.2. Comparison with Block Value

The transplanting date of the first crop in the dry season of 2019 in the test site was estimated
for each field, and the maps of the resulting transplanting date estimation and field average signal
intensity are shown in Figure 5a,b, respectively. The transplanting date search period was set between
15 March 2019 and 15 June 2019. Figures 2 and 5a show similar differences in transplanting dates for
different blocks; however, the estimates in Figure 5a show some variability within the same block.
In Figure 5b, the field average signal intensity is low, particularly around the road inside the test site.

A map and a histogram of the estimation error of the transplanting date are shown in Figure 6a,b,
respectively. In Figure 6a, it can be seen that the regions where the estimation error was large were
often clustered in a part of blocks 4A, 4B, and 8A. In the rainy season, there is a possibility that
the transplanting date in a large area can be miscalculated due to the influence of rainfall; however,
since the estimated transplanting date corresponded to the dry season, the influence of rain is unlikely.
There is a high possibility that the actual transplanting date for these fields was different from the
block value owing to the factors such as the availability of irrigation water. Such a large deviation
appears as an outlier in the histogram (Figure 6b); however, except for the deviation, the distribution is
more-or-less Gaussian. Comparing Figures 5b and 6a, it can be seen that the same level of estimation
accuracy as the field average signal intensity of 200 dB or more can be obtained even at the field average
signal intensity of approximately 100 dB.

The AVG and STD of the estimation error obtained by the similar transplanting date estimation
are summarized in Table 5 for four cropping periods from March 2018 to February 2020, in which
the block value of the transplanting date was available. The AVG is within ±2 days and the STD is
approximately 5–6 days. The STD for the period 1 November 2018 to 1 February 2019 is as large as
~7 days; however, this period is in the rainy season, and it is possible that the period was mistakenly
estimated as the transplanting period when the paddy field was flooded owing to rainfall. When all
the periods were combined, the AVG estimation error was −0.33 days and the STD was 5.93 days.

Table 5. Average and standard deviation of the transplanting date estimation errors. Dates are in
YYYY/MM/DD format.

Transplanting Date Search Period Average (day) Standard Deviation (day)

2018/03/01–2018/06/01 0.61 5.39
2018/11/01–2019/02/01 0.96 6.92
2019/03/15–2019/06/15 −1.23 5.63
2019/12/01–2020/02/15 −1.43 5.09

All of the above four periods −0.33 5.93
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Figure 4. Comparison of estimated transplanting date and NDVI after transplantation (first crop in the
dry season of 2019). Panels (a,b) show final estimation of the transplanting date and synthesized signal
intensity obtained for each pixel in the study area, respectively. Panel (c) shows the NDVI calculated
from the Sentinel-2 data acquired on 9 June 2019. The solid line in panel (d) shows the time-series
profile of NDVI obtained using the estimated transplanting date in the study area and the NDVI of one
scene (9 June 2019), while the dashed line shows the time-series profile of NDVI obtained using the
block value of transplanting date in the test site and multi-scene NDVI acquired from April 2019 to
September 2019.
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Figure 5. Maps of estimated transplanting date (a) and field average signal intensity (b) (first crop in
the dry season of 2019).
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Figure 6. Map (a) and histogram (b) of transplanting date estimation errors (first crop in the dry season
of 2019).

Figure 7 shows a graph in which the estimation results for these four periods are combined and
the abscissa indicates the absolute value of the estimation error (allowable error), and the ordinate
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indicates the percentage of the estimation error within the allowable error (accuracy rate). The accuracy
rates for allowable errors of 5, 10, and 15 days are 69%, 92%, and 97%, respectively.
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Figure 7. Accuracy rate of estimated transplanting date (March 2018–February 2020).

In the discussion so far, the block value was regarded as the true value; however, the transplanting
dates within the block were not actually uniform, and it was assumed that the spread was approximately
three days. Assuming that the root mean square error of the block value was three days, the contribution
of the estimated transplanting date error in the estimation error of 5.93 days was calculated to be
approximately five days.

3.2.3. Difference between the Preliminary and Final Estimations

Figure 8 shows the difference between the preliminary and final estimates of the transplanting
date (preliminary estimation error) for each field in the first crop of the dry season of 2019. Preliminary
estimates were calculated for all the Sentinel-1 data (30 images) acquired during the period from 1
March 2019 to 1 July 2019, each of which was regarded as the latest data. The length of the transplanting
search period was set to 60 days (see Section 2.2.4 for details). For the final estimation, the transplanting
date search period was set from 15 March 2019 to 15 June 2019. The horizontal axis in Figure 8 is the
number of days from the transplanting date (the final estimation of the transplanting date corrected for
the offset of nine days) to the acquisition date of the data used for the preliminary estimation. Here,
only fields where the field average signal intensity exceeded a threshold value (128 dB) were selected.
This threshold value was adjusted from the final estimation result such that 90% of the fields in the test
site had a field average signal intensity exceeding the threshold value. The solid line in Figure 8 shows
the AVG of the preliminary estimation error, the error bar shows the STD, and the broken line shows
the percentage of fields selected in the test site. The preliminary estimation gradually approaches
the final estimation from ~20 days before the transplanting date, because the BSC of the field begins
to decrease reflecting changes in field conditions. During this time, the percentage of the selected
fields increases and approaches 90% around the transplanting date. Approximately ten days after
transplantation, the preliminary estimation almost matches the final estimation. For the next several
days, the preliminary estimation increases slightly because the smoothed out BSC time-series data
continues to decrease; however, the preliminary estimation approaches the final estimation again after
a local minimum appears in the time-series data. Therefore, the preliminary estimation is expected to
be almost the same as the final estimation 10–15 days after the transplanting date.
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Figure 8. Difference between the preliminary and final estimations (first crop in the dry season of 2019).
The solid line shows the average of the preliminary estimation error (Preliminary estimation–Final
estimation), and the error bar shows the standard deviation. Here, only fields in which the field average
signal intensity exceeds the threshold (128 dB) were selected. The dashed line indicates the percentage
of the selected field.

In the future, by obtaining the final estimation for each cropping period and accumulating the
results of transplanting date estimation, it will be possible to understand how small the BSC at the
transplanting date will be for each field. As the smoothed out BSC time-series decrease almost
linearly before the transplanting date, by determining how small the BSC will be as the transplanting
date approaches, it is possible to partially predict the transplanting date in advance, and a plausible
preliminary estimation can be obtained at an earlier stage. Moreover, the difference between the field
average signal intensity obtained by a new estimation and the past AVG value is considered to be
useful as an index of the validity of the transplanting date estimation result. In other words, if the field
average signal intensity obtained by a transplanting date estimation is significantly different from the
past AVG value, the obtained transplanting date estimation value could be uncertain.

4. Conclusions

In Indonesia, an agricultural insurance system is in place to help paddy rice producers who
suffer damages from floods, droughts, pests, and diseases. Since damage assessments by field surveys
require considerable resources such as time and labor, more efficient techniques using remote sensing
technology are required. In this study, we developed a method to estimate the date of rice transplanting
using the VH polarization BSCs of the Sentinel-1 satellite, which can be acquired regardless of weather,
have high temporal and spatial resolution, and are widely available. As a result of examining the
effect on the estimation accuracy by changing the settings of the transplanting date estimation, it was
found that the accuracy was mainly improved by smoothing out the time-series data, the application
of a speckle filter, and by signal synthesis of the surrounding field. In addition, taking advantage
of the fact that three types of Sentinel-1 data with different incident angles can be acquired for
the study area, a better accuracy was obtained using the data with all the incident angles (with
correction of the incident angle dependence of BSC). The STD of the estimation error was found to be
approximately 5–6 days, which is smaller than nine days, i.e., the estimation error of transplanting
date obtained using TerraSAR-X data [20]. The accuracy rates were 69%, 92%, and 97%, when the
allowable range of estimation error was within 5, 10, and 15 days, respectively. It was confirmed
that the preliminary estimation, which was updated each time new Sentinel-1 data were obtained,
converged to an accurate final estimation 10–15 days after the transplanting date. In this method,
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the transplanting date estimation and all the necessary computational processes, from downloading to
analyzing the data, were performed via Python scripts; as such, transplanting date estimations can be
completely automated using a scheduler. This method takes into consideration the characteristics of
the study area, and fulfills requirements such as simplicity, rapidity, and accuracy. Therefore, it can
contribute to reducing the labor required and improving the efficiency for damage assessments of rice
paddy fields.
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