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ABSTRACT: Thailand is considered one of the leading countries in global rice exports. Therefore, it is essential to have comprehensive data coverage across the country for effective near-real-time management of both cultivation areas and accurate forecasting of harvest dates and crop yields. The detection of planting dates and growth stages is essential in order to forecast the harvest date accurately. However, there is a limit to applying satellite images to optical sensors based on frequent cloud cover in this region, particularly in the rainy season, which is mainly crop season. Then, this research utilized radar data to penetrate the cloud condition and solve the problem, either as a complement to optical data or used alone to monitor the growth phase of paddy. The study aims to investigate the growth of rice crops in Suphan Buri Province. We used backscatter values, including (1) Vertical-Vertical (VV), (2) Vertical-Horizontal (VH), (3) ratio polarization index (VV/VH), and (4) the polarization index (PI), at different growth stages. We also analyzed the appropriate threshold values derived from backscatter measurements for classifying each rice growth stage. The results demonstrate that the VH backscatter derived from Sentinel-1 satellite data can effectively classify different growth stages of rice crops, including (1) seeding, (2) tillering, and (3) flowering. The classification accuracy of seeding, tillering, and flowering is 91.05%, 59.59%, and 66.33%, respectively. In addition, the overall accuracy and Kappa coefficient of classification are 72% and 0.58, respectively. The result is acceptable and can be improved by adjusting the model in the next crop season experiment.






























1. INTRODUCTION
In the Sustainable Development Goals (SDGs) for 2030 established by the United Nations, it is stated that food security and sustainable agriculture are directly related to global development and human livelihoods [1]. Thailand is considered one of the leading countries in global rice exports. Currently, Thailand cultivates rice both in the regular and off-seasons. However, rice cultivation practices vary across different regions of the country. Rice cultivation is a significant and highly popular agricultural activity, especially in the central regions of Thailand. According to statistics from 2018, Asia accounts for approximately 90.2% of global rice production, with Thailand ranking second (after India) in terms of rice production. Thailand's rice cultivation covers approximately 49.83% of the total cultivated area [2,3].
Thailand, located on the Indo-China peninsula in Asia, covers an approximate land area of about 513,000 square kilometers. The general temperature in Thailand ranges from 24°C to 30°C, and the average annual rainfall is around 1,000 millimeters. These conditions make Thailand highly suitable for rice cultivation, allowing for year-round rice farming. However, there are still challenges related to agricultural infrastructure and water resource management. The dispersed nature of rice cultivation across the country, coupled with limitations in agricultural infrastructure and water resources, necessitates the need for precise monitoring of rice farming activities. [4,5] Due to the diverse rice cultivation areas in Thailand, geospatial information technology, including remote sensing and satellite data, has become essential for monitoring and analyzing agricultural activities. This technology enables the efficient monitoring of crop growth, the assessment of environmental conditions, and the optimization of resource allocation. 
Synthetic Aperture Radar (SAR)-based crop monitoring devices have been extensively utilized in this condition as an alternative due to their signals can get through clouds and poor lighting [6, 7]. Recent years have seen a significant increase in the use of SAR pictures by researchers for crop phenological monitoring [8, 9]. Recent mapping and monitoring of the rice fields has used high quality Sentinel-1 SAR imagery [10, 11]. A cloud platform might accelerate the pre-processing of Sentinel-1 SAR (time series analysis) for monitoring crops, which can be a time-consuming task. Whenever a considerable amount of Earth Observation (EO) data is available for analysis, the massive computational capability of the Google Earth Engine (GEE) cloud platform can be employed for monitoring and mapping crops over a greater region. With the use of the GEE platform, rice fields were mapped and tracked throughout Suphan buri Province.
This study utilizes Synthetic Aperture Radar (SAR) data from the Sentinel-1 satellite in single polarization and dual polarization modes to monitor and manage rice cultivation in different regions. The primary objective is to track the growth stages of rice, including the Seedling stage, Tillering stage, and Flowering stage. The study examines the behavior of microwave wave reflections in the C-band frequency range using the Google Earth Engine platform to analyze rice crop phenology. The analysis was conducted in 2022, covering 3,000 sample plots representing Suphan Buri province. This research serves as a valuable guideline for the development of comprehensive monitoring solutions at various levels of agricultural management. It aims to enhance the efficiency of these methods for application in other regions in the future.

2. MATERIALS AND METHODS 
2.1 Study area
Suphan Buri province was chosen as the study area due to its suitability for investigating rice cultivation in the central region of Thailand. As shown in Figure 1, this area is located in the central part of Thailand and covers a total area of 5,358 square kilometers. It is a significant agricultural region with a predominant focus on rice cultivation, covering approximately 1,333 square kilometers. This region was selected as a representative area for studying rice crop growth because it serves as a central hub for rice cultivation in Thailand. Moreover, it exhibits diversity in rice variety selection, considering various aspects.
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	Figure 1. The study area for the rice paddy research encompasses Suphan Buri Province in central Thailand.



[bookmark: _Hlk145239026]2.2 Data
2.2.1 The data used in this study consisted of Sentinel-1 satellite images at Level-1 Ground Range Detection (GRD). These images were acquired in the C-band wavelength range, with wavelengths ranging from 3.75 to 7.5 centimeters. The polarization modes used in this study were Vertical-Horizontal (VH) and Vertical-Vertical (VV). The imaging mode was interferometric wide. The study covered the entire study area and involved a total of 15 satellite images. The images were acquired at a 12-day interval, following the descending orbit of the satellite. The spatial resolution of the images was 10 meters. The specific acquisition dates of the Sentinel-1 images used in the study were as follows: 1) May 8, 2022 2) May 20, 2022 3) June 1, 2022 4) June 13, 2022 5) June 25, 2022 6) July 7, 2022 7) July 19, 2022 8) July 31, 2022 9) August 12, 2022 10) August 24, 2022 11) September 5, 2022 12) September 17, 2022 13) September 29, 2022 14) October 11, 2022 15) October 23, 2022. These Sentinel-1 images were crucial for the study's analysis of rice crop phenology and monitoring in the study area.

2.2.2 For the purpose of creating a model, 3,000 rice paddy fields were randomly selected. The selection criteria for these fields were as follows: Fields with an area greater than 1,600 square meters were chosen. This criterion was applied to reduce data variability during extraction. The selected fields were located within the irrigation zones and were registered in the central agricultural registry database maintained by the Department of Agricultural Promotion. These fields were specifically within the central region of Thailand. These fields were chosen based on their suitability for the study, and their information, including the start date of planting and the expected harvest date, was clearly defined in the database. This dataset was used for modelling and analysis in the study.

2.2.3 The growth stages of rice, as categorized by the Department of Rice, span from the initial planting to the harvesting period and are divided into the following phases: Seedling stage (0–25 days) Tillering stage (25–60 days old) Flowering stage (60–90 days old) and Harvesting stage (90–120 days old). These stages represent key developmental phases in the growth of rice plants and are essential for monitoring and managing rice crops effectively.

[bookmark: _Hlk145239309]2.3 Methods
In this study, statistical methods were employed to analyze VV and VH data from Sentinel-1 satellite imagery for tracking and studying the growth stages of rice in each field. The analysis involved three crucial steps, as illustrated in Figure 2: 1) Pre-processing 2) Analysis of the Rice Phenology Profile and 3) Accuracy Assessment. These steps were integral to processing and interpreting the satellite data to monitor rice growth effectively.
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	Figure 2. Flow of method.


2.3.1 The Sentinel-1 satellite imagery was pre-processed and corrected using the Google Earth Engine (GEE)                   Figure 3. cloud platform and the Sentinel-1 Toolbox. Multi-temporal speckle filtering was applied to extract the backscatter values for each time interval. This process was conducted for 3,000 rice fields selected rice fields that were simultaneously planted, covering the entire growth cycle from planting to harvesting. A total of 15 images were analyzed to track the growth stages of the rice crops.
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Figure 3. Deriving backscatter coefficients using Google Earth Engine

2.3.2 The analysis involves studying the relationship between the backscatter values of C-band radar on rice fields (areas > 1,600 square meters). The data is analyzed using the GEE platform, which provides information on two polarizations: VV and VH. Statistical analysis is performed, and Python's Scikit-learn library is used for further analysis. The data from different polarizations, including VV, VH, VV/VH, and Polarization Index (PI = 1-NDPI) where Normalize Difference Polarization Index (NDPI = (VV-VH)/(VV+VH)) is compared. This analysis aims to detect the growth stages of rice throughout the planting season.

2.3.3 Accuracy assessment involves evaluating the accuracy of data classification by comparing it with actual ground conditions. This evaluation is presented in the form of a confusion matrix, which helps analyze various indices and create a database of rice planting areas at different growth stages, including seedling, tillering, and flowering stages.




[bookmark: _Hlk145104698]3. RESULTS AND DISCUSSION
Results of classifying rice growing areas with the Random Forest model by specifying a training sample of 3,000 plots using 15 Sentinel-1 satellite images The reflection coefficient of rice growing areas at each time period was obtained as shown in Figure 4, divided The test results are divided into 4 groups according to the polarization of the SAR data: VV, VH, VV/VH, and PI. The test results are as follows:

3.1 Analysis Polarization
[image: ]Polarization VV refers to transmitting and receiving signals in the vertical polarization direction, meaning signals are sent and received with the same orientation. However, VV polarization is not suitable for accurately monitoring rice growth. Figure 4. it is clear that VV polarization cannot provide a clear picture of rice growth. VV values tend to increase continuously during the rice's growth stages, from planting to the tillering stage. After that, when rice enters 
[bookmark: _Hlk145193096]Figure 4. VV Polarization backscattering
[image: ]VH backscattering refers to the transmission of radar signals in the vertical polarization direction and their reception in the horizontal polarization direction. This dual polarization method provides valuable information for monitoring the growth of rice crops. Figure 5. During the seedling stage of rice growth, VH backscattering values are generally low. This is because rice plants are small, and radar signals have limited interaction with them. As rice plants grow and transition from the seedling stage to the tillering stage, VH backscattering values tend to increase. This increase is associated with the growth of rice plants and the enhanced interaction between radar signals and the developing vegetation. VH backscattering values typically reach their highest point during the flowering stage of rice. At this stage, rice plants are relatively tall and have a more pronounced impact on radar signals. This results in higher VH backscattering values. After the flowering stage, VH backscattering values gradually decrease. This decline occurs because rice plants have reached full maturity and have entered the reproductive and grain-filling stages. During this phase, rice plants tend to bend over, reducing their interaction with radar signals. In summary, VH polarization is crucial for tracking the growth stages of rice because it reflects the changing characteristics of rice plants as they progress from seedlings to maturity. This information is essential for monitoring crop health and estimating yield in rice cultivation.
Figure 5. VH Polarization backscattering

[image: ]The ratio polarization index (VV/VH) can be effectively used to track the growth stages of rice. Start of Detectable Growth at Approximately 12 Days After Planting: The VV/VH ratio starts to show signs of rice growth around 12 days after planting, as seen in Figure 6. This initial increase is closely related to the early growth stages of rice seedlings. Following the initial change, the VV/VH ratio continues to increase significantly. This continuous increase is indicative of the progressive growth of rice plants in the fields.The VV/VH ratio typically reaches its highest value during the flowering stage of rice. At this point, rice plants are fully developed, and their interaction with radar signals is at its peak. This results in the highest VV/VH values. After the flowering stage, the VV/VH ratio begins to gradually decrease. This decrease is influenced by various factors, including the natural maturation of the rice plants and their transition into the reproductive and grain-filling stages. During this phase, rice plants may bend over, reducing their interaction with radar signals. As the rice crop approaches the harvest season, the VV/VH ratio continues to decline. This reduction is primarily due to the mature state of the rice plants, which have completed their growth cycle. In summary, the VV/VH ratio is a valuable tool for monitoring rice growth stages. It starts to reflect growth at around 12 days after planting, increases continuously as rice plants grow, reaches its peak during the flowering stage when rice plants are fully developed, and then gradually decreases as rice matures and approaches harvest.
Figure 6. VV/VH Polarization backscattering


[image: ]The Polarization Index (PI), calculated using the formula NDPI = (VV-VH)/(VV+VH), can be used to track the age of rice crops from planting to harvesting. Figure 7. Early Growth Stage: During this stage, when rice is just planted, the PI value is relatively low. This is because the rice plants are small, and their interaction with radar signals is limited. In this phase, rice is in the early stages of growth. Growth Continues: As the rice plants start to grow and transition from the early seedling stage to the tillering stage, the PI value gradually increases. This continuous increase indicates ongoing rice growth and progression through the growth stages. Radar signals reflect more significantly from the growing rice plants as they become denser. Flowering Stage: The PI value reaches its peak during the flowering stage of rice growth. At this point, rice plants are relatively tall and have a significant impact on radar signals. This is when radar signals reflect most strongly from the rice plants.  Post-Flowering Stage: After the flowering stage, the PI value gradually starts to decrease. This decrease corresponds to rice plants being in their mature growth stages and undergoing structural changes. During this phase, rice plants tend to bend and change shape, leading to reduced interaction with radar signals. In summary, the PI, calculated using the NDPI, is a valuable indicator for tracking the age and growth stages of rice crops. It starts low when rice is just planted, increases as rice grows, peaks during the flowering stage, and then gradually decreases as rice matures and undergoes structural changes. The changes in PI reflect the evolving characteristics of rice plants as they progress from seedlings to mature crops.
					Figure 7. VV/VH Polarization backscattering
The statistical analysis of Sentinel-1 SAR satellite data tracking rice growth from planting to harvest reveals that both VH backscattering and the Polarization Index (PI) are related to the growth stages of rice fields. Specifically, VH backscattering and PI increase in correlation with rice plant growth and the development of leaf structure in each growth stage. These values peak during the flowering stage, which corresponds to a period when rice plants are taller and exhibit increased leaf structure. This indicates that both VH backscattering and PI can be effectively used to detect the growth stages of rice.

3.2 Analyze the Polarization Values Corresponding to Rice Growth
Polarization values from remote sensing data, such as those obtained from radar imagery like Sentinel-1 SAR, can provide valuable information regarding rice growth. Here's an analysis of how polarization values correlate with rice growth stages: 

3.2.1 VH backscattering in the backscatter imagery figure 8. exhibits changes that closely resemble the growth stages of the rice field. When the rice is in the seedling stage, VH backscattering is low due to the field preparation and the presence of water in the field, which reduces the backscatter and results in the lowest VH backscattering. As the rice plants age and progress through various growth stages, VH backscattering increases accordingly. It can be observed that during the tillering stage, VH backscattering is lower than -20.49. Then, during the heading stage, VH backscattering falls between -20.49 and -17.588. Finally, during the flowering stage, VH backscattering ranges from -17.5881 to -16.512. Beyond this, VH backscattering begins to decrease 90 days after planting. The primary reason for this decrease in VH backscattering in the later growth stages is that the rice plants tend to bend and lean over. This bending results in a reduction in the backscatter signal and is responsible for the observed decrease in VH backscattering.
In summary, the changes in VH backscattering in the backscatter imagery correspond closely to the growth stages of the rice field. VH backscattering is lowest during the seedling stage and gradually increases as the rice plants grow and develop, reaching its highest values during the tillering and flowering stages. After the flowering stage, VH backscattering starts to decline due to the bending of rice plants.
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Figure 8. Phenological Stages of Rice for VH

3.2.2 The Polarization Index (PI), calculated as PI = 1-NDPI, follows a pattern similar to the growth and development of rice plants. Figure 9. Seedling Stage: When the rice plants are in the seedling stage, PI values are relatively low. This is because the fields are typically prepared, and water is introduced into the fields during this phase. PI values during this stage range from 0.097 to 0.646. Tillering Stage: As the rice plants continue to grow and enter the tillering stage, PI values increase. During this stage, PI values range from 0.647 to 1.081. The tillering stage is characterized by the development of multiple shoots from a single rice plant. Flowering Stage: PI values are highest during the flowering stage, ranging from 1.082 to 2.0. This stage corresponds to the full development of rice plants and the onset of flowering when they produce panicles. After Flowering: After the flowering stage, PI values start to decrease. This decrease is primarily due to the natural bending of rice plants as they mature and develop grains. This decline continues for approximately 90 days after planting.
The reason for this decreasing trend in PI values after flowering is mainly attributed to the bending of rice plants, which affects the backscattering of signals and leads to reduced reflection.
In summary, PI values derived from NDPI data exhibit a pattern that aligns with the growth and development of rice crops. This information can be used to track the various growth stages of rice, providing valuable insights for agricultural monitoring and management.
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Figure 9. Phenological Stages of Rice for PI

The study results indicate that the backscatter values steadily increase from the beginning of rice cultivation until the rice reaches the flowering stage. After that point, there is a gradual decrease, primarily due to the bending of rice plants as they mature into the ripening stage. The minimum values for the VH polarization and PI are -22.018 and 0.097, respectively. In contrast, the maximum values for VH polarization and PI are -16.699 and 1.245, respectively. This shows that both VH polarization and PI exhibit a continuous upward trend in backscatter signal values from the initial planting stage and begin to decrease as the plants mature into the harvesting stage.

In summary, the polarization VH and PI trends show a continuous increase in backscatter signal values from the start of cultivation, reaching their highest values during the flowering stage, and then gradually decreasing as the rice crop matures into the harvesting stage. These trends are closely related to the growth and development stages of rice plants.


3.3 Relationship Between VH and PI Backscatter SAR Sentinel-1 and Paddy Age
The growth and developmental patterns of rice, from before planting until harvest, can be inferred from the reflectance values of the rice cultivation areas. These patterns are observed by locating the rice fields before planting and tracking them until harvest. Figures 10 and 11 depict the results of the reflection of both VH polarization and PI (Polarization Index).

Models for crop growth can be developed to identify the age stages of rice. This process should be continuous to enhance the efficiency of tracking rice growth from planting to harvest. It's not a one-time classification activity like categorizing types of rice cultivation in regular fields, such as using Landsat 8 in Vietnam [12] or Sentinel-1 in Western Java, Indonesia [13]. The classification method for analyzing rice cultivation in this manner requires continuous monitoring and coverage of the area, which can be achieved automatically.

Additionally, the reference reflection values used can be adjusted to cover various seasons. Determining the growth stages of rice becomes more straightforward and efficient when additional parameters related to rice growth are considered. Based on the correlation analysis of rice growth changes from the start of planting, both VH and PI values show significant correlations. VH has a higher correlation coefficient at 0.83, while PI has a correlation coefficient of 0.69.

In summary, VH and PI data, along with additional parameters, can be used to monitor and classify the growth stages of rice effectively and automatically, providing valuable insights for rice cultivation management.
[image: ]
Figure 10. Rice field photographs
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Figure 11. Correlation between Polarization VH and PI with Paddy age from Planting until Harvest


3.4 Accuracy assessment

The accuracy of rice growth stage classification from Sentinel-1 Polarization VH data compared to field surveys in Suphan Buri Province. The classification accuracies of seedling stage, tillering stage, and flowering stage are 91.05%, 59.59%, and 66.33%, respectively. The overall accuracy for all growth stages combined is 72%, and the Kappa Index is 0.586. Table 2.

Table 2. confusion matrix VH backscattering
	VH SENTINEL-1
	Ground
	Error (percentage)
	User Accuracy
(percentage)

	
	Seedling
	Tillering
	Flowering
	Total
	
	

	1. Seedling
	183
	18
	0
	201
	8.95
	91.05

	2. Tillering
	59
	118
	21
	198
	40.41
	59.59

	3. Flowering
	0
	66
	130
	196
	33.67
	66.33

	Total
	242
	202
	151
	595
	Accuracy (percentage)= 72

	Error (percentage)
	24.38
	41.58
	13.91
	 
	



The accuracy assessment results for rice growth stage classification based on Sentinel-1 PI data compared to field surveys in Suphan Buri province. The classification accuracies of seedling stage, tillering stage, and flowering stage are 94.74%, 39.79%, and 62.38%, respectively. The overall accuracy for all growth stages combined is 72%, and the Kappa Index is 0.586. Table 3

Table 3. confusion matrix PI backscattering
	VH SENTINEL-1
	Ground
	Error (percentage)
	User Accuracy
(percentage)

	
	Seedling
	Tillering
	Flowering
	Total
	
	

	1. Seedling
	18
	1
	0
	19
	5.26
	94.74

	2. Tillering
	198
	189
	88
	475
	60.21
	39.79

	3. Flowering
	26
	12
	63
	101
	37.62
	62.38

	Total
	242
	202
	151
	595
	Accuracy (percentage)= 45

	Error (percentage)
	92.56
	6.44
	58.28
	 
	




accuracy assessment of VH and PI values, it was found that VH had an overall accuracy of 72% and could classify rice growth stages in each stage with error rates of 24.39%, 41.58%, and 13.91% for the seedling, tillering, and flowering stages, respectively. PI values for each growth stage, it was observed that the classification for the seedling stage had a relatively high error rate of 92.56%. This is because PI, which calculates polarization for single polarization and dual polarization, cannot accurately capture rice growth stages during the early stages. Furthermore, in the flowering stage, the error rate for PI was 58.28%. This is due to the increasing plant density in the rice fields during this stage and variations in backscatter data, making it challenging to detect this stage accurately.

In summary, while VH provided reasonable accuracy in classifying rice growth stages, PI had limitations, particularly in the early and flowering stages, where the error rates were relatively high. The study aimed to determine the growth stages of rice fields in terms of seedling, tillering, and flowering stages by comparing them with reference points obtained from field surveys. The non-reference fields were compared to reference points, which served as representative locations for each growth stage. By mapping the averages for each field, we could accurately determine the growth stages of the rice. Figure 12.
[image: ]
Figure 12. Rice paddy growth stage


4. CONCLUSION

Classification of rice growth stages using Sentinel-1 SAR data in rice fields in Suphanburi province can be achieved with high accuracy. Three distinct growth stages are distinguishable: seedling stage, tillering stage, and flowering stage, primarily by analyzing VH backscatter values. Seedling Stage: At the beginning of rice cultivation, during the seedling stage, VH values are relatively low. This is because the rice plants are small, and the radar signals have limited interaction with them. Tillering Stage: As the rice plants grow and transition from the seedling stage to the tillering stage, VH values increase. This increase in VH is related to the rice plants' growth. Generally, VH values reach their peak during the flowering stage. Flowering Stage: During the flowering stage, VH values typically reach their highest point. After this stage, as the rice plants enter the grain-filling stage, VH values gradually decrease. This decrease in VH is due to the rice plants beginning to bend, affecting their interaction with radar signals. and The accuracy of classifying rice growth stages using VH values compared to field survey data is approximately 75%, with a Kappa coefficient of 0.586.
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