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Abstract: Cropping intensity is one of the most important decisions made independently by farmers
in Vietnam. It is a crucial variable of various economic and process-based models. Rice is grown
under irrigated triple- and double-rice cropping systems and a rainfed single-rice cropping system
in the Viethamese Mekong Delta (VMD). These rice cropping systems are adopted according to
the geographical location and water infrastructure. However, little work has been done to map
triple-cropping of rice using Sentinel-1 along with the effects of water infrastructure on the rice
cropping intensity decision. This study is focused on monitoring rice cropping patterns in the An
Giang province of the VMD from March 2017 to March 2018. The fieldwork was carried out on the
dates close to the Sentinel-1A acquisition. The results of dual-polarized (VV and VH) Sentinel-1A data
show a strong correlation with the spatial patterns of various rice growth stages and their association
with the water infrastructure. The VH backscatter (c°) is strongly correlated with the three rice
growth stages, especially the reproductive stage when the backscatter is less affected by soil moisture
and water in the rice fields. In all three cropping patterns, 0°VV and 0°VH show the highest value in
the maturity stage, often appearing 10 to 12 days before the harvesting of the rice. A rice cropping
pattern map was generated using the Support Vector Machine (SVM) classification of Sentinel-1A
data. The overall accuracy of the classification was 80.7% with a 0.78 Kappa coefficient. Therefore,
Sentinel-1A can be used to understand rice phenological changes as well as rice cropping systems
using radar backscattering.

Keywords: rice phenology; water infrastructure; rice cropping pattern mapping; SAR backscattering

1. Introduction

Rice (Oryza. sativa L.) is one of the major crops and the primary daily grain consumed in Asian
countries [1-3]. The increasing population in this region is leading to an increased demand for rice
production [3,4]. Previous studies revealed that rice demand is rising by ~1.8% per year [3,5]. It is
challenging to increase rice production with limited land and water resources [5,6], especially under
the conditions of extreme floods and weather driven by climate change [7-10]. The Mekong Delta
is vulnerable to water regime changes and seawater intrusion [11,12]. Most of the rice produced in
Vietnam comes from the Vietnamese Mekong Delta (VMD). It feeds a population of nearly 95 million and
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provides food security in Southeast Asia [13-15]. Rice is grown under irrigated triple- and double-rice
crops and rainfed single-rice crop, a traditional rice cropping system. In the VMD, these rice cropping
systems were adopted according to the geographical location and water infrastructure [16]. Typically,
rice irrigation takes place within a rectangular dike-protection system [17-19]. The rapid intensification
of agriculture, mainly in irrigated areas, has been explained by the renovation policy, by which the
delta was turned into the rice bowl of Vietnam by the mid-1990s [20-23]. Since then, Vietnam has
continuously increased rice production to become the second largest rice exporting country in the
world in 2012 [24]. Vietnam expanded dike and irrigation systems to cope with floods and manage
water irrigation [25-27]. The An Giang province has been well known as the largest dike system area
in the VMD since 1996 [28]. The traditional rice crop has been replaced by a double-rice crop. Since
2009, the double-rice crop has gradually been replaced by a triple-rice crop to increase rice production
for food security and economic development [29,30].

Understanding rice crop dynamics is critical for stabilizing and sustaining rice production.
Location and phenological stages of rice crops are useful for policymakers to protect crops and
minimize productivity loss. The strategy for sustainable cropping systems is key for long-term
development in the region. For example, An Giang has faced dike breaks on several occasions. In
October 2011, approximately 4000 hectares of rice fields were lost in Chau Phu district and Chau Doc
city. On August 29, 2018, a dike break resulted in the submerging of 700 hectares of ready-for-harvest
rice in Tri Ton district. Rice prices have recently also declined due to a sustained oversupply of rice.
Typically, the local farmers have been gradually shifting their rice to non-rice crops based on market
prices. Therefore, systematic rice crop mapping and monitoring in the VMD could play an essential
role in economic planning. Remote sensing data might provide quick high-quality, consistent, and
timely information about spatial and temporal changes in the rice cropping area in different seasons on
regional and global scales [31-33].

Previous studies have used optical imagery such as Moderate Resolution Imaging
Spectroradiometer (MODIS) and Landsat to monitor rice paddy growth [29,34-37]. However, it
is difficult to achieve high accuracy due to the moderate spatial resolution of images produced by
MODIS and Landsat satellites. The low resolution leads to the inability to detect small rice fields [29,34].
The optical sensors have a high temporal resolution but, as passive sensors, they are frequently
contaminated by clouds in monsoon regions [29,35,38]. Besides, crop distribution has only been
mapped using time series of vegetation and water indices, e.g., normalized difference vegetation index
(NDVI), enhanced vegetation index (EVI), and normalized difference water index (NDWI) [34,39,40].
Thus, these studies showed relatively high errors in detection of rice patterns because the flood patterns
disturbed the rice detection causing confusion with other vegetation types. The advancement of
synthetic aperture radar (SAR) system penetrating clouds makes SAR a better choice for timely mapping
of crops, plantation, water bodies, and flooding by specific backscattering properties [5,32,33,41].

Recently, SAR data were utilized to map rice crops as its signals are sensitive to rice crop
geometric structures [42,43]. Choudhury et al. [43] revealed the potential of RADARSAT-1 data
for rice monitoring. The SAR signal is independent of solar illumination and cloud condition,
producing high-quality satellite images. Nelson et al. [44] used TerraSAR-X data to create rice
maps in Southern Asia and achieved relative accuracy of 85%. However, the shorter wavelength
microwave radiation of the X-band detects only the canopy. The longer wavelength microwave
radiation of the L-band can also penetrate targets like leaves and canopy and only returns energy
from the stem of the plant. Thus, using only X-band or L-band, it is hard to separate plants and
other objects [45,46]. Previous studies showed that the C-band was able to distinguish between rice
and non-rice, particularly in Japan, China, India, and Vietnam [41,47-51]. The SAR data availability
has increased with the launch of Sentinel-1A C-band SAR on April 3, 2014 under the European
Commission’s Copernicus program [52,53]. Continuous near-real-time land monitoring, providing
dual-polarized, i.e., Vertical-Vertical (VV) and Vertical-Horizontal (VH) SAR images are contributed
by Sentinel-1A. Depending on the geographic location, revisit cycles are up to six days due to the



ISPRS Int. ]. Geo-Inf. 2019, 8, 211 30f22

Sentinel-1B. Even though Sentinel-1A has moderate time series (12 days revisit cycle), it is still suitable
for monitoring rice stages and the seasonal calendar. Each rice stage takes at least 30 days, and sowing
time also varies at least a month in the VMD. The Sentinel-1A C-band at a high spatial resolution (10-m
pixel) is sensitive to water and crop geometry [41,52]. Thus, Sentinel-1A is particularly valuable for
monitoring rice cropping patterns and can improve rice mapping accuracy.

In Vietnam, Sentinel-1 data has been successfully applied in various fields such as estimation rice
production and area, aquaculture production, and rice cropping pattern based on Earth observation.
Clauss et al. [54] conducted a study to estimate rice production and rice area in Vietnam. Ottinger et
al. [55] observed aquaculture ponds using more than 500 Sentinel-1 scenes and an object-based analysis
method and revealed that Sentinel-1 SAR with high spatial resolution can be used for monitoring
aquaculture ponds in Vietnam and China. The author showed this approach has great potential for
global production projections. Interestingly, Arai et al. [56] predicted methane emissions based on
remote sensing data and found that PALSAR-2 could distinguish inundated-rice field and noninundated
rice field in Vietnam. It should be pointed out, moreover, that Bouvet et al. [31], Nguyen et al. [41], and
Phan et al. [45] used SAR sensors from COSMO-SkyMed X-band, Sentinel-1A, and ENVISAT/ASAR
satellite images, respectively, for monitoring rice in the VMD. However, those studies were focused on
specific seasons; Nguyen et al. [41] paid attention to the winter—spring season in 2017 and Phan et
al. [45] concentrated on summer—autumn in 2018. Bouvet et al. [31] also focused on the main seasons
(winter—spring and autumn-winter). Little work has been done on analyzing the temporal pattern of
three rice cropping patterns using the response of the radar signal of Sentinel-1A. This study aimed to
apply geoinformation technology that can provide a better understanding of the behaviors of crop
phenology based on the radar backscattering of Sentinel-1A data. Moreover, a spatiotemporal database
of rice growth stages in different rice cropping systems can support policymakers in the decision-making
process. We also assessed rice cropping system distribution in the water infrastructure in the An
Giang province. To address this, we analyzed temporal variation 6°VV and ¢°VH polarizations
throughout the rice growth stages. We also classified the rice cropping patterns distribution by using
Sentinel-1A data.

2. Materials and Methods

2.1. Study Area

The study site is located in the An Giang province, which belongs to upstream of the Lower
Mekong river basin in Vietnam (Figure 1). Flooding is a common phenomenon in this area and
has been controlled by hydraulic infrastructures. Farmers also construct minor canals and dikes
to manage water for their small rice fields [57]. Rice production by An Giang accounts for ~80%
of the total rice production in the VMD. The rice production depends heavily on the freshwater
availability and sediment supplied from the Bassac and Mekong Rivers [15]. An Giang has an area of
3406 sq.km and borders with Cambodia in the Northwest. The province has a tropical climate, dry and
monsoon seasons annually, has an average temperature of 27.6°C, maximum temperature of 32.4°C,
and minimum temperature at 24.6°C. For the last 40 years, the annual mean rainfall is ~1400 mm
of which the highest rainfall occurs in October (270 mm). Approximately 90% of the rainfall occurs
during the monsoon season, between May and October. An Giang receives slightly lower average
annual rainfall compared to the VMD, at 2000 mm per year, because the province is located in the
inland delta with a minimal effect of the southwest monsoon.
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Figure 1. Location of the An Giang province in the Vietnamese Mekong Delta. The display of An Giang
province in composite image R:G:B by bands (VV:VH:VV/VH) (date: 2017.10.15).

The flooding season often starts a month after the start of the rainy season and ends at the same
time as the rainy season (Figure 2). Daily average discharge shows a decrease in the discharge pattern
from 2000 to 2014 partly due to the effect of the hydropower plants in the upstream of the Mekong
river basin. The partial impact of the hydropower plants on changing the natural flow regimes of the
Mekong River in the VMD has been noticed before [58,59]. The discharge peaks also move slightly from
September to October and have been decreasing. Rice is grown in three distinct cropping seasons, such
as winter—spring from December to March and summer—autumn from the mid-April to mid-August.
In the autumn-winter, either irrigated or nonirrigated fields are usually sown from mid-July to the end
of August, as can be seen in Figure 2 [41]. In An Giang, rice crop is cultivated in single, double, and
triple-rice-cropping systems. The double-rice crop is often found within the semi-dike system with an
elevation lower than 3 m above sea level. In such dike systems, flooding can take place in the monsoon
season because the high water level overflows into the fields. It causes sediment deposition during the
monsoon season [26]. Traditionally, farmers employed the double-rice crop and sought extra income
through fishing or small-scale livestock husbandry practices, which are also common in the fallow rice
field. The triple-rice crop is found within full-dike systems (over 3 m above sea level) with operational
sluice gates, which can bring less sediment during flooding. Farmers adopted triple-rice cropping by
upgrading their semi-dike systems to full-dike systems to fulfill the government targets.
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Figure 2. Average monthly discharge at Chau Doc station in Bassac River, between 2000 and 2014,
and average monthly rainfall, and crop calendar. Discharge and rainfall data were obtained from the
Southern Regional Hydro-meteorological Center (SRHMC), Vietnam.

2.2. Sentinel-1A Data and Preprocessing

Sentinel-1A data with C-band (5.4 GHz) SAR were acquired from March 2017 to March 2018.
Sentinel-1A data supports operation in dual-polarization (HH+HYV, VV+VH) implemented through one
transmit chain (switchable to H or V) and two parallel receive chains for H and V polarization [52]. The
four acquisition modes are Interferometric Wide-swath (IW), Stripmap (SM), Extra Wide-swath (EW),
and Wave Mode (WV). These products are available in single- (HH or VV) or dual-polarization (HH+HV
or VV+VH) [53,60]. The main operational mode features are Interferometric Wide swath mode (IW)
with 10 m x 10 m pixel size and a swath width of 250 km. We used the IW mode dual-polarization data
acquired in Ground Range Detected (GRD) Level-1. The repeat cycle of Sentinel-1A data is 12 days
with dual-polarization (VV+VH) [61]. To cover the whole An Giang, a satellite track in ascending pass
was used. Thirty-two images are available from March 2017 to March 2018 (Figure Al). Table 1 shows
the specification of Sentinel-1A data with the dates of acquisition.

Table 1. Multitemporal Sentinel-1A data with specification and date of acquisition.

Sensor SAR C-band

Product Level Level 1 Ground Range Detected (GRD)

2017.03.13; 2017.03.25; 2017.04.06; 2017.04.18; 2017.04.30;
2017.05.12; 2017.05.24; 2017.06.05; 2017.06.17; 2017.06.29;
2017.07.11; 2017.07.23; 2017.08.04; 2017.08.16; 2017.08.28;
2017.09.09; 2017.09.21; 2017.10.03; 2017.10.15; 2017.10.27;

Date Acquisition

(YYYYMM.DD) 2017.11.08; 2017.11.20; 2017.12.02; 2017.12.14; 2017.12.26;
2018.01.07; 2018.01.19; 2018.01.31; 2018.02.12; 2018.02.24;
2018.03.08; 2018.03.20
Frequency (GHz) 5.405
Image Mode Interferometric Wide swath (IW)
Polarization Dual VV + VH

Figure 3 shows the general flowchart of the methodology. Sentinel-1A data were processed using
the free and open source Sentinel-1 toolbox in Sentinel Application Platform (SNAP) software. The
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GRD images were processed including restituted orbit files. Radiometric calibration was performed to
output 0° bands. Orthorectification and terrain correction were done using SRTM 30-m DEM data.
The biggest speckle noise was often found in SAR data [62,63]. We used the Enhanced Lee filter to
reduce SAR speckle noise since Enhanced Lee has more advantages compared to other filters. The
Enhanced Lee filter might keep edges and present the preserved details while filtering images in both
homogeneous and heterogeneous regions [64,65]. The backscattering coefficient in decibel (dB) was
acquired for the analysis and classification according to equation 10 x logio(c°). Plant phenological
characteristics were identified following Jonsson and Eklundh [66]. The mapping algorithm introduced
by Nguyen et al. was used [41,67]. Later, backscattering information was used to identify single-,
double-, and triple-rice crops and other land covers were classed.

Field Time series Sentinel-1A IW (SAR) — GRD level 1
survey
- Radiometric calibration
Preprocessing  [¢-; | - Geometric correction
4 - Speckle filters
by +J (enhanced Lee)
4 - Subset
Training N Backscatter
data coefficients o o
e Polarization comparision
1 (VV, VH, VV/VH)
Mapping Algorith ’
appin orithm [«
pping 218 i i Temporal and spatial
l features
N Mapping
classification
g1 | 1
Non-rice Rice
|
v l v L 4 v L 2 L 4
Buil Water/ Forest/ Single- Double- Triple-
uti-up Plantation Mountain rice crop rice crop rice crop
> Rice cropping pattern and LULC mapping

Figure 3. Flowchart of Sentinel-1A processing and rice cropping classification.
2.3. Field Survey

We conducted fieldwork throughout the study area between March 2017 and March 2018. The
fieldwork was carried out on the dates close to Sentinel-1A acquisition in An Giang. The data included
surveys on the crop practices calendar and field condition. We collected Geotagged photos about
rice growing stages at different locations. The locations of single-, double-, and triple-rice crops were
marked in the Global Positioning System (GPS) (using Garmin 60x device). These locations were used
for training and validation of the Sentinel-1A data processing model. Besides, we also measured rice
height at three distinct rice cropping patterns during rice growth stages (Figure 4). The rice height
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was only conducted in summer—autumn for double and triple-rice crops and in autumn—winter for
the single-rice crop. The average rice height is 104 cm, 102 cm, and 87 cm in the triple-, double-, and
single-rice crops, respectively. Figure 5 shows the multitemporal composite of SAR data overlaid with
the field data. We divided the data into training and test datasets. For the time series observation,
we selected 34 ground truth points randomly distributed in single, double, and triple-rice cropping
areas for classification. There was no significant difference in the management practices of water and
fertilizer usage in triple- and double-rice crops. The single-rice crop was grown naturally without
fertilizer and pesticide usage. Land use/land cover (LULC) mapping was validated by 140 ground
truth points. Photos of rice growth stages showed various growing stages of different crops and were
found in Figure 6.
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Figure 4. Temporal changes in rice height at 43 locations for different growth stages: (a) triple-rice crop,
(b) double-rice crop, and (c) single-rice crop.
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Figure 5. Multitemporal Sentinel-1A data color composite with training polygons overlaid. R:G:B =
HV2017.03.13: HV2017.03.25: HV 2017.04.06.
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a. (1) July 19 (2) July 30 (3) Aug. 15 (4) Aug. 30 (5) Sep. 15

(8) Nov. 1 (7) Oct. 15 (6) Oct. 1

b. (1) July19 (2) July 30 (4) Aug. 30 (5) Sep. 15

E « T

(10) Nov. 30 (9) Nov. 15

c. (1)July19 (2) July 30 (3) Aug. 15 (4) Aug. 30 (5) Sep. 15

(10) Nov. 30 (8) Nov. 1 (7) Oct. 15 (6) Oct. 1

Figure 6. Rice growth stages for (a) triple-rice crop, (b) double-rice crop, and (c) single-rice crop. In
the triple- and double-rice crops: (1) harvesting time and (2) soil preparation; 3-10: summer-autumn
season in the triple-rice system and fallow period in the double-rice system; in the single-rice crop: 1-4
show the vegetable season; 5-10: autumn—-winter season.

Rice development can be defined in three main growth stages: vegetative stage, reproductive
stage, and maturity stage [68]. The vegetative stage usually takes from sowing to 35-55 days depending
on rice varieties, while the reproductive and maturity stages take about 30 days each for all rice
varieties [68]. Rice growth can be affected by various natural factors (e.g., rainfall, water allocation,
and air temperature) and artificial factors (e.g., fertilizers and pesticides) [30,69,70]

The majority of rice varieties in the study area are short duration varieties (average 85-95 days),
and a few rice varieties are grown with a duration of 95 to 105 days. Figure 6 shows the various growth
stages of rice in different cropping pattern from the summer-autumn season to autumn-winter season,
in the study sites and vacant time in the double-rice crop and vegetable crop in the single-rice crop.
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2.4. Data Analysis and Accuracy Assessment

Training polygons were digitized over the triple-rice, double-rice, and single-rice cropping areas
using field-based GPS location and fine-resolution Google Earth imagery. Backscattering information
of multitemporal Sentinel-1A data at 0°VH and o°VV polarization was analyzed to investigate
backscattering characteristics of triple-, double-, and single-rice crops. Dual-polarization Sentinel-1A
data were also analyzed to detect rice phenological changes in the rice cultivation from sowing to
harvesting and finally to delineate rice cultivation area and different LULC. Besides, the local maxima
and minima of VH backscattering and crop duration were utilized to consider the cropping intensity
and cropping season.

The scattering mechanism depends on various properties of objects such as dielectric properties,
surface roughness, soil moisture, plant growth, orientation, etc. [71]. The 0°VV and 0°VH polarization
can detect variation in scattering behaviors of targets such as volume scattering, and double-bounce
scattering in the agricultural area. Previous studies noted that the c°VV polarization is more sensitive
to water bodies while the 0°VH polarization is able to delineate various rice growth stages [5,41,45].
The observed 0°VV is generally higher than 0°VH polarization because of the higher double-bounce.
Support Vector Machine (SVM) classification with the Kernel function [72-74] was used for LULC
mapping. The RBF parameters were optimal based on the classification results of the polarimetric SAR
data [73-78]. The optimal parameters were grid search and cross-validation, which were introduced
by previous studies [79,80]. The supervised classification, which proves highly successful in solving
regression and classification tasks [81,82]. The confusion matrix and Kappa coefficient were used
to assess the accuracy of classification in this study. Although the Kappa coefficient was used in
many study fields, Kappa has been noted to have weaknesses as an accuracy metric [83-87]. For
example, the Kappa coefficient is dependent on the proportion of objects in each category and number
of categories [88], and the Kappa fails in case measurements have been made in ordered categories [89].
Thus, in this study, we presented all object proportion features and number of categories via the
confusion matrix that provides clear information for users. Moreover, since land use categories were
unordered in this study so that the Kappa coefficient can be used [89]. We performed an accuracy
assessment of the resulting rice maps by selecting the remaining sampling points.

3. Results

3.1. Polarization Analysis of Triple, Double and Single-rice Crops

Figure 7 shows the rice growth stages of the summer—autumn season for double-rice cropping
area. Low backscattering was noticed in the VV and VH polarizations at the vegetative stage in April
2017. It can be explained that rice seedling is small, short, and sparse. Thus, only surface scattering is
dominant. During the vegetative phase, 0°VH gradually increased with the rice growth stage. From
the vegetative to the maturity stage, 0°VV and ¢°VH reached the maximum value at rice maturity
stage in July 2017. In the reproductive period, c°VH and 0°VV increased with the growth of rice height
and canopy (Figure 4). The 0°VV and ¢°VH values had a strong correlation with rice development
during the reproductive phase. In the maturity stage, c°VV and 0°VH continued to increase until they
reached a maximal value on July 11, 2017. A decrease in backscattering was noticed near the harvesting
period because plants started drying up. Water in the agricultural field was also drained out causing a
soil moisture reduction in August 2017. Moreover, we can see the maximal values of c°VV and ¢°VH
appearing at the maturity stage after the maximum of greenness index are consistent with the study of
He et al. [90]. Previous studies showed that 0°VH correlated with the rice development stage [5,41,45].
Thus, we use local maxima of 6°VH to consider the rice cropping intensity and cropping season.
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Figure 7. Growth cycle of rice in summer—-autumn in the double-rice crop. The primary vertical axis
is 0°VV and the secondary vertical axis is 0°VH. Growth cycle of a rice plant was collected from the
International Rice Research Institute (IRRI) [68].

Figure 8 shows 0°VV and 0°VH during the entire period of the triple-rice crop. Low backscattering
was noticed in the 0°VV and 0°VH due to the sowing of rice time at the early stage in April 2017,
September 2017, and January 2018. During the vegetative phase, c°VH increased gradually whereas
the 0°VV increased rapidly because of the high soil moisture or high water level in the fields. In the
reproductive phase, the moderate backscatters of 0°VV and 0°VH were found and gradually increase
with the growth of rice plants. In the maturity stage, 0°VV and ¢°VH continued to rise until they
reached a maximal value before experiencing a sharp fall during harvesting time in August, December
2017, and March 2018, respectively.
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Figure 8. Graph representing the multitemporal Sentinel-1A backscattering in the triple rice cropping
area. The first vertical axis is 0°VV and the second vertical axis is c°VH.

Figure 9 illustrates the behavior of 6°VV and ¢°VH during the entire period of the double-rice
crop. The observed 0°VH and ¢°VV showed an increase after sowing because of the increased volume
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and double-bounce scattering with the plant growth (Figure 9). Before sowing rice, the field was bare
soil and, thus, lower values of 0°VH and 0°VV were obtained in April 2017. A gradual increase in the
0°VH was observed when rice grew from the vegetative stage to maturity stage. The highest value
of 0°VH and 0°VV were noticed in July 2017 during the second cropping season of the double-rice
crop. There is a fallow period in the double-rice crop from August to November. During the fallow
period, the rice cropping area can accumulate nutrients, enhance productivity, and remove toxic
substances from pesticides and pathogens in the monsoon season [91]. We also found the lowest value
of 0°VV and 0°VH between August and November, which shows the fallow period to prepare the soil
for the next planting of rice. The next sowing period starts at the end of December 2017 when low
backscattering has been noticed in the 0°VV and ¢°VH polarization (Figure 9). The 0°VV and ¢°VH
gradually increased with the growth stage from the vegetative to the maturity stage and reached the
maximum value near harvesting time in March 2018. When the winter—spring season is considered,
the 0°VH clearly had two peaks in July 2017 and March 2018. The peaks matched well with the crop
calendar (Figure 2). Thus, the use of multitemporal Sentinel-1A data presents a promising approach to
identify double-rice crop, rice growth stages, and standing water during the fallow period, which was
indicated at —23 dB of c°VH.
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Figure 9. Graph representing the multitemporal Sentinel-1 A backscattering in the double-rice cropping
area. The first vertical axis is 0°VV and the second vertical axis is 0°VH.

The minimum and maximum values of VH backscatter for each rice crop were also identified. The
minimum average of VH polarizations was —22 dB in triple- and double-rice crops, and was —18 dB
for the single-rice crop. These values were consistent with previous studies [41,92]. Oyoshi et al. [92]
also found —20.5 dB (+3 dB) of minima VH polarizations. The mean of VH backscatter thresholds
varied from —13 to —15 dB in the triple-rice crop, from —13 to —14 dB in the double-rice crop, and
—15 dB for the single-rice crop. The mean maximal values of c°VH in three cropping patterns were
not much different from each other. In this study, we also compared the maxima of 0°VH among rice
cropping season in double and triple-rice crops. The results show that the mean values of 0°VH in the
winter-spring season were usually higher than in summer-autumn and autumn-winter seasons; in
the triple rice crop, the mean values of 0°VH was —15 dB and —15.2 dB were found in winter-spring
and autumn-winter, respectively. In the double-rice crop, the mean values of c°VH were —12.5 dB
and —14 dB, found in winter-spring and autumn—-winter, respectively. Moreover, the c°VH was often
higher in the double-rice crop than in the triple-rice crop [93].
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Figure 10 shows the increase in the observed 0°VH and 0°VV after sowing of rice in September 2017
because of the increase in volume and double-bounce scattering with the plant growth. Before sowing
rice, vegetables were planted between March and July 2017. There was a gradual increase in the c°VH
with the growth of the rice plant during the vegetative-reproductive stages. The highest value of c°VH
was noticed in December 2017. There was a fallow period after December 2017. Thus, farmers started
growing vegetables for extra income. The 6°VH and 0°VV showed the changes in the backscattering
properties with the difference in the objects in the agriculture field. The changes in 0°VH and ¢°VV
matched well with the crop calendar shown in Figures 2 and 6. The single-rice cropping system
includes rice-vegetable—vegetable and rice fallow period models. In the rice fallow model, farmers
can grow traditional rice crop (landrace rice and floating rice) during July and December. Floating
rice is often cultivated in the Luong An Tra Commune, Tri Ton district during August-September and
harvested in December or January. Thus, the single-rice crop is mostly grown in Tinh Bien and Tri Ton
districts with low annual yield.

Cropping intensity Cropping intensity
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Figure 10. Graph representing the multitemporal Sentinel-1 A backscattering in the single-rice cropping
area. The first vertical axis is 0° VV and the second vertical axis is 0° VH.

3.2. Delineation of the Rice Cropping Area

The study area of LULC was classified into eight categories: single-rice crop, double-rice crop,
triple-rice crop, forest, plantation, mountains, built-up, and water bodies. Figure 11a shows the results
of the classification that rice crops at all season were distinguished. Figure 11b represents the statistical
distribution of various LULC classes in An Giang. The estimated LULC for An Giang was 46.6% in the
triple-rice cropping area, 870.4 sq.km (24.7%) for the double-cropping area, 258.5 sq.km (7.3%) for the
single-cropping area, and 21.4% for the others. The total rice planted area from March 2017 to March
2018 was 2770.8 sq.km. Table 2 shows the distribution of various LULC classes at the district level. The
three largest triple-rice cropping areas are Thoai Son, followed by Chau Thanh, and Chau Phu. The
three largest double-rice cropping areas are Tri Ton, Chau Phu, and Tinh Bien.
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Figure 11. (a) Sentinel-1A-based land cover classification of An Giang province. (b) Distribution of

LULC classes in An Giang.

Table 2. District level distribution of various land use/land cover (LULC) classes.

Single-Rice Double-Rice

Triple-Rice

District Cropping Area  Cropping Area  Cropping Area AI::H(S:IE;) Ot(l; :rls(ﬁiea
(sq km) (sq km) (sq km)
An Phu 111 88.3 72.1 34.0 144
Chau Phu 28.2 119.3 235.5 48.0 20.4
Chau Thanh 5.9 38.1 266.1 34.7 9.9
Cho Moi 17.0 46.2 118.0 150.4 38.1
Chau Doc 4.0 14.9 63.0 13.7 7.0
Long Xuyen 3.0 48.2 14.6 31.3 17.1
Phu Tan 20.3 88.2 159.0 37.6 215
Tan Chau 9.4 51.0 61.6 31.2 16.7
Tinh Bien 74.1 114.0 70.9 51.9 40.9
Thoai Son 5.0 23.6 3929 39.1 7.5
Tri Ton 80.5 238.7 188.1 454 45.6
Total 258.5 870.4 1641.9 517.2 239.1

The most common method to assess the accuracy of classification is the confusion matrix [32,33].
The error matrix shows a tabulated view of map accuracy, which allows the calculation of specific
measures such as overall accuracy and user’s and producer’s accuracies [87]. We used SVM classification
with radial basis function kernel to classify the Sentinel-1A data and Kappa coefficient for accuracy
assessment of rice cropping patterns in the study area. Table 3 illustrates the confusion matrix of the
SVM classification. The producer’s accuracy is derived by dividing the number of correct pixels in one
class divided by the total number of pixels derived from reference data. It measures how well a certain
area is classified. The user’s accuracy is a measure of the reliability of the map [94]. In this study, there
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is no significant difference in the user’s and producer’s accuracy. Therefore we focused on the overall
accuracy and Kappa coefficient. The overall accuracy of the classification was 80.7% with a 0.78 Kappa
coefficient. Triple-rice crop, water, and mountain areas showed some misclassification. Figure 12
shows the dike system overlaid on the classified map. Most of the triple-rice cropping area comes
under the full-dike system whereas, the double-rice cropping area comes under the semi-dike system.

Table 3. Confusion matrix for accuracy assessment.

Ground Survey

Classified

Mountain  Built-Up  Water Single-Rice Double-Rice  Triple-Rice Forest Plantation  Total User’s o
Crop Crop Crop Accuracy (%)
Mountain 11 0 0 0 0 0 1 1 13 84.6
Built-up 0 9 0 2 0 0 0 0 11 81.8
Water 0 0 18 0 0 2 0 0 20 90.0
Single-rice Crop 0 2 0 12 1 0 0 0 15 80.0
Double-rice Crop 0 0 1 0 18 3 0 0 22 81.8
Triple-rice Crop 0 0 2 0 3 20 0 1 26 76.9
Forest 2 0 0 0 0 0 15 2 19 78.9
Plantation 1 0 0 1 0 0 2 10 14 714
Total 14 11 21 15 22 25 18 14 140
Producer’s 78.6 818 85.7 80.0 818 80.0 833 714
Accuracy (%)
N

A

Dyke_system_2012

0 5 10 2°Km [ Fuldyke
|:| Semi dyke
- Mountains - Unclassified
[ suittup B Forest
I VVater bodies [ Plantation
I:l Single rice
- Double rice
I:’ Triple rice

Figure 12. Distribution of various land cover classes and dike system.

4. Discussion

We presented a study of rice cropping pattern monitoring and mapping in An Giang based on
Sentinel-1A SAR data, during March 2017 and March 2018. The backscattering behavior of Sentinel-1A
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SAR shows a good relationship with rice phenological changes in three rice cropping patterns. The
0°VH polarization showed better information about rice growth than c°VV.

The Sentinel-1A data showed the trajectory of rice growth stages, and the trajectory also matched
well with the crop calendar in the area (Figures 2 and 6). For example, the behavior of 0°VH and ¢°VV
during the entire period of triple-, double-, and single-rice crops were greatly correlated with rice
growth stages especially in mature stages due to the weaker effect of standing water in rice fields. The
0°VV had two peaks in each growing seasons except the vegetable crop in the single-rice crop. The
result has agreed with [41], in which 0°VV got maximal values 30 days after sowing days. In this study,
we found the first peak appeared at 30 days after the sowing date and the second occurred ~12 days
after the reproductive stage. These two peaks were approximately equal to each other. The first peak
in the 0°VV polarization is probably related to the appearing of water level in the agriculture fields,
which causes double-bounce scattering right after the sowing. Although Sentinel-1A data with c°VH
and o°VV polarization can be used to identify various growth stages of the rice crop, the responses of
0°VH polarization were more consistent with rice growth stages than the 0°VV polarization responses.
Moreover, both 0°VH and 6°VV are not sufficient to distinguish backscattering from the surface, steam,
and canopy; however, the use of full polarimetric data can be useful to distinguish surface, stem, and
canopy scattering. 0°VV polarization also holds signals from volume or double-bounce (e.g., water
stem and water canopy). The 0°VH backscatter is less affected by standing water conditions [41], and
thus is expected to represent the actual rice growth cycle better.

Regarding rice phenology, the low values of backscattering of 6°VV and ¢°VH were found in the
early stages such as sowing days and soil preparation, and the fallow periods in semi-dike area. it was
also agreed that during sowing dates there was low backscattering [41,42,48,95]. Moreover, Oyoshi et
al. [92] noticed that there was low backscattering during the sowing stage and high backscattering
during the maturity stage based on the unique phenological changes of rice crop using SAR data.
Thus, this feature of SAR data can be utilized for discriminating between rice crop and other objects.
Interestingly, the mean of the maximal values of 0°VH was found to be higher in the winter-spring
season than other seasons. A higher maximal mean 0°VH value in the double-rice pattern compared to
the triple-rice pattern was also detected. This result also coincides with high rice yields in winter-spring
and in the double-rice patterns; however, it needs to be confirmed in further studies. The approximate
length of the growing season can be monitored in the triple- and double-rice crops, but the single-rice
cropping area has a mixture of vegetable signatures. In the single-rice crop, it was hard to determine
the beginning and the end of the seasons due to the growth of weeds in the rice fields during the
season and end of the season leading to stable high values of 0°VH polarization even when the crop
season ends.

Based on the mapping of LULC, we detected that most of the triple-rice crop was distributed close
to main rivers (Bassac and Mekong rivers) as compared to double-rice crop. However, we also noticed
some double-rice cropping close to the main river during the study period due to farmers applying a
three—three-two cropping cycle model. The single-rice cropping pattern was dominant in Tinh Bien
and Tri Ton districts that are far away from Bassac River; since most of single-rice cropping area is near
mountains and usually face a shortage of water supply. Nguyen et al. [41] also detected rainfed single
rice has less optical growing conditions in the Mekong Delta in Vietnam.

The accuracy assessment was applied to quantify how good the LULC mapping was. Overall the
accuracy and Kappa coefficient were popularly used to assess the accuracy of rice mapping in many
studies [41,75,96]. In this study, the confusion matrix showed a classification error in the triple-rice
cropping which was affected mainly by double-rice crop and water bodies. One more rice crop was
added to the smaller double-rice area in scatter plots inside the semi-dike area in autumn-winter
by local farmers, which was omitted. The farmers temporally upgraded to full-dike from semi-dike
to boost rice production; however, it may cause high-risk of dike-break. Some local farmers have
converted the third rice crop to vegetable or fallow since farmers need to diversify crops. Land
degradation was also one of the factors that led to the conversion of rice crop to other uses. The water
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bodies had little effect on misclassification in the triple- and double-rice classes. The standing water
often appeared in rice fields leading to an inundated area especially during August and November in
semi-dike area. Some single-rice plots were misclassified as built-up or double-rice due to some of
them not yet producing any cultivations or due to the vegetable-rice model application, respectively.
Thus, the use of PALSAR-2 data can improve the accuracy as introduced by [56] to distinguish between
the inundated rice fields and noninundated rice fields.

5. Conclusions

This study clearly shows the strong response of dual-polarization (c°VV and ¢°VH) to rice
phenology and cropping system by using Sentinel-1A SAR data. The low and high backscattering
values are noticed at the vegetative and maturity stages, respectively. The detection of rice growth
stages and patterns matched well with the crop calendar. The 0°VH is strongly correlated with the
three rice growth stages compared to 6°VYV, especially the reproductive stage because of the reduction
in soil moisture and water drainage in the rice fields. Since we considered all general rice patterns
throughout the study and found that the average maxima of VH polarization are higher than other
crops in the winter-spring season. The mean of maximal values of VH polarization is also higher in
the double-rice copping system than that in other cropping patterns. We detected that the Sentinel-1A
with dual-polarization (VV and VH) is useful to distinguish various growth stages of rice cultivation
and rice cropping patterns.

The above finding is associated with a rice cropping pattern distribution in the water infrastructure
of the An Giang province. The triple-rice crop is present in the full-dike system and is close to the
Bassac and Mekong Rivers with an abundant supply of irrigation water. Double-rice crop areas are
located in semi-dikes, which are away from the main rivers. However, some double-rice cropping
systems were found next to the main rivers inside full-dike due to a three-three—-two cropping cycle
instead of triple-rice cropping during the study period. Single-rice crops are located in areas with
less low-quality river network soil, and nonusage of fertilizer, which leads to low rice productivity;
however, it has less of an impact on water and soil quality. Interestingly, we noticed an increasing trend
of traditional rice crop cultivation after 2013. This change has been detected in recent years; however,
we expect that An Giang will be able to retrieve single-rice crop to keep traditional rice culture in
the future.

The classification approach performed with an overall accuracy of 80.7% with a 0.78 Kappa
coefficient. The misclassification was mainly found in the triple-rice cropping system. Further work is
needed to refine the use of TanDEM-X, RADARSAT-2, and PALSAR-2, which can be incorporated to
improve various growth stages identification and enhance accuracy for rice cropping pattern detection.
Polarimetric decomposition algorithm can also be used to detect various objects more accurately in the
future. The development of SAR-based rice yield and methane emission models will be significant
contributions to determining the impact of rice production on the economy and environment in the
VMD and in the world.
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Figure A1l. Multitemporal Sentinel-1A data: The display of An Giang province in composite image
R:G:B by bands (VV:VH:VV/VH) (scale: 1/3,000,000).
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