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Abstract: Food security has become a key global issue due to rapid population growth, extensive
conversion of arable lands, and declining overall productivity in some areas because of the effects of
floods, water shortage, salinity intrusion, and plant diseases. In this study, we analyzed the relationship
between the pattern of salinity intrusion and the spatiotemporal distribution of rice cultivation in
the winter—spring crops of 2015, 2016, 2019 and 2020 in coastal provinces of the Vietnamese Mekong
Delta. Sentinel-1 (S-1) data were used to extract the spatial distribution information of six rice growth
stages based on a rice age algorithm. The classification accuracy of rice crop growth stages was found
to have an overall accuracy of 85% and a Kappa coefficient of 0.80 (n = 373). For evaluating salinity
intrusion effects, salinity isolines (4 g/L) were used to determine the percentage of rice areas affected.
Results show that in the years observed to have severe salinity intrusion such as 2016 and 2020,
a strong shift in planting calendar was identified to avoid salinity intrusion, with some areas being
sown or transplanted 10-30 days earlier than normal planting. In addition, the lack of irrigation water
and salinity intrusion limits rice cultivation in the dry season of coastal areas. Further analysis from
the S-1 data confirms that the spatiotemporal distribution of rice cultivation is related to the change
in government policy/recommendation affected by salinity intrusion. These findings demonstrate the
potential and feasibility of using S-1 data to develop an operational rice crop adaptation framework
on the delta scale.

Keywords: rice monitoring; mekong delta; spatiotemporal distribution; drought and salinity;
synthetic aperture radar
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1. Introduction

Rice production plays an important role in world food security, with rice serving as a staple food
for more than half of the world’s population [1]. Asia, the most populated continent in the world,
produces 91% of world rice production and accounts for 70% of world rice exports, primarily from
India, Thailand and Vietnam [2]. On the other hand, the Asia-Pacific region is the world’s largest rice
consumer, with 90% of rice produced in the world [3].

In Vietnam, rice is the most fundamental staple food for most of the 96 million people [4],
where rice production holds a crucial role in national food security and rural economy. Rice is a major
source of agricultural exportation of Vietnam [4], and is produced mainly at the country’s two deltas,
i.e., the Mekong Delta (MD) and the Red River Delta (RRD). These two deltas span approximately 4000
and 1000 thousand ha, or 54.2% and 14.4%, respectively, of the total paddy planted area of the whole
country [4]. Both MD and RRD are the main agricultural production regions of Vietnam which support
large diversity of agricultural systems that endow 70.0% of the rice, 86.3% of the farmed aquaculture,
and 64.7% of the fruit production of the country [4].

The climate, hydrology and soil conditions allow farmers in the MD to cultivate two to three crops
per year, namely winter—spring (WS), summer—-autumn (SA) and autumn-winter (AW), or Dong Xuan,
He Thu, and Thu Dong in Vietnamese language, respectively. Among the three seasons, WS contributes
the highest rice production in both the deltas. In some areas, during the Mua season, in which
traditional rice varieties with a longer maturity period are grown, rice yields are generally low but of
high quality. Despite encompassing only 12.3% of the total area of Vietnam, the MD produces 56% of
total rice production (compared to 14% from the RRD), and accounts for 90% of the total volume of rice
exportation and supports the livelihoods of 80% of the MD population [4]. The major rice cropping
systems are single-rice crop, double-rice crop and triple-rice crop (Table 1).

Table 1. The major rice cropping systems of the Mekong Delta (MD).

Cropping System Seasons Planting Area (Units: 1000 ha)
Single-rice crop Mua (Traditional rice) Mua: Jul/Aug Mua 2018: 197.2 [4]
. Dong Xuan: Winter-Spring; Dong Xuan: Nov—Jan;
Double-
ouble-Tice crop He Thu: Summer-Autumn He Thu: May/Jun Dong Xuan 2019: 1601.5 [4]
Dong Xuan: Winter-Spring; Dong Xuan: Nov—-Jan; Tlilfl 1];?01;2021091: 91.57625 472[?_2]
Triple-rice crop He Thu: Summer—-Autumn; He Thu: May/Jun; & ' ’
Thu Dong: Autumn-Winter Thu Dong: Jul/Aug

However, the MD of Vietnam is vulnerable to salinity intrusion, exacerbated by drought conditions
during the dry season (from November to April) [5,6]. Salinity intrusion in the MD takes place from
January to May [6-8], and this period entirely coincides with the WS paddy crop. Other studies argue
that climate change-induced sea level rise is among the causes of salinity intrusion by which coastal
deltas are the most affected [9-11]. Salinity intrusion may cause abiotic stress on rice and inflicts
variable stresses on different growth and development stages of rice to reduce rice yield [12,13].

Under these circumstances, the Ministry of Agriculture and Rural Development (MARD) of
Vietnam has ratified a project on the development of rice production in the MD up to 2025, together
with the vision for 2030 under climate change adaptation plans [14]. This project aims to decrease the
overall paddy planted area in the MD from 4 million ha in 2025 (with a production of 23-24 million tons)
to 3.8 million ha in 2030 (with 22-23 million tons). To reduce and adapt to salinity intrusion, the project
divides the arable land affected by salinity into two categories: (a) less than 4 g/L and (b) higher than
4 g/L, for which different land use planning will be applied and rice crops will be restructured in
different provinces. In areas where salinity is higher than 4 g/L, it is planned to have one paddy crop
with brackish water shrimp farms [14]. This ambitious project requires detailed information and sound
scientific basis to determine how salinity intrusion affects the spatial pattern and the temporal evolution
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of rice crops in the MD. In this regard, an indispensable piece of information is the spatiotemporal
distribution of the paddy land.

Optical multi-spectral data such as MODIS and SPOT VGT have been used extensively for mapping
the spatiotemporal distribution of rice cropping system [15-17], date of planting [18], and monitoring
phenological stages of rice during crop season, despite insufficient spatial resolution (i.e., 250 m or more)
to observe plant growing processes at the local field scale. Alex et al. [19] and Nguyen-Thanh et al. [20]
downscaled MODIS time series imagery based on Landsat data at 30 m resolution in order to map
rice crop phenology at high spatial and temporal resolutions. However, optical images are frequently
affected by cloud cover. Despite the various techniques [21-23] to reduce cloud effects, the persistent
and pervasive cloud cover in tropical monsoon regions like in Vietnam limits the use of optical data,
especially during the rainy season. In contrast, microwaves are mostly transparent to atmospheric
conditions including haze, rain, snow, clouds, and smoke depending on wavelengths. Radar remote
sensing satellites, such as Sentinel-1 and COSMO-SkyMed, acquire imaging data with high spatial
and temporal resolutions appropriate for mapping rice cultivated areas [24,25], sowing date [26],
and monitoring the number of days after planting [27].

To detect rice pixels and track their phenological status, temporal radar backscatter behavior of
the seasonal rice evolution needs to be captured. For this purpose, the wide swath mode of Sentinel-1
data with a high temporal resolution from 12 to 6 days is suitable. Moreover, time-space S-1 synthetic
aperture radar (SAR) data have been used to assess the impacts of salinity intrusion on rice cultivation
in coastal provinces in recent years. Specifically, we want to test the hypothesis of whether the
rice production patterns in the coastal provinces of the MD is closely related to the annual level of
salinity intrusion.

The broad aim of the study was to identify the status of rice growth and distribution in the Mekong
Delta on a large scale. The specific objectives were the following: (i) to use S-1 multi-temporal data
series in extracting distribution information on rice growth stages and using field data to assess the
resultant accuracy; (ii) to determine the spatial distribution of the rice-planted area during the WS
season under salinity intrusion (2015, 2016, 2019, and 2020) in coastal provinces; and (iii) to determine
changes in rice crop calendar and rice cultivation patterns affected by severe salinity intrusion of
drought events in 2016 and 2020.

2. Materials and Methods

2.1. Study Area

The Mekong Delta is the delta with the largest area in Vietnam (40,816.4 km?) [4] and is considered
the rice granary of the country. Rice agriculture in the region is facing challenges with the effects
of drought and flood [28,29]. Salinity and drought conditions caused limitations and uncertainty
about the economic, social, and limited agricultural production of rice in coastal provinces [28,30,31].
Thus, the study area was selected to examine the relationship between salinity drought and rice
cultivation in four coastal provinces of Bén Tre, Tra Vinh, Séc Trang and Bac Liéu (Figure 1).
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Figure 1. Spatial distribution of rice samples in the MD surveyed from 6 to 10 January 2019 (a), and six
growth stages of the IR50404 rice variety with 95-100 days cycle; (b) “dap” is days after planting.

The MD coastal provinces are vulnerable to the effects of salinity intrusion, which is especially
severe during the dry season from March to April [7,8]. During the dry season, there is often a high air
temperature and low rainfall (Figure 2), and a decrease in the river discharge (Figure 3a), which reduces
the ability to repel saltwater from entering the mainland. In particular, some years have serious salinity
and drought events that coincide with the annual WS crop (Figure 3b), such as in 2016 due to the effect
of El Nino 2015-2016 and the dry season of year 2020 that recorded a decrease from 25 to 60% compared
to the monthly mean of discharge in the Mekong River (Figure 3c). Dams upstream of the Mekong
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affect the water discharge [32], which was clearly lower during the dry season during the post-dam
period (1992-2010) compared with the conditions before the dam (1960-1991) [33]. Figure 3b,c also
show years with severe drought events such as 2015-2016 and 2020, recording a decrease in the flow of
the Mekong river system from the dry season compared to the monthly average. Therefore, this study
focuses on how rice cultivation patterns change for 2015, 2016, 2019, and 2020 under the influence of
salinity intrusion in coastal provinces.
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Figure 2. Monthly rainfall (bar chart) and average temperature (line graph) from 2013 to 2018 in Ca Mau
hydro-meteorological station (9.18°N, 105.15°E), in the MD. Data source: General Statistics Office [4].
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Figure 3. Mean monthly discharge from 2013 to 2020 at Kratie station (12.483°N, 106.016°E) on the
Mekong River in Cambodia. In which: (a) Mean monthly discharge; (b) Series data of mean monthly
discharge; (c) Monthly discharge (percent of mean). Data source: Mekong River Commission [34].
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2.2. Data Used

2.2.1. Image Data

Sentinel-1 time series data were used in this study, and they consists of 282 Sentinel-1A
and -1B C-band images with ground range detected (GRD) level 1, interferometry wide swath
mode (IW), and VH (vertical transmit and horizontal receive) backscatter across a swath width
of about 250 km. The images were collected for different years: 1 September 2014-30 April 2015
(33 scenes), 1 September 2015-30 April 2016 (41 scenes) and 1 August 2018-30 April 2020 (208 scenes).
Starting from 25 April 2016, we have one image every 6 days instead of 12 days in the earlier time.
These images have been processed for the period from 2015-2020 to generate maps of phenological
stages and rice-planted areas for the whole MD covering the four coastal provinces of Bén Tre, Tra Vinh,
Séc Trang and Bac Liéu selected for this study.

2.2.2. Field Data

Extensive ground truthing was conducted from 6 to 10 January 2019 to validate the spatial
distribution of growth stages of the WS rice crop in the same year. Specifically, 238 sample points of
rice fields were collected, with information about growth stage, rice variety, sowing/transplanting
date and photos, as well as 135 samples over non-rice areas (Figure 1). Random samples across the
MD were taken to avoid sampling bias, and farmer interviews were conducted to obtain information
on rice varieties. Such information is important to determine rice growth and development stages,
since each rice variety has its own growth cycle duration, as listed in Table 2, and a different number of
days after planting to reach various growth phases (Figure 4).

Table 2. List of rice varieties recorded in ground truthing mission in the MD from 6 to 10 January 2019.

Rice Variety Sample Number Growth Cycle (Day)
IR50404 75 95-100
ML202 50 90-100

Dai Thom 8 28 90-95

RVT 28 100-105

JASMINE 85 14 100-105

OMb5451 11 90-95
ST24 9 103-105
Nép 6 95-100

Nang hoa 9 95-102

5

OM4900 3 95-100
Other 9 90-105
Total 238
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Figure 4. Processing flowchart to evaluate the spatiotemporal distribution patterns of growth stages
and rice-planted areas, indicating the mapping algorithm for rice/non-rice (a) and rice growth status (b).

2.3. Methods

In this study, Sentinel-1 time series data were used to extract information on growth stage
distribution and rice-planted areas. The SAR image data were pre-processed before being used for
classification. The overall steps performed for better understanding of the behaviors of crop phenology
based on the radar backscattering of S-1 data are presented in Figure 4. The rice-growing regions
were extracted by the threshold classification method [25,35] (Figure 4a). In addition, this study
also established the salinity isolines (4 g/L) using the observed dataset to assess the effect of salinity
intrusion on rice-planted areas using GIS analysis tools on QGIS software. The approach is to examine
the relationship between salinity-affected rice areas greater than 4 g/L for each province, especially for
years affected by severe salinity intrusion such as 2016 and 2020, compared to other years. Moreover,
information about the changes on the spatial distribution of rice-growing areas in different years helps
evaluate the severity of salinity intrusion impacts.

2.3.1. Sentinel-1 Data Pre-Processing

The data pre-processing used in this study has followed several steps: calibration,
terrain correction [36] with 30 m Shuttle Radar Topography Mission digital elevation
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model (SRTM DEM) (United States Geological Survey Earth Explorer, available online: http:
//earthexplorer.usgs.gov/), a multitemporal speckle filter [37,38], noise filtering (Gamma filtering,
fast Fourier transform and smoothing filter Savitsky—Golay), incidence angle normalization,
and finally normalization of backscatter behavior of S-1 IW images using regression analysis [27].
Most of the pre-processing steps were performed using SNAP (Sentinel Application Platform)
software, while the noise filtering and the incident angle normalization steps were processed
using Python program language.

2.3.2. Growth Stage Information Extraction

This study used the rice age algorithm from S-1 image data proposed by Phung et al. [27] to
extract the phenological parameters including the number of days after planting (dap), date of planting
(dop), and date of harvest (doh). Biological growth data were extracted for each growing season based
on a time series data that are interpolated and smoothed. Although the use of pre-processed data
effectively reduces speckle noise, the multi-temporal data of backscatter values still shows significant
differences related to morphology or changes in land surface cover. Reducing temporal noise and
interpolating data gaps and smoothing out the spatial noise are usually necessary when processing
time series data [27].

The maps were established based on the parameters of crop growth and development phases,
such as rice age, dop, and doh for each pixel. The study investigated the backscattering pattern of
different rice cultivars and growth cycles. Based from the field survey in the Mekong Delta from
6 to 10 January 2019, rice field samples were collected for different rice cultivars such as: IR50404,
ML202, Dai Thom 8, RVT, Jasmine 85, OM5451, ST24, etc., whose growth cycles are mainly from 90 to
105 days (Table 2). Therefore, this study used the growth stage model of a 100-day rice cycle to classify
rice growth stages. Six growth stages were classified [39,40] with a 100-day cycle for the major rice
cultivars grown in the MD: seeding—transplanting (early stages), tillering, rebooting—panicle initiation,
booting-heading, grain filling, and maturation with the rice age thresholds, as shown in Figure 4b.

2.3.3. Validation

To evaluate the classified result of growth stages, the study used field survey data throughout the
MD. The accuracy of the classification results was validated with field data which were collected at the
same time when the growth stage map was estimated. The effectiveness of the classification method
was assessed by confusion matrix [41], overall accuracy and Kappa coefficient [42].

2.3.4. Salinity Isolines

The salinity isolines (4 g/L) were created by using the measured salinity data collected from
88 stations in the MD, including 22 stations from the Southern Regional Hydrometeorological
Center (SRHC) and 66 stations from the Southern Institute for Water Resources Research (SIWRR).
The locations of 88 salinity monitoring stations are shown in Figure la. The sites with salinity
concentration of 4 g/L. were linearly interpolated from the maximum annual salinity concentration
at the nearby monitoring stations. The salinity isoline maps (4 g/L) of 2015, 2016, 2019, 2020 were
plotted by connecting the sites of 4 g/L.

2.3.5. Analysis of Spatial Distribution of Rice Growth Status

In this step, the salinity isolines were overlaid on the growth stage and rice-planted area maps
for 2015, 2016, 2019, and 2020 of the four coastal provinces, namely, Bén Tre, Tra Vinh, Séc Trang and
Bac Liéu. These results were used to obtain the information on spatial distribution changes of growth
status and the rice areas of WS crop from 2015 through 2019-2020. The GIS tools used to analyze
the spatial distribution of the growth stages during the study period consists of (a) Extract: this tool
was used to select features and attributes in a feature class (area, growth status class, crop, year, etc.)
based on a query Structured Query Language (SQL) expression or spatial and attribute extraction;
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(b) Overlay: this contains tools to overlay multiple feature classes to intersect, erase, union, modify;,
or update spatial features, resulting in a new feature class (contains attribute information about the
area, stage of growth and the area affected by salinity intrusion); and (c) Statistics: this contains tools
that perform standard spatial statistical analysis (such as mean, sum, etc.) on attribute data, as well as
tools that calculate count and area statistics for overlapping features.

3. Results

3.1. Spatial Distribution of Rice Growth Status

The processing of imagery enabled the classification of the area into different rice growth stages,
such as the stages in the MD on 13 January 2019, as shown in Figure 5. The overall accuracy and
Kappa coefficient of the classified result of growth stages were 85% and 0.80, respectively (Table 3).
To assess the ability to classify the growth stages, Table 3 shows the differences between field data
and classified results from satellite image data through the confusion matrix. The results demonstrate
that the S-1 multi temporal data have the potential for monitoring rice growth stages in near real time.
However, in the early stages of crop growth such as seeding-transplanting (about 0-20 days after
planting), the classified results had a large uncertainty, with a user accuracy of 52%. This is because the
backscattering of the paddy field at this stage is not significantly changed when the biomass of the rice
plant is low.

105“9'0"E 106“9'0"E

1 "d’O"N

|: Provincial boundaries

Harvested rice field
Seeding - Transplanting

Tillering IS

9°0'0"N
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Grain filling
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Non-rice

- Water

Land outside Mekong Delta

Figure 5. Spatial distribution of rice growth stages in the MD on 13 January 2019. Box a: Bén Tre,
b: Tra Vinh, c: Séc Trang, and d: Bac Liéu.
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Table 3. Confusion matrix of the classified result of rice growth stages in the MD on 13 January 2019
compared to the field data from 6 to 10 January 2019.

Truth Data
o @O @ @3 @ (6 () Total Producer Accuracy
Non-rice (0) 134 9 0 0 0 0 143 94
Seeding-transplanting (1) 1 11 2 0 0 0 14 79
Tillering (2) 0 1 15 5 0 0 21 71
Rebooting Panicle initiation (3) 0 0 3 104 6 0 0 113 92
Classified Booting-heading (4) 0 0 0 17 32 3 0 52 62
results Grain filling (5) 0 0 0 3 12 4 19 63
Maturation (6) 0 0 0 0 2 9 11 82
Total 135 21 20 126 41 17 13 373
User Accuracy 9 52 75 8 78 71 69

The rice-growing areas in the MD are mostly double- or triple-crop rice. Among the three
rice-growing seasons, WS season has the largest rice area when compared to other two rice-growing
seasons. The sowing/transplanting dates of the WS season were from mid-November 2018, and the
middle of the season was in January 2019. Thus, most of the rice-growing areas had growth stages at
tillering and rebooting—panicle initiation. There were also some areas in the coastal provinces that had
entered maturation, such as in Séc Trang and Bac Liéu, while Bén Tre and Tra Vinh provinces had just
seeded or in the first two stages.

3.2. Change in the Spatiotemporal Distribution of Rice Growth Status

The spatial distribution of growth stages in 2019 for the four coastal provinces is presented in
Figure 6. Monthly rice growth status maps were created using the S-1 data series from 1 August 2018
to 30 December 2019. Across the study area, the spatial distribution of growth stages differs between
provinces and within each province. The four coastal provinces in the study area adopted either a
double- or triple-rice cropping system (Figure 6).

d. 20190413
,W*

e. 20190513

i. 20190910 o j. 20191010 k. 20191103 1. 20191215

Legend
Provincial boundaries Tillering Grain filling Non-rice
Harvested rice field Rebooting - Panicle initiation - Maturation Land outside study area
Seeding - Transplanting Booting - Heading - Water

Figure 6. Spatial distribution of the monthly rice growth patterns of 2019 in the study area.
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In order to assess the change in the growth stage patterns of each province between 2015-2016
and 2019-2020, spatial distribution maps of growth stages were established for four WS seasons on
3 February 2015 and 10 February 2016 (Figure 7), and 12 February 2019 and 13 February 2020 (Figure 8).
Consequently, the WS 2016 and 2020 crops were under unfavorable conditions compared to other years.

10/02/2016

—

Ben tre (03/02/2015) Ben tre (10/02/2016)

Tra vinh (03/02/2015) Tra vinh (10/02/2016)

Soc trang (03/02/2015) Soc trang (10/02/2016)

Bac lieu (03/02/2015) Bac lieu (10/02/2016)
[ Provincial boundaries Tillering Grain filling Non-rice
Harvested rice field Rebooting - Panicle initiation - Maturation Land outside study area

Seeding - Transplanting Booting - Heading

— I

Figure 7. Spatial distribution of growth status patterns of winter—spring (WS) rice in 3 February
2015 and 10 February 2016, and the rice area corresponds to the growth stages in four provinces:
Bén Tre (a—c), Tra Vinh (d—f), Séc Trang (g-i), and Bac Liéu (j-1).
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Figure 8. Spatial distribution of rice growth status patterns in 12 February 2019 and 13 February 2020,
and the rice area corresponds to the growth stages in the four provinces: Bén Tre (a—c), Tra Vinh (d-f),
Séc Trang (g-i), and Bac Liéu (j-1).

A comparison between the spatial distribution of rice growth stages in the study area on
3 February 2015 and 10 February 2016 is depicted in Figure 7. Bén Tre province was the most affected
area by drought and salinity in 2016. During the WS season in 2015, the rice-growing area of more
than 5000 hectares was at the tillering stage, while in 2016, most of the farmers in the region adopted
earlier sown/transplanted rice following the agro-advisory from the Department of Crop Production
(DCP)—MARD. Rice crop during the WS season in 2016 was in rebooting—panicle initiation and
booting-heading stages (Figure 7a—c). Similar trends were also noticed in Tra Vinh province, where in
the 2015 WS season, around 4000 ha was at the seeding-transplanting stage and 7000 ha at the tillering
stage. In contrast, in 2016, WS season, most of the areas in the region were sown/transplanted earlier,
so rice crops were in tillering and rebooting—panicle initiation stages (Figure 7d—f). For Séc Trang
province, a similar phenomenon was also observed in some areas where rice was planted earlier in
the 2016 El Nifio year (Figure 7g-i), hence, most of the rice-growing areas reached the maturity stage.
However, in 2015, around 26,000 ha were at the gain-filling phase. In Bac Liéu province, around
7000 ha were at the gain-filling stage in 2015, whereas in 2016, rice crop was at the maturity stage
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(Figure 7j-1). However, some areas were sown/transplanted later than that in 2015. About 7000 ha were
in the seeding—transplanting stage in 2015, while in 2016, they were not planted. Thus, this shows
that in 2016, most of the rice-growing areas in the coastal provinces experienced sowing/transplanting
about 10-30 days earlier than that in 2015, although some areas did not follow this trend.

The spatial distributions of growth stages on 12 February 2019 and 13 February 2020 in the
coastal provinces are displayed in Figure 8. Bén Tre province was highly affected by the salinity and
drought of 2020. The area without rice cultivation (about 5000 ha) in 2020 appeared to be much higher
than in 2019 (Figure 8a—c), and early sowing/transplanting was also found. Some rice-growing areas
were at the tillering stage in 2019, whereas in 2020 rice crop were at the rebooting—panicle initiation
stage. For Tra Vinh province, a more uniform planting were observed in 2020, with 70% (more than
33,000 ha) of rice in the tillering and rebooting—panicle initiation stages compared to the previous year
(Figure 8d—f). Figure 8d,e also show that some coastal areas also adopted early sowing/transplanting
dates in 2020. In 2019 WS season, around 10,000 ha were at the sowing/transplanting stage, while in
2020, due to earlier sowing/transplanting, rice crop reached the tillering stage. Similar rice planting
trends were noticed in Séc Trang province, where rice crop was transplanted early in 2020 following
MARD'’s agro-advisory about salinity and drought. Around 28,000 ha of rice-growing areas reached
the rebooting—panicle initiation stage in 2019, while in the 2020 WS season, most of the rice-growing
areas were at the gain-filling stage (Figure 8i). Finally, in Bac Liéu province, a similar drift was recorded;
in the 2019 WS season, approximately 10,000 ha were without rice or at the seeding-transplanting stage,
while in 2020, due to early planting, rice crop was at the tillering stage (Figure 8j,k). Thus, the rice
monitor with satellite SAR data clearly shows early sowing/transplanting in the WS season of 2020,
particularly in Bén Tre and Bac Liéu provinces and some areas in the remaining two provinces.

3.3. The Effect of Salinity Intrusion on the Rice Area in Winter—Spring Rice Crop

Salinity isolines (4 g/L) in the study area are displayed in Figure 9. The map shows a deep salinity
intrusion along the main Mekong River towards the inland direction. The results show that the affected
areas were deeper inland for years with severe drought events (2016 and 2020).

105°30'0"E 106°0'0"E 106°30'0"E
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Figure 9. Salinity isoline of the study area in 2015, 2016, 2019 and 2020.
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The spatial distribution maps of the WS rice 2015, 2016, 2019, and 2020 in the study area are shown
in Figure 10. The maps were created from the S-1 image data collected from 1 November to 30 April
and show changes in the rice-planted area over these years. Figure 11a shows that most of the rice area
in the four provinces experienced a decline in the years of severe salinity and drought (2016 and 2020)
as warned by DCP-MARD [43] when compared to the previous year. In particular, Bén Tre is one of
the coastal provinces in the MD that was most severely affected during drought and salinity intrusion
years, in which the rice-growing area is cautiously decreasing over the years.

1056°30'0"E A DB"S.Q‘G"E 105°30'0"E 106“9'0"E 106°30'0"E

a. Winter Spring 2015 b. Winter Spring 2016

105°30'0"E 106°0'0"E 108°30'0°E 106°300"E 106°300°E
L h L ! L

c. Winter Spring 2019 d. Winter Spring 2020

Legend

- Rice - Water Land outside study areas

Non-rice |:] Provincial boundaries

Salinity isoline (4g/l)

Figure 10. Spatial distribution maps of the WS season with salinity isoline in 2015 (a), 2016 (b), 2019 (c),
and 2020 (d) of the study area.
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Figure 11. Areas (a) and percentage (b) affected by salinity intrusion (>4 g/L) in the WS seasons 2015,
2016, 2019, and 2020.

Data analysis allowed us to assess the influence of salinity intrusion on WS seasons for each
province, as presented in Figure 11. Figure 11a also shows the rice area affected by salinity (>4 g/L) in
2015, 2016, 2019, and 2020, and the corresponding percentages per year (Figure 11b). The results show
that the rice area in Bén Tre province was regularly affected by salinity intrusion (greater than 30%,
and in 2016 and 2020 affecting over 95% of the rice-growing area). The rice area in Tra Vinh affected by
salinity intrusion was about 17% in 2016 and 20% in 2020. Similarly, the rice area in S6c Trang province
was also affected by salinity intrusion with less than 15% in 2015 and 2019, and up to 32% in 2016 and
2020. Results indicate that in Bac Liéu province, around 33—47% of the rice-growing area was affected
by salinity intrusion. Unlike other three provinces, Bac Liéu province displayed an opposite trend
in the years 2019 and 2020, in which the area of rice affected by severe salinity intrusion in 2020 was
smaller than the previous years. This can be explained by the fact that some areas that were frequently
affected by salinity intrusion no longer cultivate rice, so the rice area decreases during the year with
the severe drought warned. In summary, results have shown that the provinces in the study area were
frequently affected by salinity intrusion and were often affected more widely in severe drought years.
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4. Discussion

4.1. Classification of Rice Growth Status

Multi-temporal Sentinel-1 data are important for monitoring rice growth parameters involving
rice age, planting and harvest dates due to its ability to guarantee acquisition in the monsoon tropics,
where most of the world’s rice-growing areas (China, India, Thailand, Vietnam, etc.) are usually covered
by clouds [44,45]. The S-1 data are freely accessible in terms of the desired temporal (12 or 6 days)
and spatial (20 m) resolutions. Multi-temporal data processing methods are implemented to improve
data quality, which significantly reduced spatial and temporal noise [26,27]. This dataset facilitates
the pixel-based approach, which is simpler and less time-consuming than other approaches [46].
The method to classify the growth stages in the study, based on the determination of rice age [27],
allows an accurate evaluation of changes in the spatial distribution of the growth stages among
different rice cultivation regions in near real time. Such information is important for agricultural
management agencies.

The results of this study show a more detailed classification of the rice growth stages through
S-1 multi-temporal data analyses when compared with other research results in terms of quality
and consistency. Prior studies [26,47] used multi-time X-band radar data to analyze growth
status (phenology) to determine flooding/transplanting dates, in which high accuracy was obtained.
Ze et al. [48] classified four growth stages of rice crop (including transplanting, vegetative, reproductive,
maturity) using a threshold method on RADARSAT-2 fully polarized data with an overall accuracy of
86.2% (n = 30). Subsequently, Phung et al. [27], analyzed the current status of rice growth to estimate
the age of rice, date of sowing/transplanting and harvest date from S5-1 C-band data. In this study,
the classification of growth stages using the S-1 data series for a large area obtained better results for
six stages with an 85% overall accuracy and a Kappa coefficient of 0.80 (n = 373). This proves that
the method of classifying growth stages based on S-1 C-band multi-temporal data series with a VH
polarization can be practically applied to large areas.

4.2. The Effect of Salinity and Drought Events on Changes in the WS Rice

The intrusion of saline water by tidal action causes the movement of high-density salt into
irrigation water [7], leading to the salinization of agricultural land, and making rice cultivation very
difficult in coastal areas. Such a situation is more severely affected during the dry season when rainfall
decreases and river flows are insufficient to repel the saline water, a phenomenon characterized by
the appearance in the dry season in coastal areas, but rarely in the upper part of the MD. In addition,
the upstream dams influence the discharge through water control [32,33], such as storing water
during the rainy season in order to ensure the normal operation of power generation during the dry
season [49]. However, it may also impair downstream discharge and irrigation water resources during
dry season [33,50]. In particular, the decrease in discharge in the downstream of the Mekong River
corresponds to the severe salinity and drought situation in 2020 (Figure 3c), although there is no effect
of El Nino. The highest monthly salinity is usually in March or April of the dry season in the MD [8],
so in the years with high salinity and drought warned (such as 2016), local managers recommended
farmers to harvest earlier in the WS rice crop before the salinity and drought hit their peak. The coastal
provinces experienced sowing/transplanting at about 10-30 days in 2016 earlier than in 2015, especially
in Bén Tre and S6c Trang, although some areas did not record this phenomenon.

The study of Kaustubh et al. [51] showed the possibility of continued warming in Southeast Asia
in 2016 with strong connection to the El Nino phenomenon, in which these extreme events can be
predicted quantitatively a few months in advance, and therefore may increase the preparedness of
the area to be affected. By the time of the WS season in 2020, according to the National Oceanic and
Atmospheric Administration (NOAA), it was also predicted that the hottest phenomenon in the history
will result in severe salinity. Thus, the Department of Crop Production recommended early sowing for
the WS crop of 2020 [43], where localities were sown 10 to 30 days earlier than the previous WS crops.
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This has been found in the spatial distribution maps of the rice growth stages on 12 February 2019 and
13 February 2020 in the four provinces. Similar to the year 2016, some areas were sown/transplanted
earlier in the WS crop of 2020 than that of the previous year 2019, mainly in Bén Tre and Bac Liéu
and the areas in the remaining provinces. There was a trend of early sowing/transplanting in these
two provinces, which can be explained by the affected rice area (>4 g/L) in 2019—it was 52% and
47% in Bén Tre and Bac Liéu, respectively. Recommendations were the main reason why farmers
changed their crop calendar under salinization. In addition, the economic benefits of farmers had
been reduced due to the decrease in or loss of rice productivity when affected by the previous years’
drought, which made many farmers follow the recommendations of managers to avoid the impact of
salinity and drought. Findings from the analysis of changes in spatial distribution patterns of growth
stages in the study area have confirmed that salinity intrusion had direct or indirect effects on changes
in rice crop calendar in coastal provinces of the study area.

The impact of salinity intrusion on the arable land for rice cultivation has been clearly demonstrated,
which causes restrictions on rice production in coastal areas. One of these impacts is limiting the
ability to grow rice, reduce productivity or damage rice, leading to a difference in the rice cultivation
area between years, especially in the recorded years affected by severe salinity intrusion such as 2016
and 2020. This is because rice is known as a crop that is particularly sensitive to the salinity of arable
land [52,53]. Salinity data greater than 1 g/L may begin to affect rice yield [52]. According to the MARD
report [14], using a threshold of 4 g/L is considered as the rice production threshold. Salinity that
reaches this threshold often noted that many poor-tolerant rice varieties could stop growing or dying in
the MD region [54]. This study used the salinity isoline (4 g/L) to determine the affected areas. The map
showed a deep salinity intrusion along the main land-based Mekong River in Vietnam, particularly in
the three provinces of Bén Tre, Tra Vinh and Séc Trang (Figure 9). Bén Tre and Séc Trang recorded an
increase in the area of rice affected by salinity intrusion in 2016 and 2020 (Figure 11). In particular,
Bén Tre was most affected by salinity intrusion in the year of severe drought; in particular, the affected
area (>4 g/L) in 2016 and 2020 was over 95% of the total rice area.

In order to ensure normal rice production and limit the effects of salinity intrusion, certain models
of rice cultivation have been changed, such as shifting rice sowing/transplanting date to adapt to
environmental changes [43]. Recommendations and policies are in place to ensure that limited rice
area is less affected by salinity and drought for rice growth. The incentive not to plant rice in areas with
high salinity in the WS season can also be carried out to limit crop failure, thus allowing farmers to
avoid negative economic impact. Typically, Bén Tre province showed that the area of rice regularly in
the affected area has a high salinity of >4 g/L in the dry season, so the managers encouraged farmers to
not cultivate rice in the WS crop. In the areas where salinity intrusion often reduces rice productivity
or dies, farmers will not plant rice because of low profits. This has led to changes in the livelihoods of
affected households, requiring the need for land-use conversion to increase profits in the rural area.
As a result, it has caused pressure to reduce the area of rice cultivation in Bén Tre province over the
years, from 17,200 ha (2015) to 13,892 ha (2019) of WS rice-growing land according to the General
Statistics Office [4]. Thus, we found a certain relationship between the percentage of the area of rice
affected by salinity and drought and rice area of the following years. If the percentage is high for many
years, it will cause a decrease in the rice area the following year.

To reduce the effects of salinity intrusion, agricultural managers in Bén Tre advised farmers not to
grow WS rice in 2020. However, some areas were still planted with rice, but the sowing/transplanting
date was made earlier to reduce the effects of salinity and drought (Figure 8a,b). Rice agriculture
is a long-standing tradition of the locals, and rice cultivation can still have advantages in terms of
sustainability of production, low investment costs, and economic benefits. However, the current
situation of salinity intrusion is causing certain pressure on the rice cultivation pattern and livelihoods
of coastal households. This could be a driving force for changes in the WS crop calendar or land-use
conversion of the affected areas, which is important information for managers.
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This study has shown the potential of multi-temporal SAR data in spatial distribution monitoring
of rice growth stages. The multi-temporal analysis results showed changes in the crop calendar and
rice area under the influence of strong salinity intrusion for the years when severe drought occurred.
The classification method for determining the phenological stages was based on the rice cultivation
pattern specifically for the MD. The method can be adapted to other areas after the calibration and
verification steps are carried out with the local conditions pertaining to such areas (e.g., the RRD),
especially for areas with a rice cultivation pattern using different rice varieties in different growth
cycles. This study also demonstrates the ability to monitor the rice growth stage, as well as the change
in the status of agricultural crops, using the C-band SAR time series data, which is in accordance with
previous studies [48,55]. In this study, more detailed monitoring of spatial distribution for various
regions across the study area showed differences in crop growth between rice fields in each region.
This is because of different rice farming conditions in each region, such as irrigation systems, dikes and
environmental conditions, the possibility of saline water intrusion and local policies/recommendations.
Therefore, the method that takes advantage C-band SAR time series data for monitoring the rice growth
status is essential for areas with different growth status changes on a large scale.

5. Conclusions

Multi-temporal Sentinel-1 data were used to determine the spatiotemporal distribution of rice
growth stages in four coastal provinces of the Mekong Delta in Vietnam. We successfully identified
areas with different growth stages from the VH polarized SAR data. The results show that the
distribution of rice growth stages depends on crop calendar in each coastal province of the study area.
Furthermore, the distribution of growth stages in the years that were strongly affected by salinity
intrusion (2016 and 2020) shows a distinctive change in the crop calendar, which was earlier than that
of the previous year, in order to reduce the impact of salinity intrusion. This is clearly shown by the
results of the growth stages in February each year of the WS crop in coastal provinces, reflecting the
avoidance of the effects of higher salinity intrusion in March and April of the years strongly affected by
salinity intrusion. The results show that many areas of the WS crop of 2016 and 2020 were planted
with rice 10 to 30 days earlier when compared to the previous year. Especially in Bén Tre and Bac Liéu
provinces, there was a clear trend of early sowing/transplanting in 2020. As demonstrated in the two
provinces severely affected by salinity intrusion, the affected area (>4 g/L) accounts for more than
45% of the rice area. Thus, agricultural managers recommended farmers to grow rice earlier to avoid
being affected subsequently by salinity intrusion. In addition, the results showed that because areas
often affected by salinity intrusion have reduced rice yield, farmers will not crop in the following year.
Bén Tre, the province most affected by salinity intrusion, recorded a continuous decrease in the rice
area of Winter-Spring crop over the years. This leads to some changes in the livelihoods of affected
households. The results confirm that salinity intrusion has a direct or indirect effect on changing the
rice crop calendar in coastal provinces. This allows us to conclude that the rice cultivation pattern
in the coastal provinces of the Mekong Delta is affected by the high salinity intrusion during the dry
season. The study also shows the potential of multi-temporal Sentinel-1 data to extract information on
rice growth stage to support the decisions and planning of agricultural managers.
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