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Abstract: Rice crop monitoring is an important activity for crop management. This study
aimed to develop a phenology-based classification approach for the assessment of rice
cropping systems in Mekong Delta, Vietnam, using Moderate Resolution Imaging
Spectroradiometer (MODIS) data. The data were processed from December 2000, to
December 2012, using empirical mode decomposition (EMD) in three main steps: (1) data
pre-processing to construct the smooth MODIS enhanced vegetation index (EVI)
time-series data; (2) rice crop classification; and (3) accuracy assessment. The comparisons
between the classification maps and the ground reference data indicated overall accuracies
and Kappa coefficients, respectively, of 81.4% and 0.75 for 2002, 80.6% and 0.74 for 2006
and 85.5% and 0.81 for 2012. The results by comparisons between MODIS-derived rice
area and rice area statistics were slightly overestimated, with a relative error in area (REA)
from 0.9-15.9%. There was, however, a close correlation between the two datasets
(R2 > 0.89). From 2001 to 2012, the areas of triple-cropped rice increased approximately
31.6%, while those of the single-cropped rain-fed rice, double-cropped irrigated rice and
double-cropped rain-fed rice decreased roughly —5.0%, —19.2% and —7.4%, respectively.
This study demonstrates the validity of such an approach for rice-crop monitoring with
MODIS data and could be transferable to other regions.
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1. Introduction

Rice is an important food crop for half of the world’s population [1]. Rice agriculture is a key
socioeconomic driving force of Asian developing countries [2,3], providing livelihoods and
employment for a majority of rural populations. The impacts of climate change through global
warming have substantially modified temperature and precipitation patterns [4], leading to
environmental and food security issues, such as land degradation and decreased crop production [5—11].
The phenomenon is especially evident for low-lying coastal deltas [12] where rice is commonly
cultivated. In addition, the rapid growth of the world’s population at a rate of 1.1% per annum,
expected to reach nine billion by the middle of this century [13], is also a critical issue triggering the
world’s increasing demands for food and other agricultural products [14]. Thus, meeting the food
needs of the world’s growing population while safeguarding the environment is a matter of urgency
that calls for an agenda of effective rice agriculture monitoring.

Vietnam’s economy is dependent on rice agriculture, with more than 50% of this country’s
population engaged in rice agriculture for their livelihood and subsistence. Rice production contributes
approximately 21% of Vietnam’s gross domestic product [15], and this country annually produces
approximately 39.9 million tons of rice [15], designating it the second largest rice supplier in the world
after Thailand. The Mekong Delta, known as the “rice bowl” of Vietnam, contributes 85% of
the country’s total rice exports [16]. The region is documented to be one of the most low-lying coastal
deltas; however, it is extremely vulnerable to the impacts of climate change [12], including floods,
droughts, salinization and rice diseases, which can undermine rice-crop production. Monitoring
rice-growing areas to assist agronomic planners with yearly rice production estimates is therefore
critical to developing successful strategies for food security and rice grain exports for the country.

The Moderate Resolution Imaging Spectroradiometer (MODIS) has demonstrated great potential
for regional rice-crop monitoring [17-21], because of the advantages, such as a wide coverage, high
spectral and temporal resolutions and free access to data acquisition. However, MODIS data are often
contaminated by cloud cover that potentially lowers the accuracy of classification results; therefore,
studies using MODIS time series for rice-crop surveys often apply noise-filtering techniques to
the data to minimize impacts on the mapping results prior to analysis. Some of the most commonly
used techniques for noise filtering of time-series satellite data include the Fourier transform [22-24],
the wavelet transform [25,26], the Gaussian model, the logistic model, the Whittaker filter [24] and
empirical mode decomposition (EMD) [19,25], which was used in this study [27] to filter noise from
the MODIS enhanced vegetation index (EVI) time-series data. The advantage of the EMD filtering
method is that it does not require the assuming of a stationary or non-stationary signal prior to the
signal decomposition; rather, the signal can be adaptively decomposed into a number of intrinsic mode
functions (IMFs) and a residue. From these IMFs and the residue, the low-pass, high-pass and
band-pass filters can be designed to filter out noises from the signal [28].

A number of techniques have been used for crop extraction and land-cover classification, including
the threshold-based method [17,29,30], and supervised classifiers, such as the maximum likelihood
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algorithm [31], support vector machines [32] and artificial neural networks [33]. One of the disadvantages
of the threshold-based method was selecting appropriate thresholds that were the most reliable cut-offs
to perform the classification. Likewise, the supervised classification algorithms required training
samples to perform the classification. One challenge of using these supervised classifiers for long-term
classification of rice cropping systems in the study area is selecting appropriate training datasets for
different land-cover classes, due to changes in the land cover over time. Different training datasets
applied to different year rice-crop system classification data could lead to inconsistent mapping results.
In this study, we were most concerned with identifying an automatic approach for long-term
delineation of rice cropping systems in the region. Because satellite vegetation indices, such as EVI,
are correlated with green biomass [34] and different correlation levels between vegetation indices and
biomass were obtained for different phenological stages [35-40], we used the phenological
information of rice crops, such as sowing, heading and harvesting periods, to develop a classification
approach to long-term rice monitoring in the region over space and time.

The main objective of this study was to develop a phenology-based mapping approach for a decadal
assessment of rice cropping systems in the Mekong Delta, South Vietnam, using the MODIS EVI
time-series data for a 12-year period (from 2001 to 2012) using EMD. The results could be used by

agronomic planners to annually estimate rice-growing areas and rice-crop production.
2. Study Area and Rice Crop Phenology

The Mekong Delta study area, located in South Vietnam between 8.5-11.0E and 104.5-106.6N
(Figure 1), comprises 13 provinces and covers approximately 40,000 km”. We noted that Can Tho and
Hau Giang were separated from the former Can Tho province in the beginning of 2004. The region has
a tropical monsoonal climate with a mean temperature of 27.5 °C and precipitation of 1,442 mm.
The year has two distinct seasons. The dry season lasts from December to April, while the wet season
from May to Nov provides approximately 80% of the total annual precipitation. A complex network of
natural streams and manmade canals in the study area include more than 10,000 km of irrigation canals
constructed to deliver irrigation water throughout the region for agricultural production and
transportation. The terrain of this region is mostly agriculturally productive plateaus. Roughly 71.6%
of the total area is arable land, 90% of which is agricultural land allocated for rice production [15].

Irrigated rice is commonly practiced in the region and is considered the most important income source
for a majority of rural households. Five cropping seasons per year are observed in the region, including the
rainy season (July—August to December—January), the winter—spring season (November—December to
February—March), the spring—summer season (March—April to May—June), the summer—autumn
season (April-May to July—August) and the autumn—winter season (July—September to
October—December). These seasons form four main rice-cropping systems: single-cropped rain-fed
rice (rainy season), double-cropped irrigated rice (spring—summer and summer—autumn seasons),
double-cropped rain-fed rice (summer—autumn and autumn—winter seasons) and triple-cropped
irrigated rice. Depending on the area, an extra crop of triple-cropped irrigated rice, either
spring—summer or summer—autumn, was added into the double-cropped irrigated rice system. The
rain-fed rice cropping system using long-duration varieties (160—180 days) was invariably practiced in
areas that were subject to soil and water constraints, while the irrigated rice cropping systems using
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short-duration varieties (90-100 days) were practiced in areas where irrigation conditions
were favorable.

Figure 1. The 2002 land-cover map of the study area showing different rice cropping
systems and the locations of sampling sites used for the accuracy assessment of the
classification results.
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Rice crop phenology in the region involves three main periods: (1) The sowing period begins when
rice seeds are sown directly into flooded soils (2-5 c¢cm water). The EVI responses from rice fields
during this period are thus very low. (2) The growing period follows the sowing period and
encompasses the vegetative, reproductive and ripening stages. The vegetative stage is characterized by
a rapid increase in plant height, the number of tillers and leaf development to reach the heading phase,
and therefore, EVI intensifies rapidly during this period. After heading, the plant changes from
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the vegetative stage to the reproductive stage, when the plants cease to increase in height and biomass
and the leaves begin to wither and die. During this period, the EVI intensity also starts leveling off.
From sowing to harvesting, the growing period lasts approximately 60 days, about 30 of which are
from heading to harvesting dates. (3) The fallow period follows harvesting, when the rice fields are
mostly bare or flooded during the rainy season (July—December), and the EVI responses from rice
fields are very low.

3. Data Collection
3.1. MODIS Data

The MODIS/Terra Surface Reflectance eight-day L3 Global 500 m SIN Grid v005 (MODO09AT1)
acquired from the National Aeronautics and Space Administration (NASA) for rice-cropping seasons
during the period December, 2000, to December, 2012, were used in this study. The dataset consists of
seven spectral bands with a spatial resolution of 500 m. Each pixel of this data product contains
the best possible L2G observation during an eight-day period, selected on the basis of high observation
coverage, low viewing angle, the absence of clouds and aerosol loading [41]. The data have been
geometrically and radiometrically corrected for all spectral bands and, therefore, are appropriate for
scientific publications [41,42].

3.2. Ground Reference Data and Rice Area Statistics

Ancillary maps, including the 2002 and 2006 Mekong land-cover maps (scale: 1/125,000) were
collected from the Sub-National Institute of Agricultural Planning and Projection, Vietnam for
crosschecking and preparation of the ground reference data used for accuracy assessment of the
classification results. Because land-cover maps for the entire study period were unavailable, a
reference map was generated by conducting field surveys in 2012. Accuracy assessment of the 2002,
2006 and 2012 classification results relied on the map, which was created based on the analysis of
existing land-cover maps, Google Earth imagery and information recorded from the 2012 field
surveys. We digitized sampling sites of homogenous rice fields for each class that had not changed
between 2002, 2006 and 2012 (Figure 1). The ground reference was converted to a raster map (500 m
resolution). Rice area statistics at the provincial level were also collected from the Vietnam General
Statistics Office and were used to verify the consistency between the classification results and the

government rice area statistics.
4. Methodology

Four main steps were comprised of the data processing (Figure 2): (1) constructing the smooth
MODIS EVI time-series data for the period 2000 to 2012; (2) non-rice area masking; (3) rice crop
classification; and (4) accuracy assessment. The analysis of changes in rice cultivation was
also examined.
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Figure 2. Flowchart of the methodology showing steps of data processing used in this study.
EVI, enhanced vegetation index. MODIS, Moderate Resolution Imaging Spectroradiometer.
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4.1. Constructing Smooth Time-Series EVI Data

The MODIS data were formatted using a Sinusoidal projection, but were reprojected to the
Universal Transverse Mercator coordinate system (Zone 48 N), mosaicked and subset over the study
area. The EVI was used in this study to investigate temporal responses of rice fields, calculated using
the following formula:

EVI = 2.5% Prir — Prea (1)
Py T 0XP,0g =T.5X Py, +1
where p,eq (620670 nm), p,; (841-876 nm), ppue (459479 nm) are MODIS bands 1, 2 and 3. To
create EVI time-series data for the period December 2000, to December 2012, we first computed EVI
for every 8-day MODIS image. These EVI images for this 12-year period were then stacked into
an 8-day composite scene (556 bands).

Noises in EVI time-series data were caused by cloud cover. Noisy data were denoised in a two-step
procedure: (1) pixels covered by clouds were first removed if the values of the blue band were greater
than 0.2 [43], and the missing values were replaced with new values from the time-series profile using
linear interpolation [26,44]; and (2) the EMD method [27], which has been widely used to filter noise
from vegetation indices time-series data [19,45], was then applied to smooth the EVI time series. This
method decomposes the EVI time series into a set of IMFs and a residue. An IMF was extracted by
averaging the extrema points in the EVI time-series profile using the cubic spline interpolation method
through iterations until it satisfied two stoppage conditions: (1) the number of extrema and the number
of zero crossings must be equal or differ by one; and (2) the mean value of the envelope defined by the
local maxima and the envelope defined by the local minima [46] must equal zero at all points [27].



Remote Sens. 2014, 6 141

4.2. Non-Rice Area Masking

In this study, the IMF3 derived from EMD processing of EVI time-series data was used to mask out
non-rice cropped areas (e.g., orchards/fruit trees, forests, built-up areas and water bodies/shrimp
farms), and the smooth EVI time-series data derived from a low-pass filter by adding the last six IMFs
(c3 ~ cg) and the residue () were used for rice crop classification. This IMF3 was used for the masking
process, because the patterns of non-rice cropped areas revealed a relatively stable fluctuation of EVI
intensity throughout the year compared to those of rice cropping systems (Figure 3). Thus, the
intensity of IMF3 of these non-rice cropped patterns was also lower than those of rice-cropping
patterns. This characteristic enabled us to mask out non-rice cropped areas using IMF3, where its mean
values calculated for the entire period of rice cropping seasons in each year were lower than 0.05. This
threshold was the most reliable cut-off for separating rice and non-rice cropped areas, which was
determined based on the results achieved by comparing the masking results with the 2002 and 2006
land-cover maps using different thresholds. We noted that the pattern of single-cropped rain-fed rice in
the study area had a relatively stable fluctuation of EVI intensity in the time-series profile, and its EVI
intensity was relatively low throughout the year (Figure 3a).

Figure 3. The IMF3 (intrinsic mode function) obtained from the empirical mode
decomposition (EMD) sifting for different signals of land-use types in the study area:
(a) single-cropped rain-fed rice, (b) double-cropped irrigated rice, (¢) double-cropped
rain-fed rice, (d) triple-cropped irrigated rice, (e) orchards/fruit trees, (f) forests,
(g) built-up areas and (h) water bodies/shrimp farms.
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The IMF3 produced from the single-cropped rice pattern was especially confused with those from
non-rice cropped areas, such as orchards/fruit trees and forests. An additional masking condition was
thus used to separate the single-cropped rain-fed rice from similar patterns using the smooth EVI
during the heading and ripening periods of this rice cropping system (October—December). Because
the single-cropped rain-fed rice was practiced during the flood season and the rice fields during this
period were still flooded, the EVI intensity of the greenness of this cropping pattern generally
increased from greater than 0.1 on reaching a maximum value (heading date) of lower than 0.35 and
began to level off by the end of December. The EVI intensity of the single-cropped rain-fed rice during
this period was much lower than that of forests and orchards/fruit trees, which had a high and
relatively stable EVI intensity throughout the year. Thus, a threshold was set to eliminate patterns of
forests and orchards/fruit trees from that of single-cropped rain-fed rice if the EVI greater than
0.2 during this entire period.

4.3. Rice Crop Classification

A phenology-based approach was used to classify four types of rice cropping systems in the region:
single-cropped rain-fed rice, double-cropped irrigated rice, double-cropped rain-fed rice and
triple-cropped irrigated rice. The local maxima algorithm [46] was first applied to identify heading
dates (peaks) of rice crops as the maximum values in the time EVI profile. An EVI threshold of 0.35
was then set based on the analysis of rice crop phenology to eliminate unrealistic peaks that were equal
to or lower than 0.35. Because a rice-cropping system consists of crop(s), a rice cycle should fall
within a specific period of a cropping season, which was determined by checking the estimated rice
cycle with the rice-cropping calendar (Figure 4). Specifically, the rainy season crop occurred between
July—August to December. The cycle of the winter—spring crop should occur between December to
February—March, while those of the spring—summer, summer—autumn and autumn—winter crops
should fall between March—April to May—June, April-May to July—August and July—September to
October—December, respectively. The interval between two heading dates should be longer than
80 days, considering a rice cycle of irrigated rice cropping systems in the region from 90-100 days.

Ultimately, the rice cropping systems (i.e., single-cropped rain-fed rice, double-cropped irrigated
rice, double-cropped rain-fed rice and triple-cropped irrigated rice) were classified for each year’s data
from 2001 to 2012 using the number of heading dates per year and the rice-cropping calendar for
the region. Therefore, if a pattern had a peak greater than 0.35 between July—August to December, it
was classified as single-cropped rain-fed rice (Figure 4a). If a pattern had two peaks greater than 0.35
and the first and second peaks, respectively, occurred between December to February—March and
April-May to July—August, it was classified as double-cropped irrigated rice (Figure 4b). If a pattern
had two peaks greater than 0.35 and the first and second peaks, respectively, occurred between
April-May to July—August and July—September to October—December, it was classified as
double-cropped rain-fed rice (Figure 4c). If patterns had three peaks greater than 0.35 and either
the second peak or third peak, respectively, occurred March—April to May—June and July—September to
October—December, it was classified as triple-cropped irrigated rice (Figure 4c,d).
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Figure 4. Smooth EVI profiles (December, 2011, to December, 2012) show phenological

information of crop phenology used for classification of rice cropping systems in the study
area: (a) single-cropped rain-fed rice, (b) double-cropped irrigated rice, (c¢) double-cropped

rain-fed rice (d) and (e) triple-cropped irrigated rice.
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4.4. Accuracy Assessment
The accuracy of classification maps was validated using the ground reference data (Figure 1)
created after the field surveys conducted in 2012. For each rice class, 200 pixels were randomly
extracted. The confusion matrix using the overall and Kappa coefficient was used to assess the
accuracy of classification results and the robustness of the classification approach. The government’s
rice area statistics were also used to evaluate the consistency of the classification results for each

year’s data using a simple regression analysis.
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5. Results and Discussion
5.1. Long-Term Analysis of EVI Time Series

The EMD sifting process was applied for every pixel of the composite EVI image (556 bands).
The sifting results for a rice signal (Figure 5) showed the seasonal variations of IMF components and
a residue during this period (December, 2000, to December, 2012), including the raw EVI signal, high
to low frequency components (ci, ¢z, ... ¢g) and a residue () (Figure 5 from top to bottom). The first
two IMFs contained considerable noise in the time-series profile, due to high frequency components
caused by cloud cover, but this was easily separated from the EVI time-series profile. The third IMF
characterized the temporal responses of the EVI intensity from the rice fields, showing the seasonal
variations of rice cropping systems throughout the year. The other IMFs (c3~cs) showed the lower
frequency components in the EVI time-series profile, indicating longer periodic variations of rice
crops, and the residue represented the overall trend for the entire time-series profile of EVI. The
low-pass filter was formed by adding the last six IMFs (c3 to ¢g) and a residue (). This processing
scheme allowed us to construct the smooth time-series EVI data, clearly indicating that the filtered
time-series profile preserved the EVI intensity when noise was eliminated (Figure 6). The smooth
time-series EVI data characterizing the temporal characteristics of rice-cropping patterns throughout
the year could be used for the analysis of rice crop phenology.

Figure 5. EMD sifting results of a rice EVI signal shows the temporal variations of IMFs
(c1 ~ ¢g) and the residue (7) during December, 2000, to December, 2012.

1 50 100 150 200 250 300 350 400 450 500 550
DOY (Dec 2000 to Dec 2012)



Remote Sens. 2014, 6

145

Figure 6. The raw EVI signal profile (dashed line) and the smooth profile (solid line)
derived from the EMD-based low-pass filter by adding IMFs (c3 ~ ¢g) and the residue ()
for rice-cropping seasons from December, 2000, to December, 2012.
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5.2. Accuracies of the Classification Results
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The classification maps produced from the 2002, 2006 and 2012 data were compared with

the ground reference data and indicated close agreement between the two datasets. The overall accuracies
and Kappa coefficients were, respectively, 81.4% and 0.75 for 2002, 80.6% and 0.74 for 2006 and 85.5%
and 0.81 for 2012 (Table 1). The lower accuracy level was observed for the single-cropped rain-fed rice,

because this rice class occupied a small area and was spatially scattered along coastal areas and, thus,

was easily omitted or spectrally confused with other rice classes, especially double-cropped rain-fed

rice, during the classification. In general, several error sources exaggerated the classification results.

For example, the ground reference data were prepared by digitizing homogenous sites of rice fields

based on the analysis of existing 2002 and 2006 land-cover maps, high-resolution Google Earth

imagery and the 2012 field-survey data, while the classification maps were produced from MODIS

data. The comparison between these two datasets, which were derived from different data sources,

could also contribute to the increase of classification errors due to a resolution bias. Moreover, because

the size of a MODIS pixel was 25 ha compared to the smaller average size of rice fields in the study

area (1-2 ha), the effects of mixed-pixel problems could also cause an increase in mapping errors.

Table 1. Results of the classification accuracy assessment.

Classification Results (2002, 2006, and 2012)

Ground Reference Data Single-Cropped Double-Cropped Double-Cropped Triple-Cropped Total
Rain-Fed Rice Irrigated Rice Rain-Fed Rice Irrigated Rice
2002

Single-cropped rain-fed rice 104 0 85 11 200
Double-cropped irrigated rice 2 164 19 15 200
Double-cropped rain-fed rice 0 192 7 200
Triple-cropped irrigated rice 0 5 4 191 200
Total 107 169 300 224 800
Producer accuracy (%) 52.0 82.0 96.0 95.5

User accuracy (%) 97.2 97.0 64.0 85.3

Overall accuracy (%) 81.4

Kappa coefficient 0.75
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Table 1. Cont.

Classification Results (2002, 2006, and 2012)
Ground Reference Data Single-Cropped Double-Cropped Double-Cropped Triple-Cropped  Total
Rain-Fed Rice Irrigated Rice Rain-Fed Rice Irrigated Rice

2006

Single-cropped rain-fed rice 139 0 58 3 200
Double-cropped irrigated rice 0 167 17 16 200
Double-cropped rain-fed rice 7 15 171 7 200
Triple-cropped irrigated rice 0 15 17 168 200
Total 146 197 263 194 800
Producer accuracy (%) 69.5 83.5 85.5 84.0

User accuracy (%) 95.2 84.8 65.0 86.6

Overall accuracy (%) 80.6

Kappa coefficient 0.74

2012

Single-cropped rain-fed rice 161 12 27 0 200
Double-cropped irrigated rice 0 167 12 21 200
Double-cropped rain-fed rice 6 8 163 23 200
Triple-cropped irrigated rice 0 3 4 193 200
Total 167 190 206 237 800
Producer accuracy (%) 80.5 83.5 81.5 96.5

User accuracy (%) 96.4 87.9 79.1 81.4

Overall accuracy (%) 85.5

Kappa coefficient 0.81

The relationship between the MODIS-derived rice areas and those from the government’s rice area
statistics at the provincial level for each year was examined. The results showed that the two datasets
were strongly correlated, reaffirming the consistency with the results achieved from the accuracy
classification assessment using the error matrix. The correlation coefficient (Rz) used to measure the
adequacy of the regression model (Figure 7) indicated that the models could explain more than 80% of
the variability in the data. In general, the classification results were slightly overestimated for all cases.
The relative error in area (REA) between the MODIS-derived rice areas and the government’s rice
area statistics ranged from 0.9-15.9% (Table 2). This overestimation error was mainly attributed to the
discrepancy between the two datasets; the government rice statistics were estimated as the total sown
areas in which multiple rice crops were double- or triple-counted, while the MODIS-rice areas were
calculated by taking the pixel counts multiplied by the double- or triple-cropped counts. The errors
were exaggerated because the double- and triple-cropped rice systems were commonly practiced
throughout the region.
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Figure 7. Results of regression analysis between MODIS-derived rice area and rice area
statistics at the provincial level for the entire region: (a) 2001, (b) 2002 (c¢) 2003,
(d) 2004, (e) 2005, (f) 2006, (g) 2007, (h) 2008, (i) 2009, (j) 2010, (k) 2011 and (1) 2012.
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Table 2. The relative error in area (REA) between the MODIS-derived rice area and the
rice area statistics, REA =(MOD—-RAS)/RASX100, where RAS = rice area statistics,

MOD = MODIS-derived rice area.

Year RAS (km?) MOD (km?) REA (%)
2001 3,792.0 4,393.4 15.9
2002 3,834.8 4,356.1 13.6
2003 3,787.3 4,136.0 9.2
2004 3,815.7 4,246.2 113
2005 3,826.3 4,095.6 7.0
2006 3,773.9 4,138.2 9.7
2007 3,683.1 4,060.2 10.2
2008 3,858.9 4,047.7 4.9
2009 3,863.9 4,121.2 6.7
2010 3,945.9 4,051.4 2.7
2011 4,089.3 4,126.3 0.9
2012 4,181.3 4,248.5 1.6
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5.3. Distribution of Rice Cropping Systems and Changes in Rice Cropping Activities

A decadal survey of the spatiotemporal evolution of rice cropping activities from 2001 to 2012
indicated that the double-cropped irrigated rice was concentrated in the upper part of the study area
(Figure 8). The triple-cropped irrigated rice was particularly allocated along the central part of the
region between the two large rivers (Mekong and Bassac rivers), due to the availability of water for
crop irrigation around the year. The double-cropped rain-fed rice was distributed along the coastal
zones, where water was limited during the dry season for rice crop irrigation. The single-cropped
rain-fed rice invariably practiced during the rainy season was especially scattered along coastal areas,
where soils were the major constraint for irrigated rice production.

Figure 8. Spatial distributions of rice cropping systems in the study area: (a) 2001,
(b) 2002, (¢) 2003, (d) 2004, (e) 2005, (f) 2006, (g) 2007, (h) 2008, (i) 2009, (j) 2010,
(k) 2011 and (1) 2012.
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The yearly rice area data and the relative changes in the extent of rice-harvested area for each rice

cropping system during the period 2001 to 2012 were investigated (Tables 3 and 4). The results

indicated that the total area of rice cultivation had remarkably increased approximately 1,255 km’ from
19,047.5 km® in 2001 to 20,302.5 ha in 2012 (Table 3). When investigating the change within each rice
category, from 2001 to 2012 the largest change was observed for the triple-cropped irrigated rice,
which had remarkably increased approximately 6,593.8 km” (31.6%) (Table 4) from 2,722.8 km® in
2001 to 9,316.5 km® in 2012 (Table 4). However, the areas of double-cropped irrigated rice and
double-cropped rain-fed rice systems had been reduced approximately —19.2% and —7.4%, respectively.

The area reduction of double-cropped irrigated rice was due to the conversion of this cropping system

to the triple-cropped irrigated rice to increase total rice production per annum.

Table 3. Harvesting areas of rice cropping systems during 2001 to 2012.

Single-Cropped

Double-Cropped

Double-Cropped

Triple-Cropped

Year Rain-Fed Rice Irrigated Rice Rain-Fed Rice Irrigated Rice Total
Pixel ) Pixel ) Pixel ) Pixel ) )
km % km % km % km % km
Count Count Count Count
2001 8,559 2,139.8 112 38,863 9,715.8 51.0 17,877 4,469.3 235 10,891 2,722.8 143 19,047.5
2002 3,091 7728 4.0 29,312 7,328.0 379 23,173 5,793.3 30.0 21,746 5436.5 28.1 19,3305
2003 1,995 4988 2.7 28,270 7,067.5 381 19,457 4,864.3 262 24,499 6,124.8 33.0 18,5553
2004 2,630 6575 3.5 247705 6,176.3 324 20,542 5,135.5 27.0 28,319 7,079.8 372 19,049.0
2005 2,603 650.8 3.5 24413 6,103.3 33.0 19,040 4,760.0 25.8 27,877 6,969.3 37.7 18,4833
2006 3,966 991.5 52 31,992 7,998.0 419 17,074 4,268.5 223 23,391 5847.8 30.6 19,105.8
2007 4,347 1,086.8 5.7 35289 8,822.3 465 15244 3,811.0 20.1 21,072 5,268.0 27.7 18,988.0
2008 3,189 7973 42 33293 8,3233 439 13,731 3,432.8 18.1 25,669 6,417.3 33.8 18,970.5
2009 6,544 1,636.0 82 36,212 9,053.0 455 12,509 3,127.3 15.7 24,374 6,093.5 30.6 19,909.8
2010 4,188 1,047.0 55 27,503 6,875.8 36.1 14,257 3,5643 187 30,263 7,565.8 39.7 19,052.8
2011 2,032 508.0 2.7 26,232 6,558.0 34.7 16,522 4,130.5 219 30,715 7,678.8 40.7 18,8753
2012 5,056 12640 6.2 25861 64653 31.8 13,027 3,256.8 16.0 37,266 9,316.5 459 20,302.5
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The reduction of double-cropped rain-fed rice area could also be partly explained by the conversion
of this cropping system to the single-cropped rain-fed rice or single rice-based shrimp farming system
along coastal areas, due to the high profit of shrimp culture. There was an increase (8.8%) in the area
of double-cropped irrigated rice between 2005 and 2006, mainly attributed to the decrease of
the triple-cropped rice area (—7.1%), because of environmental concerns. The intensive rice cultivation
of three crops per year in diked areas had long interrupted the water flows, which brought sediments
and soil nutrients from the two main rivers into rice fields, creating land degradation, water pollution
and pest outbreaks that consequently lowered the rice crop yields. Thus, the local authorities opened
sluices along these rivers, allowing the triple-cropped rice fields to be abandoned during the 2006
flood season (July—November). The area of triple-cropped rice had increased approximately 13.8%
between 2001 and 2002 and 9.1% between 2009 and 2010, attributed to the decreased area of
double-cropped irrigated rice of —13.1% between 2001 and 2002 and —9.4% between 2009 and 2010,
respectively. The increased area of triple-cropped rice cultivation during these two periods was
indicated by changes in cropping practices, especially in the upper part of the region. In addition, more
dykes were likely constructed by the local governments to protect rice fields from floods, allowing
farmers inside these dykes to practice three rice crops per year.

Table 4. Changes in harvesting area derived from MODIS-based classification results for
rice cropping systems for every year period during 2001-2012.

Single-Cropped Double-Cropped Double-Cropped Triple-Cropped
Period Rain-Fed Rice Irrigated Rice Rain-Fed Rice Irrigated Rice
km’ % km’ % km’ % km’ %
2001-2002 -1,367.0 =7.2 -9,551 —-13.1 1,324.0 6.5 2,713.8 13.8
2002-2003 -274.0 -1.3 —-1,042 0.2 -929.0 -3.8 688.3 4.9
2003-2004 158.8 0.8 —3,565 =57 271.3 0.7 955.0 4.2
2004-2005 -6.8 0.1 -292 0.6 -375.5 -1.2 -110.5 0.5
2005-2006 340.8 1.7 7,579 8.8 —491.5 -3.4 -1,121.5 =71
20062007 95.3 0.5 3,297 4.6 —457.5 -2.3 =579.8 -2.9
2007-2008 —289.5 -1.5 —-1,996 -2.6 -378.3 -2.0 1,149.3 6.1
2008-2009 838.8 4.0 2,919 1.6 -305.5 2.4 —323.8 -3.2
2009-2010 —589.0 -2.7 —8,709 -9.4 437.0 3.0 1,472.3 9.1
2010-2011 —539.0 -2.8 -1,271 -1.3 566.3 32 113.0 1.0
2011-2012 756.0 3.5 -371 -2.9 —873.8 -5.8 1,637.8 5.2
2001-2012 —875.8 -5.0 -3,250.5 -19.2 -1,212.5 -7.4 6,593.8 31.6

6. Conclusions

This study aimed to develop a phenology-based classification approach for a decadal assessment of
rice cropping systems in the Mekong Delta (South Vietnam) from the MODIS EVI time-series data
using EMD. Although several error sources, such as cloud cover, mixed-pixel issues and resolution
bias, between the classified maps and the ground reference data contributed to the lowered accuracy
level of classification results, the overall accuracies and Kappa coefficients achieved by comparisons
between the classified maps and the ground reference data were generally higher than 80% and 0.7,
respectively. These results were reaffirmed by close correlation between the MODIS-derived rice area
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and the government rice area statistics at the provincial level (R? > 0.8), in all cases. The MODIS-derived
rice area was, however, slightly overestimated, with an REA ranging between 0.9 and 12%, due to
mixed-pixel issues and discrepancies when using the number of crops as multipliers for estimating
the rice-harvested areas. An examination of changes in rice cropping practices indicated that the area
of triple-cropped rice had increased approximately 6,593.8 km* (31.6%) during 2001 to 2012, while
the values for single-cropped rain-fed rice, double-cropped irrigated rice and double-cropped rain-fed
rice were —5.0%, —19.2% and —7.4%, respectively. Ultimately, our findings from this study confirmed
the effectiveness and validity of the methods for automatically delineating rice-cropping systems in
the region. Such a phenology-based classification approach could annually provide quantitative
information of rice growing areas, with the REA less than 16%, and is, thus, proposed for rice crop
monitoring in the region and elsewhere around the globe.
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