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a  b  s  t  r  a  c  t

Multi-temporal  satellite  imagery  from  the  Moderate  Resolution  Imaging  Spectrometer  (MODIS)  was  used
to  map  the different  ecosystems  of  Southeast  Asian  (SEA)  rice  paddies.  The  algorithm  was based  on  tem-
poral profiles  of  vegetation  strength  and/or  water  content,  using  MODIS  surface  reflectance  in visible to
near-IR  range.  The  results  obtained  from  the  analysis  were  compared  to national  statistics.  Estimated
SEA  regional  rice  area  was  42  × 106 ha,  which  agrees  with  published  values.  The  model  performance  was
eywords:
oderate Resolution Imaging

pectroradiometer (MODIS)
ice ecosystems
outheast Asian rice paddy
ime-series satellite imagery

dependent  on  rice  ecosystems.  Good  linear  relationships  between  the  model  results  and  the national
statistics  were  observed  for  rainfed  rice.  High  linear  coefficients  of  determination,  R2,  were  also  found
for  irrigated  rice  and  upland  rice,  but  the  model  tended  to underestimate  irrigated  rice  and  overestimate
upland  rice.  However,  these  high  R2 values  indicated  that  the  model  effectively  simulated  spatial  distri-
bution  of  these  rice  areas.  These  R2 values  were  either  of similar  magnitude  or  larger  than  those  reported
in literature,  regardless  of  the  rice  ecosystem.  Poor  correlation  was  observed  for  deepwater  rice.
. Introduction

Southeast Asian (SEA) rice paddy areas are approximately 30%
f the world total (Huke and Huke, 1997; Hays et al., 2005).
ice is a food crop and export commodity in the region. Spatial

nformation of SEA rice paddies is required for regional rice crop-
ing/water managements and estimates of rice yield. Necessary

nformation for informed management includes rice cropping fre-
uency, rice ecosystem type (irrigated, rainfed lowland, upland,
nd flood-prone), and areal distribution. This research applies the
ulti-temporal satellite imagery for mapping rice paddies with

ifferent rice ecosystems over SEA.
In addition, previous global-scale methane measurements taken

rom NASA’s Earth Observing System satellites have shown that
ethane emissions due to both biomass burning and rice cultiva-

ion from SEA are significant (Xiong et al., 2008; Payne et al., 2009).
he magnitudes of methane emissions strongly depend on type of
ice ecosystem (Chareonsilp et al., 2000; Wassmann et al., 2000;
an et al., 2003; Hays et al., 2005).

The Moderate Resolution Imaging Spectrometer (MODIS) is an

nstrument onboard the Terra and Aqua satellites. The first MODIS
ight instrument was launched in December 1999 (Justice et al.,
002). In contrast to data from higher resolution satellites (such as

∗ Corresponding author. Tel.: +66 43754333x6622; fax: +66 43742135.
E-mail address: arika.b@msu.ac.th (A. Bridhikitti).

167-8809/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2011.10.016
© 2011 Elsevier B.V. All rights reserved.

Landsat, SPOT VGT), MODIS data have daily observations, which are
more useful for studies concerning vegetation phenology (Huete
et al., 2008; Tingting and Chuang, 2010). In addition, analyzing
higher resolution satellite data requires higher-level computational
resources and has higher costs associated with data acquisition
and processing (Tingting and Chuang, 2010). Land analyses using
time-series MODIS retrievals have been widely conducted for
detecting vegetation and its changes (Xiao et al., 2005, 2006; Hayes
and Cohen, 2007; Huete et al., 2008; Wardlow and Egbert, 2008;
Sakamoto et al., 2009; Sun et al., 2009; Tingting and Chuang, 2010;
Chen et al., 2011; Peng et al., 2011).

Xiao et al. (2005, 2006) introduced algorithms for estimating
rice paddy areas for Southern China, and South and Southeast Asia,
respectively, using multi-temporal MODIS imagery analysis. These
analyses were based on the temporal correspondence between the
water index and vegetation indices. Their results show the linear
coefficient of determination (R2) between the MODIS-estimated
rice areas and provincial-scale national statistics ranging from 0.42
to 0.87 for SEA countries. Sun et al. (2009) modified this algo-
rithm to obtain spatial distribution of paddy rice with different
growth calendar regionalization (including single, early, and late
rice) for China. Because of problems associated with cloud contam-
ination and coarse spatial resolution of the MODIS data, their results

showed this technique was unsuitable for monitoring the inter-
annual variations of the rice planted area. Peng et al. (2011) also
improved this technique by gap-filling cloud contaminated pixels
with an interpolation filter. Their work was focused at the county

dx.doi.org/10.1016/j.agee.2011.10.016
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:arika.b@msu.ac.th
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cale for Hunan Province, China. Their results had R2 values of 0.58,
.52, and 0.34 for single, early, and late rice, respectively.

This is the first study extending the work of Xiao et al. (2005,
006) for mapping SEA rice paddies with different rice ecosystems.
he modified algorithm developed in this study was based solely
n observed SEA rice phenology. It is a simple method that can be
pplied at the regional scale. In addition, the results also include
patial information on rice cropping frequency. This information
an be further used to quantitatively estimate air pollution emis-
ions from SEA rice paddies and evaluate climate change effects
ttributed to the emissions.

. Methodology

.1. Description of study area

SEA can be divided into two geographic regions: the main-
and and the islands. The mainland consists of the countries of
ambodia, Lao PDR, Myanmar, Thailand, and Vietnam. The larger

slands are the countries of Brunei, East Timor, Indonesia, Malaysia,
hilippines, and Singapore. The latitude of this region ranges from
◦S to 20◦N, and its longitude is from 95◦ to 130◦E.

The climate of SEA is tropical, hot and humid year round. NE
inds bring in drier, cooler air from mainland China causing a dry

eason from November to mid-March for most of SEA mainland.
hese NE winds bring severe weather to the SEA islands. The milder
W prevailing winds are from mid-May to September. These winds
ring wet air masses from the Indian Ocean causing a wet  season
ver the entire region.

.2. Data description

.2.1. MODIS imagery data
The MODIS surface reflectance 8-day L3 Global 500 m SIN Grid

005, or MOD09A1, data set from 2006 to 2007 was  acquired for
his study. Each grid value gives the percentage of the radiant
nergy in the specific bandwidth to the total energy integrated over
he entire spectrum. In this study, the MODIS surface reflectance
n four spectral bands, in the visible and near-infrared, was con-
idered. These are band 1: 620–670 nm (visible-red: VISR), band
: 841–876 nm (near-infrared: NIR), band 3: 459–479 nm (visible-
lue: VISB), and band 6: 1628–1652 nm (shortwave-infrared:
WIR). The products were downloaded from the USGS Land Pro-
esses Distributed Active Archive Center (LPDAAC, 2008). The
ODIS surface reflectance data used in this study were restricted to

hose with a Science Quality Flag of “Passed” or “Inferred Passed.”
his Science Quality Flag is metadata summarizing the results of
uality assessment procedures performed by the NASA scientist
eam after the products are generated (Roy et al., 2002). In addi-
ion, zero percent cloud coverage was flagged for all observations
n this data set.

These reflectance products are reported at a 500-m resolution
n a level 3, grid projection. Each pixel contains the best possible
2G (daily) observation during an 8-day period. These version 5
eflectance products are validated stage 1, meaning that accuracy
as been estimated using a small number of independent mea-
urements obtained from selected locations and time periods and
round-truth/field program efforts (LPDAAC, 2008). The products
re in HDF-EOS format. Prior to the analysis, these data were con-
erted to GeoTIFF format and reprojected to UTM zone 48 projected
oordinate system with the WGS1984 (the World Geodetic Survey

ystem of 1984) datum by using MODIS Reprojection Tool (MRT)
rom USGS/LPDAAC (LPDAAC, 2008). These reprojected data sets
ere used in the land classification analyses running on the Mod-

lbuilder in ArcGIS 9.2 software with integrated Python scripts.
ms and Environment 146 (2012) 113– 120

2.2.2. Ancillary data
2.2.2.1. Global 30 arc-second elevation data set, GTOPO30.
The GTOPO30 data set was acquired from the US Geolog-
ical Survey (USGS) website (http://edc.usgs.gov/products/
elevation/gtopo30.html). This is a global raster digital eleva-
tion model (DEM) with a horizontal grid spacing of 30 arc seconds
(approximately 1 km). These data are expressed in geographic
coordinates and referenced to WGS1984 datum. This DEM was
used to generate a mask of the elevation above 2500 m or regions
having a slope greater than 30◦

. Since rice is not usually grown at
higher elevations or steeper slopes (IRRI, 1975), these areas were
excluded from the rice paddy map.

2.2.2.2. SEA administrative boundary coverage map. The country
administrative base maps were downloaded from the International
Potato Center data server (CIP, 2008). These maps are polygon
shapefiles expressed in geographic coordinates and referenced to
WGS1984. The maps provide the administrative boundary coverage
at the provincial/state level.

2.3. Data processing

2.3.1. Surface reflectance enhancement
The normalized difference vegetation index (NDVI), the

enhanced vegetation index (EVI), the normalized build-up index
(NDBI), and the land surface water index (LSWI: negative NDBI)
are calculated from the surface reflectance, �, in visible-red (VISR;
MODIS-band 1), near-infrared (NIR; MODIS-band 2), visible-blue
(VISB; MODIS-band 3), and shortwave-infrared (SWIR; MODIS-
band 6) using the following equations (Zha et al., 2003; Xiao et al.,
2005, 2006).

NDVI = �NIR − �VISR

�NIR − �VISR
(1)

EVI = 2.5 × �NIR − �VISR

�NIR + 6�VISR − 7.5�VISB + 1
(2)

NDBI = �SWIR − �NIR

�SWIR − �NIR
(3)

NDVI and EVI were used in this study to enhance the vegetation
detection sensitivity of the MODIS surface reflectance. Both indices
are estimated by normalizing the difference between the radiances
in the near-infrared spectra and in the red-visible spectra. In addi-
tion, EVI incorporates the additional blue band to correct for aerosol
influences in the red band and the canopy background adjustment
(Huete et al., 2002). In this study, the time-series NDVIs were used
to identify forests, which include perennial and seasonal planta-
tions. The time-series EVIs were used to identify rice paddies with
different ecosystems because of its higher sensitivity to canopy
structural variation (Huete et al., 2002; Motohka et al., 2009).

Zha et al.  (2003) introduced NDBI to automate the process of
mapping built-up areas. NDBI is the negative of LSWI. Both indices
are calculated from the normalized difference between the radi-
ance in shortwave-infrared spectra and in near-infrared spectra.

The time-series NDVI, EVI, and NDBI or LSWI raster maps were
imported to the rice paddy analysis model to create flooding and
transplanting (FT) binary maps from the math algebra of either
LSWI + 0.05 ≥ EVI (Xiao et al., 2005, 2006) or LSWI ≥ 0.18.

2.3.2. Forest mask
Bridhikitti (2011) observed temporal distribution of NDVI over

selected forest and plantation areas in SEA. From those observa-

tions, evergreen forests and perennial plantations (mainly rubber,
oil palm, and coconut plantations) were consistently observed
having NDVI > 0.7. Deciduous forests and seasonal plantations
exhibited lower mean NDVIs with higher annual variation from

http://edc.usgs.gov/products/elevation/gtopo30.html
http://edc.usgs.gov/products/elevation/gtopo30.html
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Fig. 1. Schematic diagram showing the methodology used for mapping rice paddy in
this  study. Note: NDVI = normalized difference vegetation index; EVI = enhanced veg-
A. Bridhikitti, T.J. Overcamp / Agriculture, Ec

.55 to 0.75 due to interference by high annual soil moisture varia-
ions. Mangrove forests, with wetland backgrounds, exhibited high
DVI variation ranging from <0.1 to >0.8 (Bridhikitti, 2011).

Corresponding to the observations, evergreen forests and peren-
ial plantations were identified as any pixel having NDVI ≥ 0.7 for at

east half of the 46 consecutive 8-day maps. Deciduous forests and
easonal plantations were identified as any pixel having NDVI ≥ 0.7
or at least one third of the observations and flooding and trans-
lanting, FT, was observed for less than half of the observations.
etland and mangrove forests were identified as any pixel hav-

ng NDVI ≥ 0.7 for at least one third and FT for at least half of the
bservations.

.3.3. Urban mask
Bridhikitti (2011) showed that built-up surfaces can be identi-

ed from any pixel having 0.1 < NDVI < 0.5 and NDBI > −0.15 for at
east half of the 46 consecutive maps. By using these criteria, built-
p surfaces as well as highly light-reflecting soils were determined
Bridhikitti, 2011). These highly reflecting soils are found in the
entral dry zone in Myanmar and in northeastern Thailand. These
oils are used for growing rainfed rice, wheat, and other short-
rowing-season crops. Bridhikitti (2011) suggested that annual
DBI variance, calculated using Eq. (4),  can be used to differentiate
uilt-up surfaces from these soils. High NDBI variance was found
or the soils due to soil–vegetation transition, and lesser variation
as found over the built-up surfaces (Bridhikitti, 2011).

DBI variance =
∑46

1 NDBI2 − 46 ×
(

NDBI
)2

46
(4)

Based on the results in the work of Bridhikitti (2011),  areas with
ower NDBI variance (<0.0086) were assigned to built-up surfaces.
n the case of low- to medium-intensity developed areas or urban
reas having large green areas, this analysis tends to have high
mission error (Bridhikitti, 2011), but this was minimized by merg-
ng the results from two consecutive years (2006 and 2007 for this
tudy).

.3.4. Mapping SEA rice paddies
In this study, different rice ecosystems and the annual cropping

requency are identified from rice canopy development patterns.
he four major rice ecosystems as categorized by International Rice
esearch Institute (IRRI) are: irrigated, rainfed lowland, upland,
nd flood-prone. All four ecosystems can be found in SEA. Their
haracteristics are detailed in the following:

Irrigated rice is grown in fields with assured irrigation for one
r more crops a year. It is planted in leveled, diked fields with
ater control. Rice can either be transplanted from nursery mats or
irectly seeded in puddled soil. Intermediate fallow periods range
rom a few days to three months.

Rainfed lowland rice is grown only once a year during the wet
eason when there is sufficient water from rain. It is planted in lev-
led to slightly sloping, diked fields with non-continuous flooding.
he water level does not exceed 50 cm for more than ten consecu-
ive days. Rice can either be transplanted in puddled soil or directly
eeded on puddled or plowed dry soil.

Deepwater rice or flood-prone rice has only one crop per year
uring the wet season when natural flooding occurs. It is planted

n leveled to slightly sloping or depressed fields. Water levels range
rom 50 to more than 300 cm for more than 10 consecutive days in
rowth stage. Rice can either be transplanted in puddled soil or
irectly seeded on plowed dry soil.
Upland rice can grow in both flat and sloping fields, which rarely
ood and are not diked. This rice is prepared and directly seeded
n plowed dry soil or dibbled in wet soil that depends on rainfall
or moisture (IRRI, 1975).
etation index; LSWI = land surface water index; NDBI = normalized build-up index;
FT  = flooding and transplanting binary; DEM = digital elevation model.

A rice-cropping cycle takes three to six months depending on
the rice ecosystems. Rice canopy development is generally divided
into three phases:

(1) Vegetative phase occurs around 60 days after sowing. Gen-
erally, germination and early seeding stages are prepared in
nursery mats and then transplanted into puddled, leveled fields.
The water signature dominates during transplanting.

(2) Productive phase starts around 60 days after sowing or 30 days
after transplanting and lasts until the 90th day. Plants rapidly
grow and reach fully developed height. The plant canopies cover
most of the water surface, intensifying the vegetation signature.

(3) Ripening phase is from 90th day to about 120th day. Golden
grains start developing. The vegetation signature is still dom-
inant but lessens due to drying leaves. This period could be
extended to six months in the case of deepwater rice.

The algorithm for mapping rice paddies uses time-series MODIS
retrievals to identify SEA rice paddies with different ecosystems.
This algorithm is a modification of research conducted by Xiao
et al. (2005, 2006) estimating rice paddy areas for Southern
China, and South and Southeast Asia, respectively, using multi-
temporal MODIS images analysis. However, Xiao et al. (2005, 2006)
do not identify different rice ecosystems. The major modifica-
tions of the work of Xiao et al. (2005, 2006) in this study are:
(1) different constraints for terrain mask that allows for steeper
slopes and higher altitudes, (2) temporal patterns and strengths
of the vegetation–water signals that are more adaptive to spe-
cific vegetation-canopy developments in different rice ecosystems,
and (3) the inclusion of deciduous forests/seasonal plantations and
urban masks.

The schematic diagram used for mapping the rice paddy areas in
this study is shown in Fig. 1. The 55 data sets of the 8-day compos-
ite (440 days) surface reflectance band 1, 2, 3, and 6 were used to
create 55 consecutive NDVI, EVI, LSWI or NDBI, and FT raster maps.
These series maps were then used to create the non-rice paddy area
masks, which include forest, built-up area, permanent water, and

terrain. The algorithms for creating forest and built-up area masks
were given in Sections 2.3.2 and 2.3.3, respectively. The algorithms
for permanent water and terrain are detailed below.
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Table 1
The sources of the national statistical databases used in this study for accuracy
assessment.

Country National rice paddy area database

Indonesia 2007 National rice paddy areas acquired from Badan
Pusat Statistik (BPS, 2008)

Lao PDR 2006 Rice paddy areas acquired from the National
Statistics Center of the Lao PDR  (NSC, 2008)

Philippines 2006 Rice paddy areas acquired from the National
Statistics Office of Philippines (NSOP, 2008)

Thailand 2003 National rice paddy areas acquired from the
National Statistical Office of Thailand (NSOT, 2008)
16 A. Bridhikitti, T.J. Overcamp / Agriculture, Ec

The permanent water mask consists of pixels having NDVI < 0.1
and LSWI > 0 for at least one-third of the 46 consecutive maps
(368 days). This algorithm provides sufficient sensitivity for
identifying the major water resources, such as Mekong River,
Irrawaddy River in Myanmar, Red River in Vietnam, Tonlé Sap
Lake in Cambodia, Songkhla Lake in Thailand, Inle Lake in Myan-
mar, and Laguna de Bay in the Philippines.
Upland rice can be found on slopes up to 30◦ (Ahmadi et al., 2004)
and elevations up to 2500 m (IRRI, 1975). For upland rice in this
study, the terrain mask is restricted to areas having elevation
greater than 2500 m or slopes greater than 30◦. Since Xiao et al.
(2005, 2006) defined the terrain mask as elevations greater than
2000 m or slopes greater than 2◦, this work expands potential
areas of rice cultivation.

A total of 55 EVI consecutive maps (440 days) were used for
 complete one-year analysis. After masking, time-series analysis
as performed using the following algorithms in order.

The deepwater rice candidates are assumed to be the pixels hav-
ing FT for more than 38 of the total 55 consecutive maps, slopes
≤2◦, and elevations <600 m.  The true deepwater rice pixels are
those candidates that have EVI higher than half of the maximum
EVI in the next five 8-day (40 days) composites following the date
observing FT. The EVI must continue rising to higher than 0.6 of
EVI maximum in the next nine 8-day composites.
The rainfed rice candidates are assumed to be the pixels having
FT for 4–20 maps of the total, and slope ≤2◦. The true rainfed rice
pixels are the candidates that have both EVI higher than half of
the maximum EVI in the next six 8-day composites following the
date observing FT and the EVI must continue rising higher than
0.7 of the EVI maximum in the next eight 8-day composites.

The irrigated rice candidates are assumed to be the pixels having
FT for 16–38 maps of the total and slopes ≤2◦. The true irrigated
rice pixels are the candidates that have EVI higher than half of
the maximum EVI in the next five 8-day composites following the

Fig. 2. Spatial rice paddy distribution map  over SEA by rice ecosy
Vietnam 2006 Rice paddy areas acquired from the General
Statistics Office of Vietnam (GSO, 2008)

date observing FT. This EVI continues rising to higher 0.6 than the
EVI maximum in the next six composites.

• The true upland rice pixels are identified using the same algo-
rithms as the ones for rainfed rice and irrigated rice but with
slopes >2◦.

2.4. Accuracy assessment

The national statistics of forest, perennial plantation, and rice
paddy areas were acquired from the sources listed in Table 1 to
compare with the results obtained from the MODIS time-series
models. These comparisons were done on a provincial/state level.

3. Results and discussion

3.1. Spatial distribution of SEA rice paddy areas with different
ecosystems and cropping frequencies
Fig. 2 shows the spatial distributions of the predicted rice
ecosystem over SEA. As seen from this map, the rainfed rice ecosys-
tem dominated over NE Thailand, central Myanmar, and Cambodia.

stem generated from time-series MODIS imagery analysis.
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Table  2
The percentage of area by rice ecosystem, and by rice cropping frequency, and the total rice paddy areas acquired from FAOSTAT Database and estimated from the MODIS-
derived model by country.

Country MODIS-derived model (2006 and 2007) Total areas
mid-1990sa,
103 ha

FAO total
areas
2005b,103 haRice ecosystem, % Cropping frequency, % Total areas, 103 Ha

Deepwater Upland Rainfed Irrigated Single Double Multi

Myanmar 0.97 6.40 61.71 30.91 78.51 19.12 2.37 6157 6285 6270
Vietnam 15.58 6.86 28.75 48.81 78.86 17.91 3.23 5762 6375 7340
Cambodia 4.71 3.41 60.96 30.93 72.26 22.35 5.40 1961 1899 2150
Lao  PDR 0.00 4.73 75.38 19.89 83.49 15.02 1.48 1129 611 736
Thailand 0.97 1.43 75.07 22.54 81.39 16.44 2.18 11,994 9644 10,200
Philippines 1.32 0.52 70.10 28.06 76.60 20.27 3.13 2827 3620 4000
Malaysia 13.99 0.83 26.04 59.14 68.27 23.66 8.06 994 668 660
Indonesia 19.99 0.90 19.79 59.31 67.92 22.20 9.88 11,511 11,015 11,801
Brunei 17.31 0.38 28.86 53.45 74.03 21.20 4.77 17 – –
Singapore 4.20 0.00 65.52 30.28 58.62 30.93 10.45 20 – –
Total  42,373 40,117 43,157

a

T
D
P
i
w
i

F
T

Huke and Huke (1997).
b FAOSTAT (2006).

he irrigated rice ecosystem dominated central Thailand; Red River
elta, Vietnam; Irrawaddy River Delta, Myanmar; Central Luzon,

hilippines; Songkhla Lake, Thailand; and Mekong River drainages
n both Cambodia and Vietnam. The deepwater rice ecosystem

as primarily observed in the Mekong River Delta, Vietnam; and
n Papua, Indonesia. The single rice crops were approximately

ig. 3. Linear regression plots of the MODIS rice paddy areas and the rice paddy areas acqu
hailand, Lao PDR, and Vietnam.
32 × 106 ha for SEA. Approximately 10 × 106 ha was double- and
multiple-rice crops, which were found in the major irrigated rice

ecosystems.

The result from the model showed that the rice paddy area
accounted for 8.7% of total SEA land area. The estimated total
regional rice paddy area is 42.4 × 106 ha, which is consistent with

ired from the national rice database by province (or state) for Indonesia, Philippines,
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he areas reported in FAOSTAT (2006),  42.2 × 106 ha, and by Huke
nd Huke (1997),  40.1 × 106 ha (see Table 2). Considering paddy
reas by country, good agreement between the estimated and pub-
ished values were found for Myanmar, Cambodia, Thailand, and
ndonesia. The result for Cambodian rice area is improved com-
ared to the estimate of Xiao et al. (2006),  which was substantially
igher than that reported in national statistical database. The esti-
ates for Vietnam and the Philippines were low. Rice paddy area
as overestimated for Lao PDR and Malaysia.

.2. Comparisons between the modeled rice areas and the
ational statistics

The rainfed rice ecosystem dominated in Myanmar (62%), Cam-
odia (61%), Lao PDR (75%), Thailand (75%), and the Philippines
70%), as indicated from Table 2. The values obtained from this

odel for Myanmar and the Philippines were significantly higher
han those reported by Huke and Huke (1997) by 40% and 35%,
espectively. This might be a result of misclassifying multiple-
rrigated rice as single-rainfed rice, as discussed below.

Fig. 3 shows the plots between the MODIS-estimated paddy
reas (y) and the national rice paddy area statistics by province (x)
or Indonesia, Philippines, Thailand, Lao PDR, and Vietnam. These
lots suggest good correlations for Thailand with R2 of 0.83 and for
ao PDR with R2 of 0.93. The estimated rainfed rice ecosystem is
pproximately 75% of the total rice paddy area in both countries.
nder this ecosystem, the temporal EVI and the water logic pro-
les, as seen in Fig. 4 for northeastern Thailand and Phnom Penh,
ambodia, clearly illustrate single rice canopy development (single
nnual cycle of EVI after the presence of water logic of unity), which
an be easily predicted by the model.

The national rice statistics of Lao PDR reported that 13.6% of
he total rice paddy area was upland rice (NSC, 2008). The ratio is
igher than that estimated by the model, which was only 4.7% of
he total. High uncertainty on the upland rice area estimation using

 MODIS-derived model was also found in previous studies (Xiao
t al., 2005, 2006). As seen in Fig. 3, the results over the major upland
ice provinces in Lao PDR, and in the North West and the Central
ighlands regions in Vietnam show that the MODIS rice areas are
.2 times and 3.6 times, respectively, larger than those reported in
he national statistics. Not only upland rice areas are overestimated
n this study, but the general upland crops area was overestimated
y. Tingting and Chuang (2010),  who used MODIS NDVI to separate
rop and non-crop areas in the Chao Phraya Basin, Thailand. They
ttributed this discrepancy to the similarity of the NDVI signals for
he crops and adjacent grass or deciduous shrubs.

As indicated from the model’s results in Table 2, irrigated rice
addies were predominant in Vietnam (49%), Malaysia (59%), and

ndonesia (59%). Except for the Philippines, the irrigated rice areas
ere in similar magnitude to those reported by Huke and Huke

1997), which showed the prevalence of irrigated rice. The EVI and
he water logic profiles in Fig. 4 over the selected irrigated rice
addy pixels in Hanoi, Vietnam clearly indicated double-rice crops.
owever, the profiles observed in South Kalimantan, Indonesia
nd Bataan, Philippines did not clearly show double-rice crops.
n an irrigated ecosystem, there are sufficient water resources for

ultiple-rice cropping and each holder of rice paddies can have
ifferent rice cropping calendar. This causes inconsistent temporal
atterns of the rice canopy development over large spatial scale.
or this reason, the model tends to not include irrigated rice areas
r misclassifies this rice as single rice in a rainfed ecosystem. Over

he provinces dominated by irrigated rice cultivation in region 1
ietnam, which consists of the Red River Delta, North East, North
entral Coast, and South Central Coast, and in the Philippines (see
ig. 3), the MODIS rice areas were 0.68 and 0.47 times, respectively,
Fig. 4. Temporal EVI, NDVI, and water logic profiles at the selected rice paddy pixels.

smaller than those reported in the national databases with R2 of
0.78 and 0.66, respectively.

The overall high R2 values (≥0.66) for the areas dominated by
both total rice and rainfed rice, in the cases of Thailand, Lao PDR,
Vietnam, and Philippines, indicate that the spatial distribution of
these MODIS-derived rice paddy areas is consistent with actual
distributions from the national statistics. Moreover, these R2 values
either have similar magnitudes or are larger than those reported by
Xiao et al. (2006) for Thailand, Lao PDR, Vietnam, and Philippines,
regardless of the rice ecosystem.

In the case of Indonesia, there was  poor correlation between
the estimated rice areas and the national rice statistics. One of the
outlier estimates was  observed in the Papua region. The model
reports 3 × 106 ha rice paddies over this region, while the national
rice statistics are only 0.02 × 106 ha. The cause of this discrepancy
is not understood. This model predicts that deepwater and irri-
gated rice are dominant in southern Papua. In actuality, the major
crops are root and tuber crops, such as yam, taro, sweet potato,
vegetables, and fruits (Dixon et al., 2001). The poor correlations
for the deepwater ecosystem were also observed in the South East
and Mekong River Delta regions in Vietnam from the coefficient of
determination shown in Fig. 3.
From Fig. 4, temporal EVI and the water logic profiles observed
over a deepwater rice paddy grid in Mekong River Delta in Vietnam
exhibited results similar to those of long-term wetlands. Thus this
rice ecosystem could easily be misclassified as natural wetlands and
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ice versa. The Mekong River Delta in Vietnam has heterogeneous
griculture consisting of deepwater rice paddies, irrigated rice pad-
ies, and aquaculture farms (Pingali and Xuan, 1992; Sakamoto
t al., 2009). MODIS data have coarse spatial resolution which could
ause its poor ability to distinguish among these land uses.

There have been attempts to reduce the noise component
n the time-series MODIS data collected over this region. Sev-
ral mathematical techniques have been proposed which include
avelet-based filter (Sakamoto et al., 2005) and empirical mode
ecomposition (Chen et al., 2011). The techniques provide good
esults, which suggest that they are capable of resolving hetero-
eneity in mixed rice ecosystems (Sakamoto et al., 2009; Chen et al.,
011). However, efficiency and accuracy of using these noise reduc-
ion techniques in regional scale land analysis has not yet been
roven.

. Conclusions

In this study, Southeast Asian (SEA) rice paddies with different
ice ecosystems were mapped using time-series satellite imagery
nalysis. This imagery was generated from the 500-m resolution
ODIS/terra spectral surface reflectance (MOD09A1) data acquired

rom 2006 to 2007. The algorithm for mapping rice paddy area was
eveloped based on the observed temporal SEA rice canopy devel-
pments. This algorithm distinguishes different rice ecosystems
nd provides rice-cropping frequency.

The total estimated rice area for SEA was 42 × 106 ha, which is
onsistent with published values. Comparison of the estimated rice
addy area (y) and the national rice statistics (x) on the provincial
r state level show high linear correlations over the areas domi-
ated by rainfed rice (i.e. Thailand: R2 = 0.83, slope = 0.82 and Lao
DR: R2 = 0.93, slope = 2.2). The high correlations were also found
n irrigated rice, but the model tended to under estimate the paddy
reas (i.e. Red River Delta in Vietnam: R2 = 0.78, slope = 0.68, and
hilippines: R2 = 0.66, slope = 0.47). This could have resulted from
he inconsistency of the temporal rice canopy development pat-
ern over large-scale areas. For the areas dominated by upland rice,
he correlations were good but the MODIS rice areas were overesti-

ated (i.e. Lao PDR, and the highland regions in Vietnam: R2 = 0.74,
lope = 3.6). Overall high R2 values indicate that spatial distribution
f these MODIS rice areas was consistent with the actual distribu-
ion. In addition, these R2 values either have similar magnitudes or
re larger than those reported in literature, for all rice ecosystems.

 poor correlation was observed for deepwater rice (i.e. Mekong
iver Delta in Vietnam: R2 = 0.12) because this rice ecosystem could
asily be misclassified as wetlands and vice versa and because of
anduse heterogeneity.

This model can be used to identify SEA areas that are influenced
y activities attributed to rainfed, irrigated, and upland rice culitva-
ion. Model users could be state officers or inter-country partners
orking on regional water management for agriculture and on agri-

ultural yield estimation. Atmospheric scientists can also employ
he model’s results to estimate regional budget and spatial loading
f pollutants attributed to biomass burning and rice cultivation.
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