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Abstract: There is a growing need to map rice ecosystems and to develop methods for monitoring rice
distribution in order to account for rapid land use changes worldwide. In this study, we evaluated
a methodology based on Vegetation Indices time series derived from an 8-day MODIS composite
to identify rice fields and develop rice maps that can be timely updated in the long term. We have
assessed the potential of the Spectral Shape Index time series and compared its performance with
the Normalized Difference Vegetation Index in two coastal locations and in an inland location in
the Mediterranean Region for 2012. A profile similarity comparison method, the Spectral Angle
Mapper, was accomplished between the reference rice annual profile and the annual profiles of both
indices in a pixel basis in order to determine rice pixels. The resultant maps were validated with rice
masks, where available, or ortophotos and crop surface statistics where not. The results obtained
demonstrated the potential of both indices to provide accurate rice maps when applied together with
spectral matching techniques. The overall accuracy was 92.8%, 98.1% and 90.1% for the Spectral
Shape Index and 92.4%, 77.24% and 82.8% for the Normalized Difference Vegetation Index in each
location. The excellent performance of the Spectral Shape Index in the three locations highlighted the
importance of exploring angular indices to improve the identification of land cover dynamics.

Keywords: spectral index; rice mapping; time series; NDVI; SASI; wetland; land cover dynam-
ics; MODIS

1. Introduction

On the light of recent international developments, such as the Sustainable Develop-
ment Goals (SDGs) of the 2030 Agenda and the Paris Agreement, there is a need to monitor
and report accurately any spatial variable with strong implications in food security, water
usage and climate change. Rice fields are key for food security, providing staple food for
almost half of the world’s population [1]. They also have strong implications for natural
resource management due to the large quantities of water needed in rice cultivation, having
important effects in water demand and quality [2]. In addition, the maintenance of flooded
soils constitutes an important source of methane emissions [3]. Thus, counting on reliable
information on rice field distribution is crucial to assess the status of food security and
environmental sustainability [4] at a regional and global scale.

Recently, there have been dramatic changes in rice field distribution as a consequence
of agricultural expansion [5–7], urban development and shortage of resources due to
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climate change [5,8,9]. In this sense there is an urgent need to map rice fields, and to
develop methods for monitoring and updating rice field maps in order to account for rapid
changes on rice fields distribution worldwide [5,10].

Traditionally, statistical crop data has been the most extended approach to monitor-
ing rice fields distribution in many regions and at global scale [11,12], although they are
insufficient in spatial and temporal detail [13] and the data are rarely available in a timely
manner [14]. In response to this challenge, remote sensing techniques can rapidly provide
up-to-date maps of rice areas at large scale [6,14–16]. Remote sensing images have been
widely used to map rice fields in the last decades. In regions dominated by cloudy skies, mi-
crowave capacity to penetrate through clouds has been crucial to produce good-quality rice
maps [17]. However, their limited availability [18] and costs [19] have restricted their large
scale usage. Optical remote sensing has been widely applied in numerous studies. The
different methodologies developed in the last decades have included the use of several ra-
diometric, spatial and temporal resolutions, combined with different classification schemes,
research aims and validation intensities [13,20–24]. Optical remote sensing imagery was
firstly applied in rice mapping in the 1980s, with approaches based on the band reflectance
of single or multiple Landsat images, using supervised or unsupervised classifiers [25,26].
However, the Landsat long revisiting cycle, and consequently the lack of data availability
in relation with cloud-induced noises, has limited its use [27]. In the 2000s, the launching
of the MODerate Resolution Imaging Spectroradiometer (MODIS) sensor, with daily revisit
frequency and specific bands to detect water and vegetation, led to the development of im-
proved methodologies for rice mapping. Those features were used to develop approaches
based on time series and the phenological characteristics of rice [21,28]. Among them,
threshold-based methodologies, relying on the relations among vegetation indices (VIs)
in rice has been applied in multiples studies [2,15]. In particular, the substraction-based
algorithm (SBA), based on the difference between Normalized Difference Vegetation Index
(NDVI), Enhanced Vegetation Index (EVI) and the Land Water Algorithm (LSWI) has been
applied for mapping rice fields in Asia [2,6,21]. The best results were achieved in southern
regions, with no snow cover that may complicate the classification process [6]. Although
this methodology has proved to be suitable in several regions, there are some limitations
in its use, mainly in relation with cloud contamination and extreme rainfall events dur-
ing planting dates, rice field size and wetland misclassification [22,27]. Additionally, its
application in the Mediterranean Region showed high commission errors [29].

Other approaches are based on the assessment of annual profiles of rice VIs with
spectral-matching techniques (SMTs) [13,14,30]. In many studies, this type of methodolo-
gies has been directly applied through the annual NDVI or EVI time series with meaningful
results in South Asia [28] and Bangladesh [31]. However, these techniques based on NDVI
or EVI annual profile could be potentially difficult to apply extensively due to the diversity
in rice cropping systems [27], and intra-class variability of temporal profiles could induce
misclassification [32]. In this regard, the use of other spectral indices, with potential to
discriminate accurately rice phenological patterns from other land use patterns will be
extremely advantageous.

Since intermittent flooding, vegetation periods and dry bare soil constitute distinctive
phases in rice phenology, spectral indices sensitive to both vegetation and water are
crucial for reproducing clearly rice phenological profiles [33]. Although NDVI has shown
sensitivity to soil wetness [34], there are other indices combining Shortwave Infrared (SWIR)
bands that have demonstrated their outstanding capacity to detect rice phenological events
and hydroperiod [4]. Spectral Shape Indices (SSI) combine the angles formed by consecutive
bands to reproduce coarsely the behavior of a specific region of the spectrum [35]. In
particular, recent studies have successfully applied SSI combining the angles formed by
Near Infrared (NIR) and SWIR bands to reproduce crop phenology and soil water content
patterns [36,37]. The Shortwave Angle Slope Index (SASI) [38], based on the angle and
slope between NIR, SWIR1 and SWIR2, has showed strong potential to discriminate land
cover types as well as soil and vegetation moisture content in laboratory. Murthy et al. [39],
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assessed SASI potential to track surface wetness and rice transplantation pattern in irrigated
areas and detected that SASI enables higher discrimination of rice classes compared to
NDVI and NDWI. Das et al. [36] studied the potential of SASI to determine soil dryness
and wetness in crops through threshold values, and Tornos et al. [37] demonstrated the
utility of this index in determining specific phenological phases in rice, such as flooding
and harvesting. Thus, SASI index could potentially show a distinct annual pattern for rice
stages, including bare soil and flooded soil phases, which may be used to discriminate rice
areas in a categorical manner.

Although many efforts have been made to map rice areas by using different algorithms
and data sources, there is no availability of global or regional paddy rice maps produced
with enough frequency [27] to fulfil the monitoring needs at global level. The use of
spectral indices time series with high frequency of images and full use of the information
contained in annual profiles might overcome existing problems of cloudy images or bad
observations [6]. Additionally, the analysis of new spectral indices more appropriate for
rice identification and their application in simple methodologies, with low requirements of
field data, may contribute to provide accurate and updated data on rice field distribution
and changes with the potential to provide harmonized information at global level for
policy makers.

In this study, the main objective was to evaluate a quick, accurate and simple method-
ology, based on VIs time series, to identify rice fields and develop rice maps that can be
timely updated in the long term and be potentially implemented at global level for land
use monitoring purposes.

We have explored the potential of SASI annual time series to identify rice patterns
and distinguish them from other land uses with similar characteristics, such as wetlands.
The SASI performance has been compared with NDVI, a well-known index usually ap-
plied in rice mapping approaches, in two coastal locations and an inland location in the
Mediterranean Region.

The specific objectives of this study were:

- To assess the annual SASI dynamics in rice fields in coastal and inland areas with
different flooding management in the temperate region.

- Compare the performance of SASI and NDVI in mapping rice areas and discriminate
them from other land uses with a quick-mapping method based on spectral indices
annual profiles.

2. Materials and Methods
2.1. Study Sites

The Ebro Delta and the Albufera Natural Park rice areas are ecosystems with similar
natural conditions. They are coastal rice paddies close to lagoons and natural wetlands in
the Mediterranean Region. In both areas, the rice fields are kept flooded for most of the
year, firstly during the rice growing period and secondly during the winter environmental
flooding. The third study area, Orellana, is an inland irrigation district surrounded by
other agricultural areas growing different crops, including rice.

The Ebro Delta, located in the northeast of Spain (Figure 1), is a coastal region devoted
to rice production and wetland protection. The climate is Mediterranean, with annual mean
rainfall of 556 mm, an annual mean temperature of 18 ◦C and a dry summer. The total
extension of the Delta is 32,000 ha, being 21,500 ha of them rice fields. Natural wetlands
and lagoons cover a considerable area of the Delta, nearly 7700 ha. Two of the main lagoons
are placed in the southern part of the Delta, while the other is in the northeastern part.
Additionally, some urban areas are located in the Delta, Deltebre, in the middle of the
Delta, is the most relevant. The Delta is surrounded by the Mediterranean Sea except for
its western border (Figure 2). This area is mainly devoted to agriculture and forestry.
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21,000 ha wetland ecosystem, including a mixture of approximately 14,500 ha of rice 
fields, a 2800 ha lagoon in the northern part and natural areas close to the coastline [40]. 
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Figure 2. Study area: the Ebro Delta (1), Albufera Natural Park (2). 

The rice phenological cycle and cropping system are similar in both areas. Rice fields 
are kept flooded for most of the year to avoid salinization from a saline aquifer and also 
to provide an adequate habitat for the protected fauna. The flooding of the fields begins 
the third week of April, following a strict schedule in the Ebro Delta, and more flexible in 
Albufera Natural Park. The rice is usually sown during the two first weeks of May, with 

Figure 1. Study sites: Ebro Delta, Tarragona; Albufera, Valencia and Orellana, Badajoz (Spain).

The Albufera Natural Park is located in the eastern coast of Spain (Figure 1). It is
a 21,000 ha wetland ecosystem, including a mixture of approximately 14,500 ha of rice
fields, a 2800 ha lagoon in the northern part and natural areas close to the coastline [40].
The whole area is surrounded by urban areas and other crops (Figure 2). The climate is
Mediterranean, with similar features than those in the Ebro Delta. The precipitation is
normally between 400–500 mm/year, and it is mostly concentrated in autumn and spring.
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Figure 2. Study area: the Ebro Delta (1), Albufera Natural Park (2).

The rice phenological cycle and cropping system are similar in both areas. Rice fields
are kept flooded for most of the year to avoid salinization from a saline aquifer and also
to provide an adequate habitat for the protected fauna. The flooding of the fields begins
the third week of April, following a strict schedule in the Ebro Delta, and more flexible
in Albufera Natural Park. The rice is usually sown during the two first weeks of May,
with plant emergence starting at the end of the month and reaching the heading date stage
by late July. After this moment, the rice develops panicles while the vegetative growth
ceases completely. The harvest takes place the first half of September, and is followed by a
new flooding period with environmental purposes, starting the first week of October. The
environmental winter flooding period takes place until the end of January and nearly one
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month is needed to completely dry the paddy fields. After that, the fields remain bare and
dry until the beginning of the rice cycle in late April, except for some spring rainfall events.

The Orellana irrigated area is an inland agricultural zone close to Guadiana River, in
the southwest of the Iberian Peninsula (Figure 1). Although several crops are grown, some
districts are mainly covered by rice fields with only occasional zones covered by other
irrigated crops. The climate is Mediterranean with continental influences, lacking the effect
of the coastal influences present in the Ebro Delta and the Albufera Natural Park. The study
site is an 8500 ha district mainly covered by rice fields and surrounded by other districts
with a variety of crops, including rice. The northern part is close to forests and shrublands.
The flooding of the fields takes place between the last week of April and the second week
of May, depending on weather conditions. The rice fields are kept flooded with a 5 cm
water table for all the rice cycle, until the end of September. The phenological stages and
dates are similar to those in the Albufera and the Ebro Delta, with some variations due to
climatic differences. In this zone, however, the fields are drained after harvest and the soil
is kept bare and dry until the next year.

2.2. Data Sources

This study was based on the MOD09A1 dataset for the year 2012. This product
consists of an 8-day MODIS composite at 500-m spatial resolution. Accordingly, the 8-days
composite includes the best observation from those taken in an 8-day period. The annual
dataset of 46 images includes reflectance values for Bands 1–7: Blue (450 nm), Green
(555 nm), Red (645 nm), NIR (860 nm), SWIR1 (1240 nm), SWIR2 (1640 nm) and SWIR3
(2130 nm). It also contains quality control flags, sensor zenith angles and observation dates
per pixel. The dataset was downloaded from the NASA website (https://lpdaac.usgs.gov/,
accessed on 4 May 2021) and re-projected using the MODIS re-projection tool [41] to UTM
zone 30. Quality flags were decoded using LDOPE software [42]. Outlier values from
low-quality pixel were eliminated using MODIS quality data bands. Cloud-contaminated
pixels were also removed based on the internal cloud algorithm flag of MOD09A1.005
500-m Surface Reflectance Data State QA. An outlier filter was also used to identify and
remove values outside the range of the mean plus/minus twice the standard deviation
within a five-date period window. Missing data were filled with the average of the previous
and subsequent date values in the time series.

Rice masks, crops calendars, as well as descriptions of agricultural and water manage-
ment practices in the three study areas were provided by water user associations, Centre for
Hydrographic Studies (CEH-CEDEX), Confederación Hidrografica del Guadiana (Ministry
of Agriculture and Fisheries, Food and Environment) and the Mediterranean Center for
Environmental Studies (CEAM).

2.3. Computation of Spectral Indices

The, NDVI (Equation (1)), is a well-known vegetation index, based on the normalized
difference between NIR and Red bands:

NDVI =
RNIR − RRED
RNIR + RRED

(1)

where RNIR and RRED are, respectively, the reflectance in the Near Infrared (860 nm) and
Red (645 nm) regions of spectrum. It has been used to detect the heading date in rice [43]
and for monitoring rice phenology.

The second index, SASI, is a spectral shape index (SSI) originally developed to discrim-
inate among dry and wet soil, and dry and green vegetation [38]. It provides information
about the spectral shape of the MODIS NIR-SWIR region (i.e., 860–1640 nm) (Figure 3)
by assessing the value of the angle centered at the SWIR1 spectral band (1240 nm). It is
defined as the product of the angle at SWIR1 (AS1) [44] and the slope of the line ‘c’ that

https://lpdaac.usgs.gov/
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links the RNIR and RSWIR2 vertices. The equations for calculating SASI are described in
Equations (2)–(4):

AS1 = cos−1
[

a2 + b2 − c2

2·a·b

]
(2)

Slope =
RSWIR2 − RNIR

d
(3)

SASI = AS1·Slope (4)

where a, b, c are the Euclidean distances between RNIR, RSWIR1 and RSWIR2, d is the difference
between λSWIR2 and λNIR and AS1 is the angle at the SWIR1 vertex. A more detailed
explanation can be found in Khanna et al. (2007).
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Slope takes negative values in spectra with high water content such as green vegetation
and positive values for dry soils; vegetation residues and dry vegetation hold a slope close
to zero. The value of AS1 [44], is typically large (from 2 to 3.14 rad) for green vegetation
and dry soils, and smaller (lower than 2 rad) for wet soils and dry vegetation. In line with
this, the product of the angle and slope is large and positive for dry soils, and large and
negative for green vegetation. For dry matter, SASI takes values close to zero, as both the
angle and the slope are small. In wet soils, the index is positive but small due to a decrease
in the value of AS1.

The time series for each reflectance band were compiled, and the indices were calcu-
lated for the whole study period using ENVI4.5.

2.4. Data Analysis

The methodology used in this work takes advantage of the specific rice annual dy-
namics showed in spectral indices time series, with distinct annual patterns in rice areas
strongly different from those of any other land use.

A time series from a single typical rice pixel was selected as a reference profile to
identify the standard NDVI and SASI intra-annual dynamics in each zone. To map rice
fields, a profile similarity comparison method, was accomplished between reference profiles
and each of the time series in the study area. In this method the NDVI and SASI time series
were considered as vectors with a dimensionality equal to the number of observations,
thus the difference in shape between two annual profiles is calculated as the angle between
two vectors, i.e., the angular distance. This analysis was performed for the 2012 annual
time series. This approach would potentially determine rice areas in a particular year.
The angular distances values on a pixel basis were classified in four categories to allow a
more comprehensive evaluation of the discrimination potential of each index to distinguish
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between rice and non-rice spectral profiles. The smaller angular distances indicated a
high similarity with the reference profile and thus those pixels in the first category were
identified as rice-fields, whereas larger angular distances were classified as non-rice pixels
in the other three categories, indicating a different degree of similarity with rice profiles
and potential misclassification.

The profile similarity comparison method used was the Spectral Angle Mapper
(SAM) [45] available in ENVI4.5.

2.4.1. Validation in the Ebro Delta

The identification of rice field pixels for the year 2012 was validated using a rice mask
provided by the Ebro Delta Water Users Association. The pixels were classified into four
categories. The rice mask was used to select the reference pixel and to establish the range
of angular distances associated to rice pixels. The values obtained in the mask determined
the threshold value of the first category (rice pixel). The other two threshold values for the
other three categories, corresponding to non-rice pixels, were established with the same
length of the first one. A confusion matrix was accomplished within an area of 1886 pixels
(47,150 ha) in which 47.4% was occupied by rice fields. Other land uses in the area were
natural wetlands, lagoons, other agricultural land, forest, urban areas and the sea.

2.4.2. Validation in the Albufera Natural Park

In order to assess the effectiveness of this methodology in other rice areas with
similar ecological conditions, the same reference indices profiles and angular distances
classification categories and threshold values from the Ebro Delta were applied to the
Albufera Natural Park. The results of the mapping process were compared with an
orthophoto of the Albufera rice paddy area and with crop surface statistics from this
zone [40].

2.4.3. Validation in Orellana

Due to the specific rice annual dynamics in Orellana (lacking the winter flooding
period) site-specific reference profiles were selected. A rice mask for this district, provided
by the Confederación Hidrográfica del Guadiana, was used for validation. Other rice fields
belonging to different irrigation districts have not been included in the validation process.
In this case the pixels were also classified into four categories. The first threshold value
was also based on the results within the Orellana validation mask and the establishment of
the rest of the threshold values followed the same methodology than the one described
in the Ebro Delta. This irrigation district shows higher spatial variability, with rice fields
intermingled with other irrigated crops.

3. Results

Figure 4 showed the histograms of angular distances between the reference rice
profile and each one of the pixel profiles in the study sites. The lower angular distances
were classified into three equal categories while large angular values were classified in a
wider class.

In the Ebro Delta, the pixels located into the first class, ranging from 0 to 0.35 rad in
NDVI (Figure 4a) and to 0.45 rad in SASI (Figure 4b), were identified as rice while the rest
of the pixels in other categories corresponded to other land uses. The dynamic range of
values in SASI was larger than in NDVI (Figure 4b), with most of the non-rice pixels taking
values between 1.4 and 2.5 rad.

The classification methodology developed for the Ebro Delta was applied in the
Albufera Natural Park to test the potential of this procedure in other rice areas with similar
ecological conditions. The annual time series of NDVI and SASI for 2012 were compared
with the annual pattern obtained in a ground truth rice pixel in the Ebro Delta, and classified
in the same manner (Figure 4c,d).
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In the Albufera case, the dynamic range of values in SASI was also wider in SASI
than in NDVI. The pixels classified in the first category (rice pixels) showed higher angular
distance values in comparison with the values obtained in the Delta in both histograms
(Figure 4c,d).
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Figure 4. Histograms of angular distances in radians in 2012 in the study sites for NDVI (left) and SASI (right): Ebro Delta
(a,b), Albufera National Park (c,d) and Orellana (e,f).

On the other hand, in Orellana, the annual profiles of NDVI and SASI were com-
pared with a reference rice profile from the same area. The pixels were also classified
in four categories, based on the results within the Orellana validation mask (Figure 4e,f).
As in the previous cases, angular distances dynamic range was higher in SASI than in
NDVI (Figure 4e,f), even in land uses with patterns similar to those of rice fields, such as
irrigated crops.

Figure 5 shows a map based on NDVI and SASI angular distances with rice in green
(i.e., lower angular distances), and the other three classes in yellow orange and red, respec-
tively.

NDVI angular distances for rice fields (in green) were consistently lower than those
for other land uses (in yellow, orange and red). In the map, land uses such as lagoons,
urban areas, other agricultural lands and natural areas showed intermediate values being
assigned to the yellow category (Figure 5).
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Figure 5. Rice field maps based on NDVI (left) and SASI (right) annual patterns in the study sites:
Ebro Delta (a,b), Albufera National Park (c,d) and Orellana (e,f). The rice mask is represented by the
black polygons.

In Ebro Delta (Figure 5a,b) and Albufera (Figure 5c,d), sea pixels showed the highest
angular values being labelled in red. The SASI index (Figure 5b,d,f) discriminated more
clearly rice pixels from the rest of land uses than NDVI. A large part of the study area,
covered by different land uses, showed large angular distances being assigned to the red
class. Lagoons were the land use closer to rice fields with values classified in the yellow
and orange categories (Figure 5b,d).

In the Albufera National Park, the results obtained were compared with an ortophoto
of the zone where rice fields have been identified by photointerpretation, and also compared
with rice field area statistical data. The area occupied by the Albufera Natural Park is
clearly identified in the classification process. Additionally, the lagoon, placed in the North



Agronomy 2021, 11, 1365 10 of 15

of the zone (Figure 6), was correctly differentiated from rice fields and was classified into
other categories (in orange and red, respectively, Figure 5c,d). When using SASI, a few
pixels, in the limits of the rice area and in the lagoon were classified in the yellow class; it is
likely that these areas correspond to mixed pixels.
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Figure 6. Albufera Natural Park (2012) orthophoto with the delimitation of rice field area and lagoon.

Outside the validation mask, rice pixels were classified in the first category (green),
with both indices while pixels corresponding to other crops and natural areas were classi-
fied in the second and third categories (yellow and orange, Figure 5e,f).

Figure 7 shows an example of the NDVI and SASI annual profiles for each category,
with green color associated to the pixels with lower angular distances (rice class).

In Ebro Delta and Albufera, the NDVI increased quickly since flooding (May) until
the heading date (end of July), and then decreased until the harvest (middle September). It
did not show a distinct trend during the non-growing season, when the soil is flooded first
(October) and is drained afterwards (February). On the other hand, SASI (Figure 7b,d,f)
showed an abrupt increase in coincidence with the draining of the fields (at the end of
January) after the winter flooding, in both study areas.

In all cases, SASI annual dynamics in rice (Figure 7b,d,f) showed a period of distinct
high values between February and April, when the soil is dry, clearly different from all the
other land uses. In Orellana, flooding dynamics are notably different to those in the Ebro
Delta and the Albufera, as rice fields are not flooded during winter. Thus, NDVI and SASI
annual values presented a different pattern from those of the other two zones (Figure 7e,f).

In the Ebro Delta study site, a confusion matrix (Table 1) was constructed for a zone
with the same area occupied by rice fields and by other land uses. SASI showed an overall
accuracy slightly higher than NDVI, with better identification of the rice fields; on the other
hand, both indices showed a similar performance identifying non-rice pixels.
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Table 1. Accuracy assessment of the classification for NDVI and SASI in the Ebro Delta (2012).

Classification
Groundtruth Data

User Accuracy (%)
Rice Non-Rice

NDVI
Rice 840 105 88.89

Non-rice 40 898 95.73
Producer accuracy NDVI (%) 95.46 89.53

Overall accuracy: 92.40

SASI
Rice 851 94 90.05

Non-rice 43 898 95.43
Producer accuracy SASI (%) 95.19 90.52

Overall accuracy: 92.80
Note: counted in number of pixels.

Similar accuracies are obtained in the Albufera Natural Park (98.1% for SASI and
77.24% NDVI) when comparing the total areas covered by rice with statistical data from the
study area; and in Orellana (82.77% for NDVI and 90.08% for SASI) within the validation
area. This indicates a higher discrimination potential in SASI than NDVI.
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4. Discussion

SASI annual profiles capture more accurately rice dynamics than NDVI in the study
zones providing better information on transitions in soil and vegetation moisture which is
an asset in rice fields as they are a dynamic system of soil, free water and green vegetation.
SASI showed an abrupt increase in coincidence with the draining of the fields (at the end
of January) after the winter flooding whereas the NDVI did not show a distinct trend
during the non-growing season (Figure 7). This indicates a higher sensitivity of SASI to soil
moisture content than NDVI, being able to discriminate bare soil from flooded soil. Other
studies have showed similar results in rice fields [37] as well as in other situations, for
example, SASI has shown good performance in discriminating changes in soil moisture to
study drought effects in crops [36]. Furthermore, SASI in combination with other indices,
allowed discriminating between bare soil, dry plant matter and green vegetation [38].

SASI better discrimination potential is also shown in the distribution of the angular
distances covering a larger range than NDVI (Figure 4) indicating a higher variability of
SASI annual patterns among different land uses. Moreover, SASI most non-rice pixels were
located in the fourth class while NDVI angular values for most of non-rice pixels were
close to those from rice pixels allowing a clearer segmentation between land uses. This
results in higher accuracies values of rice classification when using this index. Particularly,
SASI achieved slightly better results in the Delta and clearly better in the Albufera with
92.8% and 98% of accuracy, respectively, compared with NDVI index. The accuracy of the
results was better or similar to those found in other works [9,31], even in those with higher
spatial resolution [5,9].

SASI annual profiles outperforms in discriminating between rice fields and land uses
with similar dynamics (Figure 5), such as wetlands and irrigated annual crops which
presents a temporal profile that can be easily confused with rice profiles in rice mapping
procedures [27]. SASI was less affected by changes in water level or phenological differ-
ences between fields than NDVI, resulting in a more accurate identification of rice fields.
Accordingly, it can discriminate more clearly rice pixels from other land uses even when
some phenological and flooding changes take place. This feature may be useful to identify
rice areas with flooding periods out of the growing cycle and different water levels in the
rice fields [46,47].

The classification errors were mainly due to mixed pixels near the lagoons (Albufera
lagoon, Figure 5c,d) or close to other crops (Orellana, Figure 5e,f). SASI performed better
than NDVI in discriminating rice fields from other irrigated crops (some of them with
single-cycle and similar seasonality). This is due to SASI rice annual patterns are highly
distinct from those in other land uses, even without winter flooding dynamics. This
capability relies on SASI different values in bare soil and wet soil [38].

Particularly, Orellana results were slightly poorer than in the Ebro Delta and the
Albufera, presenting more classification errors. The lack of winter flooding could increase
the difficulty to distinguish rice from other crops located in irrigation districts surrounding
the study area. However, these results could be considered satisfactory taking into account
the high frequency of coexistence of more than one crop within MODIS pixels.

The similarity of NDVI and SASI patterns in the Ebro Delta and the Albufera, as a
result of similar phenological and hydrological annual dynamics in rice cultivation, made
possible to use the same reference profiles and classification scheme. This indicates that
this scheme could be applied to other areas with a similar pattern of phenological and
hydrological stages for rice, very common in many Asian countries [48,49]. The results in
Orellana indicate also a better potential of SASI in areas without winter flooding showing
a better capacity to differentiate soil and water dynamics, which is crucial to capture rice
field changes through the year. In order to apply this method to other regions with different
vegetation and flooding dynamics it is essential to count on a reference rice annual profile
within the study area, or from other area with similar annual dynamics.

Although this method based on MODIS images is specially indicated for rice mapping
in medium-size rice areas or regional studies, the use of higher spatial resolution sensors
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should be explored for studies in small-size rice areas. In this regard, the increasing
availability of data and resolutions from new sensors, such as the new ESA Sentinel-2
sensors [50] may provide the opportunity to improve the results obtained [51–53].

5. Conclusions

This study compares the potential of SASI and NDVI annual time series to identify
rice areas using a profile similarity procedure. The method was tested in two coastal rice
areas close to wetlands and in an irrigation district surrounded by other irrigated crops.

The overall accuracy was 92.8%, 98.1% and 90.1% for SASI and 92.4%, 77.24% and
82.8% for NDVI in the Delta, Albufera and Orellana, respectively. In particular, the user
accuracy in the Ebro Delta was 88.89% (rice) and 95.73% (non-rice) for NDVI, and 90.05%
(rice) and 95.43% (non-rice) for SASI.

The combined use of annual vegetation index time series with a profile similarity method
constitute an accurate procedure to map rice areas with different flooding dynamics.

SASI annual profiles capture more accurately rice dynamics than NDVI in the study
zones, outperforming in discriminating between rice fields and land uses with similar
dynamics, such as wetlands and irrigated annual crops.

The application of this approach based on MODIS time series may provide the oppor-
tunity to count on annual rice maps at global level from 2000 to the year in course. The
results obtained in this work might be used as a basic first step for other rice studies, such
as flooding, phenology or evapotranspiration monitoring in rice fields. In a global context
of water scarcity, climate change and land use change, this approach may provide a useful
tool for natural resource management, monitoring and planning, especially in countries
lacking reliable field or statistical data.

Author Contributions: L.T., J.A.D. and A.P.-O. conceived the research and designed the methodology;
L.T., M.C.M. and J.A.D. applied the methodology and analyzed the data; L.R., V.C. and M.J.G.-G.
participated in the investigation; A.P.-O. supervised the research; L.T. and A.P.-O. wrote the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Centre for Hydrographic Studies (CEH-CEDEX), the
Spanish Ministry of Economy through the project AGL-2010-17505, and the European Cooperation on
Science and Technology under the COST Action ES1106 AGRIWAT. Laura Recuero’s participation was
supported by a predoctoral grant [FPU014/05633] from the Spanish Ministry of Science, Innovation
and Universities.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the water user associations in the Ebro Delta for their expla-
nation of rice management practices and for the field data provided. We are also especially thankful
to the Confederación Hidrográfica del Guadiana (Ministry of Agriculture and Fisheries, Food and
the Environment), for the data and information of Orellana irrigation district, and to Arnaud Carrara
(CEAM), for the information provided regarding rice growing practices in the Albufera Natural Park.
We also appreciate the support and valuable cooperation of the Centre for Hydrographic Studies
(CEH-CEDEX) in the development of this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kuenzer, C.; Knauer, K. Remote sensing of rice crop areas. Int. J. Remote Sens. 2012, 34, 2101–2139. [CrossRef]
2. Xiao, X.; Boles, S.; Frolking, S.; Li, C.; Babu, J.Y.; Salas, W.; Moore, B. Mapping paddy rice agriculture in South and Southeast Asia

using multi-temporal MODIS images. Remote Sens. Environ. 2006, 100, 95–113. [CrossRef]
3. van der Gon, H.D. Changes in CH4 emission from rice fields from 1960 to 1990s: 1. Impacts of modern rice technology. Glob.

Biogeochem. Cycles 2000, 14, 61–72. [CrossRef]
4. Boschetti, M.; Nutini, F.; Manfron, G.; Brivio, P.A.; Nelson, A. Comparative Analysis of Normalised Difference Spectral Indices

Derived from MODIS for Detecting Surface Water in Flooded Rice Cropping Systems. PLoS ONE 2014, 9, e88741. [CrossRef]

http://doi.org/10.1080/01431161.2012.738946
http://doi.org/10.1016/j.rse.2005.10.004
http://doi.org/10.1029/1999GB900096
http://doi.org/10.1371/journal.pone.0088741


Agronomy 2021, 11, 1365 14 of 15

5. Dong, J.; Xiao, X.; Kou, W.; Qin, Y.; Zhang, G.; Li, L.; Jin, C.; Zhou, Y.; Wang, J.; Biradar, C.; et al. Tracking the dynamics of paddy
rice planting area in 1986–2010 through time series Landsat images and phenology-based algorithms. Remote Sens. Environ. 2015,
160, 99–113. [CrossRef]

6. Zhang, G.; Xiao, X.; Biradar, C.; Dong, J.; Qin, Y.; Menarguez, M.A.; Zhou, Y.; Zhang, Y.; Jin, C.; Wang, J.; et al. Spatiotemporal
patterns of paddy rice croplands in China and India from 2000 to 2015. Sci. Total Environ. 2017, 579, 82–92. [CrossRef] [PubMed]

7. Li, B.; Ti, C.; Yan, X. Estimating rice paddy areas in China using multi-temporal cloud-free normalized difference vegetation
index (NDVI) imagery based on change detection. Pedosphere 2020, 30, 734–746. [CrossRef]

8. Dong, J.; Liu, J.; Tao, F.; Xu, X.; Wang, J. Spatio-temporal changes in annual accumulated temperature in China and the effects on
cropping systems, 1980s to 2000. Clim. Res. 2009, 40, 37–48. [CrossRef]

9. Torbick, N.; Chowdhury, D.; Salas, W.; Qi, J. Monitoring Rice Agriculture across Myanmar Using Time Series Sentinel-1 Assisted
by Landsat-8 and PALSAR-2. Remote Sens. 2017, 9, 119. [CrossRef]

10. Wang, J.; Xiao, X.; Qin, Y.; Dong, J.; Zhang, G.; Kou, W.; Jin, C.; Zhou, Y.; Zhang, Y. Mapping paddy rice planting area in wheat-rice
double-cropped areas through integration of Landsat-8 OLI, MODIS and PALSAR images. Sci. Rep. 2015, 5, 10088. [CrossRef]

11. Frolking, S.; Qiu, J.; Boles, S.; Xiao, X.; Liu, J.; Zhuang, Y.; Li, C.; Qin, X. Combining remote sensing and ground census data to
develop new maps of the distribution of rice agriculture in China. Glob. Biogeochem. Cycles 2002, 16, 38-1–38-10. [CrossRef]

12. Monfreda, C.; Ramankutty, N.; Foley, J.A. Farming the planet: 2. Geographic distribution of crop areas, yields, physiological
types, and net primary production in the year 2000. Glob. Biogeochem. Cycles 2008, 22. [CrossRef]

13. Gumma, M.K.; Thenkabail, P.S.; Maunahan, A.; Islam, S.; Nelson, A. Mapping seasonal rice cropland extent and area in the high
cropping intensity environment of Bangladesh using MODIS 500m data for the year 2010. ISPRS J. Photogramm. Remote Sens.
2014, 91, 98–113. [CrossRef]

14. Gumma, M.K.; Nelson, A.; Thenkabail, P.S.; Singh, A.N. Mapping rice areas of South Asia using MODIS multitemporal data. J.
Appl. Remote Sens. 2011, 5, 053547. [CrossRef]

15. Qin, Y.; Xiao, X.; Dong, J.; Zhou, Y.; Zhu, Z.; Zhang, G.; Du, G.; Jin, C.; Kou, W.; Wang, J.; et al. Mapping paddy rice planting area
in cold temperate climate region through analysis of time series Landsat 8 (OLI), Landsat 7 (ETM+) and MODIS imagery. ISPRS J.
Photogramm. Remote Sens. 2015, 105, 220–233. [CrossRef]

16. Jiang, Y.; Lu, Z.; Li, S.; Lei, Y.; Chu, Q.; Yin, X.; Chen, F. Large-Scale and High-Resolution Crop Mapping in China Using Sentinel-2
Satellite Imagery. Agriculture 2020, 10, 433. [CrossRef]

17. Bouvet, A.; Le Toan, T. Nguyen Lam-Dao Monitoring of the Rice Cropping System in the Mekong Delta Using ENVISAT/ASAR
Dual Polarization Data. IEEE Trans. Geosci. Remote Sens. 2009, 47, 517–526. [CrossRef]

18. Zhang, Y.; Wang, C.; Wu, J.; Qi, J.; Salas, W.A. Mapping paddy rice with multitemporal ALOS/PALSAR imagery in southeast
China. Int. J. Remote Sens. 2009, 30, 6301–6315. [CrossRef]

19. Li, P.; Feng, Z.; Jiang, L.; Liu, Y.; Xiao, X. Changes in rice cropping systems in the Poyang Lake Region, China during 2004–2010. J.
Geogr. Sci. 2012, 22, 653–668. [CrossRef]

20. Turner, M.D.; Congalton, R.G. Classification of multi-temporal SPOT-XS satellite data for mapping rice fields on a West African
floodplain. Int. J. Remote Sens. 1998, 19, 21–41. [CrossRef]

21. Xiao, X.; Boles, S.; Liu, J.; Zhuang, D.; Frolking, S.; Li, C.; Salas, W.; Moore, B. Mapping paddy rice agriculture in southern China
using multi-temporal MODIS images. Remote Sens. Environ. 2005, 95, 480–492. [CrossRef]

22. Sun, H.-S.; Huang, J.-F.; Huete, A.; Peng, D.-L.; Zhang, F. Mapping paddy rice with multi-date moderate-resolution imaging
spectroradiometer (MODIS) data in China. J. Zhejiang Univ. A 2009, 10, 1509–1522. [CrossRef]

23. Nuarsa, I.W.; Nishio, F.; Hongo, C.; Mahardika, I.G. Using variance analysis of multitemporal MODIS images for rice field
mapping in Bali Province, Indonesia. Int. J. Remote Sens. 2012, 33, 5402–5417. [CrossRef]

24. Cao, J.; Cai, X.; Tan, J.; Cui, Y.; Xie, H.; Liu, F.; Yang, L.; Luo, Y. Mapping paddy rice using Landsat time series data in the Ganfu
Plain irrigation system, Southern China, from 1988−2017. Int. J. Remote Sens. 2021, 42, 1556–1576. [CrossRef]

25. McCloy, K.R.; Smith, F.R.; Robinson, M.R. Monitoring rice areas using LANDSAT MSS data. Int. J. Remote Sens. 1987, 8, 741–749.
[CrossRef]

26. Fang, H. Rice crop area estimation of an administrative division in China using remote sensing data. Int. J. Remote Sens. 1998,
19, 3411–3419. [CrossRef]

27. Dong, J.; Xiao, X. Evolution of regional to global paddy rice mapping methods: A review. ISPRS J. Photogramm. Remote Sens. 2016,
119, 214–227. [CrossRef]

28. Sakamoto, T.; Yokozawa, M.; Toritani, H.; Shibayama, M.; Ishitsuka, N.; Ohno, H. A crop phenology detection method using
time-series MODIS data. Remote Sens. Environ. 2005, 96, 366–374. [CrossRef]

29. Manfron, G.; Crema, A.; Boschetti, M.; Confalonieri, R. Testing automatic procedures to map rice area and detect phenological
crop information exploiting time series analysis of remote sensed MODIS data. In Proceedings of the SPIE 8531 Remote Sensing
for Agriculture, Ecosystems, and Hydrology XIV, Edinburgh, UK, 19 October 2012; p. 85311. [CrossRef]

30. Thenkabail, P.S.; GangadharaRao, P.; Biggs, T.W.; Krishna, M.; Turral, H. Spectral Matching Techniques to Determine Historical
Land-use/Land-cover (LULC) and Irrigated Areas Using Time-series 0.1-degree AVHRR Pathfinder Datasets. Photogramm. Eng.
Remote Sens. 2007, 73, 1029–1040.

31. Gumma, M.K.; Mohanty, S.; Nelson, A.; Arnel, R.; Mohammed, I.A.; Das, S.R. Remote sensing based change analysis of rice
environments in Odisha, India. J. Environ. Manag. 2015, 148, 31–41. [CrossRef]

http://doi.org/10.1016/j.rse.2015.01.004
http://doi.org/10.1016/j.scitotenv.2016.10.223
http://www.ncbi.nlm.nih.gov/pubmed/27866742
http://doi.org/10.1016/S1002-0160(17)60405-3
http://doi.org/10.3354/cr00823
http://doi.org/10.3390/rs9020119
http://doi.org/10.1038/srep10088
http://doi.org/10.1029/2001GB001425
http://doi.org/10.1029/2007GB002947
http://doi.org/10.1016/j.isprsjprs.2014.02.007
http://doi.org/10.1117/1.3619838
http://doi.org/10.1016/j.isprsjprs.2015.04.008
http://doi.org/10.3390/agriculture10100433
http://doi.org/10.1109/TGRS.2008.2007963
http://doi.org/10.1080/01431160902842391
http://doi.org/10.1007/s11442-012-0954-x
http://doi.org/10.1080/014311698216404
http://doi.org/10.1016/j.rse.2004.12.009
http://doi.org/10.1631/jzus.A0820536
http://doi.org/10.1080/01431161.2012.661091
http://doi.org/10.1080/01431161.2020.1841321
http://doi.org/10.1080/01431168708948685
http://doi.org/10.1080/014311698214073
http://doi.org/10.1016/j.isprsjprs.2016.05.010
http://doi.org/10.1016/j.rse.2005.03.008
http://doi.org/10.1117/12.974662
http://doi.org/10.1016/j.jenvman.2013.11.039


Agronomy 2021, 11, 1365 15 of 15

32. Lunetta, R.S.; Shao, Y.; Ediriwickrema, J.; Lyon, J.G. Monitoring agricultural cropping patterns across the Laurentian Great Lakes
Basin using MODIS-NDVI data. Int. J. Appl. Earth Obs. Geoinf. 2010, 12, 81–88. [CrossRef]

33. Sari, D.K.; Ismullah, I.H.; Sulasdi, W.N.; Harto, A.B. Detecting rice phenology in paddy fields with complex cropping pattern
using time series MODIS data: A case study of northern part of West Java-Indonesia. ITB J. Sci. 2010, 42, 91–106. [CrossRef]

34. Motohka, T.; Nasahara, K.N.; Miyata, A.; Mano, M.; Tsuchida, S. Evaluation of optical satellite remote sensing for rice paddy
phenology in monsoon Asia using a continuous in situ dataset. Int. J. Remote Sens. 2009, 30, 4343–4357. [CrossRef]

35. Palacios-Orueta, A.; Khanna, S.; Litago, J.; Whiting, M.L.; Ustin, S.L. Assessment of NDVI and NDWI spectral indices using
MODIS time series analysis and development of a new spectral index based on MODIS shortwave infrared bands. In Proceedings
of the 1st International Conference of Remote Sensing and Geoinformation Processing, Trier, Germany, 7–9 September 2005;
pp. 207–209.

36. Das, P.K.; Murthy, S.C.; Seshasai, M.V.R. Early-season agricultural drought: Detection, assessment and monitoring using
Shortwave Angle and Slope Index (SASI) data. Environ. Monit. Assess. 2013, 185, 9889–9902. [CrossRef]

37. Tornos, L.; Huesca, M.; Dominguez, J.A.; Moyano, M.C.; Cicuendez, V.; Recuero, L.; Orueta, A.P. Assessment of MODIS spectral
indices for determining rice paddy agricultural practices and hydroperiod. ISPRS J. Photogramm. Remote Sens. 2015, 101, 110–124.
[CrossRef]

38. Khanna, S.; Orueta, A.P.; Whiting, M.L.; Ustin, S.; Riano, D.; Litago, J. Development of angle indexes for soil moisture estimation,
dry matter detection and land-cover discrimination. Remote Sens. Environ. 2007, 109, 154–165. [CrossRef]

39. Murthy, C.S.; Abid, S.M.; Das, P.K.; SeshaSai, M.V.R. Tracking surface wetness and rice transplantation using Shortwave Angle
Slope Index (SASI). In Proceedings of the ISRS Symposium, New Delhi, India, 6–7 December 2012.

40. Valenciana, G. Importancia del Cultivo del Arroz en el Parc Natural de L’Albufera. Available online: https://typsa.net/albufera/
01_WEB_ED/01_AV_DSAV/04_GA/01_MC/7-Linkdocs/21121_ImportanciaarrozalAlbufera.pdf (accessed on 11 May 2021).

41. Dwyer, J.; Schmidt, G. The MODIS Reprojection Tool. In Earth Science Satellite Remote Sensing; Springer: Berlin/Heidelberg,
Germany, 2007; pp. 162–177.

42. Roy, D.P.; Borak, J.S.; Devadiga, S.; E Wolfe, R.; Zheng, M.; Descloitres, J. The MODIS Land product quality assessment approach.
Remote Sens. Environ. 2002, 83, 62–76. [CrossRef]

43. Wang, H.; Chen, J.; Wu, Z.; Lin, H. Rice heading date retrieval based on multi-temporal MODIS data and polynomial fitting. Int.
J. Remote Sens. 2011, 33, 1905–1916. [CrossRef]

44. Orueta, A.P.; Huesca, M.; Whiting, M.L.; Litago, J.; Khanna, S.; Garcia, M.; Ustin, S. Derivation of phenological metrics by function
fitting to time-series of Spectral Shape Indexes AS1 and AS2: Mapping cotton phenological stages using MODIS time series.
Remote Sens. Environ. 2012, 126, 148–159. [CrossRef]

45. Kruse, F.; Lefkoff, A.; Boardman, J.; Heidebrecht, K.; Shapiro, A.; Barloon, P.; Goetz, A. The spectral image processing system
(SIPS)—interactive visualization and analysis of imaging spectrometer data. Remote Sens. Environ. 1993, 44, 145–163. [CrossRef]

46. Berg, H. Rice monoculture and integrated rice-fish farming in the Mekong Delta, Vietnam—Economic and ecological considera-
tions. Ecol. Econ. 2002, 41, 95–107. [CrossRef]

47. Lu, J.; Li, X. Review of rice–fish-farming systems in China—One of the Globally Important Ingenious Agricultural Heritage
Systems (GIAHS). Aquaculture 2006, 260, 106–113. [CrossRef]

48. Kurechi, M. Restoring Rice Paddy Wetland Environments and the Local Sustainable Society—Project for Achieving Co-existence
of Rice Paddy Agriculture with Waterbirds at Kabukuri-numa, Miyagi Prefecture, Japan. Glob. Environ. Res. 2007, 11, 141–152.

49. Wood, C.; Qiao, Y.; Li, P.; Ding, P.; Lu, B.; Xi, Y. Implications of Rice Agriculture for Wild Birds in China. Waterbirds 2010, 33, 30–43.
[CrossRef]

50. Drusch, M.; Del Bello, U.; Carlier, S.; Colin, O.; Fernandez, V.; Gascon, F.; Hoersch, B.; Isola, C.; Laberinti, P.; Martimort, P.;
et al. Sentinel-2: ESA’s Optical High-Resolution Mission for GMES Operational Services. Remote Sens. Environ. 2012, 120, 25–36.
[CrossRef]

51. Segarra, J.; Buchaillot, M.L.; Araus, J.L.; Kefauver, S.C. Remote Sensing for Precision Agriculture: Sentinel-2 Improved Features
and Applications. Agronomy 2020, 10, 641. [CrossRef]

52. Sarvia, F.; Xausa, E.; De Petris, S.; Cantamessa, G.; Borgogno-Mondino, E. A Possible Role of Copernicus Sentinel-2 Data to
Support Common Agricultural Policy Controls in Agriculture. Agronomy 2021, 11, 110. [CrossRef]

53. Xiao, W.; Xu, S.; He, T. Mapping Paddy Rice with Sentinel-1/2 and Phenology-, Object-Based Algorithm—A Implementation in
Hangjiahu Plain in China Using GEE Platform. Remote Sens. 2021, 13, 990. [CrossRef]

http://doi.org/10.1016/j.jag.2009.11.005
http://doi.org/10.5614/itbj.sci.2010.42.2.2
http://doi.org/10.1080/01431160802549369
http://doi.org/10.1007/s10661-013-3299-8
http://doi.org/10.1016/j.isprsjprs.2014.12.006
http://doi.org/10.1016/j.rse.2006.12.018
https://typsa.net/albufera/01_WEB_ED/01_AV_DSAV/04_GA/01_MC/7-Linkdocs/21121_Importancia arrozal Albufera.pdf
https://typsa.net/albufera/01_WEB_ED/01_AV_DSAV/04_GA/01_MC/7-Linkdocs/21121_Importancia arrozal Albufera.pdf
http://doi.org/10.1016/S0034-4257(02)00087-1
http://doi.org/10.1080/01431161.2011.603378
http://doi.org/10.1016/j.rse.2012.08.002
http://doi.org/10.1016/0034-4257(93)90013-N
http://doi.org/10.1016/S0921-8009(02)00027-7
http://doi.org/10.1016/j.aquaculture.2006.05.059
http://doi.org/10.1675/063.033.s103
http://doi.org/10.1016/j.rse.2011.11.026
http://doi.org/10.3390/agronomy10050641
http://doi.org/10.3390/agronomy11010110
http://doi.org/10.3390/rs13050990

	Introduction 
	Materials and Methods 
	Study Sites 
	Data Sources 
	Computation of Spectral Indices 
	Data Analysis 
	Validation in the Ebro Delta 
	Validation in the Albufera Natural Park 
	Validation in Orellana 


	Results 
	Discussion 
	Conclusions 
	References

