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Abstract: It is necessary to develop a sustainable food production system to ensure future food security
around the globe. Cropping intensity and sowing month are two essential parameters for analyzing
the food–water–climate tradeoff as food sustainability indicators. This study presents a global-scale
analysis of cropping intensity and sowing month from 2000 to 2015, divided into three groups of years.
The study methodology integrates the satellite-derived normalized vegetation index (NDVI) of 16-day
composite Moderate Resolution Imaging Spectroradiometer (MODIS) and daily land-surface-water
coverage (LSWC) data obtained from The Advanced Microwave Scanning Radiometer (AMSR-E/2) in
1-km aggregate pixel resolution. A fast Fourier transform was applied to normalize the MODIS NDVI
time-series data. By using advanced methods with intensive optic and microwave time-series data,
this study set out to anticipate potential dynamic changes in global cropland activity over 15 years
representing the Millennium Development Goal period. These products are the first global datasets
that provide information on crop activities in 15-year data derived from optic and microwave satellite
data. The results show that in 2000–2005, the total global double-crop intensity was 7.1 million
km2, which increased to 8.3 million km2 in 2006–2010, and then to approximately 8.6 million km2 in
2011–2015. In the same periods, global triple-crop agriculture showed a rapid positive growth from
0.73 to 1.12 and then 1.28 million km2, respectively. The results show that Asia dominated double-
and triple-crop growth, while showcasing the expansion of single-cropping area in Africa. The finer
spatial resolution, combined with a long-term global analysis, means that this methodology has the
potential to be applied in several sustainability studies, from global- to local-level perspectives.

Keywords: global cropping intensity; long-term sowing month; MODIS NDVI; AMSR-E/2 LSWC;
land surface phenology

1. Introduction

Researchers worldwide have been focusing on how to find a better approach to increasing food
production in a more sustainable manner, as the food balance is predicted to exhibit a negative trend
over the next decade due to increasing global demand [1,2]. Sustainable crop production refers to
agricultural production in such a way that it does not cause any harm to the environment, biodiversity,
or quality of agricultural crops [3,4]. According to a report published by the United Nation Department
of Economic and Social Affairs (UN DESA) [5], the global population will reach 8.5 billion in 2030.
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Consequently, studies have estimated a need to increase food production by 60% using 1.2 million km2

of converted land [6–8]. A common solution to increasing food-crop production involves expanding the
cropland area. However, current cropland areas are shrinking owing to urbanization, industrialization,
and prevailing drought crises [9,10]. Therefore, several countries have tried to intensify their use of
cultivated lands. This strategy provides a promising means of improving global crop production
without the need to increase the amount of agricultural land [11,12]. However, to ensure sustainability,
food security must consider the tradeoff between food production, water demand, and emissions [13,14].
High cropping-intensity agriculture incurs high risks due to the adverse effects of increased water
demand and greenhouse gas (GHG) emissions [15,16]. When evaluating the progress toward achieving
sustainable development goals (SDGs), it is essential to develop sustainable and accurate data metrics,
such as the long-term global cropping intensity and the crop calendar [17,18]. The crop calendar is
defined as the times at which farmers are sowing and harvesting crops, and cropping intensity refers
to the number of cropping cycles per year [11]. These two important parameters allow researchers to
consider not only the volume of food production, water demand, and emissions, but also the time
required to accommodate dramatic changes in production demand. This information has potential
applications for policy makers tasked with monitoring and implementing interventions. Several
previous studies have applied these crop activity parameters to fight hunger, water crises, and climate
change. Ray et al. [19] applied the parameters in estimating and projecting future yield. Doll and
Siebert [20] and Wada et al. [21] used cropping intensity and calendar to calculate the global crop
water requirement in pixels. Studies related to global ground water modeling, as presented by Oki
and Kanae [22], also applied cropping activity to surface information as one of the significant inputs.
The latest study that used these parameters was a scenario modeling of global agriculture redistribution
by Davis et al. [23]. These studies show that improving cropping-intensity and calendar products will
benefit future research and support strategic policies. There are three existing approaches to estimating
these crop-activity parameters: census-based, model simulation, and remote sensing. The limitations
of these approaches, considered below, point to the need for more research in order for SDGs to be met.

The global dataset of Monthly Irrigated and Rainfed Crop Areas Around the Year 2000 (MIRCA) [24]
is a global crop database of monthly growing areas for 26 irrigated and rainfed crops. The database
combines a census-based approach and existing statistical database, such as the Food and Agriculture
Organization (FAO) irrigated area statistics. The dataset covers the period 1998–2002 and has a
spatial resolution of 5 and 30 arc-min. As the information is directly obtained from the census data,
the product has an advantage in terms of data quality compared with other products. The MIRCA
dataset includes: (1) the number of crops, (2) the maximum area occupied by each individual crop,
(3) the most, second-most, third-most, fourth-most, and fifth-most important global major crops (based
on the criterion of the amount of area planted with the particular crop globally), (4) the ratios of
rainfed and irrigated crops in the crop mix, and (5) the crop calendars. However, a limitation of this
product lies in the distribution of the survey, as poor access to certain areas makes it difficult to collect
information. Further, statistical data with small spatial units can produce low-sensitivity data. As a
high-quality census distribution is costly, some studies have used interpolation strategies to produce
a profile of an unknown area [25]. Because of this limitation, a census-based approach produces
large uncertainties in the crop calendar and cropping intensity information, especially for global-scale
analysis [26]. Model-based simulation and remote-sensing techniques have the potential to reduce
these uncertainties, as these approaches are able to monitor large-scale areas.

Model simulation-based approaches, such as those used by Waha et al. [27] and Zabel et al. [28]
(in this study, WAHA refers to Waha et al. [27] and ZABEL refers to Zabel et al. [28] study product),
can simulate global cropping intensity and crop calendars by using meteorological forecasting data.
This method reflects specific climate requirements and topographic characteristics. The model considers
that climatic conditions, such as rainfall and temperature, affect the planting date, which is important
because several studies have shown a strong relationship among the climate, soil, topography, and
agricultural suitability [29,30]. The best feature of the model-based approach is that projection modeling
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is possible with a high temporal resolution. For example, ZABEL released a crop-suitability product
for two periods, namely, 1981–2010 and 2071–2100. However, the accuracy of this product depends on
the quality of its base map and climate model, which vary considerably depending on the model type
and parameter input [31,32].

The advantage of remote sensing is its capacity for high-reproducibility spatial data over a large
coverage area with various applications, produced in a timely manner [33]. However, the quality of
datasets gathered by remote sensing depends on the spatial, spectral, and temporal characteristics of each
satellite sensor. Based on the characteristics of radiation source, spectral radiance, and electromagnetic
spectrum, the remote-sensing system is divided into optic, thermal, and microwave sensors. In general,
optic and thermal sensors measure reflected and emitted energy in visible and thermal wavelengths.
On the other hand, a microwave sensor measures the time distance between the sensor and an object.
To overcome this limitation, several studies have tried to integrate multisatellite datasets according
to the strength of different sensors of the optic and microwave types [34,35]. The Satellite-derived
Crop Calendar for Agricultural Simulations (SACRA) product [36] can obtain the recent cropping
intensity and crop calendar by using the time series of vegetation index derived from Satellite Pour
l’Observation de la Terre (SPOT) satellite imagery. The strength of the SACRA product is its integration
of remote sensing, census-based MIRCA, and temperature data obtained from the H08 model [37].
However, the products only use single optical satellite data, produced with a coarse pixel resolution of 5
arc-min or 10 km at the Equator, and the SACRA product can only present data from one representative
year as single data that represent the averaged Normalized Different Vegetation Index (NDVI) over
3 years (2004–2006). Therefore, this dataset cannot be used for analyzing data in terms of multiyear
crop change.

The limitations of these current products demonstrate the need to develop a method for analyzing
long-term crop activity through multisatellite integration for enhancing product quality. In particular,
to monitor crop phenology, the current approach of using a dominant optic base must be enhanced to
use other satellite data, such as those produced using radar. Thus, the main objective of this study was
to develop long-term, moderate-resolution data representing the global cropping intensity and sowing
month in a 30 arc-second spatial resolution (approximately 1 km at the Equator). We set out to fill the
information gap by estimating these two crop-activity parameters for a 15-year analysis covering the
period 2001–2015, divided into three blocks of five consecutive years.

2. Materials and Methods

We explored the potential integration of the satellite-derived NDVI from Moderate Resolution
Imaging Spectroradiometer (MODIS) and land-surface-water coverage (LSWC) from The Advanced
Microwave Scanning Radiometer (AMSR-E/2) to analyze the crop-phenology information. By using
advanced methods of intensive optic and microwave global data processing with time series analysis
using a multi-core processor on High Performance Computing (HPC), this study set out to anticipate
potential dynamic changes in global cropland activity over 15 years representing the Millennium
Development Goal (MDG) period. The novelty of this study is that it is the first to develop global
datasets that provide information regarding cropping intensity and sowing month using 15 years of
data derived from the integration of optical and microwave satellite imagery.

For estimating the cropping intensity, we used only MODIS NDVI, which was integrated with
the International Institute for Applied Systems Analysis (IIASA) cropland fraction as the base map.
In this study, we named it the “MODIS cropping intensity” (MODIS CI) product; it indicates the
estimated number of cropping cycles per year. For crop calendar analysis, we only focused on detecting
the sowing month without detecting the harvesting date. For this analysis, the product was named
“MODIS-AMSR sowing month”, as it was a combination of the MODIS NDVI and AMSR-E/2 LSWC,
and used for data processing. Since there are no available data using a higher spatial resolution
with extensive ground base data, we applied some comparative analysis of our cropping-intensity
and sowing-month products with spatial and statistic data. For cross-comparison with spatial data,
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we compared our MODIS-AMSR sowing-month product with MIRCA, SACRA, and ZABEL products.
This cross-validation analysis aimed to check the consistency and different trends among data products.
For statistics-based comparison, we calculated the total area of double- and triple-crop intensity in 162
countries from four cropping-intensity products and compared it with the irrigated FAO-stat of the
irrigated areas [38]. To support this comparative study, we used Historical, gridded land use (HYDE 3.2)
irrigated crop area [39] for visual comparison to look at how correlations between non-single-cropping
intensities are predominantly located in irrigated areas. This section describes the materials and
methods applied to produce MODIS CI and MODIS-AMSR sowing month. Figure 1 shows the
data-processing schemes of MODIS and AMSR-E/2. The following subsections explain the data used
in the present study: MODIS NDVI and AMSR-E/2 LSWC (Section 2.1). Subsequently, we describe the
strategies for estimating the cropping intensity (Section 2.2) and sowing month (Section 2.3). Finally,
Section 2.4 explains the approach for harmonizing previous global crop products.

Sustainability 2020, 12, x FOR PEER REVIEW  4  of  27 

ZABEL products. This cross‐validation analysis aimed to check the consistency and different trends 

among data products. For statistics‐based comparison, we calculated the total area of double‐ and 

triple‐crop intensity in 162 countries from four cropping‐intensity products and compared it with the 

irrigated FAO‐stat of the irrigated areas [38]. To support this comparative study, we used Historical, 

gridded land use (HYDE 3.2) irrigated crop area [39] for visual comparison to look at how correlations 

between non‐single‐cropping  intensities are predominantly  located  in  irrigated areas. This section 

describes  the materials  and methods  applied  to  produce MODIS CI  and MODIS‐AMSR  sowing 

month.  Figure  1  shows  the  data‐processing  schemes  of MODIS  and  AMSR‐E/2.  The  following 

subsections explain the data used in the present study: MODIS NDVI and AMSR‐E/2 LSWC (Section 

2.1). Subsequently, we describe the strategies for estimating the cropping intensity (Section 2.2) and 

sowing month  (Section 2.3). Finally, Section  2.4  explains  the  approach  for harmonizing previous 

global crop products. 

 

Figure 1. Data‐processing scheme of the MODIS‐AMSR cropping intensity and sowing month. 

2.1. Data Used in This Study 

2.1.1. MODIS NDVI Data Processing 

In  the  present  study, we  investigated  the  time  series  of  the  satellite‐sensed MODIS NDVI 

(MOD13A2)  16‐day  composite with  a  1‐km  spatial  resolution.  Satellite‐driven  vegetation  indices 

(VIs), such as NDVI, have been widely used to monitor crop profiles such as phenology, amount of 

leaves, and biomass [40]. Specifically, several studies have conducted spectral analyses of time‐series 

NDVI to estimate the crop extensification [41], number of cropping intensities [36,42,43], and crop 

calendar [44,45]. We prepared NDVI data in the MOD13A2 product from the beginning of 2001 to 

the end of 2015, and divided the archived data for these 15 years into three groups of five consecutive 

years: 2001–2005, 2006–2010, and 2011–2015 (Figure 2a). This study included 115 samples from each 

of  the  three year groups, with a  total of 315 global MODIS NDVI datasets. MODIS‐NDVI can be 

calculated as follows: 

NDVI ൌ  
୒୍ୖ ି ୚୍ୗ 

୒୍ୖ ା ୚୍ୗ
,    (1)

Figure 1. Data-processing scheme of the MODIS-AMSR cropping intensity and sowing month.

2.1. Data Used in This Study

2.1.1. MODIS NDVI Data Processing

In the present study, we investigated the time series of the satellite-sensed MODIS NDVI
(MOD13A2) 16-day composite with a 1-km spatial resolution. Satellite-driven vegetation indices
(VIs), such as NDVI, have been widely used to monitor crop profiles such as phenology, amount of
leaves, and biomass [40]. Specifically, several studies have conducted spectral analyses of time-series
NDVI to estimate the crop extensification [41], number of cropping intensities [36,42,43], and crop
calendar [44,45]. We prepared NDVI data in the MOD13A2 product from the beginning of 2001 to the
end of 2015, and divided the archived data for these 15 years into three groups of five consecutive years:
2001–2005, 2006–2010, and 2011–2015 (Figure 2a). This study included 115 samples from each of the
three year groups, with a total of 315 global MODIS NDVI datasets. MODIS-NDVI can be calculated
as follows:

NDVI =
NIR−VIS
NIR + VIS

, (1)

where VIS represents the reflectance value of the red visible channel, 0.620–0.670 µm (Channel
1), and NIR represents the near-infrared channel of 0.545–0.564 µm (Channel 4). This equation is
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based on the abilities of VIS and NIR to absorb chlorophyll and scatter the mesophyll leaf structure,
respectively [46].
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Figure 2. Global products of (a) 16-day composites of MODIS normalized vegetation index (NDVI)
and (b) daily AMSR-E/2 land-surface-water coverage (LSWC).

2.1.2. AMSR-E and AMSR-2 LSWC Data Processing

To monitor crop phenology, the current approach of using MODIS NDVI must be enhanced
such that other satellite data can be used. A next-generation geostationary satellite with daily data
acquisition and a microwave-observation sensor has the potential to be integrated with a MODIS
optic base sensor. Further, advanced microwave-scanning radiometers (AMSR), such as AMSR-E
and AMSR-2, could be powerful tools for monitoring water surface patterns and avoiding cloud
contamination [47]. A key feature of these AMSR instruments is their ability to see through clouds,
thereby providing an uninterrupted view of the land measurements, especially in the rainy season [48].
Moreover, such sensors have the advantages of both sensor and daily temporal resolutions. This means
that they have the potential to monitor flooding sessions in rice paddy fields. To meet the 1-km product
target, that is, the same as MODIS, we reanalyzed the nearest 30 arc-second grid from AMSR-E/2 5
arc-min grids.

AMSR-E/2 LSWC is a function of the combination of the normalized difference frequent index
(NDFI) and normalized difference polarization index (NDPI) of AMSR-E/2 [49]. NDFI and NDPI
provide a sensitivity indicator to detect the presence of surface water, and they can distinguish water
and land surfaces [50]. To extract NDPI and NDFI, we used AMSR-E/2 level-3 data, which consist of
brightness temperatures observed from an ascending orbit. When the atmospheric transmission is
near to that of 1 AMSR-E/2, NDFI and NDPI can be calculated using Equations (2) and (3), respectively.
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BT36.5H is the horizontal (H) polarization brightness temperature at 36.5 GHz, and BT23.8V, BT18.7V,
and BT36.5V are the vertical (V) polarization brightness temperatures at 23.8, 18.7, and 36.5 GHz,
respectively. The LSWCs of AMSR-E and AMSR-2 were mapped, and exponential functions were
obtained with NDFI and NDPI, and expressed using Equation (4).

NDFI =
BT23.8V− BT18.7V
BT23.8V + BT18.7V

(2)

NDPI =
BT36.5V− BT36.5H
BT36.5V + BT36.5H

(3)

LSWC =
100.0

1 + 241.9 ∗ exp (−80.0 ∗ NDPI)
(4)

Several potential applications of AMSR-E/2 LSWC that are effective for the monitoring of
agricultural issues, especially the flooding sessions in rice paddy phenology, have been proposed [51].
AMSR-E/2 LSWC can also be applied to large-scale flooding detection [52]. Figure 2b shows an LSWC
product derived from AMSR-E and AMSR-2, with the value ranging from 0% to 100% indicating the
water-cover fraction in each pixel dataset. The transition from AMSR-E to AMSR-2 resulted in several
missing data, and thus data from all 15 years could not be used. To ensure that each group of years
had the same amount of data, we considered three groups obtained from three consecutive years, i.e.,
2003–2005 and 2008–2010 for AMSR-E, and 2013–2015 for AMSR-2.

2.2. Cropping Intensity Estimation

We used a fast Fourier transform (FFT) to normalize the NDVI time-series process from the
interference of cloud contamination and spectral mixture. The Fourier transform has proven to be a
powerful tool for classifying cloud-affected data in remote-sensing imagery [53]. FFT is a mathematical
operation that aims to decompose a time-domain signal to a frequency-domain signal. FFT implements
the discrete Fourier transform (DFT) with a calculation technique that utilizes the periodic properties
of a Fourier transform [54]. The basic principle of the algorithm is the decomposition of the FFT
calculation from a long sequence, N, into smaller FFTs in a row [55]. This normalizes the NDVI of the
crop phenology to detect the cropping pattern, and is expected to reduce uncertainty in identifying
the peaks and troughs in NDVI phenology [56]. Here, a peak is defined as the highest NDVI value
between the lowest points of the NDVI phenology, while a trough is defined as the lowest NDVI value
between the highest NDVI values. The FFT equation is expressed as follows:

Fn =
N−1∑
K=0

fke− j 2π
N kn, n = 0, 1, 2, . . . , N − 1, (5)

where k denotes the data value, and N is the number of 16-day MODIS NDVI samples. The FFT result
indicates the power spectrum revealing the crop intensity and timing. The frequency of the highest
spectrum is defined as the number of cropping cycles in a pixel. For cropping-intensity estimation, we
assume the number of NDVI peaks in a year to be the required information. Our strategy involves the
analysis of NDVI phenology in each of the 5-year groups to produce a more accurate real cropping
intensity. After the cropping cycles for 5 years had been counted, we aligned all the cycles to obtain
the average cropping per year. We assume that the NDVI time series represents the phenology of one
dominant crop in each grid. The peak (Equation (6)) and trough (Equation (7)) points can be detected
over the range between the highest and lowest values, and are expressed as:

NDVI (i) ≤ NDVI
(
tpk

)(
I = tpk − 1, tpk − 2, tpk − 3

)
,

NDVI (i) ≤ NDVI
(
tpk

)(
I = tpk + 1, tpk + 2, tpk + 3

)
(6)
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NDVI (i) ≥ NDVI
(
ttrg

)(
I = ttrg − 1, ttrg − 2, ttrg − 3

)
.

NDVI (i) ≥ NDVI
(
ttrg

)(
I = ttrg + 1, ttrg + 2, ttrg + 3

) (7)

The selected peak (tpk) and trough (ttrg) points are calculated by comparing each value within
48 days (3 NDVI data) before and after the peak and trough point candidates. These processes
were conducted throughout the global cropland base map, i.e., the 1-km International Institute for
Applied Systems Analysis-The International Food Policy Research Institute (IIASA-IFPRI) cropland
fraction product [57], pixel by pixel, with 51,535,433 cropland pixels in total. This hybrid cropland,
with the baseline year being 2005, was developed by integrating a number of individual, global,
and regional cropland maps. The IIASA data were selected as the base map because they had been
recently collated and provide a highly accurate area of the global cropland fields at the same 1-km pixel
resolution. We implemented the same base map for all the three data groups by assuming that the
cropland-expansion-change phenomena over 15 years occurred only within the existing pixel fraction.

2.3. Sowing-Month Estimation

To detect the peak of the time-series data, data processing by AMSR-E/2 LSWC and MODIS
NDVI differs because FFT analysis is not applied in the AMSR-based data processing. This could be
because the time-series data of AMSR-E/2 LSWC can potentially detect flat patterns, implying that
the FFT process cannot work well for normalizing the pattern [58]. Moreover, the radar sensor based
on the AMSR series data causes the time-series product of the water surface to be free from climate
interfaces, such as rainfall and cloud cover. We analyzed the peak average in each year group by
using the Peak Utils 1.3 package tool [59], a python library developed by Massachusetts Institute
of Technology (MIT) that can be used to detect peaks and troughs in time-series datasets of certain
wavelengths. This package provides utilities related to peak detection in 1D data, and also includes
functions for finding the peak indexes in the data and performing Gaussian fitting to further increase
the resolution of peak detection. For detecting peaks during flooding sessions in a rice paddy field, we
define two parameters: (1) window size (DDL) and (2) minimum LSWC (VL) value. After several tests,
we estimated the recommended values of the minimum length between peaks (DDL) and LSWC (VL)
as 120 days and 20%, respectively. Visualizations of the DDL and VL parameters in the AMSR LSWC
data processing are shown in Figure 1 (data processing 4). This decision was based on the minimum
requirement value that can be used to clearly identify peaks during the rice paddy flooding session.
By considering this threshold, the peak in AMSR-E/2 LSWC was analyzed to detect true flooding and
thus estimate the single- to triple-crop intensity of rice paddies.

After developing the peak month product from the AMSR long-term data processing, we applied
pixel upscaling without interpolation [27,36] to reduce the arc-min product size from 10 km to 1 km
without changing the original number of data. The processes for upscaling the data were applied
after we developed the peak month product to minimize the error incurred by the detection of
the spatial heterogeneity inside the new 5 arc-min product. Using the same technique, we applied
harmonization of the previous cropping-intensity and sowing-month products to attain the same level
as the MODIS-AMSR cropping-intensity and sowing-month products.

Previous approaches used to detect the sowing month are as follows: (1) detection two months
before the appearance of the VI peak (CROPWAT) and 2:1-month approach (i.e., two months from
planting to peak and one month from peak to harvest) [60]; (2) combining the trough point of VI with
the climate data [29]. However, the estimation of the sowing month two months before the peak is a
very simple assumption, and the identification of the trough point as a reference is very risky, as it is
estimated through cloud contamination [61]. In the present study, we propose three approaches to
estimating the global sowing month for both rice and non-rice crop types. We also used information
on double- and triple-cropping areas for estimating the sowing month in the first, second, and third
cultivation periods. (1) In the standard approach, the general crop cultivation time was derived from
the CROPWAT model, where the planting date in each cropping cycle is defined as being eight weeks
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before the peak. (2) The first adjustment involves the estimation of the short period of crop cultivation
(Figure 3), in which we identify the sowing month as the trough before the peak, if the trough point
occurs two months before the peak. (3) In the second adjustment for sowing-month estimation of rice
paddies, we used the time-series data of NDVI and LSWC. In this rice paddy sowing-month estimation,
we identified the planting data as the peak of AMSR-E/2 LSWC, which is located before the peak of
MODIS NDVI. Hence, the start of the growing period is assumed to be dependent on the onset of
the flooding season. We applied integration analysis to the rice paddy area by using HYDE 3.2 for
masking the rice paddy area in 2005, 2010, and 2015.
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Figure 3. Three proposed strategies for detecting sowing month in (a) non-rice and (b) rice crop areas.

2.4. Harmonization of Existing Crop Products for Comparison

For cross-validation, we compared the estimated sowing-month and cropping-intensity products
with selected existing global products, including MIRCA and SACRA as sowing-month products,
and ZABEL (baseline of 1981–2010) as a sowing-month-suitability product. To compare the
cropping-intensity product, we used only ZABEL- and SACRA-based products. However, each original
dataset has different planting growth units and spatial resolutions. Therefore, for consistency, all the
datasets were resampled to one grid of the same level by reproducing comparable datasets with the same
resolution, geometry, and unit data. Then, all three cropping-intensity and sowing-month products
underwent the harmonization process by reproducing the data at the same level using MODIS-AMSR.

Figure 4 shows the three-level data of the harmonization process with (1) the original product,
(2) the reanalyzed product, and (3) the final harmonized product. In this study, we simply used the
reanalyzed result of the nearest 30 arc-second grid from the 30 and 5 arc-min grids of MIRCA and
SACRA, respectively. We propose a strategy of upscaling the lower resolution without applying the
interpolation process to the 1-km pixel resolution. The MODIS-AMSR released the sowing-month
product with an aggregate of 1-km pixel resolution.
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3. Results

3.1. MODIS Cropping-Intensity Product

By using the FFT algorithm to analyze the global cropland area, cloud-free NDVI images could
be reconstructed for any instant in the temporal sequence. The application of the FFT algorithm to
NDVI time-series analysis is an effective means of identifying the vegetation phenology. Figure 5
shows the FFT analysis result of the time-series NDVI data sample in two selected areas in Vietnam
(9◦44′29.37” N, 106◦24′51.85” E) and Thailand (16◦44′52.39” N, 100◦21′13.18” E). The interpretation
of the FFT NDVI phenology shows how the intensity of cropping frequency seems to be changing
in these areas. This phenomenon was observed to occur frequently during the 15-year investigation,
and the development of irrigation infrastructure can increase the cropping intensity in some cropland
areas. Occasional, unpredicted failure to harvest due to disasters may have led to a reduced
intensity in some years. Several studies have investigated the increasing and decreasing crop-intensity
phenomenon [62,63].
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Figure 6 shows the result obtained for the average cropping intensity of the dominant crop in the
three year groups. For single-cropping intensity, we used the IIASA-IFPRI cropland fraction product.
Table 1 shows the estimation results of the cropland areas for single, double, and triple crops at a
regional scale. To calculate the areas of single-, double-, and triple-cropping intensities, we converted
single-pixel-based products into land-fraction-based products with percentage values ranging from 0%
to 100%. The countries where double crops were detected in large areas included the United States
(California), Brazil, Uruguay, and Argentina in the Americas; Egypt and Uganda in Africa; the UK and
France in Europe; and India, Bangladesh, Thailand, Vietnam, and China in Asia. In addition, countries
that dominated specific triple crops included China, Bangladesh, and Vietnam. However, this area
estimation shows that there is a big gap between Asia and non-Asian regions regarding the double-
and triple-crop agricultural areas.
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Table 1. The estimation results of the cropland areas for single, double, and triple crops in six regions.
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In the global analysis, in 2000–2005, the total double-crop intensity was 7.1 million km2,
which increased to 8.3 million km2 in 2006–2010, and then to 8.6 million km2 in 2011–2015. In the same
periods, global triple-crop agriculture exhibited a rapid growth of 0.73, 1.12, and 1.28 million km2,
respectively. In 2000–2005, the total double-crop growth in Asia was 5.8 million km2, which increased to
5.9 million km2 in 2006–2010, and then rapidly to around 6.5 million km2 in 2011–2015. Moreover, Asia
showed an increase of two times for the triple-crop agricultural area over these 15 years, showing a rapid
positive growth of 0.65, 1.05, and 1.2 million km2 in 2001–2005, 2006–2010, and 2011–2015, respectively.
This indicates how increasing food demand in the Asia region has led to the increased development of
irrigation system that have increased the number of cultivation periods in one year [64]. This study
also shows how the Africa region has expanded with respect to single-cropping area over these 15
years, with a total growth of 19.02, 19.8, and 21.9 million km2 in 2001–2005, 2006–2010, and 2011–2015,
respectively. This shows that Africa is the only region with a growing trend in single-crop agriculture.
Although Africa’s growing population has led to an increase in food demand, the development of
irrigation infrastructure is still lacking. Given this situation, an “extensification” strategy is more
suitable than intensification, which requires more water sources [65]. We calculated the total cropping
area by combining the results obtained for single-, double-, and triple-cropping areas and comparing
them with the total cropland area using FAO-stat. The comparison of the total crop areas is due to the
FAO only addressing the total cropland areas. The comparison shows that the differences between the
total cropland areas determined by MODIS CI and FAO-stat are 207,500 km2 in 2001–2005, 243,000 km2

in 2006–2010, and then 252,900 km2 in 2011–2015. Also, the maximum difference among the three
groups was 84,300 km2 in Asia, 42,900 km2 in Europe, 31,500 km2 in North America, 55,900 km2 in
Africa, 40,000 km2 in South America, and 5000 km2 in Oceania. However, the change trend in the six
regions for the three groups exhibited the same pattern, except in South America where the MODIS CI
estimate decreased during the 2001–2005 and 2006–2010 periods, while the FAO estimate of the total
cropland area increased.

3.2. MODIS-AMSR Sowing-Month Product

The conversion of the unit from day of year (DOY) to month for the detected peaks and troughs
can simplify the analysis and provide a stable average sowing schedule. This is also supported by
the three aforementioned approaches illustrated in Figure 7 of using (1) standard, (2) first adjustment,
and (3) second adjustment products. The target of the first adjustment approach is to investigate the
areas with a short cultivation period between sowing and peak months. Central Africa and Northern
Russia were detected as possessing large areas of short-cultivated crops. The adjustment strategy can
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reduce errors, which could be identified by boundary analyses between Bangladesh and India, and
showed a contrast difference in the boundary of the two countries, as shown in Figure 8. Further, South
Asia and Southeast Asia showed high spatial variation and complexity in the sowing months as water
resources were available throughout the year [62,66]. In contrast, the northern regions, such as Europe
and the US, have similar climate conditions, and hence their period of cultivation is relatively similar.
Some countries, such as Bangladesh, were identified to have a similar sowing month in a major season
for almost all areas [67].
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Figure 8. Comparison of original and adjusted sowing-month products around Bangladesh, India,
Nepal, Bhutan, and Myanmar.

The final product of MODIS-AMSR not only provides an estimation of the sowing month in one
year but can also be used to conduct a long-term analysis for 15 years, as shown in Figure 9. Information
from single-, double-, and triple-cropping grids was used to compute the average sowing date in
multiple cropping systems for MODIS-AMSR products. For temporal changes in sowing month, the
MODIS-AMSR product considers the effects of human decisions, infrastructure development, changes
in season, and natural disasters. In the case of a disaster, such as after a heavy flood, the timing of
sowing differs from that of a normal year. Change in sowing month in the three year groups was also
found in the case of change in dynamic cropping intensity in areas such as China, India, Bangladesh,
and Spain. In the case of Bangladesh, the circled areas in Figure 10 represent areas with a different
sowing month among the three year groups as being representative of the sowing-month area due to
change in intensity.
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To investigate the type of water source in a given cropland area, we used the GFSAD1KCD
irrigated and rainfed 1-km datasets [68] and divided the area into irrigated and rainfed regions. Our
investigation showed that a sowing-month change area appeared frequently in rainfed areas, such as
the southern and eastern parts of India, southern and eastern parts of the United States, and in major
cropland areas across Russia. These rainfed crop areas are influenced by annual differences in the
timing of the monsoon; these changes impact farmers’ decisions about when to start cultivation. These
data were compared with irrigated areas such as the Mekong Delta Vietnam, the northern part of India,
and California (US) that had similar patterns of sowing month over the 15-year analysis. These two
groups of areas indicate that there are two major driving factors effecting the sowing-month change
trends: change in intensity and change in rainy season.

With the integration of MODIS NDVI and AMSR-E/2 LSWC in the second adjustment analysis,
we were able to estimate specific sowing months for rice paddy crops. The global paddy-field fractions
for 2005, 2010, and 2015, developed using HYDE v3.2, were used to construct a paddy-area base map.
To investigate the operation of these VIs and the water index of MODIS-AMSR integration, and to
analyze the rice paddy crop, we selected some points located in Bangladesh (Figure 11a). Along with
vegetation and water phenology, the changes in the cropping pattern can be used to analyze the rice
cropping pattern.

The AMSR-based data are useful for monitoring the sowing month because these sensors are
all-weather-based and can observe the target area even if the area is covered by cloud [69]. This long-term
time-series data analysis was used to monitor agricultural activity over nine years, i.e., 2003–2005,
2008–2010, and 2013–2015. We applied the long-term time-series data analysis to the following three
selected cropping patterns: (1) triple crop agriculture: non-rice, rice, non-rice; (2) double crop: rice and
rice; and (3) double crop: non-rice and rice. The time-series analysis of MODIS NDVI shows three
dominant peaks in each year, while the analysis of AMSR LSWC shows one peak that coincides with
the second peak of MODIS NDVI. This cropping pattern indicates three cultivation sessions, in which
a rice paddy plantation is part of the second session.
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4. Discussion

4.1. Correlation Analysis of Active Crop Intensity and Irrigated Area

As there are no validated data for the single-, double-, and triple-cropping-intensity areas on
a global scale, we propose the use of alternative reference data. Active cropping-intensity areas,
such as double and triple crops, tend to occur in irrigated areas. For our first visual comparison,
we used irrigated HYDE v3.2 because this can provide an irrigated distribution map for a multiyear
analysis (Figure 12). The product is developed by a combination of cropland statistical data, satellite
information, specific allocation algorithms, and weighting maps. Based on a visual comparison, some
countries, such as Thailand, Bangladesh and Vietnam, show a high correlation between the irrigated
areas and active cropping-intensity areas. However, not all countries show this tendency; some
others such as Myanmar and India show a low correlation between irrigated area and active cropping
intensity. This low correlation indicates that the irrigated area still cannot boost food production
with increased intensity. This could be because of climate conditions and physical land conditions
that complicate attempts to increase the intensity in irrigated areas. This condition follows the fact
that not all irrigated areas can produce crops in more than one harvesting period. However, having
more than one harvesting period requires more water, which necessitates an irrigation system. Hence,
the irrigated area should exhibit a larger area than the total of the double and triple areas.
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Figure 12. Visual comparison between MODIS CI and HYDE 3.2 irrigated area.

Accordingly, in this section, we compare the areas of double and triple crops derived from MODIS
CI, SACRA, and ZABEL with irrigated agriculture based on FAO for 2003, 2008, and 2013 as a statistical
data reference [31]. The reported irrigation statistics at the national level were obtained from the
FAO-Stat database. FAO defines irrigated cropland as the “total area equipped for irrigation” [31].
Figure 13a shows the irrigated areas obtained from FAO-stats and the estimated combination of
double and triple areas by MODIS CI at the country level during 2001–2005, 2006–2010, and 2011–2015.
The FAO-statistic-based area shows a trend of overestimation compared to the double–triple MODIS
CI, with determination coefficients of 0.69, 0.72, and 0.69, respectively. Figure 13b shows the
FAO-stats-based irrigated areas and the combination of double and triple areas estimated by the ZABEL
and SACRA data at the country level. The FAO-stats-based area shows an underestimation trend
compared to the double–triple crop intensity estimated through ZABEL and SACRA, with determination
coefficients of 0.37 and 0.34, respectively. The result obtained from the national statistics promotes the
MODIS CI product as that with the highest similarity to both irrigated FAO-stats and HYDE irrigated
distribution products. The MODIS CI-based double and triple crop areas are the only products that
tend to underestimate the FAO-statistic irrigated areas.
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4.2. Comparative Analysis of Cropping-Intensity and Sowing-Month Products

High-quality ground data were not available as a reference to validate the results.
This unavailability of data makes it difficult to decide which dataset is more accurate for global
studies. On the other hand, it is difficult to determine the absolute accuracy of the products through
comparison. A high correlation to the FAO statistics is not sufficient to assess the quality of a product.
For accurate validation, products with the same or more precise global-level cropland cropping intensity
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and sowing month should be compared. Because MODIS-AMSR, MIRCA, ZABEL, and SACRA detect
cropping intensity and sowing date using different approaches, comparing their results is useful for
cross-validation. A comparative analysis between different products can be used as an alternative
approach to evaluate the reliability of each product with high consistency. The huge difference can
be attributed to different forms of analysis, and the actual reason behind this will be investigated.
The different spatial distributions of cropping intensity of products are shown in Figure 14.
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Figure 14. Comparison of MODIS CI (2006–2010) product with the two previous cropping
intensityproducts of SACRA and ZABEL.

With respect to the comparative analysis of cropping intensity, we compared the cropping intensity
of the 2001–2005 product obtained using MODIS CI with those of ZABEL and SACRA by using the
crisp cross-walk approach of pixel-based agreement analysis [70]. In this intensity comparison, we
used only two previous datasets. We did not include MIRCA because the MIRCA product is not
directly relevant to cropping intensity, and instead emphasizes data about the five most important
crops. These data cannot be directly compared with other products, which have specific information on
cropping intensity per year. Agreement analyses are widely used to compare the similarity to various
data, and one of the requirements is that the same product level must have comparable data [71].
Because we compare the cropping intensity of three different products in this agreement analysis, we
classify the characteristics and group each product into three levels of agreement. Level 1 denotes low
agreement, Level 2 denotes medium agreement, and Level 3 denotes high agreement. Figure 13a,b
shows the agreement analysis result between MODIS CI, SACRA, and ZABEL for double and triple
crops. With respect to double cropping, Pakistan, Egypt, Bangladesh, and North India are the top four
areas that have high agreement among the three copping-intensity datasets (Figure 15). With respect to
triple cropping, some parts of China and Bangladesh show agreement and are identified as Level 2.
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Figure 15. Agreement analysis between MODIS CI, SACRA CI, and ZABEL CI products for
double-cropping area (left) and triple-cropping area (right).

To analyze the distribution of agreement levels, Table 2 lists a comparison of three agreement levels
for three cropping-intensity products (MODIS CI, SACRA, and ZABEL) in double- and triple-cropping
areas. As shown, SACRA and ZABEL identified double intensity at 76% and 98.5%, respectively,
in Level 1; this indicates that SACRA and ZABEL overestimate double-cropping intensity. For example,
some areas that are unsuitable for double cropping due to low irrigation infrastructure and low
precipitation were detected to have double-cropping intensity, such as the Africa region. The MODIS
CI product dominates in Level 2 and Level 3 for double cropping (83.1%) and for triple cropping
(64.4%). Based on the distribution of the Level 2 and Level 3 agreement, MODIS CI exhibits a higher
number of reliable product dominant pixels that are located in the higher agreement levels of Level 2
and Level 3.

Table 2. Percentage of the total number of pixels for each cropping-intensity product in three levels of
double- and triple-cropping agreement.
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A comparative analysis was also proposed for the sowing-month products of MODIS-AMSR,
MIRCA, SACRA, and ZABEL. Figure 16 shows a visual comparison of the four harmonized
sowing-month products for the southern and south-east parts of Asia. A comparison between
the MODIS-AMSR product and the harmonized products of MIRCA, SACRA, and ZABEL for
sowing-month products is shown in Figure 17. The comparison product has to be converted by
cycling mode to simplify it for the different analyses of sowing month. Without cycling mode,
the difference between the two sowing-month products can range from −11 to +11 (11 months earlier
or 11 months later). After cycling mode, the difference between the two sowing-month products
can be 0–6. This indicates that the sowing month differs in each pixel by 0 months (same month) to
6 months. Figure 16 shows the differences between the sowing-month products for MODIS-AMSR
and the three previous sowing-month datasets, namely, MIRCA, ZABEL, and SACRA. The results
show that the sowing-month product obtained through SACRA has the highest similarity to that
obtained by MODIS-AMSR, where SACRA and ZABEL show different dominant pixel numbers
in one month. The difference between the estimated sowing month and other existing products,
especially for SACRA and ZABEL, is less than 2 months for more than 60% of the areas (Figure 17).
A comparison of three adjustment levels of the MODIS-AMSR sowing-month product, i.e., the standard
approach, first adjustment, and second adjustment, with the three existing datasets of SACRA, ZABEL,
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and SACRA was conducted to evaluate the performance improvement. By implementing a first and
second adjustment for estimating the sowing-month product in MODIS-AMSR, we can reduce the
6-month difference in the comparison analysis for both SACRA and ZABEL products (Figure 17).Sustainability 2020, 12, x FOR PEER REVIEW  20  of  27 
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The same sowing month (0 month difference) between MODIS-AMSR and MIRCA is found
for around 3 million pixels, becoming around 7.5 million for ZABEL and 11.5 million for SACRA.
MODIS-AMSR has the highest similarity to SACRA, followed by ZABEL and MIRCA. Huge differences
in more than 3 months were found between MODIS-AMSR and MIRCA products, where the
difference between 5 months was considered to be the highest pixel number. Considering the
extreme disagreement between MODIS-AMSR and the three existing datasets in some regions, it is
important to determine which sowing month is more reliable. These regions are found in the
northern part of Russia, the southern part of China, and the eastern part of India. Low-agreement
datasets between MODIS-AMSR and previous sowing-month products were observed for regions
predominantly located in rainfed areas, where the climate influence is greater.

4.3. Uncertainties in Cropping Intensity and Sowing Month

A comparison of the census-based product MIRCA, the model-based product ZABEL, and the
satellite-model-based product SACRA shows that there are still large differences between these
products. Differences in pixel resolution, input data, and type of method make it difficult to achieve
a high global cropping intensity, and sowing month estimation becomes challenging. The accuracy
of MODIS-AMSR depends on the accuracy of the MODIS NDVI and AMSR LSWC datasets. It is
difficult to demonstrate global variability without knowledge of the local sowing months. For a local
investigation, we highlighted a comparison of two countries: Bangladesh and Japan. The products of
cropping intensity and sowing month of these two countries were compared with the United States
Department of Agriculture (USDA) crop calendar [72]. The product crop calendar derived from the
USDA shows the top five crop types in both countries. In Bangladesh, the top five dominant crops are
rice (Aman), rice (Aus), rice (Boro), sorghum, and wheat (Figure 11b), and the dominant sowing months
are January, March, and December. In Japan, the top five crops are barley, rice (central-south), rice
(north, Hokkaido), soybeans, and wheat, and the dominant sowing months are April, May, and June.
If the results are compared using visual MODIS-AMSR, the sowing-month products in Bangladesh
are similar to the results of the USDA crop calendar. However, in the case of Japan, MODIS-AMSR
products are not only detected in April, May, and June but are also detected in December and January
in some pixels. This difference reflects the complexity of detecting sowing months in a pixel-based
analysis. For countries with large irrigation areas such as India, Vietnam, the US, and China, high
sowing-month agreement (with 0–2 month differences) is mostly found in the irrigated areas. However,
countries with small irrigated areas such as Argentina, the UK, Russia, and South Africa, high and low
sowing-month agreements are randomly distributed in both the irrigated and rainfed areas.

A mixture of several crops in a grid is not considered in this study, as it was assumed that
the dominant crop is derived from an agricultural field with a 1-km pixel resolution for the
cropping-intensity and sowing-month products; this could be false and could be a major source
of discrepancy in distinguishing crop type [73]. We assume that the time series of NDVI and LSWC
represent the phenology of one dominant crop, and thus we estimate the intensity and sowing month
of the dominant crop in each grid. A major discrepancy in crop calendars between MODIS-AMSR and
other products (MIRCA, ZABEL, and SACRA) may occur due to the selection of one dominant crop
in each pixel unit. The disadvantages of this approach may be reduced by including finer satellite
sensors in the development algorithm, such as Landsat, Sentinel, or Global Change Observation
Mission–Climate (GCOM-C), to avoid mixtures of phenologies. Some studies have attempted to
increase the resolution of AMSR-E by blending the data with MODIS [74]. These include crop-type
classification studies that have considered several dominant crops in each grid. For a specific rice
paddy area, by comparing the sowing-month product with RiceAtlas [75], a rice paddy crop-calendar
product derived from census data should also be investigated.

Another limitation of the product is the saturation effect on NDVI data owing to red band absorption
in the NDVI formula. The pigments which are absorbers are material density causing refractions that
lead to multi scattering. Further improvements and enhanced techniques are required to address
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the NDVI saturation problem, such as the Wide Dynamic Range Vegetation Index (WDRVI) [76] and
saturation-adjusted NDVI [77]. Another method is to implement other indexes such as the Enhanced
Vegetation Index (EVI) [78], which was designed for highly dense vegetation cover and is capable
of addressing saturation issues. Other factors such as cloud contamination problems that have been
addressed by several studies [79] have not been considered in this study. Cloud contamination prevents
us from acquiring cropping frequency, even when 5-year MODIS NDVI products are used. Especially
in a tropical area, the amount of cloud is higher than that of other areas, and this may be a source of
discrepancy in the analysis.

Some studies have integrated various crop type datasets with models considering that each crop
type has a different characteristic, especially for the crop growth period. Further validation, including
the distribution in global areas by a camera field survey or an automatic weather station (AWS),
is required for ensuring crop phenology, especially where crops are considerably complicated. Accurate
validation is required to compare the product with a more precise country-level cropping-intensity
area that has a higher resolution. Globland30 [80] and the Unified Cropland layer [81] may be used as
alternatives for validation analysis in future studies.

4.4. Future Possible Directions

Future applications with environmental and socio-economic implications could be explored.
Improved cropping intensity and sowing month would enhance our ability to measure crop production
and improve crop management [82]. The impact of this change on environmental health, including in
forests [83–85], urban areas [86,87], and surface water or rivers [88], could also be explored. Further
investigations are required to elucidate the reason for this sowing month change, the impact of this
change on the food security situation, and future projections. Improving the irrigation infrastructure
in intensively cultivated areas can help to address water loss problems. This is because the highest
water demands are located in the irrigation sector and are also the biggest contributor to global
water wastage problems [20]. The improvement of intensity and sowing month estimation could also
improve water management strategies such as agricultural drainage water (ADW) in rice paddies [89].
This strategy has great near-term potential to reduce GHG emission intensity without affecting food
production. Integration remote sensing by combining a projection model with a simulated global
climate model could be an alternative option to improve future crop conditions. The impacts of
intensity and cultivation changes on socio-economic parameters at country and sub-country levels
must also be analyzed. Gridded global datasets for Gross Domestic Product [90] combined with the
Development Flows to Agriculture (DFA) and Gross Fixed Capital Formation (GFCF) could be used
as an alternative way to investigate the relationship between investment and crop production [91].
By improving data, a new strategy to increase food production and reduce water crises due to high
irrigation water demands (such as the study on redistribution of cropland areas in [23]) could be more
accurately proposed.

5. Conclusions

In this study, we developed a 1-km long-term analysis of cropping intensity and sowing month in
three groups of years by using integration time-series MODIS NDVI and AMSR-E/2 LSWC datasets.
FFT was applied to time series of MODIS NDVI data, and it was found that crop intensity was well
modeled for single, double, and triple crops. The cultivation period is identified from the time series
of NDVI and LSWC, which correspond to vegetation vitality and water surface. Satellite-sensed
NDVI and LSWC data enable the detection of whether the managed land is currently cultivated or
temporarily in disuse. The improvement of the developed algorithm, considering the short period of
cultivation as well as the flooding session by surface water coverage from AMSR-E/2, may be useful.
The FAO-statistic-based area shows a trend of overestimation compared to the double–triple MODIS
CI, with determination coefficients of 0.69, 0.72, and 0.69 in the three groups of years. The MODIS
CI product dominates in the agreement levels of Level 2 and Level 3 for double cropping (83.1%)
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and for triple cropping (64.4%). Based on the agreement level analysis, MODIS CI exhibits a higher
number of reliable product dominant pixels that are located in the higher agreement levels of Level
2 and Level 3. The difference between the estimated sowing month and other existing products,
especially for SACRA and ZABEL, is less than 2 months for more than 60% of the areas. Implementing
a first and second adjustment for estimating the sowing-month product in MODIS-AMSR can reduce
the 6-month difference in the comparison analysis for both SACRA and ZABEL products. The finer
spatial resolution combined with long-term global analysis products allows it to be applied in several
sustainability studies, from global- to local-level perspectives.
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