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Abstract Increasing population and natural disasters like

drought, flood, cyclone etc., has impacted global agricul-

ture area and hence continuously modifying cropping pat-

tern and associated statistics. The present study analysed

agriculture dynamics over one of the densely populated and

disaster prone state (Bihar) in India and derived vital

statistics (single, double and triple cropping area, and

monthly, seasonal, annual and long term status at the state

and district level) for the years 2001–2012. The study used

time-series MODIS vegetation index (EVI; MOD13A2,

1 km, 16 day, 2001–2012), MODIS annual Land Cover

product (MCD12Q1, 500 m, 2001–2012) and Global Land

Cover map (Scasia_V4, 1 km, 2000; Globcover_V2.2,

300 m, 2005/2006 and V2.3, 2009, 300 m), and extracted

horizontal (i.e., area change) and vertical (i.e., cropping

intensification) agriculture change pattern. The results were

inter-compared, and validated using government reports as

well as with high spatial resolution data (IRS-LISS III

23.5 m). From 2001–2006 to 2007–2012, the net horizontal

and vertical change in agriculture area is ?145.24 and

?907.82 km2, respectively, and net change in seasonal

crop area (winter, summer and monsoon) is ?959.21,

?1009.84 and -1061.64 km2, respectively. The districts

which are located along the eastern part of Ganges

experienced maximum positive changes and the districts

along Gandak river in the north-western part of the study

area experienced maximum negative changes. Overall, the

study has quantified and revealed interesting space–time

agriculture change patterns over 12 years including

impacts caused by droughts and floods in the study area.
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Introduction

Asia is the most populous continent, with its 4.2 billion

peoples accounting for over 60 % of the world population

which has crossed 7 billion in 2012, and supporting such

huge amount of human’s food requirement is a grand

challenge of this century. Recent Food and Agriculture

Organization (FAO) report on crop monitoring for

improved food security (Srivastava 2015) stressed for

adaptation of remote sensing based advanced crop moni-

toring by local governments in providing reliable agricul-

ture statistics. With reference to the commitments made in

World Food Summit (WFS 1996) and Millennium Devel-

opment Goal (MDG 2000), FAO (2015) revealed that India

didn’t reach the target of cutting hunger by half in 2015 and

number of people undernourished in India during

1990–1992, 2000–2002, 2005–2007, 2010–2012 and

2014–2016 are 210.1, 185.5, 233.8, 189.9 and 194.6 mil-

lion, respectively. Crop diversification can help to improve

soil fertility, crop productivity and income of the farmers,

by improving soil health and to maintain dynamic equi-

librium of the agro-ecosystem (GOI 2014). Only with the

help of space based routine monitoring framework, in

addition to traditional data collection, governments would
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equip themselves to accurately assess annual status, crop

diversification scenario and associated impact from natural

calamities so as to take viable alternative measures and

policies to achieve MDG targets.

Globally, the arable land has not expanded in proportion

with growing population. The arable land in the world was

1351 MHa (million hectares) in 1961–1963, 1506 MHa in

1997–1999, 1391.8 MHa in 2005 and 1380.5 MHa in 2008

(FAO 2001; WBD 2012). The population of the Indian

subcontinent was about 125 million in 1750, reached 389

million in 1941 and today it is over 1.2 billion people (CIA

2012). According to government statistics, in 2003–2004

the total agricultural land in India was 183.19 MHa which

shrunk to 182.39 MHa in 2008–2009. Bihar, Maharashtra,

Uttar Pradesh, West Bengal, Andhra Pradesh and Madhya

Pradesh states together contribute to half of the Indian

population (Census of India 2011). Bihar is the second

most populated state in India and it is highly prone to

natural disasters like flood and drought. The economy of

Bihar is mainly based on agriculture with 88.70 % of its

population living in villages (Census of India 2011) and

81 % of the population is associated with agro based work

contributing 42 % of GDP of the state (2004–2005) (GOB

2012). Its population in 2001 and 2011 were 82.99 and

103.8 Million respectively, and decadal population grew by

25.07 % (Census of India 2011) and net sown area in

2001–2002 and 2010–2011 were 56,640 and 52,590 sq. km

respectively and it has decreased by 4.30 % (GOI 2015). It

has been reported that the net sown area statistics from the

government seems to be much lesser than the area reported

from researchers (Biradar and Xiao 2011; NRSC 2014).

Bihar is one of the few region in the globe where agri-

culture activities happen over three times in a year (i.e.,

Rabi or Winter Crop, Zaid or Summer Crop and Kharif or

Monsoon crop), and hence up to date record of these

cropping area require vast efforts from government. Also

the state experiences frequent drought and floods affecting

agriculture area invariably. But the annual net sown area

estimated based on snap-shot remote sensing images does

not reveal the real impact of flood and drought in this state.

Though the high spatial resolution (HSR) satellite data

gives more accurate ground depiction, its spatial coverage

is less and their temporal resolution is very coarse, and it is

frequently affected by cloud cover during monsoon season

affecting the accuracy of area statistics. It would be very

difficult to acquire, and time-consuming to analyse HSR

data acquired over same time over a vast area like India

(3.28 Million sq. km). Hence, an alternative approach

utilising coarse spatial resolution data with high temporal

resolution is adopted in this study as per the recommen-

dation of FAO to scrutinize the exact state of the agricul-

ture and its changing pattern in different months and

seasons in Bihar, India.

The synoptic and temporal availability of remote sens-

ing data has played a vital role in analysing land cover

patterns, extracting cropland area and cropping intensity

(Panigrahy et al. 1992; Dash et al. 2010; Li et al. 2014;

Sreenivas et al. 2014). Sreenivas et al. (2014) have given

detailed description about remote sensing based agriculture

information extraction attempts made by different

researchers/organisations over the globe and India, and

they have successfully utilised Advanced Wide Field

Sensor (AWIFS; IRS-P6) temporal data (5 day interval;

56 m spatial resolution; 2005–2012) over full India and

accurately quantified cropping pattern and its seasonal

diversity mainly based on maximum-likelihood classifica-

tion techniques along with expert rule-sets. The crops have

their own phonological stages: onset, peak and senescence

in a cropping season and using high temporal resolution

and moderate spatial resolution satellite data it would be

possible to detect different stages of agriculture growth

(Xiao et al. 2003; Pandya et al. 2004; Sakamoto et al. 2005;

Spera et al. 2014). In our study we wanted to mainly utilise

automated seasonal crop area extraction approach based on

crop-growth characteristics. In this regard, considering the

repetivity, consistency and continuous availability, the

Moderate Resolution Imaging Spectro-radiometer

(MODIS) Terra sensor derived data and products were

utilised in this study, for monitoring crop cycles and

dynamics over larger area. In addition, the rapidly growing

population, natural disasters and lack of knowledge about

spatio-temporal dynamism in the agriculture sector in

Bihar motivated the current research to study and quantify

the changes in horizontal as well as vertical intensification

of cropping pattern during 2001–2012.

Materials and Methods

Study Area

The study area Bihar state holds the most fertile agricul-

tural lands of India geographically extending between

83�1905000E to 88�1704000E and 24�2001000N to 27�3101500N
covering 94,163 sq. km area (Fig. 1). The Bihar state

comprises of 38 administrative units called districts. The

river Ganga divides the state in two halves at the middle

flowing from west to east. Generally the northern side of

Ganges is frequently inundated by flood and on the other

hand southern region from Ganges is mainly affected by

drought. In Bihar, 41 % cultivatable area is flood prone and

another 40 % is drought prone (GOB 2014). As per gov-

ernment of Bihar flood report (DMD 2015) and drought

report (DMD 2013) the state is frequently affected by flood

and drought. The fertile agriculture lands in the study area

extends from the foothills of the Himalayas in the north to
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south of the river Ganges. Apart from Ganges, the state

also has many important rivers like Kosi, Gandak, Sone,

Mahananda, Bagmati and Burhi Gandak. Most of the rivers

flow into the state from the Himalayan region. The tem-

perature goes up to 44 �C in summer and falls to around

5 �C in winter. The annual rainfall of this region is about

1200 mm and 85 % of the rainfall occur during the month

of June–October (Chowdary et al. 2008). Approximately

73–74 % of the geographical area of the state is under flood

threats during monsoon period (NBSS&LUP 1997;

Chowdary et al. 2008; Kumar et al. 2013).

Satellite Data

MODIS Land Cover data

MODIS Land Cover (LC) product MCD12Q1 is freely

available on NASA LP DAAC website from 2001 to 2012

at 500 m spatial resolution (Source: http://reverb.echo.

nasa.gov/reverb/#utf8=%E2%9C%93&spatial_map=satelli

te&spatial_type=rectangle&keywords=MCD12Q1&select

ed=C200106111-LPDAAC_ECS). The IGBP classifica-

tion scheme (Type 1) has been used in this data having 16

classes. The crop land class (class code 12) was extracted

from this data for all the years to estimate horizontal areal

extent. The detailed algorithm for generating this product

can be seen in Friedl et al. (2010).

Globcover (GLC) Data

GLC (Scasia_V4, 1 km, 2000) Land Cover Map for

Southern Asia for the Year 2000 was downloaded from the

website of European Commission Joint Research Centre.

This product was basically derived using SPOT VGT data

based on hybrid classification scheme (Bartholome and

Belward 2005). It has 47 land use and land cover classes.

The four classes (class code 32: irrigated intensive agri-

culture, class code 33: irrigated agriculture, class code 34:

slope agriculture and class code 35: rainfed agriculture) are

grouped as agriculture class. The GlobCover 2005–2006

(V2.2, 300 m) and 2009 (V2.3) land cover maps were

derived from MERIS sensor on board the ENVISAT

satellite. These products were downloaded from the web-

site of the European Space Agency (ESA). The GLC

2005/2006 and 2009 both have 22 classes. The two classes

(class code 11: irrigated croplands and class code 14:

rainfed croplands) were considered as agriculture class.

MODIS EVI Time-Series Data

The Terra’s MODIS EVI time series data (MOD13A2)

were downloaded from USGS’s Science for a Changing

World website during the period of 2001–2012 (Source:

https://lpdaac.usgs.gov/). Equation (1) reveals EVI esti-

mation procedure. EVI is less susceptible to background

reflectance and atmospheric noise, and EVI has better

Fig. 1 Study area (Bihar State

and its district’s headquarters)
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discriminating ability at higher vegetation density classes

than NDVI (Didan et al. 2015).

EVI ¼ G � NIR � Red

NIR þ C1 � Red � C2 � Blue þ L

� �
ð1Þ

where NIR, Red, and Blue are the full or partially atmo-

spheric-corrected (for Rayleigh scattering and ozone

absorption) surface reflectance bands; L is the canopy

background adjustment factor (for correcting the nonlinear,

differential NIR and red radiant transfer through a canopy);

C1 and C2 are the aerosol correction coefficients; and G is

a gain factor. The coefficients adopted for the MODIS EVI

algorithm are, L = 1, C1 = 6, C2 = 7.5, and G = 2.5

(Didan et al. 2015). MOD13A2 is a level 3 data distributed

as tiles covering 1200 9 1200 km having spatial resolution

of 1 km and composited at every 16 days. Comparisons

with AERONET-corrected data over a range of biomes and

seasonality revealed that EVI data error is within

±0.010–0.015 and when the per-pixel quality information

is uncertain the overall EVI errors increase to about

0.04–0.1 (VI units) (source: http://landval.gsfc.nasa.gov/

ProductStatus.php?ProductID=MOD13).

Research Methods

The study utilised a 2-tier approach to extract agriculture

areas over the study area (Fig. 2). At the first-tier, the study

looked into the global products where agriculture infor-

mation is already existing, such as MODIS LC, GLC and

Globcover data sets. The agriculture related classes from

these products were grouped and district-wise agriculture

information was extracted for different time-periods. The

limitation of these data products is that they could only

reveal the horizontal cropping pattern, and vertical crop-

ping pattern could not be revealed. In order to fill this gap,

at the 2nd tier, the study did a detailed analysis over time-

series EVI data. The EVI data is of 16 days composite and

there are 23 layers (i.e., bands) in a year. A pixel having

agriculture activity would have seasonal peaks and valleys

as per the phenology on the ground. Figure 3 reveals a

single, double and triple crop growing patterns at different

sample pixels. A major problem in a time-series data is a

temporal noises and dropouts. At first the dropouts were

removed using mean value from reliable temporal neigh-

bours, and outliers (greater than or less than annual

mean ± 2r) were eliminated using mean of reliable tem-

poral neighbours. Finally the annual data was smoothed

using Fourier smoothing procedure considering only initial

four harmonics (Jeganathan et al. 2010a, b). The smoothed

data was validated for its reliability at random locations for

its truthful representation of the annual growth rhythms and

its timings. The smoothed data was found to be reliable for

the requirement of the study. Next, the study extracted the

timing of the Peak growing time at every pixel. To identify

peak, first derivative information (i.e., current minus pre-

vious VI value) was calculated from the smoothed data and

it was checked for its sign change. It was noticed that the

timing of change of sign from positive to negative repre-

sent the timing of peak of the crop season. While identi-

fying peak three important conditions were imposed to

extract reliable peaks. The first condition was that the EVI

value of the peak must be greater than 2500. The Second

condition was that the amplitude of the peak must be

greater than 350 and the third condition was that the gap

between two peaks must be at least 3 months. These con-

ditions helped to remove grass land, bushes, rivers and

other unwanted non-agriculture pixels like wasteland area,

and to circumvent minor undulations in the smoothed data.

The forested area was masked based on IRS LISS III

derived land cover data from National Remote Sensing

Centre (NRSC 2006). Finally, annual/monthly agriculture

area maps, annual net sown area and district-wise area

statistics have been generated for the periods 2001–2012

(Fig. 2).

Extracting Vertical Intensification of Cropping

Pattern

While analysing peak in a pixel, it was noticed that a pixel

can have a maximum of 3 peaks in a year as per the

cropping pattern i.e., Rabi, Zaid and Kharif. So the timing

of the peak information is recorded in 3 separate bands. 1st

band records the timing of first peak, 2nd band records

timing of 2nd peak and similarly 3rd band records 3rd peak

timing. In addition 4th band was also recorded to reveal

total number of peaks in a pixel. The timing of the peak

information was extracted at composite level and hence it

could be temporally upscaled to monthly or seasonal level

information so as to quantify the total crop growing ground

area at different months/seasons in a year. Rabi crop is a

winter crop which is primarily practiced during November/

December to March/April (Prasad et al. 2007; Sehgal et al.

2013) in this region. While carrying out the annual analysis

of the cropping season, Rabi cycle was observed in two

parts. The first part of Rabi crop is from January to March

and the second component is during second half of

November to December in the same year. Zaid is a summer

crop which is cultivated in this region during April to July

between Rabi and Kharif crop seasons. The peaks occur-

ring between April and July in a year is classified as Zaid

crop in a particular year. Kharif crop is a rainfall dependent

seasonal crop which is primarily cultivated during June to

October/November in this region (Biradar and Xiao 2011;

Sehgal et al. 2013). From the extracted information the

study generated monthly and yearly pattern about single
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crop, double crop and triple cropping maps. The districts

wise crop area statistics was also generated for different

cropping systems.

Comparative Study

Finally, the results from different data sets were compared.

The comparative statistics have been generated on the basis

of MODIS EVI (MOD13A2), MODIS LC annual product

(MCD12Q1) during 2001 to 2012, GLC map (Scasia_V4,

1 km, 2000, Globcover_V2.2, 300 m, 2004/2006 and V2.3,

2009, 300 m), Government and NRSC reports.

Results and Discussion

Horizontal Spatial Extent of the Agriculture Area

At first the net sown area was estimated from the agricul-

ture classes extracted from the already published land

cover data products from MODIS LC, GLC 2000, Glob-

cover 2005/2006 and 2009, and out of these data only

MODIS LC data was found to be useful in extracting net-

sown area on an annual basis continuously over

2001–2012. These results were used to cross check the net-

sown area results derived from time-series EVI data. Based

on MODIS EVI data the horizontal and vertical cropping

pattern in the study area was extracted and Fig. 4 reveals

the spatio-temporal variations in the single, double and

triple crop growing regions at every year over 2001–2012.

Table S1 reveals district-wise annual variations in the

net sown area during 2001–2012. It was observed that out

of 38 districts 11 districts have more than 98 % of their

area under agriculture, and 32 districts have more than

80 % of area under agriculture. Only Kaimur and Munger

districts have the lowest percentage of agriculture which is

due to forest coverage under these districts. During

2001–2006 to 2007–2012, the net horizontal change in

agriculture area observed from MODIS annual LC product

and EVI data is ?1092.38 and ?145.24 sq. km, respec-

tively, and the net changes in the single, double and triple

crop area are -665.52, ?858.59, -47.80 sq. km respec-

tively. It is a very positive trend that amidst the growing

population and natural calamities the state’s overall net

sown did not reduce. The major altering forces in the study

area is flood and drought, and the effect of drought can be

seen in Fig. 4 where triple and double crop area was

drastically reduced due to drought in 2006, and flood in

2007 mainly affected the double crop area (DMD

2013, 2015). Differences in the results from MODIS LC

and EVI were scrutinised, and comparative analysis

revealed that the MODIS LC based results matched with
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Fig. 2 Research methodology
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EVI results for most of the districts but exhibited high in-

consistency in few districts like Kishanganj, Jamui and

Nawada. Interestingly, Table S1 shows that the year 2007

(flood) and 2010 (drought) have higher net sown area of

Bihar respect to other years revealing weakness of the

annual statistics for the areas where more than one
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Fig. 3 Vertical cropping scenario in Bihar (raw and smoothed) as revealed in MDDIS EVI 2001 (MOD13A2) data for Single peak (a), Double
peak (b) and Triple peak (c)
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cropping pattern is followed. This is because the natural

calamities would affect any one season, and net sown area

estimation uses all the three season and hence the disaster

effect is nullified from other season cropping area. The W.

Champaran district in north western region and southern

districts Munger, Kaimur, Rohtas, Jamui and Nawada had

lower net sown area which is mainly due to forest cover in

these districts. Due to varying levels of water during

monsoon in the major rivers of the state (like Ganges,

Gandak, Kosi, Mahananda, Kamla and Balan) the districts

over which these river flow get inundated invariably. The

districts Vaishali, Katihar, Khagaria, Kishanganj and

Munger fall victim frequently to the calamities of flood

(DMD 2014, 2015).

2 0 0 32 0 0 22 0 0 1

2 0 1 22 0 1 12 0 1 0

2 0 0 92 0 0 82 0 0 7

2 0 0 62 0 0 52 0 0 4

Legend
Single Crop Double Crop Triple Crop

Fig. 4 Spatio-temporal distribution of vertical agricultural growth pattern in Bihar during 2001–2012
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Vertical Cropping Pattern

Annual variation in the vertical cropping pattern in Bihar at

an annual scale can be seen in the Fig. 4, and at the

monthly scale in Figs. 6, 7 and 8. The variations in the

associated colours of single (Blue), double (Yellow) and

triple (Magenta) cropped pixels in annual images (Fig. 4)

depict fluctuating scenario of vertical intensification pattern

in the region. Estimated net vertical change is

?907.82 km2 based on time-series EVI analysis with

individual seasonal changes during Rabi, Zaid and Kharif

are ?959.21, ?1009.84 and -1061.64 km2 respectively

during 2001–2012 (Table 1).

It can be seen that the triple crop area is mainly situated

in the north eastern part of the state mainly covering

Bhagalpur, Kishanganj, Sitamarhi, Darbhanga, and Mad-

hubani districts and the main reason for this is due to fertile

soil and drainage system gifted by rivers like Kosi and

Mahananda. These areas have good farming practices with

good irrigation system (GOB 2015) which gives an

opportunity for third crop during summer (Zaid). The dis-

tricts Jamui, Banka and the some part of West Champaran

districts are mainly single cropping areas which is due to

hilly and sloppy topographical condition and usually

Kharif crop is cultivated here.

Figure 5 reveals the state level variations in the cropping

area during Rabi, Zaid and Kharif seasons, and over the

northern and southern regions from Ganges. It was

observed that average total area cropped during Rabi, Zaid

and Kharif, during the last 12 years is 66.34, 19.68 and

79.74 % respectively (Fig. 5a). The seasonal (Rabi, Zaid

and Kharif periods) crop area in the northern and southern

regions are 43.16, 15.54, 45.65 % (Fig. 5b) and 28.71,

4.13, 34.09 % respectively (Fig. 5c). In the year 2001, the

single, double, and triple crop occupied the ground area of

22.37, 58.13, and 10.02 % respectively. The year 2002 was

found to have the maximum triple crop area (18.16 %) over

the decade, and the years 2006 and 2012 had the least triple

crop area (2.63 and 1.21 %, respectively). The year 2006

showed more of single crop area (33.59 %) but less of

double (55.19 %) and triple crop (2.63 %) in the region in

comparison to 12 years average from single (19.9 %),

double (62.04 %) and triple (9.11 %) crop area. The

decline was mainly observed in the Rabi crop due to

complete absence of rainfall with dry cold spell during

January to March period in 2006 which can be clearly seen

in Fig. 5 (Source: http://www.thehindu.com/todays-paper/

tp-national/cold-wave-in-the-north-hits-crops/article32385

99.ece). The year 2008 had a major embankment breach in

the Kosi River on 18th August 2008 and consecutive

flooding of the region resulted in the loss of third crop

(Kharif crop) with major impact in Madhepura and Supaul

districts (Figs. 4, 8). The Kharif crop area was reduced to

45.76 and 64.09 % due to this breach in Madhepura and

Supaul districts respectively in comparison to their

12 years mean (81.87 and 74.26 % respectively). The year

2012 revealed a major fall in the Zaid crop which was

mainly due to consistent dry spells during April to August

which resulted in second least triple crop period over the

decade. The area occupied by single, double, and triple

crop in 2012 is 18.39, 71.55, and 1.21 % respectively.

Years 2001, 2006, 2009, 2010 and 2011 had revealed rel-

atively less cropped area during Rabi (Fig. 5a) and we

observed an interesting relationship with rainfall as in these

years the winter months rainfall was very low (Table S4)

(DSV 2014) in comparison to other years. In 2009 there

was no bumper production in any season and hence there

was overall decline which could be seen in Fig. 9c. These

varying climatic impact on agriculture area was captured in

the EVI based results (Fig. 5 and Table S4).

Figure 6 illustrates spatio-temporal distribution of peak

growth period of Rabi crop in Bihar over 2001–2012. In a

year, the first Rabi crop time span usually happens during

January to March months and second Rabi crop period is

during second half of November to December. It could be

seen that the majority of the area attain peak growth in the

month of February followed by January. The mean per-

centage of Rabi crop area in Bihar over 2001–2012 is

66.34 %. Whenever there is an absence of rainfall during

winter, the agriculture production goes down which is

clearly observed in our study as well. Due to relatively low/

scanty winter rainfall in 2006, 2010, 2001, the Rabi crop

area was affected badly and resulted in lowest area cov-

ering 57.86, 68.99, and 69.80 %, respectively, in compar-

ison to years 2002, 2003, 2005, 2007 and 2008 which

produced high Rabi crop covering 76.69, 76.66, 74.30,

75.33 and 77.29 % of area respectively. Majority of the

districts revealed a positive growth during the later half of

over a decade. The districts which exhibited highest posi-

tive change are Madhubani, Gaya, Darbhanga, Bhagalpur,

Samastipur and Muzaffarpur (?209.17, ?174.62,

?121.29, ?117.66, ?115.42 and ?115.19 sq. km respec-

tively). The districts Purnia, Kishanganj, Araria, W.

Champaran, and Madhepura had experienced a negative

change during 2001–2006 to 2007–2012 with a decline in

area -507.56, -296.33, -148.24, -86.74 and -37.37 sq.

km respectively.

Figure 7 illustrates spatio-temporal distribution of Zaid

crop grown during the month of April to July. The Zaid

crops are mainly grown in the Kosi and Mahananda river

basins, and it occupied maximum area during the years

2001, 2002, 2007 and 2011 is 28.92, 29.18, 30.38 and

29.63 % respectively. As per the water resources depart-

ment, eastern Kosi canal system has contributed for a well

developed irrigation system (GOB 2015) and it is the pri-

mary cause of consistently higher Zaid cropping in this
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region compared to other areas of the study region. The

north-eastern districts Araria, Supaul, Kishanganj, Purnia,

Madhepura, Saharsa, and Katihar produced more Zaid

crops and in the south, the districts Sheikhpura, Nalanda,

Lakhisarai, Nawada, and Bhagalpur produced Zaid crop

especially in the years 2001, 2002, 2007, 2009, 2010 and

2011. The main peak growing period of Zaid crop is in the

month of June and July. In the year 2004 and 2012 the Zaid

peak was found in the month of April and May. The year

2012 resulted in the lowest Zaid crop scenario (5.27 % of

area) in comparison to 12 years average (19.68 %). As per

government of India report (GOI 2012) the entire state

(Bihar) faced the worst drought condition with scanty

rainfall condition during June and July 2012 as compared

to normal monsoon year of 2011.

Figure 8 illustrates spatio-temporal distribution of

Kharif crop in the study region grown mainly during

August to first half of November month. The colours

associated with each month in the annual figures show

variation in peak growing period of Kharif crop over the

decade. It was found that the majority of peak growth

during Kharif crop happened in the months of September

and October. The year 2001 and 2007 produced low Kharif

crop area respectively 70.01 and 72.72 % as compared to

12 years average (79.74 %). In the year 2008, due to the

Kosi embankment breach (DMD 2009) and consecutive

flooding in this region destroyed the Kharif crop. It is

clearly depicted in the Fig. 8. Interestingly the inundation

and impact due to flood in the year 2007 was much higher

than the kosi embankment breach effect. Hence, in the

Fig. 5b the reduction in the percentage of Kharif crop

during 2007 is higher than 2008. About 5 districts of Kosi

fan region was mainly affected in 2008 but in the year 2007

approximately 262 blocks were inundated by flood (DMD

2014). As per government flood report (DMD 2014)

approximately 153 blocks were inundated by flood in the

Year 2001 during monsoon which affected Kharif crops,

and at the same year there was rainfall deficiency induced

decline in the Rabi crop area as well (DMD 2013). The

districts Khagaria, Samastipur, Begusarai, Muzaffarpur,

Darbhanga, W. Champaran, and E. Champaran produced

low Kharif crop area in the year 2007 because of flood

(DMD 2014) which is clearly visible in the Fig. 8. In 2011,

the districts Bhojpur, Patna and Bhagalpur produced low

Kharif crop area due to flood in the Ganges (DMD

2013, 2014, 2015).

Discussion

Table 2 reveals the district-wise monthly mean percentage

of peak crop growing area estimated using MODIS EVI

time series data in Bihar. It could be inferred that theT
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important months for identifying major extent of crop

growth in Bihar are September (39.07 %), October

(30.73 %) (for Kharif crop), February (60.12 %) (for Rabi

crop), and May (10.30 %) (for Zaid crop). Table 2 would

be very helpful in selecting a temporal window for carrying

out further studies using very high spatial resolution data.

In the years 2001, 2007 and 2011, Zaid crop area was

higher than the other years and interestingly the Kharif

crop extent was the lowest in the same years. The reason

for this peculiar results could be due to the good summer

rainfall during May/June (Table S3) (DSV, 2014), and

unexpected floods during monsoon which could be easily

seen in the Figs. 5 and 8. In the year 2007 (Fig. 8) the state

experienced a worst flood and approximately 262 blocks in

the northern districts were inundated (DMD 2014). Dis-

trict-wise agriculture changes in the growing areas during
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Fig. 5 Annual temporal variation in the % agriculture area of Rabi, Zaid and Kharif crop based on MODIS EVI time series (MOD13A2, 1 km,

16 days composite) data during 2001 to 2012 of Entire Bihar (a), Northern districts from Ganges (b), and Southern districts from Ganges (c)
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the years 2001–2006 to 2007–2012 was carried out in

terms of single, double and triple crops and seasonal crops

(Table 1) were estimated. On an average the net single

crop area has decreased by 0.71 %, double crop area has

increased by 0.91 % and triple crop area has decreased by

0.05 % during the second half (i.e., 2007–2012) compared

to first half (i.e., 2001–2006).

The area estimated using MODIS EVI was compared

with net sown area extracted from GLC and MODIS LC

data sets for the years 2001 (Fig. 9a), 2005 (Fig. 9b) and

2009 (Fig. 9c). The results matched for most of the district

and for few districts there was a major difference. For

example, in Fig. 9a–c for Jamui district the MODIS EVI

estimate was higher than results from GLC and LC. When

2 0 0 32 0 0 22 0 0 1

2 0 1 22 0 1 12 0 1 0

2 0 0 92 0 0 82 0 0 7

2 0 0 62 0 0 52 0 0 4

Legend

January February March DecemberNovember
(2nd half)

Fig. 6 Spatio-temporal distribution of Rabi crop (2nd half of November to March) in Bihar during 2001–2012
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the district was analysed with rainfall, flood and other

government reports (DMD 2013, 2014, 2015) it was found

that there is an inconsistency in the MODIS LC data. The

net sown area from MODIS LC for the Jamui district for the

years 2001, 2005 and 2009 is 51, 46 and 64 % respectively,

and the results from EVI based analysis is 79.21, 79.46 and

79.60 % respectively. Year 2005 was a bumper year for

Kharif and Rabi crops (better than 2001 crop area) but

MODIS LC based net sown area was found to be the lower

than our estimates. It was not possible in this study to

analyse the exact cause behind the in-accuracy of MODIS

LC and GLC products. In Kishanganj and Nawada districts

also there was a discrepancy between EVI and MODIS LC

results, but GLC results matched with EVI (Fig. 9).

The EVI based net sown area results were cross checked

with Government reports (DES 2014) and the comparison

2 0 0 32 0 0 22 0 0 1

2 0 1 22 0 1 12 0 1 0

2 0 0 92 0 0 82 0 0 7

2 0 0 62 0 0 52 0 0 4

April May June July

Legend

Fig. 7 Spatio-temporal distribution of Zaid crop (April to July) in Bihar during 2001–2012
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for the years 2008/2009 and 2009/2010 was carried out.

The net sown area estimates from Government report is

consistently less for both the years. There are two possible

reasons. One could be due to coarse spatial resolution of

the data used in this study where sub-pixel mixing of land

cover like plantations, wasteland along with agriculture

area could have contributed for over estimates in our study.

Second reason could be due to gap in the government data

collecting mechanism as the procedure adopted by the

government is not clearly available to public. Also it was

observed that the estimates revealed in the reports from

different government departments do not match. For

example, report of the state of environment (GOB 2007)

published by the government of Bihar is different from

Directorate of Economics and Statistics (DES). GOB

(2007) revealed the net sown area in Gopalganj, Saran, and

2 0 0 32 0 0 22 0 0 1

2 0 1 22 0 1 12 0 1 0

2 0 0 92 0 0 82 0 0 7

2 0 0 62 0 0 52 0 0 4

August September October November
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(1st half)

Fig. 8 Spatio-temporal distribution of Kharif crop (August to 1st half of November) in Bihar during 2001–2012
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Siwan as 98 %, in Sitamarhi, Seohar, Muzaffarpur and

Vaishali districts as 95 %, in Darbhanga, Madhubani, and

Samastipur as 87 %, and in Aurangabad, Gaya, and

Jehanabad as 86.7 % and in East and West Champaran as

84 %. These statistics matched closely with our MODIS

EVI based results (Table S1). The uniform extraction

approach followed in this study would help in deriving

consistent crop area estimates. Through this approach

timing and intensity of agriculture growth at every pixel at

a monthly and annual scale could be extracted in a con-

sistent manner.

Finally, district-wise comparative statistics with respect

to high spatial resolution satellite (IRS LISS III) derived

net sown area (NRSC 2014) of Bihar was carried out for

the year 2011/2012. The LISS-III based land cover statis-

tics was downloaded from the Bhuvan website of National

Table 2 Monthly mean peak crop area (in %) extracted using MODIS EVI time series data (2001–2012) over Bihar

Districts Months

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

W. Champaran 8.85 41.01 0.63 0.20 0.28 1.28 4.76 12.81 55.83 4.95 0.31 0.05

E. Champaran 12.51 78.00 0.96 0.08 0.80 1.37 1.98 6.49 73.54 12.79 0.23 0.08

Sitamarhi 5.17 87.16 0.16 0.05 4.46 8.23 2.94 3.16 56.45 35.58 0.09 0.02

Madhubani 4.28 78.45 0.10 0.10 6.58 13.44 4.45 2.19 46.46 45.13 0.15 0.01

Gopalganj 14.78 73.43 0.80 0.01 0.47 2.90 3.74 7.66 74.26 7.34 0.43 0.01

Sheohar 5.19 86.42 0.11 0.12 3.92 7.48 4.04 2.50 62.64 28.02 0.11 0.01

Araria 6.05 78.09 0.18 1.27 14.34 28.86 14.14 1.81 45.30 36.40 0.03 0.00

Supaul 10.13 67.81 0.03 0.11 16.57 32.21 10.18 1.73 39.91 32.61 0.01 0.01

Kishanganj 6.71 20.90 0.03 2.39 37.75 13.87 3.78 1.82 61.63 27.14 0.05 0.00

Darbhanga 10.26 80.59 0.42 0.51 9.34 16.17 7.32 3.52 39.65 37.38 0.31 0.08

Muzaffarpur 16.38 70.64 0.35 0.05 6.63 6.86 5.10 6.44 60.21 16.19 0.16 0.09

Siwan 10.98 82.11 0.56 0.02 0.31 1.45 1.94 5.63 69.73 18.09 0.15 0.05

Saran 14.05 72.96 0.70 0.01 0.45 3.04 6.31 8.02 52.64 18.09 0.39 0.20

Purnia 8.91 47.03 2.22 5.15 17.61 16.68 14.23 7.23 46.89 24.58 0.65 0.73

Madhepura 4.88 64.87 4.42 2.75 16.07 26.92 9.98 2.79 43.53 35.17 0.50 0.07

Samastipur 25.23 63.62 1.53 0.44 5.08 8.17 8.36 12.82 47.18 11.80 0.18 0.87

Saharsa 3.18 59.78 4.58 1.45 17.99 19.58 8.70 2.70 38.47 38.12 0.63 0.01

Vaishali 29.69 52.27 0.16 0.04 4.19 4.93 6.79 13.40 53.39 9.02 0.20 0.27

Katihar 8.65 32.89 2.11 9.76 13.49 13.90 17.96 10.08 33.25 18.79 4.62 2.36

Begusarai 37.88 46.33 0.12 0.01 0.30 1.64 9.05 35.24 36.94 1.74 0.22 2.24

Buxar 6.44 87.64 0.92 0.00 0.03 0.42 2.83 5.84 29.35 58.22 0.12 0.09

Bhojpur 14.35 77.81 1.27 0.00 0.11 1.18 5.36 6.75 24.43 58.72 0.23 0.10

Patna 20.27 65.24 0.43 0.14 0.66 2.80 6.89 8.09 25.26 41.93 0.42 0.78

Khagaria 20.24 55.20 11.89 2.68 3.52 4.94 14.83 24.51 22.21 10.14 1.02 1.06

Bhagalpur 17.35 51.08 1.97 0.20 1.23 7.10 23.48 18.18 16.13 23.61 5.61 1.70

Munger 12.06 37.40 0.80 0.03 0.63 6.75 10.25 9.29 11.49 28.68 0.63 1.12

Nalanda 10.67 82.99 0.16 0.01 0.66 5.91 8.65 7.15 24.96 55.63 0.12 0.06

Kaimur 1.18 53.59 0.28 0.00 0.01 0.16 1.03 6.01 16.05 42.61 0.42 0.14

Rohtas 0.49 68.27 0.53 0.00 0.03 0.33 1.30 4.35 20.30 51.48 0.08 0.13

Lakhisarai 25.55 47.15 0.88 0.01 0.19 5.53 10.28 15.22 16.66 35.84 0.50 1.13

Jehanabad 2.82 86.93 0.14 0.00 0.00 2.21 10.32 8.12 20.90 62.70 0.09 0.03

Sheikhpura 8.17 80.37 0.08 0.00 0.54 6.51 12.02 10.78 20.80 58.20 0.24 0.07

Jamui 0.52 15.58 0.17 0.00 0.22 2.15 4.69 11.85 41.99 22.39 0.09 0.02

Aurangabad 1.54 64.11 2.35 0.02 0.29 1.15 4.20 9.65 10.06 65.99 2.25 0.72

Banka 0.07 30.78 1.19 0.00 0.62 4.68 4.79 8.75 38.77 40.42 0.05 0.00

Nawada 1.61 63.31 0.09 0.00 0.09 4.43 11.76 6.65 18.46 46.58 0.20 0.02

Gaya 3.09 51.60 0.35 0.00 0.02 0.54 3.87 15.39 28.66 34.19 0.43 0.28

Arwal 1.42 86.25 0.83 0.00 0.09 1.17 4.59 4.32 12.49 74.16 0.50 0.47
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Remote Sensing Centre (Bhuvan.nrsc.gov.in). The LISS III

data of the month October/November (Kharif season) of

year 2011, January/February/March (Rabi season) of the

year 2012 and April/May (Zaid season) of the year 2012

was used in their study. The sub class plantation was

considered as net sown area and the results were closely

matching with results of this study. The difference may be

due to three possibilities. First possibility is that spatial

resolution of LISS III is 23.5 m and EVI data was at 1 km.

Second possibility could be due to the difference in the

interpretation methods and the third possibility due to

consideration of timing of data. NRSC’s statistics was

based on visual interpretation where few snapshot images

were used for different seasons and exact date/months of

satellite images used for their interpretation was not

revealed in their report. This has implications in our results

as every district has multiple timings for peak growth

(Table 2). For example, in Table S2, both the LISS III and

EVI results for district E. Champaran would have matched

if January month data was not considered in the EVI based

approach. Similarly district Kishanganj results would not

have matched if the September data was not considered.

The comparison with LISS III addressed an importance of

using time-series data in revealing sensitivity of the timing

of data acquisition in the crop area estimates. Table S2

provided different combination of results considering var-

ious possibilities of omission/commission of 1 month data.

The total agriculture area estimated from NRSC was

70.89 % and the closest match from EVI was 74.65 %

(without October). Overall, the months October and

February has strong influence over the net sown area in

MODIS EVI data. Especially when a pixel has 3 cropping

cycles then much care is required for date of acquisition in

the high spatial resolution data for crop area interpretation.

One important limitation in this study is the spatial

resolution of the time-series EVI data. It is possible that

overestimates in agriculture area due to settlement and

other non-agri feature could be avoided using finer spatial

resolution data (Forkuor and Cofie 2011). However pro-

cessing such data is time-consuming and costly, and did not

result in significant difference in the area statistics (refer

Table S2). Due to the coarseness of the data, some of the

fertile districts (e.g., Sheohar, Araria and Sheikhpura) were

found to possess 100 % net sown area (refer Table S1)

which is mainly due to lower density levels of settlements

and non-agriculture features such as barren land, river and

water bodies.

Conclusions

The study used various satellite derived data and products

like time-series MODIS vegetation index (EVI;

MOD13A2, 1 km, 16 day, 2001–2012), MODIS annual
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Fig. 9 Inter-comparison of net sown area extracted from GLC (1 km (GLC 2000) and 300 m), MODIS LC (500 m) and MODIS EVI (1 km) at

different temporal periods. a during 2000/2001 b during 2005/2006 and c during 2009
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Land Cover product (MCD12Q1, 500 m, 2001–2012) and

Global Land Cover map (Scasia_V4, 1 km, 2000; Glob-

cover_V2.2, 300 m, 2005/06 and V2.3, 2009, 300 m), and

extracted horizontal (i.e., area change) and vertical (i.e.,

cropping intensification) agriculture change pattern. The

results were inter-compared, and cross checked with gov-

ernment reports as well as with high spatial resolution data

(IRS-LISS III 23.5 m). This study revealed the importance

of time series satellite data analysis for extracting seasonal

crop condition, extent and timing. It has extracted and

quantified single, double and triple cropping cycles at

monthly and annual scales. The average area (2001–2012)

cropped under (a) single, double and triple cropping pattern

is 19.90, 62.04 and 9.11 %, respectively; (b) under Rabi

(winter), Zaid (summer) and Kharif (monsoon) season is

66.34, 19.68 and 79.74 %, respectively; and (c) during 12

different months (January to December) is 9.87, 60.12,

1.25, 0.82, 10.30, 7.20, 7.27, 9.04, 39.07, 30.73, 0.64,

0.40 % respectively. The effect of coarseness of the spatial

resolution on the area estimate will be taken up in the

future studies. Areal extent and spatio-temporal variations

of impact on the cropping pattern due to flood and drought

was spatially well revealed in this study, and results were

synchronous in reflecting the effect of climatic extremes

such as drought and flood. The average net sown area is

91.28 % in Bihar during 2001–2012 with 0.04 % positive

growth rate. Considering the population growth the agri-

culture growth rate is very less and the government need to

put emphasis on the vertical intensification of the cropping

in the region as the area is already cropped to its maximum

horizontal extent. There is a huge potential to increase the

Zaid and Rabi cropping cycles in the study region.

Acknowledgments Authors are thankful to Technical Education

Quality Improvement Programme (TEQIP, BIT), India for providing

fund to PK. Authors would like to thank MODIS (NASA) and GLC

(ESA) team for freely sharing their data and products without which

this study would not be possible. Authors are highly thankful to

Department of Remote Sensing, BIT for providing all the facilities for

carrying out the study. We also thank Mr. Saptarshi Mondal, Mr.

Harshit Rajan, Mr. Nitish Kumar Sinha and Mrs. Vinita Suman for

their support during data processing.

References

Bartholome, E., & Belward, A. S. (2005). GLC2000: a new approach

to global land cover mapping from Earth observation data.

International Journal of Remote Sensing, 26(9), 1959–1977.

Biradar, C. M., & Xiao, X. (2011). Quantifying the area and spatial

distribution of double- and triple-cropping croplands in India

with multi-temporal MODIS imagery in 2005. International

Journal of Remote Sensing, 32, 367–386.

Chowdary, V. M., Chandran, R. V., Neeti, N., Bothale, R. V.,

Srivastava, Y. K., Ingle, P., Ramakrishnan, D., Dutta, D.,

Jeyaram, A., Sharma, J. R., Singh, R. (2008). Assessment of

surface and sub-surface waterlogged areas in irrigation command

areas of Bihar state using remote sensing and GIS. Agricultural

Water Management, 95, 754–766.

CIA. (2012). The World Fact book. George Bush Center for

Intelligence. Langley: CIA HQ.

Dash, J., Jeganathan, C., & Atkinson, P. M. (2010). The use of

MERIS terrestrial chlorophyll Index to study spatio-temporal

variation in vegetation phenology over India. Remote Sensing of

Environment, 114, 1388–1402.

DES. (2014). Land utilisation statement of Bihar during 2008–2009

and 2009–2010. Directorate of Economics and Statistics,

Department of Planning & Development, Patna, Government

of Bihar.

Didan, K., Munoz, A. B., Solano, R., & Huete, A. (2015). MODIS

vegetation index user’s guide (MOD13 Series). Vegetation Index

and Phenology Lab, the University of Arizona, USA.

DMD. (2009). Archive of Koshi flood info—2008. Government of

Bihar: Disaster Management Department.

DMD. (2013). Frequency of drought prone districts (1966–2010).

Disaster Management Department, Government of Bihar.

DMD. (2014). Flood affected blocks 1987–2010. Disaster Manage-

ment Department, Government of Bihar.

DMD. (2015). Flood report 2001–2012. Disaster Management

Department, Government of Bihar.

DSV. (2014). Monthly rainfall Statistics during 1989 to 2011.

Directorate of Statistics Evaluation, Department of Planning and

Development, Patna, Government of Bihar.

FAO. (2001). Food and Agriculture Organization of the United

Nations. Rome: Department of Economic and Social

Development.

FAO. (2015). Regional overview of food insecurity Asia and the

Pacific. Towards a Food Secure Asia and the Pacific. Food and

Agriculture Organization of the United Nations, Bangkok.

Forkuor, G., & Cofie, O. (2011). Dynamics of land-use and landcover

change in Freetown, Sierra Leone and its effects on urban and

peri-urban agriculture—A remote sensing approach. Interna-

tional Journal of Remote Sensing, 32(4), 1017–1037.

Friedl, M. A., Sulla-Menashe, D., Tan, B., Schneider, A., Raman-

kutty, N., Sibley, A., Huang, X. (2010). MODIS Collection 5

global land cover: Algorithm refinements and characterisation of

new datasets. Remote Sensing of Environment, 10, 168–182.

GOB. (2007). State of Environment Report. Bihar State Pollution

Control Board and Department of Environment and Forest,

Government of Bihar.

GOB. (2012). State action plan on climate change. Supported by

United Nations Development Programme India.

GOB. (2014). Five year plan 2012–2017 and annual plan 2012–2013.

Planning and Development Department, Government of Bihar.

GOB. (2015). Eastern Kosi canal system Bihar. Water resources

department, Government of Bihar.

GOI. (2012). Agricultural Drought Assessment report. Mahalanobis

National Crop Forecast Centre, Department of Agriculture and

Cooperation, Government of India.

GOI (2014). Sustainable agriculture with increased productivity and

profitability 2013–2014, crop diversification program in Har-

yana, Punjab and Western Uttar Pradesh. Department of

agriculture and cooperation, Ministry of Agriculture, Govern-

ment of India.

GOI (2015). State wise land use classification (2001–2002 to

2010–2011). Directorate of Economics and Statistics, Depart-

ment of agriculture and cooperation, Ministry of Agriculture,

Government of India.

Jeganathan, C., Dash, J., & Atkinson, P. M. (2010a). Characterising

the spatial pattern of phenology for the tropical vegetation of

India using multi-temporal MERIS chlorophyll data. Landscape

Ecology, 25, 1125–1141.

J Indian Soc Remote Sens (June 2017) 45:485–502 501

123



Jeganathan, C., Dash, J., & Atkinson, P. M. (2010b). Mapping the

phenology of natural vegetation in India using a remote sensing-

derived chlorophyll index. International Journal of Remote

Sensing, 31, 5777–5796.

Kumar, S., Sahdeo, A., & Guleria, S. (2013). Bihar floods: 2007 (A

Field Report). National Institute of Disaster Management

Ministry of Home Affairs, New Delhi, Government of India,

ISBN: 978-93-82571-04-9.

Li, L., Friedl, M. A., Xin, Q., Gray, J., Pan, Y., & Frolking, S. (2014).

Mapping crop cycles in China using MODIS-EVI time series.

Remote Sensing, 6, 2473–2493.

NBSS & LUP (1997). Soils of Bihar for optimizing land use. NBSS

publication 50, Soils of India series, National Bureau of Soil

Survey & Land Use Planning. ICAR, Nagpur, Government of

India.

NRSC. (2006). National land use/land cover mapping mission,

National Remote Sensing Center, Indian Space Research Orga-

nization, Department of Space, Hyderabad, Telangana, Govern-

ment of India.

NRSC. (2014). District and category wise land use/land cover in

Bihar 2011–2012. National land use/land cover mapping on

1:50,000 scale using IRS LISS-III data. National remote sensing

center, Indian Space Research Organization, Department of

Space, Hyderabad, Telangana, Government of India.

Pandya, M. R., Singh, R. P., & Dadhwal, V. K. (2004). A signal of

increased vegetation activity of India from 1981 to 2001

observed using satellite-derived fraction of absorbed photosyn-

thetically active radiation. Current Science, 87, 1122–1125.

Panigrahy, S., Parihar, J. S., & Patel, N. K. (1992). Kharif rice acreage

estimation in Orissa using NOAA-AVHRR data. Journal of

Indian Society of Remote Sensing, 20, 35–42.

Prasad, A. K., Singh, R. P., Tare, V., & Kafatos, M. (2007). Use of

vegetation index and meteorological parameters for the

prediction of crop yield in India. International Journal of

Remote Sensing, 28(23), 5207–5235.

Sakamoto, T., Yokozawa,M., Toritani, H., Shibayama,M., Ishitsuka, N.,

&Ohno, H. (2005). A crop phenology detectionmethod using time-

series MODIS data. Remote Sensing of Environment, 96, 366–374.

Sehgal, V. K., Singh, M. R., Chaudhary, A., Jain, N., & Pathak, H.

(2013). Vulnerability of agriculture to climate change: District

level assessment in the Indo-Gangetic Plains. New Delhi: Indian

Agricultural Research Institute.

Spera, S. A., Cohn, A. S., Vanwey, L. K., Mustard, J. F., Rudorff, B.

F., Risso, J., Adami, M. (2014). Recent cropping frequency,

expansion, and abandonment in Mato Grosso, Brazil had

selective land characteristics. Environmental Research Letters,.

doi:10.1088/1748-9326/9/6/064010.

Sreenivas, K., Sekhar, N. S., Saxena, M., Paliwal, R., Pathak, S.,

Porwal, M. C., Fyzee, M. A., Rao, S. V. C. K., Wadodkar, M.,

Anasuya, T., Murthy, M. S. R., Ravisankar, T., Dadhwal, V. K.

(2014). Estimating inter-annual diversity of seasonal agricultural

area using multi-temporal resourcesat data. Journal of Environ-

mental Management,. doi:10.1016/j.jenvman.2014.10.031.

Srivastava, M. K. (2015). Crop monitoring for improved food

security. Proceedings of the Expert Meeting Vientiane, Lao

People’s Democratic Republic, 17 February 2014. The Food and

Agriculture Organization of the United Nations and the Asian

Development Bank, Bangkok.

WBD. (2012). Agricultural land Statistics (% of land area).

Washington, D.C.: World Bank Data.

Xiao, X., Liu, J., Zhuang, D., Frolking, S., Boles, S., Xu, B., Liu, M.,

Salas, W., Moore, B., Li, C. (2003). Uncertainties in estimates of

cropland area in China: a comparison between an AVHRR-

derived dataset and a Landsat TM-derived dataset. Global and

Planetary Change, 37, 297–306.

502 J Indian Soc Remote Sens (June 2017) 45:485–502

123

http://dx.doi.org/10.1088/1748-9326/9/6/064010
http://dx.doi.org/10.1016/j.jenvman.2014.10.031

	Monitoring Horizontal and Vertical Cropping Pattern and Dynamics in Bihar over a Decade (2001--2012) Based on Time-Series Satellite Data
	Abstract
	Introduction
	Materials and Methods
	Study Area

	Satellite Data
	MODIS Land Cover data
	Globcover (GLC) Data
	MODIS EVI Time-Series Data

	Research Methods
	Extracting Vertical Intensification of Cropping Pattern
	Comparative Study

	Results and Discussion
	Horizontal Spatial Extent of the Agriculture Area
	Vertical Cropping Pattern

	Discussion
	Conclusions
	Acknowledgments
	References




