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also shifted (Figure 9c), revealing its sensibility to the first group of 
intra-class variability (shifted vegetation indices temporal profile). Ad-
ditionally, the wavelet spectrum is also sensible to the third group of 
intra-class variability (different combinations of diverse crops or veg-
etation types). 

Similarly, an excellent feature selection and classification process 
should be robust to intra-class variability but very sensible to inter-
class variability. The feature selection and classification process of CI-
IWS method is robust to both the first and third groups of intra-class 
variability. The number of strong bright centers generally remained un-
touched with shifted vegetation phenology (Figure 9), suggesting its 
robustness to the first group of intraclass variability of vegetation in-
dices temporal profile. As regards to its robustness to the third group 
of intra-class variability of vegetation indices temporal profile, it is ex-
plained as follows. For vegetation with single growth cycle, it is ob-
vious that only one strong bright center is always obtained from their 
wavelet spectra. For double crops, the typical features (numbers of 
strong bright centers) obtained are fairly complicated, as introduced 
by the third group of intra-class variability. In general, the wavelet 
spectra of double-cropping croplands can be divided into two modes. 
The first mode is a roughly equal strong combination of two agricul-
tural crop production cycles (Figure 5c). Its wavelet spectrum is char-
acterized as with three obvious positive bright centers: (1) a dominant 
one at considerably lower frequency (around scale 100) representing 
the center of the relatively dense period separated by the two skeleton 
lines; and (2) another two at considerably higher frequency (around 
scale 30) denoting the center of those two agricultural cycles. The sec-
ond mode is a combination of one relatively weak and one significantly 
strong agricultural cycle (Figure 10, pixel selected at 115°00′03.631′′E, 
34°20′47.209′′N). Its wavelet spectrum is illustrated with one weak 
and one strong bright center: the weak one at considerably higher fre-
quency (around scale 30) denoting the considerably weak agricultural 

cycle, and the strong one representing the relatively strong agricultural 
cycle (Figure 10). Only two strong bright centers are observed; the one 
at the relatively higher frequency is merged into the dominant one at 
lower frequency. From these above two modes of double crops, more 
than one strong bright center could always be obtained. 

Through an efficient original-characteristic transferring, feature se-
lection and classification process, the proposed CIIWS method are ro-
bust to those three typical groups of intra-class variability of vegeta-
tion indices temporal profiles. The proposed CIIWS method is capable 
of deriving cropping intensity efficiently and automatically. It does not 
require a large amount of input from field surveys or other training da-
tasets. The criteria quantification process of the CIIWS method is ob-
jective and significant, compared with some other classifiers such as 
the nearest neighbor classifier or the artificial neural network (Chen et 
al., 2012a; Nguyen et al., 2012) which are unable to provide any form 
of explanation (Maletzke et al., 2014). 

6.2. Comparison with the DCCWT and other methods 

Qiu et al. (2014b) proposed a new methodology to map double-crop-
ping croplands based on continuous wavelet transform (DCCWT). 
Similarly, the DCCWT method also attempted to deal with the intra-
class variability of vegetation index temporal profile through contin-
uous wavelet transform. Results obtained through DCCWT methods 
(Qiu et al., 2014b) are also visually conformed to HJ-1 image derived 
datasets (Figure 7b), revealing the efficiency of both methods in de-
riving CI. The biggest difference is located in these small patches in 
the middle and eastern portion of the study area. These small patches 
were identified as double-cropping croplands by the DCCWT method 
(Qiu et al., 2014b), but were correctly classified as natural vegeta-
tion by the CIIWS method which is confirmed by HJ-1 derived data-
sets (Figure 7b). 

Figure 9. The original, strengthened, shifted MODIS EVI time series signal and its wavelet spectra. Notes: WCT: wavelet coefficients intensity. 

Figure 10. The EVI temporal profile, wavelet spectra and corresponding isolines of the second modes of double-cropping croplands. 
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The original MODIS EVI temporal profiles of these small patches 
in the middle and eastern portion are characterized as slightly reduced 
during their relatively higher EVI periods (Figure 11). Wavelet iso-
lines with weak wavelet coefficients at relatively lower scales are eas-
ier to be introduced by slight fluctuations. Through deriving a feature 
selection process based on zero wavelet isolines, the feature peak ob-
tained by the DCCWT method (Qiu et al., 2014b) might be very sen-
sible to this kind of fluctuation, which might be caused by summer 
drought or other reasons. 

Besides its relative higher accuracy compared with the DCCWT 
method (Qiu et al., 2014b), the CIIWS algorithm is also highly auto-
matic and efficient. Instead of developing criteria based on the thresh-
old of feature peak which relies on local distribution or ground survey 
data (Qiu et al., 2014b), the CIIWS algorithm proposes a meaningful 
cropping intensity classification standard which is robust to complex 
intra-class variability. Universal value could be utilized for this param-
eter required in the CIIWS method, guaranteeing great consistency and 
generality. This paper is expected to make significant contributions to 
global mapping efforts of land use intensity through developing an au-
tomatic cropping intensity mapping method (Kuemmerle et al., 2013). 

6.3. Possible reasons for misclassifications 

The MODIS-derived results estimated by CIIWS algorithm are consis-
tent with in-situ observation data (over 85% agreement). When com-
pared with the HJ-1 image derived distribution map, four mismatched 
areas (labeled as A, B, C, and D) are identified (Figure 7). There are at 
least two kinds of mismatch. The first kind of mismatch is due to veg-
etable cultivation. According to ground survey data and statistical da-
tasets, area A is predominantly cultivated with vegetables (e.g., garlic, 
watermelon, or yam). Vegetable cultivation is generally different from 
other agricultural crops in the following two aspects. First, different 
vegetables might have very diverse growth cycles (very long or short). 
For example, some vegetables could be harvested within two months 
(leaf-eating vegetables), but some vegetables such as yam have more 
than a six month growing period (planted February, harvested in No-
vember, with a cropping index of 1). Therefore, vegetables might be 
harvested earlier or later than ordinary crops in autumn. Second, dif-
ferent vegetables would more likely be intercropped (e.g., garlic plus 
watermelon). Even if vegetables are not intercropped, an area of 250 
m × 250 m would be easily planted with different species of vegetables 
with different harvesting dates. Consequently, crop shifting between 
different vegetables is less obvious than corn crop rotation. Therefore, 
vegetable cultivation could easily be misclassified as vegetation with 
single growth cycles. Area A is mainly identified as single crop or natu-
ral vegetation by the CIIWS method, since only one strong bright cen-
ter could be obtained from its wavelet spectra of area A. 

The second kind of mismatch might be the limitation of the 250 m 
resolution MODIS-based algorithm in identifying small patches of ag-
ricultural field sizes (Biradar and Xiao, 2011). Areas B, C, and D, lo-
cated between plains and mountains or hills, are easily covered by a 
mixture of crops and natural vegetation (pictures in Figure 1, HJ-1 de-
rived data in Figure 7). The mismatched sites with survey data are also 
generally located around the city (or town) surroundings or near moun-
tains/hills, which posed more challenges in identification due to frag-
mentation and sub-pixel proportion of different vegetation/land cover 
classes (Pouliot et al., 2014; Qiu et al., 2014b; Setiawan et al., 2014b). 

Until now, time series classification of vegetable cultivation is 
rarely reported and needed further investigations. Further field survey 
and investigation should be conducted to in order to define the com-
plex intra-class variability of vegetable cultivation. Time series images 
with better spatial resolution should be utilized. The second kind of 
mismatching information could also be eliminated through applying 
the CIIWS method to higher spatial resolution images. 

6.4. Future applications 

The CIIWS method could also be applied in identifying triple-cropping 
croplands. Similar to double-cropping croplands, the wavelet spectra 
of triple crops could also be divided into two kinds of modes (Figure 
12). The first mode is characterized with four obvious positive bright 
centers: one at relatively lower frequency (around scale 100) and the 
other three at considerably higher frequency (around scale 30), denot-
ing the center of those three agricultural growth cycles. The second 
mode of triple crops is similar to the first mode of double crops, since 
both have three strong positive bright centers. However their relative 
locations of strong positive bright centers observed from these two 
modes are totally different. Criteria quantification of triple-cropping 
croplands is therefore provided as follows (Figure 3): if four groups of 
closed positive wavelet isolines are examined from their wavelet spec-
tra, they are identified as triple-cropping croplands; if only three groups 
of closed positive wavelet isolines are observed and the intersection 
of the scale interval of these three derived wavelet isolines from each 
groups is empty, they are also classified as triple-cropping croplands. 

The uniqueness of the CIIWS method is the ability to automat-
ically compute cropping intensity across various regions on differ-
ent years with time series images from diverse platforms. Besides the 
MODIS time series images, the proposed CIIWS method could also be 
applied to time series datasets of relatively higher-resolution images 
(e.g., Landsat TM, QuickBird, Rapid Eye and IKONOS). With eas-
ier accessibility and availability of remote sensing images, these time 
series classification methods hold great potential for various applica-
tions. The CIIWS method could easily be applied to other regions. Fur-
ther investigations should be carried out to evaluate and determine the 

Figure 11. The EVI temporal profile, wavelet spectra and corresponding isolines of mismatched area with the DCCWT method. 
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proper threshold from which to derive those positive wavelet isolines. 
There should always be a balance between classification accuracy and 
noise reduction. At relatively higher scales, wavelet isolines with much 
stronger wavelet coefficients are hardly sensible to noise. Therefore, 
the CIIWS method would be more robust for noise disturbance when 
the threshold of wavelet isolines increases. In that case, those identi-
fied multiple cropping croplands would be more typical, and the prob-
ability of misclassification of non-multiple crops or a mixture of mul-
tiple crops would be reduced. However, if the threshold is too large, 
the second mode of double-cropping croplands might not be correctly 
identified. On the other hand, if the threshold is relatively small, the 
mixed pixels and even totally non multiple crops could be classified as 
multiple crops. Particularly, if wavelet isolines are derived with a very 
small wavelet coefficient (e.g., 0.2), those wavelet isolines with very 
small wavelet coefficient are prone to noise disturbance at very small 
scales. Field surveys and other reference data could be applied to iden-
tify the proper threshold. Further investigations could be conducted in 
order to cope with this problem as regards to the relationships between 
the strength of wavelet coefficients and proportions of mixed pixels. 

7. Conclusions 

An innovative approach for accurately mapping cropping intensity is 
proposed in this paper. An automatic classification process is devel-
oped to smoothly derive indicators from isolines of wavelet spectra. 
The skeleton width and number of strong bright centers are applied as 
the primary metric to map cropping intensity. Its criteria quantification 
process is objective and meaningful. Its ability to compute cropping 
intensity automatically and accurately is verified through its applica-
tions in Henan province, China. This method is efficient in extracting 
cropping intensity through a robust feature selection process which 
could efficiently deal with complex intra-class variability. As an ob-
jective and automatic methodology, the CIIWS method could easily 
be utilized to other time series images of either coarse or high spatial 

resolution. Therefore, the CIIWS method has great potential of guar-
anteeing significant generality, comparability and consistency from lo-
cal, regional to global scales. It is particularly suitable for developing 
countries, where rapidly changing ecosystems require updated infor-
mation quickly. This paper is expected to make significant contribu-
tion to global, national and local earth observation efforts, such as the 
Group on Earth Observation Global Agricultural Monitoring (GEO 
GLAM) and National Agricultural Census of China.    
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