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Abstract: Currently, accurate information on crop area coverage is vital for food security
and industry, and there is strong demand for timely crop mapping. In this study, we used
MODIS time series data to investigate the effect of the time series length on crop mapping.
Eight time series with different lengths (ranging from one month to eight months) were
tested. For each time series, we first used the Random Forest (RF) algorithm to calculate the
importance score for all features (including multi-spectral data, Normalized Difference
Vegetation Index (NDVI), Normalized Difference Water Index (NDWI), and phenological
metrics). Subsequently, an extension of the Jeffries—Matusita (JM) distance was used to
measure class separability for each time series. Finally, the RF algorithm was used to classify
crop types, and the classification accuracy and certainty were used to analyze the influence
of the time series length and the number of features on classification performance; the
features were added one by one based on their importance scores. Results indicated that
when the time series was longer than five months, the top ten features remained stable. These
features were mainly in July and August. In addition, the NDVI features contributed the
majority of the most significant features for crop mapping. The NDWI and data from
multi-spectral bands also contributed to improving crop mapping. On the other hand,
separability, classification accuracy, and certainty increased with the number of features
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used and the time series length, although these values quickly reached saturation. Five
months was the optimal time series length, as longer time series provided no further
improvement in the classification performance. This result shows that relatively short time
series have the potential to identify crops accurately, which allows for early crop mapping
over large areas.

Keywords: time series length; MODIS; feature selection; Random Forest;
classification certainty

1. Introduction

Crop-type information is important for food security, and the demand for accurate crop maps is
increasing in society and in the plant industry [1-3]. In addition, crop maps can be incorporated into a
range of environmental models to improve understanding of the overall agricultural response to
environmental issues [4,5]. Remote sensing data have shown potential for mapping crop distributions at
both regional and local scales [4,6,7], and substantial efforts have been made toward monitoring
agricultural land and accurately assessing crop acreage [8,9].

Multi-temporal remote sensing data can be used to describe the vegetation conditions over different
periods, and have been widely employed to produce crop distribution maps [10-13]. Images of several
key periods, such as the “initial spring green-up phase” and the “late senescence phase” are sufficient
for accurate crop mapping [14—16]. In addition, Hao et al. [17] merged Landsat and Huan Jing (HJ) data,
which have similar spatial resolution to Landsat and higher temporal resolution, to obtain an image time
series with relatively high temporal resolution, and increase the possibility of acquiring images in the
optimal periods for crop identification. The timeline is an important consideration for crop classification
because obtaining an early classification result benefits both decision makers and the private sector [18].
Zhou et al. [19] found that reducing the time series length had little influence on the average accuracy
of land cover classification, except for a slight increase in the classification variance when different
training samples were used. However, few studies have determined the effect of time series length on
crop-type mapping.

Apart from multi-spectral time series data, several vegetation indices (VIs) and phenological metrics
derived from VI time series have been used to enrich the information available for vegetation mapping
and monitoring [20-23]. However, using all these features involves a large volume of data, which may
increase computation times with little improvement in accuracy [24]. To solve the problems associated
with large volumes of data, various feature selection methods have been employed [4,24-26]. Most
previous studies have focused on the effects of feature-space size reduction on classification accuracy
and certainty, but the contributions of different features remain unclear.

The majority of the statistical measures used to assess land-cover classification accuracy are based
on the confusion matrix [27]. The information contained in this matrix is a location-independent pattern
of misclassification, which can only provide a generally accurate measurement for the user [26].
Classification certainty can be defined as a quantitative measure of doubt regarding a specific single
class assignment [28]. Additionally, several newly proposed classifiers, such as Support Vector
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Machine (SVM), Random Forest (RF), and C5.0, provide a soft output (a probability for each class), and
this information is used to derive the certainty for each pixel [4,29,30]. In contrast to accuracy measures,
pixel-based certainty measures allow spatial representation of the map quality, and provide a better
understanding of location error in classification [24,26].

The objectives of this research were to use the MODIS reflectance product on a regional scale to
analyze (1) the effect of time series lengths on crop classification, (2) the importance of multi-spectral
band data and indices (NDVI and NDWI) at different time series lengths, and (3) the influence of the
number of features on crop identification. The cropland data layer (CDL) data at a spatial resolution of
30 m was used as ground reference data [31]. In addition, both classification accuracy and certainty were
utilized to better understand the quality of the crop mapping.

2. Study Area and Datasets
2.1. Study Area

This study was conducted in the State of Kansas (37°N—40°N, 94°W-102°W) in the U.S. Central
Great Plains (Figure 1). Kansas is a state dominated by agriculture with 46.9% (10.0 million ha) of its
total area dedicated to crop production [32]. The major crop types are alfalfa, corn, sorghum, soybeans,
and winter wheat [33]. Although each crop has a well-defined crop calendar and unique seasonal growth
pattern, the growth situation varies throughout the state. On one hand, the state has a significant
east-west precipitation gradient that has a strong influence on crop growth. For example, western Kansas
receives on average 460-510 mm of precipitation per year, whereas eastern Kansas receives
890—-1020 mm [16]. Therefore, eastern Kansas receives adequate precipitation, and corn and soybeans
are the two primary crops grown in this part of the state. However, semiarid western Kansas commonly
experiences drought events; as a result, drought-tolerant crops, such as winter wheat and sorghum, are
widely planted. In addition, water-requiring crops, such as alfalfa, corn, and soybean require irrigation
from aquifers. Another complicating factor is that planting times for many crops in Kansas differ by
more than one month “along a general southeast (earliest) to northwest (latest)” trend [34]. For example,
the recommended planting date for corn is 25 March to 25 April for southeast Kansas, but 20 April to
20 May for northwest Kansas. Moreover, the size of fields varies across the state. According to [32],
western Kansas has “large individual fields (sizes commonly range from 65 to 245 ha)” while the fields
in eastern Kansas are small (less than 65 ha) and the cropland areas are fragmented.

2.2. MODIS Data and Derived Phenological Variables

A 30-date time series of 8-day composite MODIS 500-m reflectance data (MODO09A1), spanning 7
April to 25 November, 2013 was created for Kansas. Data were required from four MODIS tiles (h09v04,
h09v05, h10v04, and h10v05) for statewide coverage. The tiled MODIS data were acquired from the Land
Processes Distributed Active Archive Center (LP-DAAC) [35], reprojected from the Sinusoidal to UTM
projection (WGS 84 zone 14N), and subset over Kansas for each composite period and then sequentially
stacked to produce the time series dataset. Two additional indices, the Normalized Difference Vegetation
Index (NDVI) and the Normalized Difference Water Index (NDWI), were derived from the time series of
MODIS reflectance data using Equations (1) and (2) [36]:
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where p(B1), p(B2), and p(B5)are the reflectance values of MODIS bands 1, 2, and 5, respectively.
Each variable has the same length as the MODIS reflectance time series.
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Figure 1. Study area and distribution of ground reference samples.

Land surface phenological metrics represent stages of plant growth or development that occurs during
a growing season, and several phenological characters can be identified using multi-temporal remote
sensing data [37]. In this research, nine unique annual phenology metrics were employed for crop
classification. The metrics included start-of-season time (SOST), start-of-season NDVI (SOSN),
end-of-season time (EOST), end-of-season NDVI (EOSN), maximum NDVI (MaxN), maximum NDVI
time (MAXT), duration of season (DOS), amplitude of NDVI (AON), and seasonal time-integrated
NDVI (TIN) [38]. These metrics were derived from250-m weekly eMODIS NDVI using a curve
derivative method [4]. This method employed a delayed moving average (DMA), in which predicted
values were based on previous observations along a time-series NDVI curve. Smoothed NDVI data
values were compared to a moving average of the previous observations to identify departures from an
established trend. For example, if smoothed NDVI values became larger than those predicted by the
DMA, this departure point was labeled as the start of the growing season (SOS) [38]. All available annual
250-m phenology metrics for 2013 were obtained from [38] and then resampled to a spatial resolution
of 500-m [38]. The variables used in this research are shown in Table 1.
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Table 1. Groups of input variables for classification. Notes: The wavelengths of the reflectance
bands are c. 620—670 nm (B1), ¢. 841-876 nm (B2), ¢. 459-479 nm (B3), c. 545-565 nm (B4),
¢. 1230-1250 nm (BS5), ¢. 1628-1652 nm (B6), and c. 2105-2155 nm (B7).

Number of Variables

Group Name . Denotation of Variables
in the Group
Reflectance 210 (30 images %7 bands) BxDy,x=1,2,...7,y=1,2,...30
Indices (NDVI and NDWI) 60 (30 image x 2 bands) NDVI Dy, NDWI Dy, y=1,2,...30
Phenological metrics 9 SOST, SOSN, EOST, EOSN, MaxN, MaxT, DOS, AON, TIN

2.3. Reference Dataset

The crop-type reference data used in this study were obtained from the National Agricultural Statistics
Service (NASS) Cropland Data Layers (CDL) for 2013 [31]. Table 2 shows the classification accuracy
of CDL in Kansas ordered by areal proportion. The bold-font crops were selected as reference crops in
this study because both producer’s and user’s accuracies were higher than 85%, and the areal proportions
of these crops were more than 1% [39]. To obtain pure pixels on 500-m spatial resolution MODIS
images, we first obtained the MODIS pixel grid from the MODIS image and then calculated the fraction
for every crop in each MODIS pixel using CDL data. If one crop filled more than 80% of a MODIS
pixel, we defined that pixel as a “pure” pixel and used it as a reference pixel. In this procedure, we
selected 80% as the threshold because it provided a balance between pixel quality and sample number.
A higher threshold (such as 90%) might increase the purity of the pixel, but the sample number would
drop substantially because the spatial resolution was 500-m in this study. Conversely, a lower threshold
(such as 70%) could increase the pixel number, but would lead to more sample pixels of low purity. We
then extracted the time series quality assessment of the MODIS 500-m reflectance product using the
reference pixels. If there were more than 25 “corrected products produced at ideal quality in all bands”
periods in a reference pixel [40], the pixel was retained. Otherwise, the pixel was removed from the
reference dataset. For the remaining pixels, the reflectance for low-quality periods (if the quality of a
pixel is not ‘ideal quality’, we define it as ‘low-quality’) was replaced by the average reflectance of the
previous and following periods. Subsequently, the reference pixels were randomly divided into two
parts: training samples and validation samples. The numbers of these samples are shown in Table 3, and
their distributions are shown in Figure 1.

Table 2. 2013 Kansas cropland data layer statewide agricultural accuracy.

Crop Type CDL Code Producer’s Accuracy User’s Accuracy Areal Proportions
Winter Wheat 24 94.37% 94.45% 38.33%

Corn 1 93.21% 93.6% 16.99%
Soybeans 5 92.97% 92.97% 13.66%
Sorghum 4 89.32% 89.27% 11.25%

Fallow/Idle Cropland 61 87.47% 87.81% 11.02%
(Double Crop) Winter
26 85.9% 85.25% 3.00%
Wheat/Soybeans
Other Hay/Non Alfalfa 37 56.07% 90.39% 2.85%

Alfalfa 36 85.95% 91.21% 1.95%
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Table 2. Cont.

Crop Type CDL Code Producer’s Accuracy User’s Accuracy Areal Proportions
(Double Crop) Winter
236 36.64% 65.03% 0.37%
Wheat/Sorghum
Canola 31 78.22% 90.75% 0.12%
Rye 27 37.55% 76.76% 0.11%
Oats 28 37.63% 72.27% 0.10%

Table 3. Number of training and validation samples.

Crop Type Training Validation
Alfalfa 562 561
Corn 1441 1441
Sorghum 847 847
Soybean 1005 1006
Wheat 1665 1664
Wheat-soybean 437 437
Total 5957 5956

3. Method

The overall methodology used in this study is presented in Figure 2. First, we extracted time series
multi-spectral band data and indices (NDVI and NDWI) from the MODO09 product and phenological
metrics from eMODIS phenological data using the ground reference data. We then exploited the Random
Forest (RF) algorithm to calculate an importance score for all available features containing
multi-spectral, NDVI, NDWI, and phenological metrics for each time series length using the training
samples. To simplify the analysis, we used one month as the unit of the time-series period (Table Al in
Appendix). Therefore, the time series length varied from one month to eight months. Then, an extension
of the Jeffries—Matusita (JM) distance was used to calculate the separability among all crops.
Furthermore, the RF algorithm was used to classify crop types and obtain a probability output for each
crop. The classification accuracy and certainty were then obtained to measure the classification
performance. When calculating the extension of the JM distance and classifying crop types, features
were added one by one based on the importance score acquired from the RF algorithm for each time
series length.

3.1. Random Forest

The classification algorithm employed for this research was the Random Forest (RF) algorithm. The
RF algorithm is an ensemble machine learning technique that combines multiple trees [30]. Each tree is
constructed using two-thirds of the original cases. Then, the remaining one-third of cases is employed
to generate a test classification, with an error referred to as the “out-of-bag error” (OOB error).
Subsequently, the model output is determined by the majority vote of the classifier ensemble [26]. Two
free parameters can be optimized in the RF algorithm: the number of trees (nfree) and the number of
features to split the nodes (mtry). The advantages of the RF algorithm, such as the relatively high
efficiency with large datasets, the probability output for each class, and the generated OOB error (an
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internal unbiased estimate of the generalization error) make it suitable for remote sensing
applications [41]. In this research, both the feature importance score and crop classification were
obtained using the RandomForest package for R [42]. The ntree parameter was set to a relatively high
value of 1000 to allow convergence of the OOB error statistic, and mtry was set to the square root of the
total number of input features [43]. Additionally, the decreased accuracy (i.e., the difference in
prediction accuracy before and after permutation of the variable of interest)was used to measure the
importance of the features. As for classification, the RF algorithm allowed quantification of the
prediction probability at the pixel level, together with the class label. The probability p(i) of a pixel being
classified as class i was defined as

k;
p() = X (3)

where k was the total number of trees involved in the classification process, and k;was the number of
trees classifying the pixel as cover type i [26].

Time series Selected features

of one month of one month
Time series of Selected features

two months of two months
MODIS Time series of Selected features
data three months of three months

RF feature selection

Time series of Selected features
eight months of eight months
: Selected features

Phenological of all available

information ‘ ‘ features

’ Separability measure

A

N Classification
accuracy analysis

certainty analysis

Classification

Figure 2. Methodology used in this study.
3.2. Extension of the Jeffries—Matusita Distance

In this study, we used the JM distance to measure the separability for each pair of crops, because
previous research had shown that JM distance can provide a more accurate separability indicator than
other distance measures, such as Euclidean distance or divergence [14,44]. The JM distance between a
pair of class-specific functions was given by:

M(cy ;) = f (m - J@)Z dx 4)
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where x denoted a span of VI time series values, and ¢; and ¢; (lowercase ¢) denoted the two crop classes

under consideration. Under normality assumptions, Equation (4) was reduced to M = 2(1 — e~ B), where

1 Ci+ G~ 1/ G + G \
B=§(Hi—uj)T<l ]> (ki =) + M

2 Pk (5)
\ 2 /|ci| x |G /

and C; and C; (uppercase C) were the covariance matrices of classes i and j, respectively. Additionally,

|C;| and |C]- |were the determinants of C; and C;, respectively. The JM distance ranged from 0 to 2, with

a high value indicating a high level of separability between the two classes [45].

When considering the separability of multiple classes, different classes were given different weights
to account for the different sample sizes of each class. The extension of the JM distance (Jg},) was used
for this purpose. Jg, was calculated from Equation (6) based on Bhattacharyya bounds, and it gave
greater importance to classes with high a priori probabilities in the selection process [46]:

N N
Jen = ZZ \/p(wi) X p(wj) X JM2(i, j) (6)

i=1 j>i
where N was the number of classes, and p(w;) and p(w;) were the a priori probabilities of classes i and

J, respectively, which were calculated using the combination of training samples in Table 3.
3.3. Accuracy and Certainty Measures

A series of accuracy metrics were employed to evaluate the classification accuracy. First, overall
accuracy (OA), producer’s accuracy (PA), and user’s accuracy (UA) were used for the hard results (class
labels) [27]. For the probability result, a soft answer was provided by the random forest algorithm in the
form of a vector containing probability estimates belonging to each class:

p(x) = {p1 (%), -+, p(), -+, px (), k = 1,2, -+, K} (7
where py (x)was the probability that x belongs to class k, and K was the number of classes. In this study,
the probability vector was first sorted in descending order. Then, we used the specificity measure to
calculate the certainty, as in Equation (8) [47]:

K-1
€=, (Pl = Pas(0) ®)

The advantage of the specificity measure is that it applies all the information in the probability vector.
The certainty of a pixel is equal to 1 if the maximum probability in its probability vector is 1. On the
other hand, if the all the classes have the same probability (P (x) = 1/K), the certainty of the pixel is 0.

4. Results
4.1. Importance of Features for Crop Mapping

An analysis of the ten most informative features for each time series length was shown in Figure 3.
The selected features varied among the different time series lengths. During April and May
(Figure 3a,b), the most important features were mainly multi-spectral bands data. However, the selection
of these features may not have a phenological component because most summer crops were immature,
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and the standard deviations of the importance scores from 20 model runs were relatively high (higher
than 1.5 in most cases). NDVI and NDWI were selected when the time series length was longer than
three months (Figure 3c). In Figure 3d,e, the time series lengths were one month longer than in
Figure 3c,d, and several features unique to the additional months (such as the features in July for
Figure 3d and August for Figure 3e) were selected as the most important features. However, in
Figure 3f—h, the time series were longer than five months, but no features from the extra months were
found to be among the most important.

(a) BsD2 7 (b) BsD2 = (¢) NDVIDI1 it
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Figure 3. Mean relative feature importance of the ten most important features for each time
series length. Error bars indicate the standard deviation of the variable score for 20 model runs.
In addition, “B1-B7” in the feature names indicates the number of the MODIS band;
“D1-D30”” indicates the acquisition date: (a) D1-D3 in April, (b) D1-D7 for April to May,
(¢) D1-D11 for April to June, (d) D1-D15 for April to July, () D1-D19 for April to August,
(f) D1-D22 for April to September, (g) D1-D26 for April to October, (h) D1-D30 for April
to November, and (i) D1-D30 and phenological metrics. The underlined features indicate that
these features were among the ten most important features in the previous shorter time series.

When both NDVI and NDWI were selected in the top ten features, NDVI obtained a higher
importance score than NDWI (Figure 3¢); moreover, when the time series was longer than five months,
more NDVI features were selected for the top ten important features. Furthermore, the phenological
features were not among the features selected as most important when combining phenological
information with multi-spectral metrics, vegetation indices, and water indices metrics (Figure 31).

The importance score of the selected features decreased with the augmentation of the time series
length. Figure 3a showed that the importance scores of the most important features were nearly 60, but
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the scores were around 20 for the most important features selected from the eight-month time series
(Figure 3h). This was because the importance score was measured by the difference in prediction
accuracy before and after permutations of the feature. Therefore, the importance score reduced when
more features were employed to build the RF model.

4.2. Class Separability

Month-by-month JM distances in Kansas are shown in Figure 4, and the time series for different crops
are shown in Figure 5. Winter wheat was highly separable from the summer crops (JM distance larger
than 1.5). During the early growing season (April and May), wheat had a relatively high vegetation
fraction but the summer crops had not yet been sown. Then, in summer (July and August), the wheat
had been harvested and the summer crops had developed (Figure 5). In October and November, wheat
was sown again and the summer crops were harvested. As for winter wheat and the double crop
wheat-soybean, the JM distance was high (larger than 1.5) in August because the soybean had developed
during this period. Among the three summer crops, sorghum and soybean had high separability in June
(JM distance larger than 1.5) and September because of their different rates of emergence and
senescence. Corn was highly separable from sorghum because of its earlier planting and emergence
(corn is mostly sown in May and emerges in early June, whereas sorghum is planted in June).
Additionally, the JM distance between corn and soybean was lower than 1.0 throughout the growing
season because of the similar planting, reproduction, and harvest periods (Figure 5). Alfalfa had a
relatively high JM distance (larger than 1.2) from the other crops throughout almost the entire growing
season, except when compared with several summer crops, such as corn, sorghum, and soybean, during
June and August (JM distance around 1). The relatively low separability in this period was mainly
because of the fact that the summer crops had developed and the separability between alfalfa and these
summer crops was relatively low (Figure 5). At the beginning of the growing season (during April and
May), soybean was the least separable crop compared to alfalfa; this result is unexpected because alfalfa
and wheat are well developed during this time, whereas soybean is not developed [16]. Thus, soybean
should have a better separability than wheat. There are two possible explanations for this unexpected
outcome: (1) the misclassification of CDL data in Kansas and (2) the use of mixed pixels as training
samples. Firstly, the producer’s accuracy for alfalfa was 85.95% (Table 1), which indicated that several
other crops were mislabeled as alfalfa. Additionally, the average NDVI of alfalfa in this period was
substantially lower than values found in [16]. On the other hand, the misclassification also led to the
relatively high standard deviation of alfalfa NDVI profiles (Figure 5). As for the second reason, both
alfalfa and soybean had relatively small field sizes, which resulted in more mixed pixels with higher
NDVI profile variations (standard deviations larger than 0.1). Thus, the lower alfalfa NDVI and the
higher standard deviation of the two crops contributed to the unexpected low separability between alfalfa
and soybean during April and May.

Figure 6 showed the relationship between the JM distance of crop pair comparisons and the time
series length. The figure showed that the JM distance increased with the time series length. For example,
alfalfa had a relatively high JM distance when the time series was two months, and the JM distances
between alfalfa and other crops then increased until the time series reached five months (when JM
distances were 2). For winter wheat, when the time series length was three months, the JM distance
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between wheat and other summer crops was almost 2. In addition, the JM distance among the three
summer crops increased substantial when the time series length was shorter than four months. Beyond
four months, further increases in the time series did not meaningfully increase the JM distance. However,
the JM distance between corn and soybean was still low (lower than 1). Furthermore, wheat and
wheat-soybean demonstrated good separability when the time series length was longer than five months.

2.04 2.04 2.0 m
o 159 1.54 1.5
<9
=
]
=
2 104 1.04 1.0
A L E K
=
=
0.5 0.5 0.5+
Alfalfa Corn Sorghum
0.0 T T T T T T T v 0.0 T T T T T T T d 0.0 T T T T T T T 1
April May June July Aug Sep Oct Nov April May June July Aug Sep Oct Nov April May June July Aug Sep Oct Nov
2.0+ 2.04 2.0
g 154 1.54 i 154 M
=]
s
=
£
a 1.0 1.04 1.0+
= /\/\/
-
0.5 0.5 0.5+
Soybean Wheat Wheat_Soybean
0.0 0.0 0.0

T T T T T T T d T T T T T T T d T T T T T T T ]
April May June July Aug Sep Oct Nov April May June July Aug Sep Oct Nov April May June July Aug Sep Oct Nov

Month Month Month
‘—Alfalfa Soybean Wheat Wheat_Soybean
Y! S0y

Corn Sorghum

Figure 4. JM distance values for all crop pair comparisons in each month using training

samples from Kansas.

NDVI

Alfalfa Corn Sorghum

T T T T T T T T T T T T T T T T T T T T T
97 129 161 193 225 257 289 321 97 129 161 193 225 257 289 321 97 129 161 193 225 257 289 321
0.8

0.6

0.6 0.6+

—
2
0.4
Z 04 0.4
0.2 0.24 024
Soybean Wheat Wheat-Soybean
0.0 ! . : . : : — 0.0 : : , : : ; — 0.0 . . . . , . .
97 129 161 193 225 257 289 321 97 129 161 193 225 257 289 321 97 129 16l 193 225 257 289 321
Day of Year Day of Year Day of Year

Figure 5. Average NDVI time series for the crops used in this study. Error bars indicate the
standard deviation of the NDVI of the samples.

Figure 7 showed the relationship between the number of features used and Jsn (extension of the JM)
distance. The maximum Jsn increased substantially when the time series length was shorter than five
months (April-August). For example, the maximum Jsn was 5.67 when only images from April were
employed but increased to 6.61 when the time series length was two months. However, with the
additional inclusion of images from October and November and the phenological metrics, the
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separability did not increase substantially. When images from April to September were used, the Jsu
was 8.43, and when images from all eight months were used, Jsu increased only slightly to 8.6. In
addition, the separability increased substantial when a few features were used for each time series, but
did not increase substantial when more features were employed. For example, Jsn increased from 2.2 to
7.2 when the number of features increased from 1 to 24 for the April-August time series, but only

increased to 8.4 when all 171 features in this period were used.
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4.3. Classification Accuracy

The influence of the time series length and the number of features on the classification accuracy was
shown in Figure 8. For each time series, the overall classification accuracy increased with the number
of features used for classification until a saturation point was reached, after which the accuracy did not
increase further. For example, the overall accuracy increased to a saturation point at 14 features (72.18%)
and 23 features (88.56%) for the April and the April-November time series, respectively. Among the
different time series lengths, combinations of only one or two months could not achieve a classification
accuracy of more than 80%. For the April time series, the maximum overall accuracy was 72.77%; and
when the time series length increased to two months (April-May), the maximum overall accuracy was
77.83%. When the time series was longer than five months, the overall accuracy also reached a saturation
point. The maximum overall accuracy increased from 88.45% to just 88.81% when the time series length
was increased from five months (April-August) to six months (April-September).
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Figure 8. Overall accuracy (%) of validation samples found from the RF algorithm using
the different input features suggested by the importance score for different time series
lengths. Only the average overall accuracy is shown in this figure because the standard
deviation of the 10—model run is approximately 0.1%. The dotted line shows the saturation
point for each time series length.

The producer’s and user’s accuracies achieved from the different time series are shown in Table 4.
When the time series was short (one month or two months), wheat had relatively high producer’s and
user’s accuracies (PA = 96.75% and UA = 88.03%), while both producer’s and user’s accuracies for
other crops were less than 70% in most cases. In addition, the accuracies increased with the time series
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length and remained stable when the time series was longer than five months, which was consistent with
the trend of the overall accuracy. Among all the crop types, wheat had the highest classification accuracy
(UA = 95.58% and PA = 95.39%) for the five-month time series. Alfalfa had high UA (92.13%) but
relatively low PA (85.56%). Although the accuracies were relatively low compared with those for the
other crops, the three summer crops were distinguishable because all PA and UA values were above
80%, which was consistent with the separability of these three crops discussed in Section 4.2.

Table 4. Producer’s and user’s accuracies obtained from the different time series for each crop.

Alfalfa Corn Sorghum Soybean Wheat Wheat-Soybean
PA/UA PA/UA PA/UA PA/UA PA/UA PA/UA
April 62.2%/75.9% 70.0%/63.1% 55.5%/67.2% 65.7%/61.3% 96.8%/88.0% 56.1%/84.2%
April ~ May 71.3%/87.3% 79.3%/66.4% 62.6%/74.5% 66.5%/70.9% 97.8%/88.9% 58.4%/87.3%
April ~ June 75.4%/92.4% 83.9%/78.5% 79.8%/81.8% 75.8%/74.8% 99.1%/91.3% 61.1%/87.5%
April ~ July 81.3%/92.5% 86.1%/82.0% 82.3%/84.0% 78.8%/78.7% 99.6%7/93.6% 70.3%/89.8%

April ~ August
April ~ September
April ~ October
April ~ November
Add Phe

85.6%/92.1%
85.4%/92.3%
85.2%/92.1%
85.7%/93.0%
85.6%/93.3%

86.0%/83.2%
85.8%/83.4%
86.4%/83.6%
85.7%/84.5%
85.9%/84.2%

83.7%/87.1%
84.1%/87.3%
83.9%/87.5%
84.5%/87.1%
84.2%/87.5%

81.8%/80.2%
82.1%/79.7%
82.1%/79.9%
82.8%/79.8%
83.2%/79.6%

99.6%/95.4%
99.5%/96.6%
99.5%/96.7%
99.4%/96.7%
99.5%/96.5%

76.9%/91.1%
80.8%/90.8%
81.0%/90.5%
81.0%/91.0%
81.0%/91.1%

4.4. Classification Certainty

The influences of the time series length and the number of features on the average classification
certainty are shown in Figure 9. When only one feature was used for classification, the classification
certainty was relatively high (nearly 0.9 in most cases) with a low classification accuracy (less than
60%). Then, the certainty decreased substantially until reaching a minimum. After this point, the
certainty began to increase until it reached a saturation point, and then remained generally stable at, for
example, nine features (certainty = 0.68) and 21 features (certainty = 0.81) for the April and
April-August time series, respectively. Similarly, the stable classification certainties increased with
augmentation of the time series length. Additionally, when the time series was longer than five months,
the certainty did not continue to increase. For example, from the three-month (April-June) to the
four-month (April-July) time series, the stable certainty increased from 0.71 to 0.78; whereas from the
five-month time series (April-August) to the six-month (April-September) series, stable certainty
remained unchanged (0.81).

The distributions of certainty for correctly and wrongly classified validation samples are shown in
Figure 10. For the correctly labeled samples, certainty was mainly in the range [0.8, 1]; for the wrongly
labeled samples, certainty was mainly in the range [0.4, 0.8]. In addition, when the time series was
relatively short, the certainty of several correctly classified samples was low. For example, in the April
time series, the certainties of nearly 20% of the correctly labeled samples were in the range [0.4, 0.6],
and the certainties of only about 30% of the correctly labeled samples were in the range [0.8, 1].
However, when the time series was longer than five months, more than 60% of the validation samples
were correctly labeled with high certainty (between [0.8, 1]).
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Figure 9. Classification certainty of validation samples derived from the RF algorithm using

the different input features suggested by the importance score for different time series lengths.
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5. Discussion

In this study, image time series of different lengths were used to identify crop types, and all three
measurements (crop separability, classification accuracy, and certainty) showed that the five-month time
series has the potential to classify the crops in the study area accurately, and that longer time series
cannot improve the classification result. However, the crop types determine the optimal time series
length. In Kansas, the dominant crops are wheat, alfalfa, corn, sorghum, and soybean. The winter crop,
wheat, is separable from all the other crops when the time series length is only one month; alfalfa also
shows high separability during the early growing season, when the summer crops have not yet
developed. For the three summer crops, corn, sorghum, and soybean, the time periods of different
emergence rate contribute most substantially to the high separability.

Previous studies have shown that rather than using the entire growing season, images of several
optimal time periods can achieve high classification accuracy [14,17]. Additionally, according to [16],
the most separable time periods for the summer crops in Kansas are during the initial spring green-up
phase and/or the late senescence phase in June and early October, respectively. Although the short time
series in this research (such as the April-August time series) cover only a part of the optimal time periods
for crop identification, they still have the potential to correctly classify crops. More importantly, the
earlier classification using these short periods makes the crop map more valuable.

For each time series, separability, classification accuracy, and certainty can be achieved using a
portion of the features similar to using all the features available for that time series. Low et al [24] sorted
features by their RF importance score and used SVM to detect the relationship between classification
accuracy and the number of features exploited. The accuracy reached a peak when a fraction of the
available features was employed, and the accuracy declined substantially with the addition of other
features. The same situation has been observed in SVM classification using hyper-spectral data [48]. In
the presented research, the RF algorithm was employed to classify the crop types, and the classification
accuracy and certainty remained stable when additional features were used, which is also consistent with
the findings of [24] that the RF algorithm was less affected by the number of features than SVM.

In this study, we calculated all month-by-month crop pair comparisons using both multi-spectral data
and indices (NDVI and NDWI). Compared with previous research using only NDVI and EVI time
series [16], the separability of crop pairs in this research is relatively high. For example, the JM distance
between corn and sorghum was more than 1 in July. This relatively high separability is because of several
factors. First, the temporal unit in this research is one month, with three or four time periods in each
month. However, the separability analysis of [16] is based on the 16-day NDVI and EVI, and the
temporal unit is the single time period. Second, in addition to NDVI, both multi-spectral data and NDWI
were included in this research. Although NDVI features comprised the majority of the top ten features
selected for time series longer than five months, several multi-spectral and NDWI features, such as
NDWI D12 and B6D19 (Figure 3), were also selected as key features, and these features increased the
separability when identifying crops over short time series.

The phenological metrics features were not selected for the top ten features for crop identification
(Figure 3), which indicates that phenological metrics may not classify crops as good as the other features.
This is mainly because of phenological character variations in crop development schedules due to local
weather conditions and farm management. For example, the recommended planting date for corn varies
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by nearly one month from southeast to northwest Kansas. Another complicating factor is that the
phenological metrics are sensitive to the signal noise introduced by pre-crop vegetation. This pre-crop
vegetation mainly consists of weeds and “volunteer crops” (in particular, winter wheat), and can lead to
a misleading early estimation of the green-up onset of the crops. As a result, estimates for several
phenological metrics, such as SOST, SOSN, and DOS, are prone to errors and inconsistencies [49].
Moreover, several other phenological features, such as EOST, EOSN, and DOS, can only be acquired
after harvest, which may delay the completion of the crop map.

When using short time series to identify the crops, both the classification accuracy and certainty were
low (Figure 10), and even several correctly classified samples had low certainty (between 0.4 and 0.6).
This was because of the low separability among the different crops when the length of the time series
was one or two months (Figure 5). The classification certainty increased with the time series length, but
several correctly labeled validation samples still had low classification certainty (between 0.4 and 0.6).
Figure 11 shows the average probability of validation samples for each crop type within different
certainty ranges. For corn samples, the low certainty samples have high probability for soybean and
sorghum. Similarly, the sorghum samples with low certainty also have relatively high probabilities for
corn and soybean, which is consistent with the low JM distance among these three crops (Figure 4).
Generally, low separability leads to low classification certainty.
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Figure 11. Average probability for the validation samples for each crop type. Different line
types indicate different levels of uncertainty. All 270 features of the eight-month time series
were used to calculate the probability in Figure 10.

CDL data were used as ground reference data in this research, which may introduce some uncertainty
regarding our conclusions. Some misclassification of CDL data may lead to variations in a crop’s
features (such as the NDVI time series), and the underestimation of the separability between several
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crops (such as alfalfa and soybean during April and May). Another complication is that the use of CDL
as ground reference data may lead to overly optimistic classification accuracies in this research. This is
because both MODIS and Landsat (the basis for CDL) data are dependent on similar local atmospheric
and ground conditions. The reflectance from the two sensors may therefore correlate to some extent
during the crop-growing season. As a result, the reported accuracy of this research is likely overstated
to some degree. Additionally, we defined 80% as the threshold for a ‘pure’ pixel to increase the number
of reference samples, but the relatively heterogeneous pixels may be a limiting factor for this research.

6. Conclusion

In this study, we investigated the influence of the time series length on crop identification using
8-day composite MODIS 500-m reflectance data (MODO09A1) in Kansas, USA, with CDL data as
ground reference data. The main conclusions are as follows.

1. The augmentation of the time series length can improve crop classification because the
separability among different crops, the classification accuracy, and the certainty are increased.
In addition, the five-month time series (April to August) was the optimal time series for
identifying crops in Kansas because longer time series cannot improve the classification
performance (accuracy and certainty). The result also indicated that rather than the entire
growing season, relatively short time series have the potential to accurately classify crops.

2. For each time series used in this research, additional features improved the classification, as
measured by higher separability, classification accuracy, and certainty. Additionally, a portion
of these features (such as the first 23 features during the April-November time series) was
sufficient to classify the crops accurately, and adding more features after this point had no
significant positive effect on crop identification.

3. Among the features used in this research, NDVI was the most important feature, as shown by
the fact that NDVI features comprised the majority of the top ten features during the
eight-month time series (April-November). In addition, the water content index (NDWI) and
multi-spectral band data also contributed to distinguishing between the crop types. The
phenological metrics features had a relatively low importance and were not selected as the
most important features. Moreover, several phenological features, such as EOST and EOSN,
can only be obtained after harvest and therefore, cannot contribute to early crop identification
using short time series.

4. The RF algorithm was used in this research to calculate the importance score, classify the
crops, and obtain the classification certainty. When the time series was longer than five
months, little change was seen among the top ten features. In addition, the classification
accuracy and certainty remained stable when additional features were employed. These results
indicate that the RF algorithm is a suitable algorithm for selecting features and classifying
crops using a large volume of data.

In this research, we investigated the potential of using multiple features, including NDVI, NDWI,
and multi-spectral band data, to classify crops in short time series, which could contribute to early crop
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mapping over a large area. After all, crop separability and optimal crop discriminating periods are

determined by the crop type. Therefore, more work is needed to evaluate the contributions of different

features to identifying specific crops using relatively short time series in other study areas.

Appendix
Table A1. Relationship between dates and months in this research.
. L. . Corresponding
Month Time Period in This Study Date Flag Date
Day of Year (DOY)
1 097 097-104 7 April-14 April
April 2 105 105-112 15 April-22 April
3 113 113-120 23 April-30 April
4 121 121-128 1 May-8 May
May 5 129 129-136 9 May-16 May
6 137 137-144 17 May-24 May
7 145 145-152 25 May—1 June
June 8 153 153-160 2 June-9 June
9 161 161-168 10 June—17 June
10 169 169-176 18 June-25 June
11 177 177-184 26 June-3 July
12 185 185-192 4 July-11 July
July 13 193 193-200 12 July—19 July
14 201 201-208 20 July-27 July
15 209 209-216 28 July—4 August
16 217 217-224 5 August-12 August
17 225 225-232 13 August—20 August
August
18 233 233-240 21 August—28 August
19 241 241-248 29 August-5 September
20 249 249-256 6 September—13 September
September 21 257 257-264 14 September—21 September
22 265 265-272 22 September—29 September
23 273 273-280 30 September—7 October
24 281 281-288 8 October—15 October
October
25 289 289-296 16 October—23 October
26 297 297-304 24 October—31 October
27 305 305-312 1 November—8 November
Novemmber 28 313 313-320 9 November—16 November
29 321 321-328 17 November—24 November
30 329 329-337 25 November—2 December
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