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Abstract: As the population grows, the development of conservation tillage offers a means of
promoting the sustainability of agricultural engineering. Remote sensing images with high spatial
and temporal resolutions enable the accurate monitoring of conservation tillage on a broad spatial
scale, further promoting conservation tillage research. This paper describes using streamlined time
series Sentinel-2 images based on the Google Earth Engine (GEE) cloud platform for mapping maize
tillage practices in the Songnen Plain region of Northeast China. Based on the correlation with the
normalized difference tillage index (NDTI) and maize residue coverage (MRC) data, the optimal time
series and streamlining functions in the GEE cloud platform are determined. Estimates of MRC and
the mapping of tillage practices in the Songnen Plain for 2019-2022 are then determined using GEE
and a previous model. Geostatistical analysis using ArcGIS is applied to analyze the spatial and
temporal distribution characteristics of MRC and conservation tillage over the Songnen Plain. The
results show that time series images from 20-30 May achieve an r value of 0.902 and an R? value of
0.8136 when using the median streamlining function. The mean MRC for the study area in 2022 is
2.3%, and an overall upward trend in conservation tillage is observed (from 0.08% in 2019 to 0.25% in
2022). Our analysis shows that MRC monitoring and conservation tillage mapping can be performed
over a broad spatial scale using remote sensing technology based on the GEE cloud platform. Spatial
and temporal information on farm practices provides a theoretical basis for agricultural development
planning efforts, which can promote sustainable agricultural development.

Keywords: Google Earth Engine; conservation tillage; Sentinel-2; maize residue cover; tillage indices

1. Introduction

According to the UN Department of Economic and Social Affairs, the world popu-
lation is expected to increase to 8.5 billion by 2030, 9.7 billion by 2050, and 11.2 billion
by 2100 [1]. As the population grows, food security and environmental safety will be
threatened, and agricultural technology will play an essential role in responding to these
threats. The development of conservation tillage can promote the sustainability of agri-
cultural technology in many ways. For example, conservation tillage can increase crop
yields by 4-6%, increase soil organic matter content by 7-45%, reduce wind and water
erosion by up to 70%, reduce CO, emissions by up to 80%, and reduce planting costs by
35.6-44.4% compared with conventional tillage [2]. Conservation tillage has been imple-
mented since the 1990s. Crop residue management is one of the most important measures
in the application of conservation tillage technology, so the degree of stover cover is the
primary technical means for determining the optimal tillage method. After tillage and
planting, conservation tillage typically achieves a maize residue coverage (MRC) of more
than 30% [3]. Therefore, estimates of the MRC can be used to determine the scope of
conservation tillage implementation [4].
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Current methods of MRC evaluation rely on roadside surveys, farmer questionnaires,
and line-transect methods [5]; these methods are costly, time-consuming, and prone to
visual interpretation errors [6]. The advent of remote sensing technology provides a means
whereby arable land images can be collected quickly and accurately, thus allowing objective
crop MRC assessments to be made [7].

During the development of remote sensing technology, some researchers have esti-
mated the crop MRC using one or more tillage indices (T1Is). For instance, Serbin et al., (2009)
proposed a shortwave infrared normalized difference residual index for evaluating the
MRC. This approach uses bands 6 and 7 of the data acquired by the Terra satellite, which
carries an ASTER SWIR sensor with a spatial resolution of 30 m, to obtain a good correla-
tion [8]. Daughtry et al., (2006) combined Landsat5 TM data with EO-1 Hyperion data at
a spatial resolution of 30 m to estimate the MRC through the cellulose absorption index.
Ultimately, the spectral index of Landsat5 TM was found to be weakly correlated with
the MRC. However, the spectral index of the EO-1 Hyperion data exhibited a high degree
of correlation with the May MRC (R? = 0.85) and a slightly lower correlation with the
June MRC (R? = 0.77). The classification accuracy for three tillage intensities (intensive,
reduced, and conservation tillage) based on the EO-1 Hyperion data ranged from 66-68%,
whereas that for two tillage intensities (conventional and conservation tillage) reached
80-82% [9]. With the development of remote sensing technology, data with higher spatial
resolutions can be obtained. Xiang et al., (2022) constructed an MRC estimation model
using partial least-squares regression based on Sentinel-2A data with a spatial resolution
of 20 m. The final results demonstrated a good correlation between combining TIs and
texture features [4]. Najafi et al., (2019) combined Sentinel-2A data with a spatial resolution
of 20 m and Landsat-8 data with a spatial resolution of 30 m to estimate the MRC based
on the Normalized Difference Tillage Index (NDTI), the Simple Tillage Index (STI), and
Object-Based Image Analysis (OBIA). The coefficients of determination (R?) resulting from
the calculation of NDTI and STI using Landsat-8 data, and thus for estimating the MRC,
were 0.727 and 0.722, respectively, while the R? values resulting from the estimation of
MRC using Sentinel-2A data combined with NDTI and STI were 0.760 and 0.759, respec-
tively. Based on the OBIA method, Landsat-8 and Sentinel-2A estimated the MRC with an
accuracy of 0.891 and 0.948, respectively [10]. These results show that using data with a
higher spatial resolution for MRC estimation contributes to improved modeling accuracy.

Although remote sensing technology provides an objective and convenient method for
estimating the MRC, small-scale experimental or agricultural fields still dominate the cur-
rent study area. Yue et al., 2020) estimated the MRC distribution at a site (1.5 km x 0.5 km)
using the broadband spectral angle index (BAI) and BAI-NDVI based on Sentinel-2 data.
The final results showed that BAI-NDVI (R? = 0.881) is superior to BAI (R? = 0.716) in
estimating the MRC [11]. In contrast, Gao et al., 2022 used the residue-adjusted normalized
difference residue index for MRC predictions based on Sentinel-2 MSI data at only four
plots in the northeastern region of Daan City, Jilin Province, China [12]. Local area studies
have limitations, and MRC estimations for extensive farmland are better for monitoring
the spatial distribution and specific implementation of conservation tillage. Currently,
the reason for limiting research to a small area is the lack of solid capacity to store and
process massive amounts of remote sensing data [13]. Without data at broad spatial scales,
high spatial resolutions, short revisit cycles, and very high levels of computing power, the
accurate mapping of farming practices at broad spatial scales is impossible. Google Earth
Engine (GEE) is an online geospatial processing cloud platform for large-scale environmen-
tal monitoring and analysis [14]. The introduction of GEE has brought about the possibility
of research on a broad spatial scale.

Currently, the GEE cloud platform is being fully utilized for land cover mapping.
Orusa et al., 2022 completed a land cover mapping of the Aosta Valley in northwestern
Italy based on Sentinel-1 and Sentinel-2 remote sensing images in the GEE cloud platform
and obtained good results [15]. Mandal et al., (2018) used a clustering algorithm in the GEE
cloud platform to classify early planted and late planted rice in three regions of West Bengal.
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They achieved an overall accuracy of >85%, Kappa ~ 0.86 [16]. These studies show that the
GEE cloud platform has great potential and advantages in dealing with wide-area spatial-
scale problems. The GEE platform provides petabytes of publicly available remote sensing
data recorded in the last 40 years. It offers several ready-to-use products for free, including
Sentinel-2 satellite imagery with a 5-day revisit time and 10/20/60-m spatial resolutions as
well as Sentinel-1 satellite imagery with a 6-day revisit time and 10-m spatial resolution. Fast
and easy access to time-continuous remote sensing data overcomes the difficulties in data
acquisition [17]. The GEE platform can flexibly allocate computing resources, cloud storage
offers the ability to store big data, and the GEE platform is based on Google’s computing
facilities, which gives the platform a very high level of computing power [14]. GEE uses
parallel computing to process big geospatial data, effectively reducing the computation
time [18]. Only a few conservation tillage studies have used the GEE platform for estimating
the MRC and mapping tillage practices. The GEE platform provides a complete suite for the
acquisition, storage, and calculation of geospatial data and is, therefore, ideal for research
on conservation tillage.

This study used Sentinel-2 remote sensing data to implement a method for mapping
wide-area spatial-scale farming practices based on the GEE cloud platform. In this process,
the accuracy of four image refinement strategies (medium, mean, max, and min stream-
lining functions) offered by the GEE cloud platform were evaluated for MRC estimation,
providing a sound basis for the mapping of tillage practices. The objectives of this study
were as follows: (1) build a wide-area spatial-scale mapping model of tillage practices
based on the GEE cloud platform; (2) explore the best choice of four refinement strategies
offered by the GEE cloud platform for MRC estimation; (3) ensure the accessibility of the
methodology, which is freely available as Supplementary Material and downloadable from
https:/ /code.earthengine.google.com/b9b845bafadeOb6d38c0759212a1d0c0, (accessed on 1
March 2023).

2. Materials and Methods
2.1. Study Area

The Songnen Plain covers 239,187 km? from 121°38'~128°15'E and 42°49'—49°11'N,
between Heilongjiang and Jilin provinces in China (Figure 1). The area includes 37 cities
and counties in Heilongjiang and Jilin provinces. It is a critical agricultural production
base in China. It has a typical temperate continental monsoon climate, with an annual
average temperature of 2—-6 °C and annual precipitation of 400-600 mm, 80% of which
falls from June-September. These temperature and rainfall conditions are conducive to
the growth of many crops [19]. At the end of 2016, grain cultivation in the Songnen Plain
area covered 8.158 million hectares, accounting for 51.40% of the total arable land and
making it one of China’s critical grain-producing regions [20]. The main soil types across
the Songnen Plain are black soils, chernozems, aeolian soils, and meadow soils. The region
is located in the “Golden Maize Belt”, which includes 80% of the total cultivated area of
maize in China accounts for about 20% of the country’s total area, and is responsible for
31.2% of the country’s total maize production [4,21,22]. In the last 40 years, the central
part of the Songnen Plain, which is prone to flooding and tends to use traditional farming
methods, has seen a marked reduction in soil fertility. Over the same period, soil erosion,
including wind and water erosion, has increased. Thus, conservation tillage is urgently
required to sustain agriculture [23]. For this, fast and accurate MRC estimations and the
mapping of tillage practices on the Songnen Plain are vital in determining the development
of agricultural activities while ensuring sustainability.
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Figure 1. Geographic location of the Songnen Plain in China and distribution of field sampling sites
and digital cameras.

2.2. In Situ MIRC Data

Field sampling data for this study were collected from 27 March—4 April 2019 and
from 20-30 May 2022. The data collected in 2019 were used to validate the estimation
effects of the four streamlined functions and verify the applicability of the model developed
by [4]. Photos taken with a CCFC field digital camera (Figure 2) from Campbell Scientific
(https:/ /www.campbellsci.com/, accessed on 15 October 2022) were used to validate the
implementation of conservation tillage. The CCFC has an 18x optical zoom lens that
automatically captures sharp photos with a resolution of 2592 x 1944 pixels. The mounted
head can rotate 0-350° horizontally, 30° vertically upward, and 90° vertically downward
to achieve multi-angle shooting. The captured photos are sent directly to a computer or
webpage for subsequent use. The MRC of the field sampling area was measured using
the line-transect method (Figure 2). The farmland sampled should be away from roads or
villages. In the selected sampling area, two 10-m-long ropes, each marked with red paint at
1-m intervals, were used to measure the MRC. The two ropes were arranged diagonally, and
the amount of surface residue at each paint spot was recorded. The MRC was calculated
by averaging the number of markers. The GPS coordinates of each sampling point were
also recorded. The spatial distributions of the field sampling data and the CCFC images
are shown in Figure 1. A total of 54 field measurements were collected in 2019, 36 of which
were used for model construction. Sixty field measurements were collected in 2022, with
high and low MRC values of 42% and 0.5%.

(b)

Figure 2. (a) Line-transect method; (b) field digital camera.
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2.3. Sentinel-2 MSI Time-Series Data

The remote sensing images used in the study were captured by the Sentinel-2 satel-
lites, namely Sentinel-2A (Segarra et al., (2020)), which launched on 23 June 2015, and
Sentinel-2B, which launched on 7 March 2017. Data from both satellites” multispectral
instruments (MSI) are available through the GEE cloud platform (Table 1). Since the launch
of the second satellite, the global revisit frequency has been enhanced to 5 days [24]. This
improved revisit frequency allows for more detailed observations of changes in the Earth’s
surface, which improves the estimation capability of MRC and the mapping accuracy. In
previous studies, the Sentinel-2 images were downloaded from the ESA Copernicus Data
Centre (https://scihub.copernicus.eu/dhus/#/home, accessed on 13 October 2022) [4].
Single-period images with no or few clouds are usually chosen when estimating the MRC.
Higher accuracy, stability, and applicability levels can be derived using time-series images
instead of single-period images [21]. The emergence of maize is around ten days, with the
average emergence of maize in Jilin Province mainly in mid to late May (DOY{3;.149) and
in Heilongjiang Province mainly in early June (DOY141.151) [25]. Maize emergence changes
the value of the tillage index [5]. To capture the MRC situation closest to the pre-sowing
period and consider the revisit time of the Sentinel-2 satellites, time series covering ten
days were obtained. Based on actual field surveys from 20192022, farmers sowed maize
after 1 May. Finally, time series from 1-10 May, 10-20 May, 20-30 May, and 30 May-8 June
were selected for analysis. The start and end times were input into the GEE cloud platform,
and all images for the desired period were returned. The Level-2A product, which is an
atmospherically corrected surface reflectance product available directly on the GEE cloud
platform, was used in this study. The Level-2A data for Sentinel-2 in the GEE platform
are available from 28 March 2017; earlier Level-2 data do not have global coverage [26].
Therefore, remote sensing images were collected over the Songnen Plain in 2019, 2020, 2021,
and 2022 after spring planting. The Sentinel-2 MSI Level-2 data preprocessing process
is shown in Figure 3. First, the vector boundary (Datum: WGS_1984) of the Songnen
Plain is uploaded to GEE, and the images of the study area are filtered. The “filterDate”
function filters the required time series images. The “QA60” band was used to construct a
de-clouding function to eliminate the effect of clouds. The number of images for the four
time series in 2019 are 181, 189, 157, and 153. The number of images for the four time series
in 2020 are 157, 183, 190, and 183. The number of images for the four time series in 2021 are
157,183, 189, and 177. The number of images for the four time series in 2022 are 157, 182,
182, and 177. The images are ortho-projected in WGS84. After calculating the NDTI and
MRC in Google Earth Engine, we resampled the retrieved results with a spatial resolution
of 10 m by setting the “Scale (m/px)” in the module of Initiate image export. The Sentinel-2
MSI Level-2 remote sensing image information used is shown in Table 2.

Table 1. Sentinel-2 band parameters used in this research.

Band Specification Color Wavelength (nm)
Band 1 Coastal 433-453
Band 2 Blue 458-523
Band 3 Green 543-578
Band 4 Red 650-680
Band 5 Vegetation red edge 698-713
Band 6 Vegetation red edge 734-748
Band 7 Vegetation red edge 765-785
Band 8 NIR 785-900
Band 8a Vegetation red edge 855-875
Band 9 Water vapor 930-950
Band 10 SWIR (Cirrus) 1365-1385
Band 11 SWIR 1565-1655

Band 12 SWIR 2100-2280
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Figure 3. Workflow diagram for mapping maize tillage practices.

Table 2. Spatial data information.

Name

Time Resolution Institute Reference

https:/ /scihub.copernicus.eu/

Sentinel 2 MSI Level-2A 20192022 10m/20m European Space Agency dhus/#/home (accessed on 13
October 2022)
The 10 m crop-type maps in 2019 10m National Earth System http:/ /www.geodata.cn (accessed
Northeast China from 2017-2019 Science Data Center on 9 October 2022)

NASDEM

National Aeronautics and https:/ /search.earthdata.nasa.

2020 30 m - . gov/search?q=nasadem (accessed
Space Administration on 10 October 2022)

2.4. Methods
2.4.1. Tillage Index

The use of TIs is a standard method for estimating the MRC. Due to the unique
absorption peaks near 2100 nm of cellulose and lignin in crop residues, TIs can be used to
construct line regression models for MRC inversion [27]. Of the 12 spectral bands offered
by the MSI carried by Sentinel-2, bands 11 and 12 are close to the unique absorption regions
of cellulose and lignin. In a previous study, seven TIs containing bands 11 and 12 were
selected to construct the MRC estimation model (Table 3). Seven regression equations
for estimating the MRC were constructed using the partial least-squares method, and
the correlation between the TI and MRC using each regression equation was calculated.
The NDTI gave the best correlation with MRC, with an r value of 0.845 and an R? value
of 0.729 [4,28]. On this theoretical basis, the present study used the regression equation
constructed based on NDTT for MRC estimation. This regression equation is:

MRC = 0.31 4 1.66 * NDTI + 19.55 «* NDTI? — 61.97 « NDTI® (1)
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Table 3. TIs used in previous studies.
TI Abbreviation Formula Ref.
Normalized difference tillage index NDTI B11 — B12/B11 4 B12 [28]
Simple tillage index STI B11/B12 [28]
Normalized difference index 7 NDI7 B8a — B12/B8a + B12 [29]
Shortwave red normalized difference index SRNDI B12 — B4/B12 4 B4 [30]
Normalized difference index 5 NDI5 B8a + B11/B8a — B11 [29]
Normalized d1ffereinnC§es;nescent vegetation NDSVI B11 _ B4/B11 4+ B4 [31]
Modified crop residue cover MCRC B11 — B3/B11 + B3 [32]

In the GEE cloud platform, bands B11 and B12 were selected to calculate NDTI using
the normalized difference function. The calculated NDTI was then added to the band list
using the “add bands” function. Finally, the TI was calculated using the map function for
each image within the data source.

2.4.2. Image Streamlining

All the time series images must be streamlined to a single image in the GEE cloud
platform. The streamlining process contains all the information for the selected time series
image set. Each image in the set is used as an input, and a single image is output after
the streamlining function has been applied. The streamlining process is performed on all
bands in the image set for each image element position. The final value of each image
element in a single streamlined image is derived through an arithmetic function. The GEE
cloud platform includes four streamlining functions (median, mean, max, and min) [33].
In this study, these four functions were each used for image refinement. The median
(NDTIpedian), mean (NDTIpean), maximum (NDTImax), and minimum (NDTIpy,,) values
of NDTI were calculated as the output of the single refined image. Regression equations
for NDTI and MRC were constructed using multiply, add, and subtract functions in the
GEE cloud platform to find the most suitable streamlining method for MRC estimation [34].
After streamlining, the processed single image was uploaded to the Google Cloud hard
drive for subsequent mapping of farming practices.

2.5. Statistical and Validation Analysis

Pearson’s correlation coefficient (PPMCC, r), the coefficient of determination (R?), and
the root mean square error (RMSE) were used to validate the study results. These three
evaluation indicators were calculated as follows:

(X -X)(Yi-Y)

r= (2)
VI (- %)% (v -7
nooa N2
RZ _ i=1 (yl - ]/) (3)
"y — 7))
1 52
RMSE = i=1 (y;; yl) (4)

PPMCC analyzes the correlation between the four image streamlining functions and
MRC by calculating the quotient of covariance and standard deviation between the NDTI
values and the MRC obtained from the median, mean, max, and min functions, respectively.
The function with the highest correlation is most suitable for estimating the MRC [35]. The
decision coefficients quantify the accuracy of the models constructed based on the four
streamlined functions. The RMSE indicates the deviation of MRC y,edians MRCmean, MRCax,
and MRC,j, estimated by the regression equations based on NDTleqian, NDTImean,
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NDTImax, and NDTlin, respectively, from the field validation data. The slightest de-
viation indicates the highest accuracy of the MRC estimation model.

2.6. Mapping of Maize Tillage Practices

The MRC during tillage and post-planting is the primary method for determining
tillage practices. As defined by the Conservation Technology Information Center (CTIC)
and previous studies, tillage methods with MRC values below 15% are defined as intensive
tillage (IT), tillage methods with MRC values from 15-30% are defined as reduced tillage
(RT), and those with MRC values above 30% are defined as conservation tillage (CT) [9,36].
Using this as a theoretical basis, MRC images were downloaded from the Google Cloud
Drive to a local disk and mapped using the reclassification feature in Arc GIS 10.8.1 for
tillage practices. Because the MRC images in the study area were huge, Google Cloud
Drive automatically cropped single images into multiple smaller images. Therefore, we
used Arc GIS 10.8.1 to stitch multiple small images back together into the original image
before plotting.

2.7. Other Auxiliary Data

In addition to remote sensing imagery, other data (Table 2) were used to develop tillage
practice mapping. This study used cropland data from the 10 m crop-type map of Northeast
China (a dataset developed by the Chinese Academy of Sciences from Sentinel-2 data) to
limit analysis of the extent of cropping in the study area and reduce the impact of non-
cropland areas [37]. Mountain shadows often obscure some cultivated areas. This study is
based on digital elevation data and uses the Hillshade tool in ArcGIS 10.8.1 to remove the
effects of mountain shadows. The digital elevation data are from NASDEM. NASADEM is
the DEM product reprocessed from the original Shuttle Radar Topography Mission data
using improved algorithms by National Aeronautics and Space Administration. The spatial
resolution of NASADEM is 30 m [38]. The original 30 m resolution DEM product was
resampled to 10 m using the nearest-neighbor resampling tool of ArcGIS 10.8.1.

3. Results
3.1. Correlation between TI and MRC

This study analyzed the correlation between the streamlined NDTLeqian, NDTImean,
NDTlImax, and NDTlyi and the MRC based on the streamlined images of four time series
and a validation dataset of 60 field samples. By constructing the regression equation, the
correlation of the streamlined TI with MRC was determined; the results are presented in
Table 4. The R? obtained by the median streamlining function for 1-10 May, 10-20 May,
20-30 May, and 30 May-8 June are 0.0399, 0.1064, 0.8136, and 0.0847, respectively. The
median has the highest R? value and the best correlation (r = 0.902) for the period 20-30
May. The mean streamlined function achieved an R? of 0.0415, 0.0608, 0.6379, and 0.0703
in the four time series and was the same as the median streamlined function in that the
highest value of R? also occurred on 20-30 May. Max and min streamlined functions had
lower correlation and accuracy. The highest values of r were 0.6833 and 0.3191, respectively,
and the highest values of R? were 0.4698 and 0.1018, respectively. However, the highest
values of both r and R? also appear on 20-30 May. Therefore, the remote sensing images of
the 20-30 May time series were selected for MRC estimation and tillage mapping in the
Songnen Plain.
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Table 4. Relationship between NDTI and MRC obtained by different streamlining functions.
Time Series  Streamlining Function Regression Equation T R?
median y =0.0279 + 0.72781x 0.1998 0.0399
1-10 Ma mean y =0.02871 + 0.69695x 0.2038 0.0415
y max y = 0.02845 + 0.40339x 0.1579 0.0249
min y = 0.04182 + 0.70152x 0.2037 0.0415
median y =0.00248 + 1.48341x 0.3261 0.1064 *
g mean y = 0.01953 + 0.94001x 0.2466 0.0608
10-20 May max y = 0.01998 + 0.54031x 0.2119 0.0449
min y =0.04501 + 0.22813x 0.0985 0.0097
median y = —0.0954 + 4.1503x 0.902 0.8136 **
. mean y = —0.0574 + 3.1696x 0.7987 0.6379 **
20-30 May max y=—00328+17471x 06855  0.4698*
min y =0.0339 + 0.7145x 0.3191 0.1018 *
median y = —0.02629 + 0.89433x 0.2911 0.0847 *
30 May-8 mean y = —0.02102 + 0.81631x 0.2651 0.0703 *
June max y =0.05277 + —0.04631x —0.0274 7.48 x 107*
min y =0.03048 + 0.48609x 0.2873 0.0825 *

Note: ** and * indicate a significant relationship at the 0.01 and 0.05 probability level, respectively.

3.2. Spatial Distribution of MRC in the Songnen Plain

The remote sensing images from 20-30 May 2022 were input into the GEE cloud
platform. Four streamlined functions were used to operate on this time series separately.
The output obtained NDTI;,edian, NDTImean, NDTImax, and NDTIyin. The NDTI values ob-
tained from the four streamlining functions were brought into the selected MRC estimation
model (Equation (1)) to obtain four MRC estimations (MRC\edian, MRCmean, MRCmax, and
MRCin). Error analysis was applied to the measured MRC data at 60 sampling points
and the four MRC estimation values. Based on RMSE analysis, the relationship between
the measured and estimated MRC data is presented in Table 5. The errors in MRC\edian,
MRCean, and MRCpax with respect to the measured MRC are similar, with RMSE values
of 4.66, 4.73, and 4.44, respectively. MRCin had the largest error, with an RMSE value
of 6.06. These results suggest that the model constructed in the previous study is still
applicable to the MRC estimation work in 2022. Further analysis revealed that the RMSE
based on the max function is smaller than that based on the median function, but the R?
value using the max function is much lower than that given by the median function. Taking
this into account, the median function is finally selected as the streamlining function for
the MRC estimation model.

Table 5. Relationship between the estimated and measured MRC values obtained by the streamlining

functions.
Streamlining Function Regression Equation R? RMSE (%)
median y =4.1503x — 0.0954 0.8136 ** 4.66
mean y =3.1696x — 0.0574 0.6379 ** 4.73
max y =1.7471x — 0.0328 0.4698 * 4.44
min y = 0.7145x + 0.0339 0.1018 * 6.06

Note: ** and * indicate a significant relationship at the 0.01 and 0.05 probability level, respectively.

Based on this streamlining function and the resulting MRC estimation model, MRC
distribution in the Songnen Plain for 2019-2022 was mapped (Figure 4). The MRC of the
Songnen Plain is in the range of 0-33% in 2019. In terms of spatial distribution, the areas
with higher MRC occur in the northern (46°7'N—49°1’N) and central (44°4'N—46°2'N) parts
of the Songnen Plain. In 2020 and 2021, the MRC of the Songnen Plain is 0-34%. The
MRC is higher in the central part of the Songnen Plain. The MRC of the Songnen Plain
in 2022 was in the range of 0.18-46%. The MRC is higher in the northern and central
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parts of the Songnen Plain and lower in the southern (44°3'N-42°8'N) part. The zoning
statistics function of ArcGIS 10.8.1 was used to calculate the MRC of each region. Further
analysis of the 2022 data reveals that the mean MRC of the Heilongjiang region (3.7%)
is relatively high compared with the mean MRC of the Jilin region (3.1%). Heihe and
Harbin, in Heilongjiang province, have the highest MRC mean values of 7.8% and 4.8%,
respectively, while Qiqihar, Daging, and Suihua have similar MRC mean values of 3.3%,
3.6%, and 2.6%, respectively. The mean MRC value of 3.7% is relatively high in Changchun,
while the mean MRC values of 3.2%, 2.7%, and 2.6% are relatively low in Siping, Baicheng,
and Songyuan cities, respectively, in Jilin province.
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Figure 4. (a—d) The distribution of MRC in the Songnen Plain from 2019-2022, respectively. Note:

Spatial resolution is 10 m.

(d)
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3.3. Mapping and Spatial and Temporal Distributions of Tillage Practices in the Songnen Plain,
2019-2022

Based on the estimated 2022 Songnen Plain MRC and CTIC definitions of tillage
practices, the predicted 2022 Songnen Plain tillage practices mapping was completed
(Figure 5d). Combined with the measured data in 2022, a confusion matrix was constructed
to classify the three tillage practices in the Songnen Plain in 2022 (Table 6). The overall
accuracy was 97% with kappa~0.32. We now classify and map the tillage practices across the
Songnen Plain from 2019-2022 based on the MRC data. Every image between the eastern
and western parts of the Songnen Plain on 23 May 2021 contained cloud percentages above
97%. Most images of the eastern part of the Songnen Plain on 25 May 2020 and on 26 May
2019 had cloud percentages above 80%, and many images were considered unusable. To
extract valid images, the start date of these three years was brought forward from 20 May
to 10 May in the GEE cloud platform. Tillage practices were plotted for each of the four
years using the NDTI,,.qi.n-based model (Figure 5), and the specific distribution of tillage
practices for each year was determined (Table 7). At the same time, the CCFC data were
used to validate the tillage practices in the northern and western parts of the Songnen Plain.
The results in Figure 6 show that the classification of tillage practices using the proposed
model to estimate MRC is consistent with the results obtained using the CCFC.
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Figure 5. (a—d) The spatial distribution of each tillage method across the Songnen Plain from
2019-2022, respectively.
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Table 6. Confusion matrix for the classification of farming practices in the Songnen Plain in 2022.

Prediction
IT RT CT
IT 58 1 0
Reference RT 0 0
CT 0 0 0

Table 7. Share of tillage practices across the Songnen Plain, 2019-2022.

Percentage of Tillage (%)

Year IT RT CT
2019 96.60 332 0.08
2020 97.09 273 0.18
2021 96.25 355 0.18
2022 95.56 418 0.25

126°44'E

47°25'N

126°44'E

123°50'E
S

B Field digital camera

I 1ntensive tillage
7] Reduced tillage
- Conservation tillage

123°50'E

@

126°45'E

47°25'N

126°45'E

123°51'E

123°51'E

(9) (d)

Figure 6. Determination of tillage practices based on model estimation of MRC and determination
of tillage practices based on CCFC photos. (a) Map of tillage practices in the northern region of the
Songnen Plain in 2022 based on the MRC estimation model; (b) photo taken in the northern region of
the Songnen Plain on 23 May 2022; (c) map of tillage practices in the western region of the Songnen
Plain in 2022 based on the MRC estimation model; and (d) photo taken in the western region of the
Songnen Plain on 20 May 2022.



Remote Sens. 2023, 15, 1461

13 0of 19

4. Discussion
4.1. Time Series Analysis of Sentinel-2 MSI Images

The advantage of introducing the GEE cloud platform is the ease of using time series
data of any length. The phase of images with minimal cloud coverage from 20-30 May
2022 was selected for NDTI and MRC correlation analysis to compare the effects of using
time series data and individual phase data. The results of the correlation analysis using the
traditional single image method, shown in Figure 7, show an R? value of 0.7541, which is
less accurate than the time series image method using the 20-30 May median streamlining
function (R? = 0.8136). These results suggest that using time series image streamlining
improves the accuracy of MRC estimation and conservation tillage mapping. Through
practical operation and analysis, there are two reasons why using streamlined time series
data is better than using single-period image data when performing MRC estimation and
tillage method mapping. First, this study was based on the GEE cloud platform, where
the effect of partial clouds can be removed using the de-clouding function. In time series
image data, the de-clouding function removes the cloud-covered image elements and uses
cloud-free images of those elements at other dates. This method allows more cloud-free
images to be used compared with single-period image data and significantly improves
the utilization of images. Second, because the date range covered by the images is more
extensive, the use of streamlined time series data is closer to the local pre-emergence crop
moment at a broad spatial scale compared with the use of single-period images, thus
improving estimation and mapping accuracy.

50
y = 2.8453x—0.057 5
401 r = 0.8684
~ 2
§ 30l R 0.2541
g 20}
E 0
10} 3
LS
0 L

0.04  0.08 012  0.16
NDTI

Figure 7. Correlation between NDTI and MRC for single-phase images.

4.2. Selection of Median Streamlining Functions

In comparing previous studies using time series data, Zheng et al., (2012) proposed
a method for MRC estimation using minNDTI based on Landsat data and reported good
results in central Indiana [39]. The median streamlining functions for all four time series
were jointly analyzed with the relevant MRC data, and the results are shown in Figure 8.
The NDTI values from 1-10 May are evenly distributed from 0-0.06, those from 10-20 May
are evenly distributed from 0-0.05, those from 20-30 May are evenly distributed from
0.02-0.05, and those from 30 May-8 June are evenly distributed from 0.04-0.14. The overall
distribution of NDTI values from the four-time series exhibits a decrease, followed by
an increasing trend. To investigate the variation of NDTI values in the time series in
more detail, we analyzed the NDTI values for two straw cover levels (MRC = 42% and
MRC = 4%) in the time series from 1 May-8 June. The results are shown in Figure 9. Both
cases exhibit a declining then rising area, and the minimum NDTI occurs from 20-30 May.
This is in line with the findings of Zheng et al., (2012), who observed that the minimum
NDTI in the time series indicates the closest ground state when tillage or seeding was
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carried out [39]. Therefore, data refinement using the 20-30 May time series yields better
results than the other three time series.
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Figure 8. Relationship between NDTI and MRC derived from the median streamlining function

for each time series: (a-d) 1-10 May time series, 10-20 May time series, 20-30 May time series, and

30 May-8 June time series, respectively.
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Figure 9. Comparison of different MRC levels with time series NDTI values.
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These results indicate that there are good prospects for estimating the MRC using the
GEE cloud platform based on NDTlegian, derived by applying the median streamlining
function to time series images. According to the results of Wu et al., (2021), the median
streamlining function effectively reduces the spectral overlap effect of different vegetation
compared with the min and max streamlining functions, and therefore improves the
accuracy of MRC estimation based on spectral methods [20]. Daughtry and Huntjr (2008)
showed that the absorption feature at 2100 nm decreases as the water content of maize
stover increases, and at the point of water saturation, the absorption feature at 2100 nm
is almost completely masked [40]. Therefore, the increased water content of maize stover
caused by rainfall may be the reason for the poor correlation between NDTI,,;, and MRC.
Zheng et al., (2012) showed that vegetation growth causes a rebound in NDTI values, so the
sprouting of green plants reduces the phase relationship between NDTl,x and MRC [39].
NDTInean is the mean value of all data in the time series, which is obtained mathematically
rather than directly from the images and will therefore be influenced by extreme values.
Hence, the accuracy of NDTnean is lower than that of NDTLedian-

4.3. Efficiency of GEE Cloud Platform in Estimating MRC of the Songnen Plain

In this study, we introduced the GEE cloud platform to construct an MRC estimation
model based on TIs. The accuracy of the estimation model was verified by comparing
the field validation MRC data with the estimated MRC data. The results showed that
the optimal MRC estimation model was that constructed using the median streamlining
function (R? = 0.8136, RMSE = 4.66). Regarding model accuracy, the results are similar to,
or even better than, the traditional method used by Xiang et al., (2022). The introduction of
the GEE platform resulted in a significant improvement in processing efficiency. Using the
GEE cloud platform enhances the processing area from the county scale to the Songnen
Plain scale in the same processing time as the traditional method. The GEE platform is
based on cloud computing and storage and, at the same time, uses interactive webpages
for writing programs and executing related operations. Therefore, when processing the
same data area, using the GEE platform significantly reduces the computing resources
of local computers compared with traditional image processing methods. In an image
fusion study, Nietupski et al., (2021) showed that processing evaluation images using
the GEE cloud platform was 2.8 times faster than running them locally [41]. Thus, the
emergence of the GEE cloud platform dramatically improves the efficiency of remote
sensing technology usage. Remote sensing technology requires a large amount of image
data for MRC estimation and the mapping of tillage practices. The acquisition, storage, and
processing of these data is the most challenging step in the research process. The results
of this study provide meaningful recommendations for selecting appropriate methods for
MRC estimation and tillage practice mapping. When performing MRC estimation and
mapping of tillage practices at a broad spatial scale, using the GEE platform significantly
improves the processing efficiency while ensuring model accuracy. The GEE platform
facilitates further research, even if confined to a small area.

4.4. Distribution of Conservation Tillage in the Songnen Plain

Based on Table 7. Further analysis of the four-year percentage of tillage practices in
the Songnen Plain shows that the overall trend in conservation tillage is on the rise, with
the area given over to conservation tillage increasing from 0.08% in 2019 to 0.25% in 2022, a
four-year increase of 212.5%. This result is most likely due to the government’s increased
efforts to promote conservation tillage, agricultural workers’ increased popularization of
conservation tillage, and farmers’ increased awareness of conservation tillage [42]. The
percentage of conservation tillage area is the same in 2020 and 2021, both at 0.18%, but the
reduced tillage area increases from 2.73% to 3.55%. Xiao et al., (2020)) showed that carrying
out straw mulching conservation tillage can reduce runoff and soil erosion; in terms of
reducing runoff, the protection effect of no-tillage is better than that of minimum tillage. In
terms of reducing soil erosion, however, straw mulching may have severe negative effects,
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so the protective effect of minimum tillage is better than that of no-tillage, which may be
the reason for the increased percentage of minimum tillage [43].

By determining the percentage of tillage practices in the study area, it was found that
95.56%, 4.18%, and 0.26% of the overall cultivated area across the Songnen Plain in 2022 was
used for traditional tillage, reduced tillage, and no-tillage, respectively. The distribution of
tillage practices in each province and the city was determined separately, and the results are
presented in Table 8. Heihe, Daging, and Songyuan have higher percentages of no-tillage
areas, at 0.74%, 0.38%, and 0.38%, respectively. The lowest percentage of no-tillage area
within the Songnen Plain is 0.09%, in Baicheng. Daqing and Songyuan are areas with a
high drought risk [44,45]. The occurrence of drought disasters can increase the adoption of
conservation tillage [41]. Therefore, this could be the reason for the high percentages of no-
till areas in Daqing and Songyuan. In the results, a smaller value for the denominator leads
to a more significant proportion [46]. The maize cultivation area in Heihe only accounts
for 23% of the total cultivation area. As the statistical tillage method used in this study
operates at the city level, the smaller maize cultivation area in Heihe results in a higher
share of no-tillage areas [47]. In western Jilin, more than half of the saline land is located
within Baicheng [48]. The current awareness of conservation farming on highly saline land
is low, and severe salinization of the land will limit the implementation of conservation
farming to a certain extent [44].

Table 8. Share of farming practices in the Songnen Plain and its provinces and cities in 2022.

Percentage of Tillage (%)

Region
IT RT CT
Songnen Plain 95.56 4.18 0.26
Heilongjiang 94.69 5.06 0.25
Dagqing 94.79 4.83 0.38
Harbin 91.57 8.19 0.24
Heihe 81.25 18.01 0.74
Qigihar 96.24 3.55 0.21
Suihua 97.58 2.25 0.17
Jilin 96.61 3.12 0.27
Baicheng 98.39 1.52 0.09
Changchun 95.33 4.35 0.32
Siping 96.46 3.17 0.38
Songyuan 97.26 2.51 0.23

5. Conclusions

Based on the GEE cloud platform, this study determined the best time series and
streamlining functions based on the correlation coefficients of NDTI and MRC measured
data. The MRC estimation and mapping of tillage practices in the Songnen Plain for
2019-2022 were then determined using the cloud computing platform and the model
of Xiang et al., (2022). Geostatistical analysis using ArcGIS was applied to identify the
spatial and temporal distribution characteristics of the MRC and conservation tillage in
the Songnen Plain. In terms of the correlation between the TI and MRC, the median
streamlining function produced the best R? value of 0.8136 and r value of 0.902. The mean
streamlining function gave an R? value of 0.6379 and an r value of 0.7987. The max and min
streamlining functions gave the lowest correlation, with R? values of 0.4698 and 0.1018 and
r values of 0.6855 and 0.3191, respectively. Error analysis of the estimated and measured
MRC showed that the RMSE of the max streamlining function (4.44) was slightly lower
than that of the median streamlining function (4.66). However, the R? value of the max
streamlining function was much lower than that of the median streamlining function.
Thus, the median streamlining function was selected for MRC estimation and conservation
tillage mapping of the Songnen Plain from 2019-2022. The estimations indicated that the
mean MRC in 2022 was 3.4% across the Songnen Plain, with higher values in the northern
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(46°7'N—49°1'N) and central (44°4'-46°2'N) parts of the Songnen Plain and lower values in
the southern (44°3/-42°8'N) parts. The mapping of tillage practices in the Songnen Plain
was completed according to the definitions of tillage practices in the MRC and CTIC of
the Songnen Plain. A confusion matrix was constructed for the classification of tillage
practices in the Songnen Plain in 2022, and the overall accuracy of 97% and kappa~0.32 were
obtained. Further analysis revealed that there is an overall upward trend in conservation
tillage in the Songnen Plain region, with the conservation tillage area increasing from 0.08%
in 2019 to 0.25% in 2022, a four-year increase of 212.5%. The area of reduced tillage also
increased from 3.32% in 2019 to 4.18% in 2022, a four-year increase of 25.9%. These results
show that MRC monitoring and conservation tillage mapping can be performed at a broad
spatial scale using remote sensing technology based on the GEE cloud platform. This
information provides a theoretical basis for research and extended efforts to promote the
development of sustainable agriculture and protect food security.

Finally, to encourage other researchers to reuse and improve our algorithm, this
methodology is freely available for download from https://code.earthengine.google.com/
b9b845bafade0b6d38c0759212a1d0c0 (accessed on 1 March 2023).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /code.earthengine.google.com/b9b845bafade0b6d38c0759212a1d0c0, (accessed on 1 March 2023).
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