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Abstract

:

Remote sensing of crop growth monitoring is an important technique to guide agricultural production. To gain a comprehensive understanding of historical progression and current status, and future trend of remote sensing researches and applications in the field of crop growth monitoring in China, a study was carried out based on the publications from the past 20 years by Chinese scholars. Using the knowledge mapping software CiteSpace, a quantitative and qualitative analysis of research development, current hotspots, and future directions of crop growth monitoring using remote sensing technology in China was conducted. Furthermore, the relationship between high-frequency keywords and the emerging hot topics were visually analyzed. The results revealed that Chinese researchers paid more attention on keywords such as “vegetation index”, “crop growth”, “winter wheat”, “leaf area index (LAI)”, and “model” in the field of crop growth monitoring, and “LAI” and “unmanned aerial vehicle (UAV)”, appeared increasingly in frontier research of this discipline. Overall, bibliometric results from this CiteSpace-aided study provide a quantitative visualization to enrich our understanding on the historical development, current status, and future trend of crop growth monitoring in China.
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1. Introduction


Crop growth stage represent the morphological phase in the process of crop growth and development. The growth status is generally assessed by measuring the changes of leaf area, leaf color, leaf inclination angle, plant height, density, and stem diameter [1]. At different growth stages, crop growth rate and condition will be different [2]. Even at the same growth stage, the same crop type can exhibit different growth conditions due to differences in soil property, water supply, incoming radiation, temperature, pest/disease, and land management practices [3].



For a long time, information on crop growth condition was obtained from field scouting. Although this method can be accurate, it is time-consuming, costly, and limited in area of survey. In recent years, with the fast development of geospatial science and technology, remote sensing technologies were increasingly applied to monitoring crop growth conditions [2,4,5]. Remote sensing technologies have the advantages of imaging large areas repeatedly at a reasonable cost. With the fast development of UAV, remote sensing technology can capture crop growth in real time, which can help with crop yield forecast, pest and disease detection, and farm insurance payoff [6,7,8,9].



The remote sensing of crop growth monitoring can be considered as macroscopic, which offers timely and accurate information on crop growth condition and dynamics at a wide spatial and temporal scales, which is the basis for precision farming [2,3]. Remote sensing of crop growth monitoring in China began in the mid-1980s [10]. Starting from the 1990s, under the organization of central government departments (i.e., the Ministry of Science and Technology, the Ministry of Agriculture), national research institutes (i.e., the Chinese Academy of Sciences, the Chinese Academy of Agricultural Sciences), and other scientific research institutions, a series of key projects related to crop growth and yield estimation were carried out either collaboratively or independently. Crop growth monitoring gradually became the focus of agricultural remote sensing applications in China [11,12,13]. Remote sensing data with high temporal and spatial resolution provide continuous crop growth monitoring for entire growth cycles in the context of spatially explicit mapping. Ecologically and economically efficient agricultural management is highly dependent on detailed temporal and spatial knowledge of the processes affecting physiological crop development. Therefore, crop growth monitoring can provide an objective basis for precision agriculture and efficient management [2,5,14]. With the rapid development of the “3S” (Remote Sensing, Geographic Information System, and Global Positioning System) technologies, high-resolution satellite data, and big data analytics, remote sensing became an indispensable and important method for crop growth monitoring in China [6,15].



Worldwide, several research reviews on monitoring crop growth using remote sensing technology were published [1,3,16]; these kinds of reviews usually require the researchers to read a large amount of related literature, have a considerable understanding of the research in this field, and then further analyze and summarize the principles, contents, methods in the discipline. However, different individuals would have a different understanding of the significance of scientific research results. Even different conclusions can be drawn in the same research [17]. Moreover, the evaluation methods of literature are not consistent and dependent on the author’s knowledge structure. Therefore, a systematic review produced using a scientific literature measurement method can overcome the imperfection and non-objectivity defects. Through a more comprehensive literature collection, using a more scientific and objective literature evaluation standard, a systematic review can be conducted to obtain reliable conclusions on a particular research topic [18].



The CiteSpace software used in this study is an information visualization and statistical analysis tool designed for measuring and analyzing scientific literature. It can show the development trend of a subject or knowledge field in a given period of time [7,19]. The dynamic knowledge map can intuitively present the logical relationships among the retrieved documents, enhance people’s perception of the abstract information, and further excavate the research hotspots and development trends in a field with large amounts of data [7,20].



The overall objective of this study was to use the CiteSpace software to study the research status and trend in the remote sensing of crop growth monitoring in China. Specifically, the study tried to address the following aims: (1) to explore and understand the research focus in the field of crop growth monitoring using remote sensing technology; (2) to find out existing issues in the research discipline for the further development.




2. Data and Methods


This study focused on remote sensing researches of crop growth monitoring published by Chinese scholars in English and Chinese journals during the last 20 years (1996 to 2016). Chinese journal papers were downloaded from the China National Knowledge Infrastructure (CNKI) database, which is a Chinese Academic Journal online publishing repository, and the English journal papers were downloaded from the WOSTM core collection of the Web of Science (WOS) database.



The methods for searching Chinese periodical papers in the CNKI database were as follows: (1) use the advanced retrieval option, (2) search for themes including both “crop growth” and “remote sensing”, (3) the sources included all periodicals, (4) search period from 1996 to 2016. Subsequently, a total of 668 records were obtained. The entire list of records was then inspected, and the invalid data such as catalogs, meeting notices, interviews, draft request notices, and data unrelated to growth were removed. This leaded to 640 valid entries.



The methods for searching English journal papers in the WOSTM database were as follows: (1) use “crop growth” or “crop condition” and “remote sensing” as the search themes, (2) search period was from 1996 to 2016. The retrieval resulted in 722 English Science Citation Index Expanded (SCIE) papers on crop growth monitoring published by Chinese scholars. After eliminating records using the same criteria as for the Chinese papers, a total of 701 papers were retained.




3. Results


3.1. Time of Publication


The change in number of published documents is an important index in measuring the research progress of a subject field. It can reflect the focus of attention over a targeted period of time. The number of journal papers published in the field of crop growth monitoring using remote sensing by Chinese scholars from 1996 to 2016 is shown in Figure 1. It can be observed that the number of papers increased rapidly over the years. The number of papers published in Chinese journals was larger than that published in English journals at the beginning. Start in 2013, research interests in crop growth monitoring experienced a faster increase, leading to a significant increase in the number of papers published. It is worth mentioning that there are more papers published in English journals than in Chinese journals after 2013. The data shows that Chinese scholars are becoming more favor of publishing in English journals for a wider exposition of their researches. This is also associated with an increased international collaborations.




3.2. Research Focus


Keywords are the core of academic papers, which are a highly summarized form of the contents [21]. In statistical analysis, it is often necessary to combine the occurrence frequency of similar keywords. In the network map, the size of the nodes represents the occurrence frequency of the keywords, which can reflect the degree of concern in a research field [22]. Therefore, the keywords with high frequency and a highly central nature represented by the literature are generally used to analyze the hotspots of a research subject, which indicates the topic of common concern among scholars in a certain research field [23].



Figure 2 is the network analysis map of keywords in the research field of remote sensing of crop growth monitoring in Chinese journals. Key nodes were identified according to their size; subsequently, research background and hot spots were revealed. Keywords with the highest occurrence frequency were listed in Table 1. “Vegetation index” appeared the most, and the time of occurrences was 126. “Winter wheat”, “leaf area index (LAI)”, “hyperspectral”, “crop growth”, “remote sensing monitoring”, and other relatively large nodes suggested that they were closely related to remote sensing research. Table 2 lists the top 10 high-frequency keywords in English journals, and Figure 3 is a coexisting network analysis map of keywords in English journals. It can be seen from Figure 3 and Table 2 that keywords frequently used by Chinese scholars for publishing papers in English journals were “wheat”, “growth”, “yield”, “corn”, “model”, etc.



The comparison of high-frequency keywords in Chinese and English journals shows that the high-frequency use of keywords in Chinese journals, such as vegetation index and LAI, reveals the principles or methods used in crop growth monitoring in China. It also indicates, to some extent, that the current monitoring of crop growth in China focused mainly on physiological indices such as LAI and vegetation indices obtained from remote sensing. However, in English publications, some keywords such as vegetation index and LAI were seldom used. On the contrary, key words such as “model” were more often used to study the theoretical, methodological, and mechanistic processes of crop growth in the English journals. To a certain extent, the above high-frequency keywords from Chinese and English periodicals by Chinese scholars can reflect the theories or methods which are adopted in remote sensing growth monitoring.



The central nature is another factor that reflects the role of the node in the network. The node with a higher central nature can also show the hotspots and direction of scientific research in recent years. The greater the centrality of the keywords, the more information they control among keywords, and the greater their influence and importance are in the network [21,22]. From Table 1 and Table 2, it can be seen that the keywords with high betweenness centrality in Chinese journals were “remote sensing technology”, “crop growth”, “vegetation index”, etc. However, in English journals, “growth”, “yield”, “model” etc., were the keywords with high betweenness centrality. The above central keywords are, generally in consistent with the high-frequency keywords, which constitutes the main theoretical system in the field of remote sensing growth monitoring in China. To some extent, the research hotspots in the field of crop growth monitoring are highlighted again.




3.3. Research Front


A research front is defined as an emergent and transient grouping of concepts and underlying research issues. The intellectual base of a research front is its citation and co-citation footprint in scientific literature, encompassing an evolving network of scientific publications cited by research front concepts [24]. A sudden burst of research interest can be regarded as a signal of research front [25]. As the most active part of the research field, research front plays an important role in shaping the overall direction of national research programs and promoting practical developmental applications of the field.



Table 3 depicts the top seven burst keywords in the field of crop growth monitoring using remote sensing technology. Based on the data in the table, the keyword with the strongest burst intensity was “LAI”, which began in 2012 and reached the intensity value of 7.81. LAI is an important vegetation parameter for crop growth analysis due to its relevance to light interception and photosynthesis by green vegetation. It is widely used not only in the fields of agriculture, forestry, and ecology, but also in the field of remote sensing-based crop growth monitoring and yield estimation [26]. In recent years, the burst intensity of LAI stayed at a high level due to the application of LAI as an input parameter into crop growth models. By far, the longest durations of burst intensity were seen for keywords “MODIS (Moderate Resolution Imaging Spectroradiometer)” and “LAI”, with each lasting for six years. Burst of “MODIS” began in 2006 and became weaker from 2011 onward. In contrast, “LAI” will continue to keep its high intensity. Due to the advantages of free access, wide band range, and high revisit frequency, “MODIS” has great application value in large-scale and mesoscale remote sensing. However, with the rapid development of remote sensing technology and the increasing demand of users for high-spatial-resolution satellite images in recent years, the role of coarse-pixel MODIS data gradually weakened. In addition, the latest burst keyword was UAV, which emerged earliest in 2015. With the development of science and technology, “UAV” gradually entered the civil field, and the use of UAV technology for remote sensing became a trend of development. Other words such as “winter wheat”, “GIS (Geographic Information System)”, and “TM (Thematic Mapper)” were also keywords with strong intensity of emergence, which also shows the objective of the study, the method adopted, the data processed, and so on. To some extent, the results indicate that they are also hotspots and frontiers for a certain period of time.





4. Discussion


With the rapid development of remote sensing technology and application in China, progress was made in remote sensing based on crop growth monitoring. In this study, both bibliometric and visual analyses were carried out in the field of remote sensing of crop growth monitoring researches published in Chinese and English journals from 1996 to 2016. From the analysis of high-frequency keywords and burst keywords, Chinese research development in this discipline was summarized below.



4.1. Basic Research and Method Development


Basic research plays a key role in the development of a discipline, and its quality is directly related to the consolidation and development of the discipline. Crop growth monitoring became an important application field of agricultural remote sensing, and it is strongly supported by Chinese government departments at all levels [2]. Scientific research institutions in China have also been involved in.



According to the analysis results of the CiteSpace knowledge map, the keywords of high frequency and centrality indicate that the monitoring of crop growth by remote sensing in theory and method is mainly carried out around the parameters of “vegetation index”, “LAI”, and so on. Once again, it demonstrates that vegetation index and LAI are recognized as important remote sensing indices in reflecting crop growth [27,28,29]. The numerical changes of vegetation index and other indices directly reflect the vegetation cover, phonological shift, growth condition, and seasonal dynamics. Therefore, in remote sensing of crop growth monitoring, most of the research work still relies on the relationship between vegetation indices and other agronomic parameters to establish a regression model using traditional empirical statistical methods.



The process of crop growth is a very complex bio-physiological process affected by various factors. Therefore, neither a vegetation index nor a crop growth model alone can accurately model crop growth process [30,31]. Vegetation index models generally use empirical statistical relationships; thus, the simulation accuracy and stability are often not guaranteed [30]. At the same time, the crop growth models have obvious advantages in crop growth and yield simulation, due to their physiological and biochemical basis. The classical crop growth models like Crop Environment Resource Synthesis (CERES), World Food Studies (WOFOST), Simulateur multidiscplinaire pour les Cultures Standard (STICS), etc. can take into account the impact of crop varieties and crop planting factors on crop growth and development [32,33,34]. However, when the crop growth model is developed from a single-point study for regional application, the large number of involved processes may potentially lead to a drastic increase in the number of parameters to model process errors. Furthermore, many difficulties are encountered in the acquisition of some macroscopic data and the regionalization of parameters due to the non-uniformity of the surface and near-surface environment. Therefore, crop growth models need to be optimized and upgraded to improve theoretical basis, simulation accuracy, and stability. Hence, from a theoretical point of view, it is necessary to further explore the factors affecting crop growth and their feedback mechanism, to strengthen the research on the relationship between remote sensing information and crop canopy physical and biochemical parameters, and to focus on the crop growth monitoring model in the future [35].



The emergence of “winter wheat” and “maize” as the research hotspots revealed the reality that the main crops monitored in China, as they are the staple food in the country. In addition, these two crops are cultivated over large areas in northern China; hence, it is relatively easier to obtain pure pixels, which are more suitable for the application of moderate-spatial-resolution satellite data, such as MODIS and TM. Compared with “winter wheat” and “maize”, the planting area of other crops is relatively small; thus, mixed pixels are common when using data obtained from medium to low resolution satellites [36]. However, with the fast advent of high-spatial-resolution sensors coupled with new remote sensing application methodology and software, the application of remote sensing for crop growth monitoring will increase.



The frequency of “MODIS” and “TM” is also high, suggesting that satellite image data of MODIS and TM were widely used in crop growth monitoring mainly due to their free data policy. Currently, numerous studies show that other free-access satellite data are becoming increasingly popular, for example, the application of environmental satellites, Sino-Pak Resource Satellites, Landsat 8, Sentinel, and Worldview [37,38]. It is worth mentioning that, in recent years, the Chinese satellites (environmental star HJ, GF, etc.) provided additional data for crop growth monitoring [39,40]. Thus, it is worth affirming that different types of data will be widely used in the future. Spatial-temporal information are the key to large and moderate-scale crop growth monitoring, therefore, the development of data assimilation techniques, multi-source data fusion, and the integrated use of multi-source remote sensing data will become increasingly important [41,42].




4.2. Research Trend


With the evolution of technological innovation, some new research topics are emerging, such as UAV. UAV is a new driving force for precision agriculture due to their flexible data acquisition capability, reduced airspace limitation, low flight cost, and high spatial resolution [43]. Many researches showed that UAV combined with a remote sensing system can acquire target information with high spatial information more efficiently, making it more advantageous compared to traditional satellites [44]. It further expands the application of remote sensing to smaller fields, therefore becomes the frontier means in agricultural research [45]. However, the application of UAV to crop growth monitoring is still far from mature. There are many challenges to be solved before it becomes a widely adopted means for operational application in precision farming.



Looking ahead, hyperspectral technology combined with “3S” can be used to establish an agricultural real-time monitoring system, which can realize the real-time monitoring of crop growth, and the rapid prediction and accurate evaluation of the crop situation [46]. However, due to the influence of weather conditions, data quality, and the applicability of the inversion model, the demand for precision agriculture to the extraction of farmland information is limited. With the transformation from precision agriculture to intelligent agriculture following the development of Internet+ (Industry 4.0 in Europe or Industrial Internet in the United States), the demand for crop growth monitoring will increase in the near future. The emergence of many hyperspectral and high-resolution sensors will provide us with more accurate observing data, and also makes it possible to further study intelligent agriculture [47]. Therefore, these sensors will become a major development direction in future of China.



Within the context of big data and cloud computing, it is anticipated that the continuous observation ability of multi-platform, multi-load, multi-scale, and multi-angle sensors will be able to provide large amount of data to support better crop growth monitoring [48]. The assimilation of remote sensing data can achieve dynamic monitoring of large-scale crop growth. Remotely sensed data with high temporal and spatial resolution provide continuous crop growth monitoring for entire growth cycles in the context of spatially explicit mapping. However, due to differences in spectral and temporal resolutions, view-illumination angles, sensor band specifications, data consistency between different sensors need to be considered. It involves a series of research subjects, such as image processing of multi-source data, scale conversion, and so on [49]. With technology development in big data analytics, cloud computing, Internet+, artificial intelligence, and other new technologies, monitoring capability and estimating accuracy are considered as the focus of crop growth monitoring in China at present and in the future.





5. Conclusions


Accurate and timely information on crop growth condition is critical for sustainable agricultural production. Remote sensing technology offers an indispensable means in providing spatially detailed observation throughout the crop growth cycle. In addition to guiding crop production, the data are increasingly used in yield forecast and crop insurance. With the aid of the CiteSpace software, data from the WOSTM core database and CNKI published by Chinese scholars in the field of remote sensing of crop growth monitoring over the past 20 years (1996–2006) were analyzed. Through quantitative visualization analysis, this study revealed the following information on the research hotspots:

	(1)

	
From 1996 to 2016, the number of peer-reviewed journal papers on crop growth monitoring published in Chinese and English journals by Chinese scholars increased steadily, and the rate of increase showed an accelerating trend.




	(2)

	
“Vegetation index”, “crop growth”, “winter wheat”, “LAI”, “yield”, and “model” were high-frequency keywords or keywords with strong centrality among Chinese scholars.




	(3)

	
“UAV”, “LAI”, and other popular words represent the current research frontier of remote sensing growth monitoring.









Overall, bibliometric results from this CiteSpace-aided study provided a quantitative assessment of research development in the field of crop growth monitoring using remote sensing over the past 20 years in China; the above conclusions are a summary of the publications in Chinese and English journals by Chinese scholars. In addition to enriching our understanding on the historical development, current status, and future trend in this discipline in China, this study more importantly captured the collaborative effort among Chinese scholars from a wide range of organizations. Furthermore, results from this study can help both students and established researchers when making program plans and engaging in joint research efforts in the related fields in China.
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Figure 1. The number of papers on remote sensing of crop growth monitoring published in Chinese and English journals by Chinese researchers in 1996–2016. 
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Figure 2. Keyword co-occurrence network analysis in Chinese journals. 
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Figure 3. Keyword co-occurrence network analysis in English journals. 
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Table 1. Top 10 high-frequency keywords in Chinese journals.
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	No.
	Words
	Frequency
	Betweenness Centrality





	1
	Vegetation index
	126
	0.33



	2
	Winter wheat
	65
	0.14



	3
	Leaf area index
	59
	0.18



	4
	Hyperspectral
	53
	0.08



	5
	Crop growth
	43
	0.58



	6
	Remote sensing monitoring
	40
	0.08



	7
	MODIS
	36
	0.06



	8
	Crop
	25
	0.09



	9
	Remote sensing technology
	25
	0.67



	10
	Satellite remote sensing
	21
	0.18
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Table 2. Top 10 high-frequency keywords in English journals.
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	No.
	Words
	Frequency
	Betweenness Centrality





	1
	Wheat
	151
	0.3



	2
	Growth
	131
	0.45



	3
	Yield
	102
	0.32



	4
	Corn
	73
	0.15



	5
	Plant
	63
	0.15



	6
	Soil
	58
	0.02



	7
	Model
	57
	0.32



	8
	Management
	53
	0.02



	9
	China
	52
	0.09



	10
	Nitrogen
	48
	0.08










[image: Table]





Table 3. Top seven burst keywords of the crop growth field.
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Key Words

	
Intensity

	
Starting

	
Ending

	
1996–2017




	
96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17






	
LAI

	
7.8119

	
2012

	
2017

	
▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▃ ▃ ▃ ▃ ▃ ▃




	
UAV

	
4.9679

	
2015

	
2017

	
▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▃ ▃ ▃




	
GIS

	
4.9641

	
1998

	
2002

	
▂ ▂ ▃ ▃ ▃ ▃ ▃ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂




	
Winter wheat

	
4.5336

	
2010

	
2012

	
▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▃ ▃ ▃ ▂ ▂ ▂ ▂ ▂




	
MODIS

	
4.3406

	
2006

	
2011

	
▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▃ ▃ ▃ ▃ ▃ ▃ ▂ ▂ ▂ ▂ ▂ ▂




	
TM

	
3.7735

	
2007

	
2010

	
▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▃ ▃ ▃ ▃ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂




	
Crop yield estimation

	
3.17

	
1998

	
2002

	
▂ ▂ ▃ ▃ ▃ ▃ ▃ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂ ▂
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