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ABSTRACT

This study employed the bibliometric software CiteSpace 6.1.R6 to analyze the correlation between thermal infra-
red, spectral remote sensing technology, and the estimation of economic forest water stress. It aimed to review the
development and current status of this field, as well as to identify future research trends. A search was conducted
on the China National Knowledge Infrastructure (CNKI) database using the keyword “water stress” for relevant
studies from 2003 to 2023. The visual analysis function of CNKI was used to generate the distribution of annual
publication volume, and CiteSpace 6.1.R6 was utilized to create network maps illustrating collaboration among
authors and institutions. The study also analyzed the hotspots and frontiers of economic forest water stress.
As a result, a total of 6664 academic journal articles related to water stress were retrieved. Considerable collabora-
tion networks were observed among scholars and institutions, with a focus on using crown temperature monitor-
ing to diagnose crop water stress. Based on the research findings, it was evident that the primary research trend
involved the use of thermal infrared and spectral remote sensing technology for estimating water stress, making it
a future research hotspot.
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1 Introduction

China possesses abundant natural resources, but the state of its water resources is not optimistic. While
the country accounts for 7% of the world’s total water resources, its population constitutes approximately
18% of the global population. The per capita water resources are only 2200 cubic meters, making it one
of the 13 countries with the most meager per capita water resources globally. On February 28, 2023, the
National Bureau of Statistics released the “Statistical Communiqué of the People’s Republic of China on
the National Economic and Social Development in 2022” [1]. According to preliminary calculations, the
total water resources in 2022 were 26,634 billion cubic meters, with a total water consumption of
5997 billion cubic meters, representing a 1.3% increase from the previous year. Agricultural water usage
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increased by 3.7%. Against this backdrop, the issue of water stress for economic crops [2] is becoming
increasingly urgent. Economic forests [3], also known as “special-purpose forests”, are characterized by
the primary purpose of producing fruits, edible oils, industrial raw materials, and medicinal materials. The
cultivation methods involve high density, high efficiency, high returns, and low costs. Simultaneously,
economic forests provide ecological protection and social benefits. In recent years, with the intensification
of environmental protection efforts in the country, there has been a noticeable improvement in ecological
fragility, leading to a significant enhancement in ecological benefits. As the most crucial component of
ecosystems, forests play a pivotal role in windbreak and sand fixation, carbon sequestration, and water
source conservation. Actively implementing the “Two Mountains” concept and building an ecological
economy in China are strategic measures for the social development of contemporary China.

In the realm of crop water stress, thermal infrared and spectral inversion technologies [4—7] can identify
the water stress conditions of crops by detecting information such as leaf surface temperature and spectral
reflectance. Since their inception, thermal infrared and spectral remote sensing technologies have rapidly
developed, particularly with the incorporation of multispectral thermal infrared remote sensing techniques
[8-10], becoming crucial research directions and breakthrough points in the field of thermal infrared
remote sensing. Thermal infrared and spectral inversion is a technique that involves analyzing the spectral
information emitted or reflected by an object to obtain specific properties of the object. When crops face
water stress issues, the inability of plants to absorb sufficient water for growth and metabolism leads to a
corresponding increase in leaf surface temperature. Simultaneously, there are changes in the spectral
reflectance of crops. By utilizing high-spectral-resolution thermal infrared inversion techniques, these
changes can be monitored and analyzed, allowing for the identification of crop water stress conditions.
Through high-spectral-resolution thermal infrared inversion of crop water stress, it is possible to achieve
non-destructive monitoring [11] of crops and provide real-time feedback. This aids farmers in promptly
detecting and addressing crop water stress issues, ultimately enhancing crop production efficiency and
quality. From a scientific research perspective, it is crucial to comprehensively understand the current
state of research and the future development trends of thermal infrared and spectral remote sensing
technologies in the field of economic forest water stress research.

In recent years, research in scientometrics has gradually shifted from mathematical and statistical
methods [12] to more comprehensive and intelligent knowledge graphs [13]. Some relevant operational
software is equipped with visualization capabilities, enabling the analysis of potential knowledge
embedded in scientific literature. Through visualization techniques, these tools present the structure,
patterns, and distribution of scientific knowledge. CiteSpace 6.1.R6 is a typical and widely used software
for visualizing literature analysis [14,15]. On one hand, it can assist researchers in analyzing the overall
development processes and trends in a specific research field by ranking certain scientometric indicators,
such as the activity of countries, institutions, journals, and researchers within that field. On the other
hand, employing network analysis methods from scientometrics can visually and concretely analyze the
emphasis and scope of research hotspots by examining the co-occurrence of keywords and topics.
Additionally, it can establish co-occurrence networks for journals and disciplines, aiding researchers in
analyzing specific research directions within these fields. Moreover, it can investigate the exchange and
integration between disciplines, such as in remote sensing technology [16], smart agriculture [17], food
safety [18], and intelligent transportation [19]. This software not only objectively and accurately analyzes
the past and current development situations in these areas but also helps researchers systematically
analyze potential future research hotspots.

Therefore, this study aims to visualize the collected literature data through scientometric methods and
knowledge graphs. It will comprehensively analyze the research progress of hyperspectral thermal
infrared inversion technology in the monitoring of water stress in economic crops over the past 20 years.
This analysis will cover the fundamental principles, current applications, and existing challenges, and
provide insights into future development trends. The goal is to offer reference and assistance to
researchers in this field.
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2 Materials and Methods

2.1 Data Source

To gain a deeper understanding of the correlation between hyperspectral thermal infrared remote sensing
technology and water stress in economic crops, this study relies on an extensive literature database [20]. The
chosen database is the China National Knowledge Infrastructure (CNKI), and advanced literature searches
are conducted using subject terms. The searches were performed three times, and the search criteria are
outlined in Table 1.

Table 1: Retrieval conditions

Theme Type Time span  Source category results

Water stress 6664

Water stress + spectrum Periodical 2003-2023  SCI, EI, Peking University Core, 68
CSSCI, CSCD

Water stress + thermal infrared 50

Note: Science Citation Index (SCI), Engineering Index (EI), Peking University Core, Chinese Social Sciences Citation Index (CSSCI), and Chinese
Science Citation Database (CSCD) are selected from the CNKI database.

The search was conducted on December 22, 2023, and each search record contained major data
information such as authors, institutions, journals, countries/regions, keywords, abstracts, citations, and
references cited. From the table, it can be seen that the retrieval results of hyperspectral and thermal
infrared technology applied to monitoring crop water stress are very few, indicating that researchers pay
less attention to this aspect. It is a weak link in the field of water stress research, and it is more worthy of
exploration, research, and analysis. This paper will process and analyze based on these literature data.

2.2 Data Conversion

First, create a new folder on the PC, and within this folder, create four sub-folders named “data”, “input”,
“output” and “project”. Export the literature in Refworks format from CNKI to the “input” sub-folder.
Rename the exported “.txt” file in the format “download xx”. Use the control interface of CiteSpace 6.1.
R6 software to perform data conversion, resulting in a new “.txt” format file in the “output” folder. Copy
the converted text file from the “output” folder to the “data” sub-folder, making it compatible for use
with CiteSpace 6.1.R6. All processed analysis results will be stored in the “project” sub-folder through
CiteSpace 6.1.R6 software, facilitating the recording and subsequent analysis of results.

3 Results and Analysis
3.1 Basic Statistical Results of Research Field Based on CNKI Database

3.1.1 Analysis of the Number of Publications

In the “Advanced Search” module of the CNKI database, the search was conducted with the following
subject terms: “water stress”, “water stress and thermal infrared” and “water stress and spectrum”. The time
range for the search was set from “2003-2023”. The visualization analysis feature of CNKI was used to
generate trend analysis graphs, including publication volume, main topic distribution, and secondary topic
distribution. The annual publication volume is shown in Fig. 1. Over the past 20 years, the literature on
the topic of “water stress” has generally exhibited a stable trend, with a slight decline in the last five
years. Between 2003 and 2010, the publication volume in this field was quite substantial, with an average
of 331 papers per year. The publication volume reached a peak around 2010. Around 2010, with global
climate warming, there was an increased focus on the efficient utilization of water resources.
Concurrently, the development of new hardware devices such as sensors also propelled the advancement
of the discipline. Since 2010, there has been an overall downward trend in annual publications,
decreasing by approximately 35 papers per year. By 2022, the annual publication volume is 180 papers,
and the data indicates an estimated 160 journal articles to be published in 2023. The search for literature
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Figure 1: Number of publications

Using the Burst Detection feature of CiteSpace 6.1.R6 software, an analysis was conducted on the
earliest publication time and individual publication volume of researchers in the field of water stress. The
top six authors by publication volume were selected for a detailed explanation. During this period, Liang
et al. had the highest publication volume, with a total of 29 papers. He first published in this field in
2004, focusing on the physiological characteristics of plants under different soil moisture conditions
[21-25]. Zhang et al. had a total of 18 papers, with the first publication in 2009, concentrating on the
impact of water stress on crop enzyme activity and yield [26-30]. Wang et al. published 15 papers, with
the first article in 2007, and his research focused on the influence of wet-dry alternation on crop growth
[31-35]. Sun et al. published a total of 15 papers, with the first publication in 2008, and his research
centered around monitoring and simulating crop water consumption processes [36—40]. Zhou et al.
published 14 papers, with the first publication in 2004, concentrating on plant growth and energy cycles
[41-45]. Zhang et al. also published 14 papers, with the first publication in 2005, and focused on the
drought resistance physiology of crops and the relationship between water and fertilizer for rain-fed crops
[46—50]. See Table 2 for details.

Table 2: Main authors’ number of published papers

Author

Number Time Research direction

(first publication)

Zongsuo Liang 29 2004 Plant physiological characteristics under different soil
moisture conditions

Rui Zhang 18 2009 Effects of water stress on crop enzyme activity and yield

Hezheng Wang 15 2007 Effect of dry-wet alternation on crop growth

Jingsheng Sun 15 2008 Monitoring and simulation of crop water requirement
and water consumption process

Guangsheng 14 2004 Plant Growth and Energy Cycle

Zhou

Suiqgi Zhang 14 2005 Crop drought resistance physiology, water and fertilizer

relationship of dryland crops
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3.1.2 Distribution of Main and Secondary Themes

The primary themes encapsulate the focal points and central topics of the literature. Secondary themes
refer to parts generated from the content but do not constitute the main focus of the discussion. Nevertheless,
they aid in the auxiliary analysis of the primary themes. Analyzing the quantity of literature related to these
themes allows us to discern that heavily researched themes possess relatively limited research space.
Researchers may opt to explore themes with moderate or lower publication volumes for subsequent
investigations. From the primary theme distribution chart generated in this search, as illustrated in Fig. 2,
it is evident that factors such as drought resistance, physiological characteristics, and photosynthetic
attributes [51] are indispensable elements in the study of water stress. The secondary theme distribution
chart, as depicted in Fig. 3, reveals that physiological indicators like net photosynthetic rate, SOD
(Superoxide Dismutase), and stomatal conductance [52], have certain correlations with water stress.
These indicators can provide substantial data support for research related to water stress, while also
offering researchers new directions and perspectives. By examining both primary and secondary theme
distribution charts, researchers can swiftly familiarize themselves with the research content, themes, and
keywords in this field. This aids in rapidly comprehending the current state of research within this
domain and enables the swift determination of one’s research focus by understanding academic hotspots
and research themes.

2000 |
1878
o
]
€ 1500 [
=
=]
g
=
21000 |
Gt
o
5
8 I
g 579
Z 525
500 [
269 264 201
H 181 147 145 130
0 e s o L &
& s® % & & & ) > &
qy‘é e*“é &&’ f“‘ &@"“’ & K .@ﬁ‘ & &
RN §e’§ o & . s\éf < .&\&y o &% &éo
& o <

Figure 2: Main topic distribution

3.2 Basic Statistical Results Based on Cite Space

In the early 1980s, research on the application of thermal infrared and spectroscopy technologies
commenced in China. Inverse techniques based on thermal infrared and spectroscopy technologies rely
on the thermal radiation characteristics of crops, utilizing the analysis of relevant crop data to infer their
moisture conditions. Throughout the crop growth process, moisture influences parameters such as crop
temperature, chlorophyll content, and leaf area index, among others. Changes in these parameters result
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in variations in the thermal radiation characteristics of crops. Therefore, through the analysis of hyperspectral
thermal infrared data, one can obtain parameters such as crop temperature, chlorophyll content, and leaf area
index, allowing for the assessment of the crop’s moisture status. To conduct a more in-depth research
analysis, literature was specifically searched with “water stress”, “water stress + thermal infrared” and
“water stress + spectroscopy” as the main themes. This was done to explore relevant issues in the field of
water stress research concerning thermal infrared and spectroscopy technologies.
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Figure 3: Secondary topic distribution

3.2.1 Analysis of the Cooperation Network of Authors and Institutions

Another significant factor driving the continuous acceleration of scientific research collaboration is the
progress in information technology, which has broadened the boundaries of human activities. This has led
research groups, scientific institutions, and businesses to establish even closer connections. The increasing
convergence and globalization across numerous academic fields and disciplines, along with the
interdisciplinary nature of certain research, facilitate scholars’ collaborative efforts. In this section, an
author and institution collaboration network was established using CiteSpace and categorized into
clusters, as illustrated in Fig. 4. In the field of water stress research, the primary contributors are
Northwest A&F University and the University of Chinese Academy of Sciences. Collaboration exists
between these two universities. Individuals such as Zongsuo Liang, Wenting Han, and Rui Zhang have
made notable contributions to this field. Collaborations have been established between Northwest A&F
University and various research institutes. A shared research system has been established among
researchers and research units, providing a solid foundation for collaboration, thereby furthering the
development of disciplines and research.

3.2.2 Co-Author Network Analysis
The co-authorship network is a common form of scientific collaboration that provides a powerful tool for
studying the structural aspects of academic relationships. The co-authorship network analysis feature of



Phyton, 2024, vol.93, no.5 849

CiteSpace software establishes a network based on the collaborative relationships among paper authors. If
two authors co-author one or more papers, a connection is formed between them. Clusters in the author
network are identified through CiteSpace software analysis, and each cluster’s key keyword labels are
extracted through semantic analysis.
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Figure 4: Network of co-authors and cooperative institutions

The data on the themes “water stress + spectrum” and “water stress + thermal infrared” were processed
and analyzed, yielding the results depicted in Figs. 5 and 6. In Fig. 5, five main clusters are generated,
representing five co-authorship networks with a focus on “cotton”, “reflectance spectra”, “inorganic
nutrients”, “Dunaliella” and “leaf spectra”. Notably, authors such as Chunjiang Zhao and Dengwei Wang
[53] exhibit high activity in these co-authorship networks, indicating extensive collaborative research in
the field of using spectral techniques to infer water stress.

In Fig. 6, five main clusters are also generated, representing five co-authorship networks with a focus on
“image processing”, “remote sensing”, “vegetation indices”, “eddy covariance techniques” and “itvdi”. Authors
like Wenhuan Jie and Yan Li are involved in numerous collaborative research and publication activities,

indicating a broad research scope in the domain of using thermal infrared techniques to infer crop water stress.

3.2.3 Keyword Timeline Map

The keyword timeline graph is constructed based on the keywords of the literature, with keyword co-
occurrence relationships forming the foundation for building a keyword co-occurrence network. Each node
on the keyword co-occurrence network represents a keyword, and the size of the node is positively
correlated with the frequency of its occurrence. Larger nodes correspond to keywords with higher
frequencies, and the thickness of the lines connecting nodes indicates the co-occurrence frequency between
two keywords. The keyword timeline graph provides a clear and intuitive analysis of the changes and
innovations in research hotspots related to water stress over time, with continuous improvements in
associated research techniques.
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Using the theme “water stress” as the dataset for statistical analysis, as shown in Fig. 7, four main
keywords emerge: “yield”, “water stress”, “drought stress” and “wheat”. From Fig. &, it can be observed
that from 2003 to 2006, researchers primarily focused on winter wheat, maize, and rice, studying soil
moisture, seedling growth, and nitrogen forms [54]. From 2006 to 2010, attention shifted to spring wheat
and soybeans, with research on parameters such as transpiration rate, chlorophyll, and osmotic regulation
[55]. The period from 2010 to 2016 saw a transition to peanut research, with experiments on leaf water
potential and physiological responses [56]. From 2016 to 2020, researchers turned to the growth and
development of sugarcane, primarily observing root-to-shoot ratios [57]. In the years 2020 to 2023, there
was a focus on changes in irrigation methods, aided by remote sensing techniques like drones,
contributing to the improvement of fruit quality [58]. From the retrieved articles, it is evident that
researchers such as Zhitao Zhang and Wenting Han from Northwest A&F University are actively engaged
in the field of water stress. They primarily use remote sensing techniques to obtain data parameters such
as soil moisture and organic content, applying relevant algorithms for denoising and interference removal
to achieve effective inversion and provide valuable guidance for agricultural development [59,60].
Abroad, researchers are focusing on the correlation between water stress and sustainable development,
delving specifically into the relationship between water, salt, and crops [61-63]. For example, Castro-
Nava et al. studied the drought response of sorghum with different drought-tolerant genotypes at various
growth stages [64]. Ahmad employed seed priming and exogenous supplementation of f-aminobutyric
acid to alleviate drought stress in flaxseed oil [65]. Ahmad investigated the impact of different plant
densities on the growth and seed yield of Camelina under normal and water-deficient conditions [66].
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3.2.4 Cluster Analysis of Authors and Keywords

In the CiteSpace user interface, the “data” subfolder with the theme “water stress” was selected as the
dataset. Clustering analysis was performed using “author” and “keywords”, yielding the results shown in
Fig. 8. Hua Qi’s research primarily focuses on the drought resistance of crops under water stress.
Indicators such as chlorophyll fluorescence characteristics and photosynthetic properties are employed to
monitor the water status of crops. These indicators assist farmers and agricultural researchers in
understanding the moisture conditions of crops and provide decision support. Researchers like Yi Zhou
and Shiwei Guo analyze the impact of water stress on nitrogen forms in crops such as rice, studying
water-saving characteristics under different scenarios. Their approach is convenient, computationally
simple, and precise.

4 Conclusion

This study utilized CiteSpace 6.1.R6 software to analyze 6664 journal articles related to water stress
retrieved from the CNKI database spanning the last 20 years (2003—-2023). The analysis involved creating
knowledge network maps based on factors such as authors, publishing institutions, and keywords.
Additionally, the study incorporated the distribution of annual publication counts to analyze emergent
patterns in research hotspots and advancements in the field. The search results revealed 6664 journal
articles with “water stress” as the main subject term. However, when combining “water stress” with
“infrared” and “water stress” with “spectroscopy” as subject terms, only 50 and 68 journal articles were
retrieved, respectively. This suggests that research explicitly utilizing features like infrared and
spectroscopy technologies is limited, and there is relatively less attention from researchers, indicating a
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potential area of focus for future studies. Examining the distribution of annual publication counts, the average
annual publication count was 331 articles during the period from 2003 to 2010, with a peak in 2010. From
2010 onwards, there has been a general decline in the annual publication count, though the decrease has been
gradual. By 2022, the average annual publication count had decreased to 180 articles. Simultaneously, with
the rapid development of smart agriculture and continuous technological innovation, relevant authorities in
China aim to position the water stress field as a robust engine, fostering high-quality development in
agriculture and certain industrial sectors. With the support of these policies, it is expected that the
publication count in this field will show a growth trend in the coming years. Visualizing the primary and
secondary topic distribution through CNKI, the research in this field is primarily focused on biological
characteristics such as canopy temperature, transpiration rate, and chlorophyll content, as well as aspects
of cultivation such as breeding, selection, and water-saving irrigation. Over the past decade, the
predominant research methods have relied on remote sensing to monitor the water stress status of crops,
benefiting from the upgrading of remote sensing devices.

The use of CiteSpace software employed various analysis methods such as keyword co-occurrence
networks, co-authorship networks, and timeline graphs to conduct a systematic bibliometric analysis and
knowledge map research on the research hotspots and distribution in the field. The overall development
of the water stress-related field over the past 20 years was outlined. During this period, research efforts
were predominantly focused on biological characteristics such as canopy temperature, transpiration rate,
and chlorophyll content, as well as aspects of crop cultivation like breeding, selection, water-saving
irrigation, and planting patterns. An analysis of CNKI journal literature data from 2020 to 2023 revealed
a novel research direction concentrating on techniques such as image processing and feature extraction
for variety identification and water stress diagnosis. The co-authorship and institution co-occurrence
networks vividly illustrated the well-established collaboration patterns among domestic researchers and
institutions in this field. This collaboration has facilitated resource integration, disciplinary diversification,
and staying at the forefront, enabling a more comprehensive and in-depth analysis of issues. It revealed
information about collaboration patterns, strengths, and directions among different authors and
institutions, fostering the emergence of new ideas, technologies, and methods, and providing directional
guidance and decision support for collaborators and other researchers. The keyword timeline graph,
analyzed from the perspective of temporal development, traced the evolution of multiple research
hotspots and their interrelated support in the data. Author and keyword clustering analysis can provide
readers with the necessary research information, offering insights into the focal points of authors and
allowing for a more profound analysis of research characteristics and implications. For instance, existing
researchers have utilized methods such as image collection, image processing, and deep learning for
research in the water stress domain.

5 Discussion

1) On November 15, 2022, the United Nations announced that the global population had surpassed
8 billion, marking a milestone in human development and a crucial moment for humanity to
consider its shared responsibility towards the Earth. The protection of water resources and the
improvement of water efficiency are of paramount importance, especially in the agricultural
sector, which accounts for 70% of global water consumption. Monitoring water stress in
economic crops is significant for water conservation and crop growth. With advancements in
science and technology, thermal infrared and spectral remote sensing technologies have become
powerful tools for comprehensive, all-weather, multi-angle, and multi-spectral observation of
farmland surface temperatures. Thermal infrared and spectral inversion techniques, based on the
thermal radiation characteristics of crops, analyze crop thermal infrared and spectral data to infer
their water conditions. Throughout the crop growth process, water influences parameters such as
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temperature, chlorophyll content, and leaf area index, leading to changes in the thermal radiation
characteristics of crops. Therefore, analyzing thermal infrared and spectral data allows the
acquisition of parameters such as temperature, chlorophyll content, and leaf area index, enabling
the assessment of crop water conditions for precise irrigation and management to enhance crop
growth and yield. Simultaneously, thermal infrared and spectral inversion techniques can be
applied to monitor and assess crop water stress, assisting agricultural producers in promptly
identifying and addressing water stress issues in crops. In recent years, these techniques have
found widespread application in crop water condition monitoring. Some studies suggest that
thermal infrared and spectral inversion techniques can effectively infer crop water conditions,
demonstrating stable application results across different crops and growth stages. For example,
research indicates that during the growth of maize, thermal infrared, and spectral inversion
techniques can accurately infer maize’s leaf area index and transpiration rate, facilitating the
monitoring and assessment of maize water conditions. Similarly, studies show that thermal
infrared and spectral inversion techniques exhibit high accuracy and stability in monitoring water
stress in crops such as wheat and rice.

Despite the high accuracy and stability demonstrated by thermal infrared and spectral inversion
technologies in monitoring crop water stress, there are still some issues that need to be addressed.
The primary concern is the complexity of data acquisition and processing. Collecting thermal
infrared and spectral data requires the use of high-resolution thermal infrared sensors, along with
data correction and noise reduction processing, increasing the difficulty and complexity of data
collection and processing. Additionally, thermal infrared and spectral inversion technologies have
some limitations, primarily in the following aspects. Firstly, these technologies are sensitive to the
growing environment of economic crops, such as environmental temperature, humidity, light
intensity, etc. Changes in these factors can affect the thermal radiation characteristics of crops,
thereby impacting the accuracy of the inversion results. Secondly, the application of thermal
infrared and spectral inversion technologies needs to consider factors such as the growth stage
and variety of characteristics of economic crops. Different crops and growth stages have varying
impacts on the inversion results. Lastly, when widely applied, the temporal and spatial resolution
issues need to be considered in thermal infrared and spectral inversion technologies. Different
time and spatial scales also have different effects on the inversion results.

Although thermal infrared and spectral inversion technologies have some issues and limitations, their
prospects in the monitoring of crop water stress remain extensive. In the future, the development
directions of thermal infrared and spectral inversion technologies will mainly include the
following aspects. First, there is a need to further improve the spatial and temporal resolution of
data. Currently, the spatial and temporal resolution of thermal infrared and spectral inversion
technologies is relatively low and insufficient to meet the demands of widespread, high-precision
monitoring of economic crop water stress. Therefore, there is a need to enhance the spatial and
temporal resolution of thermal infrared and spectral data to meet the monitoring requirements of
economic crop water stress at different regions and scales. Second, research should be conducted
on the fusion of multi-source data. Currently, monitoring economic crop water stress requires
considering multiple factors such as the growth status of economic crops, environmental factors,
and soil moisture conditions. A single data source often cannot meet these demands. In the future,
thermal infrared and spectral data can be fused with other multi-source data, such as remote
sensing images, meteorological data, ground observation data, etc., to improve the accuracy and
reliability of the inversion monitoring of economic crop water stress. Third, integrates machine
learning, deep learning, and other technologies for in-depth analysis. While thermal infrared and
spectral inversion technologies can infer the water status of crops, the analysis and judgment of
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factors such as the growth status of crops, environmental factors, and soil moisture conditions are still
relatively limited. In the future, combining mature and advanced artificial intelligence technologies
can enhance the intelligence of monitoring economic crop water stress.

4) Through the analysis and review of a large number of literature, this paper summarizes the current
research hotspots as monitoring crop water stress at the large spatial scale of sky-ground. The focus
primarily revolves around thermal infrared remote sensing and multispectral hyperspectral remote
sensing monitoring technologies. Additionally, research on water stress at small spatial scales,
typified by sunlight greenhouses, is also a significant hotspot due to its unique research value
arising from geographical characteristics. In the future, with the impact of global warming and the
“dual carbon” goals, there will inevitably be a push for more research technologies and the
iterative updating of related sensors and hardware and software equipment. New remote sensing
methods and data analysis approaches from these sensors might provide fresh perspectives for
research. Consequently, new research hotspots and directions are expected to emerge in the field
of water stress, contributing to the sustainable development of agriculture and society.

In conclusion, thermal infrared and spectral inversion technology is an emerging remote sensing
monitoring technique with advantages such as high accuracy and stability. It holds vast prospects for
application in monitoring economic crop water stress. In the future, further enhancing the application
effectiveness and monitoring capabilities of thermal infrared and spectral inversion technology can be
achieved through the development of higher spatial and temporal resolution data, multi-source data
fusion, and the integration of technologies such as machine learning.
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