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Abstract

:

Soil moisture is a key factor in ecosystems that profoundly affects carbon, nitrogen, and water cycles on land surfaces, vegetation growth, and climate change. Consequently, numerous scholars have researched and authored scientific literature on soil moisture and related topics. Using the Web of Science database, we conducted a bibliometric analysis of 60,581 papers published in the field of soil moisture between 2000 and 2022. The findings revealed the following trends. (1) The number of publications on soil moisture has consistently increased in the 21st century at an increasing rate. For instance, although the annual increase was only 94 publications in 2005, it surged to 321 publications in 2020. (2) The United States (US), China, and developed European countries emerged as primary research institutions and authors. The US occupies a leading position in soil moisture research, boasting the highest number of publications and total citations in the field, whereas China ranks second in both publications and total citations. (3) Regarding international collaboration, the US has established close partnerships with numerous international research institutions. However, China’s international cooperation in this field requires improvement. (4) The Journal of Hydrology holds the top position in terms of both the total number of published articles and citations. Research on water resources ranked first in terms of its H-index. (5) Keyword analysis highlighted several current research hotspots, including the coupled covariance effect of soil moisture and land surface environmental factors in the context of climate change, soil moisture utilization rate, crop yield, influence mechanism of soil moisture on soil ecosystem structure, and development of high-precision soil moisture data products. In conclusion, this study provides a systematic review of the research hotspots and trends in soil moisture studies in the 21st century. The objective is to offer a comprehensive reference to aid in understanding the evolutionary patterns of soil moisture research in multiple dimensions.
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1. Introduction


Soil moisture, located between the soil surface and groundwater surface (submerged surface), serves as a crucial link in the conversion of atmospheric, surface, soil, and groundwater and plays an indispensable role in water and material cycles [1,2]. They act as a source of life for terrestrial vegetation, profoundly impacting ecological and agricultural production [3]. Both precipitation and irrigation are transformed into soil moisture so that it is readily accessed by crops and natural vegetation [4]. In arid and semiarid regions, it is essential to regulate soil moisture through artificial irrigation to promote high and stable crop yields [5,6]. In short, soil moisture is intricately connected to soil [7], water [8], and plant [9] components and represents a key factor in ecosystems. Soil moisture serves as a vital indicator and reference for regional and global climate change studies, water cycle research, vegetation growth monitoring, and early drought and flood warnings [10,11,12].



In recent decades, research on soil moisture has gained increasing attention, yielding abundant results in data acquisition and quality improvement, drought and flood monitoring, early warning, crop growth analysis, yield estimation, and the interplay with climate change [13,14,15,16]. Several scholars have elucidated the development of soil moisture research in detail, and most have provided reviews based on a methodological system from the perspective of the multidimensional scientific issues involved in soil moisture [17,18]. However, these classical reviews lack a comprehensive and systematic statistical representation of soil moisture research hotspots and evolutionary processes. Bibliometrics is the quantitative analysis and categorization of the published literature in a specific field to assess the overall research landscape [19]. It uses mathematical and statistical measures to study bibliographic systems and bibliometric characteristics, to explore certain structures and patterns in science and technology [20]. A knowledge map is a graphic that depicts the development process and structural relationships of scientific knowledge and can visualize the coupled relevance of information in a domain [21]. Since the beginning of the 21st century, the global climate has continued to warm, and extreme droughts and floods have occurred, posing a great challenge to the sustainable recycling of water resources. Soil moisture is a critical component of the water cycle and is highly responsive to climate change. Numerous analytical studies have been conducted by scholars to investigate soil moisture, providing a strong basis for a comprehensive and thorough understanding of its evolutionary characteristics [12,16]. This study provides a comprehensive quantitative analysis of the soil moisture-related literature published in Web of Science (WOS) from 2000 to 2022. The analysis incorporates multiple dimensions and levels using bibliometrics. The findings of this study are presented as a knowledge graph with the goal of assisting researchers in understanding the current state and upcoming trends in soil moisture research through extensive information mining and analysis.




2. Materials and Methods


2.1. Data Sources and Pre-Processing


The Scopus database and the WOS Core Collection database are widely used, and these are the two most popular bibliometric databases [22,23]. In this study, we selected the WOS Core Collection Science Citation Index Expanded Database as our data source. The choice of this database was determined by its broader coverage in the field of natural sciences, as well as its inclusion of accurate and reliable research information, along with the provision of numerous analytical tools to handle this information [24,25]. The search formula for the advanced method, selected according to soil moisture research, was as follows: TS = (soil moisture or soil water or soil humidity or soil-water or soil-moisture or soil-humidity). The index dates ranged from 1 January 2000 to 31 December 2022, resulting in 65,077 search results. To focus on the research topics and hotspots in relevant fields, we selected the document type “Article”. After filtering, 60,581 valid citation data were obtained.



We used the bibliometric software package Bibliometrix R to extract keywords from the citation data. We merged and unified synonyms, such as combining “soil water” into “soil moisture”, “rainfall” into “precipitation”, and “transpiration” into “evapotranspiration”. For the keyword study, we eliminated the words “soil moisture”, “soil”, and “moisture” to obtain valid keyword information because the keyword category of “soil moisture” appeared in every article.




2.2. Data Processing Methods


Data visualization allows the identification and analysis of pertinent information in a study area using a visual representation of data, for a comprehensive understanding of data structures and relationships [26]. We employed Bibliometrix to process bibliographic data and optimized the plot results using the R language toolkit Tidyverse. The key steps were as follows.



(1) Articles published in the field of soil moisture-related research over the years were collated and the data were exported for plotting.



(2) Statistics on the number of articles published by countries, institutions, and journals were collected and the data were exported for organization and mapping.



(3) Author information was extracted from the articles to analyze and visualize collaborations between countries and institutions.



(4) The authors’ listed keywords were extracted from the citation data to identify and summarize research hotspots.





3. Results


3.1. Publication and Cooperation Networks


3.1.1. Quantitative Evolution Trend of Article Publications


The number of publications represents research activity in an area. Figure 1 depicts the annual changes in the number of articles published in soil moisture research from 2000 to 2022. In 2000, only 1014 articles were published, whereas, in 2010, the number increased to 2139, and in 2020, it reached 4941. This increase indicates growing interest in soil moisture research. The trend line in Figure 1, fitted to the data, reveals an expanding trend in the publication growth rate. In 2005, the growth rate was 84 articles per year, increasing to 170 articles per year in 2010 and reaching 343 articles per year in 2020. In the 21st century, the popularity of Internet technology has made it convenient to access literature search methods, enhancing information retrieval by scholars and accelerating research development. Figure 2 presents the changes in citation status of articles published in soil moisture research from 2000 to 2022. The total citations per paper (TCP) represents the ratio of the total citations to the number of articles published in a year, whereas the total citations per paper per year (TCCP) is the TCP divided by the number of years since publication. The graph’s average number of citations per article exhibited a clear declining trend, indicating a decrease in the average impact of articles in this field each year. The number of citations is directly associated with the length of time since an article has been published. Thus, the TCPP serves as a better indicator of the quality of recently published articles, and its change indicates a stable and slight improvement in literature quality over the past decade.




3.1.2. International Collaborations


Figure 3 presents the collaborative network of the top 20 countries in terms of publication count. The level of refinement in the network reflects the depth of research exchange, and the number of national publications indicates each country’s investment in this research area [27]. In this study, collaborative relationships were established between the authors, institutions, and countries involved in a single publication [28]. The node size in the collaborative network represents the country’s publication count in the research area, whereas the link thickness between nodes signifies the strength of the collaboration between countries. Figure 4 displays the top 10 countries in terms of publication count in this field: the United States (US), China, Germany, Canada, Australia, India, the United Kingdom, France, Brazil, and Spain. The US and China accounted for 34% and 29%, respectively, of the total number of articles. American and Chinese scholars had the most extensive and deep connections in their collaborative networks. The US was the top choice for Chinese students, comprising approximately one third of international students and scholars during the 2018/19 academic year, surpassing all other countries [29]. Simultaneously, with China’s rapid economic growth, an increasing number of American students and scholars are conducting research at Chinese universities. This collaboration is crucial in advancing global knowledge. However, starting in 2018, the US imposed strict limitations on Chinese citizens studying or researching in the fields of science, technology, engineering, and mathematics. Measures such as the United States Innovation and Competition Act of 2021 (USICA) have severely disrupted US–China scientific relations. Comprehensive technological decoupling between the US and China will significantly disrupt both commercial and scientific ties, potentially harming international collaboration in addressing global challenges, especially in areas such as public health, food security, climate change, energy, and sustainable development [29]. Canada and Australia exhibited high levels of collaboration with both China and the US. The United Kingdom and France have strong relationships with Germany and cooperate with Switzerland, the Netherlands, and Italy.




3.1.3. Institutional Collaborations


Figure 5 illustrates the publication statistics, highlighting the top 10 institutions in terms of article count: the Chinese Academy of Sciences, Beijing Normal University, Northwest A&M University, the University of Arizona, the University of Florida, the Goddard Space Flight Center, Texas A&M University, Colorado State University, Lanzhou University, and the University of Colorado. China holds four positions in the top 10, comprising the top three and the ninth positions, whereas the remaining institutions are from the US. Notably, the Chinese Academy of Sciences led the field in terms of the number of articles published, accounting for 43.3% of the total number of the top 10. Figure 6 depicts the collaborations among major international research institutions. Chinese research institutions are represented by red labels, whereas US research institutions are represented by blue labels. The label size indicates the number of publications and the lines between labels reflect the intensity of collaboration. The mapping of cooperation networks demonstrates that Chinese research institutions cooperate closely within the country; however, cooperation with international research institutions can be relatively weak. The links between the University of Maryland and the Goddard Space Flight Center are the strongest among US research institutions, with extensive links between the University of California, Berkeley, and other institutions. Cooperation between the remaining research institutions should be further strengthened.



Figure 7 illustrates the annual publication count changes in the top 10 institutions in this field. American research institutions demonstrated stable and slow growth in the annual number of paper publications, while Chinese research institutions experienced a rapid increase. Compared to the US, China had a late start in this field, with only three articles published by the Northwest Agriculture and Forestry University of Science and Technology before 2012; other Chinese research units also had low output. However, since 2012, Chinese research institutions have significantly increased their investments in time and effort, resulting in outstanding growth in research output. For instance, the Chinese Academy of Sciences published 136 articles in 2012 and 741 in 2022, whereas the Beijing Normal University published 52 articles in 2012 and 203 articles in 2022. The Chinese Academy of Sciences experienced the highest growth rate regarding the article count, with an average annual increase of 475 articles. This also corroborates the previous research findings by Zhu et al. [30]. In the SCI index, the annual production of original research articles in the US is growing slowly, whereas the annual production of original research articles in China is rapidly increasing. The number of original research articles contributed by China is steadily approaching and may soon surpass that of the US.





3.2. Mainstream Journals


The analysis of soil moisture research papers revealed the top journals in this field [31]. Table 1 presents the top 10 journals based on the total number of published papers. Three journals stood out, with over 1000 articles each: the Journal of Hydrology (1558 articles), Remote Sensing (1370 articles), and Water Resources Research (1133 articles). All three journals are among the top 25% ranked journals in Journal Citation Reports (JCR) and hold significant prominence in the field of soil moisture research. To evaluate the journals’ impact, the table includes the TC, IF, Quartile, and H-index. The H-index is a measure that indicates that a journal’s H articles have each been cited at least H times. For example, if a journal has 20 papers that have each been cited at least 20 times, the H-index of that journal is 20. Q1 refers to a journal’s rankings in the top 25%. Q2 refers to a journal’s ranking in the 25–50% range. Water Resources Research, the Journal of Hydrology, and Remote Sensing of the Environment have an H-index of 100 or more. Certain journals in the table, such as Remote Sensing, have a high number of publications but relatively low total citations and H-index. This indicates a lack of high-quality literature or a relatively high number of new articles in the journal. However, certain journals had a comparatively low number of publications but high total citations and H-indices, such as Remote Sensing of the Environment, suggesting the publication of high-quality articles in this category. Figure 8 compares the number of articles published in the top 10 journals over time. The graph demonstrates that journals with higher H-indices maintain a relatively stable annual research output, whereas journals with lower H-indices exhibit more variability. For example, Science of the Total Environment and Remote Sensing had fewer than 30 publications per year until 2015, after which they grew rapidly to reach 160 and 251 publications by 2022, respectively.




3.3. Hot Topics and Frontiers


Keywords serve as a concise summary of the content and core ideas of an article, and their frequency of occurrence can reveal hotspots and trends in the research field [32]. Table 2 presents the top 20 keywords based on frequency, with four keywords appearing 1000 times or more: climate change, evapotranspiration, drought, and remote sensing. Climate change is the most frequently used keyword in soil moisture research. Soil moisture, which is sensitive to changes in the climate system, plays a crucial role in analyzing the spatiotemporal evolution of climate change and in modeling different scenarios. Research in this field focuses on constructing climate change prediction models [33] and studying the effects of climate change on soil moisture and soil water erosion [34,35]. Evapotranspiration represents a significant pathway for soil moisture entering the atmospheric system, thereby linking physical processes such as the land surface water cycle, energy balance, and carbon balance. Quantifying the stress effect of soil moisture on evapotranspiration is a key process, and it is difficult to estimate surface evapotranspiration [36]. The third most studied is drought, which not only affects the carbon, nitrogen, and water cycles of ecosystems but also has an impact on socioeconomic development and people’s production and livelihoods, and even causes huge losses. Drought is a major cause of reduced crop harvests, and research on drought has focused on the effects of soil moisture on agricultural irrigation [37], crop growth, and the yield of agricultural products [38,39]. Remote sensing, with its ability to collect large-scale continuous spatial and temporal data, plays a crucial role in acquiring surface hydrology and vegetation information. It has become the mainstream method of studying the spatiotemporal patterns of soil moisture [40,41]. Several remote sensing tools, including microwave radiometers, medium-resolution imaging spectrometers, and satellite-based products for soil moisture and seawater salinity, have been widely employed in soil moisture research [42,43].



The co-occurrence mapping of keywords visually illustrates the relationships between them. Nodes in the mapping represent keywords, with the node size indicating their frequency and the thickness of the connecting lines reflecting the strength of association. The top 50 keywords in terms of frequency were categorized into five distinct groups, as illustrated in Figure 9.



The purple cluster primarily consists of “remote sensing”, which serves as a key technical method and provides a wealth of multi-source heterogeneous data for soil moisture research. Traditional soil moisture monitoring often involves setting up stations in the field. The gravimetric method provides precise measurements of soil moisture content; however, it consumes time and human resources [44]. Embedded sensors rely on soil moisture content conductivity for measurements, saving time and effort; however, these are still limited to the scale of the monitoring site. In summary, although traditional monitoring methods can yield precise soil moisture information, they lack spatial representativeness and face challenges in large-scale monitoring [45]. Remote sensing for soil moisture monitoring is based on the reflectance or emissivity curve of soil moisture in a specific waveband, which is resolved to invert the soil moisture content. Remote sensing offers distinct advantages over traditional station monitoring, saving time and resources while enabling large-scale real-time monitoring. It has become a prevalent method in monitoring the spatial and temporal distributions and changes in soil moisture at regional scales. The visible, near-infrared, thermal infrared, and microwave bands are employed for soil moisture remote sensing inversion, with infrared and microwave remote sensing being current research hotspots [46]. Furthermore, remote sensing inversion to obtain soil moisture data has proven effective in monitoring agricultural drought at large spatial scales [47]. Spatial resolution plays a critical role in datasets, especially when applied locally to areas characterized by non-uniform land surfaces. Numerical models, remote sensing, and artificial intelligence methods have been integrated into continuous spatial datasets to significantly improve the spatiotemporal resolution. Currently, remote sensing-derived soil moisture data typically have daily temporal and spatial resolutions of several tens of kilometers [14]. For instance, the ESA’s SMOS project provides daily data with a spatial resolution of 25 km × 25 km [48], whereas NASA’s SMAP project offers daily data with a spatial resolution of 36 km × 36 km [49]. Land assimilation and reanalysis datasets can achieve even higher spatiotemporal resolutions, with temporal resolutions reaching hourly levels and spatial resolutions of 0.1 degree × 0.1 degree or higher. For example, the ERA5 land dataset released by the ECMWF features a 1-h temporal resolution and a spatial resolution of 0.1 degree × 0.1 degree [50].



The blue cluster primarily consisted of keywords such as “nitrous oxide”, “carbon dioxide”, and “methane”, highlighting the important links between greenhouse gases and soil moisture. The accurate modeling of soil moisture and temperature is crucial in simulating greenhouse gas emissions from soil. The use of models to simulate changes in soil carbon and nitrogen dynamics and soil moisture balance under different on-farm management scenarios is a popular research topic and a global trend. The greenhouse effect poses a significant environmental challenge in the 21st century, with agricultural soils being a key source of greenhouse gases [51]. Soil represents the largest carbon reservoir in terrestrial ecosystems, with its global carbon stock at the 1–3 m soil depth being thrice that of global vegetation and twice that of the atmosphere. Carbon dioxide is generated through microbial respiration, animal respiration, plant root respiration, and the oxidation of carbonaceous substances in agricultural soils. In addition, carbon dioxide emissions result from fuel consumption during farming, irrigation, and harvesting [52,53]. Carbon dioxide contributes approximately 66% of the radiative forcing of long-lived greenhouse gases. Methane, the second-largest greenhouse gas, contributes approximately 15% to the greenhouse effect. Its warming effect per unit mass is approximately 84 to 87 times that of carbon dioxide over 20 years and 28 to 36 times that of carbon dioxide over 100 years [54]. The cultivation of rice and livestock breeding are major sources of methane in agricultural activities, with anaerobic conditions in paddy fields and animal intestines providing favorable environments for methanogen-driven methane production. Nitrous oxide, accounting for approximately 7.9% of the greenhouse effect, has a warming potential 296 to 310 times that of carbon dioxide and is a significant contributor to stratospheric ozone depletion [55]. Agricultural fertilization is responsible for approximately 30% of global nitrous oxide emissions [56,57]. Several technical measures have been developed to mitigate greenhouse gas emissions from agricultural soils, including biochar addition, straw incorporation, the utilization of organic fertilizers, and soil amendments [58,59,60].



The green cluster encompasses keywords such as “soil temperature”, “soil respiration”, and “soil organic matter”. Soil respiration refers to the emission of carbon dioxide resulting from the respiration of microorganisms, animals, and roots in the soil. Soil temperature is a major factor influencing greenhouse gas production and emissions from soils [61,62]. Higher soil temperatures can enhance crop root respiration, accelerate organic matter decomposition, and increase microbial activity, thereby promoting carbon dioxide diffusion in the soil [63]. Soil organic matter, a complex polymeric compound, is formed through a series of physical, chemical, and microbial interactions with organic residues in the soil [64]. It acts as the primary carbon source for soil respiration and significantly affects soil greenhouse gas production. Studies have demonstrated a strong correlation between soluble organic matter in soil organic matter and carbon dioxide production in the soil [65,66]. Soil moisture content and soil temperature have a close hydrothermal coupling and can significantly influence the metabolic intensity of microorganisms in the soil, whereas the strength of microbial metabolism significantly influences soil organic matter synthesis.



The red clusters consist of the elements “climate change”, “drought”, “evapotranspiration”, and “precipitation”, which are primarily relevant to the study of drought in the context of global climate change. Drought refers to a severe water scarcity phenomenon occurring over a significant area and is typically characterized by extended periods of little to no precipitation or abnormally low precipitation [67]. There are four main types of drought: meteorological, agricultural, hydrological, and socioeconomic [68]. Meteorological droughts generally occur first because of an imbalance between precipitation and evaporation, followed by agricultural droughts resulting from reduced soil moisture content and insufficient crop recharge. As drought progresses, it can lead to decreased river runoff or reservoir storage, resulting in hydrological drought and socioeconomic impacts, including unmet water needs and damage to lives and property. Excessive evaporation and insufficient precipitation are usually the direct causes of declining soil moisture content and the resulting drought [14], and researchers commonly analyze the interaction between soil moisture and drought by examining the combined processes of evaporation and precipitation [12]. In recent years, with the advancement of remote sensing technology, the coverage and accuracy of soil moisture remote sensing data have significantly improved. Soil moisture-based drought monitoring has garnered increased attention [69]. Furthermore, soil moisture serves as a key factor in the climate system, acting as an integrated indicator of surface hydrological processes that reflect the combined effects of precipitation and evaporation [70]. Moreover, soil moisture is the medium that connects the land and the atmosphere, and its variability increases the complexity of surface–atmosphere interactions and plays a very important role in climate change. Soil moisture influences the climate by altering the sensible, latent, and longwave radiation fluxes from the surface to the atmosphere. Furthermore, it influences the thermodynamic properties and hydrological processes of soil moisture itself, leading to the spatial and temporal evolutionary heterogeneity of soil moisture. Research has demonstrated that soil moisture is second only to the ocean surface temperature in climate change and plays an even greater role on land than the ocean surface temperature [71]. Current research on the relationship between climate change and soil moisture can be divided into two main areas: diagnostic parsing and exploration of the relationship between soil moisture and climate change, which is usually conducted using actual measurement data or remote sensing data [16]. The other is a numerical simulation study of the relationship between soil moisture and climate change, which generally uses models such as land surface models, coupled land–air models, and atmospheric circulation models [11].



The yellow cluster includes keywords such as “water use efficiency”, “drought stress”, and “yield”, focusing on the impact of soil moisture use efficiency on crop production. Water use efficiency refers to the amount of biomass or grain carbon produced per unit of water used by a crop [71]. It plays a crucial role in crop drought resistance and is considered a significant factor influencing crop yields under drought stress [72]. Changes in climatic factors such as temperature, precipitation, and carbon dioxide levels can affect plant water use. At the leaf level, elevated carbon dioxide levels can increase water utilization when the environment does not exceed the optimal growth temperature. Conversely, drought-stressed leaves exhibit different responses in terms of water utilization efficiency. When considering the entire crop canopy, the dynamics of crop water use and biomass accumulation must account for soil moisture evaporation, leaf transpiration, and crop growth patterns. Because organic matter synthesis is intricately linked to transpiration, maximizing soil moisture capture to promote photosynthesis under drought stress is crucial in achieving high and stable yields. Enhancing soil moisture utilization involves minimizing water loss due to non-stomatal transpiration and soil evaporation. This can be achieved through effective crop residue management, mulch use, and irrigation, which increase soil moisture utilization within the canopy and lead to improved and stable yields [71].





4. Discussion


This study conducted a quantitative analysis of the soil moisture-related literature published from 2000 to 2021 using bibliometrics from multiple angles and levels. The research findings are expressed and presented through a knowledge graph. From a bibliometric perspective, this study reveals the research history and frontiers of global soil moisture studies, providing reference information for future research by scholars in this field. Our study revealed that the number of original articles published by Chinese scholars has rapidly increased, approaching or even surpassing that of the US, which is consistent with the findings of previous research by Zhu et al. [30]. In terms of international cooperation, we found that the research collaboration between China and the US was the most profound, confirming the results of Tang et al. [29]. In the journal analysis, compared to the study by Badaluddin et al. [73], we performed a comparative analysis of journals across different time periods for a more comprehensive journal analysis. In terms of keyword analysis, compared to the previous research by Zhang et al. [41], we organized and merged synonyms within the keywords to enhance the accuracy of the research results. Nonetheless, several limitations should be acknowledged. (1) The data source was relatively homogeneous because it relied only on the WOS Core Collection SCI Extended Database in English, neglecting citation data from other scientific literature databases. (2) The research data timeframe was limited to the period from 2000 to 2022 in the WOS database, excluding citation data before 2000. (3) Existing statistical methods require further improvement. The analysis considered all authors and institutions listed in the articles uniformly, without distinguishing between the first author and the first institution. Despite these limitations, this systematic review and analysis significantly contributes to the understanding of the research landscape of soil moisture and offers valuable guidance for future scholarly endeavors in this area.




5. Conclusions


This study conducted a bibliometric analysis of soil moisture research using the WOS database from 2000 to 2022. The findings are as follows. (1) The number of publications on soil moisture has consistently increased in the 21st century, indicating growing interest and promising research prospects. (2) Studies based on the publication institution, number of publications, and highly cited articles indicated that the US, China, and developed European countries have made outstanding contributions to soil moisture-related research. (3) With respect to international cooperation, the US collaborates closely with research institutions in other countries, and Chinese scholars can enhance international cooperation. (4) The Journal of Hydrology ranks first in total articles and citations in the field of soil moisture, whereas Water Resources Research has the highest H-index. (5) The findings of the keyword study revealed that climate change, water availability, crop yield, soil temperature and respiration, greenhouse gases, remote sensing, and model assimilation techniques are prominent research areas in this field. Soil moisture research spans ecology, the environment, agriculture, and meteorology. Amid global warming, soil moisture, a sensitive indicator of climate change, has become a vital component in studying the spatial and temporal patterns of the land surface water cycle. The water content of agricultural soils directly affects crop growth and is crucially linked to crop yields and food security strategies, making it a focal point of agronomic research for a considerable time. Furthermore, the hydrothermal coupling mechanism in soil ecosystems and its evolution significantly affect carbon and nitrogen cycles, as well as soil respiration. Considering the enduring interest in soil moisture across these diverse fields, the acquisition of highly accurate, long-time-series, high-resolution, and large-scale soil moisture products has emerged as a present and future research priority in the realm of remote sensing and assimilation. The development of new satellite-based sensors, supercomputing, artificial intelligence technology, and other advanced software and hardware has contributed to the creation of soil moisture data products. These advancements ensure a solid foundation of multimodal mass data for the performance of scientific research in the field of soil moisture [41].
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Figure 1. Annual trend of global soil moisture publications from 2000 to 2022. 
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Figure 2. Average citations per article and TCPP changes in soil moisture from 2000 to 2022. 
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Figure 3. Major national cooperation networks in soil moisture. 
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Figure 4. Number and proportion of articles published by the top 10 countries, 2000–2022. 
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Figure 5. Number and proportion of articles published by the top 10 institutions. 
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Figure 6. Cooperation network of main institutions in soil moisture. 
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Figure 7. Number of articles published annually by the top 10 institutions. 
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Figure 8. Papers published in the top 10 journals in different times. 
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Figure 9. Keyword co-occurrence network map. 
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Table 1. Top 10 journals in soil moisture.
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	Rank
	Sources
	TA
	TC
	IF
	Quartile
	H-Index





	1
	Journal of Hydrology
	1558
	56,998
	6.4
	Q1
	104



	2
	Remote Sensing
	1370
	18,222
	5.0
	Q1
	56



	3
	Water Resources Research
	1133
	56,164
	5.4
	Q1
	112



	4
	Science of the Total Environment
	899
	17,251
	9.8
	Q1
	57



	5
	Hydrology and Earth System Sciences
	880
	33,500
	6.3
	Q1
	87



	6
	Agricultural Water Management
	878
	21,835
	6.7
	Q1
	67



	7
	Hydrological Processes
	784
	22,174
	3.2
	Q2
	69



	8
	Journal of Geophysical Research—Atmospheres
	776
	40,475
	4.4
	Q1
	91



	9
	Journal of Hydrometeorology
	751
	35,197
	3.8
	Q2
	93



	10
	Remote Sensing of the Environment
	736
	45,218
	13.5
	Q1
	103







Abbreviations: TA, total number of articles; TC, total number of citations; IF, impact factor for 2023; H-index, a measure that indicates that a journal’s H articles have each been cited at least H times.













 





Table 2. Top 20 keywords in soil moisture.
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	Rank
	Keywords
	Frequency
	Rank
	Keywords
	Frequency





	1
	Climate change
	2050
	11
	Biomass
	671



	2
	Evapotranspiration
	1801
	12
	Soil organic matter
	572



	3
	Drought
	1655
	13
	Nitrogen
	513



	4
	Remote sensing
	1446
	14
	Water use efficiency
	490



	5
	Precipitation
	994
	15
	Data assimilation
	478



	6
	Soil tempera