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Abstract: As an essential factor of the earth’s critical zone, soil water has a remarkable influence on
nutrient cycle and energy flow in terrestrial ecosystems and has attracted the attention of considerable
scholars. Based on the online database of Web of Science, the bibliometric analysis was performed to
evaluate the evolution feature of soil water research from 1934 to 2019. The results showed a rapid
growth of scientific outputs with a gradually increasing proportion of internationally collaborative
articles. Environmental Sciences, Water Resources, and Soil Science were the most frequently used
subject categories, and the Journal of Hydrology had the highest number of publications in this field.
The institutions from the USA and China were the most active, and the USA occupied a leading
position in soil water research, producing the most articles and having the most considerable number
of citations. Clusters of authors were mostly located in North America, Western Europe, West Asia,
and East Asia. Keywords analysis demonstrated that climate change, drought, evapotranspiration,
remote sensing, and irrigation were the current research hotspots. Scientific issues focusing on the
interaction between soil water and environmental factors, drought forecast, relationships between soil
structure and water/solute transport, improving the accuracy and depth of soil moisture monitoring
with satellite, and spatio-temporal scaling transform require further research.

Keywords: soil water; research progress; social network analysis; visualization; Web of Science

1. Introduction

Studies on soil water (SW) are gaining more attention as soil water is a critical factor in the natural
ecosystem, being closely related to soil [1], water [2], plants [3], and other components. The content,
dynamics, and existing forms of soil water significantly impact on the formation and development
of soil, terrestrial hydrological cycle, and plant production [4]. Soil water also plays a vital role in
agriculture [5], especially in irrigation management practices in semiarid and arid areas [6,7], and it is
of considerable significance to regulate soil water to improve crop productivity [8,9].

Bibliometrics is a quantitative analysis method based on mathematical statistics [10]. It has been
widely used in scientific fields to quantitatively reflect the research hotspots and reveal the future
trends of new theories [11]. So far, it is found that there are many pieces of research on soil moisture at
different scales [12,13], but few bibliometric reviews of the global research on SW have been conducted.
In order to understand the current situation and trends of SW research comprehensively and objectively,
bibliometric methods were applied to analyze the related scientific publications on SW between 1934
and 2019 from multiple perspectives and to reveal the diversity and innovative methods in the global
research trends of SW.
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In this research, a general bibliometric study was performed by investigating the annual publication
output, subject category, source journal, source country, and source institution to offer an alternate
perspective on the development of SW studies [14,15]. Moreover, innovative methods such as
international collaboration network analysis, geographic distribution map, and core author keywords
were applied to provide insights into the global research trends from various perspectives. Based on
revealing the development course and current trend in SW research, this paper proposed the aspects
that need further study in the future, which may provide a reference for researchers.

2. Materials and Methods

2.1. Data Collection

The data in this paper were searched and collected from The Science Citation Index Expanded
(SCIE) and Social Sciences Citation Index (SSCI) online databases of Web of Science, which is an
extensive comprehensive and multidisciplinary core journal citations index database [16]. Topic = (“soil
water” OR “soil moisture” OR “soil humidity” OR “soil-water” OR “soil-moisture” OR “soil-humidity”),
document type = “article”, timespan = “1900–2019”, and deadline = “May 4, 2020” were used as the
data retrieval strategies. In the SCIE and SSCI database, the first article matching the search criteria
was published in 1934, and 66,648 articles in SW research from 1934 to 2019 were acquired and used
for further analysis.

2.2. Data Analysis Methods

Bibliometric analysis was conducted to reveal patterns in SW studies from the following aspects:
the scientific outputs characteristics, subject categories, major journals, international collaborations,
the geographic distribution of authors, and keywords. The individual document information, including
author name, author address, journal title, subject category, publication year, citation frequency, the title
of the article, and other information were downloaded into Microsoft Excel 2010 for the subsequent
data processing. Research cooperation was determined by a complete counting strategy, and each
signatory on the document was equally treated. Collaborative articles refer to articles signed by two
or more authors from different institutions and countries, respectively. The keywords with different
forms of spelling but identical meanings were classified under a single keyword.

Data visualization was completed using software of UCINET [17], CiteSpace [18], Arc GIS
10.2, and VOSviewer [19]. More information about visualization analysis was described in detail as
following. In order to evaluate the connection between countries in SW research, the cooperation
frequency matrix was generated by calculating the frequency of co-occurrence between every two
countries; after that, it was imported into UCINET to generate an international cooperation network
map. The larger node represents the more significant degree centrality and importance of countries
in the cooperation network, and the thicker line represents the higher intensity of collaboration.
The geographic coordinates of the author’s location were obtained by CiteSpace based on author
addresses, and then Arc GIS 10.2 was applied to generate the global geographic distribution map of the
SW research authors. High-frequency keywords were imported into VOSviewer to create a keyword
co-occurrence network map to present research topics vividly. The frequency of keywords determined
the size of nodes, and the larger the node is, the more critical it is in the network. The thickness of
connecting lines between nodes represents the degree of connection between keywords, and the thicker
the line, the stronger the connection.

3. Results and Discussion

3.1. The Evolution of Research Activity by Quantitative Analysis of Article Outputs

The annual number of articles and the citations per article are shown in Figure 1. The first article
in SW research was published in 1934 [20], and the annual number of articles did not exceed two until
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1975. The number of articles increased gradually from the 1970s to the 1990s, and it increased sharply
since the 1990s. The number of citations per article fluctuated within 20 from 1934 to 1970, then it
showed a rising and fluctuating characteristic from 1975 to 2004 and reached a peak value (50.45)
in 2004. After that, the citations per article kept dropping and went down to 1.58 in 2019. These features
proved that SW research was still in the initial stage from 1970 to 1990, but the research content
gradually matured, mainly focusing on basic concepts, fundamental theories, and research methods.
Therefore, a small number of research results during this period had a high frequency of citation.
The rapid development of the Internet after 1990 led to much easier online access to publications,
which resulted in the increment of citations per paper published between 1990 and 2004. The average
number of citations per paper decreased since 2004, which was attributed to short publication time
and a huge number of articles.
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Figure 1. The annual number of articles and citations per article from 1934 to 2019.

The characteristics of current SW research outputs for the period 1934–2019 were summarized in
Table 1. All output indicators for discussion included the total number of articles, the number of authors,
cited references, pages, and citations per article. All indicators showed the trend of rising at an increasing
growth rate for except the number of citations per article, indicating an expanding accumulation of
knowledge in SW research fields. Under the background of the fast development of natural sciences,
the number of SW researchers was increasing since the 1970s. Meanwhile, a considerable amount of
sci-tech journals related to SW research were successively established. Among them, The Soil Science
Society of America Journal, Hydrological Processes, Vadose Zone Journal started publication in 1976,
1986, and 2002, respectively. Therefore, with the increasing number of article outputs, the knowledge
in the SW field quickly accumulated in the past three decades.
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Table 1. Characteristics of article output from 1934 to 2019.

Year TA TA (%) TU TU/TA TR TR/TA TP TP/TA TC TC/TA

1934–1949 1 0.002 1 1.00 5 5.00 26 26.00 13 13.00
1950–1959 3 0.005 4 1.33 38 12.67 24 8.00 4 1.33
1960–1969 8 0.012 14 1.75 171 21.38 51 6.38 71 8.88
1970–1979 508 0.762 1068 2.10 6499 12.79 3937 7.75 11,870 23.37
1980–1989 1366 2.049 3200 2.34 23,107 16.92 12,502 9.15 44,121 32.30
1990–1999 9888 14.836 28,992 2.93 275,359 27.85 109,727 11.10 400,386 40.49
2000–2009 18,139 27.216 68,041 3.75 679,885 37.48 208,288 11.48 756,065 41.68
2010–2019 36,735 55.118 179,309 4.88 1,873,810 51.01 454,358 12.37 539,021 14.67

Total 66,648 280,629 2,858,874 788,913 175,1551
Average 4.21 42.90 11.84 26.28

Abbreviations: TA, total number of articles; TU, total number of authors; TR, total number of cited references;
TP, total number of pages; TC, total number of citations; TU/TA, TR/TA, TP/TA, and TC/TA, refer to the number of
authors, references, pages, and citations per article, respectively.

3.2. Analysis of Main Subject Categories and Journals

Figure 2 shows the annual numbers of the articles published with the top 6 productive subject
categories. In the past two decades, the number of research articles in each category has been increasing.
The 6 most common categories were Environmental Sciences (12,926 articles), Water Resources
(12,509 articles), Soil Science (10,861 articles), Agronomy (9577 articles), Geosciences, Multidisciplinary
(7995 articles), and Ecology (6931 articles). Other main subject categories in the SW study included
Plant Sciences, Meteorology and Atmospheric Sciences, Forestry, and Remote Sensing. Among the top
6 productive subject categories, the average number of citations per article of Environmental Sciences
(47.06) ranked first, followed by Water Resources (37.49) and Ecology (35.73). The maximum value of
annual citation frequencies per article (409.33) belonged to Environmental Sciences in 1980, indicating
that SW research in this field possessed the highest recognition. Since 2000, the number of citations for
each subject category has shown a downward trend.

According to statistical analysis of the distribution of journals publishing SW research articles,
the core journals with high recognition in this field can be determined [21]. The top 20 productive
journals are displayed in Table 2, along with the total number of articles and the number of citations
per article. The Journal of Hydrology published the most articles (1821) from 1934 to 2019, accounting
for 2.73% of the total. Water Resources Research ranked first in total citations, accounting for 4.40%
compared to 3.75% for Journal of Hydrology. Agricultural Water Management also ranked high,
which occupied 1497 articles (2.19%) and 35,634 total citations (3.33%). It is noteworthy that Remote
Sensing of Environment has published papers with the most average number of cited times (57.15);
however, the number of articles published in this journal only accounted for 0.97% of the total.
Besides, the number of SW research articles in some journals established in recent years had multiplied.
For example, Remote Sensing and Water had published 590 and 425 SW research articles since their
first publication in 2009, and ranked 6th and 12th among all journals during 2009–2019, respectively.
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Table 2. Top 20 productive journals in SW research during 1934–2019.

Journal Title TA TA (%) TC TC (%) TC/TA

Journal of Hydrology 1821 2.73 65,683 3.75 36.07
Agricultural Water Management 1497 2.25 35,634 2.03 23.80
Water Resources Research 1479 2.22 77,002 4.40 52.06
Soil Science Society of America Journal 1308 1.96 51,695 2.95 39.52
Hydrological Processes 1066 1.60 30,318 1.73 28.44
Plant and Soil 976 1.46 30,955 1.77 31.72
Agricultural and Forest Meteorology 896 1.34 35,789 2.04 39.94
Geoderma 872 1.31 24,610 1.41 28.22
Hydrology and Earth System Sciences 863 1.29 25,940 1.48 30.06
Soil & Tillage Research 810 1.22 24,486 1.40 30.23
Journal of Geophysical Research-Atmospheres 806 1.21 38,896 2.22 48.26
Forest Ecology and Management 754 1.13 23,646 1.35 31.36
Agronomy Journal 726 1.09 20,894 1.19 28.78
IEEE Transactions on Geoscience and Remote Sensing 694 1.04 31,137 1.78 44.87
Vadose Zone Journal 663 0.99 13,093 0.75 19.75
Soil Biology & Biochemistry 658 0.99 34,814 1.99 52.91
Science of the Total Environment 657 0.99 11,130 0.64 16.94
Remote Sensing of Environment 645 0.97 36,860 2.10 57.15
Journal of Hydrometeorology 628 0.94 26,673 1.52 42.47
Remote Sensing 590 0.89 5472 0.31 9.27

Abbreviations: TA, total number of articles; TC, total number of citations; TC/TA, number of citations per article.

3.3. Study on International Collaboration and Geographic Distribution of Authors

The top 20 productive institutions in SW research from 1934 to 2019 are listed in Table 3.
The leading productive institutions are distributed across the USA and China, accounting for 55%
and 25% among the top 20 institutions, respectively. According to the number of published articles,
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The Chinese Academy of Sciences (CAS) in China, and The United States Department of Agriculture
Agricultural Research Service (USDA ARS) in the USA were significantly higher than other research
institutions, accounted for 7.14% (4761) and 4.29% (2858) of the total number of articles, respectively.
Meanwhile, USDA ARS (101,305) ranked first in the total number of citations, followed by CAS
(91,891). However, in terms of the citation per article, these two institutions were ranked 12th and 16th,
respectively. The top three citations per article were National Aeronautics and Space Administration
(NASA, 64.08) and University of Arizona (53.20) in the USA, and Commonwealth Scientific and
Industrial Research Organization (CSIRO, 52.37) in Australia.

Table 3. Top 20 productive institutions in SW research during 1934–2019.

Institution Country TA TC TC/TA

Chinese Academy of Sciences China 4761 91,891 19.30
USDA ARS USA 2858 101,305 35.45
University of Chinese Academy of Sciences China 1133 10,610 9.36
INRA France 952 39,491 41.48
NASA USA 839 53,763 64.08
University of California, Davis USA 745 28,077 37.69
University of Florida USA 730 17,221 23.59
University of Arizona USA 727 38,678 53.20
Northwest A&F University China 683 6955 10.18
China Agricultural University China 674 11,841 17.57
Beijing Normal University China 641 11,553 18.02
Colorado State University USA 638 28,323 44.39
CSIC Spain 628 21,214 33.78
Texas A&M University USA 583 16,831 28.87
Agriculture and Agri-Food Canada Canada 582 13,686 23.52
US Geological Survey USA 568 27,193 47.88
Oregon State University USA 548 22,378 40.84
CSIRO Australia 534 27,967 52.37
University of Nebraska USA 529 15,777 29.82
US Forest Service USA 524 18,793 35.86

Abbreviations: TA, total number of articles; TC, total number of citations; TC/TA, number of citations per article;
USDA ARS, United States Department of Agriculture, Agricultural Research Service; INRA, Institute National de la
Recherche Agronomique; NASA, National Aeronautics and Space Administration; CSIC, Spanish National Research
Council; CSIRO, Commonwealth Scientific and Industrial Research Organization.

According to Figure 3, the percentage of internationally collaborative articles increased with
fluctuations and reached the highest level in 2018 (26.62%), suggesting that international cooperation
had become a trend in the field of SW research. Generally, internationally collaborative articles
were cited more frequently than independent articles in the same period. International cooperative
SW research promoted collaborators to take full advantages of the leading technology and method,
respectively, to create highly recognized articles worldwide. The maximum value of an annual number
of citations per internationally collaborative article (127.50) appeared in 1976, because there were only
two internationally collaborative articles in 1976, and the article “Simulation of Field Water Uptake by
Plants Using a Soil Water Dependent Root Extraction Function” had been cited 252 times [22]. As well,
“Topographic Effects on the Distribution of Surface Soil Water and the Location of Ephemeral Gullies”
and “Phosphorus in Soil, Water and Sediment: an Overview” had been cited 238 and 111 times [23,24],
respectively, which resulted in the average citation frequency of three internationally collaborative
articles in 1988 (90.00) ranked second during 1975–2019.
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The top 20 most productive countries/territories are summarized in Table 4, with a total number of
articles and total citations for independent and internationally collaborative articles. The USA and China
had contributed significantly to the development of SW research and had published a considerable
number of articles (23,238 and 10,832, respectively). However, the articles produced by China were
only cited 15.49 times on average, which may be attributed to the fact that 85.00% of SW research
articles in China have been published in the past decade, and the short publication time resulted in
low cited frequency. In the UK, France, Netherlands, Switzerland, Belgium, and Denmark, the average
citation of per article was above 35, indicating that these countries had played essential roles in SW
research fields. In addition, the proportion of international cooperation articles in the Netherlands,
Switzerland, and Belgium all exceeded 55%. The average citation of internationally collaborative
articles was higher than that of independent articles, indicating that international cooperation was
effective in strengthening the influence of scientific outputs in SW research. It was noteworthy that
the countries with the average number of citations per article less than 20 times were all developing
countries (i.e., China, India, Brazil, Iran, and Russia), and the proportion of internationally collaborative
articles in these countries was less than the average of top 20 productive countries (37.29%). It implied
that those developing countries should strengthen cooperation with developed countries to improve
the influence power of SW scientific publications.

The cooperation among the top 20 countries is shown in Figure 4. The country with the larger
node had cooperative relations with more countries, and its degree centrality and importance in the
cooperation network were also more remarkable. Except for Iran and Russia not having published any
collaborative articles, the other 18 countries had cooperated in conducting SW research. The USA was
the center of the global SW research cooperation network, and its main partners were China, the UK,
Australia, Canada, and other countries. The thick line connecting the USA and other countries indicated
that the USA had produced a large number of internationally collaborative articles in SW research.
In addition to the USA, other major countries in the world also extended their cooperation network
outwards. The analysis confirmed that the cooperation between countries with advanced science and
technology guides the way of SW studies, and it also implied that international collaboration promoted
the development of SW research.
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Table 4. Top 20 productive countries/territories in SW research.

Country TA TC/TA IA IA (%) IC/IA CA CA (%) CC/CA

USA 23,238 34.70 17,917 77.10 35.27 5321 22.90 32.79
China 10,832 15.49 7999 73.85 13.73 2833 26.15 20.46
Australia 4057 31.13 2660 65.57 28.61 1397 34.43 35.94
Germany 3868 28.68 2195 56.75 24.68 1673 43.25 33.92
Canada 3864 28.87 2746 71.07 27.26 1118 28.93 32.80
UK 3282 39.19 1822 55.51 37.81 1460 44.49 40.91
France 3059 36.76 1629 53.25 35.51 1430 46.75 38.18
Spain 2389 30.13 1508 63.12 28.66 881 36.88 32.63
India 2385 12.26 2055 86.16 11.57 330 13.84 16.52
Brazil 2270 15.75 1711 75.37 10.18 559 24.63 32.79
Italy 2144 32.10 1343 62.64 25.12 801 37.36 43.80
Japan 2062 20.34 1398 67.80 17.17 664 32.20 27.03
Netherlands 1749 42.66 753 43.05 39.32 996 56.95 45.18
Switzerland 1175 38.02 517 44.00 37.47 658 56.00 38.45
Sweden 984 34.33 503 51.12 31.69 481 48.88 37.08
Iran 902 10.98 668 74.06 9.65 234 25.94 14.77
Belgium 884 36.02 386 43.67 32.69 498 56.33 38.61
Denmark 802 36.79 423 52.74 35.46 379 47.26 38.27
Argentina 704 23.63 492 69.89 18.09 212 30.11 36.48
Russia 632 14.67 427 67.56 4.99 205 32.44 34.85

Abbreviations: TA, total number of articles; TC/TA, number of citations per article; IA, number of independent
articles; IC/IA, number of citations per independent article; CA, number of internationally collaborative articles;
CC/CA, number of citations per internationally collaborative article.Water 2020, 12, x FOR PEER REVIEW 9 of 15 
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According to Figure 5, the dominating clusters of authors existed in North America, Western
Europe, West Asia, East Asia, and several minor clusters located in other parts of the world. The spatial
distribution characteristics of SW researchers were related to population density. The regions with a
large number of authors were generally located in densely populated areas, such as the eastern USA,
southern Europe, South Asia, eastern China, South Korea, and Japan.
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3.4. The Hot Topics in SW Research

Keywords are natural language words that can reflect the core contents of papers.
Therefore, a collection of keywords in an academic field can reveal the future trends of academic
research in the specified field [16]. Before the 1990s, the article number was small, and its keywords
information was incomplete. As a result, the articles from 1990 to 2019 were used for the top 20
frequently used keywords analysis with 10-year intervals (Table 5). The temporal change of keywords
occurrences indicated the evolution characteristics of SW research hotspots. From 1990 to 1999,
the research on soil moisture mainly focused on topics closely related to agricultural production, such
as “water stress”, “drought”, and “irrigation”. Some keywords related to plant growth mechanisms were
also used frequently in the early stages, among them, “nitrogen”, “transpiration”, “photosynthesis”,
and “stomatal conductance” ranked 5th, 8th, 10th, and 11th, respectively. However, the frequency
of keywords related to basic concepts and fundamental principles had been gradually decreasing as
time went by. For the last three decades, the frequency rankings of “soil temperature” were almost
stable and fluctuated between 12th and 15th, showing that combining soil moisture with other physical
properties of soil was a classic analysis mode for related research. The frequency of “climate change”,
“remote sensing”, and “water-use efficiency” had shown a significant increase since 2000, and the
recent rankings had reached 2nd 6th, and 7th, respectively. The SW research hotspots were developing
into new academic fields and gradually turning to topics closely related to human production and life.

Besides the search terms, “climate change”, a great concern worldwide that attracts tremendous
attention, was the highest-ranked keyword for the reason that soil moisture is a key variable of the
climate system and plays a major role in predicting climate change. There has been evidence that
soil moisture is one of the potential limiting factors for land carbon uptake, which could reduce gross
primary production through ecosystem water stress and further exacerbate climate extremes due to
land–atmosphere feedbacks [25]. Studies on climate change mainly focused on the impact of climate
change on soil moisture and soil water erosion [26,27] and using soil moisture as one of the variables
to build climate change prediction models [25]. As an important way to connect soil moisture with
other climatic elements, “evapotranspiration” ranked 4th.

“Drought” ranked 3rd among all keywords. Drought is a predominant cause of poor yields
worldwide, and the study of drought mainly concentrated on the effects of soil moisture on agricultural
irrigation, crop growth, and yield, especially under the condition of drought and water shortage [28,29].
As an important agricultural production method to mitigate the effects of drought, “irrigation” ranked
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8th, and related research mainly explored irrigation optimization strategies under different soil moisture
conditions [30,31].

Table 5. The top 20 high-frequency keywords in SW research from 1990 to 2019.

Keywords
1990–1999 2000–2009 2010–2019 1990–2019

F R F R F R F R

Soil moisture 399 1 1344 1 3260 1 5003 1
Climate change 62 23 294 6 1308 2 1664 2
Drought 140 6 389 4 1128 3 1657 3
Evapotranspiration 114 8 453 2 920 4 1487 4
Soil water content 96 12 343 5 759 5 1198 5
Soil water 185 2 398 3 509 9 1092 6
Remote sensing 46 38 263 9 733 6 1042 7
Irrigation 132 7 283 7 518 8 933 8
Soil 151 4 278 8 437 11 866 9
Water stress 174 3 236 12 432 12 842 10
Water use efficiency 61 25 193 19 522 7 776 11
Soil temperature 80 15 215 14 466 10 761 12
Nitrogen 145 5 250 10 308 20 703 13
Transpiration 114 8 241 11 332 15 687 14
Soil respiration 35 55 210 15 393 14 638 15
Photosynthesis 111 10 207 16 312 19 630 16
Temperature 83 14 205 17 322 18 610 17
Water balance 80 15 201 18 323 17 604 18
Precipitation 26 82 131 25 424 13 581 19
Stomatal conductance 105 11 217 13 250 26 572 20

Abbreviations: F, frequency of keywords; R, the rank of the keywords.

Soil water content, the 5th high-frequency keyword, mainly focused on the comparison of
accuracy and applicable scope of various measurement methods [32–34]. The interaction between
soil physical properties and soil water content had also attracted a great deal of attention, especially
associated with land-use and land-cover changes in the water limited regions, such as the Loess
Plateau in China [35], southern Africa [36], and northwestern America [37]. The spatial and temporal
variability of soil water content is also a research hotspot in the related fields. Remote sensing acted
as a useful method overcoming the difficulties of obtaining continuous time-series data at a large
spatial scale [26], which was widely used to obtain surface hydrology and vegetation information [38].
Spatiotemporal continuous soil moisture content and other data were retrieved from remote sensing
images, which were frequently performed to study soil water spatiotemporal variability. Among remote
sensing image products, medium-resolution imaging spectrometers, microwave radiometer satellites,
and soil moisture and seawater salinity satellites were widely used in SW research [39–41]. With the
rapid development of computer technology in recent years, remote sensing technology has become
increasingly mature. Meanwhile, emerging technologies such as high spatiotemporal resolution
satellite remote sensing images and drones have promoted the application of remote sensing in
SW research.

3.5. The Research Frontiers in the Field of SW

Keywords with a frequency of 50 or more were selected to generate the keyword co-occurrence
network map (Figure 6). It showed that the high-frequency keywords were mainly divided into five
clusters and were represented by different colors. Based on the results of keywords clustering analysis
and previous research reviews, the SW research frontiers were discussed as the following.
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(1) “Temperature”, “soil respiration”, “nitrogen”, “warming”, and other keywords related to “climate
change” were included in the red cluster. As the problem of global warming becomes increasingly
prominent, SW researchers have also paid more attention to spatiotemporal trends of soil moisture
and the interaction between soil moisture and soil nutrient conversion under the background
of global climate change [42]. Affected by meteorological factors and vegetation conditions,
there are differences in the response of soil moisture to climate change in various regions.
However, current soil moisture projections are almost essentially “black-box” type assessments
that remain considerable uncertainties [43], which leads to discrepancies in the prediction
results based on different models. Further research is needed, in terms of improving model
prediction accuracy by understanding the interaction mechanism among the elements of the
soil–vegetation–atmosphere system.

(2) For the green cluster, researches on “drought”, “soil water stress”, “soil water-use efficiency”,
“irrigation”, and “yield” mainly explored the relationship between soil water and agricultural
production activities. Soil moisture drought impacts can be witnessed in irrigated agriculture,
and long-term drought creates a severe threat to food security. Hence, it is critical to focus on soil
moisture drought forecasting, early warning, mitigations, resilience, and recovery in future SW
research [44].

(3) The blue keywords cluster mainly consisting of “soil water content”, “runoff”, “bulk density”,
and “organic matter”, which mostly occurred in studies of soil properties and soil water movement
mechanism. The water retention capacity and hydraulic conductivity of soil are controlled by the
soil structure, especially the pore size distribution [45]. Studies on quantifying the relationships
between soil hydraulic properties and soil structure parameters, and revealing the effects of
soil structure on soil water storage, water flow, and the solute transport are still essential in the
future [46].

(4) “Remote sensing”, “Moderate Resolution Imaging Spectroradiometer (MODIS)”, and “Synthetic
Aperture Radar (SAR)” constituted the yellow cluster centered on “soil moisture”, mainly
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representing the research method of soil moisture retrieval based on remote sensing technology.
Establishing multi-index or multivariate soil moisture inversion models based on multiple satellite
data sets is an effective method to improve the accuracy of soil moisture monitoring, and it merits
further exploration. As remote sensing inversion can only provide soil moisture data in the thin
upper layers, developing a method to obtain soil moisture data in deep soil layers (e.g., plant root
zone) with satellite data may be an effective approach to agriculture drought monitoring at a
large spatial scale [44].

(5) The research themes represented by the purple cluster centered on “evapotranspiration”
were mainly related to water balance and energy balance research studies, which were generally
combined with water circulation processes such as evaporation and drainage [47]. The main
controlling factors of soil hydrological processes such as evapotranspiration, runoff, and infiltration
are various on different spatial scales, so scaling transform is worthy of further study [48].

Clarifying the interaction between soil water and soil structure, vegetation, and meteorological
factors is conducive to promote the development of the study in the earth’s critical zone. Based on
advanced field measuring instruments, remote sensing technology, and hydrological models, accurate
and timely soil moisture monitoring needs further research to provide data support for drought
warning and sustainable agricultural production. In addition, with the improvement of field measuring
instruments and the application of remote sensing technology, the spatial and temporal scale of SW
research has been constantly complicated. The spatial objects of SW research ranged from the soil pores
to global coverage. Moreover, SW research focused not only on the temporal stability of soil water
content in a special event but also on the trends of changing over a longer period, such as inter-annual
changes in the background of climate change. Investigating comprehensive scientific issues at multiple
spatiotemporal scales is still a challenge for SW research.

4. Conclusions

This study provided a new perspective to reveal the global research trend of SW research.
The results of the bibliometric analysis demonstrated that the annual number of article outputs
had been in a steady state of continuous increase since 1990, indicating that SW research had wide
study prospects. International cooperation, especially among developed countries, was one of the
essential driving forces for the further development of SW research, due to the increasing proportion
of internationally collaborative articles and the higher citation frequency than independent articles.
However, the developing countries need to produce content-rich and high-quality scientific outputs
in SW research by strengthening cooperation with developed countries in the future. SW research
involved many fields closely related to humankind’s production and life, such as the environment,
ecology, and agriculture. For journals at similar levels in the Web of Science database, those attributed
to water science and technology, agronomy and crop science, and soil science had more scientific
outputs in SW research, and the quality of research articles depends mainly on the grade of journals.
Institutions with large scientific outputs in SW research were mainly located in the USA and China.
Furthermore, the USA maintained close cooperative relations with considerable countries, which led
to its pivotal role worldwide. Recently, SW research mainly focused on agricultural production and
other aspects with substantial practical application value and quickly combined with hot topics such as
climate change and remote sensing. The research area in revealing an interaction mechanism between
SW and environmental factors, developing the approaches for drought forecasting and mitigating,
quantifying the effects of soil structure parameters on soil water and solute transport, improving the
accuracy and depth range of soil moisture monitoring with satellite, and multiplying spatiotemporal
scaling transform were parts of important SW research frontiers.
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