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A bibliometric analysis was conducted to evaluate groundwater research from different perspectives in
the period 1993–2012 based on the Science Citation Index-Expanded (SCIE) database. The bibliometric
analysis summarizes output, categorical, geographical, and institutional patterns, as well as research hot-
spots in global groundwater studies. Groundwater research experienced notable growth in the past two
decades. ‘‘Environmental sciences’’, ‘‘water resources’’ and ‘‘multidisciplinary geosciences’’ were the three
major subject categories. The Journal of Hydrology published the largest number of groundwater-related
publications in the surveyed period. Major author clusters and research regions are located in the United
States, Western Europe, Eastern and Southern Asia, and Eastern Australia. The United States was a leading
contributor to global groundwater research with the largest number of independent and collaborative
papers, its dominance affirmed by housing 12 of the top 20 most active institutions reporting groundwa-
ter-related research. The US Geological Survey, the Chinese Academy of Sciences, and the USDA Agricul-
tural Research Service were the three institutions with the largest number of groundwater-related
publications. A keywords analysis revealed that groundwater quality and contamination, effective
research technologies, and treatment technologies for water-quality improvement were the main
research areas in the study period. Several keywords such as ‘‘arsenic’’, ‘‘climate change’’, ‘‘fluoride’’,
‘‘groundwater management’’, ‘‘hydrogeochemistry’’, ‘‘uncertainty’’, ‘‘numerical modeling’’, ‘‘seawater
intrusion’’, ‘‘adsorption’’, ‘‘remote sensing’’, ‘‘land use’’, ‘‘USA’’(as study site), and ‘‘water supply’’ received
dramatically increased attention during the study period, possibly signaling future research trends.
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1. Introduction

Groundwater, an active component of the hydrologic cycle, is
widely recognized as a critical and vulnerable resource
(Vörösmarty et al., 2000; Aeschbach-Hertig and Gleeson, 2012).
Recent decades have witnessed rising rates of falling aquifer water
levels, drying of wetlands, seawater intrusion, and general deterio-
ration of water quality (Kinzelbach et al., 1998; Reichard and
Johnson, 2005; Famiglietti and Rodell, 2013). Simultaneously,
groundwater research has increased steadily covering a variety of
topics, such as geochemical and hydrological process of groundwa-
ter (Wang and Cheng, 2000; El-fiky et al., 2010), interactions
among groundwater, surface-water, land use and climate changes
(Sophocleous, 2002; Chen et al., 2009; Wang and Hejazi, 2011),
hydrogeochemical characteristics and water quality contamination
(Chae et al., 2009; Alam et al., 2010), techniques for groundwater
modeling and assessment (Brunner et al., 2006; Singh and
Minsker, 2008), and groundwater management and policies
(Aeschbach-Hertig and Gleeson, 2012; Choi et al., 2013). Ground-
water studies have been reviewed from different viewpoints
(Welch et al., 2000; Scanlon et al., 2002; Mandal and Suzuki,
2002; Böhlke, 2002), and those of Schwartz and Ibaraki (2001)
and Schwartz et al. (2005) are most relevant to hydrologic sciences
in using bibliometric analyses. Citation analysis has been by others
used to examine the maturity and vitality of hydrogeology and to
assess its impact in the hydrologic sciences. This paper’s focus is
on groundwater-related research, relying for this purpose on a
comprehensive statistical review of the characteristics and trends
of groundwater research contents of accessible documents over
the past two decades.

Bibliometrics was first introduced as an application of mathe-
matical and statistical methods to books and other media of com-
munication (Pritchard, 1969). In recent years, it has been widely
applied in various fields to (i) evaluate scholarly productivity of
institutions and countries, (ii) explore research trends in specific
fields, and (iii) identify geographic distributions and international
collaborations by investigating authorship, sources, subjects, geo-
graphic origins, and keywords (Persson et al., 2004; Wang et al.,
2009; Sun et al., 2012). Several new statistical methods and
advanced technologies were gradually added to bibliometric
research, such as CiteSpace for visualizing patterns and trends in
scientific literatures (Chen, 2003), and social network analysis for
building co-word and collaboration networks (Zhuang et al., 2013).

In this study, bibliometric approaches were used to quantita-
tively and qualitatively investigate global groundwater research
trends during the period of 1993–2012. Specifically, this article
aims at (i) identifying general patterns for publication outputs,
journals, and subject categories in groundwater research; (ii) eval-
uating national and institutional research outputs; and (iii) sum-
marizing global research trends and hot issues, which may serve
as a potential guide for future research.
Fig. 1. Growth of SCIE publications and groundwater-related publications.
2. Data sources and methods

The data for this paper were collected from the online version of
Science Citation Index Expanded (SCIE) bibliographic database,
which is maintained by Thomson Reuters. SCI-Expanded, which
indexes the world’s leading journals of science and technology, is
a leading and frequently used metric of scientific accomplishment
in most fields of human creativity (Kostoff et al., 2000; Li et al.,
2009). Series of search terms, including ‘‘groundwater⁄’’, ‘‘ground
water⁄’’, ‘‘underground water⁄’’, ‘‘subsurface water⁄’’, ‘‘subterra-
nean water⁄’’, ‘‘unconfined water⁄’’, ‘‘confined water⁄’’, ‘‘artesian
water⁄’’, ‘‘phreatic water⁄’’, ‘‘crack water⁄’’, ‘‘fracture water⁄’’, ‘‘fis-
sure water⁄’’, ‘‘crevice water⁄’’, ‘‘karst water⁄’’, ‘‘karstic water⁄’’,
‘‘well water⁄’’, and ‘‘spring water⁄’’ were used to locate publications
that contained these words in publications’ titles, abstracts, and
keyword lists. The terms listed above could help retrieve the vast
majority of groundwater-related publications. Although there
may be other less common groundwater-related terminology, they
account for a small number of publications and may have marginal
relation to groundwater research.

Articles originating in England, Scotland, Northern Ireland, and
Wales were grouped under the UK (United Kingdom) heading. Arti-
cles from Hong Kong were excluded from China. Author affiliations
were statistically analyzed to evaluate the contributions of differ-
ent institutions and countries. The term ‘‘single country/institu-
tion’’ was assigned if researchers’ addresses were from the same
country/institution and the term ‘‘international/inter-institution-
ally collaboration’’ was designated to those articles that were co-
authored by researchers from multiple countries/institutions. The
affiliations of authors were geocoded using CiteSpace 3.8 R1
(Chen, 2004), and the worldwide geographic distribution of
authors was plotted using ArcGIS 10.0. Our keywords analysis took
author keywords as analysis objects, using 5-year intervals to min-
imize year-to-year fluctuations.
3. Results and discussion

3.1. Research output trend

The earliest papers indexed in the SCIE database appeared in
1900: Removal of iron from groundwater authored by G. Oesten
(Germany), and Movements of ground water by B.S. Lyman (Eng-
land). A substantial interest in groundwater studies did not emerge
until 1972, when the annual output reached over 100. A series of
organizations and activities promoted the development of hydro-
logical science internationally. In 1956, a world-wide organization,
the International Association of Hydrogeologists (IAH), was
founded with the mission of understanding groundwater processes
and pursuing the wise use and protection of groundwater
resources. The International Hydrological Programme (IHP), a
broad-based intergovernmental science program of the UN system
devoted to hydrology and water resources, was initiated in 1975
(Al-Weshah, 2003). Later on, the First Scientific Assembly of the
International Association of Hydrological Sciences (IAHS) was held
at Exeter in July 1982 (IAHS, 1982). After a slow steady growth, the
number of groundwater publications soared in the past two
decades.

Groundwater-related research gained momentum in the 21st
century synchronously with increasing concerns about groundwa-
ter supply and quality and their social implications, which are
ubiquitous around the world. Based on the aforementioned



Table 1
The 20 most active journals in groundwater-related research.

Journal TA (%) AAGR (%) TA/TJA (%) TC/TA

Journal of Hydrology 2136(3.55) 5.45 32.53 17.22
Water Resources Research 1868(3.10) 0.14 25.94 25.25
Environmental Earth Sciencesa 1766(2.93) 12.80 36.72 6.37
Environmental Science & Technology 1673(2.78) 9.75 9.19 37.23
Groundwater 1272(2.11) 1.11 67.23 15.79
Hydrogeology Journal 1088(1.81) 5.73 88.03 9.32
Journal of Contaminant Hydrology 896(1.49) 4.41 49.86 19.32
Hydrological Processes 893(1.48) 16.60 21.51 13.54
Applied Geochemistry 825(1.37) 8.99 31.11 16.25
Journal of Environmental Quality 777(1.29) 2.73 18.05 23.03
Water Research 776(1.29) 7.12 8.43 26.21
Water Science and Technology 732(1.22) �1.11 5.31 8.87
Science of the Total Environment 596(0.99) 11.19 6.22 22.16
Chemosphere 573(0.95) 8.84 4.40 19.26
Water Air and Soil Pollution 557(0.92) 8.34 9.58 10.04
Journal of Hazardous Materials 547(0.91) 13.80 4.85 14.41
Environmental Monitoring and Assessment 507(0.84) 11.14 9.22 5.25
Ground Water Monitoring and Remediation 479(0.8) 1.59 64.99 9.07
Advances in Water Resources 463(0.77) 11.92 26.79 15.21
Desalination 443(0.74) 4.94 5.22 12.00

TA(%): total number of groundwater-related articles published in a journal (followed by the percentage of groundwater-related articles in the journal of the total ground-
water-related articles); AAGR: average annual growth rate of the number of groundwater-related articles in a journal; TA/TJA: the percentage of groundwater-related articles
in a journal of the total number of articles published in the journal; TC: Total number of citations; TC/TA: the average number of citations that groundwater-related articles in
a journal received.

a Environmental Earth Sciences: prior to Volume 59 this journal was published as Environmental Geology.
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retrieval methods, a total of 64,376 papers were identified as
groundwater-related in the Science Citation Index Expanded data-
base during 1993–2012. Along with the expansion of SCIE dat-
abases, most scientific fields experienced rapid growth of
publication outputs (Gattuso et al., 2005). Therefore, exploring
whether groundwater-related research increased absolutely, or
whether it grew faster than the total of science, is insightful in
the analysis of trends in output. The two curves shown in Fig. 1
show that groundwater-related publications present a steeper
growth (6.62% growth from 1993 to 2012) than the total SCIE pub-
lications (3.90%), and the proportion of groundwater publications
increased from 0.21% in 1993 to 0.34% in 2012. In addition, among
the various document types (articles, letters, software reviews,
book reviews, etc.), articles (60,227) constituted the majority
(93.6%) of documents used in this survey. To ensure data consis-
tency, our analysis was further restricted to research articles pub-
lished during 1993–2012.
1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
3.2. Subject categories and major journals

Due to the assignment of journals to multiple subject catego-
ries, groundwater-related research covered 189 Web of Science
categories. The three most common categories were Environmen-
tal Sciences (19,766 articles; 17.34% of the total), Water Resources
(18,950; 16.62%), and Multidisciplinary Geosciences (13,854;
12.15%), followed by Environmental Engineering (6394; 5.61%),
Civil Engineering (5001; 4.39%), and Geochemistry & Geophysics
(3537; 3.10%). Although groundwater studies have also covered
subjects in other engineering subjects, earth sciences, and social
sciences, the concentration of groundwater articles in the above-
mentioned subject categories reveals that the gravity center of
groundwater studies revolves about environmental sciences and
geosciences.

Overall, 3164 different academic journals have published schol-
arly articles related to groundwater, and the 20 most active jour-
nals are presented in Table 1. There was a high concentration of
groundwater-related articles in these top journals; the 20 most
active journals (0.63% out of the 3164 journals) account for
18,867 or 31.3% of the 60,227 articles in the totality. The Journal
of Hydrology published the largest number of groundwater-related
articles (2136; 3.55% of the total), followed by Water Resources
Research (1868; 3.10%), Environmental Earth Sciencesa(1766;
2.93%) and Environmental Science & Technology (1673; 2.78%).
Except for Water Science and Technology, the number of groundwa-
ter-related articles in other 19 journals has varying degrees of
growth, with Hydrological Processes (16.60%), Journal of Hazardous
Materials (13.80%) and Environmental Earth Sciences (12.80%) pre-
senting the top 3 increasing interests in groundwater studies. Fur-
thermore, the ratio of the number of groundwater-related articles
(TA) to the total number of articles published (TJA) in a journal dur-
ing 1993–2012 (the TA/TJA %) was also calculated and shown in
Table 1. The Hydrogeology Journal (TA/TJA % = 88.03%) and Ground-
water (TA/TJA % = 67.23%) devote substantial emphasis to ground-
water studies. Their percentages herein reported reflect the
number of papers that specifically cite the theme of groundwater
in their contents (titles, abstracts, and keywords). Therefore,
papers that deal with subsurface topics but did not explicitly cite
groundwater are not included in the percentage statistics. Ground-
water-related articles published in the 20 most active journals
have received, on average, 17.61 citations. Environmental Science
& Technology (37.23), Water Research (26.21) and Water Resources
Research (25.25) have higher citation rates, indicating these jour-
nals have had wider influences in the broad field of groundwater.
3.3. Geographic and institutional distribution

To visualize the worldwide distribution of groundwater-related
publications, the affiliations of authors were geocoded using Cite-
Space and mapped worldwide using red1 dots as shown in Fig. 2.
The number of groundwater-related publications by country/terri-
tory was color mapped in Fig. 2, also. It is seen that author clusters
and major research regions are mainly located in the United States,
Western Europe, Eastern and Southern Asia, and Eastern Australia.
The cluster of Western Europe gravitates towards Germany, the
UK, and France. Eastern China, India, and Japan were the major areas



Fig. 2. Global geographic distribution of authors according to the total number of articles by country/territory.

Table 2
The 20 most active countries/territories in groundwater-related research.

Countries/territories TA (%) SC (%) IC (%) In 5-year window

CPA h-Index

USA 20,872(34.9) 15,634(74.9) 5238(25.1) 8.38 59
Germany 4373(7.3) 2332(53.3) 2041(46.7) 7.97 38
Canada 3713(6.2) 2201(59.3) 1512(40.7) 7.19 32
UK 3671(6.1) 1930(52.6) 1741(47.4) 8.52 35
China 3634(6.1) 2000(55.0) 1634(45.0) 6.17 35
India 3048(5.1) 2395(78.6) 653(21.4) 5.08 29
France 3023(5.1) 1438(47.6) 1585(52.4) 7.28 32
Australia 2746(4.6) 1558(56.7) 1188(43.3) 6.95 29
Japan 2350(3.9) 1501(63.9) 849(36.1) 5.19 24
Spain 2131(3.6) 1306(61.3) 825(38.7) 7.62 31
Italy 2110(3.5) 1284(60.9) 826(39.2) 7.17 28
Netherlands 1697(2.8) 936(55.2) 761(44.8) 8.23 27
Switzerland 1391(2.3) 503(36.2) 888(63.8) 8.92 29
Taiwan 1166(2.0) 824(70.7) 342(29.3) 6.16 22
South Korea 1118(1.9) 691(61.8) 427(38.2) 5.52 23
Sweden 1094(1.8) 554(50.6) 540(49.4) 7.46 22
Turkey 862(1.4) 698(81) 164(19.0) 4.71 22
Denmark 852(1.4) 467(54.8) 385(45.2) 8.61 23
Brazil 834(1.4) 516(61.9) 318(38.1) 4.7 20
Israel 774(1.3) 449(58) 325(42.0) 6.27 18

TA: total groundwater-related articles published by the country/territory; SC: single-country articles; IC: internationally-collaborated articles, CPA: average number of
citations per article; h-index: defined by the number h of papers among a country’s number of publications (Np) that have at least h citations each.
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for groundwater-related publications in Asia. These clusters of
authors were consistent with the fact that these regions are devel-
oped economies and house a large number of academic institutions.

There were 358 articles without any author address informa-
tion, and thus the total number of articles for the distribution anal-
ysis by country and institutional publications was 59,869.
Groundwater studies have been conducted worldwide, with
researchers from 179 countries/territories. Table 2 lists the 20
most active countries/territories with the number of single-coun-
try articles and internationally-coauthored articles. The United
States accounts for the largest number of articles (20,872; or
34.9% of the total), which includes single-country publications
(15,634) and internationally co-authored publications (5238). Ger-
many comes second and features 4373 articles, followed by Canada
(3713), the UK (3671), and China (3634). Because older articles
inherently had a higher number of citations, the academic impact
of countries based on a 5-year fixed window of analysis (2008–
2012) was evaluated, and the impact criteria are reported in
Table 2. The CPA (the average number of citations per article) indi-
cates the average impact of the articles published by a country, and
the h-index (defined as the number h of papers among a country’s
number of publications (Np) that have a least h citations each) is
used to find which country has the largest number of high-quality
articles in the groundwater field. It is seen in Table 2 that ground-
water-related articles authored in Switzerland have the highest
average impact (CPA, 8.92). Although the United States ranked
4th in the CPA index, it has the largest number of high-quality
and high-impact articles (59 articles with more than 59 citations
each) in the groundwater field.

Single-country articles make up the largest share of the total
number of articles in most countries, except for France and Swit-
zerland. Nevertheless, internationally-coauthored articles exhibit
an increasing trend during 1993–2012. Compound annual growth
rates (CAGR) of internationally-coauthored articles (IC), single-
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country articles (SC), and total articles (TA) of the top 20 most
active countries/territories were separately calculated based on
the following formula:

CAGRðt0; tnÞ ¼ ðNðtnÞ=Nðt0ÞÞ
1

tn�t0 � 1 ð1Þ

in which t0 is the beginning year (1993), tn is the ending year
(2012), and NðtnÞ;Nðt0Þ represent the number of articles published
in 2012 and 1993, respectively.

Fig. 3 shows that the compound annual growth rates of interna-
tionally-coauthored articles (ICGR) of most countries appear to be
significantly higher than those of single-country articles (SCGR).
This means that international research collaboration has become
more prevalent over time, and the fruits of cooperation contributed
to the overall scientific output in various countries and in the broad
field of groundwater. It is noticeable in Fig. 3 that the outputs of
China and South Korea exhibited strong increase, with total articles
growth rate (TAGR) equal to 21.83% and 21.79%, respectively.

At the institutional level, there were 22,712 institutions that
contributed articles on groundwater studies, and the 20 most
Table 3
The 20 most active institutions in groundwater-related research.

Institution TA (%) SI (%) CI (%) IC/CI

US Geol Survey, USA 1948(3.25) 749(38.45) 1199(61.55) 26.69
Chinese Acad Sci, China 1033(1.73) 265(25.65) 768(74.35) 56.25
USDA ARS,USA 688(1.15) 217(31.54) 471(68.46) 20.59
Univ Waterloo, Canada 620(1.04) 184(29.68) 436(70.32) 59.17
Univ Arizona, USA 562(0.94) 161(28.65) 401(71.35) 41.40
US EPA, USA 559(0.93) 143(25.58) 416(74.42) 19.95
Univ Calif Berkeley, USA 533(0.89) 132(24.77) 401(75.23) 42.89
Univ Florida, USA 522(0.87) 187(35.82) 335(64.18) 37.31
CSIC, Spain 432(0.72) 139(32.18) 293(67.82) 60.41
Univ Calif Davis, USA 428(0.71) 132(30.84) 296(69.16) 35.14
Stanford Univ, USA 427(0.71) 116(27.17) 311(72.83) 37.30
UFZ Helmholtz Ctr Environm Res,

Germany
414(0.69) 103(24.88) 311(75.12) 56.59

Indian Inst Technol, India 413(0.69) 182(44.07) 231(55.93) 38.53
Russian Acad Sci, Russia 399(0.67) 199(49.87) 200(50.13) 61.50
Natl Taiwan Univ, Taiwan 380(0.63) 80(21.05) 300(78.95) 31.67
Texas A&M Univ, USA 360(0.60) 87(24.17) 273(75.83) 48.72
Univ Nebraska, USA 360(0.60) 158(43.89) 202(56.11) 40.10
CSIRO, Australia 347(0.58) 89(25.65) 258(74.35) 46.90
Univ Wisconsin, USA 341(0.57) 111(32.55) 230(67.45) 21.74
Univ Illinois, USA 334(0.56) 90(26.95) 244(73.05) 31.97

TA: total number of groundwater-related articles published by an institution, SI: Sin
internationally coauthored articles over inter-institutionally coauthored articles, MC: m
CPA: average number of citations per article; h-index: defined by the number h of pape
each.

Fig. 3. Compound annual growth rate comparison of internationally-coauthored
(ICGR), single-country (SCGR), and total articles (TAGR) of the 20 most active
countries/territories during 1993–2012.
active institutions are displayed in Table 3. The latter shows the
United States’ dominant position in world groundwater research,
as there are 12 research institutions in the United States ranking
among the 20 most active institutions. The US Geological Survey
(USGS) led institutional activity, with 1948 articles, followed by
the Chinese Academy of Sciences (CAS, 1033) and the USDA’s Agri-
cultural Research Service (ARS, 688). However, the USGS, CAS, and
ARS are institutions that have branches in many locations, and
dividing the articles among the branches would yield different
rankings. The University of Waterloo, the University of Arizona,
and the University of California at Berkeley, were the three most
active single-site institutions. Our analysis of international collab-
orations revealed that an average of 68.25% of total articles by the
20 most active countries/territories were inter-institutionally
coauthored. In addition, it was determined that institutions that
are more likely to cooperate with foreign organizations were from
Russia, Spain, Canada, Germany, and China, whereas American
institutions preferred to collaborate with domestic partners. The
major collaborators of each institution shown in Table 3 revealed
their vital research partners in groundwater research. As to the
academic effects of these institutions during 2008–2012, Stanford
University had the highest average citation (CPA, 11.89), while
the US Geological Survey had the highest quality index (h-index,
27).
3.4. Research trends and hotspots

Author keywords provide a reasonable description of an arti-
cle’s theme, and could reveal the profile of an author’s research
preferences (Sun et al., 2012). Therefore, keyword analysis can be
used to identify the subjective focus and emphasis specified by
authors, explore research hotspots, and discover scientific research
trends (Xie et al., 2008; Li et al., 2009). The keyword analysis in our
study utilized author keywords as statistical objects. To obtain
accurate results, we preprocessed the keywords by merging the
singular and plural forms of the same terminology, and those
keywords with the same meaning while using different expressions
MC In 5-year
window

CPA h-Index

Univ Arizona, USA (52) 7.26 27
Lanzhou Univ, China (36) 5.18 24
Univ Georgia, USA (27) 7.11 16
Environm Canada, Canada (23) 6.23 16
US Geol Survey, USA (52) 6.48 17
Univ Cincinnati, USA (31) 7.74 17
Pacific NW Natl Lab, USA (42) 8.94 24
Purdue Univ, USA (23) 4.44 13
Univ Barcelona, Spain (31) 7.28 20
US Geol Survey, USA (29) 6.85 14
Oak Ridge Natl Lab, USA (29) 11.89 22
Univ Tubingen, Germany (32) 6.29 18

Natl Inst Hydrol, India (20) 5.18 14
Moscow MV Lomonosov State Univ, Russia (32) 1.40 6
Acad Sinica, Taiwan (36) 5.50 14
USDA ARS, USA (12) 6.12 15
Hohai Univ, China (12); USDA ARS, USA (12) 4.45 11
Univ Western Australia, Australia (30) 4.62 8
US Geol Survey, USA (33) 6.89 15
Illinois State Geol Survey, USA (14); US Geol Survey, USA (14) 7.10 16

gle-institution articles, CI: inter-institutionally coauthored articles, IC/CI: ratio of
ajor collaborator(s) and the number of collaborated articles (within parentheses),

rs among an institution’s number of publications (Np) that have at least h citations
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(for example, ‘‘ground water’’ and ‘‘groundwater’’, ‘‘modelling’’ and
‘‘modeling’’, ‘‘climatic change’’ and ‘‘climate change’’, and ‘‘GIS’’
and ‘‘geographic information systems’’).

3.4.1. Hot topics and directions
Only 2494 keywords (3.47% of the total number) were used in

more than 10 articles, and these keywords were present in main-
stream groundwater-related research. Keywords ranking changes
in the four 5-year intervals are indicative of changes in the hot
fields. The top 20 most frequently used keywords for the study per-
iod are listed in Table 4. With the exception of ‘‘Groundwater’’,
which is the search word in this study, the three most frequently
used keywords were ‘‘Arsenic’’, ‘‘Nitrate(s)’’ and ‘‘Water Quality’’.
Obviously, the topics of water quality and contamination attracted
the greatest attention in groundwater-related research, which
involved various themes of research, such as (i) the study of pollu-
tant reduction, evaluation and simulation of pollutants’ migration
and their transformation under different situations, (ii) detection
of multiple contaminations and their interactive effect, and (iii)
their overall influence on human health and the environment
(Leonard et al., 1987; Lovley, 1991; Kolpin et al., 2002). ‘‘Arsenic’’,
a toxic metalloid, first ranked 24th during 1993–1997, then
increased to second in the latest period. Dangerous arsenic concen-
trations in natural waters are a threat in many regions of the world
and it is often referred to as a 20th and 21st centuries calamity,
which motivated the notorious attention devoted to arsenic con-
tamination, arsenic removal, arsenic exposure and health effects
(Smedley and Kinniburgh, 2002; Rahman et al., 2003; Mohan and
Pittman, 2007; Kanel et al., 2013). Nitrate in groundwater
remained a hot research topic during the past 2 decades. Mean-
while nitrate contamination of groundwater has increased alarm-
ingly in various parts of the world due to increased usage of
nitrogenous fertilizers, changes in land-use patterns, and increased
recycling of domestic wastewater (Sharma and Sobti, 2012). Fur-
thermore, ‘‘heavy metal(s)’’ experienced a significant increase from
29th in 1993–1997 to 8th in 2008–2012. Instances of soil and
groundwater contamination by heavy metals due to wastewater
drainage and mining are markedly increasing in various parts of
the world (Lee et al., 2005; Bhagure and Mirgane, 2011), which
drew the attention of the environmental community to undertake
investigations and assessments, and to remediation and
Table 4
The 20 most frequently used keywords for the study period.

Keywords Total 1993–1997

Cnt R

Groundwater 6428 637 1
Arsenic 1219 41 24
Nitrate(s) 1034 95 3
Water quality 878 115 2
Modeling 715 64 9
Soil(s) 657 80 5
Geographic Information System (GIS) 646 37 31
Drinking water 627 42 22
Adsorption 608 40 26
Heavy metal(s) 559 38 29
Stable isotope(s) 556 24 51
Hydrochemistry 530 22 59
Aquifer(s) 519 77 6
Hydrology 508 72 7
Pesticide(s) 502 90 4
Denitrification 492 44 18
Contamination 490 34 33
Irrigation 482 46 16
Nitrogen 473 70 8
Groundwater flow 467 27 44

Cnt: count of occurrences; R: rank.
management technologies (Demirel, 2007; Hseu et al., 2010). The
umbrella name, ‘‘contamination’’ also had increasing rank, while
the ranks of ‘‘pesticide(s)’’ and ‘‘nitrogen’’ exhibited obvious decline.
In recent years, regulations on pesticides have reduced their use
(Waibel, 1993), and thus, research related to their treatment and
harm to the environment has dwindled in number. Besides, although
nitrogen-containing compounds are still pervasive in waters, it is
inferred that researchers preferred to use specific words ‘‘nitrates’’
or ‘‘ammonia nitrogen’’ to describe nitrogenous pollutants.

‘‘Modeling’’ continues to be a frequently-used method in
groundwater research, as it is useful in approximating groundwa-
ter-related environmental processes (Seyf-Laye et al., 2012). In
addition, management/planning models and water rights models
were also implemented extensively in exploring management
plans and making administrative decisions (Rossman and Zlotnik,
2013). ‘‘Geographic Information System (GIS)’’ and ‘‘Stable Iso-
tope(s)’’ methods have made steady gains in popularity in
groundwater-related research, with ranks rising by 25 and 41,
respectively, during the study period. GIS provides unique capabil-
ities (especially for spatial analysis and visualization) in the assess-
ment and management of groundwater resources, contamination,
and environmental impacts (Corwin et al., 1997; Scibek and
Allen, 2006). Stable isotopes are mainly used to quantify ground-
water/surface-water interactions and probe pollutants’ sources
and transformation processes (Williams, 1997; Cook, 2013). In
recent years, the integrated application of stable isotopes and GIS
technology in the groundwater field became a thriving area of
research (Tetzlaff et al., 2007).

‘‘Soil(s)’’ remained among the top 10 most frequently used key-
words during the study period. Because of it being an essential
media of groundwater interacting with the surface environment,
a large number of studies focusing on soil properties, the move-
ment of contaminants through soil, and the mutual influence of
soil and groundwater (Beldring et al., 1999; Seeboonruang, 2012;
Cuevas et al., 2012). Groundwater serves as a vital source of ‘‘drink-
ing water’’ in most countries worldwide (especially in arid and
rural areas). Hence, the related water-quality, health risk-assess-
ment, contamination remediation, and regulation attracted grow-
ing attention in the study period (Amaral et al., 2003;
Thirunavukkarasu et al., 2003; Reimann and Banks, 2004;
Suthar, 2011). ‘‘Adsorption’’, a remediation method for water
1998–2002 2003–2007 2008–2012

Cnt R Cnt R Cnt R

1305 1 1905 1 2581 1
130 7 411 2 637 2
220 2 301 3 418 3
171 3 260 4 332 4
170 4 230 5 251 11
138 6 188 8 251 11

88 20 212 6 309 6
109 11 190 7 286 7

79 29 173 10 316 5
85 23 161 12 275 8

107 12 170 11 255 10
105 14 176 9 227 13

98 16 155 13 189 20
124 8 146 19 166 26
150 5 119 28 143 33
116 10 149 17 183 22
121 9 155 13 180 23

83 25 126 22 227 13
98 16 151 16 154 31
81 27 154 15 205 16
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contamination, has received growing attention with a large rank
advancement during the study period. ‘‘Denitrification’’ has risen
and fallen in rank. It is the key mechanism for nitrate removal,
especially biological denitrification has potential for the elimina-
tion of nitrate with high reliability (Foglar et al., 2005; Tong
et al., 2013). ‘‘Hydrochemistry’’ and ‘‘hydrology’’ are two other
major fields of inquiry in groundwater research. The rank of
‘‘hydrochemistry’’ rose significantly while that of ‘‘hydrology’’
declined in the period 1993–2012. The study of water in aquifers
and the characterization of aquifers are key topics of Hydrogeol-
ogy, a discipline concerned with groundwater research. Stream/
tide-aquifer interaction, ‘‘groundwater flow’’ in aquifers, aquifer
overexploitation, and climate change impacts on aquifers have
remained hot research fields (Loáiciga et al., 2000; Custodio,
2002; Nastev et al., 2005; Intaraprasong and Zhan, 2009; Singh
and Jha, 2011). Numerical simulation of ‘‘groundwater flow’’ and
related contaminants and heat transport have attracted increasing
attention during the past two decades. In addition, groundwater is
vital for irrigation. ‘‘Irrigation’’ alters groundwater fluxes and flow
patterns, and also groundwater quality and salinity (Garcia-
Garizabal and Causape, 2010; Lehrsch et al., 2011), thus its prom-
inence among keywords.
3.4.2. Quick rising themes
The Compound Annual Growth Rate (CAGR) and Growth Ratio

(GR, defined as the total number of keywords occurrences during
2003–2012 divided by the number of occurrences during 1993–
2002) were used to identify the top 100 most frequently used key-
words and to select quick rising themes of groundwater research,
which could be indicators of future research directions. The CAGR
provides smoothed growth rates free from the annual fluctuations
of keywords occurrences during the study period. Table 5I lists the
top 13 among the top 20 keywords according to the CAGR and the
GR, and sorted them by their average rank. The ranks in Table 5I
show that ‘‘Arsenic’’ and ‘‘climate change’’ are two leading hot
Table 5
27 Quick rising themes based on Compound Annual Growth Rate (CAGR) and Growth
Ratio (GR).

Keywords CAGR (%) R1 GR R2 Ave. rank

I
Arsenic 28.88 1 6.13 5 3
Climate change 21.51 3 5.38 7 5
Fluoride 20.80 5 5.94 6 5.5
Groundwater management 20.58 6 4.93 9 7.5
Hydrogeochemistry 21.23 4 4.22 13 8.5
Uncertainty 18.11 9 5.29 8 8.5
Numerical modeling 21.59 2 3.80 17 9.5
Seawater intrusion 16.59 18 9.06 2 10
Adsorption 19.46 7 4.11 16 11.5
Remote sensing 16.54 19 7.64 3 11
Land use 17.08 15 4.22 12 13.5
USA/United States 17.08 16 4.29 11 13.5
Water supply 17.67 11 3.66 19 15

II III

Keywords CAGR
(%)

R1 Keywords GR R2

Stable
isotope(s)

18.58 8 China 9.94 1

Precipitation 17.94 10 India 7.55 4
Hydrochemistry 17.30 12 Bangladesh 4.80 10
Wastewater 17.27 13 Geostatistics 4.18 14
Monitoring 17.08 14 Geographic Information

System (GIS)
4.17 15

Uranium 16.76 17 Water management 3.66 18
Isotope(s) 15.79 20 Heavy metal(s) 3.54 20

CAGR: compound annual growth rate; R1: rank according to CAGR results; R2: rank
according to the Growth Ratio (GR); Ave. Rank: the average rank of a keyword in R1
and R2.
issues that continue to attract broad attention. ‘‘Arsenic’’ (CAGR,
28.88%; GR, 6.13) kept its dominance in terms of total quantity
and annual growth rate. An increasing number of publications
appeared in recent years dealing with ‘‘climate change’’ and its
groundwater impacts, such as variations in groundwater level fluc-
tuation (Chen et al., 2004), alteration of groundwater flow regimes
(Scibek and Allen, 2006), changes in the volume and quality of
groundwater resources (Priyantha Ranjan et al., 2006; Bloomfield
et al., 2006), and effects on groundwater recharge (Loáiciga,
2003; Herrera-Pantoja and Hiscock, 2008; Jyrkama and Sykes,
2007). It also has been established that sea level rise due to climate
change may accelerate ‘‘seawater intrusion’’ (Abd-Elhamid and
Javadi, 2011a; Loáiciga et al., 2012). Seawater intrusion is a serious
threat to water-quality in coastal areas (Abd-Elhamid and Javadi,
2011b; Loáiciga et al., 2012). As a result, the growing concern has
triggered research on the mechanisms and extent of seawater
intrusion, on the evaluation of groundwater quality and soil salin-
ity changes, and on exploring cost-effective control methods
(Sadeg and Karahanoðlu, 2001; Narayan et al., 2007; Zghibi et al.,
2013). More recently, the number of people reportedly suffering
from ‘‘fluoride’’ poisoning has been found to be large, mainly due
to naturally occurring fluoride in groundwater. Thus, research
has been devoted to identifying the origins and hydrogeochemistry
of high-fluoride groundwater (Gupta et al., 2005), analyzing the
health effects on local consumers (Hussain et al., 2010), determin-
ing the mechanism for fluorine migration and enrichment (Li et al.,
2013), and investigating the effective treatment and removal
methods and devices (Singh et al., 2013). The dramatic change of
‘‘land use’’ during the past 20 years, especially in developing coun-
tries, has significantly affected groundwater resources. A growing
number of researches concentrated on the impact of land use on
groundwater level, recharge and discharge, groundwater quality
and contamination (Scanlon et al., 2005; Ritter et al., 2007;
Lerner and Harris, 2009; Cho et al., 2009; Leterme and Mallants,
2012). As a result of the worsening stresses upon groundwater,
‘‘hydrogeochemistry’’ characteristics of groundwater and their
responses/evolution to external influence have risen as important
research topics (Nicholson et al., 1983; Zhao et al., 2010). The key-
word ‘‘USA/United states’’ also enjoyed a quick rise as an area of
concern in groundwater research.

Several prevalent research technologies and methods were sta-
tistically detected. With the development of computer technology,
‘‘numerical modeling’’ has become a powerful tool of quantitative
research in the groundwater field, with wide-ranging applications
in various directions including thermal/solute transport (Abramov
and Kring, 2004; Sikdar et al., 2013), groundwater and surface-
water interactions (Chen et al., 2013), seawater intrusion
(Qahman and Larabi, 2006), and groundwater resource assess-
ment/management (Sophocleous et al., 1999). ‘‘Uncertainty’’ is
inherently a complexity in the assessment of groundwater sys-
tems, and the commonly used deterministic method of groundwater
analysis is limited by inaccuracy and limited-scope management
decisions. Therefore, uncertainty analysis in groundwater modeling,
as well as uncertainty methods applied to groundwater assessment
and simulation have gained in popularity in groundwater research
(Singh and Minsker, 2008; Wu and Zeng, 2013). ‘‘Remote sensing’’,
has broadened the scope of groundwater assessment, modeling,
and management at regional and continental scales (Brunner
et al., 2006). Recently, the combined application of geographical
information system (GIS), remote sensing (RS) and geostatistics
appeared in the study of interactions among groundwater, surface
water, and land-use cover changes (Chen et al., 2009).

The growing stresses upon groundwater resources and the
awareness and interest in managing those resources sustainably
have engendered a growing body of pertinent research (Jha et al.,
2008; Riemann et al., 2012). There is also a growing reliance on
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groundwater for ‘‘water supply’’ around the world, although this
function is threatened by groundwater over-exploitation, seawater
intrusion, and water-quality deterioration (Stevanovic and Eftimi,
2010). Therefore, research has focused on optimizing water-supply
schemes to (i) minimize environmental degradation (Voivontas
et al., 2003), (ii) solve health problems resulting from exposure
to contaminated groundwater (Dangendorf et al., 2002), and (iii)
explore efficient technologies for clean water supply (Macedonio
et al., 2012).

Table 5II and III list two sets of 7 keywords among the top 27
keywords according to the CAGR (Table 5II) and GR (Table 5III),
excluding the 13 terms shown on Table 5I. The left-column key-
words (Table 5II) show a steady and relatively rapid growth, while
the right-column keywords (Table 5III) exhibited a rapid, yet fluc-
tuating increase during the study period. Here we mainly discuss
the quick rising themes listed in Table 5II and III except for the
hot issue keywords ‘‘Stable Isotope(s)’’, ‘‘Hydrochemistry’’, ‘‘Geo-
graphic Information System (GIS)’’, and ‘‘Heavy Metal(s)’’. Ground-
water systems are vulnerable to changes in ‘‘precipitation’’, and
numerous researches explored the groundwater response to varia-
tions in the quantity and quality of precipitation in various regions
(Dzhamalov and Zlobina, 1995; Johnson et al., 2003; Han et al.,
2008). ‘‘Wastewater’’ infiltration deteriorates groundwater quality,
which prompted studies assessing, monitoring, and controlling the
impact of wastewater on groundwater quality (Tang et al., 2004;
Humphrey et al., 2010). Groundwater ‘‘monitoring’’ is essential
for the understanding of groundwater conditions (Jørgensen and
Stockmarr, 2008; Uddameri and Andruss, 2013). ‘‘Uranium’’ min-
ing and milling operations have taken place in several countries,
which caused radioactive contamination and posed health risk to
residents (Neves and Matias, 2007). Hence, there is an urgent
and increasing need to explore effective Uranium immobilization
and removal methods from groundwater (Phillips et al., 2008;
Cao et al., 2010). Meanwhile, Uranium ‘‘isotope’’ is vital evidence
for groundwater chemical evolution and a tracer used in ground-
water transport studies (Grabowski and Bem, 2011; Roback et al.,
2001). Furthermore, various isotopes are commonly used in studies
of groundwater recharge and groundwater-surface water interac-
tions (Tweed et al., 2011; Kamdee et al., 2013).

The GR on the right-column keywords (Table 5III) during 2003–
2012 are about 3.54–9.94 times of those during 1993–2002. China,
India, and Bangladesh, are increasing hot topics of groundwater-
related research. The largest population at risk among the 21 coun-
tries with known groundwater arsenic contamination is in Bangla-
desh, followed by West Bengal in India (Mohan and Pittman, 2007).
In addition, some of the largest rates of groundwater depletion cur-
rently occur in Bangladesh and northern India (Aeschbach-Hertig
and Gleeson, 2012). China is facing a deteriorating groundwater
situation in terms of quality and quantity, and the situation may
persist in the coming decades (Varis and Vakkilainen, 2001). ‘‘Geo-
statistics’’, an effective management and decision-making tool, has
become more prevalent in groundwater research, especially in the
analysis of groundwater-level fluctuation, chemical contamination,
evaluation of groundwater quality, and in the assessment of
groundwater storage and reservoir capacity (Uyan and Cay,
2013). Groundwater management has become more prevalent
worldwide. Likewise, research on integrated ‘‘water management’’
has also generated widespread interest due to its holistic approach
to the study of water systems and their interaction with people and
the environment (Bouwer, 2002; Wolf et al., 2006).
4. Conclusions

An evaluation of global groundwater research trends during
1993–2012 was obtained by statistical analysis of the patterns of
publication outputs, journals, subject categories, geographic and
institutional contributions, and the temporal evolution of keyword
frequencies. The amount of groundwater-related publication out-
puts rose at an average annual growth rate of 6.62% over the past
two decades, faster than overall SCIE publications. ‘‘Environmental
sciences’’, ‘‘Water resources’’ and ‘‘multidisciplinary Geosciences’’
were the three major subject categories. The Journal of Hydrology
published the most articles (2136), while the Hydrogeology Journal
and Groundwater focused publications dedicated to groundwater
studies. Meanwhile, 19 of the 20 evaluated journals have increased
their numbers of groundwater articles during the study period.

The worldwide geographic distribution of authors in groundwa-
ter-related research was visualized cartographically, with major
spatial clusters in the USA, Western Europe, Eastern and Southern
Asia, and Eastern Australia. The United States produced the largest
number of single-country and internationally-coauthored articles
followed by Germany and Canada. China and South Korea exhib-
ited steady increases of outputs at the highest rates. Moreover,
the rapid growth of internationally-coauthored articles demon-
strated that international collaboration of groundwater-related
research became more prevalent over time. The US Geological Sur-
vey, the Chinese Academy of Sciences, and the USDA Agricultural
Research Service were the three most active institutions. The USA’s
dominant position in world groundwater research was affirmed by
housing 12 research institutions that ranked among the 20 most
active institutions.

Keywords analysis revealed the hot directions and quick rising
themes in groundwater studies, which were in the areas of ground-
water quality and contamination, effective research technologies,
and treatment technologies. In addition, sixteen hot issues
(arsenic, climate change, fluoride, groundwater management,
hydrogeochemistry, seawater intrusion, adsorption, land use,
water supply, precipitation, hydrochemistry, wastewater, monitor-
ing, uranium, water management, and heavy metals), six research
technologies and methods (uncertainty analysis, numerical model-
ing, remote sensing, isotope/stable isotope, geostatistics, and Geo-
graphic Information System (GIS)), and four countries (the United
States, China, India, and Bangladesh) received steadily increasing
attention, pointing to likely future groundwater-related research.
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