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Abstract: Irrigated agriculture is indispensable to the Lower Mekong River Basin (LMB), which
ensures food security and provides livelihoods for tens of millions of people. Irrigation, agricultural
production, hydropower and aquatic ecosystem health are intertwined in LMB, so it is necessary
to adopt a holistic approach to analyze irrigation problems. Here, we discuss the challenges and
opportunities of LMB irrigation. Bibliometric analysis is carried out to determine the characteris-
tics and patterns of watershed irrigation literature, such as the importance of authors, affiliated
institutions, and their distribution in China. Based on bibliometric analysis, research topics are
determined for thematic review. Firstly, we investigated the factors that directly affect the demand
and supply of irrigation water and associated crop yield impacts. Secondly, we analyzed the influence
of water availability, land use and climate change on agricultural irrigation. Thirdly, we analyzed the
adverse effects of improper irrigation management on the environment, such as flow pattern change,
ecosystem deterioration and land subsidence caused by groundwater overexploitation. Fourthly,
the time–space mismatch between water supply and demand has brought serious challenges to the
comprehensive water resources management in cross-border river basins. In each specific application
area, we sorted out the technologies in which remote sensing technology is used. We hope that this
review will contribute to in-depth research and decision analysis of remote sensing technology in
agricultural irrigation.

Keywords: bibliometric analysis; irrigation; agriculture; Lower Mekong River Basin; water resource
management; remote sensing

1. Introduction

Stretching over 4900 km from the Tibetan Plateau to the South China Sea, the Mekong
River drains an area of 795,000 km2 and has an average annual discharge of 475 km3.
The Lower Mekong River Basin (LMB, Figure 1) includes parts of Cambodia, Lao PDR,
Thailand and Vietnam, and it is home to more than 70 million people [1]. The distribution
of precipitation in the LMB has a strong seasonality, which plays a decisive role in the
selection of local crops and planting dates in different areas within the region [2]. In LMB
countries, the wet season runs approximately from May to October, followed by a dry
season from November to March. The Mekong River flow usually is at its lowest in April.
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a specific time period by a country. Irrigation plays an important role in securing monsoon 
crops and converting a single crop, namely rain-fed rice, to multiple cropping systems. 
Irrigation in the LMB relies on water diverted from the Mekong main stem and its tribu-
taries. Irrigation is mostly carried out in the dry season when crop area is lower than that 
during the rainy season. Notably, the Mekong Delta is the most productive area in the 
LMB and a main irrigation water consumer. Crops in the LMB are heavily dependent on 
rainwater to grow, with rice being the dominant crop. The LMB produced 48.2 million 
tons, or around 51% of the 93.6 million tons of rice produced in the four LMB countries 
(Lao PDR, Cambodia, Thailand, and Vietnam) as a whole in 2013 [3]. 

 
Figure 1. Mekong River topographic map. 

  

Figure 1. Mekong River topographic map.

Rural livelihoods in the LMB are highly dependent on agriculture [2]. This is partic-
ularly true for Cambodia, Myanmar and Laos PDR where agriculture related activities
account for a significant share of GDP as shown in Table 1. Gross domestic product (GDP)
is a monetary measure of the market value of all the final goods and services produced in a
specific time period by a country. Irrigation plays an important role in securing monsoon
crops and converting a single crop, namely rain-fed rice, to multiple cropping systems.
Irrigation in the LMB relies on water diverted from the Mekong main stem and its tribu-
taries. Irrigation is mostly carried out in the dry season when crop area is lower than that
during the rainy season. Notably, the Mekong Delta is the most productive area in the
LMB and a main irrigation water consumer. Crops in the LMB are heavily dependent on
rainwater to grow, with rice being the dominant crop. The LMB produced 48.2 million tons,
or around 51% of the 93.6 million tons of rice produced in the four LMB countries (Lao
PDR, Cambodia, Thailand, and Vietnam) as a whole in 2013 [3].
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Table 1. Key statistics in the LMB countries, 2021.

Cambodia Lao PDR Thailand Vietnam Myanmar

GDP (106 USD) 26,961 18,827 505,947 366,137 65,091

Agriculture,
forestry, and
fishing, value

added (% of GDP)

22.8 16.1 8.5 12.6 23.4

Population (103) 16,589 7425 71,601 97,468 53,798

GDP Growth (%) 3.0 2.5 1.5 2.6 −17.9

GDP per capita
(USD) 1625 2535 7066 3756 1209

Urban population
growth rate (%) 2.9 3.2 1.6 2.7 1.7

Poverty (%) 16.7 27.6 9.8 2.8 25.6
Source: https://data.worldbank.org/ (accessd on 15 March 2023).

In general, irrigation is seen as a crucial component of rural development and plays
a significant role in boosting agricultural production and alleviating poverty in the LMB
countries [4]. So far, irrigation systems are created expressly to produce rice, making it
challenging for farmers to switch to other crops [4]. Nevertheless, the intensification of
irrigated agriculture had led to farmers in Thailand and Vietnam to shift from rice to high-
return activities such as aquaculture or cash crops. Nowadays, however, a considerable
number of populations in the LMB still live in poverty, as shown in Table 1.

Water abstraction for agriculture makes up around 90% of all water diversions in the
region (Cambodia: 94%, Thailand: 91%, Vietnam: 86% and Laos: 82%) [4]. However, the
distribution of water resources in the Mekong River region is rather uneven, and there
exist competing interests in water uses between the upper and lower reaches. Water is
essential for sustainable agricultural production [5,6]. In agricultural water use, irrigation
has the largest share, and irrigation efficiency and grain yield directly affect a country’s
agricultural development level [7,8].

Meanwhile, water, food and energy (WEF) are highly interconnected in the LMB. For
example, water is used to produce food and energy (e.g., irrigation and hydropower) [9],
and in return, energy is required to pump and distribute water and produce food [10,11].
In fact, irrigation uses large amounts of water, which poses a challenge to water resources
management in the LMB, especially in the dry season. In this situation, it is useful to take
a holistic perspective by considering water, food and energy simultaneously, or in other
words, taking a WEF nexus perspective while analyzing irrigation in the LMB. Such a
perspective can potentially enhance water, energy and food security by increasing efficiency,
reducing trade-offs, building synergies and improving governance across the three inter-
connected sectors [12]. Needless to say, WEF represents the most significant resources that
support sustainable development of human society [13].

Most existing studies [14–17] related to irrigation in LMB focus on hydropower be-
cause of the close relationship between these two sectors. There are both synergies and
tradeoffs between these two sectors. For instance, water stored in upstream hydropower
reservoirs can augment irrigation water supply in the downstream during the dry season
and in dry years, effectively relieving downstream drought. More enhanced cooperation
between the riparian countries are expected to be an effective way in addressing water and
food challenges in the LMB [18]. On this important and complex issue about irrigation
in the LMB, despite a considerable number of existing studies conducted from various
angles, there is generally a lack of systematic review of the development, status and future
challenges of irrigation in the region, especially when it is related to the interactions and
interdependencies between irrigation and other water-using sectors such as hydropower
and ecosystem. To the best of our knowledge, an irrigation-focused review is yet to be done

https://data.worldbank.org/
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for the LMB. Based on a detailed investigation of available publications focusing on this
topic through bibliometric analysis and specific theme-focused review, this paper aims to
improve our understanding of key challenges and opportunities in irrigation management
and development in the LMB.

2. Methodology
2.1. Data Collection

The bibliometric analysis and review in this paper rely on literature on LMB irrigation
found from the Web of Science database [19]. We chose the Web of Science because it is
the most well-established bibliometric dataset, and the inclusion criteria for journal titles
are transparent and being regularly updated. The Web of Science database has synthetical
and integrated paper records [20]; the high number of journals and articles in its collection
permitted us to generate representative results.

Firstly, bibliometric records can be constructed using a keyword such as “irrigation
Mekong” in the title, the abstract or the keyword of publications searching in Web of
Science [21]. Secondly, we used key words such as land use, crop productivity and land
cover in the search query associated with “irrigation Mekong”. Thirdly, we used “Food,
Water and Energy Nexus” and its variants (Water, Food and Energy Nexus; Energy, Food
and Water Nexus, etc.) [22] to search for related publications in the Web of Science. In
addition, we also use some search wildcards and similar keywords to increase the scope
of the search. Overall, the summary of searching keywords includes “Irrigation, Mekong,
land use, crop productivity, land cover, Food water and Energy Nexus”. Lastly, after going
through the search, we exported the text documents of those identified publications from
the Web of Science and put them into the Citespace for bibliometric analysis.

2.2. Data Preprocessing

A screening of the collected articles from the Web of Science suggested that some
publications not related to the topic were included, and they were subsequently removed
from the collection after double-checking those publications from the original websites
where they were published online, if applicable. We then extracted the information of each
author’s country of origin, affiliations, year of publication, publisher and citation numbers.
For the purpose of thematic analysis, we extracted the main research content from the title
and abstract of each paper for further analysis [23].

2.3. Bibliometric Analysis

Bibliometric analysis is effective in analyzing research conducted in a specific research
field with a large amount of data. It helps discover the evolution of research activities in a
specific field and can also help identify emerging areas in that field [24]. The bibliometric
analysis was conducted using publications searched from the Web of Science database.

This paper is based on visual analytic functions executed in a bibliometric analysis
software called Citespace [25]. Citespace is a java-based bibliometric analysis software
tool to visualize and analyze temporal and structural patterns in scientific literature [26].
To obtain the required results, we set parameter thresholds in the software, following its
instructions. The software has been constantly updated in recent years to accommodate
various research objectives for visual analytic tasks [25]. In this study, we used Citespace
5.8.R3 (64 bit) [27].

2.4. Thematic Analysis

In addition to the bibliometric analysis, we identified several major research hotspots
in irrigated agriculture in the LMB—for example, climate change, environmental issues,
human alterations to flow regime due to hydropower generation, the impact of irrigation
water diversion on downstream water uses and ecosystem health and so forth. The positive
impacts of hydroelectric power reservoirs are also explored. In addition, we also evaluate



Remote Sens. 2023, 15, 3856 5 of 20

transboundary water resource management across riparian countries from the perspective
of the WEF nexus.

Figure 2 illustrates the organization of the study presented in this paper. First, we
established a literature dataset. Second, we conducted a bibliometric analysis to identify,
categorize and prioritize topics of high relevance and importance regarding irrigation in
the LMB. It also categorizes the institutions and countries of the leading authors who wrote
those articles. Third, with these findings, a thematic review was also carried out, focusing
on each of the four identified areas. The bibliometric analysis identifies the patterns of the
literature, whereas thematic review moves one step further to explore key issues under
each selected theme. This review aims to tap into recent publications on irrigation in the
LMB to produce a systematic review on key issues regarding irrigation in the basin.
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3. Bibliometric Analysis Results
3.1. Literature Statistics

A total of 270 publications related to irrigation in the LMB were chosen from the
body of literature extracted from the Web of Science database, after manually excluding
publications that are not related to the research topic. The bar chart of Figure 3 shows the
number of published articles per year, which has an increasing trend from 2000 to 2021.
In 2019, there were over 35 publications related to irrigation in the LMB. The number of
publications is still rather low, considering the importance of this topic. The line on Figure 2
shows citations of those publications, which has been rapidly increasing since 2006.
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Table 2 shows that most of the dataset’s publications are centered on environmental
sciences, ecology, agriculture, water resources and plant sciences. Most articles about irri-
gation in the LMB focus on ecological and environmental, agricultural and water resources
aspects. The Mekong River’s water crisis has long been a major regional issue [28,29].
Furthermore, some articles [30–32] also analyzed irrigation from the regional economic
point of view.

Table 2. Statistical results in research areas of the selected dataset.

Research Areas Record Count % of 270

Environmental Sciences Ecology 189 70.0%
Agriculture 167 61.9%

Water Resources 162 60.0%
Plant Sciences 100 37.0%

Meteorology Atmospheric
Sciences 78 28.9%

Marine Freshwater Biology 76 28.2%
Biodiversity Conservation 68 25.2%

Geography 65 24.1%
Business Economics 61 22.6%

Science Technology Other Topics 61 22.6%
Engineering 59 21.9%
Mathematics 50 18.5%
Energy Fuels 41 15.2%

Geochemistry Geophysics 40 14.8%
Oceanography 40 14.8%

Physical Sciences Other Topics 37 13.7%
Geology 36 13.3%

Public Environmental
Occupational Health 36 13.3%

Fisheries 30 11.1%
Food Science Technology 25 9.3%

Table 3 shows the distribution of those selected 270 articles in various academic jour-
nals. Most of the articles were published in agriculture-related journals even though they
were widely distributed. Several journals, such as Water, Agricultural Water Management,
Field Crops Research, Advances in Global Research, Paddy and Water Environment, and Science of
The Whole Environment published more papers on LMB irrigation than other journals.

Table 3. Journal-wise distribution of the selected articles.

Journal Impact Factor
(2021) H-Index (2021)

Average Number
of Citations per

Paper (2021)
Record Count

Share in Total
Number of

Selected
Publications

Water 3.530 69 7.91 9 3.3%
Agricultural Water Management 6.611 139 13.67 7 2.6%

Field Crops Research 6.145 161 19.56 7 2.6%
Advances in Climate Change

Research 4.746 30 5.93 6 2.2%

Paddy and Water Environment 1.554 38 9.24 6 2.2%
Science of The Total Environment 7.963 221 6.29 6 2.2%

Hydrological Processes 4.015 128 27.12 5 1.9%
International Journal of Remote

Sensing 2.581 106 10.47 5 1.9%

Remote Sensing 5.076 161 25.19 5 1.9%
Water International 2.22 57 9.48 5 1.9%

Ambio 4.022 97 23.87 4 1.5%
Food Security 4.603 62 16.42 4 1.5%

Frontiers in Environmental
Science 5.646 48 8.22 4 1.5%

Journal of Health and Pollution 2.249 10 4.82 4 1.5%
Journal of Hydrology 4.646 203 36.90 4 1.5%
Applied Geochemistry 3.621 121 24.86 3 1.1%
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In addition, we also summarized countries of origin of the authors’ affiliations (Table 4)
and the highly cited papers, as shown in Table 5. Table 4 shows that 27.8% of the first
authors of the selected publications are from Vietnam, 20.9% from the United States, 18.9
from Japan, 17.0% from Australia, 13.7% from China and 10.7% from Cambodia. This
implies that irrigation in the LMB has drawn broad attention beyond riparian countries in
the region.

Table 4. Countries of origin of authors.

Country Paper Record Count % of 270

Vietnam 75 27.8%
United States of America 59 21.9%

Japan 51 18.9%
Australia 46 17.0%
P.R. China 37 13.7%
Cambodia 29 10.7%

Laos 24 8.9%
Thailand 23 8.5%
Germany 18 6.7%

Netherlands 15 5.6%
England 10 3.7%

Table 5. Citations of the selected publications on LMB irrigation.

Publication Average per Year Total

Matthew L. Polizzotto [33] 30.6 429
Laurent Charlet [34] 13.4 214

Toshihiro Sakamoto [35] 12.4 198
Ingjerd Haddeland [36] 11.3 181

N.T. Sona [37] 16.8 168
Toshihiro Sakamoto [38] 14.0 168

Polya, DA [39] 9.8 167
Matti Kummu [40] 10.8 151

Benjamin D. Kocar [41] 9.6 135
F. Su [42] 18.3 110

Mauricio E. Arias [43] 13.1 105
Jory S. Hecht [44] 34.3 103

Nguyen Minh Dong [45] 9.9 99
Mauricio E. Arias [46] 9.3 93

Nguyen-Thanh Son [47] 10.8 86
Chandrashekhar M. Biradar

[48] 7.3 80

Thi Thu Ha Nguyen [49] 7.9 79
Shawn G.Benner [50] 5.4 76
Gert-Jan Wilbers [51] 9.4 75

Toshihiro Sakamoto [52] 5.6 73

Table 5 lists the average number of citations per year and the total number of citations
of highly cited publications on LMB irrigation, in descending order. The number of citations
can explain the influence of an article in the field of the subject. At the same time, the
number of citations has a close relationship with the quality of periodicals. The first few
articles with a high number of citations focus on irrigation-related environmental issues in
the Mekong River basin, the spatiotemporal distribution of rice phenology and cropping
systems, the effects of irrigation, agriculture drought and so on.
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3.2. Collaboration Analysis

Citation networks and co-citation networks have been long studied in information
science and other disciplines [53]. Co-citation relations serve as a fundamental grouping
mechanism [54]. We used Citespace to generate collaboration network graphs, as shown in
Figure 4. In Figure 4a,b, we examined the distribution of research institutions and countries
that the authors were affiliated with at the time those articles were published. The size of
each node represents the number of citations to the corresponding article in this dataset.
The theme of each cluster of cited articles is algorithmically labeled.
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It gives a rough structure of the literature dataset generated using Citespace with the
theme of institutions and countries of the authors. Citespace aggregates similar articles
into a cluster with concentration, although the degree of concentration varies considerably
between clusters. Each cluster generates a tag, which is assigned automatically by Citespace.
The nodes in the figures are references cited by citing articles, and the distance between
nodes represents the degree of association of keywords between articles. It is also reflected
in the relative size of the different cluster tags. For example, “irrigation development” were
studied by the National University of Singapore, the World Wildlife Fund, the Australian
National University, and the International Water Management Institute. The labels of all
nodes can be displayed in a picture. It is generally necessary to adjust the thresholds in
the cluster to obtain a collaboration analysis graph that clearly illustrates the institutions.
Some research themes deviate significantly from the clustered themes on the figure and,
hence, are not displayed by the software.

Regarding the countries of authors’ affiliations, Southeast Asian countries such as
Vietnam, Laos and Cambodia have mainly focused on issues related to irrigation in the
downstream areas. Research institutions in the United States, United Kingdom, Nether-
lands and China also made considerable contributions to those selected publications on
LMB irrigation.

Figure 4c shows the co-citation results from the bibliometric analysis. Co-citation
is used to determine the missing links between two relevant items using shared third
items [55]. As mentioned above, each cluster has a label that represents the topic of the
entire cluster. Figure 4c helps identify key literature for cross-disciplinary ideas. The label
of clusters also shows a correlation between the articles that focus on Mekong irrigation
issues, and environmental concerns, with a strong regional focus on the Mekong River
Delta. Furthermore, there is a focus on issues between upstream hydropower development
and irrigation of the LMB. Furthermore, climate change has a significant impact on the
hydrological regimes in the Mekong River basin.

4. Thematic Analysis and Application of Remote Sensing

Figure 5 illustrates the matrix structure of the thematic analysis, which is organized
based on initial analysis of the literature and on findings from the bibliometric review. Ac-
cording to modeling approaches, we categorized existing studies into land surface process
modeling, systems modeling at river basin scale and reservoir operations. Considering
irrigation, watershed management and hydropower as sub-systems in the LMB, land sur-
face models nowadays incorporate irrigation module to analyze the effect of irrigation
water withdrawal on downstream river flow; systems modeling at the river basin level, or
river basin management modeling, address various complex issues related to water man-
agement in the basin; and reservoir operations modeling usually focuses on hydropower
optimization and related downstream impacts. Within each sub-system, topics for review
are organized into five aspects, including nature resources, socioeconomic, management,
environment and infrastructure.

We selected several themes for further analysis, which are closely related to agricultural
irrigation in the LMB: irrigation and crop production, water availability and land use,
climate change and impact, environmental protection and soil and water conservation and
integrated water resources management. Furthermore, remote sensing can be an effective
tool for monitoring and managing irrigation in the Mekong region. Remote sensing can
provide valuable insights into irrigation systems, crop growth and water availability in the
Mekong region. By leveraging remote sensing technology, water authorities, farmers and
policymakers can work together to create more sustainable and efficient irrigation systems
that meet the needs of both people and the environment.
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4.1. Irrigation and Crop Production

Irrigated crop production in the LMB plays an important role in regional economy.
Moreover, Vietnam and Thailand are among the top rice exporters in the world. Thus,
rice production in this region can have profound impacts on world rice prices. In the
LMB, rice is the most important irrigated crop by irrigated crop area and by irrigation
water consumption. Growing competition for water between irrigation and other economic
sectors due to rapid population and economic growth poses a challenge to irrigation
water management and requires close attention [56]. The Mekong River Basin features
various hydraulic irrigation structures, such as dams, canals, weirs, pumping stations,
embankments and water management systems. These structures play a crucial role in
regulating water flow, distributing water for agriculture, managing floods and supporting
crop cultivation. They contribute to enhanced agricultural productivity and livelihoods in
the region.

Existing studies on irrigation estimated gridded irrigation water requirement in the
LMB and other basins around the world [57]. For China, the impact of climate change was
analyzed using the Community Land Model, version 4 [58]. Tatsumi et al. [59] conducted
a detailed analysis of the impact of irrigation water abstraction on river flow using a
simulation model to depict the changes in serval indicators within the LMB area. For the
LMB, the CROPWAT model was also used for estimating irrigation water requirements [60].
In general, the literature suggests that more advanced irrigation technologies, appropriate
crop varieties and enhanced agricultural extension are promising in improving irrigated
agricultural production in the LMB.

In irrigation and crops, remote sensing can be used to map irrigation infrastructure,
such as canals, reservoirs and water distribution systems. Landsat detected a significant
decrease in the area of three types of rice crops as a way to judge the impact brought
about [61]. This can help water authorities to identify areas where infrastructure upgrades
or repairs are needed and to monitor changes in irrigation patterns and water use. Remote
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sensing has better applications in assessing water use and predicting crop water require-
ments. In crop health area, remote sensing can be used to assess crops health and to detect
stress, disease or pest infestations [58]. This information can help farmers to take timely
actions to mitigate crop losses and optimize water use and fertilizer application.

Remote sensing is a powerful technology that has found various applications in
agriculture, with irrigation being a significant beneficiary. One of the critical aspects of
effective irrigation management is determining the water requirements of crops, which is
directly related to evapotranspiration (ET). Evapotranspiration is the combined process of
water evaporation from the soil surface and transpiration from plant leaves. Remote sensing
provides a non-intrusive and efficient method to monitor and estimate evapotranspiration
over large agricultural areas. The process involves the use of satellite imagery, particularly
the thermal infrared band and vegetation indices, to assess the temperature and health of
crops. These data are integrated into surface energy balance models, which account for
various factors affecting ET, such as solar radiation, sensible and latent heat fluxes.

4.2. Water Availability and Land Use

The country-wise water availability in the Mekong River Basin requires reassessment
and a detailed description. The water availability in each country may fluctuate over time
due to various factors, including changes in rainfall patterns, climate conditions, water
usage and development projects such as dams and irrigation systems. A comprehensive
reassessment would involve collecting and analyzing up-to-date data on water resources,
including surface water and groundwater, in each country. It would also consider the
impacts of existing and planned hydraulic structures, agricultural practices, industrial
water usage and environmental considerations. There are significant variations in water
availability in the Mekong region over time, including water levels in rivers, lakes and
reservoirs. Water availability and land use are very important in the Mekong region, where
water resources are scarce and unevenly distributed. Changes in land use patterns and
flood conditions play an important role in the livelihood of local farmers, and remote
sensing can be used to comprehensively monitor land use changes and flood conditions in
the area and address the causes of land use changes [62].

Remote sensing information is used as a corresponding monitoring indicator to predict
the timing and intensity of extreme events, including droughts and floods [63], as well as
to allocate water resources more efficiently to manage them more effectively. Satellites are
revolutionizing land use monitoring by providing unprecedented accuracy, resolution and
coverage. Satellite-based land use monitoring has the capability to track land cover changes
efficiently and effectively over a large range. This technology enables the detection of
subtle changes in land use patterns [64], which can inform land management decisions and
support sustainable development efforts. With its ability to capture frequent and consistent
imagery, satellite-based land use monitoring has become an indispensable tool. Remote
sensing can be used to identify areas that are currently being irrigated and to estimate
the total area under irrigation. This information can be used to assess the overall water
demand and to monitor changes in irrigation patterns over time.

4.3. Climate Change Impacts

Climate change is expected to affect the amount and timing of river flow in the LMB,
and droughts and floods are likely to become more frequent [2]. On one hand, records
already show that drought disaster is becoming more common in the region, resulting in
reduced soil moisture, lower river flow and inadequate irrigation water supply [65–67].
On the other hand, floods may damage irrigation facilities, thereby restricting agricultural
water use and even making irrigation impossible [68]. In addition, flood disasters can also
cause water source pollution and water quality degradation, which have adverse effects
on crop yield and quality [69]. Excessive soil moisture and high groundwater table also
harm crop growth and increase the occurrence of pests and diseases of crops [70]. In this
situation, the construction of flood prevention and drainage measures are essential. Faced
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with future climate-related stresses, crop profitability can be increased through water use
efficiency, fertilizer management and crop management to improve the resilience of the
local farming system [71].

Climate action is a crucial component in achieving the United Nations’ Sustainable
Development Goals, particularly in the context of sustainable irrigation practices. With
the increasing impact of climate change on global water resources, it becomes imperative
to implement effective measures that address both irrigation needs and environmental
concerns. By embracing sustainable irrigation methods, we can address the challenges
posed by climate change while striving for a more sustainable and food-secure future.
Through collaborative efforts between governments, stakeholders and communities, we
can pave the way for a resilient and environmentally conscious approach to agriculture
and water management.

Climate change impacts irrigation: rising temperatures, erratic weather, prolonged
droughts and extreme events disrupt irrigation schedules and reduce water availability.
Melting glaciers and reduced snowpack diminish natural water supply, while increased
evapotranspiration intensifies water demand. Floods and storms damage irrigation in-
frastructure. Solutions include adopting innovative technologies like remote sensing and
precision irrigation, implementing water-use efficiency incentives and promoting sustain-
able water management practices. Collaboration is crucial to secure food production and
conserve water resources for the future.

Surface temperature monitoring using remote sensing is one of the key variables in
climate forecasting and climate change research, and therefore, the analysis of its behavior
is essential to assess climate variability. Remote sensing technology can be used to increase
people’s understanding of the overall climate system and its changing laws. It can continu-
ously observe and analyze the earth’s surface, ocean and atmosphere at different time and
space scales, so as to observe the climate system and investigate climate-related processes
or long-term and short-term phenomena [72,73].

4.4. Environment Impacts

Groundwater overdraft for irrigation causes land subsidence, which is a serious
problem in the Mekong River Delta [74]. Sea water intrusion becomes more serious with
land subsidence, sometimes making groundwater unusable [75,76]. In the Mekong Delta,
salinity intrusion has a direct impact on agriculture and domestic water uses [75].

The development of irrigation systems has a direct impact on local aquatic resources [77],
adversely affecting aquatic fauna, especially fish [78–81]. The shrinkage of the Tonle Sap
Lake has been attributed to climate change [82–86]. The reduction in rainfall in the Mekong
Basin area has led to a decline in runoff from the Mekong [84], and the flow regime of the
Tonle Sap has been influenced by the Mekong’s hydrological fluctuation and irrigation
water alternations. The environmental changes that are taking place in the Mekong region
are manifested in terms of land use and land cover types. The causes of this change are
various, including river damming, an increase in agricultural land and frequent natural
disasters [87]. In arid and semi-arid regions of the world where water resources are scarce,
agricultural issues are also the focus of local water crises [88].

Remote sensing data can be used to evaluate the environmental changes of large-scale
river systems in the study of land cover changes in Mekong River Basin and their impacts
on rivers [89]. The establishment of eco-environmental status indicators relies heavily on
remote sensing technology, which is of great significance to the monitoring and analysis of
ecosystems and environment on a large scale or even on a global scale. Wu et al. studied
the use of remote sensing technology to point out natural and human pressures, regional
natural environmental conditions, ecosystem health, land cover changes and responses to
pressures [90].
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4.5. Comprehensive Water Resource Management
4.5.1. Rational Water Allocation

The overarching goal of water resources management in the Mekong region is to enable
the maximization of water-using benefits through equitable and efficient water allocation
across all countries, water-using sectors and stakeholders [91]. Given the complexity
of water management in the region, negotiation is desirable and necessary in solving
conflicts in water allocation and management [92]. Modeling techniques in this area
can be used to estimate the gains and losses under different cooperation arrangements.
For instance, the Water Management Group from HR Wallingford seeks to recognize
Pareto-optimal water allocation solutions across various users [93]. Trade-off analysis is a
persuasive tool to tackle interdependence and complexity. Elsewhere, the mixed-integer
linear programming method was used to obtain maximum irrigation net benefits [94].
Further studies using mathematical models are desirable to look into the complex challenges
raised by different patterns of cooperation, damming schemes and water requirements of
riparian countries [95–98]. Remote sensing can be used to optimize irrigation scheduling
by monitoring water use and crop water stress. This information can help farmers to avoid
over- or under-irrigation, which can lead to water wastage or crop stress.

4.5.2. Transboundary Water Management

Effective irrigation practices in the Mekong River basin are essential to enhance
agricultural productivity and mitigate the impacts of climate change on water availability.
However, transboundary water management has become a complex issue due to the shared
nature of the river among multiple countries.

To address these challenges, regional cooperation is crucial. Collaborative efforts
between the Mekong River countries are necessary to develop a comprehensive and inte-
grated approach to water management. This involves sharing data, coordinating water
release from upstream dams and jointly planning for irrigation and hydropower develop-
ment. By promoting dialogue and cooperation, the countries can work together to balance
the water needs for irrigation, energy production and environmental sustainability.

Transboundary water management in the Mekong River requires sustained cooper-
ation and commitment among the riparian countries to address the complex challenges
posed by shared water resources effectively. Through effective management and collabora-
tive efforts, the Mekong River basin can achieve a balance between economic development,
water security and environmental conservation for the benefit of all involved nations and
their people.

4.5.3. Reconciling Hydropower and Irrigation

Upstream reservoirs store and release river flow for power generation, while down-
stream agricultural production relies on water diverted from the river channel to irrigate
crops. Hydropower does not really “consume” water; it relies on the hydraulic head created
by the elevation difference between reservoir water level and tail water level, and flow
running through the turbines. Thus, managing the competition for water uses between
these two sectors is largely about reconciling the timing and magnitude of water release for
hydropower generation and that of irrigation water withdrawal.

Hydropower development in the Mekong River basin has attracted wide attention
regionally and globally [99] due to its potential impacts on local hydrological conditions,
agricultural development and ecosystems. Such impacts are often uncertain, significant
and sometimes irreversible [8]. For instance, studies found that the loss of fisheries due
to dam construction in the basin may lead to significant additional land and water uses
for food production in maintenance of food security in the region [100,101]. It is worth
noting that upstream reservoir storage can augment downstream river flow during the
dry season and in dry years, thus benefiting downstream irrigation. To explore effective
transboundary water management strategies in the Mekong, based on a real case in the 2016
drought in the basin, Zhang et al. [102] analyzed upstream reservoir operation strategies
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that can effectively mitigate drought impacts in the downstream. In some cases, existing
or emerging conflicts in transboundary water management may even provide a more
productive and transformative way forward than purely cooperative arrangements [103].
Efforts must be made in all participating processes to reconcile competing and possibly
conflicting interests [104].

Remote sensing can be used to assess the potential of hydropower resources by
analyzing water flow rates and elevation changes. This information can be used to identify
areas where hydropower potential is high and to plan hydropower development projects
more effectively [105]. The safety of dams and other water infrastructures using remote
sensing is vital. This includes structural health monitoring [106] and changes in water
levels, detecting seepage or erosion and assessing the stability of the surrounding terrain.

4.5.4. WEF Nexus in the Mekong

A growing number of scholars refer to the social relationships and biophysical inter-
flow linking water, food and energy networks as “nexus” to draw attention to important
interactions and risks that have been overlooked [107–109]. Although interest in synergies
and trade-offs in the provision of the water-energy-food nexus is growing rapidly, proposals
and recommendations for technological interventions are increasing. However, it is unclear
what value the adoption of a nexus perspective has in understanding public policy for
water resource management [110]. Weitz [110] also pointed out that our understanding
of the meaning of managing WEF relationships and the conditions under which it can or
cannot work is still very limited, and more empirical research is warranted on this issue.

The broad scope of the topics of interest discussed above (i.e., hydropower generation,
flow regime change and water supply for agriculture and ecosystems downstream) repre-
sent a complex water–energy–food nexus in the entire Mekong River Basin. The “water-
energy-food” nexus was established primarily for increasing resource-using efficiency,
reducing trade-offs, creating synergies and improving overall watershed management to
enhance water, energy and food security. A systematic investigation of multisectoral and
transboundary tradeoffs within this nexus can provide scientific guidance for the riparian
countries to cooperate effectively.

The emergence of this interconnected relationship is related to the underlying drivers:
the critical importance of water, energy and food for human survival and the need to ensure
their security, as well as greater awareness of the social and economic risks posed by the
increasing scarcity of natural resources [111]. The nexus approach may help to identify
co-benefits and external costs at the international level associated with actions in different
sectors. Studying transboundary river basin WEF coupling relationships from a historical
perspective allows for a more rigorous institutional analysis of benefit sharing in different
sectors.

Water is an active driving force in the WEF nexus, and together with food and en-
ergy, the three resources are indispensable for human society. Society and the economy
are significantly impacted by the growing shortage of resources such as water. There-
fore, water resource planning and management are decisive factors [111]. Existing WEF
studies include the quantitative study of resource flow and the degree of dependence,
evaluation of technical indicators and policies and quantitative study of the degree of
performance of the entire system [112]. There are also review articles that illustrate the
concept of WEF nexus [113–116], simulation tools [117,118] and nexus governance [110] or
implementation [119].

The water–energy–food security nexus is particularly challenging in transboundary
river basin management. The WEF nexus is found to be useful because more actors
are recognizing the interdependence between water management and food and energy
production. Through the dialogues at the World Environment Forum, many actors saw
themselves as a reasonable and sectoral entry point in a compelling, new, multi-sectoral,
interdisciplinary and cross-border discussion [120]. The concept of relationship has different
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manifestations according to the background, scale and geographic environment of the
review [121].

In WEF nexus, remote sensing technology also plays an important role. Various remote
sensing can be used to determine and analyze the technical feasibility of integrating urban
agriculture, rainwater harvesting and photovoltaic systems [122]. Moreover, using the
WEF framework based on GIS, stakeholders can also evaluate the utilization of resources
to achieve sustainable productivity [123].

5. Conclusions

Enhanced awareness and understanding of water management in general and irriga-
tion in the LMB are of great importance for cross-border cooperation on water resources
management for achieving equitable, rational and sustainable water uses and for promot-
ing sustainable economic prosperity and societal development in riparian areas. In this
paper, we conducted a bibliometric analysis of irrigation in the LMB by tapping into a large
volume of publications. Based on identified key thematic areas, we further synthesized
key issues and findings from existing studies through a thematic review. The bibliomet-
ric analysis systematically summarized key statistics and features of the literature body
concerning LMB irrigation, such as journals where those articles were published, authors’
affiliations and countries of origin, and collaborator network. We found that LMB irrigation
has drawn wide attention within and outside of the region, and the number of publications
has been rapidly increasing in recent years. The thematic analysis is based on the results
of bibliometric analysis, focusing on themes including irrigation management and crop
production, transboundary water management, climate change, environmental impacts
and comprehensive water resources management.

Remote sensing technology has played a great role in different fields of agricultural
irrigation. This review of remote sensing applications in this paper is expected to advance
socio-hydrological research and inform science-based management decisions and policy
formulation for sustainable food-energy-water, livelihoods and ecosystem development in
the Mekong region, providing a strong basis for decisions to promote sustainable ecological
development in the Greater Mekong Subregion.

We advocate for heightened awareness and understanding of water management,
specifically irrigation in the LMB. This will facilitate cross-border cooperation on water
resources, promoting equitable and sustainable water usage and contributing to economic
prosperity and societal development in riparian areas. It is strongly suggested to prioritize
the adoption of remote sensing technology in agricultural irrigation for well-informed
decision-making and sustainable development in the Mekong region. By incorporating
research insights and fostering collaboration, we can ensure responsible water use amid
evolving challenges, such as those posed by climate change impacts.
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