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Abstract Forest evapotranspiration (ET), a core process of water vapor
exchange between forest ecosystems and the atmosphere, is crucial for global
carbon and water cycles and ecosystem stability. However, its high-precision
estimation faces challenges arising from complex forest structures and multi-
factor driving mechanisms. Based on bibliometrics, this study visually
analyzed 1,427 relevant papers from the Web of Science Core Collection
(2005-2025) to summarize research status, hotspots and frontiers. Results
show continuous growth in publications over two decades, peaking during
2017-2022. Journal co-occurrence reveals that Agricultural and Forest
Meteorology ranks first, contributing 212 papers and 10,438 total citations
with an average of 49.24 cites per article. The Chinese Academy of Sciences,
University of CAS and USDA form a close collaboration network led by 279
core authors. Hotspots concentrate on eddy covariance (460 occurrences),
remote sensing inversion (134) and machine learning (124, rapidly rising since
2017). Eddy covariance remains the “gold standard” ; remote sensing breaks
spatiotemporal limits by integrating multi-source data; machine learning,
exhibiting the greatest advances, improves accuracy by 45% in complex
environments (burst intensity 17.91 since 2017), promoting hybrid “physical
mechanism + data-driven ” models. Research evolved through three stages:
traditional observation dominance (2005-2010), physical model optimization
(2010-2016), and intelligent algorithm innovation (2017-present), with
applications spanning ecological assessment and water resource management.

1. Introduction

Forests, as core ecosystems in the global carbon cycle, water cycle, and
energy balance, play a significant role in maintaining ecosystem stability,
regulating regional hydrological patterns, and addressing climate change
through their evapotranspiration processes (Dolmanetal.2003;Ge,Pengetal.2017).
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Highlights:

 Forest evapotranspiration research peaked in 2017–2022,
led by CAS and USDA, with 279 core authors
producing 83% of publications.

 Eddy covariance remains the benchmark, while remote
sensing and machine learning improved accuracy by
~45%. Hybrid physical–data-driven models are
emerging.

 Research focus evolved from observations (2005–2010)
to process modeling (2010–2016) and intelligent
algorithms (2017–present), with machine learning as a
key hotspot.

 Future directions include integrating AI with multi-
source remote sensing, refining models for complex
terrains, and embedding resilience frameworks.
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Accurately estimating forest evapotranspiration is not only fundamental to understanding forest ecohydrological
processes but also serves as a critical scientific basis for forest resource management, sustainable water resource
utilization, and global climate change research (Shao et al. 2022; Sun et al. 2025). Forest ET directly links to global
climate and water challenges: it mediates 60-70% of terrestrial precipitation recycling (Moustafa et al. 1992),
influencing rainfall and drought patterns. Shifts like boreal ET increases (12-18% post-permafrost thaw) and tropical
ET declines (5-10% in fragmented forests) amplify climate variability, with feedbacks to carbon sequestration. For
water security, forested watersheds supply 75% of global freshwater; precise ET estimates optimize allocation—from
arid irrigation to Himalayan reservoir management (WASTI et al. 2020).

However, three critical global knowledge gaps persist, exacerbating the challenges of high-precision estimation:
First, geographical and ecological bias in coverage remains prominent. Most in-situ studies and model validations
focus on temperate forests of North America, Europe, and East Asia (Nouri et al. 2022), while tropical, boreal, and
mountainous forests-key to the global water cycle-are severely underrepresented(Yang et al. 2023). This creates "data
deserts" in regions with distinct dynamics (e.g., humid Amazonian or complex Himalayan forests), limiting global
generalizability. Second, methodological fragmentation hinders cross-scale integration. Eddy covariance (the "gold
standard") provides high-precision local data but misses regional heterogeneity (Scholz et al. 2021), while remote
sensing inversion offers large-scale estimates but lacks validation in complex areas (Pareeth and Karimi 2023).
Machine learning models, effective for non-linear relationships, are rarely compared across forest types, raising doubts
about their transferability (Amani and Shafizadeh-Moghadam 2023). This disconnect impedes unified frameworks.
Third, unidentified tracking of methodological evolution obscures progress. The field has shifted from traditional
physical models to hybrid "process-data" approaches, but the trajectory-including context-specific method dominance
(e.g., arid vs. humid forests) or technological solutions to historical gaps-remains unquantified (Chia et al. 2020),
limiting efficient knowledge accumulation.

Against this backdrop, the complexity of forest ecosystems and the multi-dimensional driving mechanisms of
evapotranspiration have become major bottlenecks. the complexity of forest ecosystems and multi-dimensional
driving mechanisms of evapotranspiration have become major bottlenecks. The spatial heterogeneity of forest
structures — vertically stratified canopies with varying heights, densities, and phenology-creates gradients in
parameters like canopy conductance and leaf area index (Liu et al. 2018; Zhou, Chenran et al. 2025), making single-
point data unrepresentative at regional scales and biasing uniform-surface models in complex terrains (Hadiwijaya et
al. 2021). Multi-factor coupling between meteorological (radiation, temperature) and biophysical (soil texture,
vegetation physiology) factors introduces non-linear interactions that resist linear statistical methods (Lu et al. 2011;
Paul-Limoges et al. 2020; Zhang et al. 2024; Wang et al. 2021). Traditional observation methods also face
spatiotemporal limitations: eddy covariance, though a "gold standard," is restricted to small scales (Hiller et al. 2008;
Scholz et al. 2021), while high-cost in-situ monitoring creates "data blind spots" in remote regions (Nouri et al. 2022;
Yang et al. 2023).

Recent advancements in remote sensing, Internet of Things monitoring and artificial intelligence algorithms have
offered new solutions to these challenges. Remote sensing inversion integrates satellite thermal infrared and optical
data via energy balance models to estimate evapotranspiration at regional to global scales (Tang et al. 2012; Pareeth
and Karimi 2023). Machine learning algorithms, by mining non-linear relationships in multi-source data, have
significantly improved estimation accuracy in complex environments (Amani and Shafizadeh-Moghadam 2023;
Sharafi and Ghaleni 2024). However, current methods still face issues like insufficient data fusion accuracy and
shallow embedding of physical mechanisms (Chia et al. 2020). Thus, systematically integrating "physical process
constraints" and "data-driven innovation" has become key to solving the problem of high-precision forest
evapotranspiration estimation.

Using bibliometric methods, this study visually analyzed 1427 literatures from the Web of Science Core Database
(2005–2025) to summarize the research context and developmental stages of forest evapotranspiration estimation
methods, identify core research institutions, scholars, and journal co-occurrence networks, and analyze keyword co-
occurrence and clustering characteristics to reveal research hotspots and frontier trends in this field.

2. Materials and Methods
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2.1. Data Sources

This study selected the Science Citation Index Expanded (SCI-EXPANDED) and Conference Proceedings
Citation Index (CPCI-S) from the Web of Science Core Database as data sources. The search formula for literature
data was: TS =((forest OR "forest ecosystem" OR woodland OR "tree canopy") AND (evapotranspiration OR ET OR
"water flux") AND ("remote sensing" OR "eddy covariance" OR lysimeter OR "Penman-Monteith" OR SEBAL OR
"machine learning") NOT (urban OR crop OR agriculture*))**, this exclusion criterion was designed to focus strictly
on forest ecosystems; however, it may introduce a potential limitation: studies from adjacent fields such as
agroforestry or forest ecotones—where ET estimation methods could be highly relevant to forest systems-might be
inadvertently omitted. These fields often share methodological overlaps with forest research, particularly in addressing
vegetation-water interactions, making their exclusion a trade-off between thematic focus and comprehensiveness.
With a time-span from 2005 to 2025 (retrieval deadline: May 9, 2025), and literature types were limited to Articles
and Review Articles. A total of 2194 publications were initially retrieved (including 2160 journal articles and 34
review articles). After manual screening and deduplication using the CiteSpace software, 1427 valid articles were
finally obtained.

2.2. Research Methods

Bibliometrics, a key branch of informatics, systematically combs and deeply interprets research fields by
quantifying the quantitative characteristics, distribution laws, and citation relationships of scientific literature. Its core
value lies in transforming complex academic research into a quantifiable indicator system and revealing the research
status, hotspots, and development trends of disciplines through data mining and visualization technologies (Chen,
Weijun 2001; Hicks and Melkers n.d.). In the study of forest evapotranspiration estimation methods, it provides multi-
dimensional analytical perspectives by quantifying research trends, identifying research hotspots, and revealing
technological contexts.

In this study, we used Citespace and VOSviewer software to analyze 1427 papers related to forest
evapotranspiration estimation methods from 2005-2025 in the Web of Science core database. The data were first pre-
processed to remove weights and filters, and then analyzed from multiple dimensions using the two software;
Citespace was used to reveal the knowledge evolution, analyze institutions, authors, keywords, etc., and interpret the
maps after setting specific parameters (Chen 2004; Chen and Song 2019); VOSviewer focuses on visualizing
associations, defining core authors according to Price's law, and displaying the collaborative networks (Liu et al. 2022)
and Perform journal network mapping (Cheng et al. 2021). In this study, we constructed a framework from the
dimensions of publication characteristics, research groups, and research contents, and sorted out the research hotspots,
evolutionary processes, and research frontiers of the forest evapotranspiration estimation methods through the
analyses of statistics, co-occurrence, clustering, and emergence detection.

3. Results and Discussion
3.1. Analysis of literature on forest ET estimation methods
3.1.1 Issuance of communications

The 1427 articles used in this study came from 6108 authors from 96 countries, published in 228 journals, and
cited 50195 citations from 10730 journals. In order to analyze the research dynamics in the field of forest
evapotranspiration estimation methods in depth, we plotted the yearly distribution of the number of published articles
by statistical analysis (Fig. 1). As can be seen from the figure, the number of publications in this field shows a yearly
increasing trend, which indicates that the research enthusiasm of forest ET estimation methods is increasing. Over the
past two decades, the research on forest ET estimation methods has shown three phases: From 2005 to 2016, the
number of published articles increased steadily, reflecting growing scholarly attention to forest evapotranspiration (ET)
research and the continuous emergence of related studies. Between 2017 and 2022, publications continued to rise,
reaching a peak of 138, with notable enthusiasm for forest ET estimation methods and marked expansion in both
research depth and breadth, attracting broader academic engagement. From 2023 onward (data retrieved until May 9,
2025), the number of articles shows an apparent decline, largely due to incomplete data for 2024–2025, as only partial



Evidence in Earth Science 10.63221/eies.v1i03.145-167

Yan et al., 2025 Page 148

records were available. This trend also reflects the inherent lag in academic publishing, since many recent studies
remain in peer review, revision, or manuscript preparation and are therefore not yet indexed in the Web of Science
database.

Notable peaks align with global events. Post-2015 Paris Agreement, 2016-2017 publications rose 23% with focus
on ET-climate resilience links. After 2010 Cancún Agreements, 2011-2012 saw 17% growth tied to tropical forest ET
for REDD+. Post-2020 UN Biodiversity Conference, 31% more studies addressed ET in extreme climates, matching
resilience goals. This trend indicates that research on forest evapotranspiration estimation methods is not only driven
by academic progress but also responds to global policy demands and environmental challenges, forming a dynamic
interaction between scientific research and practical needs.

Fig. 1 Statistics on the number of publications in the research area of forest evapotranspiration estimation methods
(Note: Data for 2024 and 2025 are partial due to the retrieval cutoff on May 9, 2025, with full-year records pending.

The observed trend does not represent a genuine decline in research output.)

3.1.2 Institutional co-occurrence analysis

By visualizing and analyzing the co-occurrence network mapping of institutions, the collaboration between
institutions in the field and their position in the research can be clearly seen (Hu, Zewen et al. 2013). In Citespace
software, the time span of 2005-2025 is selected, the time slice is 1, the node type is selected as institutions, and the
TOPN% is set to 10, and the co-occurrence mapping of the institutions in the research field is obtained as shown in
Fig. 2, which shows 297 nodes of the network of the research institutions and 1624 connecting lines. The network
density is 0.0369, and the top three core institutions in terms of publications and impact are Chinese Academy of
Sciences, University of Chinese Academy of Science, United States Department of Agriculture (USDA), among
which, Chinese Academy of Sciences is the most influential institution.

To deepen the analysis, we further examined the collaboration patterns of these core institutions. For CAS,
statistics on its collaborative publications show that 78% of its cooperative studies are with domestic institutions (e.g.,
Beijing Forestry University, Nanjing Forestry University), indicating a predominantly domestic collaboration
orientation. This pattern is closely related to its research focus on field-based modeling-such studies rely on in-situ
observation data of specific forest ecosystems in China, and domestic institutions have more advantages in accessing
local research sites and accumulating long-term data. In contrast, USDA's collaboration network presents a different
characteristic. Among its collaborative publications, 53% are with international institutions (e.g., University of
Göttingen in Germany, University of Melbourne in Australia), and 47% are with domestic institutions. This relatively
balanced domestic and international collaboration pattern is associated with its emphasis on remote sensing
applications. Remote sensing-based research on forest evapotranspiration often requires cross-region data integration
and technical exchange, thus promoting more international cooperation.
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Notably, these patterns reflect broader regional differences between developed and developing countries.
Institutions in developed countries (e.g., USDA, University of Göttingen) tend to form extensive international
networks, driven by their focus on global-scale methodologies (e.g., remote sensing data fusion, global ET product
development) that require cross-border data and technical synergy. In contrast, institutions in developing countries
(e.g., CAS, Indian Institute of Forestry Research) prioritize domestic collaborations, aligning with their focus on
region-specific challenges (e.g., ET in arid/semi-arid forests, complex terrain adaptation) that rely on local in-situ data
and site access. However, recent years (2020-2025) have seen growing south-north collaboration, particularly in
climate change-related ET research (e.g., Himalayan watershed studies involving Chinese, Nepalese, and European
institutions), bridging these regional focuses.

It is evident that the collaboration network structure of core institutions is correlated with specific research
themes: domestic-oriented collaboration networks (represented by CAS) tend to focus on field-based modeling, while
institutions with more international collaborations (represented by USDA) are inclined to engage in research related to
remote sensing applications.

Fig. 2 Institutional co-occurrence mapping of forest evapotranspiration estimation methods

3.1.3. Author co-occurrence analysis

The visualization and analysis of the author co-occurrence network mapping provides a clear picture of the
collaboration of the main researchers in the field and their position in the research (Meng, Fanrong et al. 2016). Price's
Law is an important law in bibliometrics that describes the unevenness of the output of scientific literature, and its
central idea is that the number of core authors in a given field of study is approximately the square root of the total
number of authors in the field, and the number of publications by these core authors is approximately half of the total
literature in the field (Li et al. 2024), that is:
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where )(xn denotes the number of authors who published x articles, maxnI  is the number of papers by
the author with the highest number of publications in the field of study, N is the total number of authors, and m is
the minimum number of publications by core authors.

In VOSviewer software, the 1427 articles under study were imported by first selecting Create Map,
selecting Co-authorship under Type of analysis, and then selecting Author under Unit of analysis. According
to the co-occurrence results, during 2005-2025 the author with the highest publication output in forest
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evapotranspiration estimation methods contributed 23max n papers, by the law of Price's Law,

59.3749.0 max  nm , according to the principle of rounding, the authors with 4 or more publications (a
total of 279 authors) were designated as the core authors in the field, These 279 core authors are involved in
1185 unique publications as authors (including first authors, corresponding authors, or co-authors), and these
1185 publications account for 83% of the total 1427 publications in the dataset, reached the sum of the
number of publications by core authors accounted for 50% of the total number of publications, which is the
criterion proposed by Price (Price 1963), a core author group has been formed. The criterion of 50% of the
total number of literatures published by the core authors proposed by Price was met, which means that a
core group of authors has been formed, so it can be assumed that the research field of forest
evapotranspiration estimation methods has formed a more stable group of authors' cooperation. The
minimum number of articles published by the authors was set to 4 in the software, and the authors' co-
occurrence map was finally drawn as shown in Fig. 3. The authors' co-occurrence map also shows that
researchers in the field of forest evapotranspiration estimation methods have formed a close cooperative
network, with close cooperation within groups and also between different groups, and the core authors have
played an important role in promoting research development and international cooperation. Table. 1 shows
the top 6 authors in terms of the number of publications in the field.

Fig. 3 Authors' co-occurrence mapping of forest evapotranspiration estimation methods

Table 1. Top six authors in terms of publications

Rank Author Documents Citations Average Citation/Publication

1 Black, T. Andrew 23 1491 64.83

2 Jassal, Rachhpal S. 17 1020 60

3 Sun, Ge. 17 817 48.06

4 Scott, Russell L 15 966 64.6

5 Nesic, Zoran. 14 863 61.64

6 Goulden, Machiel L 14 1354 96.71

From the top 6 authors in terms of number of publications, the author with the highest number of publications is
Black, T. Andrew., with a total of 23 publications from 2005 to May 2025, receiving 1491 citations, with an average
number of citations of 64.83; in second place are Jassal, Rachhpal S. and Sun, Ge, with a total number of 17



Evidence in Earth Science 10.63221/eies.v1i03.145-167

Yan et al., 2025 Page 151

publications, receiving 1020 and 817 citations, with an average number of citations of 60 and 48.06, respectively.
From the analysis of published papers, Black, T. Andrew. and Jassal, Rachhpal S., both working at Columbia
University and collaborating with each other for a long period of time, have mainly focused on the application of eddy
correlation techniques (JASSAL et al. 2008; Jassal et al. 2009), long-term observation of water carbon fluxes in forest
ecosystems (Gaumont-Guay et al. 2006), and the effect of climate change on ET (Brümmer et al. 2012). Although
Goulden, Machiel L only published 14 articles in these 20 years, he received 1,354 citations, with an average of 96.71
citations per article. He mainly uses interdisciplinary methods, such as model analysis and long-term ecological
observation data, to indirectly explore the relationship with forest evapotranspiration (Goulden and Fellows 2011;
Roche et al. 2018).

3.1.4. Analysis of journal co-occurrence

Journal co-occurrence analysis reveals networks of scholarly associations and knowledge flows within subject
areas by quantifying how often different journals are co-cited in the literature. In this study, we used VOSviewer
software to analyze the journals published in 1427 documents, set the minimum number of co-occurrences as 10, and
constructed a journal co-occurrence network mapping (Fig. 4). The network contains 30 journal nodes, with node size
representing the total number of citations, node spacing reflecting the degree of co-occurrence closeness, and
connecting line thickness indicating the intensity of co-occurrence. Table 2 shows the top ten journals in terms of the
number of articles loaded. Among them, Agricultural and Forest Meteorology ranks first with 212 articles and 10438
total citations, it has an extremely high total of 10438 citations, with an average of 49.24 citations per paper. In 2024,
its Impact Factor stands at 5.7, and it is categorized as Q1 in JCR and ranks in the first tier of the Chinese Academy of
Sciences (CAS) classification for Agricultural and Forestry Sciences. This journal is at the core of the mapping and
closely co-occurs with a large number of journals, suggesting that the research over the years has focused on the forest
and agro-meteorological. It shows that these years' research mainly focuses on forest and agricultural meteorological
processes, energy exchange (Richardson et al. 2013; Yu et al. 2023) and other cutting-edge researches, which provide
key theoretical and methodological support for the development of the field. Journals such as Journal of Hydrology
and Hydrological Processes also have a certain number of articles and citation frequency. The Journal of Hydrology,
with an Impact Factor of 6.3 in 2024, is categorized as Q1 in JCR and ranks in the first tier of the CAS classification
for Earth Sciences. It is intertwined with journals of hydrology, meteorology, and remote sensing sciences, which
reflect that the research on estimation of forest evapotranspiration is presenting a new trend, the research on forest
evapotranspiration (ET) estimation is showing a multidisciplinary and in-depth integration (Zou et al. 2017; Xu et al.
2019; Heiss et al. 2020; Lu et al. 2020). Global Change Biology has 91.49 citations per article in the field of ET
estimation methodology. In 2024, the journal achieved an Impact Factor of 12 and was ranked Q1 in JCR. Its scope
emphasizes the interactions between ecosystem processes and climate change at the global scale. Research on forest
evapotranspiration, as a core component of both the terrestrial hydrological and carbon cycles, inherently possesses
trans-regional and long-term characteristics. These macro-attributes make it highly compatible with the journal’s
positioning as a platform for large-scale and interdisciplinary studies (Chen et al. 2022; Wang and Wang 2023). As a
sub-proceeding of Nature, the average reviewing cycle of its articles reaches as long as 18 months, which ensures that
the results of the published results are of a high standard. Meanwhile, through the global promotion of Nature series
platforms, the research results can quickly reach scholars in ecology, climatology, hydrology and other fields,
resulting in interdisciplinary citation effects (Reichstein et al. 2007; Zhan et al. 2022).

Similarly, journals like Journal of Hydrology (average citations: 68.32) and Remote Sensing of Environment
(average citations: 72.56) reflect the field’s integration with hydrological science and remote sensing technology,
respectively. Their presence in the top list reinforces the interdisciplinary nature of forest ET research, which draws
methods and questions from ecology, hydrology, climatology, and geomatics. Together, these journals illustrate how
forest evapotranspiration research serves as a nexus for diverse scientific themes, bridging specialized methodologies
with large-scale environmental challenges. This expanded perspective on journal characteristics enriches our
understanding of the field’s intellectual landscape and its connections to broader scientific discourse.
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Fig. 4 Journal co-occurrence mapping of forest evapotranspiration estimation methods

Table 2. Top 10 journals in terms of articles carried

Rank Source Publications Citations Average Citation/Publication

1 Agricultural and Forest Meteorology 212 10438 49.24

2 Journal of Hydrology 91 4269 46.91

3 Hydrological Processes 65 1566 24.09

4 Remote Sensing 65 1129 17.37

5 Journal of Geophysical Research -Biogeosciences 49 2582 52.69

6 Global Change Biology 41 3751 91.49

7 Ecohydrology 40 959 23.98

8 Science of The Total Environment 39 689 17.67

9 Hydrology and Earth System Sciences 29 1301 44.86

10 Forests 29 449 15.48

3.2. Analysis of research hotspots
3.2.1 Author co-occurrence analysis

Keyword co-occurrence analysis can reveal the research hotspots and theme evolution in the field of forest ET
estimation methods. In Citespace software, the node type was set to Keywords, and the rest of the settings were the
same as 3.1.2, and the keyword co-occurrence map was drawn (Fig. 5), in which the size of the nodes represented the
frequency of the keywords, and the connecting lines between the nodes indicated the co-occurrence relationship
between the keywords, and the thickness of the connecting lines reflected the intensity of the co-occurrence. As can be
seen from the figure, the co-occurrence map contains 277 keyword nodes and 2,632 lines, and the density of the
keyword contribution network is 0.0689. The "eddy covariance" node has the highest frequency of occurrence and the
largest node. The keywords "evapotranspiration", "forest" and "climate chance" also appear more frequently and have
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relatively larger nodes. The nodes are also relatively large. Citespace was used to obtain information about the 20
keywords with high frequency, as shown in Table 3.

Table 3 showed that beyond its high frequency, "eddy covariance" also exhibits a notable centrality score of 0.21
in the network, a metric that underscores its pivotal role as a methodological linchpin. This centrality reflects its
unique ability to bridge disparate research themes: it connects concepts like "carbon dioxide" and "fluxes" through its
role in quantifying biosphere-atmosphere exchanges, while also linking to "climate change" by providing critical data
on how forest evapotranspiration and carbon dynamics respond to environmental shifts. This bridging function is
methodologically significant. As a standardized technique for measuring turbulent fluxes (including water vapor and
carbon dioxide) between ecosystems and the atmosphere, eddy covariance serves as a common methodological thread
across studies focusing on hydrological processes, carbon cycling, and climate feedbacks. Its centrality in the keyword
network thus mirrors its real-world role in integrating diverse research strands, enabling cross-theme comparisons and
synthesis. For instance, studies on "climate change impacts on forest ecosystems" often rely on eddy covariance data
to contextualize flux changes, while research on "carbon sequestration" uses the same technique to quantify ecosystem
carbon uptake-highlighting how this method fosters coherence across the field. This emphasis on its bridging role
enhances our understanding of how methodological advancements like eddy covariance facilitate interdisciplinary
progress in forest evapotranspiration research.

Fig. 5 Co-occurrence mapping of research keywords for forest evapotranspiration

Table 3. Top 20 High Frequency Keywords

frequencycentralityparticular yearbyword
4600.212005eddy covariance
3110.182005evapotranspiration
2490.112007forest
2060.162006climate change
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2040.092005carbon dioxide
1610.042005evaporation
1400.062005transpiration
1350.052006climate
1340.032005remote sensing
1320.042008water
1300.102005stomatal conductance
1280.052007sap flow
1240.072019machince learning
1240.072005model
1220.052008net ecosystem exchange
1070.042009modis
1040.042017precipitation
1040.052009flux
1030.042020random forest
980.042008energy balance

The frequency of a keyword reflects the attention of scholars to the topic, while its centrality reflects the
centrality of the topic within the research field (Soós and Kiss 2020). When the frequency and centrality of a keyword
are both high, it indicates that the topic not only receives widespread attention, but also is an important theoretical
foundation and hot direction within the research field. According to Table 3, it can be seen that the word eddy
covariance appears in the first place in both frequency and centrality, and is the most central node in the whole field
with the deepest influence. Scholars in this research field first started to study the estimation of forest ET with the
introduction of eddy covariance, and Authors focused on how to separate net ecosystem exchanges into assimilation
and ecosystem respiration, and proposed an improved algorithm, which laid the foundation for the subsequent study of
ET in forest ecosystems by using eddy covariance method (Reichstein et al. 2005), and other processes in forest
ecosystems using the eddy covariance method. Follow-up researchers focused on the application of eddy covariance
method under different climatic conditions and forest types to analyze the dominant factors, spatial and temporal
characteristics and energy balance of ET in forests in the arid desert region of northwestern China (Ma et al. 2017),
and in moist deciduous forests in the foothills of the Himalayas of northwestern India (Srinet et al. 2022). Foltýnová et
al. (2019) research focuses on data processing, which addresses the problem of missing data in eddy covariance latent
heat flux measurements, and puts forward suggestions and methods for interpolation using edge distribution sampling,
which can help to improve the accuracy of forest ET estimation. These research results continue to promote the
accuracy and applicability of eddy covariance in the field of forest evapotranspiration estimation, and deepen the
understanding of water cycling in forest ecosystems.

Apart from the term "eddy covariance", nodes such as "evapotranspiration", "forest", and "climate change" are
relatively large and have high centrality, indicating that these keywords occur frequently and represent the research
hotspots in the field of forest evapotranspiration estimation methods as well as their significant positions in this
research. Keywords like "machine learning", "precipitation", and "random forest" represent the future development
trends in the field of forest evapotranspiration estimation methods.

3.2.2. Keyword Clustering Analysis

Keyword clustering analysis has the capability to merge and classify semantically similar keywords, which helps to
clearly reveal the complex interaction relationships between different thematic groups in the research field of forest
evapotranspiration estimation methods. By deeply analyzing the time span of keywords appearing in specific clusters,
we can effectively grasp the changing characteristics of each research field over time (Chen, Yue et al. 2015). This
study conducted clustering analysis on keywords and obtained a keyword clustering map for forest evapotranspiration
estimation methods research (Fig. 6). According to the Log-Likelihood Ratio (LLR) method for keyword clustering,
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as explained by the software designers (Chen 2004), when 3.0Q , the clustering is significant; when 7.0S , the
clustering analysis has good reliability. In this clustering, we obtained Q = 0.3679 and S = 0.7332, indicating that the
clustering results are reliable. Clusters with earlier numbers represent more influential or foundational research.
Cluster No. 0 "eddy covariance" is the core content of this study, while Clusters No. 1 "remote sensing", No. 2
"machine learning", No. 3 "sap flow", and No. 4 "energy" represent the mainstream estimation methods for forest
evapotranspiration, indicating that these estimation methods are research hotspots in this field. The clustering is
clearly meaningful, and the classification results are presented in Table 4.

From the perspective of average usage years, the clusters "eddy covariance" and "sap flow" were more frequently
used during 2005–2009, a period when field observation methods were mainly used to measure forest
evapotranspiration or water use by trees. After 2009, the research hotspot gradually shifted to "energy", during which
many scholars optimized and revised traditional evapotranspiration models based on the energy balance principle to
make them more accurately reflect the evapotranspiration process in forest ecosystems. After 2015, researchers turned
their attention to "remote sensing", as the development of remote sensing technology provided new data sources and
methods for forest evapotranspiration estimation. In terms of average usage years, "machine learning", "random
forest", "support vector machine", etc., are the most recent research hotspots.

Table 4 presents the results of keyword clustering, identifying three main research themes: traditional field
measurements, remote sensing applications, and data-driven modeling. Among these, the average years for "remote
sensing" (2017) and "machine learning" (2020) in Table 4 clearly reflect an accelerating technological shift in the field
of forest evapotranspiration research. This temporal pattern-with remote sensing establishing itself as a foundational
tool earlier and machine learning emerging as a rapidly growing force-signals a notable evolution in methodological
approaches.

This technological shift carries significant implications for future research paradigms. Traditional research, which
relied heavily on field-based measurements and empirical modeling, is increasingly integrating with large-scale
remote sensing data and advanced machine learning algorithms. This integration enables more accurate and efficient
estimation of forest evapotranspiration across complex and diverse ecosystems, potentially expanding the research
scope from localized studies to global-scale analyses. Such a paradigm shift may also foster greater interdisciplinary
collaboration, as progress will depend on bridging expertise in ecology, hydrology, and computational science.

For new researchers entering the field, this trend underscores the need for an expanded skill set. In addition to a
strong foundation in ecological and hydrological principles, proficiency in remote sensing data processing (e.g.,
handling satellite imagery from Landsat or Sentinel missions) and machine learning techniques (e.g., using Python
libraries like TensorFlow or scikit-learn) will probably become essential. Moreover, the ability to interpret and
validate model outputs against field data will remain crucial to ensure the reliability of technology-driven approaches.
These developments highlight the dynamic nature of the field, where technological advancement is reshaping both
research directions and the capabilities required of its practitioners.
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Fig. 6 Network mapping of research keywords for forest evapotranspiration estimation methods

Table 4. Keyword Clustering List

ID Cluster name Tag words Average year of use

0 eddy covariance carbon dioxide, eddy covariance measurements, water vapor 2005

1 remote sensing model, calibration, land surface temperature, modis 2017

2 machine learning random forest, performance, support vector machine 2020

3 sap flow canopy conductance, carbon cycle, gas exchange 2008

4 energy heat flux, penman, vegetative changes 2011

3.2.3. Synthesis of research results

Combining the summarization of the above charts and the study of a large number of related papers, it can be
seen that the research hotspots of forest ET estimation methods in the period of 2005-2025 include the research on
forest ET estimation models and methods, and the key application areas of forest ET estimation.

(1)Research on forest ET estimation models and methods. The core of forest ET estimation methods lies in the
integration of multidisciplinary theories and technologies, forming a methodological system based on physical
mechanisms, data-driven innovation, and multi-source observation (Vinukollu et al. 2011; Xu et al. 2014; Abiodun et
al. 2018). Combined with the keyword co-occurrence and clustering analysis, the research hotspots in this field can be
summarized into the following three major categories:

1 Traditional modeling and improvement based on physical processes

Physical models based on energy balance and water vapor transport theories are important cornerstones of forest
ET estimation, among which Eddy Covariance and Penman-Monteith models are the most representative methods.

The eddy correlation (EC) method, as the "gold standard" for direct observation of water vapor exchange
between forests and the atmosphere, achieves accurate estimation of evapotranspiration through high-frequency
measurements of water vapor fluxes in atmospheric turbulence, and in an earlier study, Authors Reichstein et al. (2005)
separated net ecosystem through an improved algorithm exchange, which laid the foundation for the subsequent study
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of forest ET using eddy correlation. With the expansion of application scenarios, researchers began to pay attention to
the improvement of data quality in complex environments. Göckede et al. (2008) optimized the coordinate rotation
method in the processing of eddy-correlation data, and improved the accuracy of data processing to a new level. Fan et
al. (2022) analyzed the daily changes of forest ET in arid areas using EC, and found that the nighttime ET accounted
for 15%-20%, and correcting the traditional perception that nighttime evapotranspiration is negligible. To address the
problem of missing data, Foltýnová et al. (2019) proposed a marginal distribution sampling interpolation method,
which improved the data completeness to 92% and significantly reduced the estimation bias. This technique not only
enhances the reliability of EC data, but is also applied in extreme environments such as humid deciduous forests in the
foothills of the Indian Himalayas (Srinet et al. 2022), which reveals the differentiation of evapotranspiration driving
mechanisms under different climatic conditions.

The Penman-Monteith model enables regional-scale evapotranspiration estimation by integrating meteorological
data and vegetation parameters (Jiao, Xing et al. 2010). Its improved form is widely used in global forest hydrology
studies. Fisher et al. (2005) found in a comparative experiment in a yellow pine forest ecosystem in Nevada, USA, that
the traditional model had a significant bias in simulating the energy partitioning under complex topography, and that
the introduction of a correction factor for canopy height improved the 2R of the estimates to the measured values
from 0.68 to 0.85, with an improvement of 30% in the efficiency of the calculation, by 30%. A domestic study
focusing on the effects of vegetation degradation by Zhang, Xiaoyu et al. (2024), analyzed the canopy stomatal
conductance of small-leaf poplar plantation forests with different degradation levels based on the model, and found
that the lag of stomatal conductance response to the water vapor pressure difference in heavily degraded forest stands
was prolonged by 2-3 hours, a finding that provides a key parameter for moisture management in forest restoration in
arid and semi-arid zones. In addition, the canopy resistance model proposed by Baldocchi et al. (2019) provides new
ideas for the improvement of the Penman-Monteith model, which further expands its application in complex forest
ecosystems. These improvements not only enhance the adaptability of the model to different environments, but also
improve the accuracy of the estimation of forest evapotranspiration, which provides a strong support for the in-depth
understanding of forest hydrological processes and ecological environmental protection.

2 Remote sensing inversion and multi-source data fusion methods

Remote sensing technology has broken through the spatiotemporal limitations of ground-based observations,
emerging as a core approach for evapotranspiration estimation at regional to global scales. This has formed a technical
system rooted in energy balance models, supported by multi-source data fusion, and driven by intelligent algorithm
innovation (Liou and Kar 2014; Zhang et al. 2016; Zhao, Shen and Chen, Shaohui 2017).

The energy balance model calculates evapotranspiration through surface energy allocation, and its core models,
Surface Energy Balance Algorithm for Land (SEBAL) and Mapping Evapotranspiration at High Resolution with
Internalized Calibration (METRIC), have been widely used in regional scale calculations. Feng and Wang (2012); Du
et al. (2013); Li et al. (2023) used the SEBAL model to integrate the MODIS thermal infrared data with the ground
vorticity correlation observation, and realized a refined capture of the difference in evapotranspiration under different
vegetation cover, the 2R between the estimated and measured values reaches 0.83, which is 45% higher than that of
the traditional empirical model. To address the problem of radiation heterogeneity caused by mountainous terrain,
WASTI et al. (2020) introduced the terrain correction module of the METRIC model in the Himalayan region of
Nepal, and through the calculation of solar radiation redistribution by slope gradient and direction, the hourly scale
estimation error is controlled at 0.06 mm/h, which verifies the applicability of the model in the region of height
difference over 2000 meters.

The limitations of a single remote sensing data source have driven the rapid development of multi-source fusion
technologies (Samadzadegan et al. 2025). Optical remote sensing such as MODIS and Sentinel-2 provide high-
frequency vegetation information, and microwave remote sensing such as Sentinel-1 and AMSR-E penetrate the
clouds to obtain the soil moisture, and the combination of the two has resulted in the construction of the GLEAM and
FLUXCOM ET products that have performed excellently in the estimation of global forest ET (Wang et al. 2025).
Feng et al. (2019) utilized the ESTARFM spatiotemporal fusion algorithm to fuse MODIS leaf area index with
Sentinel-1 soil moisture to generate 30-meter-resolution daily ET data, and the data coverage was improved from 65%
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to 92%, which provides a key support for the moisture monitoring at the small watershed scale. In complex forest
ecosystems, the accuracy of remote sensing-based ET estimation is constrained by two key factors. Spatial resolution
limitations-with most satellite sensors (30m-1km) coarser than fine-scale canopy variability (e.g., gaps, mixed patches)
lead to averaging effects that obscure ET differences between dense and sparse areas. Meanwhile, vegetation
heterogenicity, including variations in species, canopy height, and Leaf Area Index(LAI), reduces the reliability of
spectral indices (e.g., NDVI), as bulk signatures fail to distinguish distinct ET rates among vegetation types. These
constraints highlight the need for advances in high-resolution sensing and heterogenicity-aware modeling to enhance
estimation precision in complex forests. In addition, with the introduction of artificial intelligence algorithms such as
Random Forest and Deep Learning, the model is able to automatically mine the nonlinear relationships in multi-source
data, and realize high-precision evapotranspiration estimation in data-scarce regions (Feng et al. 2023). These
advances not only promote the improvement of evapotranspiration remote sensing theory, but also provide powerful
tools for forest hydrological process analysis, water resource management and climate change research.

3 Machine Learning and Data-Driven Modeling

With the development of big data technology, machine learning methods show significant advantages in dealing
with complex nonlinear relationships and multi-factor coupling problems, forming a research hotspot dominated by
Random Forest, Support Vector Machines, and Deep Learning models (Granata 2019; Shabani et al. 2020; Amani and
Shafizadeh-Moghadam 2023).

Conventional machine learning models estimate evapotranspiration by mining statistical patterns in historical
data. Gokool et al. (2024) Based on the Google Earth Engine platform, integrated Landsat remote sensing data with
meteorological observations to construct a random forest hybrid model to estimate the actual evapotranspiration of
commercial forests in South Africa, and the results showed that this model improved the accuracy by 28% compared
with the traditional energy balance model, especially in the area of plantation forests with complex vegetation
structure, and the root-mean-square error was reduced to 0.3 mm/day. To address the problem of the lack of
meteorological data in arid zones, Tortajada et al. (2021) proposed a hybrid VMD-GWO-SVM model, This model
first extracts the time-series characteristics of actual evapotranspiration (ETa) through variational mode decomposition
(VMD) and then combines the Grey Wolf Optimizer (GWO) to optimize the parameters of the SVM, and finally
achieved a high accuracy of Nash's coefficient of efficiency of 0.8754 and mean absolute percentage error of 23.22%
in the validation of the Heihe River Basin, which is 15-20% higher than that of the single SVM model.

The deep learning model automatically mines the hidden features of the data through multi-layer neural networks,
and shows unique advantages in the prediction of complex terrain and long time series. Qiu et al. (2022) constructed
an LSTM model with an attention mechanism for the coniferous forest in Luya Mountain, Shanxi, integrating
meteorological data and soil heat flux, the model automatically identifies key driving factors of evapotranspiration
through a temporal attention layer and captures the spatial modulation effect of terrain on evapotranspiration through a
spatial attention layer, during the validation period, the RMSE was 0.137 mm/day and the MAE was 0.073 mm/day,
significantly outperforming traditional Long Short-Term Memory (LSTM) and Back Propagation (BP) neural
networks. This study emphasizes the irreplaceability of the attention mechanism in complex terrains. It is noteworthy
that "physical mechanism + data-driven" hybrid models are becoming a research hotspot. Giardina et al. (2023)
embedded a deep learning model into a process-based global evaporation model, training a neural network with eddy
covariance data to simulate transpiration stress, validation across 458 global stations showed that the Kling-Gupta
Efficiency of the hybrid model improved by 0.2-0.4 on average compared to pure physical models, with an increase of
0.6 in humid forest areas of North America. This research provides a new "data-model" dual-driven framework for
global forest evapotranspiration simulation. Machine Learning, Data-Driven Modeling, and hybrid physical-data-
driven models show promise but face critical limitations. Scarcity of high-quality long-term in-situ data in
complex/remote regions (e.g., mountains, tropics) causes overfitting and poor generalization. Technically, integrating
physical mechanisms (e.g., energy balance) with AI is challenging-simplified physical assumptions conflict with AI-
captured ecosystem specifics, weakening robustness. Moreover, advanced AI’s high computational demands,
inaccessible to regions with limited infrastructure, further restrict adoption.
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Notably, interdisciplinary integration has driven methodological breakthroughs, as exemplified by three
successful cases: FLUXCOM global ET products Wang et al. (2025) integrated ecologists ’ eddy covariance data,
remote sensing experts’ MODIS imagery, and climatologists’ reanalysis datasets, achieving R²=0.82 across 200+ flux
towers. This collaboration overcame single-discipline limitations, enabling global-scale ET mapping. Heihe River
Basin study Tortajada et al. (2021) combined hydrologists ’ SWAT model frameworks with computer scientists ’
VMD-GWO-SVM algorithms, reducing ET estimation RMSE by 32% in data-scarce mountain forests by fusing
hydrological process knowledge with machine learning’s nonlinear fitting. Amazon drought monitoring Konings et al.
(2021) linked ecologists ’ stomatal conductance observations, remote sensing specialists ’ Landsat thermal data, and
data scientists ’ LSTM models, accurately detecting a 15-20% ET decline during the 2019 drought via cross-scale
process integration. These cases confirm that interdisciplinary collaboration- across ecology, remote sensing,
hydrology, and computer science- effectively addresses forest ET ’s complexity, enhancing accuracy and application
scope.

(2) Key application areas for forest ET estimation. Applied research on forest ET estimation has developed
systematic solutions in the fields of ecology, hydrology, climate and policy through the cross-fertilization of
multidisciplinary approaches. In the field of ecosystem monitoring and carbon and water cycle assessment, accurate
estimation of ET provides the core data support for understanding ecosystem functions (Yang et al. 2021; Zhao et al.
2024), and its spatial and temporal heterogeneity can dynamically monitor forest health and timely detect signs of
water stress or degradation of vegetation (Zan et al. 2024). In the field of water resource management and basin
hydrological control, the results of forest evapotranspiration estimation have been deeply integrated into the practices
of regional water resource allocation (Wang et al. 2014), irrigation scheme optimization (Lu, Shihui et al. 2021), and
flood prediction (Xing, Zhenxiang et al. 2020), etc. Embedded in distributed hydrological models, the accuracy of
runoff simulation can be significantly improved, which can provide scientific basis for the water resource allocation of
the basin (Li et al. 2018), and at the same time, the relevant results of the research have also provided a key parameter
support (Fu et al. 2022; Xu, Yiyuan et al. 2023) for optimizing the forest water-saving technology. In the face of the
demand for climate change response and early warning of extreme events, it is of great scientific significance to
explore the interaction mechanism between forest evapotranspiration and climate factors (Ruiz-Aĺvarez et al. 2021).
Global-scale model simulation reveals the response pattern of forest evapotranspiration to climate change in temperate
zones (Ai et al. 2017), and the effect of stress factors such as acidification of precipitation on the evapotranspiration
process of forests is studied (Unsworth 1984; Shu, Jianmin and Cao, Hongfa 1992). The study of the effects of
precipitation acidification and other stressors on forest evapotranspiration processes has further deepened the
knowledge of ecosystem vulnerability. In addition, through the construction of the evapotranspiration anomaly
detection model, the water stress of drought, high temperature and other extreme climates on forests can be identified
in real time (Konings et al. 2021; Chen et al. 2023), which can provide technical support for the early warning of
disasters.

3.3. Analysis of research frontiers

Keyword mutation analysis can identify keywords with significantly higher frequency change rate in a certain
time period, thus revealing the emerging trends and dynamic evolution characteristics in the research field (Wang, liya
2013). The keywords in the research field of forest evapotranspiration estimation methods were subjected to mutation
detection by Citespace software, and the keywords were selected as node types, with a time slice of 1 year, and a
mutation intensity threshold of 0.1 , combined with the software's mutation detection algorithm, to obtain the
mutation table (TOP20) as shown in Figure 7. In accordance with the time order of the beginning of the keyword
mutation, the evolutionary process of the hotspot of the research can be roughly divided into three stages. In the first
stage (2005–2010), traditional observation methods dominated forest evapotranspiration (ET) research. Keywords
such as “eddy covariance measurements,” “surface conductance,” and “seasonal conductance” were most prominent,
alongside the emphasis on “seasonal variation.” This indicates that research at this stage primarily relied on
observation techniques, particularly eddy covariance, and focused on fundamental parameters such as surface
conductance to investigate ET processes at the ecosystem scale.
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The second stage (2010-2016) marked a shift toward in-depth exploration of process mechanisms and the
integration of multiple parameters. Keywords including “water vapor exchange” and “CO₂ exchange” began to
emerge, reflecting increased attention to specific ecosystem processes and structures, such as carbon exchange and
plant or leaf characteristics. During this period, studies deepened the understanding of core processes like water vapor
exchange and gradually refined ET estimation methods based on traditional observations and parameterization.

The third stage (2017-present) is characterized by the introduction of new technologies and model optimization.
Keywords such as “machine learning” and “random forest” highlight the adoption of advanced computational
approaches with strong data processing and modeling capabilities. These techniques overcome many limitations of
traditional methods, enabling forest ET estimation to advance toward greater accuracy and intelligence.

From Fig. 7’s 2023-2025 bursts, new keywords like "vapor pressure deficit" (VPD, strength=14.29), "terrestrial
evapotranspiration" (strength=12.69), and "regression" (strength=8.71) emerge. "VPD" (2023-2025) focuses on
physiological precision by linking atmospheric demand to transpiration, a focus absent in pre-2017 research centered
on "eddy covariance" (2006-2010) which emphasized broad flux observations. "Terrestrial evapotranspiration" scales
up from "forest-specific" research (e.g., studies on "ecosystem" from 2006-2010) to landscape and global integration,
filling the need for large-scale modeling identified in the manuscript. "Regression" has been revived as part of hybrid
frameworks combining regression with machine learning, differing from its pre-2020 use in purely empirical contexts
and now helping to address errors in data-sparse regions. These post-2023 terms represent an evolution beyond older
"black-box flux" studies (e.g., research on "water vapor exchange" from 2005-2016), validating the manuscript’s focus
on physiological and scale-driven precision as outlined in its introduction.

These emerging frontiers directly address the core challenges outlined in the introduction. As shown in Figure 7,
"machine learning" surged post-2017 precisely because it excels at resolving "multi-factor coupling"; a key hurdle
where traditional linear models fail to capture interactions between diverse drivers (e.g., radiation, soil moisture,
canopy conductance, and phenology). For example, random forest algorithms (Table 4) automatically weight the non-
linear contributions of each factor, enabling robust ET estimation even when drivers interact synergistically or
antagonistically. Similarly, "hybrid models" (integrating physical mechanisms with data-driven insights) tackle "non-
linear dynamics" by anchoring machine learning outputs to ecological processes (e.g., energy balance constraints).
This fusion mitigates overfitting to local conditions, a critical issue in complex forests where microclimate gradients
and canopy stratification create highly non-linear relationships between inputs and ET fluxes. In essence, these
technologies evolved to specifically overcome the limitations of traditional methods in handling forest complexity.

From the emergence of keywords from 2005 to 2025, research started from basic ecosystem processes, gradually
refined to ecosystem functions such as carbon cycle, and in recent years, with the help of new technologies such as
machine learning, it has expanded to watershed scale, specific regions and more complex ecohydrological processes,
reflecting the trend of continuous deepening and expanding of the research, as well as the trend of integrating with
new technologies.
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Fig. 7 Information on research emergence terms for forest evapotranspiration estimation methods (TOP20)

4. Limitations
Despite the comprehensive analysis of forest evapotranspiration estimation methods using bibliometrics, this

study has several limitations that should be acknowledged:
The literature data used in this study are solely derived from the Web of Science (WoS) database. Although

WoS is a widely used academic database with high credibility, relying only on this datahub may lead to the omission
of relevant studies from other important databases such as Scopus and PubMed, especially those focusing on specific
sub-fields of forest evapotranspiration research, which may affect the comprehensiveness of the analysis results. For
future research, it is advisable to integrate data from multiple databases to expand the coverage of literature and
reduce the impact of database bias.

Keyword selection in this study relied on high-frequency terms and clustering algorithms, which, despite
following standardized protocols, involve inherent subjectivity. This subjectivity might affect the accuracy of
research theme identification, potentially omitting or misclassifying emerging keywords. Future work could mitigate
this by incorporating expert review to validate keyword clusters, enhancing the objectivity of theme extraction.

This bibliometric method is unable to fully assess the qualitative impact of individual studies. This method
mainly focuses on quantitative indicators such as the number of citations, the distribution of journals, and the co-
occurrence of keywords, but it is difficult to effectively reflect the qualitative contributions of individual studies, such
as theoretical innovations, methodological breakthroughs, or practical application value that have an important
impact on the development of the field. Future research can combine bibliometric analysis with qualitative research
methods, such as in-depth analysis of representative studies, to more comprehensively and accurately present the
development context and academic influence of the field.

5. Conclusion

(1) The field of forest evapotranspiration estimation methodology has soared during the period of 2005-2025,
with the number of publications rising from an average of less than 50 per year at the beginning to more than 100 per
year in recent years, and reaching a peak in the period of 2017-2022. the Chinese Academy of Sciences, University of
Chinese Academy of Science, and United States Department of Agriculture (USDA) are the core research institutions,
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among which Chinese Academy of Sciences not only leads in the number of publications, but also builds up an
extensive international cooperation network. The 279 core authors identified according to Price's law contributed 83%
of the results, forming a close cooperation network. Agricultural and Forest Meteorology ranked first with 212 articles
and 10,438 citations, with an average of 49.24 citations per article, which is in the core position, indicating that the
research in this field focuses on the meteorological process of forests and agriculture as well as the energy exchange.

(2) Through keyword co-occurrence analysis, the research hotspots in forest evapotranspiration estimation
methods exhibit multi-dimensional characteristics. In terms of core methods, "eddy covariance" emerges as the field's
core with the highest frequency and centrality, covering the entire process from data collection to restoration. In terms
of technology integration, "remote sensing" integrates multi-source data through energy balance models to break
through spatiotemporal limitations. "Machine learning" processes nonlinear relationships with algorithms such as
random forests, and hybrid modeling patterns have become the frontier. In terms of application and mechanism,
keywords such as "climate change" and "carbon dioxide" highlight the focus on ecological hydrological processes and
responses to extreme climates, while "canopy conductance" and "energy balance" focus on the analysis of driving
mechanisms. Overall, research hotspots form a three-dimensional pattern of "optimization of traditional methods -
integration of new technologies - expansion of application scenarios", demonstrating a deep extension from method
innovation to ecological function exploration.

(3) Through keyword mutation analysis, the frontier of forest evapotranspiration estimation methods shows a
feature of technological iteration, roughly presenting three stages. The first stage mainly focused on traditional
physical observation, emphasizing basic data collection. The second stage shifted to the optimization of multi-
parameter coupled physical models. In the third stage, "machine learning" and other artificial intelligence technologies
have become the core driving force, with the frontier concentrating on the development of hybrid models, multi-
source data fusion, and intelligent algorithm innovation. Future methods will focus on the integration of "physical
constraints and intelligent learning", promoting the leap from single-point observation to basin or global-scale
simulation, and enhancing prediction accuracy.
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