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Abstract

:

Scientometric reviews, facilitated by computational and visual analytical approaches, allow researchers to gain a thorough understanding of research trends and areas of concentration from a large number of publications. With the fast development of satellite altimetry, which has been effectively applied to a wide range of research topics, it is timely to summarize the scientific achievements of the previous 50 years and identify future trends in this field. A comprehensive overview of satellite altimetry was presented using a total of 8541 publications from the Web of Science Core Collection covering the years from 1970 to 2021. We begin by presenting the fundamental statistical results of the publications, such as the annual number of papers, study categories, countries/regions, afflictions, journals, authors, and keywords, in order to provide a comprehensive picture of satellite altimetry research. We discuss the co-occurrence of the authors in order to reveal the global collaboration network of satellite altimetry research. Finally, we utilised co-citation networks to detect the development trend and associated crucial publications for various specific topics. The findings show that satellite altimetry research has been changed immensely during the last half-century. The United States, France, China, England, and Germany made the most significant contributions in the field of satellite altimetry. The analysis reveals a clear link between technology advancements and the trend in satellite altimetry research. As a result, wide swath altimetry, GNSS-reflectometry, laser altimetry, terrestrial hydrology, and deep learning are among the most frontier study subjects. The findings of this work could guide a thorough understanding of satellite altimetry’s overall development and research front.
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1. Introduction


In the 1960s, the idea of using a radar altimeter on a spacecraft to detect sea surface height was proposed [1]. The theoretical idea of observing heights from a satellite was then successfully demonstrated by several missions launched in the 1970s, including the Skylab-3 in 1973, the GEOS-3 in 1975, and the Seasat in 1978 [2,3]. The real upsurge of satellite altimetry came after the launch of TOPEX/Poseidon (T/P) in the 1990s, as a result of the proven capability of such observations and their increasing accuracy [4].



Until now, a number of satellite radar altimeters have been successfully launched and operated by various international agencies with the support of, primarily, the United States, the European Union, China, Japan, and India. As shown in Figure 1, the past and current satellite altimeters, including the ESA-1/2, Envisat, Sentinel-3A/B, Jason-1/2/3, Sentinel-6, HY-2A/B/C/D, SARAL/AltiKa, CryoSat-2, and ICESat/ICESat-2, have offered a homogeneous, high-precision, and long time series of Earth observations, particularly over the ocean [5,6,7,8,9]. The nearly 30 years of high-quality satellite altimetry data have greatly promoted the development of marine geodesy and oceanography to chart the statics and dynamics of the ocean from space [10,11,12]. Numerous studies have also been expanded to include other scientific fields, such as continental hydrology, the cryosphere, land topography, forest, soil, and even marine organisms and anthropology [3,13,14], demonstrating that satellite altimetry is of a wider scientific interest.



Reviewing the previous scientific findings is one of the most important tasks, and essential in leading us to new directions of research in altimetry. However, describing all progress made in a comprehensive way over the past and long years is a difficult task, as it covers many different scientific and engineering fields. The earlier reviews on satellite altimetry were the pioneering works by Wunsch and Stammer [15] and Fu [16], which focused on marine geodesy and ocean circulation with Seasat and GEOS-3. Then, several review papers covered specific topics of satellite altimetry, such as sea surface wind [17], geophysical altimetry [18,19], ocean circulation [20], bathymetry [21,22], ice sheet [23], land water [24,25], eddy [26,27], sea level change [28,29,30,31,32], land soil moisture [33], the troposphere [34], and the Arctic [35]. In 2019, Fu et al. provided a comprehensive analysis of ocean satellite remote sensing in the last 50 years, with a focus on satellite altimetry [2]. The most recent review paper, finished by more than 300 co-authors, summarized the recent 25 years of progress in satellite altimetry and identified critical key challenges for future missions [36].



With the rapidly increasing number of published papers on satellite altimetry in a wide range of disciplines, keeping track of everything is becoming impractical. Furthermore, typical review articles may focus on specialized disciplines, and it is difficult to avoid personal subjectivity, which may preclude a thorough evaluation of valuable satellite altimetry knowledge. As a result, it is especially important to review the research progress in satellite altimetry using the published documents as much as possible based on scientific methodologies, such as the scientometrics. Scientometrics is a new scientific field based on a set of statistical methods. It quantitatively analyzes big scientific data, tracks their evolution over time, and determines the knowledge gained and its boundary [37,38]. As a result of the tremendous development on computational, visual analytic approaches, and big data evaluations, scientometrics, with the assistance of science mapping, has also been significantly developed [38]. At present, the graphical representation of bibliometric maps can be achieved by software such as CiteSpace [39], VOSviewer [40], and the Bibliometrix R-tool [41]. Although these quantitative techniques were initially developed by informetrics people, they are now widely used in various scientific domains, including remote sensing [42]. Some review articles, for instance, have employed bibliometric analytic approaches for detecting research advancements and directions on Google Earth Engine, remote sensing for grassland and agriculture, oil spill and phytoplankton blooms detection, coral reefs and soil monitoring, carbon emissions, ocean big data and marine protection, climate change, as well as human health [43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66].



These scientometric tools have greatly advanced our understanding of the past, present, and future of certain scientific topics. However, no attempt has been made thus far to analyze satellite altimetry using a scientometric analysis. Using a scientometric method, we plan to provide a “grand picture” of satellite altimetry based on meta-data in Web of Science (WoS) from 1970 to 2021. The purpose of this study is to: (1) reveal the global literature characteristics, such as the number variation for publication years, countries/regions, affiliations, etc.; (2) provide an accurate overview of research topic evolution over time; (3) reveal the inner connections of literature and authors by visualizing and analyzing citation networks of scientific publications; and (4) trace the intellectual roots and popular research frontiers. We hope that this work will provide a comprehensive overview of the intellectual landscape of satellite altimetry during the past 50 years, aid new researchers in their pursuit of study in this field, and assist experienced and active researchers in keeping their knowledge of the field up to date.




2. Data and Methods


Before conducting this scientometric analysis, it is necessary to collect trustworthy publication data. Consequently, we can determine the structure, relationships, and emerging trends of the satellite altimetry literature. In addition, advanced methods for analyzing meta-data and creating a map of scientific knowledge are required.



2.1. Wos Data


WoS provides access to many databases, including complete citation data for numerous academic subjects. In this study, data were retrieved from the WoS Core Collection. Because it contains the most widely used databases, such as the Science Citation Index Expanded (SCIE) and the Conference Proceedings Citation Index—Science (CPCI-S). Each article’s cited references have also been indexed in order to facilitate the co-citation analysis. Specifically, WoS gives a preliminary analysis of the literature, including publication counts, research categories, countries/regions, citation counts, etc.



We built the satellite altimetry dataset using a topic search for “satellite altimet*,” which returned results for “satellite altimeter” and “satellite altimery” by searching the article title, abstract, keywords, and keywords plus. The findings indicated that the first scientific journal article on satellite altimetry was published in 1970. Thus, the retrieval period was set to “1970–2021” to obtain as many relevant papers as feasible. The WoS Core Collection topic search returns 8514 publications, including 7223 SCI-E indexed journal papers, 1378 CPCI-S indexed conference papers, and a small number of other indexed papers (i.e., Book Citation Index—Science). All WoS records include the metadata of author, keyword, title, publication year, country/region, source document, abstract, and cited references. The essential details are listed in Table 1.




2.2. Review Methods


CiteSpace, VOSviewer, and Bibliometrix were used in this work to analyze and visualize the WoS data set on satellite altimetry [38,40,41,42,67]. These tools are qualified to give powerful basic statistics of the literature’s features, cluster analysis, and extensive social network reasoning. They are able to be used to track the primary thematic concentrations as well as the connections between diverse clusters within the scientific field of satellite altimetry. Furthermore, the use of Structural Variation Analysis (SVA) could also help us identify hotspot research topics throughout time and uncover new publications with transformational potentials that have just been published [67].





3. Review Results


3.1. Temporal Evolution of Documents


Figure 2 displays the annual paper number and the number of times these publications were cited in relation to satellite altimetry from 1970 to 2021. Over the past 50 years, the number of published papers and citations have increased significantly, demonstrating the expanding influence of satellite altimetry in scientific applications. From 1970 to 1990, the annual number of published papers is less than twenty, and the rate of growth was moderate. During this time, satellite altimeter missions had a relatively low precision. In addition, the military has made their satellite altimetry data confidential, which further restricts research in this subject [68].



Due to the deployment of the satellite altimeter TOPEX/Poseidon, the first surge of published papers occurred around 1991. Since the TOPEX/Poseidon, the accuracy on sea surface height (ssh) determination has been estimated to be between 2 and 3 cm as a result of the development of the altimeter equipment, precise orbit determination, and improvements in the correction models [69]. In 2021, more than 600 papers were published, and this number is expected to keep rising. Particularly, in 2021 more than half of the annual papers, approximately 400, were open access (OA). These altimetry publications have received more than 230,000 citations, according to a WoS statistic.




3.2. Research Areas and Journal Sources


In total, 98 categories of WoS publications were found to be connected to satellite altimetry, demonstrating that the study domain encompasses a broad range of fields. Figure 3 depicts the primary research categories containing more than 200 papers, with the top 10 categories subdivided into five major publishing nations. With 2542, 2428, and 2399 papers, the oceanographic science, multidisciplinary geosciences, and remote sensing are the top three categories in terms of total number of papers. In addition, the geochemistry and geophysics, image science and photographic technology, meteorology, atmospheric science, and environmental sciences are all prominent categories, with more than 1000 papers in each of these fields. However, the categories are distributed differently between countries. This may be due to the differences in research interests among the nations involved. For example, in China, remote sensing is the most major category in satellite altimetry research, and oceanography is only the fourth most significant category, whereas the oceanography category is the first most significant category in the United States and France.



In terms of satellite altimetry related publication sources, there were 1318 items, which included journals, book chapters, and proceedings. Figure 4 shows the top 20 sources in terms of number of publications, as well as the relevant distribution for the top five nations. The Journal of Geophysical Research-Oceans (JGR-Ocean, 823 papers) and the Geophysical Research Letter (GRL, 391 papers) rank first and second, respectively, according to the results. It is followed by the open access journal Remote Sensing (RS), which published 378 relevant papers, accounting for 4.6% of all publications. The annual papers of Remote Sensing have increased at a remarkable rate, starting from one paper in 2009 and reaching up to 96 papers in 2021, much exceeding the growth of all other journals combined. Particularly noteworthy among the Remote Sensing articles is that China contributed almost half of the studies in the satellite altimetry field.



The results reveal that the Journal of Physical Oceanography (JPO), Advances in Space Research (ASR), Remote Sensing of Environment (RSE), and IEEE Transactions on Geoscience and Remote Sensing (TGRS) are the most common scientific journals for researchers to submit their research results. Additional sources for satellite altimetry publications include scientific proceedings, such as the IEEE The International Geoscience and Remote Sensing Symposium (IGARSS) and the International Association of Geodesy Symposia.



The number of open access publications has been significantly increased in recent years. Until now, over 400 publications have published as open access papers. The JGR-Ocean, with a total of 530, is the largest journal publishing OA papers, according to the results. Following journal sources publishing the OA papers are RS, GRL, JPO, and the Journal of Atmospheric And Oceanic Technology (J ATMOS OCEAN TECH), with publication numbers of 378, 297, 147, and 107, respectively.




3.3. Spatial Distribution of Publications


As shown in Figure 5, 137 countries/regions have engaged in satellite altimetry research. The top five countries by number of publications are the United States (3118), China (1149), France (1383), England (804), and Germany (748). Nevertheless, the United States accounts for more than one-third of all publications and is the most productive and prominent nation in the subject. In addition, we find that the EU has a notable group feature with a high research density. The result is related to the fact that the USA, the EU, and China operate most of the satellite altimetry missions. Specially, as shown in Figure 2, China has the fastest growth rate, surpassing France in 2013 and the United States in 2019. Presently, China publishes about 200 papers annually, ranking top in the world. We hypothesize that the Chinese’s rapid rate of publication in the satellite altimetry sector is related to their increasing investments in the ocean and space industries. From 2011 through 2020, China has launched a series of altimetry missions, designated as HY-2A/B/C/D [5].



The cited times were also assessed for each country, demonstrating that the United States has significantly outperformed the other countries with 105,761 times. France (29,102), the United Kingdom (18,539), China (15,433), and Australia (10,564) are the following countries on the list. Despite the fact that China has a significant number of papers published, the scientific influence is still less than France and England. In terms of national cooperation centrality, which is used to indicate the strength of research cooperation, the top five countries are the United States, France, England, Germany, and China. As shown in Figure 6, there are 91 connections between the United States and other countries, with more than 2200 publications produced in collaboration. The United States and China have the most substantial cooperation connection, followed by the United States and France, the United States and the United Kingdom, and the United States and Germany.



It is estimated that more than 3000 affiliations have made contributions to satellite altimetry research. As shown in Figure 5, the global distribution of research institutes is primarily concentrated in the United States, the European Union, East China, and India. Additionally, institution clusters can be found in Australia, Brazil, and South Africa. Table 2 lists the top 10 research institutions with the greatest amount of documents. NASA in the United States was the most productive institution, with over 900 publications. The CNRS and IRD in France ranked second and third with 828 and 707 publications, respectively. The CAS in China and the Université de Toulouse in France published 629 and 517 publications, respectively, placing them fourth and fifth in the list.




3.4. Authors and Co-Authorship


Using the database of authors, we could determine which authors are the most engaged, productive, and valuable in satellite altimetry research. Satellite altimetry’s WoS documents include 15,750 authors, and 18 of those authors have published more than 50 papers.



Figure 7 shows the top 20 authors in terms of the number of documents and citations. In the field of marine geodesy, Shum CK from the United States is the most prolific author, with over 100 publications. Cazenave A has 95 papers, most of which are in physical oceanography and climate change; Andersen OB has 89 papers, the large percentage of which are in marine gravity and bathymetry; Camps A has 68 papers, the majority of which are in GNSS-R altimetry; and Chapron B has 67 papers, which are focused on physical processes at the ocean surface and the upper atmosphere.



Also included in this study was the calculation of the H-index, which is used to evaluate the cumulative impact of an author’s scholarly output and performance. Regarding the H-index, the top five authors were Cazenave A (42), Fricker HA (32), Shum CK (32), Fu LL (31), and Qiu B (31), mainly focusing on sea level change, cryosphere, geodesy, and physical oceanography [70,71,72,73,74]. These authors with a high H-index are the most influential in the satellite altimetry field.



In addition, we analysed the co-author network to reveal the cooperation relationships between different authors. The results indicate that there were only 452 authors of single-authored documents. The majority of papers were written by multiple authors, and the average number of co-Authors per document is 4.5. As shown in Figure 8, the authors who collaborated well and had similar research interests were grouped into the same clusters. Based on Citespace’s statistical algorithm, 1329 author nodes were connected by 3759 edges. The most productive and influential authors were located close to the center and were able to facilitate communication between different research groups. For instance, the authors in the bottom left corner of the figure formed a marine-geodesy-focused research group [75,76,77,78]. This small group is connected to the global research community by the bridge of Chenway Hwang, who furthermore had better collaborations with other research groups [79,80]. Such collaborations between the corner group and the center group may boost the flow of knowledge in research communication.




3.5. Network of Co-Citation


Through the connections between key paper nodes, the co-citation network could reveal the entire knowledge structure, dynamics, and paradigm developments of a specific field. When two documents are cited together in the same source article, they have a co-citation relationship, and research clusters on a particular topic could be formed [81]. In a co-citation network, the betweenness centrality metric, which measures the proportion of shortest paths to which a node belongs, is employed to identify potential pivotal nodes over time [37]. High betweenness centrality is typically associated with creativity, originality, and bridging contributions in various clusters [39]. The publication values could be visualized and evaluated with the aid of frequency, burst, and betweenness centrality.



Figure 9 demonstrates the main network structure of co-cited references derived from satellite-altimetry-related documents from 1970 to 2021. This co-citation network consists of 2426 nodes and 10,350 links. The network was divided into 38 clusters with the modularity (Q value) of 0.8673, and the mean silhouette (S value) of 0.9399, indicating that the quality and reliability of the categorized clusters are high. In Figure 9, the size of each node is proportional to the total co-citation frequency of the associated reference. Each line between nodes in Figure 9 represents at least one co-citation link between the two references [38].



An interesting finding in Figure 9 is that scientific publications in the satellite altimetry field exhibit time characteristics [38], with the earliest works appearing on the left and the latest on the right. For instance, the publications relating to the Skylab and Seasat satellite missions are located in the lower left side of the network, while the publications referring to the GNSS-R frontier are located in the upper right corner. Compared to large-scale research on geodesy and ocean circulation in the 1970s, which relied on relatively low-precision data, satellite altimetry has now been significantly expanded to encompass a wide range of topics, including the cryosphere, land hydrology, and climate change.



According to the findings, the research paper on nonlinear mesoscale eddies carried out by Chelton D. et al. is the one being cited more frequently than any other in the field of satellite altimetry [82]. This study examined 1.15 million individual eddy observations using sixteen years of sea-surface height data. The findings of this study highlight the predominance of westward propagations by nonlinear mesoscale eddies, which significantly supported the research of oceanic transports and physical–biological interaction [83,84]. Moreover, four of the other top five co-cited papers are about reprocessed multi-mission altimeter data [85], overviews of ICESat-2 and TOPEX/Poseidon missions [4,86], and overview of the ERA-Interim reanalysis [87]. We also notice that the overview of the Earth Gravitational Model 2008 [88], CNES-CLS09 global mean dynamic topography model [89], and SWOT Mission for Land Hydrology [90] were also listed in the high co-citation papers. Such publications comprise the key knowledge for contemporary satellite altimetry.



Using the betweenness centrality and visual inspection, we also identified turning point documents that serve as intellectual bridges from one time slice to the next [42]. Tapley B et al., the authors of the paper with the highest betweenness centrality, reported the novel gravity field adopted for the re-release of TOPEX/Poseidon altimeter data [91]. Since then, the accuracy of orbit determination for the TOPEX/Poseidon has been greatly enhanced, as has the accuracy of the sea surface height. Therefore, this publication may bridge the research fields of geodesy and oceanography that rely on SSH data with high precision. The research on oceanic tides by D. Cartwright et al. [92] is among the other works with a strong betweenness centrality, following with the mantle geophysical research by D. Mcconathy [93] and electromagnetic error analysis by E. Walsh [94], etc. Although not all of the pivotal documents receive high citation scores, the results indicate that these publications may serve as intellectual linchpins between distinct research clusters.




3.6. Common Interests in Research Topics


Since the beginning of satellite altimetry research occurred in the 1970s, research interests have been shifted dramatically during the past half century. Research keywords are a highly condensed representation of a paper’s content and could represent its central aspect. Up to 11,215 keywords were found in the WoS data set, showing a wide variety of satellite altimetry study areas.



Figure 10 demonstrates the co-occurrence distribution of the author’s keywords, which were classified into five groups based on similarity. The five clusters can be synthesized as follows: radar altimeter, laser altimeter, novel altimeter technology, ocean dynamics, and ocean geodesy.



The most frequently occurring keywords for the first cluster radar altimeter include sea surface height, significant wave height, calibration and validation, sea level anomaly, tides, precise orbit determination, gravity anomalies, as well as the satellite mission names Jason-1, Jason-2, SARAL, HY-2, etc. The majority of keywords in this cluster relate to the data processing of conventional radar altimeters and their prevalent applications [32,95,96,97]. The second cluster consists of the keywords ICESat, CryoSat-2, ICESat-2, laser altimetry, antarctica, Landsat, lakes, ice sheet, and Tibetan plateau, which are primarily associated with laser altimetry and its applications over ice and lakes. The third group of terms comprises GNSS reflectometry, SWOT, river discharge, synthetic aperture radar, and interferometry. Clearly, this cluster is focused on the novel radar altimetry technology and its unique applicability across land and sea. The fourth cluster includes data assimilation, mesoscale eddies, south china sea, eddies, indian ocean, kuroshio, El Nio–Southern Oscillation (ENSO), interannual variability, rossby waves, Southern Ocean, argo, circulation, eddy kinetic energy, and Pacific Ocean as keywords. The majority of these terms are associated with oceanography and ocean dynamics. The final cluster contains the keywords satellite geodesy, GOCE, satellite gravity, mean dynamic topography, and gravity field, which are clearly associated with marine geodesy.




3.7. Research Trend and Front


The above keyword analysis was based on statistical information and gives a brief overview of satellite altimetry studies. However, it is unable to provide the temporal progression of trending themes. In order to assess the research trend and front, we first analysed the temporal evolution of publications of the top 10 categories and the satellite missions over the past half century. Then, we analysed the keywords burst over the last five years.



Figure 11 shows the annual publications for top 10 categories of the satellite altimetry. The Environmental Science shows the greatest increasing trend in last 10 years, mainly focusing on the research of forest, lake/river/reservoirs water level, wetlands, glaciers, and sea level change [98,99,100,101,102,103,104,105]. According to the WoS categories, the Imaging Science Photographic Technology is heavily overlapped with the Environmental Science for satellite altimetry, and it similarly shows the rising trend. The categories of Remote Sensing and Geosciences Multidisciplinary also have strong trend of growth. However, because the two groups cover such a broad spectrum of topics, it is challenging to make any generalizations. Geophysics, which mostly focuses on gravity and bathymetry, has shown a decreasing tendency over the last decade. We hypothesize that there may be some technical impediments for geophysics research using present satellite altimetry data, and it might be overcome by launching cutting-edge missions like the SWOT [10].



Due to the fact that each mission has its own unique characteristics and applications, the trend of one satellite mission may mirror the trend of particular research fields. The publications associated with specific satellite missions were examined in order to illustrate the distribution of literature according to the altimetry satellite mission. Figure 12 displays the annual documents for 15 different satellite missions. Due to the development of POD and related correction models, the TOPEX/Poseidon mission was the first one to achieve a sea-surface height accuracy of 2–3 cm. Consequently, it is evident that TOPEX/Poseidon-related publications exhibited a considerable increase tendency between 1990 and 2004, essentially encompassing their whole lifespan. After 2004, there is a downward trend in TOPEX/Poseidon-related publications.



In recent years, the literature on laser altimetry missions (ICESat and ICESat-2) and SAR altimetry missions (CryoSat and Sentinel-3A/B) has exhibited a high growth trend, which may imply that the polar, ice, and terrestrial rivers/lakes are currently hot research subjects [106,107,108,109]. In spite of the fact that the HY-2 mission has a total of four satellites (HY-2 A, B, C, and D), the number of publications associated with the HY-2 mission is rather low when compared to those associated with other missions. In addition, the majority of the HY-2-related publications were from Chinese authors (172 out of 182 papers), and the calibration and validation topic is the most pertinent. It was reasonable to anticipate that the variety of uses for HY-2 data would explode because the data were made available in a more open manner and the quality was enhanced [110,111]. Another remarkable discovery was that even though the SWOT mission has not yet been launched, it shows a tendency of research interest. The majority of the SWOT-related publications have focused on validation experiments, model simulations of ocean and land hydrology, data assimilation, and error analysis [112,113,114,115]. For the near-term SWOT mission, designed to investigate sub-mesoscale ocean dynamics and terrestrial hydrology, there will be an explosion of research in these fields.



In addition, we assessed the topical trend based on the evolution of key words. Here, we examine satellite altimetry research conducted after 2015 to identify the most recent trends. The results show that internal gravity wave, one significant study topic for SWOT mission and ocean mixing in submesoscale dynamic processes, is the most frequently noted in publications in 2020–2021 [116,117,118,119]. Another prominent research key word is the terrestrial hydrology, focusing on the river, lake, and reservoir water levels and rating curves using CryoSat-2, ICESat-2, Sentinel-3A/B, and SWOT simulation data [120,121,122,123]. In addition, the Arctic and Tibetan plateaus are hot issues, which primarily involve the study of sea ice, snow, glaciers, and Tibetan lakes and adopt the data of CryoSat-2 and ICESat-2 [124,125,126,127,128]. Finally, we detected a surging of diverse deep learning topics covering nearly all possibilities of satellite altimetry, such as SWH prediction, SSH reconstruction, eddy detection, 3D ocean state estimation, eddy heat flux estimation, and surface current derivation [129,130,131,132,133,134,135,136,137]. The majority of current research trends, according to the analysis, are related to innovative altimetry technologies (such as SAR altimetry and interferometer altimetry) and cross-disciplines (such as the computer and information science of deep learning technology).





4. Scope and Limitations of This Analysis


In this research, the WoS Core Collection was used only for the scientometric analysis. In addition to the WoS, other significant databases, such as the CNKI in China and CiNii in Japan, are frequently used in particular countries. Additionally, restricted phrases (“satellite altimet*” mostly includes “satellite altimeter” or “satellite altimetry”) were utilized as search terms in the WoS database. However, such search keywords may exclude some multidisciplinary publications that are relevant to the satellite altimetry field. The used software and settings may also have a minor effect on the outcomes. Therefore, we acknowledge that scientometrics results may vary depending on the database, search terms, and program used.



More important, our co-occurrence analysis was based on an assumption that the structure of scientific knowledge can be essentially captured through semantically similar text and explicit citation links [38]. There are still concerns over the validity of such an assumption. All of the conclusions reported in this work must be considered in light of these constraints.




5. Conclusions


Using scientometrics analysis, we provided a complete overview of satellite altimetry research papers from 1970 to 2021. Our analysis consisted of bibliometric data regarding to annual publication counts, subject categories, source journals, nations, organizations, and keywords. To depict spatial trends, collaborations, and research hotspots in satellite altimetry research, co-occurrence and co-citation networks were created.



Since the launch of TOPEX/Poseidon in the 1990s, the quantity of satellite altimetry research publications has increased significantly. Currently, the number of documents published annually exceeds 600 and continues to expand exponentially, indicating that an increasing number of researchers are participating in this subject. The oceanography is the largest research category, followed by the multidisciplinary geoscience and remote sensing. The geographic distribution analysis demonstrates that the satellite altimetry research is globally involved. The United States, France, China, the United Kingdom, and Germany were the most productive research nations. NASA, CNRS, IRD, and CAS are the most fruitful research organizations. The United States, China, and the European Union have the strongest international collaboration. The most popular journals adopted by researchers are well-known journals such as JGR-Oceans, GRL, RS, JPO, and ASR, with RS trending upwards the most. In terms of the production and influence, Shum CK, Cazenave A, Andersen OB, Camps A, Chapron B, Ricker HA, Fu LL, and Qiu B are the most distinguished authors.



In the past 50 years, satellite altimetry research has advanced at a remarkable rate. Satellite altimetry’s current study topic has been continuously extended greatly since its beginnings. Despite the usual applications of satellite altimetry (oceanography and geodesy), numerous publications referred to continental hydrology, the cryosphere, land topography, and even forest and soil monitoring. The accuracy of altimetry measurements (mostly sea-surface height) has improved dramatically, and the spatial/temporal resolution of the combined altimetry data has been seen significant progress, which has greatly facilitated the use of altimetry for fine-scale oceanography.



From 1970 to 2021, research topics have developed into several clusters, ranging from the theoretical study and uses of the classical radar altimeter to the SAR altimetry, GNSS-R, and wide-swath altimetry. The analysis of research trends reveals that cutting-edge topics are closely related to the new altimetry technologies (such as the application of SAR altimetry to the land hydrology and polar area). Particularly, as the SWOT mission is expected to be launched in 2022, satellite altimetry is rapidly transitioning from “grid” to “pixel” resolution phases [138,139,140]. In the near future, it is anticipated that more unique topics related to this new altimetry technique will be explored. In addition, collaboration with deep learning is a cutting-edge field in satellite altimetry.
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Figure 1. Gantt chart showing the past, present, and future altimetry missions since 1985. The current date of 1 July 2022 is depicted by the dashed gray line. Satellite information was provided by https://space.oscar.wmo.int (accessed on 4 April 2022). 
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Figure 2. The number of publications based on WoS data from 1970 to 2021: (a) the global annual published paper, citations, and launch year of the T/P series satellite altimeter, and (b) the annual published paper counts for the top five countries. 
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Figure 3. The categories of publications of satellite altimetry. The pie chart displays the distribution of categories with more than 200 publications on a global scale. The distribution of categories among the top five nations is displayed in the bar graph below. Be aware that one publication may belong to several relevant categories. 
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Figure 4. The publication journals of satellite altimetry. The total number of documents for each journal is shown by the blue bars. The following is a stack of documents for the top five countries. Be aware that due to the cooperation, the combined documents of the five countries may be more than the total number. 
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Figure 5. Geographic distribution of the satellite altimetry literature by category of country/region (top) and affiliation (below) based on the WoS data of 1970 to 2021. The bar height indicates the number of documents. 
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Figure 6. Node diagram of country/region cooperation. The node size indicates the volume of publications for each country. The link line width indicates the strength of the cooperation. 
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Figure 7. Authors’ production in terms of number of documents (red) and total citations (blue) per year of the document published in that year. 
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Figure 8. Collaboration network between key authors in satellite altimetry research. The node size and link line width represent the volume of publication and strength of cooperation for each authors, respectively. The node color indicates the publication years. 
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Figure 9. The co-citation network for the satellite alimetry dataset, inclusive of cluster labels and core references. Figure was created by Citespace with configuration: years per slice to 1, select 10% of the most cited items from each slice and maximum number of selected items per slice to 100. Network: 2426 references and 10,350 co-citation links. 
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Figure 10. The keywords’ co-occurrence network. To make the figure more readable, we set the limit connections threshold as 20 and presented 140 essential words. 
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Figure 11. The number of annual publication related to the top 10 categories. 
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Figure 12. The number of annual publication related to the specific satellite altimetry missions. Note that the “Y-axis” label refers to a collection of specific satellite missions, such as HY-2, which includes HY-2A/B/C. 






Figure 12. The number of annual publication related to the specific satellite altimetry missions. Note that the “Y-axis” label refers to a collection of specific satellite missions, such as HY-2, which includes HY-2A/B/C.



[image: Remotesensing 14 03332 g012]







[image: Table] 





Table 1. Basic information of the WoS data set in the field of satellite altimetry from 1970 to 2021.
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	Type
	Value/Number





	Publications
	8514



	Authors
	15,750



	Countries/Regions
	137



	Affiliations
	3478



	Categories
	98



	Publication Titles
	1318



	Funding Agencies
	4772



	Citing Articles
	96,196



	Citing Articles Without Self-citations
	88,759



	Times Cited
	237,857



	Times Cited Without Self-citations
	178,079



	Average Times Cited per Item
	27.93



	H-Index
	183
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Table 2. Top 10 institutions based on total publications. WoS provided the statistical information.
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	Rank
	Affiliation
	Number





	1
	National Aeronautics Space Administration (NASA)
	937



	2
	Centre National de La Recherche Scientifique (CNRS)
	828



	3
	Institut de Recherche Pour Le Developpement (IRD)
	707



	4
	Chinese Academy of Sciences (CAS)
	629



	5
	Universite de Toulouse
	517



	6
	Universite Toulouse III Paul Sabatier
	498



	7
	Laboratoire d’Etudes en Geophysique et Oceanographie Spatiales (LEGOS)
	439



	8
	California Institute of Technology (CalTech)
	409



	9
	University of California System
	394



	10
	National Oceanic Atmospheric Admin (NOAA)
	385
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