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Abstract: As satellite observation technology develops and the number of Earth observation (EO)
satellites increases, satellite observations have become essential to developments in the understanding
of the Earth and its environment. However, the current impacts to the remote sensing community of
different EO satellite data and possible future trends of EO satellite data applications have not been
systematically examined. In this paper, we review the impacts of and future trends in the use of EO
satellite data based on an analysis of data from 15 EO satellites whose data are widely used. Articles
that reference EO satellite missions included in the Web of Science core collection for 2020 were
analyzed using scientometric analysis and meta-analysis. We found the following: (1) the number of
publications and citations referencing EO satellites is increasing exponentially; however, the number
of articles referencing AVHRR, SPOT, and TerraSAR is tending to decrease; (2) papers related to EO
satellites are concentrated in a small number of journals: 43.79% of the articles that were reviewed
were published in only 13 journals; and (3) remote sensing impact factor (RSIF), a new impact index,
was constructed to measure the impacts of EO satellites and to predict future trends in applications of
their data. Landsat, Sentinel, MODIS, Gaofen, and WorldView were found to be the most significant
current EO satellite missions and MODIS data to have the widest range of applications. Over the
next five years (2021-2025), it is expected that Sentinel will become the satellite mission with the
greatest influence.

Keywords: Earth observation satellite; scientometric analysis; meta-analysis

1. Introduction

Sustainable development and climate change are problems demanding prompt solu-
tions, and solutions to both are essential to the present and future well-being of human-
ity [1-3]. Through the promotion of its Sustainable Development Agenda and the United
Nations Framework Convention on Climate Change (UNFCCC), the United Nations aims
to seek a sustainable development model for this generation and future generations and to
achieve shared prosperity for people and the planet [2,3]. The 2030 Agenda for Sustain-
able Development includes 169 aspirational targets and 232 global indicators for annual
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follow-up and review. EO can provide direct measurements or indirect support for 71 (42%)
of these targets and 30 (13%) of the indicators [4,5]. At present, a significant gap remains
before the Sustainable Development Goals (SDGs) can be achieved completely [3,6]; Earth
observation technology is a very effective and indispensable tool that can be used toward
fulfilling the SDGs [4,7-12].

EO provides an effective way of exploring the physical, chemical, and biological in-
formation related to the Earth and of supporting the sustainable development of modern
human civilization and the global environment by monitoring and assessing natural and
artificial environmental conditions and changes [7,13,14]. EO satellites monitor the Earth’s
land, ocean, atmosphere, cryosphere, and carbon cycle from space in real-time and con-
stantly transmit that information to the ground. The emerge of EO was promoted by the
invention of the photography, and the first recorded EO image was captured by Nadar from
a balloon in 1858. After that, various vehicles were used for EO such as kites and pigeons.
The idea of using orbiting spacecraft to make observations of the ground was first explored
by Herman Poto¢nik in his 1928 book, The Problem of Space Travel. Vanguard 2, designed
by the United States Naval Research Laboratory, is the first satellite designed specifically
for Earth observation to measure cloud cover distribution. Since then, many important
EO satellites and sensors including Landsat, Advanced Very High-Resolution Radiometer
(AVHRR), Moderate-resolution Imaging Spectroradiometer (MODIS), and Sentinel have
been launched [15]. According to the database of the Committee on Earth Observation
Satellites (CEOS), in October 2020, 327 EO satellite missions and 845 instruments were
either currently operating or were planned for launch in the next 15 years—this database,
however, is incomplete (CEOS has around 30 national space agencies as members).

After more than 60 years of development, EO satellites have flourished. The significant
advances in the spatial, spectral, and temporal resolution of remote sensing data brought
about by improvements in remote sensing technology have dramatically changed how
we observe the Earth [15]. Multi-spectral and hyper-spectral technologies, microwave
radiometer, spaceborne radar, and synthetic aperture radar (SAR) as well as lasers on
EO satellites now satisfy the needs of many types of research [16-18]. Additionally, as
the costs of instruments and launching satellites have fallen, EO data have become more
widely available. In addition to large multi-sensor platforms, the number of small satellites
and unmanned aerial vehicles (UAVs) has exploded [18,19]. Thus, in many ways, EO is
positively affecting our lives.

The information obtained by EO satellites is widely used in various research fields,
especially in relation to the environment, where the measurements made by EO satellites are
indispensable [19]. EO also currently plays an important role in the fields of education [20-22],
forestry [10,23,24], ecosystem services [13,25-28], agriculture [29,30], geology [31,32], and
disease and public health [33-38] as well as in the monitoring of land degradation [39],
ocean [40], biomass and carbon [11,41], coastal areas [42], urban areas [43,44], natural disas-
ters [45-47], land use and land cover [15,48,49], cold regions [50-52], the atmosphere [53],
biodiversity [54], and water resources [55,56]. The development of EO satellites in the past
60 years has also led to advances in our understanding of Earth-system processes, and the
information derived from satellite observations has become the best basis for responding
to changes in human society and the natural environment [18].

However, more support and initiatives are needed to promote open access to remote
sensing data, which is significant for the achievement of the SDGs [4]. There are still
challenges related to the storage, processing, dissemination, and analysis of EO big data
as well as in relation to the uncertainties in the data and the fusion of data from multiple
sensors [57-61]. In this review, the progress of major EO satellite remote sensing applica-
tions are tracked and the main user countries, research areas, journals, and changes are
tracked over the period of operation of individual satellites, which demonstrate the current
impacts to the remote sensing community of different EO satellite data. Then, a new impact
index, called remote sensing impact factor (RSIF), was constructed to measure the current
impacts of EO satellites and to predict future trends in applications of their data. This
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comprehensive evaluation will help with the exploration of the full potential of EO data
in monitoring, assessing, and modeling our world and contribute to the construction of a
sustainable and prosperous human society and planet.

2. Materials and Methods
2.1. Data Collection and Processing

We selected articles relevant to widely used satellites and sensors as the basis of this
research. Considering the prevalence, the amount of data accumulated and the diversity of
sources, the satellites, and sensors included Advanced Land Observing Satellite (ALOS),
the AVHRR, Cartosat, Constellation of Small Satellites for Mediterranean basin Observation
(COSMO-SkyMed), Fengyun (FY), Gaofen (GF), Indian Remote Sensing Satellites (IRS),
Landsat, MODIS, Radarsat, Sentinel, Systeme Probatoire d’Observation de la Terre (SPOT),
TerraSAR, WorldView, and Ziyuan (ZY)/CBERS. We selected relevant articles and review
articles from the Web of Science (WoS) [62] Core Collection including from the Science Cita-
tion Index Expanded (SCIE) and Social Sciences Citation Index (SSCI). The filter criterion
used was “Topic = satellite/sensor name (e.g., Landsat, AVHRR, Sentinel), Document Types
= Articles or Review Articles; Publication Years until 2020”. To ensure that the selection
was as accurate and comprehensive as possible, we selected articles with the topic in the
title, abstract, or keywords.

2.2. Scientometric Analysis

CiteSpace is a powerful scientometric analysis software that can analyze document co-
citations, keyword co-occurrences, and cooperative maps [63]. In this study, we conducted
a co-citation analysis, keyword co-occurrence analysis, and collaborative mapping analysis
using CiteSpace [63] and used these to explore the knowledge base, subject structure, and
research focus of articles related to research based on EO satellite data and to analyze the
cooperative relationships between authors. The results of this analysis provided a basis
for evaluating the current impacts of the application of EO satellite data as well as future
trends. The results will also promote the exploration of the potential of EO data.

2.3. Remote Sensing Impact Factor (RSIF)

We constructed an impact index (1) to measure the contribution of each satellite data
to the remote sensing community and to predict the possible future development of related
trends. The indicators selected included the number of articles, user countries, and research
areas. These three indicators provide a representation of the development and potential of
satellites. The equation used to calculate the index was

RSIF = Vax b x ¢ (1)

where a, b and ¢ are the number of articles, user countries, and research areas where EO
data are applied, respectively.

3. Results
3.1. Statistical Characteristics

As shown in Figure 1, the number of publications and citations relevant to EO satellites
have both been increasing exponentially, which demonstrates that the application of EO
satellites is becoming more and more widespread. As EO technology develops rapidly,
the data supplied have ever higher resolutions, and the quantity of data is also increasing
exponentially [64-66]. The use of EO data has gradually been introduced into many
different applications [12]. However, the number of papers related to some particular
satellites and sensors has decreased in recent years. For example, the number of documents
related to AVHRR, SPOT, and TerraSAR currently show a significant decreasing trend. The
main reason for this is that the overall upgrading of satellites and sensors and advances in
EO technology have led to other types of more advanced satellite data becoming available.
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It is noted that long time-series EO satellite data are still valuable for the remote sensing
community. Consistent and effective long-term observations are needed to promote the
value of EO satellite data, which is why satellite missions launch new satellites continually.
For example, Landsat 9 was successfully launched on 27 September 2021, which is expected
to observe Earth for five years and continue the Landsat missions until 2026.
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Figure 1. Number of (a) publications and (b) publications (bar) and citations (line) related to Earth
observation satellites (the graphic inside is a zoom of dense area).

It is also clear that the application of EO data is highly concentrated on data from a
small number of satellites and sensors: there have been far more applications of Landsat
and MODIS data than of data from other satellites or sensors. The number of publications
(citations) of Landsat and MODIS accounts for 40.2% (45.7%) and 31.7% (39.7%) of the total
and both of these have continued to increase rapidly. Landsat provides the longest global
record of EO data with a medium spatial resolution [49]. Since open access to Landsat
data became available in 2008, these data have supported many studies, especially in the
field of land use-land cover change detection [67-70]. MODIS has seven bands that have
greatly improved spectral, spatial, geometric, and radiometric attributes and are explicitly
designed for land applications; these data thus provide significant new opportunities for
research in the field of global land use-land cover mapping and to replace the use of
AVHRR data [71]. Another important reason why Landsat and MODIS data are widely
used is that a large amount of analysis ready data (ARD) or standard data products are
prepared such as surface reflectance (SR), top of atmosphere (TOA), quality assessment
(QA) bands of Landsat, gross primary productivity (GPP), net primary productivity (NPP),
and vegetation index products (NDVI and EVI) of MODIS [72,73]. These global data are
widely used to explore global change, and are being used by scientists from a variety of
disciplines (e.g., oceanography, biology, and atmospheric science) [74-76].

The satellite that seems to show the most promise is Sentinel, for which the rate
of increase in the number of related applications has been the fastest. Sentinel-1A was
launched in 2014 and was the first in its series; a further seven satellites were launched over
the next few years. However, as of 2020, the total number of Sentinel (4016) papers was still
less than the total numbers of Landsat (18,366), MODIS (14,355), and AVHRR (4186) papers.
For papers published in 2020, the number of Sentinel papers (1635) was still less than the
number of Landsat papers (2059), but far more than the number of MODIS (1384) AVHRR
papers (73). Sentinel is a series of next-generation EO missions developed by the European
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Space Agency (ESA) and aims to replace the older EO missions to ensure a continuity of
data. The Sentinel missions are focused on a range of aspects of EO (i.e., the atmosphere,
the oceans, and land monitoring). Each mission is based on a constellation of two satellites
to shorten the revisit cycle and expand coverage. Sentinel missions have considerable
advantages over older EO missions (such as the European Remote Sensing Satellite (ERS)
and Envisat missions) due to the short revisit cycle and relatively high spatial resolution of
the data [77]. Sentinel-2 is considered to be the most suitable current satellite mission for
vegetation monitoring, and the fusion of Sentinel-1 and 2 data has great potential for the
management of natural disasters [78].

3.2. Analysis of the Distribution of Articles among Journals and Research Areas

We found a total of 45,673 publications referencing EO satellite data that had been
published in 1895 journals (Table S1). However, as shown in Table 1, more than half of all
journals (1239) have published no more than five articles that reference the use of satellite
data, and 678 journals have published only one paper. Only 13 journals were found to
have published more than 500 articles referencing EO satellites; a total of 19,999 articles
have been published in these journals and account for 43.79% of the total. Only 67 jour-
nals have published more than 100 papers. In terms of the number of published papers,
the top 10 journals were found to be Remote Sensing (4627), the International Journal
of Remote Sensing (4038), Remote Sensing of Environment (3443), IEEE Transactions on
Geoscience and Remote Sensing (1491), the Journal of Geophysical Research: Atmospheres
(953), IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing
(920), the International Journal of Applied Earth Observation and Geoinformation (853),
Photogrammetric Engineering and Remote Sensing (808), the ISPRS Journal of Photogram-
metry and Remote Sensing (636), and the Journal of Applied Remote Sensing (636). Most
of these journals serve one or more parts of the remote sensing and EO community. Some
publish documents, reports, codes, and informational articles on photogrammetry, spatial
information systems, computer vision, imaging sciences, etc.

Table 1. Classification of journals by the number of articles referencing EO satellites.

Number of Articles Per Journal Number of Journals Number of Articles  Percentage of the Number of Articles (%)
5014627 13 19,999 43.79
101-499 54 10,992 24.07
6-100 586 12,320 26.97
2-5 561 1684 3.69
1 678 678 1.48

Among the journals involved in different EO satellites, similar journals have published
a large number of articles (most of these journals have published a small number of articles
referencing EO satellite data). Some journals have become the focus for articles referencing
EO satellite data, these include Remote Sensing, the International Journal of Remote Sensing,
and Remote Sensing of Environment. These journals have published high-quality papers
that promote the application of EO satellite data, thus improving the understanding of the
application of EO satellite data to Earth system science and sustainable development (Table S1).

As shown in Table S1, the United States is the most important host country for the top
13 journals referencing EO satellite data. This means that the United States provides a sig-
nificant support for remote sensing applications and thus for promoting an understanding
of the Earth and its environment. From the percentages of articles referencing EO satellite
data, it can be seen that EO satellites have gradually become an essential foundation of the
research carried out by the remote sensing and Earth science communities, and Remote
Sensing, the International Journal of Remote Sensing, and Remote Sensing of Environment
significantly contribute to the application of EO satellite data.

The main research disciplines to which the papers referencing EO satellites were
related were obtained from the WoS website (Table S2). The WoS schema comprises
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252 subjects such as science, social sciences, and arts and humanities. The most significant
research areas included remote sensing (20,998), imaging science photographic technology
(18,066), environmental sciences ecology (17,408), and geology (12,290) for each of which
there were more than 10,000 publications.

3.3. RSIF for Different Satellites

The index that we created to assess the impact of the application of satellite data on
scientific research and daily life and to predict possible future developments in the use
of satellite data was called the RSIF. A series of indexes were derived from the formula
given in Section 2.3: RSIF-A represents the satellite’s average RSIF from the time of its
launch until 2020, RSIF5 represents the average RSIF over the five-year period 2016-2020,
and RSIF1-2020 represents the RSIF for 2020. These three indices provide overviews of the
impact of satellite data applications in different periods.

As shown in Figure 2, Landsat, MODIS and Sentinel have the highest impact fac-
tors among all the satellites that were considered. In terms of RSIF-A, Sentinel (50.16)
> MODIS (25.82) > Landsat (13.75). The exploration of Landsat and MODIS data is still
continuing, and the number of applications and countries that reference these data is still
increasing. Although Sentinel was launched later than both Landsat and MODIS, Sentinel
has a higher RSIF-A than both of these satellites, which indicates that there is still greater
potential for the use of Sentinel data. In terms of RSIF5, Landsat (87.74) > MODIS (78.71)
> Sentinel (59.69). For nearly 50 years, Landsat data have been indispensable in EO and
remain essential to historical analyses and future predictions. The advantages of MODIS
data include their wide spectral range and that most areas of the Earth are observed four
times a day. MODIS data are traditionally used in global land monitoring and conservation
studies [78]. In terms of RSIF1-2020, Landsat (236.20) > Sentinel (205.86) > MODIS (188.18),
which means that, according to this measure and in contrast to RSIF5, the impact of Sentinel
is greater than the impact of MODIS. Sentinel is undoubtedly the remote sensing data
source with the most potential. However, Sentinel is a new satellite and the EO data
provided by Sentinel missions will take time to accumulate.
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Figure 2. Derived RSIFs for Earth observation satellites.
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We also calculated the annual RSIF to explore the developments and future trends
related to the use of data from different EO satellites. The annual RSIF can help with under-
standing the scope of the applications of different types of satellite data and their future
potential uses from a more comprehensive perspective. As shown in Figure 3, Sentinel
had a higher annual RSIF than MODIS in 2020. This indicates that Sentinel is preferred to
MODIS in several research areas and in some user countries. In 2020, the number of Sentinel
publications exceeded the number of publications related to MODIS. Sentinel is a series
of missions that make comprehensive observations of the Earth including observations of
the atmosphere, oceans, and land. Sentinel-1 is a radar imaging mission used for land and
ocean services, Sentinel-2 is a multi-spectral high-resolution land-monitoring mission, and
Sentinel-3 is a multi-instrument mission that supports ocean forecasting systems as well as
environmental and climate monitoring. In addition, the increasing trend in annual RSIF
for recently launched satellites such as Gaofen and WorldView is significant. These new
satellites carry more advanced instruments and provide robust EO datasets that have a
wide range of applications.
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Figure 3. Annual RSIF for Earth observation satellites (the graphic inside is a zoom of dense area,
and the right figure is the result based on the linear extrapolation).

We made estimates of the trends in RSIF over the next five years (2021-2025) based on
the most recent five-year period (2016-2020) to explore some possible future developments
in the use of EO satellite data. We predict that the satellites with the five highest RSIF
values in the next five years will be Sentinel, Landsat, MODIS, Gaofen, and WorldView.
Although the Gaofen and WorldView data are not yet open access, their predicted RSIF is
higher than most of the satellites discussed such as ALOS and AVHRR. With the exception
of MODIS, these five satellite missions have launch plans that will ensure instrument
iteration and the continuous provision of EO data over this period. The Sentinel and
Gaofen satellite missions will have the most launches, and Sentinel data will become the
most widely used EO satellite data. Data from the Chinese Gaofen missions are projected
be widely applied. The RSIF value for Gaofen clearly stands out above the values for the
other Chinese satellites, but there is a considerable gap compared to Sentinel, Landsat, and
MODIS. Therefore, in the rest of this review, the similarities and differences between the
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application of Sentinel, Landsat, MODIS, Gaofen, and WorldView data, as described in
the literature, will be discussed. The development of these excellent satellite missions will
assist in the development of remote sensing applications and the findings of this article
will promote the development of EO satellites.

3.4. Knowledge Base Analysis

We analyzed articles referencing all EO satellites (45,674) as well as the Sentinel (4016),
Landsat (18,366), MODIS (14,494), Gaofen (678), and WorldView (1103) satellites using the
CiteSpace bibliometric software [63]. Based on a co-citation analysis of the cited papers, we
explored the knowledge base constituted by the published documents that referenced EO
satellite data (Table S4).

Table 2 lists the top 10 application clusters found for the application of data from
all EO satellites and for Sentinel, Landsat, MODIS, Gaofen, and WorldView. This list
consists of clusters that indicate the knowledge base of the application of EO satellite
data. The clusters for all EO satellites suggest that EO satellite data have been widely
used in Earth science including in studies of the land (land-cover change and land surface
temperature), the atmosphere (evapotranspiration, aerosols, and AOD (aerosol optical
depth)), water (Great Lakes), phenology, and biomass (biomass burning). It can also be
seen that, currently, Landsat can be considered the most important EO satellite and the
random forest (RF) algorithm the most important image processing algorithm. In terms of
clusters related to articles that reference Sentinel, the leaf area index, deforestation, flood
mapping, soil moisture, and water quality are the main applications. There have also been
many studies on the processing of Sentinel images using techniques such as deep learning,
RE and image fusion. In the Landsat clusters, the main applications are spectral mixture
analysis, habitat, savanna, landscape ecology, climate change, PM 2.5, and land surface
temperature. The emergence of Google Earth Engine (GEE) has provided a convenient
way of downloading and processing EO data. Sentinel-2 can act as a replacement for
Landsat to a certain extent and has a better spatial resolution. From the clusters formed
by articles that reference MODIS, it can be seen that MODIS data have mainly been used
in studies related to phenology, aerosols, land surface temperature, aerosol optical depth
(AOD), evapotranspiration, the leaf area index, and biomass burning. The clusters for all
EO satellites and MODIS are similar, which indicates that the applications of MODIS data
are widespread. The MODIS instruments provide images with a high radiometric (12-bit)
resolution in 36 spectral bands (0.4-14.4 um); these offer unprecedented Earth-observation
capabilities for a vast and diverse community of users worldwide. Currently, there are
few articles related to the Gaofen mission, and only six clusters are listed in the table.
These clusters are primarily associated with image processing methods. The clusters of
references to WorldView are mainly associated with bathymetry, indigenous forests, and
urban areas. The clusters of articles referencing WorldView data are more concerned with
the processing of EO data than its application and include references to object-based image
analysis (OBIA), pan-sharpening, deep learning, and linear discriminant analysis.

Comparing the clusters for the five individual EO missions that were analyzed sepa-
rately, MODIS is currently the EO mission that provides EO data for the widest range of
EO applications. This is due to the width of and particular wavelengths covered by the
MODIS spectrum. The CEOS has concluded that MODIS data have the potential to be
applied in 16 different measurement categories including categories related to the land,
oceans, atmosphere, and ice and snow. Landsat data are at a disadvantage compared to
MODIS in relation to these categories. Although the remaining four satellite missions have
more comprehensive launch plans for different EO applications, these have not yet been
fully completed. For example, the Sentinel missions are designed for a wide range of EO
applications, but various Sentinel missions are currently underway (Sentinel-4, -5, and -6):
Sentinel-4 and -5 are dedicated to air quality monitoring and Sentinel-6 is dedicated to the
sea-surface height measurement. The Gaofen and WorldView clusters are more relevant
to image processing methods and algorithms, which indicates that the application of data
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acquired by these two satellites is still in its infancy. Both WorldView and Gaofen are (ultra)
high-resolution commercial imaging satellites and carry advanced remote sensing instru-
ments. WorldView was launched earlier than Gaofen and is more widely used. World View
is considered the highest-resolution and most stable commercial imaging satellite; it also
has a short revisit period (about one day). Gaofen is a high-resolution EO system that was
developed by China as a priority; frequent launches of satellites in this series have taken
place in recent years (Table S3). However, Gaofen EO data are not open-access. The users of
Gaofen data are mainly from China, and this is an obstacle to this mission having a greater
impact on the remote sensing community.

Table 2. Top 10 clusters in the Earth observation satellite co-citation network.

All Earth Observation

. Sentinel Landsat MODIS Gaofen WorldView
Satellites
Cluster (Size) h;[::rn Cluster (Size) 1\;[:::1 Cluster (Size) 1\3:::1 Cluster (Size) 1\4[:::1 Cluster (Size) I\{([:::‘ Cluster (Size) I\Y/[:::I
Land-cover Spectral Convolutional
change 1995 Deep learning 2016 mixture 2003 Phenology 2011 neural 2016 OBIA 2011
@27 (143) analysis (243) network 93)
(352) (78)
Great Lakes 1988 Leaf area 2009 Landsat 2011 Aerosols 2003 dgtleoclt]ic(l)n 2015 WorldView-3 2015
(395) index (115) (324) (227) @) (80)
. Land surface Pan-
Random forest InSAR Habitat Gaofen-3 .
(370) 2014 (96) 2014 243) 1994 temperature 2012 39) 2016 sharpening 2014
(186) (54)
Evapotrans- . .
L Random forest Savanna AOD Ship detection Bathymetry
pl(gazt;())n 2005 (84) 2016 (243) 1999 a71) 2009 39) 2016 (49) 2012
. - Indigenous
Landsat Deforestation Landscape BRDF * Satellite image
(280) 2011 ©1) 2013 ecology (229) 1988 (169) 1998 @7) 2014 fz;;t 2013
. Google Earth Object-based .
Aerosols 2002 Sentinel-1 2016 GoogleFarth ), Engine 2012 classification 2014  DeePleaming 550
(222) (54) Engine (208) (144) (34) (45)
Phenolo Flood Climate Information Digital surface
a7 8y 2010 mapping 2016 change 2013 sources 1993 model 2012
(51) (166) (129) (40)
Land surface . . Evapotrans-
temperature 2013 o°1l e 2o P(I;’[zif 1980 piration 2009 Urbf(‘;‘;)‘reas 2007
(167) (128)
Biomass Leaf area Linear
burning 2003 Waterquality g Sentinel-2 2016 index 2004 discriminant 559
(48) 117) analysis
(165) (123) 31)
. Land surface Biomass .
AOD 2011 Mmasefusion o017 o perature 2015 burning 2006 Index ratios 2010
(142) (40) (114) (112) (22)

*: The abbreviation for bidirectional reflectance distribution function.

3.5. Subject Analysis

To help with understanding the subject areas to which research based on EO satellite
data have been applied, we made an analysis of the important keywords in the articles
that referenced the data [63]. This analysis was carried out using CiteSpace and the top
10 keywords (Table S5) were found to be remote sensing (5904), MODIS (5861), classifi-
cation (4108), model (4079), vegetation (3502), algorithm (3116), Landsat (3020), valida-
tion (2408), area (2313), and satellite (2302). MODIS and Landsat have undeniably been the
most important EO satellites of the past few decades, and the use of their data has helped
to promote remote sensing applications. Image classification is the method that is most
important to the processing of EO satellite data. EO satellite data are an essential input to
the modeling of the Earth’s fundamental systems and environment and to the validation of
these models. Observation data and model simulations are necessary to our understanding
of the Earth’s systems, and EO satellite data are becoming more and more important in
the modeling of the Earth’s environment [79]. Validation is needed to confirm the accu-
racy of environmental products, and obtaining more accurate environmental information
requires the continuous optimization of processing algorithms. Vegetation monitoring
is an important focus of EO, and the growth of vegetation reflects the condition of the
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land and ecosystems [80,81]. Currently, popular satellite missions (e.g., Landsat, MODIS,
and Sentinel) have wavebands specifically designed for observing vegetation cover or
vegetation types. The accurate estimation of area in land use-land cover studies is essential
to studies of global environmental change.

As shown in Table S5, some representative keywords appear repeatedly. These key-
words indicate the aspects to which EO data are applied and include classification, model,
vegetation, algorithm, validation, area, climate change, etc. There is a slight difference
between satellites from the perspective of which keywords appear most frequently. Veg-
etation, climate, and land cover are the most common focuses of research that reference
satellite data. The ability to provide time-series of data is one of the essential characteristics
of EO satellite data. Changes in the Earth’s system and future environmental changes can
be analyzed effectively using long time-series of satellite data. RF is a popular machine
learning classifier and is widely used for processing images. The use of satellite scenes of
the same target from multiple sources helps to produce high-quality information.

3.6. Cooperation Network Analysis

At the institutional level, scientific institutions from China and the United States have
dominated research referencing EO satellites (Table S6). In terms of references to the EO
satellites discussed in this paper, the top ten scientific institutions in terms of published
papers are the Chinese Academy of Sciences (4416), the National Aeronautics and Space
Administration (NASA) (2151), the University of Chinese Academy of Sciences (1385), the
University of Maryland (1201), Beijing Normal University (985), Wuhan University (851),
National Oceanic and Atmospheric Administration (NOAA) (688), the California Institute
of Technology (615), the United States Geological Survey (USGS) (595), and the University of
Wisconsin System (507). More papers referencing EO satellites have been written by authors
at Chinese scientific institutions than by those at institutions in other countries. However,
the average time for scientific institutions in China to conduct research is generally posterior
to that of U.S. institutions. In relation to the top five EO satellites, scientific institutions in
China and the United States still dominate the published papers. The largest number of
papers originated at the Chinese Academy of Sciences. Wuhan University, the University
of Chinese Academy of Sciences, NASA, the University of Maryland and NOAA are also
significant institutions in terms of published research referencing EO satellites. These
institutions have thus promoted the application of EO satellite data.

At the national level, the United States and China constitute the center of research
using EO satellite data (Table S7 and Figure 4). The top ten countries are the United States
(14,003), China (11,165), Germany (2960), Canada (2760), India (2743), the United Kingdom
(2660), France (2503), Italy (2489), Australia (1622), and Japan (1585) (including duplicates).
The number of published papers that reference EO satellites data is highly concentrated
in the United States and China, with these two countries accounting for 25,168 papers
(including duplicates), which is 39.17% of the total. In terms of references to the top five
EO satellites, the United States and China also dominate the research and authors from these
countries have had more related articles published than those from other countries (Table S7).

The Nature Index tracks the countries and institutions that dominate high-quality
research in the natural sciences. The index is based on the number of publications in
82 prestigious scientific journals selected by leading researchers [82]. The Nature Index can
be used to determine which countries and institutions make a significant contribution to
natural sciences research. According to the Nature Index, the United States and China again
have the largest number of scientific institutions (2637 and 1485, respectively) featuring in
these selected journals as well as the most published papers (29,207 and 19,084, respectively,
in 2020). The amount of research conducted by Chinese scientists has increased rapidly
in the past few years, but this increase is gradually slowing down. This explains why the
average time required by Chinese scientists to carry out research based on EO satellite
data is posterior to that of scientists in the United States. Among individual institutions,
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Figure 4. Worldwide distribution of publications referencing EO satellite data.

It is also clear that the countries that produce EO satellite data and their partner
countries receive priority in gaining access to the data, whereas scientists in other countries
will have more difficulty. For example, in terms of publications referencing Gaofen satellites,
the top ten institutions are all from China. In this respect, China holds an unassailable lead at
the national level, with 415 papers (78.90% of the total) referencing Gaofen satellites. Open
access to EO satellite data is important to the development of remote sensing applications
and the promotion of satellite missions.

4. Discussion
4.1. Significant Publications Referencing EO Satellite Data

Table 3 shows the top ten significant publications referencing EO satellite data that
were obtained using CiteSpace software. The strength of the burst represents the impact of
this article to the remote sensing community, and the beginning and end years indicate the
time range of its influence [63].

As shown in Table 3, as above-mentioned, MODIS and Landsat are far more concerned
by scientists than other EO satellite missions. The data from these two EO satellite missions
have provided the remote sensing community with more measures and inspiration to
observe the Earth. The high precision of the data will significantly promote the widespread
use of the dataset [83]. Remer, et al. [84] confirmed that MODIS had high accuracy in
retrieving aerosol, which promoted the research of aerosol radiative forcing of global
climate. Then, the aerosol products of MODIS were stated to be significant in developing
a long-term aerosol climate data record [85,86]. Land cover is essential to global change
science and sustainable development, and some widely use global land cover datasets are
derived from the imageries obtained by Landsat and MODIS [87,88]. In addition, mapping
of global forest and surface water cover using EO satellite data provide a significant support
for the study of global climate and biodiversity, which affects human well-being [89,90].
Efficient tools will greatly facilitate the application of EO satellite data with large volume.
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RF is an outstanding ensemble classifier for remote sensing applications, and promotes
significant advance of EO satellite data analysis [91].

Table 3. EO papers with the strongest citation bursts.

Article Author Year Strength  Begin End

The MODIS aerosol algorithm, products, and validation [84] Remer LA 2005 162.12 2005 2010

Summary of current radiometric calibration coefficients for Landsat

MSS, TM, ETM+, and EO-1 ALI sensors [83] ChanderG 2009 15818 2010 2014

High-Resolution Global Maps of 21st-Century Forest Cover Hansen MC 2013 1548 2015 2018
Change [89]

Object-based cloud and cloud shadow detection in Landsat imagery Zhu Z 2012 128.93 2014 2017

Landsat-8: Science and product vision for terrestrial global change Roy DP 2014 125.74 2015 2020
research [87]

High-resolution mapping of global surface water and its long-term Pekel JF 2016 11651 2018 2020
changes [90]

Random forest in remote sens.mg:.A review of applications and Belgiu M 2016 110.12 2018 2020

future directions [91]
Global aerosol optical properties and application to Moderate
Resolution Imaging Spectroradiometer aerosol retrieval over Levy RC 2007 109.76 2007 2012
land [85]
MODIS Collection 5 glol?al l.and cover: Algorithm refinements and Fried] MA 2010 109.08 2011 2015
characterization of new datasets [88]
The Collection 6 MODIS aerosol products over land and ocean [86] Levy RC 2013 95.89 2015 2018

4.2. Other Significant Satellite Missions

Many satellite missions were not analyzed in this study. The following Geostationary
Operational Environmental Satellite (GOES) of NOAA /NASA and Planet Doves satellite
missions will be introduced as examples.

GOES is a joint weather satellite series of NOAA /NASA, and the first satellite of GOES
was launched in October 1975. Four generations of satellites have been designed, and a
total of 17 satellites have been successfully launched. These satellites provide imagery of
the Earth’s surface, atmospheric moisture, and cloud cover, support weather forecasting,
severe storm tracking, and meteorology research [92]. The latest generation of GOES is
called the GOES-R series, and there are already two satellites in orbit (GOES-R (-16) and
GOES-S (-17), launched in 2016 and 2018, respectively), located at GOES-East and GOES-
West, respectively. The Advanced Baseline Imager (ABI) carried by the GOES-R series is
a significant advancement due to its improvement in the number of observation bands,
spatial resolution, and observation frequency [93]. The wavelengths of ABI are similar to
those of MODIS. Jethva, et al. [94] introduced the feasibility of applying the existing aerosol
algorithms of MODIS to ABI observation and the accuracy of AOT products derived from
ABI data, which will promote the application of ABI observations in both climate and air
quality monitoring. The GOES-R series promotes the monitoring of weather systems and
helps achieve more accurate meteorology and atmospheric research.

Planet Labs is a private Earth-imaging company founded in 2010. In ten years, Planet
has successfully launched 452 satellites, and has over 150 satellites in orbit. Doves are
miniature satellites designed and manufactured by Planet Labs. The satellite of Doves
is the size of 10 x 10 x 30 cm and weighs about five kilograms, which is much smaller
than traditional satellites. Currently, there are more than 130 satellites of Doves in orbit.
The Dove constellation with a large number of satellites is able to observe all land every
day, which is not possible with other constellations of satellites. The camera on Doves is
currently in four bands (blue 455-515 nm, green 500-590 nm, red 590-670 nm, and near-
infrared 780-860 nm), and the number of bands is increasing. Dove images have a spatial
resolution of 3.7 m. The high spatial resolution and temporal frequency images provided
by Doves help the assembly of low cloud cover images for high-resolution research [95,96].
Doves are of great significance for Land observation. Csillik, et al. [97] presented robust
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mechanisms for estimating top-of-canopy height (TCH) from Dove images and provided a
root mean square error (RMSE) of 4.36 m in Peru, which provided a significant advance in
monitoring tropical forests. The technology of miniature satellites will be also an important
trend in the future development of EO.

4.3. Big Earth Data Cloud Processing Platforms

Big Earth Data, which includes datasets acquired by EO satellites, involves substantial
and ever-increasing data volumes, is a necessary support for mankind to promote the
monitoring and understanding of the Earth and its environment [98]. However, it is a
challenge to process, analyze, and manage big geospatial data effectively [66,98]. Cloud
computing has emerged as a significant tool to process Big Earth Data in recent years [64,99].
The advantages of cloud computing, easy operation, convenient access and processing of
geospatial big data, and substantial computational capabilities, promote the analysis and
application of Big Earth Data. The currently popular Big Earth Data cloud processing plat-
forms include GEE, Amazon Web Services (AWS), Microsoft Azure, NASA Earth Exchange
(NEX), Sentinel Hub (SH), Open Data Cube (ODC), etc. These platforms have transformed
the user community and application of geospatial big data. GEE is a free access platform
with substantial computational capabilities and a large amount of geospatial data as well
as supports JavaScript, Python, and REST Application Programming Interfaces (APIs).
AWS and Microsoft Azure, as pay-as-you-go platforms, support more APIs and provide
advanced machine learning services, but do not have a significant advantage in the volume
of geospatial big data and the applicability of algorithms. Gomes, et al. [14] believe that
ODC is currently the most ideal solution for geospatial big data. ODC has great poten-
tial to manage and analyze multi-dimension data, and has advantages over GEE in open
governance, infrastructure replicability, data access interoperability, and extendibility [14].
However, GEE is currently the most significant Big Earth Data cloud processing platform
for the remote sensing community due to its ease of use and maturity [100].

5. Conclusions

We carried out a review of the impact of EO satellite data and analyzed possible future
trends. The peer-reviewed articles referencing EO satellites that were included in this
review were selected from the WoS core collection and analyzed using both scientometric
analysis (i.e., CiteSpace) and meta-analysis. A total of 45,673 papers related to 15 well-
known EO satellite missions were analyzed. These analyses can provide an in-depth
understanding of the contributions to Earth observation made by EO satellite missions
and the similarities and differences between the applications of Sentinel, Landsat, MODIS,
Gaofen, and WorldView data. Our most significant findings are as follows.

(1) Inrecent years, the number of publications and citations referencing EO satellites—
particularly Landsat, MODIS and Sentinel—has increased rapidly. However, the
number of articles referencing AVHRR, SPOT, and TerraSAR is tending to decrease.
The Sentinel mission shows the most promise for future applications.

(2) The published EO satellite papers were concentrated in a small number of journals,
with 43.79% of articles being published in only 13 journals. The United States is
the most important host country for the relevant journals and the most important
source of articles in the relevant journals, thus making a significant contribution to
the development of remote sensing.

(3) A new impact index, the RSIF, was constructed to measure the impact of the use of
EO satellite data and future possible trends in their application. Based on the values
of the RSIF that we calculated, we believe that currently, the EO satellite missions
that are of the most significance are Landsat, Sentinel, and MODIS. We also believe
that, within the next five years (2021-2025), Sentinel data will become the most widely
used EO satellite data. Sentinel, Landsat, and MODIS will still be the most influential
satellite missions; there will also be more opportunities for the Gaofen and World View
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missions to promote significant advances in remote sensing applications and be used
widely if their data are open access.

(4) EO satellite data have been widely used in studies of the land, the atmosphere, water,
phenology, and biomass. Vegetation, climate, and land cover are the main research
focuses in which EO data are used. Landsat is currently the most important EO
satellite. The EO satellite mission for the widest range of EO applications, however, is
MODIS.

(5) RFis a popular machine-learning classifier and is widely used for processing images.
The use of multi-source satellite data helps to produce high-quality information.

(6) In terms of the number of relevant references, the United States and China dominate
research in which EO satellite data are applied: together, they account for 25,168 or
39.17% of the papers that we analyzed. Related research in China has developed
rapidly in recent years.

EO satellite data are a very effective and indispensable tool to provide measurements
and support for the environmental, social, political, and economic studies. In general,
applications of EO satellite data have been developed with the increasing demand in
these fields. For example, the refinement requirements of land use policies have led to
the development of land cover mapping products toward higher resolution and stronger
real-time performance. In this point, high-resolution EO satellite missions are becoming
popular these days to monitor nature, the environment, and disasters [16]. Among the top
five satellites as measured by the RSIF, Sentinel, Gaofen, and WorldView all carry high-
resolution instruments, which is one of the reasons that these data have quickly become
widely used. The fusion of remote sensing data from multiple sources will also become
an important focus of research into the use of geospatial data [101]; however, significant
advances in fusion algorithms are still needed. Big Earth Data consists of complex and
unstructured data, and more advanced tools are needed to explore multi-temporal, multi-
scale geo-information [102]. With technological advances to cloud computing, 3D and
virtual Earth, the ideal Big Earth Data processing platform is gradually emerging [100].

Although the amount of research based on EO satellite data has increased rapidly
in recent years, there are still difficulties in accessing some types of satellite data. For
example, it is clear that institutions in China reference Gaofen data far more often than
institutions in other countries. This is not conducive to the development and expansion of
the Gaofen satellite mission. From the analysis described in this study, it is clear that there
is potential for widespread global use of Gaofen data. However, it is necessary to simplify
access to these data and broaden distribution channels in other countries so that scientists
from various countries can efficiently conduct research referencing Gaofen satellite data.
To varying degrees, similar problems exist in relation to other types of EO satellite data
including Cartosat, COSMO-SkyMed, Fengyun, IRS, and Ziyuan data. Open and simplified
access to geospatial data is vital to the development of remote sensing applications, spurring
the creation of standard products and new approaches to data application [103].
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