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Abstract: Among the essential tools to address global environmental information requirements are
the Earth-Observing (EO) satellites with free and open data access. This paper reviews those EO
satellites from international space programs that already, or will in the next decade or so, provide
essential data of importance to the environmental sciences that describe Earth’s status. We summarize
factors distinguishing those pioneering satellites placed in space over the past half century, and
their links to modern ones, and the changing priorities for spaceborne instruments and platforms.
We illustrate the broad sweep of instrument technologies useful for observing different aspects
of the physio-biological aspects of the Earth’s surface, spanning wavelengths from the UV-A at
380 nanometers to microwave and radar out to 1 m. We provide a background on the technical
specifications of each mission and its primary instrument(s), the types of data collected, and examples
of applications that illustrate these observations. We provide websites for additional mission details
of each instrument, the history or context behind their measurements, and additional details about

their instrument design, specifications, and measurements.

Keywords: earth-observing satellites; space-based environmental satellites; pioneering satellites;
active and passive instruments; imaging spectrometers; multispectral imagers; radar and microwave
instruments; current satellites; climate change; planned satellites into the 2030s

1. Introduction

Space-based Earth imaging began with primitive and somewhat blurry images as seen
from the first Landsat Multispectral Scanner images acquired over a half century ago (in
1972) that nevertheless changed the way we think about the Earth. Those first coarse-scale
images acquired across a disparate collection of landscapes reminded us that we live on an
amazing sphere in space and stimulated the ensuing recognition of our need to sustainably
manage our planet and its resources. Over the past 50 years, various Earth-Observing
(EO) satellites have provided ever more important new sources of information about the
land, oceans, ice, and atmosphere of our Earth. And new remote sensing technologies from
the last decade or so have provided transformational satellite capabilities, and even more
sophisticated instruments are forthcoming over the next decade and beyond.

Three years ago, Ustin and Middleton in 2021 [1] summarized and described basic
characteristics of EO satellites that are, or have been, in orbit over the past five decades,
and some of those expected to be in orbit over the coming decade that provide data
products for ecological and environmental research communities, as well as information for
environmental resource managers and policy decision makers. While widely viewed, the
information provided in Ustin and Middleton [1] was a static view of the international array
of EO satellites, from the perspective in 2020. The quality and sophistication of instruments
employed for space-based observations, and the science information derived from them,
are rapidly improving, facilitated by coincident exceptional advances in computational
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and geospatial technologies. Consequently, rapid advances in the ability to address Earth
Science topics and practical applications are yielding new societal benefits.

This paper updates the status of current, ongoing environmental satellites and those
planned for launch later this decade and into the early 2030s, in context with early space-
based pioneers. Satellite programs require enormous investments at all stages, from
concept development through operational implementation and generation of products
for distribution to interested parties. We summarize the science objectives of current and
planned EO satellites of the [2,3] major participating space agencies, adding significant new
information on aspects not previously covered, and updates on changes and expansion
of information that has recently become available. We include instrument summaries for
space-based EO observations, incorporating information on improved measurements that
are required to achieve advanced scientific objectives, as well as reporting on changing
mission priorities and altered launch schedules for those in the pipeline.

1.1. International Recognition and Cooperation towards Documenting Planet Earth

As we approach the middle of the 21st century, there is a critical need to establish
the baseline state of our planet, in terms of the actual amount, distribution, and health
status of ecosystems worldwide, and to document the impacts imposed by humankind.
There is increasing acceptance that Planet Earth is experiencing many simultaneous en-
vironmental and societal challenges, which are often occurring at accelerating rates [2—4]
that necessitates more sophisticated and innovative space-based approaches to acquire
the science-quality synoptic information, especially imagery-based information, necessary
to accurately describe, evaluate, and manage the surface resources of our home planet,
while global population levels increase and biological species are being lost at alarming
rates [5-7]. Today, only approximately 17% of the land and 10% of the oceans are legally
protected from biodiversity degradation. The strategic goal #11 of the 2011 Aichi Targets
was to bring the percent of terrestrial and inland water to 17% conserved and 10% marine,
with well-connected pathways to maximize their integrity and functioning [8]. While it is
likely that this goal may have been met, the results indicate the need for more aggressive
conservation in areas of high biodiversity concern since further protection of areas with
low biodiversity does not advance the strategic goals. The global impacts of the misman-
agement of ecosystems and their essential provisioning services for the Earth’s people is
increasingly apparent [5] and of increasing concern as to whether we will or have passed a
global “tipping point(s)” [9,10]. The 2022 United Nations’ Convention on Biological Diver-
sity, recognizing accelerating biodiversity losses across the globe, approved an international
agreement to protect 30% of Earth’s lands and oceans by 2030 (the “30 x 30” Initiative),
which was signed by representatives of 188 countries of the 196 participants (www.unep.
org/news-and-stories/story/cop15-ends-landmark-biodiversity-agreement/ (accessed on
23 November 2023).

1.2. The Rationale for More Sophisticated Space-Based Surveillance of Our Earth System

The urgency and cost burden of acquiring consistent global-scale data have forged
stronger international space agency cooperation and commitment to support the technology
developments necessary to measure, manage, and interpret the unprecedented large data
volumes, and the software analysis tools necessary to produce user-friendly data products.
In 2020, for example, the EO portfolio accumulated by the USA’s National Aeronautics and
Space Agency (NASA) was on the order of 100 Terabytes/day (https://sealevel.nasa.gov/
news/226/nasa-turns-to-the-cloud-for-help-with-next-generation-earth-missions/ ac-
cessed on 23 November 2023), and similar large data volumes were collected by other
international space agencies such as the European Space Agency (ESA), Paris, France
and the Japan Aerospace Exploration Agency (JAXA), Tokyo, Japan. New satellites in
development will multiply these numbers by orders of magnitude, both because of more
satellites in orbit hosting multiple instruments, but also because new data collections will
have higher spectral, spatial, and temporal resolutions (and other properties); these factors
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taken together will yield tremendously larger collections. For example, it is estimated that
climate change-related data will increase NASA’s EO archive to an estimated 230 Petabytes
by 2030 (https:/ /www.codingninjas.com/codestudio/library/nasa/ (accessed on 3 April
2024)). This impressive data volume represents a relatively small fraction of the entire
space-based collections compiled by various USA and international space agencies and by
other nations.

It is enlightening to note that seventy-eight international organizations have sponsored
satellites since 1974, as summarized in 2022 by OSCAR (Observing Systems Capability
Analysis and Review Tool (https:/space.oscar.wmo.int/ (accessed on 12 May 2024)). The
most active programs have been sponsored by the USA (NASA and the National Oceanic
and Atmospheric Administration, NOAA), Europe (ESA and the European Organization
for Exploitation of Meteorological Satellites, EUMETSAT), China, France, India, and Japan.
Satellites to collect EO information have been sponsored by space agencies and other
governmental departments plus commercial enterprises in a host of countries, including
Algeria, Argentina, Brazil, Canada, China, France, Germany, India, Italy, Japan, Korea,
Peru, Spain, the Russian Federation, and the UK. However, there have been few efforts to
combine and/or compare data and imagery among these already existing satellite-acquired
data including imagery to address regional or global patterns and trends to establish a
climate change baseline. In 2024 we are well into an era of rapid environmental changes
and yet this global data remains unsynthesized and largely ignored, while the ability to
construct a baseline from future data is becoming impossible. This is an environmental
project of utmost importance and urgency.

In recent years, there has been a growing interest in explicit descriptions of our planet’s
changing surface to delineate landscapes at local rather than synoptic scales yet embed-
ded within global surveys. The rationale for more sophisticated space-based surveillance
of our Earth System at these local scales is tied to the urgent need to address the many
interlocking science and societal challenges, including issues such as (i) monitoring agricul-
tural status for food security and sustainability [11,12], reducing agricultural chemical and
water inputs, with less available arable land and more people to feed [13]; (ii) identifying
ecosystem biodiversity hotspots and areas of biodiversity degradation, quantifying losses
and gains, and prioritizing restoration targets [14,15]; (iii) determining the physical prop-
erties of land surfaces, such as forests and rangelands, urban and developed landscapes,
and snow and ice cover [16,17], and their effects on weather systems and climate [18,19];
(iv) surveying surface water quality and quantity [20,21] and impacts of increasing eu-
trophication and salinization [22,23]; (v) reducing the errors in global models that esti-
mate land—ocean—atmosphere processes and biogeochemical cycles, including biosphere
interactions linked through assimilation, respiration and [18] evapotranspiration [24,25];
(vi) developing workable protocols for establishing and sustaining more favorable micro-
climates in cities, such as with urban forests and parks to moderate excessive heat and
air pollution [26,27]; sea-surface temperatures, sea ice extent/concentration [28-30]; sea-
surface salinity [31,32]; and (vii) tracking hazard impacts, such as flashfloods, landslides,
airborne volcanic debris and extreme weather-related events such as wildfires, sandstorms,
hurricanes and tornadoes [33-38].

Advances are being made to develop mitigating strategies that improve these problem
areas with existing data, but ongoing monitoring is essential. In addition, upgraded capa-
bilities to acquire more sophisticated space-based data, such as imaging spectroscopy, will
benefit from different combinations of temporal frequency, spatial resolution and enhanced
information content. For space-based imagers, this is being addressed with additional and
narrower spectral bands for precise targeting/discrimination, and by expanding into other
wavelength/frequency regions beyond the visible/near-infrared (VNIR) wavelengths, such
as shortwave infrared (SWIR), thermal infrared (TIR), microwave and radar—also with
better waveband and spatial resolutions. Another urgent need is for such data to be mea-
surable in physical energy units (e.g., g/m?) so they can be compared across regions, time


https://www.codingninjas.com/codestudio/library/nasa/
https:/space.oscar.wmo.int/

Sensors 2024, 24, 3488

4 0f 130

periods, and instruments, and input into process-based models at all scales, such as carbon
cycle simulations and projections for climate changes.

While the whole-Earth surveillance approach is necessary at higher spatial and tem-
poral scales to better understand the linkages among the many biogeochemical processes
on land, sea, and atmosphere, this necessarily yields unprecedented amounts of globally
distributed data. Therefore, data management protocols are necessary. These include
the development of improved methods for managing: (i) the processes related to data
retrieval and archiving; (ii) the computationally efficient tools to locate and extract specific
geographic and temporal data; and (iii) the analytical tools that enable efficient visualiza-
tion and utilization of these data. In addition, free and open international access to the
satellite data archives must be ensured. If we fail to provide the funding, training and
access to digital resources that enable global utilization of these data, we will lose a critical
resource in developing better understanding about spatial and temporal changes over the
next decades.

1.3. Materials and Methods

All of the technical information in this paper was obtained from public websites
and publications by searching Google Scholar and Web of Science, mission websites,
searching “OSCAR” the World Meteorological Organization database of existing satellites,
searching NASA (eospo.nasa.gov/mission-category/ (accessed on 15 May 2024)), USGS
(https:/ /www.usgs.gov/centers/eros/data/ and https:/ /Ipdaac.usgs.gov/ (accessed on
15 May 2023)), NOAA (https:/ /www.noaa.gov/satellites/ (accessed on 15 May 2024)),
Copernicus (https:/ /www.copernicus.eu/en/ (accessed on 15 May 2024)), EUMETSAT
(https://www.eumetsat.int/ (accessed on 15 May 2024)), the EO Portal (https://www.
eoportal.org/ accessed on 15 May 2024)), search specific satellites or instruments, and
Wikipedia (see individual missions). Often there are multiple versions describing some
instruments online at different phases of fabrication, and initially reported characteristics
of a satellite or its instruments can change before and during operation, including what
orbital altitude, what equatorial crossing time, and what bands and band passes it will
have. The published information is not always in agreement, and web pages generally lack
dates of when they were released. Sometimes differences among sources are small, e.g., a
few nm in a wavelength position, but often information differs significantly among sources.
We have tried to present the most current and correct information available.

All information from a satellite’s flight characteristics (e.g., inclination angle, crossing
time) and its instruments’ science objectives were obtained from the web or from informa-
tion publicly available as reported by mission spokespersons. We scoured the websites
of NASA, USGS, NOAA, the European Union’s Copernicus program and all of its sub-
programs, EUMETSAT, the Committee on Earth Observation Satellites (CEOS), and govern-
mental space agencies in many individual countries, including Canada, France, Germany,
and Italy. Often a single instrument is described in multiple websites (some with conflicting
information) such as for Germany’s ENMAP satellite program (https://www.enmap.org/
(accessed on 15 May 2024)) or from the Earth Observation Center for the German Space
Agency (DLR, Deutsches Zentum f{ir Luft-und Raumfahrt) (https://www.dlr.de/eoc/en/
desktopdefault.aspx/tabid-5514/20470_read-47899/ (accessed on 15 May 2024)), or for
NASA'’s missions such as the ECOSTRESS program site (https:/ /ecostress.jpl.nasa.gov/
(accesssed 15 May 2024)). The major agencies provide mission information, such as
NASA'’s Earth System Observatory (https://science.nasa.gov/earth-science/earth-system-
observatory/ (accessed on 15 May 2024)); NOAA provides information on its geostationary
and polar-orbiting satellites, as does the U.S. Geological Survey (USGS) for the Landsat
program (https:/ /www.usgs.gov/landsat-missions). ESA summarizes information for the
Copernicus program (https://www.copernicus.eu/en/ (accessed on 15 May 2024)), and
the Copernicus Open Access Hub (https://scihub.copernicus.eu/ (accessed on 15 May
2024)), and ESA’s CEOS EO Database (https://database.eohandbook.com/ (accessed on 15
May 20204)). In addition, useful information is summarized by the World Meteorological
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Organization’s (WHO) Observing Systems Capability Analysis and Review Tool (OSCAR,
https://space.oscar.wmo.int/ (accessed on 15 May 2024)), and the lead programs fabricat-
ing them, and their associated science team(s). We looked up the websites for each of the
instruments described, e.g., the Sentinel Hub (https://www.sentinel-hub.com/explore/
(accessed on 15 May 2024)) or as in the NASA-ISRO NISAR mission (https:/ /www.jpl.nasa.
gov/missions/nasa-isro-synthetic-aperture-radar-nisar/ (accessed on 15 May 2024)) and
from various public data sources like Gunter’s Space Page (https:/ /space.skyrocket.de/
directories/sat.htm/ (accessed on 15 May 2024) and the Union of Concerned Scientists
Satellite Database (https://www.ucsusa.org/resources/satellite-database/ (accessed on 15
May 2024)). We have tried to acknowledge data sources throughout this paper but accept
responsibility for our misinterpretations and errors.

2. Background: EO Satellites

There are numerous satellites circling the Earth, at all altitudes and for many pur-
poses, to support communications, military operations, science research, and to monitor
atmospheric, land and surface water processes for the benefit of society (e.g., management
of resources). We have limited our attention here to those satellites designed to collect
information about the Earth System that can expand our knowledge about the health of
our planet. We also place emphasis on those satellite instruments that passively acquire
spectral and thermal images of the Earth-atmosphere system, referred to as “imagers”, but
we also survey other types with critical roles, such as active systems measuring lidar, radar,
and microwave soundings.

Widespread access to existing remote sensing data has provided researchers the
ability to address many new science questions, such as those that require studies of large-
scale geographic areas or time series collected over several decades, e.g., since ~1980. In
addition, the increases in both spectral and spatial resolutions (i.e., finer bands and smaller
pixels) in more recent space-based imagers have enabled more refined interpretations
of land cover composition and biogeochemical variables. Other technology advances
have facilitated the adoption of remote sensing information, such as advances in GPS
technologies that improve both satellite pointing accuracy and geolocation of ground
reference coordinates, advances in computer science capacity to handle large data arrays,
and the development of sophisticated statistical software packages for analyzing and
interpreting these data. Consequently, the availability of calibrated and geolocated space-
based “science-quality” data has fundamentally changed how Earth Sciences research is
conducted and interpreted [39].

Why are so many space-based observations needed? Spaceborne observations are
essential to provide synoptic and repeated observations that accurately and consistently
quantify the Earth’s current conditions, and to monitor changes. However, spaceborne
instruments have a limited lifetime, generally 3-7 years on orbit (although a very few
have been operating for 20+ years), requiring replacements at regular intervals. Also, new
satellites replace older ones when technology upgrades become possible.

Satellites carry instruments designed specifically to collect either passively available
information or to actively send /receive energy pulses, referred to as “passive” and “active”
systems, respectively, or to provide various communication functions. We place empha-
sis on passive imagers, which are designed to acquire environmental information (e.g.,
radiance, reflectance) over specified wavelengths in the solar energy regimes: ultravio-
let (UV), visible/near-infrared (VIS/NIR or VNIR), shortwave infrared (SWIR), visible
through SWIR (VSWIR), and thermal infrared (TIR) wavelengths. We also include active
systems, which include radar, lidar, and microwave soundings, from which energy pulses
sent/received provide profile information.

Recently, developments in technology have gone far beyond thematic categorial
representations of our fragile world and support the requirements for greater scientific
rigor. Thus, new missions are striving to acquire more accurate physical measurements by
obtaining more frequent views, and/or additional or finer-resolution spectral bands for
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improved discrimination of various atmospheric constituents (e.g., chemical components
and particles) or surface properties, including the spectral identification of plant species,
soil types, and geologic minerals. Furthermore, accurate determination of the surface
properties requires accurate representation and removal of the overlying atmosphere’s
spectral distortions, referred to as “atmospheric correction”.

In addition to carrying different payloads, satellites acquire data collected over a wide
range of spatial and temporal resolutions, depending on the specific requirements of the
on-board instruments. A satellite’s forward line of direction is its “path” or track, and each
observation is associated with a defined footprint or “pixel”. In addition to pixels viewed
straight down (referred to as the nadir view, 0°) along its central path, adjacent pixels
are also viewed along its “swath”, the area viewed perpendicular to its path, side-to-side.
Satellite instruments that acquire frequent (e.g., near-daily), global observations necessarily
have large footprints (250 m—4 km); this is possible with varying oblique viewing geometry
(e.g., <60°) across wide swaths of the atmosphere—surface system. In contrast, satellites
that view the surface with narrow swaths acquire local information at scales < 50 m with
constrained viewing geometry (e.g., nadir, 0° £ 20°) but require weeks to return to the
same location, so views are infrequent.

2.1. Primary Types of Orbiting Instruments

The type of technology used in a satellite determines what information is expected to
be obtained and how the data will be used. The earliest satellites measured one or a few
bands in the visible (400-700 nm) and/or in the near-infrared (700-1500 nm) wavelength
region of the electromagnetic spectrum. As technologies evolved, instruments began to
include wavelengths in the thermal infrared in the 8-13 pm region, then shortwave infrared
(1500-2500 nm), and the midwave infrared (3—-6 um). Active instruments such as radar
and microwave collect data in longwave bands (Ka, K, Ku band wavelengths: 0.3-2.4 cm
wavelength, ~40-18 GHz), or out to P-band radars (0.3-1.3 m, ~0.216-0.45 GHz). Lidar
technology has been a recent addition to space because the lasers that generate the energy
pulse have been quick to burn out, thus not justifying their cost. However, today, this
concern is rapidly changing and lidar data are becoming available for space research.

2.1.1. Passive Imagers

Passive imaging instruments, from which images are constructed (looking like pho-
tographs), record the reflected sunlight from the Earth’s surface, including reflectance from
the intervening atmosphere, are of three general types: (1) multispectral systems, (2) hyper-
spectral imagers and (3) imaging spectrometers. Multispectral systems are comprised of a
specific set of a few (<10) relatively wide (>20 nm) spectral bands, usually non-contiguous,
and often limited to the VIS/NIR region (e.g., Landsat’s 4-7). Hyperspectral systems have
many more (15-25) usually narrower (10-20 nm) spectral bands, some of which may be
contiguous, and may span the UV to SWIR regions (e.g., Visible Infrared Imaging Radiome-
ter Suite (VIIRS). Imaging spectrometers (ISs) often have hundreds of overlapping, narrow
(<15 nm) spectral bands, covering the VIS to SWIR regions, such as Germany’s new Envi-
ronmental Mapping and Analysis Program, EnMAP [40] and aircraft instruments such as
AVIRIS [37,41-43]. Some spectrometers in space have very narrow bands (<1 nm) covering
a selected wavelength region, but are not imagers (typically sounders), that have thus far
mostly applied to identifying atmospheric constituents, e.g., Global Ozone Monitoring
Experiment, GOME [44].

With repeated observations, a spectral data cube for a geographic area can be built,
where the latitude and longitude provide the X and Y axes and each of the measured
wavelength bands provide the 3rd axis, forming the basis of satellite geographic information
systems. An example is shown in Figure 1, illustrating the processing stages for the EMIT
instrument (Refer to Section 9 below).
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EMIT Imaging Spectrometer Instrument Approach
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Figure 1. This illustration shows how a spectrometer works, from scanning across a segment of land,
to capturing the reflected energy, here in a Dyson telescope-spectrometer system that focuses the
collected light on a diffraction grating with a structured blaze that then sends the light into a new
three-zone order sorting filter (which allows measuring the entire spectrum with one spectrometer,
without noise from second order light). The detector is mercury cadmium telluride that is sensitive
over the full spectrum [45]. An image is created from the forward motion of the satellite (or aircraft)
and the data are organized in a data cube, one layer for each band. There are 1240 pixels across the
60 m swath. The bands are ordered sequentially, from the shortest wavelength (380 nm) to the longest
(2500 nm) for all pixels, visualized across the top and the right side of the figure. Three bands are
chosen to make a false color image for the surface of the data cube. The spectrum for each pixel is
shown across the top and along the right side, with colors indicating the intensity of the reflectance.
Band colors are ordered with highest reflectance values colored red, next is yellow, and colors follow
the rainbow to dark blue-purple-black indicating the lowest reflectance values. The different patterns
seen in the spectra are different surface materials. The middle of the panel shows reference spectra
for typical minerals from arid regions that might be present in the data cube. The analysis of the data
cube using spectral signatures, such as those in the graph, produces a map of the area; in this example,
a mineral map. Credit: EMIT Overview. EMIT Earth Surface Material Dust Source investigation:
Earth.jpl.nasa.gov/emit/ (accessed on 5 January 2024).

As with this example, “full-spectrum ISs” typically measure a complete visible (V or
VIS) to shortwave (SWIR) spectrum (VSWIR), between ~380-400 nm and 2500 nm in the
solar reflective wavelengths reaching the Earth’s surface, with between 200 and 500 spectral
bands, depending on the IS’s spectral resolution. This advanced technology, known as
imaging spectroscopy, furnishes sufficiently high spectral resolution across the reflected
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spectrum to enable identification of specific materials based on their characteristic biogeo-
chemistry and composition, which is facilitated by having contiguous (no wavelength gaps
between bands) and increasing the number of bands, while also reducing their band widths,
to yield spectra linked to known physical or chemical attributes, when including specific
diagnostic wavelengths. Although imaging spectrometers (IS) have had a long history in
airborne research, dating back to 1982 [46], they have only recently become available from
satellite platforms. The terms imaging spectrometer and hyperspectral imager are often
used interchangeably. The term hyperspectral literally means “many bands”, not necessar-
ily contiguous, while “imaging spectrometer” is the technical term for contiguous (no gaps)
“bands” for every pixel. “Full-spectrum” spectroscopy refers to analyses made using the
VSWIR spectrum (~380-2500 nm), linking the spaceborne observations to the long history
of basic laboratory and field spectroscopy research. Additionally important is the computer
hardware and processing power required to ingest, process, integrate, and automatically
interpret the enormous data volumes generated by these satellite instruments/platforms,
especially when collected over time, are finally increasingly possible. These technology
enhancements are needed to achieve critical Earth Science research priorities that enhance
understanding of key environmental and societal processes [47-54].

2.1.2. Active Instruments

Active instruments have internal energy sources and are not reliant on solar energy for
data collection. They emit pulses of photons in particular frequencies (wavelengths) and
measure the photons that are [53,54] backscattered to the detector(s), utilizing a wide range
of frequencies (from 75 GHz to 0.215 GHz) and long wavelengths (from 0.25 cm to 1.3 m).
A major advantage of active instruments is that they can be operated at night, and because
the atmosphere is mostly transparent for them, they can be used in cloudy; icy, and stormy
weather, and “atmospheric correction” is usually not needed. These instruments can also
be flown at most altitudes used for orbiters. The main types of active systems utilized on
satellites are lidar and radar imagers, and microwave sounders.

LiDAR (Light Detection and Ranging) Imagers

These are active sensors that utilize lasers with internal energy sources to emit pulses of
photons in the VIS or NIR wavelengths that best fit specific science questions. For terrestrial
scanners (e.g., for mapping forest structure), a NIR wavelength at approximately 1050 nm
is used for both emitting and detecting a returned signal, whereas a VIS wavelength in the
green region (475-575 nm, often around ~550 nm) is used over aquatic and ice environments,
such as bathymetric lidars. Other wavelengths are used in ground-based lidars, and some
could potentially be used in spaceborne lidars. Lidar technology has been expanding to
other wavelengths for physiological information in addition to 3D information, e.g., [55],
although none yet have been flown in space. Lidars give precise information about the
height of an object and its distance from the sensor (based on the universal law relating time,
energy, and distance: E = mC?). However, lidar measurements for distances and heights
determined from space depend on accurate knowledge of a satellite’s position and pointing
direction, so that by measuring the time interval to receive the reflected (backscattered)
signal, the three-dimensional position of an object can accurately be determined. Lidar
instruments are restricted to lower orbital altitudes at or below approximately 600 km, due
to the signal strengths.

Radar and Microwave Imagers

The most widely used active systems are radar and microwave instruments, which
have previously been flown on both weather and military satellites but are new to EO
applications. Radar data are sensitive to the three-dimensional structure of terrestrial
surfaces (ground micro- and macro-topography, vegetation, ice, and snow fields) for height
and associated horizontal patterns created by distance and height differences between
objects. Radar is secondarily sensitive to changes in the dielectric constant of materials,
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primarily of water in its liquid and solid forms and mixtures of these phases. Radars
are often employed for weather observations but are also dedicated to environmental
applications, such as measuring ice sheet thickness, forest structure, geomorphology, urban
and built environments, and even agricultural applications. Historically, radar has been
more typically flown for weather, atmospheric composition, climate, or oceanographic
research and less commonly used in environmental research [56-58].

While most EO imagers acquire their information for specific wavelength intervals
within the solar spectrum, thus in wavelengths of nanometers (10~? m) or micrometers
(107% m), radar and microwave data are generally described in frequency units, typically
GigaHz (GHz) or MegaHz (MHz). But these units are also characterized in terms of an
alphabetic naming convention that was established in World War II and still used (Table 1).
We also include the corresponding wavelengths for the frequencies since this is the common
unit of measurement for VSWIR and TIR measurements.

Table 1. Relating general radar frequency es and their associated wavelengths, and naming conven-
tion for wavelength bands.

Band W Ka K Ku X C S L P
Frequency, GHz 75-100 40-100 18-26.5 12.5-18 8.0-12.5 3.90-8.0 155-390 0.39-1.55 0.216-0.45
Wavelength, cm  0.27-040 0.30-0.75 1.67-1.11 1.7-24 2.4-3.75 3.75-7.5 7.5-5 15-30 30-130

1 GHz = 10-9 Hz.

K-band radar and microwave instruments are often used for measuring atmospheric
precipitation, while X-band is most sensitive to materials or properties whose size match
the sensor’s bandwidths (e.g., centimeters) like foliage, soil roughness, and ice surface
roughness. With bands at longer wavelengths (e.g., C, S, L), can achieve greater penetration
through porous media (e.g., a forest canopy). Thus, C and L bands are mostly used to
measure terrestrial observations of vertical and horizontal topographic structure and forest
height structures, with C-band returns more likely to describe “within canopy” structure,
whereas the L band is more likely to measure backscatter from closer to the ground surface.
More recently, there is growing interest in using the S band for topography, vegetation
height, and horizontal gap structures, and especially for urban planning and development,
and many other applications. The longest wavelength radars are P band, which are of
particular interest to describe larger-scale topographic structures, such as penetrating the
soil to obtain measurements of deeper soil moisture under forests and agricultural crops
and also the full 3D measurement of forest canopy structure. While not yet flown on civilian
satellites, a P-band radar instrument will be utilized by the upcoming Biomass mission,
ESA’s 7th Earth Explorer, with an expected launch in 2024.

2.2. Types of Satellite Orbits

A wide array of EO data are needed for the comprehensive research conducted by
various scientific, application, and monitoring communities. These include investigations
of weather and climate changes in the phases of water: ice, liquid and vapor, vegetation
types and fractional cover, changes in vegetation/ecosystem condition, soil types and
geochemistry, water quality and quantity, volcanic activity, geologic weathering, and a
suite of atmospheric constituents and properties (e.g., ozone, carbon dioxide, methane,
dust particles), and vegetation properties (biomass, chlorophyll content). To address
these purposes, satellites are flown at different altitudes, inclination angles (relative to the
equator), and eccentricities (deviation from a perfect circle).

Public sector satellites tend to fall into a few discrete categories, defined primarily by
their orbital altitudes (Figure 2): low Earth orbit (LEO), between the top of the atmosphere
at ~180 km up to 2000 km; medium or mid-Earth orbits (MEO) between 2000 and 35,780 km;
and geostationary (GEO), high altitude Earth orbits, at ~36,000 km, such as used for weather
satellites. [For reference, commercial airlines fly within the atmosphere below ~64 km].
LEO is used for most EO imaging instruments observing Earth surface properties for
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Low, Mid, and GEO
Altitude Orbits

science and application studies and are most often “sun-synchronous”—meaning their
overpasses occur at a fixed time of day. MEQOs are near circular or elliptical in shape and
used for Global Positioning System (GPS) satellites and other instruments. Satellites in
MEQO are semi-sun-synchronous if they complete each orbit in 12 h, thus viewing the
same spot twice daily; MEOs can also be elliptical in shape. Satellites placed at GEO (or
geosynchronous) altitudes are positioned at stationary points above the Equator to acquire
relatively large-scale observations on a fixed schedule (e.g., hourly, or even continuous
observations) of the same surface areas. Each GEO satellite rotates around the equator
once every 24 h at a higher speed than the Earth turns (~11,100 km/h) to maintain its
position. This orbit has until recently been used exclusively for weather observations, but
the opportunity to make continuous diurnal observations is now of interest for future Earth
Science applications.

Near Polar Equatorial Non-Polar
Orbit Orhit QOrbit

Figure 2. Orbit types for public sector EO satellites. The far-left panel shows designations for relative
altitudes above the surface, for low, mid, and GEO satellites. The next panel shows the orientation
for a pole-to-pole “near-polar” orbit. The third from the left is the Equatorial orbit that follows the
equator around the planet, most frequently used for GEO altitudes. The right-most panel shows a
non-polar and usually elliptical orbit, representing any angle away from near vertical. The example
shows an orbit like that of the International Space Station, 516.6° N to 51.6° S, which currently hosts
several experimental EO instruments.

Most EO satellites in LEO are flown in circular, polar (or near-polar, pole-to-pole) con-
figurations. The actual altitude selected for a LEO polar mission (e.g., within 600-850 km)
largely determines its repeat observation frequency interval (or temporal resolution) along
the orbit’s central path line (but see swath width influences, below), usually separated by
days or weeks. Repeated observations per location made from polar, sun-synchronous
LEO satellites always occur at the same time of day. This is chosen based on the mission
requirements (e.g., often ~10:30 am or ~1:30 pm local times), such as to avoid high % cloud
cover or sun glint off water bodies, and to capture specific phenomena. Since the overpass
time varies by as much as a couple of hours as a satellite proceeds along its pole-to-pole
transit, and due to different time zones, the overpass time is represented by the local time it
passes over the equator (i.e., the equatorial overpass time). LEO satellites flown in near-
polar orbits travel at ~27,500 km/h and complete one orbit every 99 min, or 14 orbits per
day while surveying semi-vertical curved slices across the whole Earth. During daylight
hours with morning equatorial overpass times, each orbit’s descending half pass from the
N pole to S pole (NE to SW direction) (e.g., the US/Landsat and ESA /Sentinels), with the
corresponding ascending half pass occurring at night while traversing from the S to N
poles. The time of day selected for overpasses, such as mid-morning or early afternoon,
depends on the mission requirements.
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Two other important factors affecting orbital paths are the inclination angle relative to
the equator (e.g., 97.5°) and the eccentricity, or degree of deviation from a perfect circle. The
orbits themselves can be circular (the most common for scientific applications) or elliptical,
such that they are closer and farther from the Earth’s surface in different parts of the orbit.
In addition, some satellites are flown in non-polar, elliptical orbits at large displacement
angles from the poles (such as the International Space Station (ISS), which is inclined 51.6°
away from the poles), for which both the revisit interval and time of day or night for the
satellite overpasses vary over a particular location, but in a predictable way. Consequently,
this type of orbit is non-sun-synchronous.

In addition to a LEO satellite’s altitude, the repeated observation interval per pixel
depends on its position within the swath width (i.e., distance from the orbital path). The
swath width is the edge-to-edge dimension of the area viewed (e.g., 30 m, 2 km, 50 km), and
is perpendicular to the satellite’s flight path. When images are collected across narrower
swaths (e.g., Landsat), a strategy that enables higher spatial resolution, each pixel is viewed
with similar straight-down near-nadir view angles, perpendicular to the surface (view
angle ~ 0°; or 0° = 20°). Since most satellites have square pixels, it is customary to only
state one pixel length, such as 30 m, 500 m, and 1000 m. Typically, those satellites collecting
data across these narrow swath widths take 14-28 days to return to the same spot at
mid-latitudes (e.g., the USA’s Landsats and ESA’s Sentinels), except that more frequent
converging overpasses do occur near the poles due to overlaps in adjacent flight paths.

In contrast, satellite instruments with wide swaths can obtain more frequently repeated
collections (e.g., twice daily (day and night passes), daily to weekly). This is typical for
satellites that view thousands of km on either side of their flight paths by sweeping in
a side-to-side (or “whisk-broom”) motion across each swath (e.g., MODIS on Terra and
Aqua); even wider synoptic views are used by atmospheric chemistry satellite instruments
(e.g., the spectrometer carried by GOME, Global Ozone Monitoring Experiment, 1995-2011).
However, there are several disadvantages of this type of mechanical side-to-side whisk-
broom sweeping method: (i) it produces increasingly larger variations in view angles and
pixel sizes that become largest at the extreme edges of the swath, for which corrective
algorithms must be applied to better describe the per-pixel information; (ii) the dwell time
over any pixel is short, limiting the number of photons that can be collected during the
viewing time interval (thus limiting data quality); and (iii) the imager can incur a risk of
mechanical problems from the sweeping motion.

Newer “push-broom” satellites have the same number of detectors as pixels along the
swath, so collecting spectral data perpendicular to the flight path is referred to as “mowing
the lawn”. This method is utilized for relatively narrow swaths (e.g., <50 km) although the
new Teledyne 2CHROMA-D detectors planned for the NASA SBG mission will enable a
185 km swath at a flight altitude of 705 km [17,59], equivalent to today’s Landsat satellites,
thereby allowing simultaneous (near) nadir-viewing of all pixels along the swath. The
“dwell-time” for push-broom detectors is longer because no time is lost due to side-to-side
sweeping, thus they collect significantly more photons while the satellite is passing over
the viewed ground area than is possible with the whisk-broom configuration. A bonus
advantage is that greater radiometric sensitivity for the data is achieved. Lastly, since
push-broom sensors do not have the mechanical back-and-forth swinging of the detector
arrays, the potential for mechanical failures is reduced. For these reasons, all recent EO
imagers on LEO satellites have adopted push-broom arrays [1].

Earth observations are also made from another distant position in space, from which
the whole Earth is viewed as a disc and is always illuminated. This is possible at the
Lagrange Point 1 or L1, the point in space located approximately 1.5 mil km from Earth in
the direction of the Sun. Currently, NOAA operates the Deep Space Climate Observatory
(DSCOVR, based on an earlier concept—Triana, unofficially known as GoreSat) launched
in 2015 for Earth observations, space weather and space climate to warn Earth in the event
of solar magnetic storms.
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2.3. Statistics on Current Satellites in Orbit

The Union of Concerned Scientists (UCS, https:/ /www.ucsusa.org (accessed on 12
January 2024)) maintains the record of operational satellites. As of 1 May 2023, they
reported that there were 7560 such satellites. Of these, 6768 are in LEO, 590 in GEO, 143
in MEO, and 59 in elliptical orbits. Most these satellites, approximately two-thirds, are
used for communications. Satellites for all other categories comprise about five to seven
percent of total satellites, including Earth observation and remote sensing. Approximately
81 countries have launched satellites. The USA has the largest number of satellites in
orbit with ~5184 (currently operating): 4741 commercial, 167 government, 30 civil, and
246 military satellites. Russia has 181 active satellites, China 628, and all others 1572.

In this paper, we discuss the current ~90 on-orbit EO satellite missions designed for
scientific and/or environmental studies, primary those from the US and Europe with a few
from Japan and several others that are making important Earth observations. We place
special focus on the emerging new imaging spectrometers and other new technology in
space. In addition, we cover the European Union’s Copernicus program and its 20+ new
missions, six EO missions now hosted on the ISS, and some important commercial satellites
supporting EO monitoring studies. We also highlight the new strategies for upcoming EO
satellite missions in 2024 /2025 to the early 3030s, and those expected over the next decade.

3. High-Impact Pioneering Satellites from the 1970s to the Early 2000s

We start with a look back to the pioneering EO satellites, with a focus on imagers. These
include satellites from the USA (e.g.,, NOAA, USGS, NASA), and relevant European imaging
missions, including the Copernicus Sentinels. Our review places special attention on
passive EO spectral imagers because they are the most common types in space for providing
biological/environmental mapping. We start with a look back to the pioneer satellites now
retired from service, both small and large, that demonstrated the value of both passive
imagers and active sensors from spaceborne platforms, including the AVHRR/NOAA
satellites, the early Landsat series (USA), the relevant European missions such as EnviSat
(ESA), the NASA Earth-Observing System (EOS) Flagships, and several others. The imagers
carried on some of these satellites were often flown with other instruments, and they
may not have been the primary mission focus, but nevertheless revealed potential for
environmental payoffs that drove technology improvements. We consider many of the
EO missions conducted over the past 50 years (~1970-2020) comprise a set of exploratory
test beds for technologies, addressing a range of measurement types, alone or in various
combinations, to find out what works and what is feasible, and which technologies deserved
further development. Over time, the importance of imagers, especially when coupled with
supporting measurements, has grown. Another reason for including some historic satellites
is because these are the datasets available for time series studies, providing our best record
of what has changed over the Earth in the past half century, related to patterns of land use
and climate change.

3.1. The AVHRR on the NOAA POES and EUMETSAT METOP Satellites

NOAA'’s satellite fleet is primarily focused on weather and climate observations and
not on environmental applications. However, the first imager in space to provide global EO
data useful for monitoring vegetation, and to cover phenomena like floods and volcanic
activity (Table 2), was the Advanced Very High-Resolution Radiometer (AVHRR) which
was flown on NOAA'’s Polar-Orbiting Environmental Satellite (POES) series beginning
with TIROS-N in 1972 [60]. Reprocessed nadir AVHRR data with 1.1 km pixels have
been archived continuously since 1981 (https://www.USGS.gov/EROS/ Archive/ AVHRR,
accessed on 13 December 2023), with weekly and biweekly data from 1989 to 2019 acquired
by [60] for a series of 13 satellites with two to six wide (100-400 nm) VNIR bands, with
a variable afternoon overpass time (13:30 pm 4 4 h). Two of these wide AVHRR bands
(VIS and NIR) were used to calculate the Normalized Difference Vegetation Index (NDVI),
which provided global seasonal and interannual phenological patterns of plant growth
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for the first time [61-63] and subsequently variations in this index have been applied to
data acquired by many other spaceborne imagers. These images were brought into the
environmental research portfolio by Dr. C.J. Tucker at NASA Goddard Space Flight Center.
He began routinely processing these data to show phenological patterns of vegetation
in the late 1970s, and the database was continued to 2019, when the NOAA series was
discontinued and the responsibility for this class of observations was transferred to the
European EUMETSAT’s METerology Operational Program (METOP, begun in 2006).

Table 2. NOAA satellites starting in the late 1970s and continuing into current satellites. The NOAA
satellites carried versions 1-3 of the Advanced Visible High-Resolution Radiometer (AVHRR), and
the METOP-A, B, and C satellites carry AVHRR-3 with red and NIR bands that produce the long-
term NDVI data record used for global environmental change research. Technical descriptions are
from NOAA AVHRR history and OSCAR, a web resource developed by the World Meteorological
Organization (WMO) for earth observations.

uv

Mid-IR
. 350-400 nm;
. . Equatorial 4 SWIR, 3.0-6.0 um,
Satellite/ Launch Orbit . q . VNIR 4 Hm,
Instrument Date(s) Type Altitude, km Swath, km erssmg 400-1500 nm; 1500-2500 nm, TIR,
Time GSD km 6-15.0 um,
GSD GSD km
km
NOAA polar, LEO 615 nm, 3.74 um
TIROS-N 1978-1981 Sun 850 2900 14:30A 912 nm - 11.0 pm
AVHRR-1 synchronous @1.1km @1.1km
NOAA 6, 1979-1987 polar, LEO 840, 14:30A 3.74 pm,
8,10 1983-1985 Sun 820 ~2700 07:30D S hm - 11.0 um
AVHRR 1986-2001 synchronous 810 07:30D ’ @1.1 km
860, 14:30A
NOAA7, 1986-2001 1 lar, LEO 850 14:30A 3.74,10.8,
9,11,12, 1988-2004 : 615,912 nm
Sun 843 3000 04:10A - 12.0 um
AVHER/2 19942005  synchronous 804, 05:10A @11 km, @1.1 km
844 09:30A
NOAA 1998-2024 813 07:29D
15,16, 17, 20002014 P"lasrf LEO 810 3000 09:03D 630, 862 nm 1.61 um 3050080,
18,19 2005-2024 hu 854 10:34D @1.1 km @1.1km @i1 lttm
AVHRR-3 2009-2024 ~ Synchronous 870 08:22D :
METOP-A, 2006-2021 polar, LEO 827 07:50D 3.74,10.8,
B,C, 2012-2024 Stn 827 3000 09:31D 630, 862 nm oo 12.0 um
AVHRR-3 2018-2027 synchronous 817 09:31D : ’ @1.1 km

Figure 3 shows a different vegetation index that goes back to the earliest days of
infrared aerial photography. The “false color” combination of the VIS bands in the green
and red combined with a near-infrared (NIR) band. The bands are “color shifted” to allow
human eyesight to “see” the reflectance patterns in the NIR band. This is typically done by
displaying the green band in blue (assuming it is printed or shown on a computer screen),
red band in green, the near infrared band is displayed in the red color channel and for
AVHRR/2 a second NIR band id is displayed in the blue color channel). The reason this
band combination was adopted is because all vegetated pixels will be some shade of red
since plants have low reflectance in the visible (about 5% reflectance) due to plant pigments
and photosynthesis and have much higher reflectance in the NIR (about 50% or more).
Figure 3 was composited at the continental scale for the period 24 May 1984 to 14 May 1986
for the AVHRR imager. In this image, grasslands and crops appear light red to red, conifer
forests are dark red to maroon, deserts and urban areas are white to light gray, bedrock
appears darker, and lakes and rivers are in shades of blue.

3.2. The METOP-A Satellite (2006-2021)

METOP-A was the first of Europe’s EUMETSAT Polar System (EPS) satellites
(2006—2021) with an operational meteorology mission but also contributions to ocean and
ice monitoring, climate monitoring and atmospheric chemistry (Table 2). METOP-A, -B
(2012-2024), and -C (2018-2027) (https://www.eumetsat.int/our-satellites/metop-series
(accessed on 17 September 2023)) all carry the AVHRR-3 provided by NOAA to EU-
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METSAT (well known for the Normalized Difference Vegetation Index, NDVI) and the
Global Ozone Monitoring Experiment-2 (GOME-2), UV and NIR spectrometer (Table 3)
to obtain concentrations of ozone, NOx, and other trace gases [64-67]. METOP-A and -B
carried 10 other weather instruments and METOP-C carries 8 instruments in addition to
AVHRR-3 and GOME-2. METOP-A flew in a descending orbit with an equatorial overpass
at 07:50, while METOP’s-B and -C fly in a ~09:30 descending orbit. METOP-C, launched in
2018 carrying the last AVHRR instrument, which with NOAA, has maintained a continuous
40+ year global data record of land surface conditions, the longest satellite-based record of
global monitoring [68].

3.3. The European Remote-Sensing Satellites: ERS-1 and ERS-2

ESA pioneered the tandem mission concept and imaging spectroscopy from space
with several early missions (Table 3). Its first EO satellite program addressed ocean research
with the European Remote Sensing (ERS) pair of satellites, ERS-1 (1991-2000) and ERS-2
(1995-2008). ERS-1 was the first of modern European EO satellites flown by the ESA for
environmental monitoring, and complex for its time. It carried radar and microwave instru-
ments for imaging and measuring the sea state and ice conditions to increase understanding
of the oceans and coastal zones. Using these active “all weather” instruments allowed the
satellite to observe areas of the Earth where there was frequent cloud and fog cover. ERS-1
operated for nine years and carried five instruments (Table 3). ERS-2 was launched in 1995
in the same orbit to establish a ~5-year tandem mission, passing one day apart, each with a
35-day repeat cycle. Both satellites carried identical instruments, although those carried on
ERS-2 were upgraded versions, including a 13.8 Ku-band radar altimeter, a 4-channel SAR
imaging radiometer, a microwave sounder (for sea-surface and cloud top temperatures),
a SAR C-band polarization radar for detecting surface height (<mm precision), an active
polarization radar to measure wind speed and direction for 50 km cells, and a non-scanning
passive Microwave Radiometer for atmospheric water vapor. ATSAR-2 discontinued the
microwave bands but added three VNIR bands optimized for sea-surface temperatures
and climate. The ERS-2 also had two new instruments: a simple imager—a 3-band VIS
radiometer to detect ocean chlorophyll and vegetation that failed in 2008, and the important
trailblazing instrument GOME-2 (Global Ozone Monitoring Experiment), a nadir scanning
UV and VIS instrument which was the first in space to monitor atmospheric chemistry, in-
cluding O3, SO,, NO,, HCO;, BrO, and H,O (Table 3). GOME pioneered a UV/VIS grating
spectrometer for atmospheric chemistry with four UVNIR bands (with 4096 channels) and
three additional broad bands over the same wavelength region. GOME-2 was intended to
continue until 2011 but its on-board failures of gyroscopes in 2001 and a tape drive in 2003
limited its capability.

3.4. The Project for On-Board Autonomy-1 (PROBA-1)

Another impressive milestone was the launch in 2001 of the Project for On-Board
Autonomy-1 (PROBA-1). It was a small (<1 m?), agile technology demonstration mission
carrying the first high-resolution imaging spectrometer in space. Intended as a one-year
mission, it continued for two decades. Although PROBA-1 is still operating today, its
primary instrument—CHRIS (Compact High-Resolution Imaging Spectrometer)—was
suspended at the end of 2022, but PROBA-1. CHRIS-PROBA (Table 3) flew in a sun-
synchronous polar LEO with a narrow swath width but with a 7-day repeat period by
pointing the satellite fore and aft. This important early EO imaging spectrometer collected
BRDF (bidirectional reflectance distribution function) data across the VNIR spectral range
(400-1050 nm) in 150 channels that could provide simultaneous measurements of 62 spectral
bands at a GSD of 34 m. Spectral information could be provided in custom bands, as
specified by a user. The nominal product, however, was 18 bands at a GSD of 18 m
for square images of 13 km?. Each target area was viewed at five angles (+-55° + 36°,
0°) with five consecutive push-broom scans made with its detector in a single line array
(earth.esa.int/eogateway/instruments/chris (accessed on 23 December 2023)), and [69].
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Table 3. Pioneering instruments, mostly from the 1990s or later versions of an earlier instrument. The ATSAR and GOME instruments were on ERS-1 and -2, the
GOME-2 was also carried on the METOP A, B, C series (Table 2). ATSAR’s SWIR, MWIR, and TIR bands provide atmospheric measurements along with a new space
technology, the 2-band microwave sounder for water vapor, which was continued as GOME-2 on the METOP A-C series. The CHRIS instrument was the second
hyperspectral imager in space (after EO-1/Hyperion), flown on the PROBA-1 satellite and had unique option for selectable bands and spatial resolution choice.

UV 240-400 nm,
. . Repeat . VNIR, 400-1500 MidIR 3.0-6.0
Inssirfllrllizen ¢ Launch Date Orbit Type Altli:ide’ Swath, km Frequency, Cr](a)csl:ii:;{ll"?rlne nm, SWIR TIR 6.0-15.0 I\I/{I?fr?)l;::je
Days 1500-2500 nm; um, GSD
GSD m
3dTIR& 6d ATSR-2: 550, 659, ATSR-1 & -2: .ATSR_L
ATSR/ERS 1 19912000, Polar, LEO Sun 785 500 SWIR, 10:30D 865 nm; ATSR-1 &-2:  3.70, 10.85, Sxfg’e”rvges
ATSAR-2/ERS-2 1995-2008 synchronous 3dNIR & ’ 1610 nm @ 1 km 12.00 yum @ 1 km o
6d VIS GSD GSD 35.6 GHz
@ 1 km GSD
[240-295, 290405,
400-605, 590-790
(1024 channels)],
[292-402,
402-597
GOME/ polar LEO Sun 120 or 3dNIR & ‘ !
ERS-2 1995-2008 synchronous 785 960 6d VIS 10:30D 597-790 nm (pol, 1 - -
channel)] @
40 x 40 km? @
larger swath, or
40 x 320 km? @
smaller swath
400-1030 nm, Sinele fr
150 channels, g'e trequency
selectable Mode 1 Ku band
13.575 GHz and
up to 63 channels .
Mode 1-4 over 5 angles (—55, bandwidth
CHRIS/PROBA-1 2001-2022, polar LEO Sun 615 13 km, Mode 5 7d 07:30D —36,0, - 350 GHZ.
2001-2024 synchronous 6.5 k 36,55 @15 km
5 km , 55) @36 m GSD. GSD in SAR
Mode 24, 18 bands model. alon
@18 m GSD, Mode track reéolutign
5,37 bands @ 18 m

GSD.

is 250 m.
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Figure 3. The Advanced Very High-Resolution Radiometer (AVHRR) was unique (from the 1970s to
the 2000s) in being able to show continental to global-scale information (density and phenological
patterns) about vegetation. This image is a mosaic of the continental U.S., composed of 16 AVHRR
images (from NOAA-8 and -9) acquired between 24 May 1984 and 14 May 1996. It is displayed as
a False Color Infrared with the NIR band displayed in the red color channel and two other bands
(for AVHRR/2 that would be red, MidIR or TIR bands displayed in blue and green colors), Because
vegetation has high reflectance in the near-infrared, images created with this color scheme show
all vegetated areas as shades of red. Some of the reds are due to the type of vegetation (herbaceous,
and broadleaf or conifer), but the more intense the color the higher the vegetation density. The
image was created from multiple AVHRR images collected from 24 May 1984 to 14 May 1986.
(CREDIT: U.S. Geological Survey (https://solarviews.com/cap/earth/usa.htm/ (accessed on 15
May 2024))).

3.5. Envisat: ESA’s Pioneering Atmospheric and Land Platform

Envisat was ESA’s large, pioneering 11 instrument atmospheric and land platform,
placed in polar-orbiting LEO space in 2002 (Table 4). Envisat was a multi-instrument general
purpose platform that was complementary to the NASA Terra platform (Section 4.2.1). It
flew during the decade from 2002 to 2012 (earth.esa.int/eogateway/instruments/Envisat
(accessed on 23 December 2023)) in a sun-synchronous descending orbit (10:00 equatorial
crossing time) at 790 km altitude. Envisat included two radar instruments, a C-band all
weather multi-polarization Advanced Synthetic Aperture Radar (ASAR) for ocean land,
and ice. And a two frequency (3.2 GHz (S-band), and 13.6 GHz (Ku band) Radar Altimeter-3
for ocean topography, wave height and wind speed. The Advanced Along-Track Scanning
Radiometer (AATSR), derived from ATSR on ERS-1 for accurate seas surface temperature
and climate data. Three imagers of different types and measurement characteristics (the
MERIS a 15 channel 300 m resolution, MERIS (Medium-Resolution Imaging Spectrometer)
for monitoring ocean, land, aerosol and cloud properties, and the SCTAMACHY (SCanning
Imaging Absorption spectroMeter for Atmospheric CartograpHY), both nadir and limb
scanning for measuring the concentrations of atmospheric chemical species. Lastly, it
included two radiometers (broad and narrow band), two ranging instr