
7032 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Hyperspectral Satellites, Evolution,
and Development History

Shen-En Qian , Senior Member, IEEE

Abstract—Hyperspectral imaging has been emerged as a new
generation of technology for earth observation and space explo-
ration since the beginning of this millennium and widely used in var-
ious disciplinary and applications. The fascinating detailed spectral
information acquired by hyperspectral imagers often yields results
not possible with multispectral or other types of satellites. This
article provides an overview of spaceborne hyperspectral imagers,
technology evolution, and development history. After introduction
of hyperspectral satellites, it first describes the principle of hy-
perspectral imaging. It then reviews the history of hyperspectral
technology development, starting from the first airborne hyper-
spectral imager AIS built in early 1980s, the first operational
airborne hyperspectral imager AVIRIS developed since middle
1980s, the first commercial airborne hyperspectral instrument
CASI fabricated since late 1980s, followed by the development of
hyperspectral technology in Canada between 1980s and 1990s, and
the NASA planned orbiting hyperspectral imagers in 1990s, until
the first spaceborne hyperspectral imager Hyperion launched in
2000. This article summarizes the survey carried out by the author
on spaceborne hyperspectral imagers to date. There exist at least 25
hyperspectral imagers that have been deployed into space. Among
them, 19 are aboard satellites orbiting earth. Six of them are out
of earth orbits for Moon, Mars, Venus, and comet missions. The
article briefly describes these spaceborne hyperspectral imagers
and their mission objectives with the focus on the instrument
performance parameters and technical features. This article also
briefly reviews six upcoming spaceborne hyperspectral imagers,
including EnMAP, MAJIS, OCI, HyspIRI, FLORIS, and CHIME.

Index Terms—Development history, earth observation,
hyperspectral satellites, imaging spectroscopy, review, space
exploration.

NOMENCLATURE

AaSI Aalto-1 Spectral Imager.
AHSI Advanced Hyperspectral Imager on GaoFen-5

satellite.
ARTEMIS Advanced Responsive Tactically Effective Mili-

tary Imaging Spectrometer.
CHIME Copernicus Hyperspectral Imaging Mission for

the Environment.
CRISM Compact Reconnaissance Imaging Spectrome-

ter for Mars on Mars Reconnaissance Orbiter
(MRO).
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CHRIS Compact High-Resolution Imaging Spectrome-
ter.

DESIS DLR Earth Sensing Imaging Spectrometer.
EnMAP Environmental Mapping and Analysis Program.
FLORIS Fluorescence Imaging Spectrometer, onboard

ESA FLuorescence Explorer (FLEX) mission.
FTHSI Fourier Transform Hyperspectral Imager on HJ-

1A satellite.
HICO Hyperspectral Imager for Coastal Ocean.
HISUI Hyperspectral Image Suite.
HSI HyperSpectral Imager; LEWIS mission.
Hyperion Hyperspectral Imager.
EO-1 Earth Observing-1 Mission.
HyperScout: A miniaturized hyperspectral imager with a vol-

ume of 1U (10 cm × 10 cm × 10 cm).
HySI Hyperspectral Imager (HySI) onboard Indian

Mini Satellite-1 (IMS-1).
HyspIRI Hyperspectral Infrared Imager.
M3 Moon Mineralogy Mapper.
MAJIS Moons and Jupiter Imaging Spectrometer on-

board spacecraft of JUpiter ICy moons Explorer.
MERIS Medium-Resolution Imaging Spectrometer.
ENVISAT ESA’s Environmental Satellite.
MHRIS Miniature High-Resolution Imaging Spectrome-

ter.
MODIS Moderate Resolution Imaging Spectroradiome-

ter.
OCI Ocean Color Instrument.
OLCI Ocean and Land Color Imager.
PRISMA PRecursore IperSpettrale della Missione Ap-

plicativa.
SPIMs 1-5 Spectrographic Imagers 1-5.
MSX Midcourse space experiment satellite.
VIRTIS Visible and Infrared Thermal Imaging Spectrom-

eter.
VNIS Visible and Near-Infrared Imaging Spectrometer

aboard Chang’E 3 Spacecraft.

I. INTRODUCTION

WHILE multispectral satellites, such as Landsat and SPOT
satellites, have been in regular use since the 1970s,

hyperspectral satellites are emerged as a new generation of
remote sensing satellites since the beginning of this millennium.
Imaging spectrometry, also known as hyperspectral imaging, is
a combination of the traditional spectroscopy technology with
the modern imaging system [82].
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Spectroscopy technology or spectrometry deals with the mea-
surement of a specific spectrum for identification of matters. It
is a key analytical method used to investigate material compo-
sition and related processes through the study of the interaction
of light with matter. The energy is absorbed by the matter,
creating an excited state. The interaction creates some form
of electromagnetic waves. By using a spectrometer, one can
determine the level of excitement in the matter’s atoms to
determine what kind of material it is. Determining composition
remotely, without physical contact, is one of the most valuable
capabilities of spectroscopy. Spectroscopy technology is widely
used in laboratories in the disciplines of physics, chemistry, and
biology to investigate material properties. Spectroscopic data
are often represented by an emission spectrum, a plot of the
response of interest as a function of wavelength or frequency.
For example, the use of colorimetry for the investigation of
cholesterol or blood sugar in chemical laboratories is a form
of spectroscopy. Spectrometry has also been used for determin-
ing blood alcohol levels, checking automobile emissions, and
monitoring smokestack pollution.

An imaging system converts the visual characteristics of an
object, such as a physical scene or the interior structure of
an object, into digital signals and creates digitally encoded
representations that are processed by a processor or computer
and made output as a digital image. Imaging systems typically
consist of a camera, imaging lens, along with an illumination
source. Depending on the system setup, an imaging system can
allow observed objects to be magnified or enhanced to ease the
viewing or inspection of small or unclear objects. Computers are
becoming more and more powerful with increasing capacities
for running programs of any kind especially digital imaging
software.

The combination of the spectroscopy technology and the
modern imaging system is referred to as imaging spectrometry,
now also called hyperspectral imaging. It could measure a spec-
trum for every element (or pixel) in an image. This provides
a revolutionary way of observing the earth and other planets
by collecting information of each pixel in the field of view
across the electromagnetic spectrum. A hyperspectral imager
operating in the solar reflected spectrum senses objects in the
field of view in detail spectrally and spatially. Molecules and
particles of the land, water, and atmosphere environments inter-
act with solar energy in the 400–2500 nm spectral region through
absorption, reflection, and scattering processes. These spectral
measurements are used to determine constituent composition
through the physics and chemistry of spectroscopy for scientific
research and applications over the regional scale of the image.
The main advantage to hyperspectral imaging is that, because
an entire spectrum is acquired for each pixel of the acquired
imagery, an operator needs no prior knowledge of the sample,
and postprocessing allows all available information from the
dataset to be exploited [11]. Hyperspectral imaging can also take
advantage of the spatial relationships among the different spectra
in a neighborhood, allowing more elaborate spectral-spatial
models for a more accurate segmentation and classification of
the image [33].

Fig. 1 illustrates the concept and principle of a hyperspectral
satellite. It acquires images of a ground scene in hundreds of

Fig. 1. Illustration of concept and principle of a hyperspectral satellite. A data
cube and a spectrum for each pixel are generated by a hyperspectral satellite.

continuous and narrow spectral bands over wavelengths rang-
ing from the near-ultraviolet (UV) to the short wave infrared
(SWIR). Each image, often referred to as spectral image or
band image, corresponds to a particular wavelength. The col-
lected “data cube” contains both spatial and spectral information
of the materials within the scene. Each pixel in the scene is
sampled across hundreds of narrow-band images at a particular
spatial location in the data cube, resulting in a one-dimensional
(1-D) spectrum. It is a plot of wavelength versus radiance
or reflectance. The spectrum for a single pixel acquired by a
hyperspectral satellite appears similar like a spectrum collected
by a spectrometer in a spectroscopy laboratory. The spectrum
can be used to identify and characterize the particular feature
of the pixels within the scene based on the unique spectral
signatures or “fingerprints.” Hyperspectral imagery can provide
direct identification of the surface materials and has been used in
a wide range of remote sensing applications, including geology,
agriculture, forestry, environment, ocean, atmosphere, climate
change, defence and security, and law enforcement. The fasci-
nating detailed spectral information provided by hyperspectral
imagery often yields results not possible with multispectral or
other types of imagery [83].

II. HYPERSPECTRAL IMAGING APPROACHES

Hyperspectral imagers acquire both spatial and spectral in-
formation of a scene and generate a data cube for the scene.
There are at least four different approaches to acquiring (?) the
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hyperspectral imagery in terms of the spectral dispersion means,
or type of imaging spectrometers used.

1) Dispersive elements based approach.
2) Spectral filters based approach.
3) Fourier transform imaging interferometer.
4) Snapshot hyperspectral imaging.
This article reviews these approaches.

A. Dispersive Elements Based Approach

A dispersive element based hyperspectral imager separates
the radiation light from an object into spectral components using
dispersive elements, such as prisms or diffraction gratings. A
grating or a transparent prism is inserted into the collimated
beam of the spectrometer to break radiation light up into its
constituent monochromatic components. The monochromatic
components dispersed by a grating are in linear distribution,
whereas the monochromatic components dispersed by a prism
are in nonlinear distribution. A grism can also be used to break
radiation light up into its constituent monochromatic compo-
nents. A grism is a combination of a grating and prism (also
called a grating prism) so that radiance light at a chosen central
wavelength passes straight through.

Dispersive element based hyperspectral imagers are the most
popular ones for both airborne and spaceborne remote sensing.
This type of hyperspectral imagers needs to scan the scene on
ground either by a dedicated scanner or by the entire instrument
with the aircraft or satellite flight motion to obtain the spatial
coverage. There are two operating modes in terms of scanning
of the scene: whiskbroom and pushbroom. A dispersive element
based hyperspectral imager that uses 1-D linear detector arrays
operates in whiskbroom mode, whereas a dispersive element
based hyperspectral imager that uses 2-D area detector arrays
operates in pushbroom mode.

For the early airborne hyperspectral imagers, whiskbroom
operating mode was often used, such as the airborne vis-
ible/infrared imaging spectrometer (AVIRIS) developed by
NASA’s Jet Propulsion Laboratory (JPL) [41]. This was because
1-D linear detector arrays were used that could record the
monochromatic components of the spectrum of only one ground
pixel (or ground sampling cell) at a moment. The instrument
needs to scan the ground sampling cells one after another in a
cross-track line using the whiskbroom mode as shown in Fig. 2.
After completion of scanning all the ground sampling cells in the
current cross-track line, the instrument starts to scan the ground
sampling cells of the next cross-track line when the aircraft or
satellite flies forward in the flight direction (also referred to as
along-track direction), and so on.

The advantages of a whiskbroom hyperspectral imager are as
follows.

1) Simple design of the instrument.
2) Wide swath (i.e., the length of the cross-track line), as the

swath width is determined by the scanning mechanism
rather than by the available number of pixels in the spatial
direction of the 2-D detector array.

3) Easy calibration, since all the spectra of the ground sam-
pling cells within the scene are generated by the same

Fig. 2. Concept of a hyperspectral imager operating in whiskbroom mode
using a linear detector array.

linear detector array and the same optics, which have the
identical spectral characteristics. This type of hyperspec-
tral imager has no spatial distortion (also referred to as
keystone) as does of a pushbroom hyperspectral imager.

The disadvantages of a whiskbroom hyperspectral imager are
as follows.

1) A mechanical scanner is required, which contains moving
parts in vacuum chamber.

2) Postprocessing is required for spatial incongruence.
3) Constraints of high spectral and spatial resolution require-

ments due to low integration time.
Almost all the spaceborne hyperspectral imagers use 2-D area

detector arrays and operate in pushbroom operating mode. Fig.
3 shows an example of the concept of a dispersive element based
hyperspectral imager that uses a 2-D detector array. As shown
in the figure, it images an entire line of ground sampling cells
in the cross-track direction, whereas an aircraft or spacecraft
provides the forward scan in along-track direction. No scan-
ning of individual ground sampling cell one after another is
required. The 1-D image of the cross-track line, formed on
the spectrometer slit, is then dispersed onto the 2-D detector
array, which provides spectral information along one axis and
spatial information along the other. This architecture effectively
integrates as many individual spectrometers as there are ground
sampling cells in the cross-track line into a single instrument.

The advantages of a dispersive element based hyperspectral
imager that operates in the pushbroom mode are as follows.

1) No moving parts.
2) Congruence spatial images.
3) Longer integration time for each ground sampling cell,

because each of them is sensed simultaneously by a row
elements of the 2-D detector array (e.g., rows A, B, C, …,
G in Fig. 3) instead of one after another, which omits the
time sharing scanning of all the ground sampling cells in
a cross-track line. Longer integration time means more
photos are collected and results in higher signal-to-noise
ratio (SNR).
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Fig. 3. Example of the concept of a dispersive elements based hyperspectral
imager.

The disadvantages of a pushbroom hyperspectral imager are
as follows.

1) Complex optical design and complex focal plane.
2) Swath width is constrained by the available number of

pixels of the 2-D detector array in the spatial direction.
3) Complex calibration.
4) There are both spectral distortion (also referred to as smile)

and spatial distortion (also referred to as keystone). The
hyperspectral data collected by a pushbroom hyperspec-
tral imager need to be sufficiently corrected for smile and
keystone distortion before being distributing to users for
downstream applications [82].

B. Spectral Filters Based Approach

Spectral filters based hyperspectral imagers are less popular
and appear more recently. One or more spectral filters, such
as an absorption or interference filter, are used to transmit the
selected spectral bands of interest. As the beam passes through
a filter, some of its spectral components are blocked through an
absorption or interference process, whereas the desired spectral
components are transmitted. Various absorption or interference
filters, from the UV through the far-infrared region in various
dimensions are available as commercial-off-the-shelf (COTS)
products. An electronically tunable filter (ETF) is another kind of
spectral filter that transmits desired spectral bands by controlling
voltage, or acoustic signal, etc. [27].

The basic principle of a spectral filter based hyperspectral
imager is similar to a dispersive element-based imager. However,
the main difference is that the radiation light from a telescope is

Fig. 4. LVF and its spectral passbands.

directly focused on a 2-D filter, instead of being collimated and
then dispersed by a grating or prism in a traditional spectrometer.
The filter has the same size as the 2-D detector array and is
assembled close to the detector’s sensitive surface. It distributes
spectral content of the ground sampling cells in the spectral
dimension.

An example of spectral filter is an optical wedge filter, also
referred as to a linear variable filter (LVF). It is a glass coated
with an interference filter of increasing thickness along one
direction. This direction is called as the spectral direction. The
passband, i.e., spectral position of the peak of the transmission
curve, varies with the thickness of the deposition, as shown in
Fig. 4. Hence, the spectral passband varies linearly along one
physical dimension of the filter.

Fig. 5 illustrates the concept of an LVF-based hyperspectral
imager. A simple pushbroom hyperspectral imager can be built
by placing an LVF in front of a 2-D detector array after the
telescope collects the input radiation light of a ground scene. The
2-D detector array of the instrument “sees” the complete scene
at once. Recall that described in Section II-A, a dispersive ele-
ment based hyperspectral imager working in pushbroom mode
acquires an entire cross-track line on ground at a moment (see
Fig. 3), whereas a dispersive element based hyperspectral imager
working in whiskbroom mode acquires a single ground sampling
cell in a cross-track line at a moment (see Fig. 2). Unlike a
dispersive element based hyperspectral imager, an LVF-based
hyperspectral imager acquires simultaneously all the cross-track
lines in the field-of-view (FOV), this is because the FOV of
an LVF-based hyperspectral imager is not limited to only one
cross-track line by a slit in the along-track direction. Each row of
the 2-D detector array images a corresponding cross-track line of
the FOV but in a different waveband than the neighboring lines.
Hence, at every moment of time a detector frame is imaged,
a complete 2-D scene is acquired. Each line of the scene is
acquired at a different wavelength. As the satellite flies over the
scene, each filter row passes over the scene. Once the complete
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Fig. 5. Illustration of the concept of an LVF-based hyperspectral imager.

FOV has passed over the sense, each different filter row sensed
all cross-track lines of ground sampling cells in the scene and
acquired all spectral components. A full spectrum curve of each
ground sampling cell can be reconstructed by reorganizing these
images acquired at different moments.

There are at least two spaceborne hyperspectral imagers that
use an LVF to disperse the spectrum of radiation light. The
Hyperspectral Imager (HySI) onboard Indian Mini Satellite-1
(IMS-1) launched in April 2018 used an LVF, which covers a
wavelength range from 400 to 950 nm dispersed over 512 spec-
tral elements of the detector array. This resulted in an oversam-
pling at about 1 nm spectral sampling interval (SSI). Considering
the application requirements and the limitations of data rate,
8 band binning was incorporated. After binning, the spectral
bandwidth becomes 8 nm with a total of 64 spectral bands
[53]. Another LVF-based spaceborne hyperspectral imager is
hyperspectral nanosatellite HyperScout. It is a 3U CubeSat with
the hyperspectral imager being 1U (10 cm × 10 cm × 10 cm).
The LVF covers a wavelength range from 450 to 900 nm with
an SSI of 10 nm [16].

Fabry–Pérot interferometer (FPI) based filters have been
adopted to transmit the selected spectral bands of interest. A
Fabry–Pérot filter allows some wavelengths to pass, whereas
others are filtered out. Its transmission spectrum as a function
of wavelength exhibits peaks of large transmission correspond-
ing to resonances of the etalon. By carefully controlling the
distance between the reflecting mirror surfaces, a Fabry–Pérot
filter can be designed to transmit only a narrow-wavelength
band wanted. Geelen et al. [34] reported that Fabry–Pérot filters
in a wavelength range of visible and near infrared (VNIR)
(400–1000 nm) have been made in traditional semiconductor
fabrication process and directly integrated on top of a wafer that

Fig. 6. OCSF (each step having six rows with the same spectral bandpass
filters) and two OCSF-based hyperspectral cameras.

contains silicon-based CMOS image sensor chips. The use of
monolithically integrated Fabry–Pérot filters on top of a detector
array is an innovative approach to combining spectroscopy
with imaging technology for hyperspectral imagers. This can
result in low cost, compactness, and high speed. As a natural
evolution of this innovative technology, the wavelength range of
the CMOS-based Fabry–Pérot filters has been extended to the
SWIR: 1000–1700 nm, together with InGaAs-based detector
arrays [47].

This new integration approach is unique and has attractive ad-
vantages: First, combining the production of filters and detector
arrays into one CMOS-compatible process leads to an overall
simplification and cost reduction, and enables massive produc-
tion. Second, the monolithic integration induces less cross-talk
between neighboring bands and reduces stray light in the system.
This also has a positive effect on the system’s sensitivity and
speed. The upper part of Fig. 6 shows a silicon-based CMOS
detector array of size 1088 rows by 2014 pixels working in a
wavelength range of VNIR. The same size bandpass Fabry–Pérot
filters are integrated on top of the pixels in a particular row of
the detector array when the detector array was fabricated at the
wafer level. The spectral bandpass of the filters is controlled
by the distance between the two parallel mirror surfaces (i.e.,
the thickness). The same bandpass Fabry–Pérot filters can be
deployed on multiple rows of the detector array. In the figure, the
same bandpass filters (having the same thickness) are integrated
on top of every six adjacent rows of pixels. These multiple
rows of pixels have the same thickness (or height) of deposited
filters and look like a step of a stair. This is why, this kind of
Fabry–Pérot filter on top of a detector array is also referred to as
on-chip stepped filters (OCSF), as illustrated at the lower part
in Fig. 6.

The configuration of the OCSF is a series of filter rows
disposed of one behind each other in the along-track direction
that allows to create a pushbroom hyperspectral imager as same
as an LVF-based hyperspectral imager. Most importantly, this
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configuration provides the choice to sense objects on ground
using multiple detector rows (such as six rows) of the same
spectral bandpass to boost the SNR using the on-chip time de-
layed integration or off-chip data binning in spectral dimension.
The VNIR detector array with the OCSF shown in Fig. 6 has 181
spectral bands spanning a wavelength range from 450 to 960 nm
with an SSI of 5 nm. The full-width at half-maximum (FWHM)
of each spectral band is about 15 nm. The width of a step is six
detector rows (these rows are deposited the same Fabry–Pérot
filters).

Lower part of Fig. 6 shows two COTS hyperspectral cameras
that were fabricated by the IMEC using an OCSF. They consist
of a fore-optics and a silicon-based CMOS detector array with
integrated OCSF, plus imaging controlling electronics. There are
no spectrometers in the hyperspectral cameras. That is why their
volume and mass are all small. The round camera uses IMEC’s
first generation OCSF covering a spectral range of 600–1000 nm
with about 100 spectral bands and 5 nm bandwidth. Its volume
is about 6 cm × 6 cm × 8 cm. The mass is around 0.6 kg. The
squared camera uses IMEC’s second-generation OCSF covering
a spectral range of 470–960 nm with about 150 spectral bands.

An ETF-based hyperspectral imager uses a filter that is
mounted in front of a monochrome camera by electronically
tuning its spectral transmission (i.e., bandpass) to produce a
stack of image slices at a sequence of wavelengths. An ETF
is a device whose spectral transmission can be electronically
controlled by applying voltage, acoustic signal, etc. [27]. The
advantage of an ETF-based hyperspectral imager is that an
entire 2-D spatial image of a spectral band is formed instantly
when the filter tunes to a particular bandpass wavelength. Unlike
dispersive element based and LVF/OCSF-based hyperspectral
imagers, there is no need to observe multiple cross-track lines by
the satellite flight motion to obtain the second spatial dimension
or to accumulate the spectral dimension. This advantage is at
the cost of the additional time required to tune the ETF to cover
the whole wavelength range before the satellite moves its FOV
to observe the next scene on the ground.

There are typically following three categories of ETFs.
1) Liquid crystal tunable filter (LCTF).
2) Acoustooptic tunable filter (AOTF).
3) Interferometer-based filters.
An LCTF uses electronically controlled liquid crystal ele-

ments to transmit a desired wavelength of light and block others.
It has advantages of high image quality and relatively easy to
be integrated into an optical system. Its disadvantage is lower
peak transmission values in comparison with conventional fixed-
wavelength optical filters due to the use of multiple polarizing
elements. An AOTF is based on the principle of diffraction.
An acoustooptic modulator, also called a Bragg cell, uses the
acoustooptic effect to diffract and shift the frequency of light.
Compared with an LCTF, an AOTF has a faster tuning speed
(microseconds versus milliseconds) and a wider wavelength
range. Its disadvantage is relatively poor imaging quality due
to the acoustooptic effect of sound waves to diffract and shift
the frequency of light.

Abdlaty et al. [1] compared performance between an AOTF-
based and LCTF-based hyperspectral imager in medical appli-
cations for the purpose of highlighting the leverage points of the

Fig. 7. Concept drawing of an electronically tunable Fabry–Pérot filter based
hyperspectral imager.

two types of filters to facilitate their selection in hyperspectral
imager design. In their experiments, three parameters were ex-
amined: spectral resolution, out-of-band suppression (i.e., spec-
tral cross-talk), and image quality in the sense of spatial reso-
lution. The experimental results demonstrated that AOTF-based
hyperspectral imager showed superiority in spectral resolution,
out-of-band suppression, and random switching speed between
wavelengths, whereas LCTF-based hyperspectral imager had
better performance in terms of the spatial image resolution,
both horizontal and vertical, and high definition quality. They
concluded that an efficient design of a hyperspectral imager is
application-dependent. For medical applications, for instance,
if the tissue of interest required more spectral information for
undefined optical properties, or contains close spectral features,
AOTF might be the better option. Otherwise, LCTF is more con-
venient and simpler to use, especially if the tissue chromophore’s
spatial mapping is needed.

The Visible and Near-Infrared Imaging Spectrometer (VNIS)
aboard Chinese Chang’E-3 lunar spacecraft is an AOTF-based
hyperspectral imager [97]. Chang’E 3 achieved lunar orbit on
December 6, 2013 and soft-landed on the Moon on December
14, 2013.

A Fabry–Pérot filter is an interferometer-based filter. Fig. 7
shows a concept drawing of a Fabry–Pérot filter based hyper-
spectral imager. The Fabry–Pérot filter is mounted in front of
the imaging optics and let pass only light that is at the resonance
condition λ = 2d (first-order). Each plate separation generates
a 2-D image at a wavelength with spectral extent given by the
FWHM of the transmission response. The way of a Fabry–Pérot
filter used here is different from that in the on-chip Fabry–Pérot
filter (OCFPF) based hyperspectral imager. Fabry–Pérot filters
used here are tunable for bandpass by electronically controlling
the width of the cavity, whereas Fabry–Pérot filters used in
on-chip filters are deposited on top of a CMOS detector array at
wafer fabrication level with the fixed cavity for a fixed bandpass.

There are at least two spaceborne hyperspectral imagers that
are based on the technology of electronically tunable Fabry–
Pérot filters. The Greenhouse Gas Satellite - Demonstrator
(GHGSat-D) microsatellite mission, which was launched in
June 2016 [35], uses an electronically tunable Fabry–Pérot filter
operating in a wavelength region between 1600 and 1700 nm
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Fig. 8. Scheme of hyperspectral imager based on an FPI [101].

with a spectral resolution on the order of 0.1 nm. This wavelength
range and spectral resolution were selected for the presence
of spectral features for greenhouse gases methane and carbon
dioxide, as well as relatively little interference from other atmo-
spheric species, H2O in particular. This miniaturized ETF-based
hyperspectral imager has a mass of 5.4 kg and a volume of
36 cm × 26 cm × 180 cm. Another spaceborne hyperspectral
imager that uses a tunable Fabry–Pérot filter is Aalto-1 Spectral
Imager (AaSI) onboard the Aalto-1 3U CubeSat launched in
June 2017. The Fabry–Pérot filter is electronically controlled
in a closed capacitive feedback loop by three different piezo
actuators to cover a spectral range from 500–900 nm with a
spectral resolution of 6–20 nm [80], [81].

C. Fourier Transform Imaging Interferometer

This kind of hyperspectral imagers is based on interferom-
eters [2], where the spectrum for each pixel is obtained by
applying Fourier transform based algorithm to the interfero-
gram obtained by scanning the optical path difference (OPD)
of the interferometer. This technology has been utilized for
decades by spectroscopists to obtain high-resolution absorption
spectra using a Michelson interferometer (two beam) or an
FPI (multibeam). There are many attractive features that make
interferometer-based spectrometers comparable to the conven-
tional dispersive spectrometers. First, the multiplex advantage
arises from the fact that there is no spectral scanning and all
the spectral components are acquired at the same time. Sec-
ond, the throughput advantage originates from the fact that the
aperture used in Fourier spectrometers has a larger area than
the slits used in dispersive spectrometers, thus enabling higher
throughput of radiation. These two features combined together
make the interferometer-based spectrometer a faster instrument
(or equivalently having a higher SNR) with respect to the other
spectrometers at the same resolution.

A hyperspectral imager based on an FPI is shown in Fig. 8.
An interferometer is placed in the optical system in front of
the camera. A scene is first imaged in the FPI so that the
transmitted intensity is modulated by the interference, whereas
the OPD of the interferometer is varied. The second image is
then formed on the detector array of the camera by means of
the relay lens. A sequence of frames carrying the interference
fringe information is acquired synchronized with the scan of

Fig. 9. Scheme of a Fourier transform hyperspectral imager using a spatially
modulated imaging interferometer.

the OPD between the two mirrors of the FPI from contact to the
maximal distance of the mirror. The interferogram for each pixel
is acquired by the camera and the spectrum is calculated with an
algorithm based on the Fourier transform. The final attainable
resolution in principle is only limited by the maximal OPD of
the interferometer [101].

Hyperspectral imagers based on Michelson interferometers
have been implemented with success in commercial instruments
with more than 500 spectral bands in the infrared region and
reaching a spectral resolution of less than 1 cm−1 [9], [49]. Fig. 9
shows the construction diagram of a Fourier transform based
hyperspectral imager (FTHSI), a spatially modulated imaging
interferometer. It consists of a fore-optics, Fourier interferometer
and calibration subsystem. In the fore-optics, a switch mirror
is equipped to select the incoming light of the interferometer
for observation or calibration. When the mirror is turned to the
observation position, the incoming radiation light from a scene
on ground is directed toward the interferometer. When the mirror
is turned to the calibration position, the incoming light from the
calibration subsystem is directed toward the interferometer.

There is at least one FTHSI that has been deployed in space.
The Chinese Huan Jing 1A (HJ-1A) satellite carries an FTHSI,
which was launched on September 6, 2008. Huan Jing (HJ) in
Chinese means environment. HJ minisatellite constellation is a
national program led by the National Committee for Disaster
Reduction and the State Environmental Protection Adminis-
tration of China to construct a network of earth observing
satellites. The overall objective is to establish an operational
earth observing system for disaster monitoring and mitigation
using remote sensing technology and to improve the efficiency of
disaster mitigation and relief. The FTHSI is based on a spatially
modulated imaging interferometer. FTHSI generates a total of
115 bands covering a spectral range from 0.45 to 0.95 μm after
processing of the raw Fourier transform data and returning to
spectral domain. The data processing and calibration of the
FTHSI instrument was reported by Zhao et al. [100].



QIAN: HYPERSPECTRAL SATELLITES, EVOLUTION, AND DEVELOPMENT HISTORY 7039

D. Snapshot Hyperspectral Imagers

Dispersive element-based hyperspectral imagers require a
scanning either whiskbroom (point-scanning) or pushbroom
(line-scanning) to generate a hyperspectral data cube. Spectral
filters based hyperspectral imagers require a wavelength scan-
ning (using spectral filters) to generate a hyperspectral datacube.
A snapshot hyperspectral imager generates a hyperspectral data
cube in a single integration time of a detector array. No scanning
is required. It incorporates specialized components to distribute
a scene’s 3-D spatial-spectral information onto a 2-D detector
array. Snapshot hyperspectral imaging typically requires 2-D
detector arrays with a high number of pixels. The elimination of
moving parts means that motion artifacts can be avoided.

The design and fabrication of a snapshot hyperspectral im-
ager are generally more complex than those of the scanning
hyperspectral imagers. A snapshot hyperspectral imager makes
use of recent technology, such as large format detector arrays,
high-speed data transmission, advanced optical manufacturing
methods, and precision optics. It can often offer much higher
light collection efficiency than the equivalent scanning instru-
ments. However, this advantage can be fully benefited only
by tailoring the design to particular applications, such as pro-
fessional astronomical community. One of the main reasons
for the popularity of snapshot technology in the astronomical
community is that it offers large increases in the light collection
capacity of a telescope when performing hyperspectral imaging
[43].

There are the following five popular snapshot spectral imaging
technologies [44].

1) Multi-aperture filtered camera (MAFC).
2) Coded aperture snapshot spectral imager (CASSI).
3) Image mapping spectrometry (IMS).
4) Snapshot hyperspectral imaging Fourier transform spec-

trometer (SHIFT).
5) OCFPF.
A MAFC is composed of an array of imaging elements, such

as a monolithic lenslet array, with a different filter placed at each
element of the detector array to collect a desired spectral band.
There are typically three different versions of implementation in
terms of the locations of the lenslet array and the spectral filters.
In implementation version 1, the lenslet array is placed at the
focal plane of the objective lens, and the detector array lies at a
pupil plane as imaged by the lenslet array. The image behind each
lenslet is an image filtered by the filter array and modulated by
the scene’s average spectral distribution across the lenslet. This
implementation has an advantage of being able to use a variety of
objective lenses, so that zooming, refocusing, and changing focal
lengths are easier to achieve at the cost of more complex and less
compact [46], [55]. In other two implementation versions, the
lenslet array is located after the collimating lens with the filter
array being either in front of the lenslet array or behind the lenslet
array before the spectral components entering the detector array.

Fig. 10 depicts the concept of a MAFC snapshot hyperspectral
imager. In this case, the lenslet array is located after the collimat-
ing lens with the filter array being at the back of the lenslet array.
A 2-D LVF having the same size as the detector array is placed
in front of the detector array to separate the input radiation light

Fig. 10. Illustration of the concept of a snapshot hyperspectral imager.

of a scene into different spectral band images corresponding to
the lenslet array. In the figure, a total of 25 different spectral
band images of the scene are generated simultaneously. These
band images cover a wavelength range from 420 to 660 nm with
a spectral bandwidth of 10 nm. By organizing these band images
in the order of wavelength, a hyperspectral data cube is formed.

A CASSI is formed by replacing the entrance slit of a disper-
sive spectrometer with a much wider field stop. A binary coded
mask (e.g., an S-matrix pattern or a row-doubled Hadamard
matrix) is inserted inside the field stop. The mask creates a
transmission pattern at each column within the slit such that
each column’s transmission code is orthogonal to that of every
other column. The encoded light, transmitted by the coded mask
within the field stop, then passes through the collimating lens,
disperser, lens, and final reaches onto the detector array of a
standard spectrometer. Because the columns of the coded mask
are orthogonal, when they are smeared together by the disperser
and multiplexed on the detector array, they can be demultiplexed
during postprocessing [64], [95], [96].

An IMS-based snapshot spectral imager uses an array of
microfaceted mirrors placed at an image plane. These mirror
facets share the same tilt angle, so that multiple slices of the
image are mapped to each individual pupil plane. The resulting
pattern imaged at the detector array resembles a scene through
a picket fence. If there are p (e.g., p = 9) individual pupils in
the imager system, then p subimages are generated. Assembling
all p subimages, a hyperspectral data cube is obtained. The IMS
approach allows each pupil to be shared among many mirror
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facets; the system design becomes much more compact and
allows for higher spatial resolution.

The first IMS-based snapshot spectral imager (referred to as
an image slicing spectrometer at that time) has been reported
[25]. The demonstrated prototype can simultaneously acquire 25
spectral band images spanning a spectral range of 140 nm with a
spectral bandwidth of 5.6 nm for fluorescence spectroscopy. The
generated hyperspectral data cube has a size of 100 pixels × 100
pixels× 25 spectral bands using a charge-coupled device (CCD)
array. Two years late, the data cube size was increased to
350 × 350 × 46 [26]. The IMS-based snapshot spectral imaging
technology has been applied to remote sensing applications,
such as monitoring vegetation, urban development, and lightning
observation. Dwight et al. [23] reported a compact snapshot
image mapping spectrometer (SNAP-IMS) for unmanned aerial
vehicle (UAV) hyperspectral imaging in collaboration with a
NASA team. The SNAP-IMS instrument has a FOV of 10.6°
and an instantaneous FOV (IFOV) of 0.03°. It can acquire a
hyperspectral data cube of size 350 × 400 × 55 (x, y, λ) within
a single camera frame. These 55 spectral bands are acquired
simultaneously covering a wavelength range from 470 to 670 nm
in the visible spectral region. This wavelength range is limited
only by the choice of the detector array, bandpass filter, and
dispersion optics. A hyperspectral data cube can be acquired
at 1/500–1/100 s, eliminating motion artifacts associated with
the platform motion. The instrument has a very small volume
of 28.8 cm × 15.3 cm × 16.3 cm and a mass of 3.6 kg. It has
been integrated with an Octocopter UAV. The payload’s power
consumption is marginal as there are no mechanical scanning
components. The power is dedicated exclusively to CCD frame
acquisition. The small volume and mass and low power con-
sumption can offer longer and higher flights at a smaller drone,
which is attractive for nanosatellite or microsatellite missions.

A SHIFT performs its spectral measurement in the time
domain. It separates spectrum using a Fourier-domain approach
without any spectral filters. It is based on a birefringent po-
larization interferometer behind a lenslet array [51], [52]. The
interferometer contains a pair of Nomarski prisms, NP1 and
NP2, each of which consisting of two birefringent crystal prisms
with wedge angle α. There is also a half-wave plate between
NP1 and NP2. An N × M lenslet array images a scene through
the generating polarizer, a pair of Nomarski prisms and the
analyzer polarizer. Thus, N × M subimages are formed on a
detector array. Rotating the interferometer by a small angle δ
relative to the detector array enables each one of the subimages
to be exposed to a different OPD. Therefore, a 3-D interferogram
cube can be assembled by sequentially extracting each one of
the subimages. Fourier transformation, along the OPD axis of
the interferogram cube, enables reconstruction of the 3-D data
cube. This prism-based design allows for a reduced volume and
an improved robustness to vibration.

An OCFPF-based snapshot hyperspectral imager is reported
by the IMEC in Belgium [34]. The key concept is the use of
Fabry–Pérot filters that are directly postprocessed at wafer level
on top of a CMOS detector array. It is simply composed of the
following three parts.

1) A fore-optics (e.g., an objective lens or a telescope) that
forms an image of the scene.

Fig. 11. Fabry–Pérot filters monolithically integrated on top of a CMOS
detector array in a tiled configuration for snapshot hyperspectral imaging. Each
tile contains 256 × 256 pixels for a narrow (10–15 nm) band of wavelengths as
shown in the tile.

2) An optical subsystem that duplicates the scene onto each
filter tile.

3) A filter array organized in a tiled configuration monolith-
ically integrated on top of a CMOS detector array where
each filter is designed to sense only one narrow band of
wavelengths.

Fig. 11 shows a layout of the Fabry–Pérot filters monolith-
ically integrated on top of a CMOS detector array in a tiled
configuration. There are 4 × 8 = 32 tiles spanning a wavelength
range of 557–920 nm. Each tile contains 256 × 256 pixels for a
narrow (FWHM = ∼10–15 nm) band of wavelengths as shown
in the tile. These simultaneously acquired spectral bands selected
by the filters in the tiles of a scene can be easily reconstructed
into a data cube of size 256 × 256 × 32 (x, y, λ). The acquisition
speed can be up to 340 data cubes per second.

III. DEVELOPMENT HISTORY OF HYPERSPECTRAL IMAGING

TECHNOLOGY—FROM AIRBORNE TO SPACEBORNE IMAGERS

As the sophistication of optical remote sensing instruments
and technology development, more applications are being found
that require imaging with high spectral resolution. Hyperspectral
imagers, which record a full spectrum for each pixel in a scene,
are ideal sensors for this purpose. They allow optimal mapping
of targets with well-defined spectral signatures for identifying
materials in the scene and estimating the effects of atmospheric
scattering and absorption, and accurate simulation of the re-
sponses of other sensors.

The development of hyperspectral imaging remote sensing
has a long history. It began in the 1970s from field spectral
measurements in support of NASA’s Landsat-1 data analysis.
The term imaging spectrometer, rather than hyperspectral im-
ager, was used more frequently from the perspective of instru-
mentation, especially at the beginning when it emerged as a
new technology. The need for hyperspectral imaging came from
the recognition based on laboratory and field spectral measure-
ments, primarily of minerals and soils; multispectral imaging
in four broad spectral bands with the Landsat’s multispectral
scanner (MSS) was not adequate to discriminate among, much
less identify, minerals on the earth’s surface that were important
in resource exploration and environmental assessment.
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In the 1970s, when geologists used Landsat MSS images to
identify minerals, they found that many of the morphological
clues of the minerals were absent in the four spectral band
data and that the spectral reflectance was the major key to
mapping geological units. Field measurements with portable
spectrometers covering the wavelength range from 0.4 to 2.5μm
showed that spectral reflectance could be used to identify the
mineralogy of exposed units, particularly if an OH-bond was
present. Laboratory spectra of OH-bearing minerals clearly
showed that spectrometers with a resolution of 10 nm FWHM
or less were necessary to identify individual minerals. Landsat
MSS had 100–200 nm wide bands, which are too wide to identify
the individual minerals [30].

The need for hyperspectral imaging in vegetation analysis
has spurred renewed interest in the potential for hyperspectral
remote sensing. For example, the rates of ecosystem function
reflected in the lignin to nitrogen ratio are important to under-
standing the land contribution to the carbon cycle. Moreover,
hyperspectral imaging provides the only means of assessing
the biochemistry of forest canopies remotely. Hyperspectral
water color imaging is helpful in understanding the productivity
and nutrient cycling in oceans for modeling the global carbon
cycle. Phytoplankton distribution and variability is an important
determinant of food-web structure aid trophodynamics, which
ultimately control the flux of carbon in the oceans. Light in
the visible region of the wavelength penetrates the ocean and
lake water from a few centimeters to tens of meters, the depth
depending on the amount of absorbing and suspended material in
the water. The upwelling spectra can be decomposed into abun-
dances of different phytoplankton groups: colored dissolved
organic matter, detritus and suspended sediments. Hyperspectral
imaging is a powerful tool in determining the composition of the
suspended matter when all the above components are present.
Remote sensing of snow and ice also needs hyperspectral imag-
ing. For example, the extent of snow and ice cover changes
dramatically with the season, and because of its high reflectance,
it has a large effect on the earth’s albedo. Snow reflectance
depends on grain size, illumination angle, contaminants, and
depth when the thickness is small. In the near-infrared region,
ice is moderately absorbing and grain size has a large effect
on the reflectance. In turn, the grain size is indicative of the
thermodynamics of the snow and can give an indication of the
beginning of melt.

The development of airborne hyperspectral imagers is a
precursor of the hyperspectral satellites or spaceborne hyper-
spectral imagers. Firsthand experience acquired and lessons
learned during the course of development airborne projects can
significantly enhance the chance of success of the following
space missions. Airborne instrument development helps elevate
technical readiness level of spaceborne hyperspectral missions
and significantly reduce their technical risks.

A. AIS, the First Airborne Hyperspectral Imager

The airborne imaging spectrometer (AIS) is the first hyper-
spectral imager for remote sensing. It was built in the early 1980s
as an engineering test bed. At that time, neither the detectors,

Fig. 12. Exploded view of the AIS instrument (Courtesy of NASA/JPL).

optics, electronics, nor computers for rapid data analysis were
readily available. In 1979, the first hybrid detector array became
commercially available. This 2-D detector array consisted of
a matrix of mercury cadmium telluride (or HgCdTe) detectors
bonded to a matched silicon CCD readout array. AIS used
the first hybrid infrared HgCdTe 2-D detector arrays, which
contained only 32 × 32 pixels. Fig. 12 shows the exploded view
of the AIS instrument. It is a pushbroom hyperspectral imager
due to the use of a 2-D detector array as described in Section
II-A. It covered a wavelength range in SWIR region from 1.2 to
2.4 μm with an SSI of 9.3 nm [28], [93].

AIS had several shortcomings. Among them, first it lacked
a spectral coverage in the VNIR region. Second, it had a very
narrow FOV of 3.7°, analogous to observing the earth from an
aircraft through a soda straw. Third, because the detector array
had 32 × 32 pixels, only a wavelength range of 32 × 9.6 nm
= 307 nm could be covered. In order to expand the wavelength
range from 1.2 to 2.4 μm, the grating of the AIS was designed
to rotate through four positions within the 40 ms integration
time it took the aircraft to move forward one cross-track line.
Each rotation was 0.42° apart for moving the dispersed im-
age across the detector array such that wavelength bands of
1.2−1.5 μm, 1.5−1.8 μm, 1.8−2.1 μm, and 2.1−2.4 μm are
presented sequentially for readout. This technique was only
partially successful, because of the time required for the grating
to settle in a new position.

The AIS flew aboard the NASA C-130 aircraft over a number
of geological targets in the western U.S., and over geobotanical
targets and natural and agricultural vegetation across the U.S. It
provided the first direct identification of minerals on the earth’s
surface from a remote imaging system. Hyperspectral data of
ground scenes were acquired remotely first time onboard an
aircraft. This allowed subtle spectral features to be observed
that could not be seen in the multispectral data. The experi-
ments of AIS flights and analyses of the acquired hyperspectral
data provided valuable knowledge and useful experience for
the development of hyperspectral imaging remote sensing. The
best data were acquired when AIS was operating in the fixed
grating position covering the 2.1–2.4 μm wavelength region,
approximately the same range covered by the single Landsat
Thematic Mapper Band.

The first successful hyperspectral data were obtained from a
flight over the Cuprite Mining District, NV, USA in August 1983.
After the individual band images were processed by normaliz-
ing each pixel to the scene average to bring out band-to-band
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differences, spectral reflectance variations became apparent.
It was historic that the first hyperspectral image acquired by
AIS showed unambiguous evidence of mineral identification,
in particular the minerals alunite and kaolinite. The spectral
reflectance curves overlay those taken from laboratory spectra
of samples taken from the same field locations.

A second AIS flight over the Cuprite Mining District was
undertaken to double check the capability of the hyperspectral
remote sensing. An unknown spectrum was fortuitous observed,
which turned out to be the mineral buddingtonite, an ammonium
feldspar after comparing with the known spectral libraries in the
laboratory [31]. It was thought that buddingtonite might become
a pathfinder mineral for gold. The success story of mineral
identification, in particular the buddingtonite discovery, which
became part of a public broadcasting system (PBS) documen-
tary, led to a greater interest within NASA to pursue further
technology development of hyperspectral imaging.

A later version of the instrument, AIS-2, incorporated a
second-generation 64 × 64 pixels HgCdTe detector array,
and covered the 0.8–2.4 μm spectral region. The promis-
ing hyperspectral imaging results, and the demonstrated need,
led to the development of an imaging spectrometer program
within NASA. In 1984, the initial program contained the next-
generation aircraft system—the AVIRIS.

B. AVIRIS, the First Operational Airborne Hyperspectral
Imager

Following the success of AIS, in 1983, A. F. H. Goetz and
his colleagues at the JPL proposed to design and develop the
AVIRIS. The goal was to introduce the newly available solid-
state detector technology into remote sensing applications and
to enable the acquisition of hyperspectral images in hundreds
of contiguous spectral bands from VNIR to SWIR such that a
complete radiance spectrum is available for each pixel [30].

The development of AVIRIS began in 1984. The AVIRIS was
first flown aboard a NASA ER-2 aircraft at a 20 km altitude in
1986, the first science data delivered in 1987, and was fully oper-
ational since 1989. The AVIRIS is the best-known airborne hy-
perspectral imager in the community of terrestrial hyperspectral
remote sensing. It is the first hyperspectral imager that measures
the solar reflected spectrum from 400 to 2500 nm at 10 nm SSIs.
It offers the best calibrated hyperspectral data resulting from
its very high SNR and carefully designed calibration system
and well implemented calibration procedure. As an operational
airborne imaging spectrometer, AVIRIS is the primary provider
of hyperspectral data to the research community since 1987. JPL
has organized over ten workshops on AVIRIS since 1988. Nu-
merous scientific papers related to AVIRIS have been published
[41].

The AVIRIS is a whiskbroom hyperspectral imager using
1-D linear detector arrays. It covers a wavelength range of
0.4–2.45 μm with 224 spectral bands. It has a swath width of
approximately 12 km containing 614 ground sampling cells of
20 m footprint from a 20 km altitude [41], [94]. AVIRIS is modu-
lar in construction, consisting of six optical subsystems and five
electrical subsystems. In order to achieve the required spectral
range, the AVIRIS design used four separate spectrometers (A

Fig. 13. AVIRIS optics schematic (Courtesy of NASA/JPL).

to D), as shown in Fig. 13. Spectrometer A covers 0.4–0.7 μm;
Spectrometer B covers 0.65–1.25 μm; Spectrometer C covers
1.20–1.82 μm; and Spectrometer D covers 1.78–2.40 μm. An
all-reflective decentered aperture Schmidt design was selected
for the spectrometers. All four spectrometers have the same basic
optical layout and only the grating tilt changes significantly
from Spectrometers A to D, as required by the spectral range
covered by each of them. A silicon 32-element 1-D line detector
array was selected for Spectrometer A, whereas three indium
antimonide 64-element 1-D line detector arrays were used for
Spectrometers B, C, and D. All the four detector arrays had a
pitch size of 200 μm × 200 μm.

The design of AVIRIS has the following four key features.
1) Whiskbroom-scan architecture.
2) Four separate spectrometers, each covering a portion of

the entire spectral range.
3) Very fast optics (F# 1).
4) Large detector pitch size (200 μm).
An advantage of the whiskbroom scan permits the use of 1-D

linear detector arrays instead of 2-D area detector arrays. This
yields easier and more accurate calibration while minimizing
the number of artifacts that bother the design using 2-D area
array detectors. The penalty of the whiskbroom-scan design is
its limited integration time for ground sampling cells, because
the total integration time for a cross-track line on the ground is
shared by the 614 ground sampling cells when the spectrometers
scan each of cross-track lines before the aircraft moves in
the along-track direction to image the next cross-track line, as
shown in Fig. 2. Maximizing throughput of the spectrometers
is necessary in order to counteract the limited integration time.
The last three features of AVIRIS design were aimed at max-
imizing the signal by providing maximum optical throughput
and transmittance including grating efficiency. The point-scan
(i.e., one ground sampling cell per scan) design requires a large
aperture, which in the case of AVIRIS is 200 mm in diameter. The
whiskbroom-scan architecture dominated the design of AVIRIS
and yielded a large volume of the instrument.

Unlike AIS whose overall spectral range was achieved by
rotating the grating through four positions, the AVIRIS design
used four separate spectrometers, each covering a portion of the
entire spectral range. This design eliminated the moving mech-
anism of the grating. It also removed the need of additional time
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Fig. 14. Evolution of the improvement of SNR of AVIRIS instrument (Cour-
tesy of NASA/JPL).

used for settling the grating at each position and led to allocate
more time for integration. Obviously, this design of using four
separate spectrometers has a negative impact for reducing the
volume and mass of the system. This design strategy is no longer
being adopted given the fact that present available 2-D detector
arrays have sufficient number of pixels in both dimensions for
covering an entire range of wavelength and spanning a wide
swath in the cross-track direction.

AVIRIS has undergone many modifications and upgrades over
the years as technology advanced in detector arrays, electronics,
and computing, which resulted in performance far exceeding
original expectations. These upgrades have been reported in the
literature [12]–[14], [24], [40], [79], [89]. Improvements to the
focal planes cover five areas: multiplexer upgrades, signal chain
noise reductions, photodiode array material optimization, block-
ing filter improvements, and an operating temperature change
for the silicon detector array. These improvements significantly
contribute to the increase of SNR of the AVIRIS [24]. Fig. 14
shows the curves of SNR of the AVIRIS instrument as a function
of wavelength for the initial instrument in 1987 and after upgrad-
ing in years 1994, 1997, and 2000, respectively. It can be seen
that the improvements are significant and encouraged. There are
many useful experiences, know-how and lessons learned from
the development of this high-end airborne instrument. These
heritages of the airborne hyperspectral imager development have
greatly benefited the development of spaceborne hyperspectral
imagers.

C. Compact Airborne Spectrographic Imager (CASI), the First
Commercial Airborne Hyperspectral Imager

In 1989, ITRES Research Limited based in Calgary, Canada
marketed the CASI, a 2-D area CCD array based pushbroom
hyperspectral imager [4], [98]. ITRES has been in commercial
airborne hyperspectral imagers since then and extended their
product line of hyperspectral imagers to cover SWIR and thermal
regions of spectrum.

The design of CASI made use of the experience gained in
constructing and operating the fluorescence line imager (FLI)
instrument (see Section III-D). In 1988, ITRES built a proof-
of-concept flyable hyperspectral imager prototype based on an
earlier Space Shuttle instrument and deployed it on an airplane
for summer flight campaigns. The results from the flights were

Fig. 15. Concept of CASI instrument and airplane operation in 1990s (Cour-
tesy of ITRES Research).

very encouraging in the areas of surface fish school surveys and
spectral signature analysis [67], [87]. A commercial prototype
was then built and operated in the summer of 1989 in a number
of programs, including further capelin fish surveys, algae bloom
and oil spill surveys and vegetation test site overflights. The first
four production units of the CASI instrument were delivered to
customers in Canada and Europe in the spring of 1990.

The initial version CASI employed an e2v 2-D area CCD
array of size 612 × 576 pixels. It collects 288 spectral bands
covering a spectral range from 400 to 926 nm with an SSI of
1.8 nm. It has a FOV of 35° corresponding to 578 pixels in
the cross-track direction, typically reduced to 512 pixels for
ease of data processing. This gives 1–5 km swath width on the
ground depending on the altitude of the aircraft. The IFOV is 1.2
mill-radian (mrad), which corresponds to the ground sampling
distance (GSD) of typically 2–5 m depending on altitude of
the aircraft, ground speed, and integration time, as shown in
Fig. 15 [3].

In the early 1990s, the data storage was the cartridge tape
recorder that limited the rate of data recording. In order to
achieve acceptable ground resolution during aircraft operation,
data were normally collected in one of two modes: spatial
mode or spectral mode. The spatial mode digitizes and records
up to 15 spectral bands of information while maintaining full
spatial resolution of 612 pixels of which the imaging field of
view comprises 512 pixels. Each band is summed on-chip and
may include any number of adjacent, nonoverlapping spectral
rows. The spectral mode maintains full spectral elements 288
pixels encompassing the wavelength range specification of 400–
926 nm. In this mode, up to 39 look directions, each of which
corresponds to a single column on the CCD, can be defined for
data acquisition. An individual single-row band at full spatial
resolution, the scene recovery channel, is also recorded in order
to create a high-resolution monochromatic reference image.
Lately, a third mode (full-frame mode) had been added to the
CASI instrument software. This mode digitizes and records
the entire data frame of 612 by 288 pixels. The recording of
this amount of data takes approximately 2 second per frame,
making this mode useful mainly in laboratory situations for the
acquisition of radiometric calibration data. It had also been used
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in the field with a computer-controlled platform to synchronize
the scanning motion of the platform with the acquisition of
hyperspectral data frames.

In the early 2000s, ITRES upgraded the CASI by increasing
its swath width and extending the spectral range. This upgraded
version is referred to as the “CASI-1500,” which is a 1500
spatial-pixel, 288 spectral-band hyperspectral imager with high
throughput and sensitivity covering a spectral range of 365–
1050 nm. It employs an ITRES’ custom-designed CCD detector
array specifically for use in hyperspectral applications. The
CCD has a relatively large pitch size (20 μm × 20 μm) and
provides relatively a large throughput and full-well capacity.
Thanks to its outstanding performance, the CASI-1500 replaced
the initial version CASI and became the main product of airborne
hyperspectral imager of the company. Around 40 units have been
sold worldwide.

The CASI-1500 is superbly adept for applications of low-
albedo target hyperspectral imaging, such as water color remote
sensing. More than one-third of all CASI-1500s sold are used
for water applications. For example, the U.S. Naval Research
Laboratory (NRL) owns a CASI-1500 spectrometer. NRL then
used a slightly modified CASI-1500 spectrometer in their Hy-
perspectral Imager for Coastal Ocean (HICO) payload that was
deployed in the International Space Station (ISS) in 2009. The
HICO payload successfully operated on the ISS from 2009 until
its demise in late-2014. More than 10 000 images of ocean and
coastal areas were collected by HICO and distributed to the
scientific community [48].

During the same period of time, ITRES has developed a line of
airborne hyperspectral imager products by extending the spectral
range from VNIR to SWIR, mid-wave infrared (MWIR), and
thermal infrared (TIR), as well as widening the swath to span
more spatial pixels. In addition to the scientific-grade hyper-
spectral imagers, ITRES has also developed three microversion
commercial-grade hyperspectral imagers for use in UAVs, desk-
top and industrial imaging. These small and portable systems
complement their full-size, scientific grade, high-performance
siblings [84].

D. Canadian Hyperspectral Imaging Technology
Development in 1980s and 1990s

The development of hyperspectral imaging technology in
Canada began in early 1980s. The FLI is the first Canadian
airborne hyperspectral imager. It was designed and constructed
for Canada’s federal government Department of Fisheries and
Oceans (DFO) in 1981 as the first stage in developing an ad-
vanced satellite hyperspectral imager for remote sensing of the
earth’s surface. Canadian researchers and engineers pioneered
this field, together with their American colleagues at NASA’s
JPL while building the FLI. Starting in 1983, the FLI flew over
a wide variety of land and sea targets to acquire hyperspectral
imagery with higher spectral resolution and sensitivity than other
comparable hyperspectral imagers at the time [37], [39].

The FLI was built by Canadian companies (Moniteq Ltd. of
Toronto and ITRES Research Ltd. of Calgary) and funded jointly
by the DFO and the Interdepartmental Committee on Space (the
predecessor of the Canadian Space Agency), which was at the

Fig. 16. Photograph of the first Canadian airborne hyperspectral imager—FLI.

time responsible for Canada’s space program. The eventual goal
was to build a hyperspectral imager that could be launched as part
of a satellite payload [37]. FLI used five 2-D area CCD detector
arrays of format 385× 288 pixels to cover a wide swath. Because
the CCD frame rate was limited by the speed of the readout, the
FLI operated in either spatial mode or spectral mode. In spatial
mode, it operated in pushbroom mode with a FOV of 70° covered
by 5 cameras for a total of 1925 pixels in a cross-track line, each
pixel has an IFOV of 1.3 mrad, equivalent to 2.5 m GSD at
altitude 2 km of the aircraft. In spectral mode, it operated in
rake mode with 288 spectral bands covering a wavelength range
from 430 to 800 nm. The optics consisted of a transmission
grating with five lenses and effective f# 1.4. The key concept
was the charge summation on chip to form bands, thus reducing
data bandwidth and increasing SNR. The SNR of 1900:1 was
achieved for a band of 16 elements. Fig. 16 shows the photograph
of the FLI instrument.

The FLI flew a total of around 100 airplane campaigns in the
period from 1984 to 1990 including the mapping of phytoplank-
ton and benthic vegetation, and the measurement of water depths
in lakes and coastal areas. The FLI had successfully mapped
chlorophyll fluorescence, thereby fulfilling its design goal [38].
Observations also covered a wide variety of land targets and
included projects in North America and Europe. In many of
these cases, it was the same target molecule, the photosynthetic
pigment chlorophyll a, whose fluorescence or absorption effects
were being studied on land and in water.

As described in Section III-C, CASI had been fabricated
commercially by ITRES Research Limited since 1989 [4]. In
the early 1990s, about ten CASI instruments were in operation.
These have increased the number of applications of hyper-
spectral remote sensing by providing a sensitive, flexible, and
economical source of airborne hyperspectral imagery. The small
volume of CASI had made it possible to fly on operational fish-
counting surveys in light aircraft for fisheries management and
on airborne water-depth mapping surveys with the hydrographic
Lidar.

In addition to FLI and CASI that work in VNIR spectral
region, the Canada Centre for Remote Sensing developed the
first Canadian SWIR hyperspectral imager—SWIR Full Spec-
trographic Imager (SFSI) in 1992. The objective was to achieve
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Fig. 17. Optics and instrument assembly of the first Canadian airborne SWIR
hyperspectral imager SFSI.

both high spectral resolution (10 nm) and high spatial resolution
(0.5 m) from an airborne platform and to record the full spectrum
for all image pixels. SFSI covers a spectral range from 1.2 to
2.4 μm in 122 contiguous spectral bands with 10 nm bandwidth.
It utilizes a 2-D PtSi detector array, refractive optics, and a
transmission grating. The fore-optics and spectrograph are f/1.8,
and the FOV is 9.4°.

Fig. 17 shows the optics and instrument assembly of the
SFSI instrument. SFSI provides a full image cube with an area
coverage of 512 by 512 pixels [69].

Table I compares the specifications of the Canadian airborne
hyperspectral imagers FLI, CASI, and SFSI with the AIS and
AVIRIS in early years of hyperspectral technology development
between 1980s and early 1990s. From the table, it can be seen
that Canadian researchers and engineers pioneered the field
hyperspectral instruments and applications. Canadian design
and applications experience from the FLI and CASI were used to
define the specifications for European Space Agency’s (ESA’s)
Medium-Resolution Imaging Spectrometer (MERIS) on board
ENVISAT satellite, which was launched in 2002.

During the period from the middle 1980s to late 1990s,
several other airborne hyperspectral instruments were also be-
ing developed or were planned for the near future in other
countries. Daedalus Inc. manufactured the multispectral infrared
and visible imaging spectrometer (MIVIS) in 1993. It was a
modular instrument with four hyperspectral spectrometers de-
signed to collect radiation from the earth’s surface in the visible,

near-IR, mid-IR, and thermal-IR regions with a total of 102
spectral bands. MIVIS was developed for use in environmental
remote sensing studies across a broad spectrum of scientific
disciplines [7].

An airborne hyperspectral imager called hyperspectral data
and information collection experiment (HYDICE) was devel-
oped and flew in 1994 under the sponsorship of the U.S. NRL
[86]. This instrument was designed around a prism dispersion
concept and a single, hybrid HgCdTe 2-D array to cover a
wavelength range of 0.4–2.5 μm. It had an IFOV of 0.5 mrad,
equivalent to a 3 m footprint on the ground from a 6 km altitude.
Although results were preliminary, SNR considerably exceeded
those of the early version AVIRIS. Based on results from data
analysis, HYDICE data could make possible the identification
of materials that cover only 1-2% of a pixel, provided that their
reflectance spectra are unique. The HYDICE began as a dual-use
program; it soon reverted to an all Department of Defense (DoD)
program.

Geophysical Environmental Research of Millbrook, NY de-
veloped the digital airborne imaging spectrometer (DAIS),
which started operation in 1994. DAIS is an airborne hyper-
spectral imager with 79 spectral bands covering the visible and
SWIR regions as well as the TIR [85].

Other commercial hyperspectral imagers in wavelength range
from 0.4 to 2.5 μm were also developed. The one most like
AVIRIS is the Australian Hyperspectral Mapper (HyMap) built
by the HyVista Corporation. The design of HyMap was modular
and this led to an ability to configure the spectral and spatial
characteristics to suit the customer’s specific requirements. The
visible module includes a 2-D CCD detector array operated
at ambient temperature, and the near infrared and short-wave
infrared-1 (SWIR1) and 2 (SWIR2) modules incorporate InSb
detector arrays cooled by liquid nitrogen to 77K. Each spec-
trographic module provides 32 spectral bands. Its FOV is 60°
spanning 512 spatial pixels corresponding to a swath of 2.3 km
with 5 m GSD at 1.3 km altitude or 4.6 km with 10 m GSD at
2.6 km altitude [15].

E. Planned NASA Spaceborne Hyperspectral Imagers in
1990s

The development of spaceborne hyperspectral imagers began
in early 1980s. In late 1970s, JPL developed the shuttle multi-
spectral infrared radiometer (SMIRR), which was scheduled to
fly on the second flight of Space Shuttle (STS-2) in 1979 but
was delayed until November 1981. The development of SMIRR
could be considered as the beginning of the development of
spaceborne hyperspectral imagers. SMIRR was installed in the
payload bay of STS-2 alongside the shuttle imaging radar A.
The purpose of the experiment was to test the feasibility of
direct mineral identification using hyperspectral imaging from
earth orbit. The instrument was designed as a profiler to acquire
radiance data in ten spectral bands covering the VNIR and SWIR
regions along a 100 m wide track beneath the spacecraft. The
instrument consisted of a spare Mariner Venus-Mercury mission
telescope with a rotating filter wheel in front of an HgCdTe
detector array in the focal plane. Two 16 mm fighter-aircraft
gun cameras recorded the ground track. The experiment was
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TABLE I
SPECIFICATIONS OF THE CANADIAN AIRBORNE HYPERSPECTRAL IMAGERS IN OPERATION BETWEEN 1980S AND EARLY 1990S VERSUS THE AIS AND AVIRIS

Fig. 18. NASA’s plan of early time hyperspectral imaging program (Courtesy
of NASA/JPL).

successful and resulted in the first direct identification of soil
minerals from space through the use of the five spectral bands in
the 2.2–2.5μm region [29]. The minerals kaolinite and calcite, in
the form of limestone were identified in an Egyptian dry lake and
the surrounding hills and confirmed based on returned samples.

The promising results coming from AIS and SMIRR and
the demonstrated needs led to the development of a hyper-
spectral imaging program within NASA. In 1984, the initial
program contained the next-generation aircraft hyperspectral
imager AVIRIS, the shuttle imaging spectrometer experiment
(SISEX), and the free-flyer High-Resolution Imaging Spectrom-
eter (HIRIS), as shown in Fig. 18. As described in Section III-B,
AVIRIS successfully reached operational status, whereas SISEX
was canceled after the space shuttle challenger disaster in 1986.

The HIRIS concept was developed further in 1988 in response
to the earth observing system (EOS) flight proposal opportunity
[22]. Its goal was to deploy on the EOS platform a hyperspectral
imager covering the wavelength range 0.4–2.5 μm with 10 nm
bandwidth for 196 contiguous spectral bands and spanning a
50 km swath from the 705 km orbital altitude [32]. The designed
GSD (i.e., IFOV) was 30 m × 30 m. The HIRIS proposal was
accepted for EOS, however, HIRIS did not fly as a result of the
overall program was scaled back to approximately one-fourth of
its original size.

At that time the earth observation community had not been
sufficiently exposed to the advantages of hyperspectral imaging
and they had not yet been able to work with high-quality hyper-
spectral datasets in order for them to become more familiar with
the hyperspectral satellites. In addition, what scientific questions
could be addressed uniquely with imaging spectrometry and,
therefore, the community was not in a position to become a
strong advocate for the hyperspectral satellite. At the time of the
demise of HIRIS, only a handful of investigators had actually
worked with hyperspectral data mainly because there existed
only a few hyperspectral datasets, and they were of poor quality
compared to what are available today. Additionally, there were
not any readily available software tools to process the datasets
that were orders of magnitude larger than the multispectral
datasets from Landsat or SPOT satellites, and desktop and pow-
erful computing systems were not yet up to the task. Therefore,
it was not surprising that HIRIS was not included on EOS.

In the beginning of 1990s, NASA also worked with TRW
to develop a spaceborne imaging spectrometry system called
HyperSpectral Imager (HSI) for the LEWIS mission as a tech-
nology demonstration as part of its Small Spacecraft Technology
Initiative (SSTI) program [21]. HSI was designed to have 128
bands in VNIR region of 0.4–1.0 μm and another 256 bands
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in SWIR region of 0.9–2.5 μm, for a total of 384 bands. The
SSIs in both spectral regions were 5.0 and 6.5 nm, respectively,
which are still very competitive to the present-day spaceborne
hyperspectral imagers. The swath width was 7.7 km and GSD
was 30 m. Unfortunately, HSI was unsuccessful after its launch.
Three days after the launch on August 23, 1997, the control of the
satellite was lost and subsequently entered the earth atmosphere
in September 1997 [56].

In November 2000, NASA launched Hyperion, a spaceborne
hyperspectral imager built by TRW, aboard the Earth Observing-
1 (EO-1) satellite [92]. If one compares the successful Hyperion
with HIRIS, it can be easily seen that Hyperion carried some
of the HIRIS instrument characteristics. EO-1 was created to
develop and validate a number of instrument and spacecraft
bus breakthrough technologies. It was intended to enable the
development of future earth imaging observatories that would
have a significant increase in performance while also having
reduced cost and mass. EO-1 satellite is decommissioned in
March 2017 after over 16 years of successful operation.

F. Hyperion, the First Spaceborne Hyperspectral Imager

Hyperspectral imager Hyperion onboard EO-1 satellite is
well-known and often regarded as the first spaceborne hyper-
spectral imager in the remote sensing community. It was de-
signed as a technology demonstration and provided calibrated
spaceborne hyperspectral data for evaluation of hyperspectral
applications [75]. Hyperion had a fast-track schedule of the
development and was delivered to NASA Goddard Space Flight
Center for spacecraft integration in less than 12 months. To
achieve this goal, the developer TRW used focal planes and as-
sociated electronics remaining from the HSI for LEWIS mission
under NASA SSTI program.

Hyperion is a pushbroom hyperspectral imager using 2-D area
detector arrays. It had a relative narrow swath of 7.65 km. The
ground footprint size is 30 m × 30 m. The 30 m size in the
along-track direction was obtained by basing the frame rate on
the velocity of the spacecraft for a 705-km orbit. The entire
7.65 km wide swath is obtained in a single frame. Each image is
a data cube for 7.65 km wide in cross-track direction by 185 km
long in along-track direction with 242 spectral bands [76]. The
Hyperion instrument consisted of three physical units as shown
in Fig. 19.

1) The Hyperion sensor assembly (HSA).
2) The Hyperion electronics assembly.
3) The cryocooler electronics assembly.
The HSA included a single telescope and two spectrometers:

a VNIR spectrometer and a SWIR spectrometer. The telescope is
a three-mirror anastigmat design with a 12-cm primary aperture
and an effective F# of 11. Both VNIR and SWIR spectrometers
are of three-reflector Offner form design using convex gratings.
The telescope images the scene on ground onto a slit that defines
an IFOV of 0.6240° by 0.0024°, which corresponds to a ground
cross-track line of 7.65 km long (swath width) with 30 m
wide in the satellite flight direction from an orbit of 705 km
altitude. This slit image of the ground scene is relayed at a
magnification of 1.38:1 to two focal planes of the VNIR and
SWIR spectrometers. A dichroic filter (i.e., beam-splitter) in the

Fig. 19. Hyperion hyperspectral imager assembly (Source of NASA).

system reflects the spectrum from 400–1000 nm to the VNIR
spectrometer and transmits the spectral from 900–2500 nm to the
SWIR spectrometer. The SWIR overlap with the VNIR from 900
to 1000 nm allows cross-calibration of the two spectrometers.
There is an order-sorting filter in the VNIR spectrometer.

The VNIR spectrometer used a 2-D CCD detector array of size
128 × 256 pixels, only a section of 70 (spectral) × 256 (spatial)
pixels was used. The SWIR spectrometer used an HgCdTe
detector array, and has 256 × 256 pixels of 60 μm pitch and
a custom pixel readout. Only a 172 pixel (spectral) × 256 pixel
(spatial) section was used. The two spectrometers produced a
total number of 242 spectral bands.

The SNR of Hyperion was both modeled and measured under
an assumption of 30% uniform albedo, a 60° solar zenith angle,
a 10 nm spectral bandwidth, and a 224-Hz frame rate. The
measured SNR is between 140:1 and 190:1 in VNIR region from
550 to 700 nm, 96:1 at 1225 nm, and 38:1 at 2125 nm. These
measured SNR values are relatively low compared to those
of the more recent spaceborne hyperspectral imagers, such as
the Italian hyperspectral satellite PRecursore IperSpettrale della
Missione Applicativa (PRISMA) [63] and the Advanced Hyper-
spectral Imager (AHSI) on GaoFen-5 (GF-5) satellite [57]. It is
understandable that Hyperion was built in a short period of time
as a technology demonstrator before this millennium. At that
time, the technologies for detector arrays and their associated
electronics as well as optics and the manufacture tools were less
advanced than those in the recent years.

IV. SPACEBORNE HYPERSPECTRAL IMAGERS TO DATE

AND UPCOMING

A. Summary of the Spaceborne Hyperspectral Imagers

The author of this article conducted a survey on spaceborne
hyperspectral imagers to date and identified that there exist at
least 25 hyperspectral imagers that have been deployed into
orbits of earth, Moon, Mars, Venus, and comet for surface
hyperspectral imaging remote sensing. Table II tabulates a list of
hyperspectral imagers deployed in space in the order of launch
years chronologically since the launch of the first spaceborne
hyperspectral imager in late 1990s. This list may miss some
spaceborne hyperspectral imagers. It is worth to note that during
a short period from 2016 to 2019, nine spaceborne hyperspectral
imagers have been launched into space. There is a leap for the
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TABLE II
LIST OF SPACEBORNE HYPERSPECTRAL IMAGERS TO DATE AND UPCOMING

Active to when the manuscript was written on June 3, 2021.

number of spaceborne hyperspectral imagers launched in 2018.
Several new spaceborne hyperspectral imagers have been under
development for years or have been planned and will come up.

In terms of the platforms and orbits of these spaceborne
hyperspectral imagers, majority of them (19 of them) are aboard
satellites on low earth orbits (LEOs), including three of them
deployed on the ISS. Six hyperspectral imagers are out of earth
orbits, one (CRISM) on a Mars orbit, one (M3) on a lunar orbit,
and one (VNIS) on a lunar rover for in situ observation. The
Visible and Infrared Thermal Imaging Spectrometer (VIRTIS)
and its two slight variants were deployed onboard the space

probes of three planetary missions on orbits of a comet, Venus
and two protoplanets.

With respect to the type of the instrument (or spectral disper-
sion means), 19 spaceborne hyperspectral imagers are dispersive
elements based imaging spectrometers (discussed in Section II-
A), using either gratings or prisms to disperse spectrum. Five hy-
perspectral imagers are spectral filter based imaging instruments
using spectral filters to separate radiation light (discussed in Sec-
tion II-B). Among these five, two of them use LVFs to disperse
spectrum. These two imagers are HySI onboard the IMS-1, and
HyperScout on ESA’s GomX-4B nanosatellite. Three of them
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utilize ETFs, of which VNIS uses AOTF, whereas Miniature
High-Resolution Imaging Spectrometer (MHRIS) and AaSI use
tunable Fabry–Pérot filters. There is only one spaceborne hy-
perspectral imager that uses Fourier transform interferometer
to disperse spectrum (discussed in Section II-C). There is none
spaceborne hyperspectral imager that uses snapshot hyperspec-
tral imaging technology so far.

Regarding the operation mode, among the 25 spaceborne
hyperspectral imagers listed in Table II, all of them use 2-D
area detector arrays and operate in pushbroom mode. There is
not a single spaceborne hyperspectral imager that uses 1-D linear
detector arrays and operates in whiskbroom mode.

In Table II, six upcoming spaceborne hyperspectral imagers
are also listed. They are: Environmental Mapping and Analysis
Program (EnMAP), Moons and Jupiter Imaging Spectrome-
ter (MAJIS), Ocean Color Instrument (OCI), Hyperspectral
Infrared Imager (HyspIRI), Fluorescence Imaging Spectrom-
eter (FLORIS), and Copernicus Hyperspectral Imaging Mis-
sion for the Environment (CHIME). EnMAP is a well-known
high-performance hyperspectral imager for earth observation
in remote sensing community, because it has been under de-
velopment for over ten years and scientific user community is
expecting it to come out.

Due to the large data volume generated by hyperspectral
satellites, onboard data compression is sometimes adopted to
reduce the data volume to ease the data transmission to ground.
At least, five spaceborne hyperspectral imagers have used or
will use an onboard data compression unit. These are the four
hyperspectral imagers on orbits: VIRTIS, CRISM, M3, and
HISUI, as well as the one to be launched EnMAP [84].

B. Brief Description of the Spaceborne Hyperspectral Imagers

It can be seen from Table II that the earliest spaceborne
hyperspectral imager was the ultraviolet and visible imagers
and spectrographic imagers (UVISI) onboard the midcourse
space experiment (MSX) mission of the U.S. DoD, which was
launched in 1996 [74]. It consisted of five spectrographic im-
agers (SPIMs) covering a wavelength range from UV to VNIR
regions and four UV and visible multispectral imagers (MSI).
It is not popular because of its large GSD (770 m) and the
nature as a military satellite. UVISI provided hyperspectral
and multispectral capabilities in wavelength range from 110 to
900 nm [10]. It records data in a total of 1360 spectral bands
simultaneously, with a 770 m GSD at nadir and a swath about
15 km wide.

The second earliest spaceborne hyperspectral imager was HSI
for the LEWIS mission launched in 1997 [21] as a technology
demonstration under the NASA’s SSTI program. Unfortunately,
HSI did not reach the orbit. Three days after the launch on August
23, 1997, the control of the satellite was lost, and subsequently
the satellite entered the earth atmosphere in September 1997
[56].

Hyperspectral imager Hyperion onboard NASA’s EO-1 satel-
lite launched on November 21, 2000 is well known and is
often regarded as the first spaceborne hyperspectral imager in
the remote sensing community due to the other two earlier

spaceborne hyperspectral imagers being less known. Hyperion
has been discussed in Section III-F.

The Compact High-Resolution Imaging Spectrometer
(CHRIS) onboard ESA’s Project for On-Board Autonomy
(PROBA) satellite was launched on October 22, 2001. The
primary objective of PROBA satellite was to test a number
of innovations in spacecraft platform design, such as attitude
control and recovery from errors, autonomous operation with
minimal intervention from the ground [5]. The CHRIS covers
the wavelength only in VNIR region at combined GSD of
17–20 m or 34–40 m with a multiangle viewing capability and
programmable spectral bandwidth. It acquires up to 62 spectral
bands at 5–15 nm SSI in a wavelength range of 415–1050 nm. It
has five operating modes, each of which has varied nominal
number of bands, wavelength range, spectral bandwidth and
the nominal GSD, with GSD decreasing as spectral bandwidth
increases. At perigee, CHRIS provides a GSD of 17 m, over
typical image areas 13 km square. The longevity of PROBA
satellite is quite impressive. It is still running after over 19 years
orbiting (as of June 2021).

The MERIS onboard ESA’s ENVISAT satellite was launched
on March 1, 2002 and retired in 2012 after ten years of suc-
cessful operation. MERIS was the first wide swath (1150 km)
spaceborne hyperspectral imager consisting of five identical
imaging spectrometers mounted in a fan-out configuration on
the optical bench each covering one-fifth of the wide swath.
It had high spectral and radiometric accuracy developed for
observing the color of oceans, both in the open ocean and in
coastal zones to study the oceanic biology and marine water
quality of the global carbon cycle and the productivity of these
regions and the atmosphere and land surface related processes. It
acquired hyperspectral images in VNIR region and operated in a
pushbroom mode. By design, MERIS could record 520 spectral
bands in the wavelength range from 390 to 1040 nm with the
native instrument SSI of 1.25 nm. However, the MERIS was
restricted by its downlink capability and transmitted only 15
channels, where each channel was an average taken over eight
to ten native spectral elements of the detector arrays. The GSD
varies in the cross-track direction, between 260 m at nadir and
390 m at swath extremities [6].

The VIRTIS was originally built for ESA’s Rosetta cometary
mission [20], which was the third cornerstone mission of the
ESA’s Horizon 2000 program. Rosetta was a space probe, includ-
ing an orbiter and a lander Philae, launched on March 2, 2004 for
studying comet 67P/Churyumov–Gerasimenko. The spacecraft
reached the comet on August 6, 2014. During its journey to
the comet, the spacecraft flew by Mars and the asteroids 21
Lutetia and 2867 Šteins. VIRTIS is one of the scientific payloads
of the Rosetta orbiter to detect and characterize the evolution
of specific signatures—such as the typical spectral bands of
minerals and molecules—arising from surface components and
from materials dispersed in the coma. VIRTIS is a hyperspectral
imager with three focal planes in two channels. The mapping
channel, referred to as VIRTIS-M, has two 2-D focal planes
covering the visible region from 0.28 to 1.1 μm and infrared
region from 1.05 to 5.13μm. The spectroscopic channel, referred
to as VIRTIS-H, has a single aperture covering a wavelength
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range from 1.84 to 4.99 μm with fine SSI. VIRTIS-M generates
a total of 432 spectral band images of size 256× 256 pixels in the
wavelength range 0.28–4.99 μm with SSI of 1.89 and 9.49 nm
in visible region and infrared region, respectively.

The two slight variants of VIRTIS were also built and selected
as a key instrument for ESA’s Venus Express mission and
NASA-Dawn mission. This makes the VIRTIS a great success
story of one payload design for three planetary missions. Venus
Express mission was to study the Venusian atmosphere and
clouds in detail, and to study the plasma environment and the
surface characteristics of Venus from orbit. Venus Express was
launched on November 9, 2005 and entered the target Venus
orbit at apoapsis on May 7, 2006 [78].

VIRTIS on Dawn space probe launched on September 27,
2007 is for studying two of the three known protoplanets of
the asteroid belt, Vesta and Ceres. The space probe entered orbit
around Vesta on July 16, 2011, and completed a 14-month survey
mission before leaving for Ceres in late 2012. It then entered
orbit around Ceres on March 6, 2015 [88].

The CRISM is a VNIR and infrared hyperspectral imager
onboard the NASA’s spacecraft of Mars Reconnaissance Orbiter
(MRO), which was launched on August 12, 2005 and attained
Martian orbit on March 10, 2006. CRISM is one of the six major
science instruments on MRO and still active after over 15 year
operation on Martian orbit. It is used to produce detailed maps
of the surface mineralogy of Mars and to identify minerals and
chemicals indicative of the past or present existence of water
on the surface of Mars [66]. CRISM acquires hyperspectral
images from 362 to 3920 nm with an SSI of 6.55 nm. It
operates in three modes: multispectral mode, targeted mode,
and atmospheric mode. In the multispectral mode, it points at
planet nadir to reconnoiter Mars with 72 of its 544 spectral
bands at a footprint size of 100–200 m per pixel. Nearly the
entire planet can be mapped in this fashion. The objective of
this mode is to identify new scientifically interesting locations
that could be further investigated. In targeted mode, it measures
radiation reflected from Mars surface in all 544 spectral bands.
When the MRO spacecraft is at an altitude of 300 km, it detects
a scene of interest at full spatial resolution (15–19 m/pixel)
and full spectral resolution (362–3920 nm at 6.55 nm/band). In
atmospheric mode, it acquires only the emission phase function.
Global grids of the resulting lower data volume observations
are taken repeatedly throughout the Martian year to measure
seasonal variations in atmospheric properties.

The Moon Mineralogy Mapper (M3) was a NASA con-
tributed hyperspectral imager to India’s first mission to the
moon, Chandrayaan-1, launched on October 22, 2008. The M3
was the first high-resolution spaceborne hyperspectral imager
operating in pushbroom mode to map the entire lunar surface
spatially and spectrally. It generated images of moon surfaces in
long narrow strips in a wavelength range from 400 to 3000 nm
with an SSI of 10 nm. This forms 260 spectral images for a
scene of the lunar surface. The swath width is 40 km on the
moon’s surface at a moment. In a cross-track line, there were
600 pixels of footprint size 70 m × 70 m on the moon surface.
The circumference of the moon is 10 930 km. With overlap, it
takes more than 274 image swaths to completely map the moon

[65]. The Chandrayaan-1 mission was cut short at ten months
in August 2009, when contact was lost with the spacecraft.
Despite the abbreviated mission, M3 was able to meet its mission
requirements: collecting more than 95% of the Moon in global
mode along with a small number of target mode images [8].

FTHSI onboard Chinese HJ-1A satellite is a Fourier transform
imaging interferometer as discussed in Section III-C. Unlike
dispersive element based hyperspectral imagers, a Fourier trans-
form based hyperspectral imager produces interferometric data
in Fourier transform domain, which need to be processed before
obtaining radiometric data. The FTHSI instrument has a total of
115 bands covering a spectral range from 0.45 to 0.95 μm after
processing of the raw Fourier transform data and returning to
spectral domain. The width of the swath is 50 km with the ground
footprint size 100 m [100]. The minisatellite constellation HJ is a
China’s national program for disaster monitoring and mitigation
using remote sensing technology and for improvement of the ef-
ficiency of disaster mitigation and relief. The HJ-1 constellation
includes three minisatellites referred to as HJ-1A, HJ-1B, and
HJ-1C. HJ-1A and HJ-1B satellites were launched on September
6, 2008.

HySI onboard IMS-1 launched on April 28, 2008 was a
64-band VNIR imaging spectrometer with spatial sampling
distance of about 500 m and swath width of about 130 km. It
was aimed at validating the design of hyperspectral imager and
providing hands on experience for users and scientists of the
hyperspectral applications [53]. HySI was a spectral filter based
hyperspectral imager. Unlike the traditional dispersive element
(e.g., grating or prism) based instruments, HySI used an optical
wedge filter, also known as an LVF, to disperse spectrum. It
was the first spaceborne hyperspectral imager that used an LVF
as the dispersive element. HySI consisted of only a telescope,
a 2-D detector array with the wedge filter mounted very close
to it and the associated front-end electronics. This is because
an LVF-based hyperspectral imager omits a bulky spectrometer
for dispersion of spectrum, thus it is much compact in volume
and light in weight. The operational principle of an LVF-based
hyperspectral imager is different from that of a dispersive ele-
ment based hyperspectral imager, which has been discussed in
Section II-B.

The Advanced Responsive Tactically Effective Military Imag-
ing Spectrometer (ARTEMIS) was onboard TacSat-3 satellite
launched on May 19, 2009. TacSat-3 was the third in a series of
U.S. DoD military reconnaissance satellites. The TacSat satel-
lites are designed to demonstrate the ability to provide real-time
data collected from space to combatant commanders in the field
[58]. The ARTEMIS hyperspectral imager used a single 2-D
HgCdTe detector array covering both VNIR and SWIR spectral
regions from 0.4 to 2.5 μm at a uniform SSI of 5 nm with 4
m GSD and a swath width of 4 km. The 2-D HgCdTe detector
array was extended for its sensitivity in the blue wavelengths
in order to cover the full spectral range. This allowed a simple
instrument design that uses only a single spectrometer to cover
both VNIR and SWIR spectral regions and significant reduction
of instrument complexity and cost [91].

The Hyperspectral Imager for the Coastal Ocean (HICO) was
deployed on the ISS on September 23, 2009. It was the first
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spaceborne hyperspectral imager designed for coastal ocean
research [60]. HICO was built by using non-space-hardened,
COTS spectrometer to demonstrate improved coastal remote
sensing products including bathymetry, bottom types, water
optical properties, and on-shore vegetation maps. HICO was
a pushbroom imaging spectrometer operating in VNIR region
from 380 to 960 nm with an SSI of 5.7 nm. It had a swath
width of 51 km when the ISS altitude was 420 km. Its GSD was
100 m, which was much smaller than that of other spaceborne
ocean color imagers (300 m of MERIS and 1000 m of MODIS
ocean color bands). Even with such small GSD comparing to
other ocean color imagers, it still achieved reasonably high
SNR: peak SNR 470:1 at 480 nm, SNR > 200:1 in spectral
range 400–600 nm [48]. During its five years life, it collected
approximately 10 000 hyperspectral scenes of the earth. The
data have enabled ocean color scientists and managers to assess
data quality and apply the imagery to a variety of scientific and
societal problems.

The VNIS was one of the main scientific payloads of China’s
lunar rover Yutu (means Jade Rabbit in Chinese) of the Chang’E
3 mission, which reached lunar orbit on December 6, 2013 and
soft landed on the moon on December 14, 2013. VNIS is the
first in situ spectral imaging detection in both the VNIR and
SWIR regions on the lunar surface. It was a spectral filter based
hyperspectral imager and used AOTF to separate spectrum of
the input radiation light. It consisted of a VNIR hyperspectral
imager covering a wavelength range of 0.45–0.95 μm and a
SWIR spectrometer covering a wavelength range of 0.9–2.4μm.
The VNIR hyperspectral imager had a FOV of 8.5° × 8.5° for
256× 256 pixels in the scene with 100 spectral bands of 2—7 nm
spectral resolution, whereas the SWIR spectrometer had an FOV
of 3.6° × 3.6° for a single pixel in the scene with 300 spectral
bands of 3–12 nm spectral resolution [97]. Mounted on the Yutu
in the front, the VNIS measured the radiance diffusely reflected
from the Moon’s surface of the solar illumination with a 45°
view angle and acquired spectral and geometric data for deter-
mining the lunar surface mineral composition and performing
comprehensive analysis of the chemical composition. The high
resolution and effective spectral imaging data obtained by VNIS
has provided valuable hyperspectral data for lunar scientific
applications [45].

The Ocean and Land Color Imager (OLCI) is a VNIR push-
broom hyperspectral imager. It is one of the seven instruments
onboard ESA’s Sentinel-3A satellite launched on February 16,
2016. OLCI is the successor of MERIS onboard ESA’s EN-
VISAT, which was out of service since April 2012 after ten years
of operation. OLCI was designed to provide global and regional
measurements of ocean and land surface with high radiative
accuracy based on the heritage design from MERIS. Same as
MERIS, OLCI consists of five identical fan-out arranged Dyson
spectrometers with five focal plane arrays to cover the wide
swath of 1270 km at a GSD of 300 m. Its revisit time with
global coverage has been improved to three days, instead of 15
days of MERIS. OLCI transmits to ground 21 spectral channels,
compared to the 15 of MERIS. A lesson learned from MERIS
is the negative impact of the direct solar reflection at sea surface
to the sensor, which is referred to as sun-glint. To minimize
the impact of sun-glint OLCI adopted an asymmetric swath

with respect to the satellite ground track to avoid sun-glint. A
cross-track tilt of 12.6° of the overall FOV is used that results in
a maximum observation zenith angle slightly above 55° [71].

The MHRIS is a secondary payload onboard the GHGSat-D
launched on June 22, 2016. It is a spectral filter based hy-
perspectral imager by using an ETF. It covers a wavelength
range 1600–1700 nm with over 300 spectral bands of 0.1 nm
bandwidth and has a 15 km ground swath with a spatial res-
olution of under 50 m. The MHRIS instrument uses InGaAs
SWIR detector array of 640 × 512 pixels, of which GHGSat-D
masks the area outside the central 512 × 512 array. GHGSat is
a commercial venture for the measurement of greenhouse gas
and air quality gas emissions from industrial sites using satellite
technology [36]. It is a nanosatellite based on a low-cost and
high-performance nanosat bus NEMO-AM made by University
of Toronto, Institute for Aerospace Studies/Space Flight Lab-
oratory [99]. It has a launch mass of 15 kg and a volume of
approximately 25U (20 cm × 30 cm × 42 cm) plus a mezzanine
of size 7 cm × 18 cm × 42 cm on one side (-X).

AaSI is a spectral filter based hyperspectral imager by using
a tunable FPI developed by VTT Technical Research Centre
of Finland. It is the main payload of the Aalto-1 nanosatellite
that was launched on June 23, 2017. The Aalto-1 is based on
a 3U CubeSat with a volume of 34 cm × 10 cm × 10 cm
and a mass of ∼ 4 kg built mainly by the students at Aalto
University in Finland. Its design life is two years and average
power production is 4.8 W. AaSI is able to record 2-D spatial
images of selected spectral bands in a spectral range from 500
to 900 nm with a spectral resolution 10–30 nm by electronically
tuning the FPI. Filter apertures of 7 or even 19 mm can be reached
with the piezo-actuated FPI [81].

The DLR Earth Sensing Imaging Spectrometer (DESIS) is a
pushbroom hyperspectral imager operating in VNIR region from
400 to 1000 nm with a minimum SSI of 2.55 nm. It has a ground
swath width of 30 km with a GSD of 30 m. It is hosted on the
multiuser system for earth sensing mounted on the ISS launched
on June 29, 2018 as part of the SpaceX CRS-15 logistics flight
to the ISS and installed to the exterior of the ISS on August 27,
2018 [77]. The main difference between DESIS and majority
of spaceborne hyperspectral imagers is that DESIS is equipped
with a pointing mirror in front of the entrance slit. It can point in
forward direction and back direction up to ±15°. It can operate
in either the static mode with 3° angle steps or the dynamic mode
with up to 1.5° change in viewing direction per second. When
operating in the static mode, it allows acquiring hyperspectral
data to produce BRDF products or stereo images. When oper-
ating in the dynamic mode, it allows continuous observations
of the same targets with ground motion compensation to further
improve SNR of the acquired hyperspectral data.

HyperScout is a miniaturized hyperspectral imager of size
1U (10 cm × 10 cm × 10 cm) developed by Cosine Research in
the Netherlands. It is onboard ESA’s nanosatellite GomX-4B,
which is one of a pair of two 6U nanosatellites (GomX-4A
and GomX-4B). These two nanosatellites were launched at
the same time as secondary payloads on February 2, 2018
on a Long March 2-D vehicle from Jiuquan Satellite Launch
Center (JSLC), China. HyperScout is one of the five demonstra-
tion payloads onboard GomX-4B. It is a spectral filter based
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hyperspectral imager covering a spectral range from 400 to
1000 nm with a spectral bandwidth of 15 nm. An LVF is used
to separate the spectrum before the radiance reaching on a 2-D
CMOS detector array. Thanks to the omission of the spectrome-
ter, HyperScout instrument consists of only a telescope, an LVF,
a focal plane array, an instrument control unit and onboard data
handling unit, which fit in a volume of 1U. HyperScout has a
swath width on ground of 200 km with a grand sampling distance
of 70 m [16].

The AHSI is the main payload of the Chinese GF-5 satellite,
which was launched on May 8, 2018 for scientific research on
the earth’s atmosphere and terrestrial observation. GF-5 satel-
lite carries six payloads, a hyperspectral imager, and an MSI
for terrestrial earth observation, along with four atmospheric
observation instruments. The objectives of AHSI are to address
many key science questions and operational needs using remote
sensing technology. AHSI has 330 spectral bands covering a
wavelength range from 0.4 to 2.5 μm. The SSI is 5 nm in VNIR
(0.4–1.0 μm) region and 10 nm in SWIR (1.0–2.5 μm) region.
The GSD of AHSI is 30 m, which is the same as that of Hyperion,
whereas the swath width of AHSI is 60 km, which is about
eight times wider than that of Hyperion. The SNR of AHSI is
also remarkably higher than that of Hyperion. For example, the
achieved peak SNR of AHSI is 654:1 versus 190:1 of Hyperion
[57].

The PRISMA is an Italian hyperspectral satellite aiming to
qualify the technology, contribute to develop applications, and
provide products to institutional and scientific users for envi-
ronmental observation and risk management. It was launched
into a sun synchronous orbit on March 22, 2019 [59]. PRISMA
instrument is the core of the PRISMA mission and consists
of a hyperspectral imager and panchromatic (PAN) camera.
The hyperspectral imager operates in pushbroom mode. It is
composed of a VNIR spectrometer and a SWIR spectrometer to
cover spectral bands ranging from 400 to 1010 nm and from 920
to 2505 nm. It provides hyperspectral images of the earth with
30 m GDS, 30 km swath width and spectral bands at an SSI of
12 nm. The PAN camera provides images at spatial resolution
of 5 m within a wavelength range of 400–700 nm, spatially
coregistered to the hyperspectral images, so as to allow images
fusion to sharpen the spatial resolution of the hyperspectral
images [63].

HISUI includes an HSI and an MSI. HISUI was deployed
onboard the Japan Experiment Module in the ISS, which was
launched to the ISS on December 6, 2019 [62]. The HSI and
MSI were made in two separate boxes and operate either inde-
pendently or simultaneously. The HSI is a pushbroom hyper-
spectral imager. It consists of a VNIR spectrometer and a SWIR
spectrometer to cover a wavelength range from 0.40 to 2.5 μm
with a total of 185 spectral bands (57 VNIR + 128 SWIR).
The SSI is 10.0 nm in the VNIR region and 12.5 nm in the
SWIR region. Due to the constraint of optical design and the
availability of large form 2-D detector arrays, the swath of HSI
is 20 km, which is one-third of that of the MSI (60 km). To fill
the gap between the swaths of two imagers, the HSI is equipped
with a pointing mechanism, which can tilt the HSI for ±5° in
cross-track direction to match the swaths of the two imagers [61].
To deal with the constraint of data downlink capacity of the ISS,

the hyperspectral and multispectral data generated by HISUI are
partially transmitted to ground stations (about 10 GB/day ≈ 30
000 km2). The rest data (about 300 GB/day ≈ 900 000 km2) are
recorded in removable mass memory storages that are shipped
back to earth by cargo ships three or four times a year.

Geo Imaging Satellite (GISAT) is an Indian imaging satellite
class in geostationary orbit with a frequent revisit capability (i.e.,
high temporal resolution) for providing near real-time imaging
and monitoring, which is scheduled to be launched in July 2021.
There are two identical GISAT satellites. Each satellite carries an
HSI and an MSI. The HSI consists of a VNIR spectrometer cov-
ering a wavelength range from 0.38 to 1.0μm with a GSD of 318
m and a SWIR spectrometer covering a wavelength range from
0.9 to 2.5 μm with a GSD of 191 m. The MSI has six spectral
bands covering a wavelength range from 0.45 to 0.875 μm with
a GSD of 42 m. GISAT satellites acquire images in multispectral
and hyperspectral bands to provide near real-time observation
of large areas of India, under cloud-free conditions, for selected
field image in every 5 min and entire Indian landmass image
every 30 min at 42–318 m spatial resolution [90].

C. Upcoming Spaceborne Hyperspectral Imagers

There are at least six well-known spaceborne hyperspectral
imagers that are under development or planned, some of them
are upcoming soon.

The EnMAP is a German hyperspectral satellite mission
scheduled to be launched in 2021. It aims at monitoring and
characterizing the earth’s environment on a global scale by pro-
viding high-quality hyperspectral data. EnMAP is a dispersive
element (using prisms) based hyperspectral imager operating in
pushbroom mode. It has 242 spectral bands covering a wave-
length range from 420 to 2450 nm with an SSI of 6.5 nm for
VNIR bands and 10 nm for SWIR bands. Its ground swath width
is 30 km with a GSD of 30 m × 30 m. It is designed to achieve
better SNR than the available spaceborne hyperspectral imagers.
The SNR will be greater than 500:1 for a 10 nm equivalent
bandwidth of the spectral band at 495 nm. In the SWIR region,
an SNR of more than 150:1 will be reached [50].

The MAJIS has been selected as one of the scientific payloads
by ESA for its Jupiter Icy Moons Explorer (JUICE) mission
intended to explore Jupiter and three of its icy moons: Europa,
Callisto, and Ganymede. It is scheduled to be launched in June
2022. The spacecraft of the JUICE mission is targeted to fly by
Callisto, Ganymede and Europa, then a one-year orbital phase
around Ganymede [54]. The MAJIS hyperspectral imager is a
dual grating spectrometer design with the VNIR spectrometer
covering a spectral range from 0.5 to 2.35 μm and the infrared
spectrometer covering a spectral range from 2.25 to 5.54 μm.
The spectral and spatial resolution of MAJIS takes advantage
of the up-to-date developments of detector technology with two
times of 508 spectral bands to achieve a wide wavelength range
of 0.5–5.5 μm at SSI of 3.6 nm for VNIR and 6.4 nm for
infrared over 400 spatial pixels in a cross-track line. The IFOV of
150μrad of the instrument corresponds to a footprint size of 75 m
on Ganymede from a 500 km circular orbit over Ganymede and
to a footprint size of 150 km for observations of the atmosphere
of Jupiter when flies by it [42].
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The OCI is a hyperspectral imaging radiometer onboard
NASA’s Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE)
satellite, which is scheduled to be launched in 2022. OCI will be
the most advanced ocean color hyperspectral imager in NASA’s
history. Observing chlorophyll from space has a long heritage—
NASA’s Coastal Zone Color Scanner (CZCS), the first ocean
color satellite, was launched in 1978. CZCS was a multispectral
radiometer, and only collected image at a few spectral bands.
OCI will collect hyperspectral images in a wavelength range
from 340 to 890 nm in the UV to NIR spectrum with bandwidth
at 5 nm or finer (e.g. 2.5 nm). It also acquires seven discrete
spectral band images from 940 to 2260 nm in the SWIR region.
The OCI scans from east to west at a rotation rate of 5.77 Hz,
acquiring earth view data at a 1000 m × 1000 m GSD at nadir
and an angular range of ±56.5° for a ground swath width of
2663 km. The fore-optics design of the OCI follows that of
SeaWiFS, with a rotating telescope, a half-angle mirror, and
a transmissive depolarizer (rather than reflective one as with
CZCS and SeaWiFS). Dichroics direct the light to the following
three different focal planes.

1) A blue spectrograph (340–605 nm) with wavelength sep-
aration by a grating and a 2-D CCD array.

2) A red spectrograph (600–890 nm) using the same ap-
proach as in 1).

3) A SWIR detection assembly with wavelength separation
using dichroics/bandpass filters and photodiodes.

Like SeaWiFS, OCI will perform a tilt maneuver every orbit at
approximately the subsolar point to avoid sun glint reflected off
the ocean, looking 20° north (fore) in the northern hemisphere
and 20° south (aft) in the southern hemisphere [68].

The HyspIRI mission aims to study the world’s ecosystems
and to provide critical information on natural disasters such
as volcanoes, wildfires, and drought. The mission was recom-
mended in the 2007 National Research Council Decadal Survey
requested by NASA, NOAA, and USGS. HyspIRI will identify
the type of vegetation and its health. The mission will provide
a benchmark on the state of the world’s ecosystems against
which future changes can be assessed. The mission will also
assess the carbon and other gases released from wildfires. The
data from HyspIRI will be used for a wide variety of studies
primarily in the carbon cycle and ecosystem and earth surface
and interior focus areas. The HyspIRI satellite will be launched
into a LEO orbit (no launch date). It will carry two instruments:
a hyperspectral imager operating from the visible to short wave
infrared (VSWIR) covering a wavelength range of 380–2510 nm
in 10 nm SSI. An MSI acquires eight broadband images from
3.9 to 12 μm in the MWIR and TIR. The VSWIR and TIR
instruments both have a spatial resolution of 60 m at nadir. The
VSWIR will have a revisit rate of 19 days and the TIR will
have a revisit rate of five days. With the technology advance-
ment, current space computer capabilities allow for onboard
real-time data processing, compression, and cloud screening.
HyspIRI will equip with an intelligent payload module (IPM),
which enables direct broadcast of a subset of the hyperspectral
data processed onboard and downlinked to the ground in near
real-time.

FLORIS for ESA’s Fluorescence Explorer (FLEX) mission
is a pushbroom hyperspectral imager. The FLEX satellite is

scheduled to be launched in 2024 and will fly in tandem with
the Sentinel 3 satellite, making use of data synergy with visible
reflectance data from the OLCI [70] and surface temperature
data from the Sea and Land Surface Temperature Radiometers
(SLSTR) [17], [18]. FLORIS consists of two imaging spec-
trometers with a very narrow SSI to measure the vegetation
fluorescence in the spectral range between 500 and 780 nm.
The first imaging spectrometer (referred to as high-resolution
spectrometer) measures the fluorescence spectrum within two
oxygen absorption bands (O2A and O2B) at SSI between 0.1
and 0.5 nm in wavelength range of 677–780 nm. The second
imaging spectrometer (referred to as low-resolution spectrome-
ter) derives additional atmospheric and vegetation parameters at
SSI between 1 and 2 nm in wavelength range of 500–740 nm. It
acquires the hyperspectral images at a spatial resolution of 300
m over a swath of 150 km [19]. Observing the plant functional
status from space represents a major interest for farming, forest
management, and assessment of the terrestrial carbon budget.
The measurement of solar-induced chlorophyll fluorescence
directly addresses the photosynthetic efficiency of the terres-
trial vegetation layer and complements traditional reflectance
measurements used to infer parameters like leaf area index or
chlorophyll absorption. Fluorescence estimates provide an early
and more direct approach for diagnosis of the functioning and
health status of vegetation. In fact, the fluorescence emission
is in competition with the photochemical conversion and may
allow more accurate carbon assimilation estimation and earlier
stress detection than is possible from only reflectance data.

The CHIME will provide routine hyperspectral observations
to support new and enhanced services for sustainable agricul-
tural and biodiversity management, and soil property character-
ization. It will complement Copernicus Sentinel-2 satellite for
applications such as land-cover mapping. The CHIME mission
is part of the expansion of the Copernicus Space Component
programme of the ESA, in partnership with the European Com-
mission. The satellite will acquire hyperspectral data with high
radiometric accuracy in the VSWIR range (400–2500 nm) at
10 nm spectral resolution. The CHIME hyperspectral imager
will have a spatial resolution of 20–30 m and 128 km swath
width to achieve a revisit time of 10–12.5 days. The satellite will
be launched into a sun synchronous LEO orbit with an overpass
time of between 10:30 and 11:30 local time on descending node.
The core products supplied by the mission will be Level-2A
atmospheric and geometrically corrected surface reflectance,
including bottom-of-atmosphere reflectance, ortho-rectified ge-
ometry using a digital elevation model, and pixel classification (a
side product from the atmospheric correction process) allowing
users to distinguish opaque clouds, thin clouds, cloud shadows,
vegetation, etc. In addition, a set of downstream products will
be proposed to users as part of the mission catalog to support
the operational use of the data [72], [73].

V. CONCLUSION

Hyperspectral imaging is a powerful remote sensing tech-
nology, which records a full spectrum from VNIR to SWIR for
each pixel of an image. The scientific rationale for hyperspectral
imaging is evident given its strong needs from the diversity of
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disciplines. Based on high spectral resolution measurements of
radiation light interacting with matter, it allows the characteri-
zation and quantification of surface materials. Quantitative vari-
ables derived from the observed spectra, e.g., directly through
distinct absorption features, are diagnostic information of the
surface materials of earth or planets.

Thanks to well-established spectroscopic techniques, hyper-
spectral imaging remote sensing has the potential to deliver
significant enhancement in quantitative value-added products
reflecting the status of various terrestrial and aquatic ecosystems
and the changes they undergo. This will support the generation
of a wide variety of new products and services in the domain
of agriculture, food security, raw materials, soils, biodiversity,
environmental degradation and hazards, inland and coastal wa-
ters, and forestry. These are relevant to various policies that are
currently not being met or can be really improved but also to
the private downstream sector. Hyperspectral imaging remote
sensing allows optimal mapping of targets with well-defined
optical signatures, flexible band placement for minimizing and
estimating the effects of atmospheric scattering and absorption,
and accurate simulation of the responses of other sensors.

This article provides an overview of hyperspectral satellites
and their development history. It begins with the introduction
of hyperspectral satellites followed by the description of the
principle of hyperspectral imaging implemented by the four
types of instruments for spectral imaging: dispersive elements
based instrument, spectral filters based instrument, Fourier trans-
form based imaging interferometer, and snapshot hyperspectral
imagers. The article reviews the history of the development
of hyperspectral imaging technology by telling stories of the
development from airborne instruments to spaceborne instru-
ments, starting from the first airborne hyperspectral imager in
the world—AIS built in early 1980s, followed by the first opera-
tional airborne hyperspectral imager—AVIRIS developed since
middle 1980s, then the first commercial airborne hyperspectral
imager—CASI fabricated since late 1980s. The description of
the history of hyperspectral imaging continues with the develop-
ment of hyperspectral technology in Canada between 1980s and
1990s, and the NASA planned orbiting hyperspectral imagers
in 1990s, until the launch of the first spaceborne hyperspectral
imager—Hyperion onboard EO-1 satellite in 2000.

The author of the article carried out a survey on space-
borne hyperspectral imagers to date. This article summarizes
the survey. There exist at least 25 hyperspectral imagers that
have been deployed into space. The summary was made in the
order of launch years chronologically since the beginning of
the development and in terms of the orbits of the satellites,
the imaging approach of the hyperspectral imagers, and their
operational mode. A total of 19 hyperspectral imagers have
been deployed aboard satellites orbiting the earth, including
three of them on the ISS. Six of them are out of earth orbits,
including one on a Mars orbit, one on a lunar orbit, one on
a lunar rover for in situ observation, one plus its two variants
deployed onboard the space probes of three planetary missions
on orbits of a comet, Venus and two protoplanets. Regarding
the imaging approach, 19 hyperspectral imagers are dispersive
element based instruments, using either gratings or prisms to
separate spectrum. Five hyperspectral imagers use spectral filters

to separate spectrum. Only one spaceborne hyperspectral imager
uses Fourier transform interferometer to disperse spectrum. All
the 25 spaceborne hyperspectral imagers use 2-D area detector
arrays and operate in pushbroom mode. The article briefly
describes the 25 spaceborne hyperspectral imagers and their
mission objectives with the focus on the instrument performance
parameters and technical features.

At least six well-known spaceborne hyperspectral imagers are
under development or planned and are upcoming soon. These
are EnMAP, MAJIS, OCI, HyspIRI, FLORIS, and CHIME. This
article also briefly describes them and reviews their mission
objectives with the focus on the instrument performance pa-
rameters and technical features.
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