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Abstract—As we look forward to the next generation of hyper-
spectral infrared (IR) atmospheric sounders, grating spectrom-
eters hold promise for improved performance (e.g., horizontal
and spectral resolutions) and more rapid revisit while reducing
the size and complexity of the instrument. We briefly revisit the
technology used in the Atmospheric Infrared Sounder (AIRS),
recognizing that it was developed in the 1990’s and has matured
key technologies in the areas of IR detectors, optical coatings,
gratings, and cryocoolers. AIRS has been an unqualified success not
only as a science and operational mission but also as a technology
demonstration of the reliability and simplicity of grating spec-
trometer IR sounding instruments. Advancements in focal plane
arrays (FPAs) have enabled a new class of grating spectrometer
IR sounders that offer more spectral channels on a single FPA,
mitigating some of the issues seen in AIRS that used linear arrays.
These improvements have been manifested in the CubeSat Infrared
Atmospheric Sounder (CIRAS) brassboard instrument, developed
at the California Institute of Technology Jet Propulsion Labora-
tory with industry partner Ball Aerospace. Further enhancements
beyond those used in CIRAS enable the development of a new class
of instruments with a very long-wavelength infrared response and
a very high spatial resolution (<2 km) that can be used for the
next generation of IR sounders. Grating spectrometers provide
advantages over other methods, including smaller apertures due
to the ability to use larger FPAs, having no moving parts or laser
metrology systems to produce spectra, lower internal FPA readout
rates, and lower overall system data rates.

Index Terms—Atmospheric, cryocooler, CubeSat, detector,
focal plane array, grating, infrared, readout, SmallSat, sounder,
spectrometer, technology.

I. INTRODUCTION

INFRARED (IR) sounders operating in space today include
the Atmospheric Infrared Sounder (AIRS) on the NASA

Aqua satellite [1], the Cross-Track Infrared Sounder (CrIS)
on the NASA/NOAA Suomi National Polar-Orbiting Partner-
ship and NOAA Joint Polar Satellite System satellites [2], the
Infrared Atmospheric Sounding Interferometer (IASI) on the
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EUMETSAT MetOp satellites [3], the Hyperspectral Infrared
Atmospheric Sounder (HIRAS) on the CMA FY-3 satellites
[4], the Geostationary Interferometric IR Sounder on the CMA
FY-4A satellite [5], and the advanced IR sounder IKFS-2 on
the Russian Meteor-M satellite [6]. All of these instruments
are “hyperspectral,” having very high spectral resolution (λ/Δλ

> 1000) enabling the resolution of CO2 and H2O absorption
features to make temperature and water vapor profiles for use by
weather forecasters, meteorologists, and scientists worldwide.
Advancements in wide-field optics, large-format focal plane
arrays (FPAs), and cryocoolers offer enhanced capabilities to
grating spectrometers that are well suited to IR sounders. This
technology enables higher spatial and spectral resolutions and
better operability and fidelity in a significantly smaller and
simpler instrument than what was achieved in the past.

The AIRS approach to IR spectroscopy was motivated by
the desire to have no moving or active parts (e.g., lasers) in the
system to achieve a long-lifetime instrument. After over 20 years
of operation in space, the AIRS grating spectrometer continues
to produce spectra, and no major failures have occurred in the
instrument. AIRS use of a grating spectrometer was ambitious
at the time (mid 1990s) since the availability of IR detectors
in the form of long (>100 pixels) linear arrays hybridized to
readout integrated circuits (ROICs) was at its advent. The AIRS
project worked with the industry to develop longwave IR cutoff
HgCdTe detector materials, ROICs, multilinear array cryogenic
packaging, cryogenic refrigerators (cryocoolers), and Dewar
technology, not only to support the AIRS but also to advance
these technologies for all IR programs nationwide. The project
also supported optical component development, including grat-
ings, optical coatings, and materials technology.

The availability of large-format IR FPAs brings advantages
not available to AIRS to the next generation of hyperspectral IR
grating spectrometer sounders. In particular, the push to achieve
higher spatial and spectral resolutions in the next generation
of IR sounders demands the use of larger FPAs and smaller
detectors.

The signal collected by a grating IR sounder is the product of
the etendue, the AΩ product, and the integration time. Etendue
is also known as the product of the aperture area and the
instantaneous field of view (IFOV) squared, where the IFOV
is defined as the footprint size on the ground divided by the orbit
altitude. Equivalently, the etendue can be defined as the product
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of the detector area for a given footprint and the optics solid
angle (∼π/4f#2). For a given signal-to-noise ratio (SNR), one
can trade etendue and integration time. For scanning systems, a
larger FPA size will increase the field of regard (FOR), defined
as the angular extent viewed by the entire FPA in the spatial
dimension(s), leading to longer integration times since more area
is viewed at any given instant. This increase in the integration
time can be traded for a smaller aperture size for a given IFOV
or a smaller footprint for a given aperture size.

The benefits of large-format FPAs for IR sounders have been
demonstrated in the CubeSat Infrared Atmospheric Sounder
(CIRAS) brassboard prototype IR sounder. CIRAS incorporates
a wide-field all-refractive immersion grating spectrometer and
a 512 × 640 element FPA that operates in the midwave IR
(MWIR) and fits in a 6U CubeSat volume. (Note: We refer to
the CIRAS FPA format as “large,” although much larger formats
exist today.) Results from testing of the brassboard show that
CIRAS can achieve the required spatial, spectral, and radiomet-
ric performance for a lower-tropospheric temperature and water
vapor sounder. The design approach using wide-field optics and
large-format focal planes also applies to future, potentially larger
than CIRAS, and more capable IR sounders that are predicted
to be significantly smaller and lighter than legacy systems.

Future applications of IR sounders for weather forecasting
and science investigations in the next two decades by the USA
include the next generation of LEO and GEO IR sounders for
NOAA and various missions relating to atmospheric winds and
the planetary boundary layer for NASA Earth Sciences [7].
Assurance of core capabilities and compatibility with stable bud-
gets are the top two strategic objectives identified in the NOAA
Satellite Observing Systems Architecture (NSOSA) study [8].
The study identifies IR sounders as “likely to achieve significant
reductions in size, weight, and power” and suitable for tech-
nology insertion into the future observing system architecture.
Regional real-time IR soundings (from GEO) ranked number 31
on the NOAA prioritized list of 44 measurements but recently
have become a priority for NOAA as part of their GEO-XO
program [9]. For the “hybrid” architecture, the NSOSA study
recommends disaggregation of satellites and consideration of
global 3-D winds from a cluster of high-resolution sounding
small satellites. The NSOSA study also recommends future
systems that include high spatial resolution sounding capabil-
ities in a single orbit. Grating spectrometer sounders address
these recommendations by offering compact configurations like
CIRAS to reduce the cost of multiple satellites in the formation
to measure 3-D atmospheric motion vector (AMV) winds while
offering high spatial resolution with modest data rates from LEO
in a CubeSat volume. Studies referred to below show that grating
spectrometer sounders can meet the next generation of LEO and
GEO operational requirements by offering high performance,
low risk, long life, and high accuracy in a compact package.

II. AIRS ON AQUA

The AIRS on the EOS Aqua Spacecraft (see Fig. 1) was
launched on May 4, 2002, and it is still functioning as well
as it did the day it was first claimed operational. The AIRS is
a “facility” instrument developed by NASA as an experimental

Fig. 1. Atmospheric IR sounder.

demonstration of advanced technology for remote sensing and
the benefits of high-resolution IR spectra to weather forecasting
and science investigations. The AIRS was designed to measure
temperature and water vapor profiles with accuracies compara-
ble to radiosondes, granted with a lower vertical resolution but
offered with global daily coverage.

The data from AIRS are assimilated into numerical weather
prediction (NWP) models and have demonstrated among the
highest forecast improvement of all data types assimilated. The
data are regularly used in studies of processes affecting weather
[10] and climate [11]. The data are also used in applications
including volcano alerts [12], drought prediction [13], and ozone
chemistry [14]. The AIRS instrument has shown exceptional
radiometric stability to date, making it a valuable tool for climate
trending and model validation [15].

A. AIRS Technology

The AIRS instrument, developed by BAE Systems Inc.,
incorporates numerous advances in IR sensing technology to
achieve a high level of measurement sensitivity, precision, and
accuracy [16]. During the timeframe of the AIRS development,
technology maturation was often performed as part of the flight
instrument program. Fig. 2, the first column, shows a few of the
technologies that matured during the AIRS development, includ-
ing a multiple afocal-relay all-reflective grating spectrometer,
long-wavelength cutoff HgCdTe photovoltaic IR detectors, and
dual-pulse tube cryocoolers. These are the core technologies that
we examine here and the development of which JPL and industry
have contributed over the years, in the context of IR sounding.

Although the AIRS instrument has been well documented,
a few key points regarding the AIRS design are worth high-
lighting. The spectrometer has no moving or active parts and
requires minimal signal processing to make calibrated spectra.
Frequency determination is based on preflight measurements,
but the final “climate quality” determination of frequency comes
from fits of modeled spectra to the observed spectrum on-orbit
[17] and resampled to a common grid for the mission in the final
radiance product. The entire optical system was novel at the time,
providing pupil imaging in order to provide a uniform spatial
response, but the key technical challenges were the development
of the FPAs, grating, and optical filters. The long-wavelength
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Fig. 2. Technology evolution of IR grating spectrometer IR sounders at JPL and industry and future technologies under consideration.

cutoff of PV HgCdTe was extended to 13.7 μm in the AIRS
FPA and was a significant technology development success
for the project. The AIRS detectors require operation at 58 K
to minimize dark current to reduce noise and prevent ROIC
saturation. Northrop Grumman Space Systems developed the
pulse tube coolers for the AIRS instrument [18]. Despite having
two cryocoolers running simultaneously, the AIRS does not
suffer from vibration sensitivity since the grating spectrometer
acquires all spectral channels simultaneously in 22.4 ms.

B. AIRS Performance

The AIRS has exceptional radiometric and spectral sensitivity
and stability [19], [20] and has been operational from its launch
in 2002 to the present without a serious failure. The radiometric
stability is better than 2–3 mK/year [21] with accuracies bet-
ter than 250 mK [22]. The AIRS performance has been well
documented, and the instrument performance has not changed
over the 20-year record, so we refer the reader to the literature
[23]. Instead, we address concerns with the AIRS performance
that have been raised as a basis for claiming fundamental issues
with grating spectrometers for future IR sounders [24]. Recog-
nizing that AIRS was a technology development program for IR
sounders (including long-wave cutoff HgCdTe) its performance
cannot be scored against instruments developed almost 10 years
later, regardless of the technology differences. Instrument arti-
facts seen in AIRS are particular to the AIRS implementation
and have been corrected, for the most part, in the AIRS Level
1C product [25]. The three major concerns expressed include
the following.

1) Spectral Stability: Spectral stability of AIRS in terms of
positional accuracy at the focal plane is less than 2 μm over
the mission or 20 ppm of the center frequency. Changes of this

magnitude have not been seen to significantly impact the L2
data products but must be accounted for in climate trending.
By analyzing upwelling spectra, scientists determine the AIRS
center frequencies to be better than 1 ppm, including Doppler
corrections [17]. The process of fitting to the upwelling spectra
is also performed automatically in the AIRS level 1B product to
about 5 ppm or better. Knowledge of the frequencies is used to
correct the orbital and secular drift of the AIRS spectra in the
Level 1C product by resampling the spectra to a common grid
for the mission. This methodology works well for AIRS and can
be used as a model for future grating spectrometer IR sounding
instruments.

2) Intraspectral Artifacts Related to Spatial and Spectral
Response Differences: AIRS used pupil imaging in an attempt to
reduce spatial variability among channels in the spectrum and
distribute the scene energy across the 17 individual modules
of a relatively large focal plane. This worked well for most
channels; however, a few channels near the ends of modules can
see coregistration differences exceeding 20% in many channels,
most likely due to vignetting in the optical train (see Fig. 3).
These channels are only impacted in high spatial contrast scenes
(about 2% of all scenes) and are corrected in the AIRS Level 1C
data product through the replacement of the offending channels
with their PC reconstruction. A technique using an independent
data set has been demonstrated using MODIS to remove these
artifacts [26]. The figure also shows the performance of the
CIRAS instrument brassboard prior to any correction, showing
that these artifacts are not present.

3) Spectral Normalization Among Multiple Instruments:
This is not necessarily a problem with the AIRS instrument
itself, whereas it is claimed as a fundamental issue with grating
spectrometers. In a grating spectrometer, to first order, the spec-
tral response function (SRF) is the product of the convolution
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Fig. 3. Azimuth centroid difference for AIRS and CIRAS. CIRAS does not
show the large centroid differences at the ends of the array.

of the entrance slit, optical blur, and detector angular response
functions with the angular dispersion of the grating (dλ/dθ).
Each instrument’s SRF will be different to the extent that the
design and alignment are different. NWP centers and retrieval
scientists utilize these SRFs in their radiative transfer models
(RTMs) to assimilate multiple instrument types today with great
success (e.g., AIRS, CrIS, and IASI). In future IR sounders, and
as demonstrated in CIRAS, the SRFs can also be determined
accurately and made similar, to the extent possible, in a con-
stellation, whereas the center frequencies can be resampled to a
common grid. If necessary, SRFs for each individual instrument
can be used in the RTMs. The cost is a one-time computation
on the ground to enable the RTM to be called for the particular
instrument. The cost of this in an FTS is the large degree of
oversampling during the dwell time in order to generate an
interferogram. We will discuss this more below.

One additional problem identified with AIRS is the loss of
spectral channels where both the primary and redundant detec-
tors have gone out. Future grating spectrometers IR sounders like
CIRAS will have several spatial pixels (detectors) per horizontal
resolution element (11–42 in CIRAS) enabling 100% yield in
the spectrum.

III. CUBESAT INFRARED ATMOSPHERIC SOUNDER

A. Background

In the early 2000s, JPL and Ball Aerospace matured technolo-
gies for a Spaceborne Infrared Atmospheric Sounder (SIRAS)
under the NASA Earth Science Technology Office (ESTO)
Instrument Incubator Program (IIP). Technology matured on
these programs is shown in Fig. 2, column 2, and includes a
demonstration of a wide-field very long-wavelength infrared
(VLWIR; λc > 13 μm) grating spectrometer operating from 12
to 15.4μm with a spectral resolution of about 0.7 cm−1 that used
an AIRS linear array [27]. Later, the SIRAS-G IIP prototyped
a GEO IR sounder and used an MWIR all-refractive grating
spectrometer operating from 3.3 to 4.8 μm with a spectral reso-
lution of about 1.4 cm−1. SIRAS-G used a 1K × 1K Teledyne

H2RG focal plane [28]. These efforts formed the foundation
of the wide-field all-refractive large FPA grating spectrometer
concept.

In 2013, the Office of Systems Development at NOAA com-
missioned JPL to perform a study to examine current and
future requirements for meteorological imaging and sounding
and the impact of these requirements on instrument resource
requirements and cost, given technology advancements in the
last decade. The technologies studied were similar to SIRAS
but with later optical and FPA technology, particularly the
Teledyne CHROMA FPA shown in Fig. 2, column 2. The study
showed that a single instrument, called the Moderate Resolution
Infrared Imaging Sounder (MIRIS) [29], could be designed to
meet the majority of the imaging requirements of the Visible
Infrared Imaging Radiometer Suite (VIIRS) and the sounding
requirements of CrIS simultaneously but at 2 km horizontal
resolution from LEO. Recent updates to the MIRIS radiometric
model show that by including a linear variable filter (LVF) or
“Wedge” filter at the FPA and updating detector performance
estimates, the NEdT requirement of 0.2 K can be met at all
wavelengths.

In 2015, the NOAA Office of Products Planning and Analysis
(OPPA) contracted JPL to perform a study of the technical
feasibility of developing an IR temperature and water vapor
sounder in a CubeSat volume. It was recognized that there
could be reduced capability compared to the current operational
sounder (CrIS), but demonstrating that a very low-cost option
for an IR sounder that would meet “Threshold” capability was
important to NOAA at the time and is currently within the NOAA
trade space for future architectures [30]. The JPL study for
NOAA demonstrated that an IR temperature and water vapor
sounding payload, the Earth Observing NanoSatellite-Infrared
(EON-IR) operating only in the MWIR, with 625 channels
from 4.08 to 5.13 μm, complete with a scan mirror, a grating
spectrometer, an Integrated Detector and Cryocooler Assembly
(IDCA), and electronics could be packaged in a 6U spacecraft
using technology available at the time [31].

There was some concern over using only the temperature and
water vapor sounding features in the MWIR. Independent stud-
ies were performed that predicted that assimilation of CIRAS
into the forecast system has a generally positive impact, with
the control being all operational observations available to the
GDAS/GFS in the January 2015 implementation in one study
[32], and when added at new times of day compared to the CrIS
[33] in another.

Later that year, JPL was awarded a contract to build the CIRAS
instrument as part of the In-Flight Validation of Earth Science
Technologies (InVEST) program sponsored by the NASA ESTO
[34], [35]. After one year of development, the program was
canceled due to projected cost overruns to develop a flight
system; nevertheless, much progress was made, including the
fabrication of the FPAs. In 2018, NOAA OPPA sponsored the
completion of the optics assembly shown schematically in Fig. 2,
column 3. The NOAA sponsorship enabled completion of a
brassboard of the CIRAS instrument and ambient performance
testing, allowing Technology Readiness Level (TRL) 4 of the
instrument to be achieved [36]. More recently, the CIRAS
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TABLE I
AIRS PERFORMANCE AND CIRAS EXPECTED PERFORMANCE AS

DEMONSTRATED BY THE BRASSBOARD UNIT FOR A 600-KM ORBIT

completed two cycles of thermal vacuum (TVac) preparatory
tests, having performed exceptionally well. A third round of
testing is planned for mid-2022, after which time results will
be published. Performance results from the ambient testing are
presented below (in Section III-E) and demonstrate compliance
at the system level for most key performance parameters.

B. Instrument Concept

Table I shows the expected performance of the CIRAS com-
pared to AIRS. CIRAS is designed to fit in a 4U volume of a 6U
CubeSat. The system takes advantage of the ability to do both
temperature and water vapor sounding in the MWIR in a single
band ranging from about 4.08 to 5.13 μm with 640 channels
and a spectral resolution of about 5 nm across the band. The
resulting retrieval sensitivity for these products was calculated
and is shown at the end of this section. The CIRAS 13.5 km
spatial resolution is designed to match AIRS from a 600-km
orbit, but it can be adjusted at any time in flight to achieve the
same resolution for other LEO orbits. CIRAS can achieve a
higher spatial resolution of up to 3.5 km by changing the pixel
aggregation scheme, frame averaging, scan rate, and scan range.

Other products not listed in the table that CIRAS can poten-
tially provide include lower tropospheric carbon monoxide and
land surface temperature. Also, multiple IR sounders in a trailing
orbit could be used to provide a time series of 3-D water vapor
profiles, which could, in turn, be used to retrieve AMV winds
[37], [38]. Retrieval of AMV winds from LEO is facilitated by
a cost-effective instrument, like CIRAS, that can be hosted on a
SmallSat or CubeSat and launched as a secondary payload.

A CAD illustration of the CIRAS instrument concept as
conceived in the flight configuration is shown in Fig. 4. Energy
from the Earth scene is directed to a refractive telescope using a
gold-coated single-axis scan mirror mounted on a stepper motor.
The scan mirror rotates 360° to view the Earth, cold space, and an
internal blackbody for calibration. The blackbody is a simple flat
plate composed of black silicon, heat sunk and instrumented with
a temperature sensor to provide high emissivity and durability
in a compact design. Energy from the telescope is focused onto
the entrance slit of an all refractive MWIR grating spectrometer
developed by Ball Aerospace, operating in first order, with an
immersion grating and entrance slit made at JPL.

Fig. 4. CIRAS is designed to fit in a 6U spacecraft.

The telescope and spectrometer are cooled to 190 K using a
Ricor K508N rotary Stirling cooler. The spectrometer disperses
the energy across the spectral range and produces a 2-D image at
the focal plane with one direction spatial and the other spectral.
The detector array is based on the InAs/InAsSb type II strained
layer superlattice IR absorber material incorporated into the high
operating temperature barrier infrared detector (HOT-BIRD)
device architecture developed at JPL [39], [40]. The HOT-BIRD
detector arrays are hybridized with a Lockheed Martin Santa
Barbara Focalplane (SBF) 193 ROIC to make an FPA. The FPA
is packaged on a carrier and mounted with a cold shield and
a two-band blocking filter. The filters reduce background flux
and ghosting. The detector is cooled to 115 K using a second
Ricor K508N cryocooler heat sunk to the spacecraft housing,
which equilibrates at 308 K. The Payload Control Electronics
provide control of the scanner, coolers, housekeeping, and com-
munications with the spacecraft and detector readout electronics
(DRE). The DRE provides clocks, biases and analog-to-digital
conversion of the signals from the FPA. The brassboard uses
the IDCA and DRE, developed by IRCameras, allowing testing
in ambient. In the flight configuration, ICDA is not used; the
detector mounts directly to the optics with a heat strap to the
cryocooler, requiring the whole assembly to operate in TVac.
The CIRAS is currently designed for a 6U or 12U CubeSat
developed by Blue Canyon Technologies, but it can be easily
accommodated by a variety of small spacecraft.

C. Method of Operation

The CIRAS employs a large-format FPA enabling a slow scan
rate and uses the high density of pixels and frame averaging to
achieve the desired size of the footprint. For example, in Fig. 5,
for a 600-km orbit, the CIRAS telescope projects a slit onto
the ground that is 12 footprints along-track (compared to 1 for
AIRS). Again, the wider field of view produces a slow scan for
a longer integration time, enabling a smaller aperture for a given
SNR. On the image side of the slit, a collimator, identical to the
telescope, collimates the image of the slit onto the grating. Light
is reflected off the grating in the direction perpendicular to the
slit according to its wavelength, producing a spectrum at the FPA
(horizontally in the figure) when reimaged by the camera lenses.
The image projected through the slit is only two detectors wide
for a single wavelength when projected on the FPA.
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Fig. 5. (Top) Schematic of CIRAS pixel aggregation scheme for a 600-km
orbit and 14 km spatial resolution. (Bottom) Resulting scan pattern as projected
on the Earth for 14 km (Red), 7 km (Green), and 3.5 km (Blue).

TABLE II
CIRAS CAN ACHIEVE MULTIPLE SPATIAL RESOLUTIONS IN DIFFERENT MODES

(ORBIT: 600 KM)

The motion of the scan mirror covers the appropriate distance
by judicious choice of scan rate, frame rate, and the number of
frames to add. The spatial information along the slit (vertically in
the figure) in the along-track direction is preserved. The spatial
resolution along-track is achieved by adding 42 pixels to make
a single 14-km footprint. Higher spatial resolution is achieved
by adding fewer pixels as shown in Table II and is limited by the
focus and image quality of the optical system to the detector and
is about 2–3 pixels or<1.8 mr. We can take advantage of the high
spatial resolution imaging capability of CIRAS to achieve 1.0 km
spatial resolution “Imaging” mode where we recover SNR by
averaging 30 spectral channels, leaving about 21 spectral bands
at this spatial resolution. All other modes produce 640 spectral
channels. The swath width is reduced in higher spatial resolution
modes to increase the dwell time to make up for lost SNR from
coadding fewer pixels.

The FPA’s nominal frame rate is 16.2 Hz, producing a data
stream of 74.1 Mb/s at 14 bits/pixel. Five frames are averaged per
dwell time (footprint) in Zoom, Regional, and Global modes and
one frame in Imaging mode. The resulting data rate after frame
averaging and along-track pixel binning is shown for each mode

Fig. 6. CIRAS optomechanical design.

in Table II. Assuming a 6-min downlink at 3 Mb/s per orbit
from the CubeSat (S-band), we can downlink 46% of the data
in global mode and correspondingly less for the other modes
without any compression. In an operational system requiring a
100% duty cycle, data compression or channel selection will be
used to downlink the necessary data.

D. CIRAS Technology

The CIRAS represents an evolution over the AIRS type of
grating spectrometer by allowing a much broader spectral range
across a single FPA. This is now possible with new large-format
FPAs offering one spectral channel per pixel, or 640 channels in
the case of CIRAS. Since the optics are rotationally symmetric,
the full FPA is imaged along the slit, offering a wide 15.4°
field of view of the ground. In this section, we describe in a
little more detail the optics, detectors, and cryocoolers used on
CIRAS. These technologies were chosen for their simplicity,
low cost, and high performance and were available at the time
of the CIRAS design. Advancements have been made that show
capability well beyond what we use in CIRAS. We touch on
these in Section IV.

1) CIRAS Optics: The CIRAS optical system is remarkably
simple but employs state-of-the-art optical manufacturing, as-
sembly, and testing to achieve the desired level of performance in
the IR. The optical system consists of the camera, the collimator,
and the telescope, as shown in Fig. 6. The CIRAS telescope
has a 15.0 mm aperture diameter and a 39.7 mm focal length,
whereas the spectrometer camera has a 45.0 mm focal length.
The basic approach using all refractive optics was developed
by JPL and Ball Aerospace in the late 1990s and mid 2000s.
There are no moving parts or lasers required for operation,
and once assembled, the system produces an image of the slit
and a spectrum for each position along the slit continuously,
with no power or moving parts. Spectral calibration uses the
upwelling spectrum or an on-board calibration target (e.g., pary-
lene), and stability is achieved through temperature control,
like on AIRS. The SIRAS and SIRAS-G IIPs demonstrated
wide-field all-refractive grating spectrometer systems operating
in the VLWIR and MWIR, respectively, with spectral resolution
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Fig. 7. CIRAS FPA mounted on a fanout board.

and field of view comparable to the CIRAS. CIRAS is different
in that it employs a silicon immersion grating developed at JPL
using e-beam technology. The immersion grating increases the
dispersion by the grating according to the refractive index of
the substrate and allows more favorable reflecting angles and an
overall smaller spectrometer.

The slit is similar to those developed by JPL for the Orbit-
ing Carbon Observatory 3 instrument [41], also a space-based
grating spectrometer, and is darkened with black silicon. The
required slit width is 2 pixels wide, and considering the mag-
nification of the spectrometer of 0.88, this gives a required slit
width of 42.2 μm. The measured slit width ranges from 40.0
to 45.0 μm, giving a parallelism of +/−5% with a mean width
of 42.5 μm, meeting our requirements for parallelism for the
technology demonstration.

All three optical subsystems, telescope, collimator, and cam-
era, are very similar and composed of three refractive lenses
each. The optical design model shows a worst-case smile of
30 μm and a keystone of 9.3 μm, better than our 2-pixel require-
ment of 48μm. The materials used, i.e., silicon, germanium, and
IRG-25 IR chalcogenide glass, were selected for their high index
of refraction, good transmittance in the MWIR, and their thermo-
optical properties. The CIRAS spectrometer has been designed
to be athermal from ambient to the operational temperature of
190 K. This means that as the optics and spectrometer housing
respond to change in temperature, the instrument remains in
focus. Although the optics are temperature controlled to 190 K in
the flight system, this feature allows the spectrometer to operate
at ambient for performance validation as reported below.

A stray light model of the instrument was performed as part
of the design. The model showed ghosting of signals due to
reflections off the first surface of the immersion grating. To
mitigate these effects, the grating was modified, and a two-band
filter was placed at the focal plane, with a break at 4.6 μm. This
had the added benefit of reducing the background flux at the
detector. Other possible errors, including stray light and scatter,
are controlled by the black silicon absorption of the entrance
slit, baffles, and coatings within the optics and the e-beam
control on the grating. Although performance characterization
for ghosting, scatter, and stray light has not been performed, none
was seen incidentally during the initial testing of the brassboard.

2) CIRAS Detectors and ROIC: Fig. 7 shows the CIRAS
FPA mounted on the fanout board. CIRAS uses a 512 × 640
element, 24-μm pitch JPL HOT-BIRD array. The HOT-BIRD
technology is based on III–V compound semiconductors and
offers a breakthrough solution for the realization of lower dark

TABLE III
CIRAS HOT-BIRD FPA PERFORMANCE REQUIREMENTS AND

OBSERVED VALUES

Fig. 8. CIRAS uses the Ricor K508N Stirling Cryocoolers.

current and improved uniformity and operability compared to
II–VI material (HgCdTe) at lower cost [39], [40]. Low 1/f noise
and high temporal stability allow CIRAS to use a slow scan
for better sensitivity and less frequent calibrations. The ROIC
chosen for the CIRAS FPA is the SBF193 by Lockheed Martin.
Dozens of detectors hybridized to ROICs were successfully
fabricated during the CIRAS InVEST effort on the first lot,
demonstrating the high producibility of the fabrication process.
The FPA selected for integration into the IDCA for the brass-
board was tested at an operating temperature of 115 K and meets
performance requirements as shown in Table III.

3) CIRAS Cryocoolers: Two Ricor K508N Stirling cry-
ocoolers (see Fig. 8), identical to the ones used in the IDCA
(shown in Fig. 9), are planned for use to control the focal
plane temperature to 115 K and the optics to 190 K. Ricor
cryocoolers were chosen for their low cost and compact size.
Other longer-life, compact cryocoolers can be considered for
future operational versions. This cooler has a mean time to
failure goal of 10 000 hours. Model analysis shows it will take
about 50 h to cool the optics from a temperature of 300 to 190 K.
The cooling margin for the optics cooler is 24%. It will take <1
h to cool the FPA from 293 to 115 K. The cooling margin for
the FPA is 200%.

The heat from the cryocoolers, electronics, scan motor, and
survival heaters will be conducted to the instrument panel that
becomes one of the 2U × 3U panels of the 6U or 12U CubeSat.
The entire spacecraft radiates the heat, achieving an operational



2936 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 9. CIRAS brassboard in ambient (left) mounted on a two-axis gimbal and stationary mirror and in TVac (right) with a GSE scan mirror viewing three
blackbody targets.

temperature of nominally 308 K. This thermal architecture
works with all beta angles and orbit altitudes from 200 km and
higher. A sunsynchronous orbit is not required, and the thermal
design is compatible with any orbit inclination. Survival heaters
on the cryocooler and instrument electronics are included to
maintain the equipment within nonoperating allowable flight
temperature limits during spacecraft fault conditions. The design
of the CIRAS focal plane mount for flight use is complete at
this time and involves mounting the HOT-BIRD detector on a
detector pallet with cables and a cold shield, which will in turn be
mounted on a detector mount (see Fig. 4). The detector mount
attaches directly to the optics housing via a low-conductance
support. A lightweight, flexible thermal strap attaches the de-
tector to the cold tip of the cryocooler to eliminate concerns re-
garding misalignment and jitter due to the cryocooler’s cold-tip
vibration. The thermal strap will be configured with a heater to
allow outgassing of the FPA in the event of icing contamination
in orbit.

E. CIRAS Brassboard Performance

A complete brassboard assembly consisting of the optics
(telescope, collimator, spectrometer, imager), detector (mounted
on the IDCA), and cryocooler was assembled, integrated, and
tested, first in ambient and then in TVac, as shown in Fig. 9.
In the brassboard configuration, the flight-like CIRAS opti-
cal assembly was integrated and aligned to the IDCA on a
ground-support equipment (GSE) baseplate. The CIRAS op-
tics are mounted atop flight-like thermal isolation bipods, and
the IDCA is mounted on an adjustable bracket atop the GSE
baseplate. The adjustable bracket provides articulation of the
IDCA with respect to the fixed CIRAS optics. During am-
bient testing, the entire optomechanical assembly, comprising
telescope/spectrometer, IDCA, baseplate, and subplate, was
mounted on a two-axis gimbal, which allowed the assembly
to be rotated in azimuth over the 15.4° FOV of the CIRAS
entrance slit. In TVac, a large pointing mirror is used to direct
the beam to multiple sources, including three blackbodies in the

TABLE IV
KEY PERFORMANCE PARAMETERS REQUIRED AND OBSERVED FOR CIRAS IN

THE MOST CHALLENGING “ZOOM” MODE

chamber, and through a window to the targets placed external to
the chamber, including a collimator that projects a slit for spatial
testing, an etalon, and a gas cell.

Results from testing of the CIRAS brassboard look excellent,
meeting the key performance requirements of the system. Ta-
ble IV shows the key parameters and the results obtained from
testing while the instrument was in ambient. Spatial performance
is met with considerable margin since the optical system is driven
by the image quality needed to achieve the high spectral resolu-
tion. The spectral range covers the whole band with a spectral
resolution ranging from 4.5 to 5.2 nm. Radiometric performance
looks good with high operability and signal collection efficiency
of the system. Assuming worst-case photon and thermal noise
from the flight system, we expect to meet our NEdT in-flight for
all operable channels. We expect 100% operability after binning
pixels for zoom mode or greater spatial resolution for all regions
except the gap between the filters. A more complete description
of the test procedure and results is given in the literature [36].

A major benefit of having a large-format FPA for CIRAS
and future grating IR sounders is that the spectral and spatial
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Fig. 10. (Left) Predicted temperature error for CIRAS expected and required, compared to CrIS. (Right) Water vapor error for CIRAS compared to CrIS.

sampling is better than Nyquist sampling. As shown in Fig. 5,
the CIRAS spectral dimension is perpendicular to the spatial
direction at the FPA. Misalignment of the dispersion direction of
the grating relative to the rows in the FPA and smile and keystone
distortions from the optics will produce spatial–spectral mixing
if uncorrected. During preflight spectral testing and in-flight
using the upwelling radiance, a transformation matrix can be
generated that identifies the spectral and spatial positions of
reference points in the FPA. This transformation matrix can then
be used to resample the signals from each detector to a rectilinear
spatial and spectral grid, allowing all spatial channels to have
the same frequency grid. Simulations involving a 0.5° rotation
resulted in radiometric errors of less than 250 mK in all channels
[42]. Experience with the CIRAS brassboard has shown that
we can achieve less than 0.1° (less than 1 pixel across the 640
dimension) in rotation accuracy and less than 2-pixel distortion,
leading to even lower residual errors.

F. CIRAS Retrieval Sensitivity

To evaluate the impact of the CIRAS expected performance,
compared to legacy sounders, a retrieval simulation for temper-
ature and water vapor profiles was performed. The simulation
considers both the “expected” capability (based on observed
capability of the brassboard) and the “required” capability. The
assumptions used in the model for the expected capability in-
clude an NEdT of 0.2 K at 280 K and a spectral resolution
(FWHM of the SRF) of 4.5 nm. The “required” capability for
CIRAS is introduced to reflect the current design capability with
margin while still providing adequate sensitivity of retrieved
temperature and water vapor accuracy. We establish a require-
ment of spectral resolution of 5 nm for all channels and NEdT at
280 K of <0.5 K for wavelengths less than 4.6 μm and <0.35 K
for wavelengths greater than 4.6 μm.

Fig. 10 shows the results of the simulation for temperature
(left) and water vapor profile (right) sensitivity based on the ex-
pected and required CIRAS instrument performance contrasted
with the CrIS instrument. The error profiles were calculated
by taking the square root of the diagonal of the posterior error
covariance. This analysis uses simulated CIRAS SRFs and in-
cludes the NEdT as the only error term. An operational retrieval

would have more error terms and could have higher errors. The
results show compliance with the “Threshold” capability for
temperature defined by NOAA [30], for most levels to 400 mb,
allowing some margin for retrieval errors. Water vapor meets
threshold requirements to 850 and 600–400 mb but does not be-
tween these levels. CrIS also appears to not meet the requirement
in this region to a lesser extent, which may indicate a difference
in assumptions between this analysis and that used to define
the threshold requirements. Similar performance comparisons
have been predicted independently for CIRAS, and despite the
lower performance compared to CrIS, a positive forecast impact
has been predicted when added to the operational system [32],
[33]. The CIRAS far exceeds the threshold spatial resolution
and coverage requirements, 50 km × 1100 km, as indicated in
Table II in global mode, while having additional modes with
higher spatial resolution.

IV. NEXT-GENERATION TECHNOLOGIES

In the following sections, we examine a few new technologies
that will improve the number of spectral channels and spatial
resolution in grating spectrometer IR sounders and extend the
CIRAS approach to the VLWIR. These technologies include a
concept for an optical system operating in the long-wavelength
infrared (LWIR; λc ∼8 to 13 μm) as an example of how the next
generation of optics can be made smaller. They also include tech-
nologies for LWIR and VLWIR detector materials and readouts
and high-performance cryocoolers, all in the context for use on
future grating spectrometer IR sounders, like MIRIS (for LEO)
and SIRAS-G (for GEO).

A. Optics

Wide-field all-refractive grating spectrometer optical systems
have been demonstrated in the MWIR and VLWIR, as mentioned
above, and are not the limiting factor in the spectral resolution
of the system. The number of spectral channels once limited
by detector technology in a grating spectrometer can now be as
many as can be placed on an FPA. 2 K or 3 K format FPAs are
now available and can be placed under a single objective band,
reducing the total number of spectrometers required in a future
IR sounder to as few as two (e.g., MIRIS).
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The new generation of IR sounder wide-field all-refractive
grating spectrometer optical system could employ a more com-
pact design than that used on CIRAS. An example is shown
in Fig. 2 (top right) for an LWIR hyperspectral IR spectrom-
eter for a composition sounder. The surfaces shown in red are
nonspherical. This spectrometer is designed to operate in the
9.66–11.76 μm region with a spectral resolution of 5 nm to
measure trace gas species and has 1280 spectral channels. The
specific implementation is not important here but the optical
form. The spectrometer operates near the Littrow condition, so
the same optics can be used for collimating light from the slit
and focusing light on the grating. The slit aperture is fabricated
in black silicon or other darkened material to prevent scatter
and stray light. Light passing through the slit is received by a
rotationally symmetric spherical lens that focuses the pupil on
the reflective stop on the rightmost surface of the dispersive
element. The backside of the dispersive element is a free-form
surface with a grating manufactured using e-beam lithography,
like the immersion grating developed for CIRAS. With this
approach, we realize a significant reduction in the number of
elements and the overall size of the system. The resolving power
of the immersed grating exceeds the resolving power of a planar
grating of similar size by a factor equal to the refractive index
(∼4 for Ge). The technology exists to make immersion gratings
on flat surfaces and first surface gratings on concave spherical
surfaces. Combining them, as shown here, would further reduce
the size of the systems.

B. IR Detectors

The next generation of grating IR sounders will depend on
large-format long-wavelength cutoff IR detectors. IR sounders
operate in the spectral band from 3.7 to 15.4 μm. HgCdTe IR
detectors have proven successful over the years with cutoff wave-
lengths of up to 18μm [43]. Single-element VLWIR HgCdTe de-
tectors show high performance, whereas HgCdTe FPAs typically
suffer from pixel-to-pixel nonuniformity and pixel operability
issues. Some work has been done in characterizing a 15-μm
cutoff HgCdTe mounted on a Hawaii-1RG ROIC operating at
less than 25 K for astronomy applications [44], but operation at
this temperature is not expected to be practical for operational
IR sounders. Investments in VLWIR HgCdTe detector materials
and FPAs are critical to reducing development time and risk of
future flight IR sounder programs.

Type-II superlattice (T2SL) Barrier Infrared Detector (BIRD)
technology [45]–[48], a breakthrough in III–V semiconductor-
based IR detectors and FPAs, invented at JPL in recent years
offers a solution for the realization of lower development cost
while reducing dark current and improving uniformity and op-
erability compared to II–VI material (HgCdTe). T2SL is an
artificially engineered III–V semiconductor material capable
of pervasive IR detection coverage, with an adjustable cutoff
wavelength (λc) ranging from ∼2 to 15 μm and beyond. The
T2SL-BIRD technology first saw success in the MWIR (λc
∼5.5 μm), demonstrating the best characteristics of both II–VI
and III–V detectors: HgCdTe high operating temperature and
InSb FPA uniformity, operability, large-format capability, and

Fig. 11. QE for T2SL BIRDs with no antireflection coating.

affordability. Specifically, the mid-wavelength high operating
temperature (HOT) BIRD exhibits the same salient FPA char-
acteristics as the market-leading InSb FPA, but at a 50K higher
operating temperature [39], [40]. The CIRAS instrument base-
line detector is T2SL since the MWIR material is mature and
offers higher temperature performance at the 115 K operating
temperature for hyperspectral imaging.

The success of the mid-wavelength T2SL-BIRD has led to
strong interest in the development of LWIR and VLWIR exten-
sions. Ongoing LWIR T2SL-BIRD efforts have also demon-
strated robust high operability/uniformity FPAs. A 12.6-μm
cutoff FPA was developed for the NASA Sustainable Land
Imaging—Technology (SLI-T) program. At 65 K, the FPA dark
current density is 3×10−5 A/cm2, and the quantum efficiency
(QE) is ∼18% in the LWIR (estimated internal detector QE,
considering pixel fill factor and surface reflection, is ∼35%).
The FPA demonstrated excellent uniformity and high NEDT
operability (99.98%). The spectral dependence of the QE for
several T2SL detectors manufactured at JPL is shown in Fig. 11.

C. Readout Integrated Circuits

Future grating IR sounders will require larger format FPAs
to allow more spectral channels and smaller detectors to handle
the high spatial resolution imaging requirement. Commercially
available ROICs will meet these requirements. Aside from the
analog ROICs, like the one used on CIRAS, the next generation
of ROICs will use on-chip digitization to reduce noise, increase
dynamic range, and increase readout rate.

For example, the Teledyne 2 K × 2 K GeoSnap, a digital out-
put ROIC (DROIC), has a maximum frame rate of greater than
150 Hz and a full well of 2.2 Me- [49]. The device is extremely
fast and has a high full well for an ROIC. The GeoSnap has
low noise, like analog ROICs, with a read noise of 328 e–. This
ROIC would be suitable for VLWIR sounding. Given a 16-μm
cutoff detector, to enable sounding in the 15 μm CO2 region, the
detector must operate at 52 K, assuming Rule 07 performance
[50], to prevent saturating this ROIC at the maximum frame rate.
Higher frame rate and full well can be achieved from this device
with small modifications in a semicustom fabrication. The use of
an LVF in the grating spectrometer optical system is necessary
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Fig. 12. (a) Northrop Grumman high efficiency cooler (HEC). (b) Northrop
Grumman mini-cooler plus (MCP).

in the VLWIR to reduce background flux and prevent saturation
of the DROIC, while also reducing noise and allowing a higher
operating temperature of the optics.

An innovative approach to get around ROIC saturation is to
use a Digital in-Pixel ROIC (DP-ROIC) [51], where the well
capacitor is reset when filled, and a digital counter built into each
unit cell is incremented; this provides a much higher effective
well capacity than achievable in a conventional analog ROIC.
A digital FPA made with a DP-ROIC permits longer integration
times and higher photon flux and dark current, but it has higher
read noise. The effective noise of the system is higher, so the
advantage here is the ultimately higher operating temperature
of the optics or cryocoolers or no need for the LVF filter, but a
larger aperture may be required to recover the SNR. DP-ROICs
can operate at kilohertz frame rates making them well suited for
use in high spatial resolution LEO IR sounders.

DP-ROICs are at various stages of development. Currently
available is the MIT-LL-13108 1280 × 480 format DP-ROIC
with a 20-μm pitch and a maximum effective well depth of 98–
426 million electrons (adjustable). This is approximately 16–70
times larger than the typical well depth in a conventional analog
ROIC. A smaller version, the MIT LL-1398A DP-ROIC with
480 × 640 pixels on 20 μm centers, with identical properties
has been selected for demonstration with the T2SL-BIRD at
JPL supported by ESTO. The power dissipation of this device
was not available at the time of this writing, but it is understood
to be considerably higher than the analog ROICs or DROICs.

D. Cryocoolers

Cooler selection for future grating IR sounders requiring the
VLWIR is highly dependent on the operating temperature of the
FPA. For the next-generation IR sounder requiring 60 K opera-
tion, with the cryocooler’s cold tip operating at approximately
5 K colder to account for the flexible thermal strap connecting
them, the cold tip temperature would be set at 55 K. Assuming
a 1 W heat lift, the radiator needed to dissipate heat from the
cryocooler would be 0.18 m2 and reject 87 W at a temperature
of 298 K. The estimated 1 W thermal load for the FPA assumes
an active load of the detector (∼200 mW), the digital ROIC
(∼500 mW), and the structural conduction and radiated loads
(∼300 mW).

For these requirements, two good candidate choices for cool-
ers are the Northrop Grumman High Efficiency Cooler (HEC)
[see Fig. 12(a)], which has numerous coolers currently oper-
ating in space (TRL 9), and the smaller Northrop Grumman

Minicooler Plus (MCP) [see Fig. 12(b)], which is currently
in development (TRL 6). The MCP cooler is shown without
structural/thermal supports. Assuming that the heat rejection for
the coolers is 300 K, the bus power required to deliver 1 W of
cooling for a 60 K FPA will be on the order of 50 W.

The cryocooler controller of choice is the IRIS LCCE-2 due
to its efficiency, compact size, and cost. The LCCE-2 is a high-
performance electronics box that provides command and control
of a 100-W class cryocooler and is sufficiently radiation tolerant
to support long-life space cryocoolers.

V. BENEFITS OF GRATING SPECTROMETERS FOR FUTURE

IR SOUNDERS

Although a variety of spectrometer instruments that would
meet performance requirements can be conceived, the complex-
ity of the development and the ultimate resource requirements
of that instrument will impact the overall cost of a future flight
operational program. Second-order artifacts will always exist
that are particular to that design form, and it is hard to say that
one form is better in every capacity. Resource utilization (i.e.,
size, mass, power, and data rate), however, is fundamental driver
in instrument cost and can be used to compare different technical
approaches to IR sounding.

A. Instrument Size and Mass

The size and mass of an IR instrument typically scale with the
aperture diameter, not only because of the size of the telescope,
but also because of the increase in size required by the on-board
calibrators and scanning system. Grating spectrometers can use
smaller collecting apertures to achieve the required NEdT since
key noise sources are lower. The optical background flux and
associated noise can be lowered in a grating spectrometer system
through the use of bandpass filters (or an LVF) tailored across the
FPA. Grating spectrometer instruments do not have correlated
spectral noise and are less susceptible to vibrational noise [52],
[53]. This is achieved by mounting the FPA directly to the
optics, so the two move together under vibration, and the use
of a flexible thermal link to the detector to further isolate the
primary source of vibration in the system. Out of band response
is limited through the selection of low orders (order 1 in CIRAS)
and bandpass filters to reject optical ghosting.

Another key factor leading to a smaller aperture in grating
spectrometers is a wide FOR with minimal off-axis spectral shift.
As mentioned above, the greater the 2-D FOR of the optical
system (and FPA size), the longer the dwell time, improving
SNR that can be traded for a smaller aperture or better spatial
and spectral resolution. AIRS acquires all spectral channels in
a roughly circular 1.1° footprint on the ground in a dwell time
of 22.4 ms [16]. The CrIS, an FTS instrument, can acquire all
spectral channels in a 3° × 3° FOR (9 footprints) in 167 ms [2].
CIRAS acquires all spectral channels in a 15.4° × 1.1° FOR (12
footprints) in 257 ms, the longest of the three. CIRAS makes use
of the increased dwell time by having only a 15-mm aperture
(vs 3 mm in AIRS and 80 mm in CrIS) and warmer detectors
(58 K for AIRS, 98 K for CrIS MWIR/SWIR, and 115 K for
CIRAS). As the position of the detectors moves off-axis in the
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FTS, the amount of spectral shift increases and the shape of
the interferogram changes, often called self apodization. The
effect is correctable but leaves residual noise in the spectra and
increases the correlation of the noise in the entire band [54], [55].
Removing the spectral shift (keystone and smile distortion) in a
grating system is achieved through a spatial resampling of the
signals from the FPA as mentioned above, with minimal impact
on the instrument noise [36].

B. Power and Data Rate

External data rates depend on spatial resolution, coverage,
and number of spectral channels, whereas internal data rates of
an FTS system are much higher. FTS systems must oversample
the signal by over four orders of magnitude in order to make
an interferogram that can be transformed into the spectrum
[56], [57]. This leads to higher power consumption from the
electronics in order to process the data stream (e.g., resampling,
filtering, decimation, bit trimming, data compression). The mass
and power of IRS in one early reference are 350 kg and 650 W,
respectively, [58]. The grating spectrometer approaches men-
tioned above use much larger format FPAs, with much lower
frame rates consistent with commercially available ROICs (e.g.,
the CIRAS frame rate is nominally 16.2 Hz). The reduced
signal processing passes onto the ground system as well. Grating
spectrometer IR sounders require a much simpler algorithm to
calibrate the instrument in the Level 1B and Level 1C processing
[19], [25] than the FTS [2].

C. Lifetime

Once built, a grating spectrometer optical system produces
spectra continuously with no moving parts or power until it is
obstructed or damaged. Advanced design and material tech-
nologies assure robustness of the assembly to launch, good
thermal uniformity, and precision placement and bonding of
the elements. Refractive optics can be sensitive to darkening
due to radiation and contamination; however, these effects are
less pronounced in the IR. All-refractive objective assemblies,
like CIRAS but without a grating, were flown on the MODIS
instruments [59] and have also provided good image quality with
no apparent darkening for decades in space. The FTS system
requires the use of at least one laser for metrology and a moving
mirror mechanism. Although both of these subsystems have
proven reliable to date, they increase the complexity, mass, and
power of the instrument while reducing the reliability.

VI. CONCLUSION

The AIRS instrument was the first hyperspectral IR sounder
in space designed for weather prediction and climate science.
AIRS was also a technology demonstration of advanced IR
optics (gratings, coatings, etc.), detectors, including long-wave
cutoff HgCdTe, and active cryocoolers. The instrument has been
an incredible success, performing exceptionally well over 20
years in space without a failure, and has shown exceptional
resolution, stability, and accuracy. AIRS data have contributed
to the improved weather forecast, validation of weather and
climate models and processes, and measuring changes in climate

and atmospheric composition over the last 20 years. The AIRS
instrument is an engineering marvel, but it is limited due to
the state of the art of detectors at the time, having only nearly
linear (2 × N) arrays. This led to residual coregistration errors,
caused during the fabrication of the instrument, driven by the
need to optically piece these arrays together to make a single
spectrum. The use of these arrays led to detector outages since
there are only two detectors per resolution element. These issues
are relatively minor and have been resolved through ground
processing algorithms in the Level 1C product.

New detector technology has changed the game for IR grating
spectrometer sounders by providing more detectors per spatial
resolution element and more spectral channels on a single FPA.
This enables at or near 100% operability, with all channels
under a single objective having nearly the same spatial and
spectral response. The large-format FPA enables a higher signal
collecting area, leading to smaller apertures or higher spatial
resolution for a given aperture. These principles have been
demonstrated in the CIRAS brassboard system built and tested at
JPL sponsored by NASA ESTO, NOAA OPPA, and JPL internal
investments. Results show that the CIRAS brassboard meets
all key performance requirements within the uncertainty of the
measurements and limitations of the testing. CIRAS provides
the wide-field scan ±50° at legacy resolution, 14 km, and it
also has a zoom mode to provide 3.5 km resolution over a
smaller cross-track swath and a 1-km imaging mode. CIRAS
operates in the MWIR band to fit in a CubeSat volume and
meets most “threshold” requirements established by NOAA for
an IR sounder to about 400 mb.

The lowest hanging fruit to improved weather forecast at a
relatively low cost would be to fly one or two CIRAS-like instru-
ments to “fill-in-the-gap” between crossings times of the POR
and, in general, improve the temporal revisit of the constellation.
This would benefit near real-time weather forecasting using IR
sounding retrievals [60]. CIRAS Zoom mode enables higher
horizontal resolution where needed, possibly closer to a storm
or weather front. A constellation of CIRAS instruments could
further improve temporal revisit and horizontal resolution of
IR sounding measurements and potentially provide 3-D AMV
wind measurements using 2–3 CubeSats or SmallSats in trailing
orbits. The advantage of a large constellation over a single GEO
sounder is the ability to provide global coverage with no loss of
horizontal resolution in the polar regions. International and com-
mercial participation in the global constellation would reduce
cost and facilitate sustainability. Alternately, a single grating
spectrometer IR sounder for GEO could use large-format FPAs
and achieve a small aperture size and low mass, power, and data
rate.

Regardless of orbital configuration or instrument type, the
next generation of IR sounders promises to provide enhance-
ments in spatial, temporal, and spectral resolutions. A strong
and vibrant community of engineers and scientists has amassed
a wealth of experience, techniques, and knowledge from AIRS,
CIRAS, and the other operational sounders and are ready to han-
dle the challenges we face in the utilization of new IR sounding
data to improve the weather forecast and address the critical
questions we face in the coming decade relating to weather,
atmospheric composition, and climate science.
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