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Abstract—A geostationary (GEO) hyperspectral infrared
sounder (HyIRS) is capable of providing high spectral (0.625 cm−1),
temporal (every 30 min) and spatial (4 km) resolution observations
over the continental U.S. (CONUS). Frequent observations from a
GEO-HyIRS at high spatial resolution are expected to contribute
to the generation of three-dimensional structures of atmospheric
temperature and humidity, and wind. These new observations will
provide valuable information for timely forecasts of severe storms
over the CONUS and the overall Western Hemisphere. Infrared
(IR) sounder observations from a geostationary orbit open a new
set of possibilities, including the capability of monitoring the di-
urnal cycle of atmospheric patterns, which is difficult from Low
Earth Orbit IR sounders and the capability of timely and accurate
retrievals of several trace gases. In this article, the feasibility of
adding a HyIRS into the next generation of U.S. geostationary
environmental satellites is studied. The configuration of a notional
U.S. GEO-HyIRS sensor and its ground data processing system
are discussed. A hyperspectral IR data simulator is developed and
reported as part of this engineering study, where proxy data is used
to model the end-to-end ground processing system. Various consid-
erations for the configuration and the calibration and validation of
the instrument are addressed.

Index Terms—Calibration, geostationary, infrared, remote
sensing, sounder.

I. INTRODUCTION

HYPERSPECTRAL infrared sounders (HyIRS) are
key remote sensing instruments used to construct

vertical profiles of atmospheric temperature and moisture for
meteorological and climatological research. HyIRS is a type of
meteorological sensor that can be deployed in LEO or GEO orbit.
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Radiances from HyIRS sensors on Sun synchronous polar
orbiting satellites are routinely assimilated into Numerical
Weather Prediction (NWP) models, which has been shown to
improve forecast skill. This type of meteorological sensors,
along with microwave sensors, has been very cost-effective and
shown significant positive impact on global NWP applications.
Examples of such instruments are the National Aeronautics and
Space Administration (NASA) Atmospheric Infrared Sounder
(AIRS) [1], the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT) Infrared Atmospheric
Sounding Interferometer (IASI) [2], and the Joint Polar
Satellite System (JPSS) Cross-track Infrared Sounder (CrIS)
[3]. The HyIRS sensors are capable of sensing changes in
thermodynamic variables (temperature and water vapor), trace
gas species (carbon dioxide, methane, carbon monoxide, ozone,
among others) as well as critical climate variables such as surface
temperature.

A HyIRS in a Geostationary (GEO-HyIRS) orbit can
provide Earth observations with improved spatial and temporal
resolution compared to LEO IR sounders, and thus, provide
highly valuable information to improve the understanding of
the entire life cycle of convective systems and the forecasting
of severe weather events [4], [5]. Several Observing System
Simulation Experiments (OSSEs) have demonstrated the
benefits of observations from a GEO-HyIRS. In [6], data
assimilation experiments demonstrate the improvement in
the forecast of representative meteorological fields, including
moisture, temperature, wind, heavy rainfall, as well as reduction
in the tropical cyclone track forecast errors associated with the
assimilation of frequent clear-sky radiances from a GEO-HyIRS.
A previous study, reported in [7], shows the benefits of
assimilating high spatial and temporal resolution GEO-HyIRS
observations in short-term forecasting of severe storms. The
OSSE results presented in [8] indicate the potential improvement
in the specific humidity modelling from the assimilation of
observations from the geostationary EUMETSAT Meteosat
Third Generation Sounding Satellite (MTG-S) Infrared
Sounder (IRS).

Several meteorological and space agencies have either
launched or plan to launch HyIRS sounders in GEO orbit. The
China Meteorological Administration (CMA) launched the Geo-
stationary Interferometric Infrared Sounder (GIIRS) on board
the FY-4A on May 1, 2018. The value of these new type of high
temporal observations to improve the quality of atmospheric
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wind profiles and the forecast of track and intensity of tropical
cyclones has been recently demonstrated [9]–[13]. EUMETSAT
is planning to launch the IRS onboard the MTG-S satellite
towards the end of 2023 [14]–[18]. The Japan Meteorological
Agency (JMA) is planning to include a HyIRS instrument as
part of the discussions of the follow-on program for the oper-
ational geostationary satellites Himawari-8 and -9, which are
scheduled to operate around 2029 [6]. In the same direction,
the National Oceanic and Atmospheric Administration (NOAA)
National Environmental Satellite, Data, and Information Service
(NESDIS) has conducted preformulation studies to perform
technical and cost assessments for including a HyIRS sensor
in the NOAA’s Geostationary Extended Observations (GeoXO)
satellite system, as a successor of the Geostationary Operational
Environmental Satellites (GOES) sounder [19], [20]. As part
of the recommended GeoXO constellation, a GEO centrally-
located spacecraft will carry a hyperspectral infrared Sounder
(GXS) with the objective to provide real-time information of
thermodynamic vertical profiles for numerical weather predic-
tion and nowcasting [21]. The GXS is expected to complement
the present efforts made by Europe and Asia, and to advance
the response to the vision for space in 2040 of the World Me-
teorological Organization (WMO) Integrated Global Observing
System [22], [23].

The purpose of this engineering study is to model the data
characteristics and ground data processing requirements for a
GEO-HyIRS sensor, using the NOAA CrIS sensor as a proxy.
The study is aligned with the NOAA/NESDIS strategic goal to
provide observational leadership in geostationary observations
in a timely manner to both promote and protect the Nation’s
environment, security, economy, and quality of life. This arti-
cle was supported by the NOAA/NESDIS/Office of Projects,
Planning, and Analysis under the Technology Maturation
Program.

This article starts with a summary of benefits of an operational
GEO-HyIRS and the analysis of LEO/GEO-HyIRS sensors
that are currently operated by international agencies, and
those that are planned for future launches by partner agencies
(see Section II). Section III discusses the configuration of a
notional GEO-HyIRS instrument that holds specific spectral,
spatial, and temporal characteristics, while Section IV is
dedicated to discuss the hypothetical configuration of the
ground segment (GS) for the GEO-HyIRS instrument. A
software simulator was developed to produce GEO HyIRS
proxy data using Suomi National Polar-orbiting Partnership
(S-NPP) and NOAA-20 CrIS observations. This data helped to
enable the design and testing of an end-to-end data processing
system on the ground. The simulation results are provided
in Section V. Various considerations and challenges for the
calibration and validation of a GEO-HyIRS are discussed in
Section VI, along with several subtopics on data simulation,
allocation of calibration and validation modules. This section
also includes the benefits of applying principal component
compression (PCC) to the GEO-HyIRS observations.
Concluding remarks and a summary of this article are given in
Section VII.

II. GEO-HYIRS BACKGROUND

A. Benefits of an Operational GEO-HyIRS

The accuracy of NWP depends on the quality of observations
from a variety of sources, a high-performance computer sys-
tem, and an advanced numerical model with data assimilation
technology [24]. Satellite-based remote sensing instruments can
acquire information about the structure of geophysical variables
at a global scale, which are critical input to the global/regional
NWP models. While an infrared imager can provide a com-
prehensive horizontal representation of the atmosphere, only an
IR sounder can provide information about the three-dimensional
(3-D) structure of atmospheric variables, including temperature,
humidity, and wind. This capability enables the possibility of
tracking the evolution of atmospheric variables, particularly
if observations are made frequently. For example, performing
observations from geostationary sounders allows the monitoring
of the diurnal cycle of atmospheric patterns.

A major drawback of the legacy infrared sounders, such as
the GOES-N, O, P series, is that their spectral bands are too
broad to resolve the individual atmospheric absorption lines
and can only yield coarse vertical resolution, thus limiting the
ability to observe the atmosphere’s structures. For example,
the old-generation GOES sounders only have 18 IR bands at
a resolution of 10–100 cm−1 for a single band. Instead, present
HyIRS instruments are able to provide measurements at very
fine spectral resolution on the order of 0.5 cm−1. This enables
measurements of important changes in the vertical structure of
the atmosphere at a resolution of 1-2 km, depending on altitude
[25]. A hyperspectral sounder can also support the monitoring
and forecasting of air quality by providing estimates of diurnal
variations of atmospheric trace gases like ozone and carbon
monoxide. This capability has been demonstrated by existing
LEO IR sounders, such as AIRS, IASI, and CrIS [26]–[28].
While a LEO-sounder can provide global atmospheric profile
data, one satellite can only cover any given location of the earth
twice per day (except for the polar regions). Even worse, the
location of a storm development may coincide with the orbital
gaps of a LEO satellite, causing a disruption in the continuity
of the monitoring of the weather event. As a result, existing
LEO-sounders are only suitable for the coverage of large-scale
weather systems, such as those falling within the synoptic scale.

GEO satellite systems circulate the earth at an altitude of
about 36 000 km above the equator with an orbital period of
24 h. Therefore, they are stationary above a certain point above
the equator. An advanced sounding mission from geostationary
orbit can provide the high spectral, high temporal, and high
spatial resolution observations needed for the timely forecasting
of severe thunderstorms and tropical cyclones. This accounts
for the assimilation of these type of observations into NWP
forecast models that impact 12-72-h forecasts and beyond [29],
and short-term forecasts that predict the weather within ap-
proximately a 6-h window (nowcasting). Presently, the value
of assimilating observations from LEO hyperspectral infrared
sensors into regional models is limited by the poor latency asso-
ciated with observations from LEO sensors [30]. However, the
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TABLE I
KEY PARAMETERS OF CURRENT AND PLANNED HYPERSPECTRAL IR SOUNDERS IN GEOSTATIONARY ORBIT COMPARED TO THE LEO CRIS

1The published requirement is 0.1 K equivalent, corresponding to a band dependent spectral accuracy of about 5–10 ppm.
2Data Compression information is not available.
3Data Rate before compression.
4Date Rate after compression.
5CrIS is a LEO sensor. It is listed as a main proxy sensor for this study. The spectral information is for CrIS operating in full spectral resolution mode.

benefits of LEO HyIRS observations to support nowcasting have
been demonstrated. This is the case of a recent study that shows
that operational JPSS CrIS observations can be used to support
the analysis of preconvective environments [31]. In this regard,
more frequent observations of thermodynamic atmospheric pro-
files from an operational GEO-HyIRS are expected to result
in enhanced nowcasting capabilities. Moreover, GEO-HyIRS
sensors are being planned with higher spatial resolution than
present IR sounders in LEO orbit, which is expected to further
benefit nowcasting and NWP applications due to the increased
probability of finding clear-sky conditions [32].

Because a GEO-HyIRS observes the earth at high altitude,
smaller earth view scan angles of less than 7.5° for all scenes
are possible, making the shapes of the field-of-views (FOVs)
among detectors far more uniform than those found in the LEO
sensor observations, where the typical earth view scan angles
are within a range of ±45°. This particular characteristic of
geostationary sensor observations makes the interpretation of
the observed radiance simpler. On the other hand, the maximum
viewing angle at the earth surface, or local viewing zenith angle,
for a GEO-HyIRS can be as large as 90˚ at the peripheral region
of the full disk (FD) of the earth. Thus, the temperature gradients
in the slant path could not be neglected in the simulations of
the observed radiances by current fast radiative transfer models
(for example, most fast radiative transfer models can not handle
local zenith angle greater than 65˚). Due to that, either the
selected scenes should be restricted to those associated with
smaller viewing angles, or the impact of the slant path should
be considered in the radiance simulation process [33].

The capability of generating accurate retrievals of several
trace gases, such as H2O, CO2, and O3, can also be enhanced
with a GEO IR sounder due to its superior spatial and temporal
resolving power. For example, the diurnal variation of these

trace gases can be routinely monitored over a regional domain.
Moreover, the value of geostationary IR sounders is not limited
to the nowcasting of severe weather; its benefits extend to other
applications, including monitoring atmospheric composition
(due to its diurnal cycle capabilities), volcanic activity, fires,
and other extreme events.

B. Heritage LEO and GEO-HyIRS

Several major meteorological and space agencies either have
launched or plan to launch hyperspectral sounders into geo-
stationary orbits, such as the GIIRS aboard the CMA FY-4
and the IRS aboard the EUMETSAT MTG-S satellite. Table I
compares the technical capabilities and key parameters of these
sounders, as well as the NOAA CrIS sensor in LEO orbit, which
is used as a main proxy IR sounder to design many of the
instrument parameters presented in this engineering study. The
list also includes the Geostationary Imaging Fourier Transform
Spectrometer (GIFTS) for the cancelled NASA EO-3 mission.
As observed from Table I, the value of the hyperspectral IR
sounders on geostationary orbit resides on their capability to
provide observations with repeated cycles of about 30 min,
spatial resolution of up to 4 km, radiometric accuracy better
than 1.5 K, and spectral accuracy better than 10 parts per million
(ppm), along with high radiometric sensitivity associated with
their low radiometric noise. In terms of spectral coverage, the
IR sounders basically cover the long-wave infrared (LWIR),
the mid-wave infrared (MWIR), and the short-wave infrared
(SWIR) spectral ranges, which hold critical information for the
sensing of atmospheric temperature, tropospheric water vapor as
well as trace gases. In terms of instrument design, the infrared
sensors listed in Table I are Fourier transform spectrometers
(FTS). Due to the high spatial, temporal, and spectral resolution,
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high downlink data rates over 100 Mb/s are required for the
GEO infrared sounders. For example, the LEO CrIS sensor has
on-board data processing similar to the MTG-IRS, but it only
requires a downlink data rate of about 2.5 Mb/s.

C. Technical Parameters of a GEO-HyIRS
for NWP Applications

To provide valuable data for NWP and nowcasting appli-
cations, the GEO-HyIRS should meet strict requirements for
spectral, spatial and temporal coverage. The GEO-HyIRS shall
cover a Contiguous U.S. (CONUS) scene at least every 30 min
(compared to 5 min for the NOAA’s GOES R-series (GOES-R)
Advanced Baseline Imager (ABI)) and cover a FD Western
Hemisphere scene every 60 min (10 min for ABI).

Based on the instrument parameters reported in Table I, these
requirements could be met using a dwell consisting of about 155
× 155 FOVs at 4 km resolution at nadir (or 112 μrad in ground
sample angle) measured approximately every 10 s. For a GEO
sensor to cover a FD image, its field-of-regard (FOR), which
corresponds to the total area observable by the sensor, needs to be
at least 17.5˚. The actual FOR needs to be large enough to allow
for the observations of both the earth disk and the deep space at
the earth limb for detector background subtraction, along with
other imposed margins. A FOR value of 20˚ should be adequate
for the GEO-HyIRS. At the same time, a maximum local view
zenith angle of about 60˚ is recommended to reduce slant path
effects [33]. The dwelling observation time of each FOV is
determined to be 10 s (similar to the EUMETSAT MTG-IRS).
Radiometric and spectral requirements are set similar to CrIS.
These technical parameter requirements are consistent with the
planned GXS [34]. In this article, a downlink data rate close to
90 Mb/s was used as a design requirement, since this is close to
the actual data rate used in the configuration of the operational
GOES-R ABI instrument and its ground data processing system
[35], [36]. This design requirement is in line with the GIFTS
and MTG-IRS specifications and with the instrument science
and engineering data rate requirement, of less than 150 Mb/s, of
the GXS sensor [34].

III. CONFIGURATION OF A GEO-HYIRS INSTRUMENT

The hypothetical instrument configuration and the scanning
scheme of the notional GEO-HyIRS was defined after estab-
lishing a tradeoff between data volume, temporal coverage, and
spatial resolution. The strategy used to define the configuration
and design parameters of the GEO-HyIRS instrument was to
perform a tradeoff analysis using the instrument downlink data
rate as an anchor parameter. The downlink data rate is one of the
major limiting and critical instrument design parameters since
it influences not only the instrument characteristics, but also
the design and cost of the ground segment system. In order
to determine the GEO-HyIRS data rate, the CrIS downlink
data rate was used as a reference and was scaled to define
key parameters of the GEO-HyIRS instrument, such as spatial
resolution, spectral coverage, dwell observation period, and the
number of detectors per dwell. By using the CrIS as reference,
it is assumed that the GEO-HyIRS will be an FTS spectrometer,

Fig. 1. Dependency of RDR data volume/rate as a function of focal plane
array size (Top-left), spatial resolution (Top-right), number of spectral bands
(Bottom-left) and dwelling period (Bottom-right). The blue diamond indicates
the GEO-HyIRS configuration that would provide a downlink data rate of 90
Mb/s.

having similar on-board data processing to CrIS. This is a valid
assumption, since planned GEO-HyIRS instruments like the
MTG-IRS or GIFTS, are also FTS spectrometers with on-board
data processing equivalent to CrIS.

The advantage of using CrIS as a reference is that it is an
operational sensor that meets the NWP requirements with a
robust design and GS architecture that has provided science data
since 2012. The CrIS data rate is approximately 2.5 Mb/s and in-
cludes compressed complex interferograms, telemetry as well as
calibration parameters and tables in the form of raw data record
(RDR) packets. In this analysis, 910 samples per interferogram
per spectral band and an average of 10.5 bits per interferogram
sample were assumed. These parameter values are very close
to the values found in the CrIS sensor. This information along
with the dwelling period and size, FOV spatial resolution and the
number of spectral bands was used to determine the GEO-HyIRS
RDR data rate (see Fig. 1). With respect to the spectral bands,
the notional GEO-HyIRS is expected to have LWIR and MWIR
bands with the spectral coverage defined in Table II. Results
presented in Fig. 1 clearly illustrate how fast the downlink data
rate increases as the number of detectors and spatial resolution
increase or as the dwelling period decreases.

In this article, the GOES was used as a reference for the GS
architecture of the GEO-HyIRS. In Fig. 1, the blue triangle
indicates the GEO-HyIRS configuration that would provide a
downlink data rate of 90 Mb/s. Based on this baseline require-
ment and assuming: 1) a dwelling observation time of 10 s and
a spatial resolution of 4 km, which are compatible with the
GIFTS and MTG-IRS specifications, and 2) the selection of
two spectral bands (LWIR/MWIR), the notional GEO-HyIRS
instrument configuration is reported in Table II. Table II shows
that the required focal plane array size consists of 155×155
detectors. This implies that each instrument dwell observation
has the capability to cover about 620×620 km2 every 10 s.
The size of the focal plane array is very consistent with the
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TABLE II
POTENTIAL CONFIGURATION OF THE NOTIONAL NOAA GEOSTATIONARY

HYPERSPECTRAL INFRARED SOUNDER COMPARED TO THE EUMETSAT
MTG-IRS INSTRUMENT CONFIGURATION

1Detector assembly size is derived from a trade-off between Coverage Rate and
Downlink Data Volume.
2https://earth.esa.int/web/eoportal/satellite-missions/m/meteosat-third-generation.
3The data are compressed with CrIS approach before downlink.

MTG-IRS. The data volume of RDR and calibrated observations
in the form of Sensor Data Record (SDR) per day is expected
to be close to 1 TB. For the calculation of the SDR data
volume, the CrIS SDRs at full spectral resolution (FSR) were
used as proxy data. The CrIS SDRs account for geolocation
information.

In order to provide valuable data for NWP and nowcasting ap-
plications, it was established that the GEO-HyIRS should cover a
CONUS scene every 30 min and cover a FD Western Hemisphere
scene every 60 min. In terms of data processing latency, less than
10 min should be recommended for the CONUS region and less
than 30 min for the FD. The notional scanning configuration
of the GEO-HyIRS that repeats approximately every 60 min
is illustrated in Fig. 2. It includes: 1) earth scene (ES) dwell
observations as well as 2) Internal Calibration Target (ICT)
or hot temperature reference dwell observations, and 3) deep
space (DS) or cold temperature reference dwell observations,
required for sensor calibration. The notional scanning sequence
could consist of, first, performing 35 consecutive ES dwell
observations over the CONUS region (identified by area with
yellow-color dwells) within an estimated time of 5 m:50 s. Then,
the FD is partially covered with approximately 118 consecutive
ES dwell observations (illustrated by green-color dwells) within
about 19 m:40 s. This sequence is repeated twice to cover the
FD and the CONUS twice within less than 60 min. In this con-
figuration, ICT dwell observations are performed approximately
every 5 min to calibrate the instrument against instrument gain or
temperature change variations. For the GEO-HyIRS, two types
of DS observations have been considered. One type provides
the background signal for the ICT observations, at the limb of
the earth when each E-W scan starts. The time intervals between

Fig. 2. Notional 60-min scanning scheme of the GEO HyIRS instrument,
designed to cover the CONUS scene every 30 min and the FD scene every 60
min. A total of 349 dwells have been identified: CONUS scene has 35×2 = 70
(35 dwell positions and each dwell position is scanned twice) dwells in total,
the ICT scene has 12 dwells, the DS scene has 30 dwells and the FD scene
(excluding CONUS) has 237 dwells.

TABLE III
GOE-HYIRS SCAN TIMELINE SUMMARY

∗The remaining time of the 1-h timeline is reserved for scan mirror movement, telemetry
collection, etc.

the DS observations are thus varying with the numbers of dwells
in the row from 90 s to 190 s. The other type of DS observations
is for the actual calibration of the ES observations. This type
of DS observations is made with the same frequency as the ICT
calibration. The viewing directions of the two types of DS views
are, thus, different.

In total, 349 dwell observations will be collected within about
1 h: 70 (35×2) ES dwells over the CONUS region, 237 ES dwell
observations outside the CONUS region as well as 12 ICT dwells
and 30 DS dwells for sensor calibration. The scan timeline of
the GEO-HyIRS is summarized in Table III. It is important to
highlight that all the parameters and configurations assumed in
this analysis can be scaled accordingly.

The main purpose of the performed analysis was to establish
a baseline configuration for the GEO-HyIRS sounder, with the
objective of performing the corresponding feasibility study to
identify major challenges in terms of instrument design and
calibration as well as GS architecture design and cost.
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Fig. 3. Ground data processing system of the GEO-HyIRS (based on the operational CrIS sensor ground data processing architecture).

IV. CONFIGURATION OF THE GROUND SEGMENT SYSTEM FOR

THE GEO-HYIRS INSTRUMENT

For the GEO-HyIRS, the configuration of the GS is a
critical component of the whole system and needs to be
considered in this engineering study. Similar to the current
GOES satellites, the GEO-HyIRS GS architecture is assumed to
operate from three sites and two Operations Support Locations.
The NOAA Satellite Operations Facility in Suitland, MD
houses the primary Mission Management (MM) functions of
Tracking, Telemetry and Command, the Product Generation
(PG) functions of Level 2+ (L2+) product generation, and the
Product Distribution (PD) of Level 2+ products. The Wallops
Command and Data Acquisition Station in Wallops Island,
VA provides space communications services and Level 1B
(L1B) product generation. The third site is a geographically
isolated Consolidated Backup Facility (CBU) located at
Fairmont, West Virginia. The CBU functions as a completely
independent backup for designated MM, PG, and PD functions
for the production and delivery of L1B data. The L1B sensor
radiances from the hyperspectral sounder will be the Key
Performance Parameters for the mission as they are expected to
be assimilated in NWP models. In this hypothetical setup, the
CBU has visibility to all operational and on-orbit spare satellites.
The L2+ products are expected to be retrievals of atmospheric
temperature, water vapor, trace gasses and winds, along with
derived atmospheric stability parameters that go to the NOAA
National Weather Service forecasters at the Weather Forecast
Offices.

An important element of this article was to determine the
data rates from the sensor so that the ground segment system
can be adequately sized. The notional instrument would have a
fairly high data rate, combining high sounder imaging cadence
(< 60 min FD refresh) with moderately high spatial resolution
(in the 3–5 km nadir range). Spectrally, the GXS instrument is
expected to have a similar resolution to that of the JPSS CrIS
sensor [34], providing a good tradeoff between signal to noise
ratio performance and vertical resolution. In this engineering
study, we analyzed the design and specifications of hyperspectral
sounders in a geostationary orbit that are currently operating and
those that are planned to be launched. This includes the CMA
GIIRS sensor, which was launched in 2016 aboard the FY-4A
satellite, and the EUMETSAT IRS sounder, aboard the MTG-S
satellite.

A. Main Modules for the GEO-HyIRS L1B Generation

The purpose of the GS data processing system is to convert the
downlinked interferograms into radiometrically, spectrally, and
geometrically calibrated radiance spectra, also known as L1B
data or SDR products. We expect to follow the data processing
flow of the CrIS instrument, which has been operational since
2012. The main functional modules of the GEO-HyIRS ground
segment system are illustrated in Fig. 3. This system is expected
to have similar architecture to the operational CrIS ground
segment system. The main data processing modules are briefly
described below. Further details can be found in the CrIS SDR
Algorithm Theoretical Basis Document [37].

1) The preprocessing module: The data input to the GS
processing system are science RDR or Level-0 (L0) data,
which is composed of raw Consultative Committee for
Space Data Systems packets from the spacecraft, together
with added metadata such as spacecraft level ephemeris
and attitude information. The preprocessing module un-
packs the L0 data and application packets, sorts the inter-
ferograms based on time, FOV and FOR, performs quality
control tests, and establishes the calibration 4-min moving
window for averaging DS and ICT data. The module
also computes the laser metrology wavelength from neon
calibration data for the spectral calibration.

2) Fast fourier transform module: This module converts the
ES, DS, and ICT interferograms to raw spectra. The raw
spectra are wider than the spectra of the final L1B data,
and the extra spectral bins at the beginning and end of the
L1B spectra (guard band) are discarded at the end of the
L1B data processing.

3) Fringe count error handling module: The module detects
and corrects phase errors of the raw spectra due to inter-
ferogram sampling shifts.

4) Nonlinearity correction module: This module removes the
second-order nonlinearity by scaling the raw spectrum
with a factor applied for all channels within a spectral
band (LWIR/MWIR/SWIR). The instrument nonlinearity
arises mainly from the detectors as well as the signal
conditioning electronics.

5) Radiometric calibration module: The instrument detectors
and electronics are designed to yield, in principle, an
output that is linear with respect to the incident radiance.
The two-point radiometric calibration is performed on the
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ES spectrum using the DS and ICT spectra as calibration
references to determine the slope and offset of the linear
relationship. The module also detects events where the
Moon enters into the DS view (lunar radiation intrusion)
and removes its contamination from the calculation of the
background signal [38]. The ES spectra calibrated during
a lunar intrusion event are marked with the lunar intrusion
flag to indicate lunar intrusion occurrence. The module
also computes the noise equivalent differential radiance
(NEdN) for each ES spectrum, derived from ICT spectra
observations.

6) The next three operational modules, enclosed in the dashed
box of Fig. 3, are needed to perform the spectral correction
[39], [40].

i) Digital band-pass filter (BPF) module: The BPF is
applied to attenuate the noise signal in the guard
bands, which were amplified during the radiometric
calibration. This operation prevents the guard band
noise from leaking into the in-band signal of the two
subsequent spectral correction operations.

ii) Spectral resample module: This module maps the
spectrum from the instrument’s spectral grid, deter-
mined by laser metrology wavelength and the ra-
diometric maximum path difference, onto a defined
common user’s spectral grid.

iii) Instrument line shape function correction
module: The module removes the interferometer’s
self-apodization effect from spectra. As a result, the
spectral response function associated with the L1B
spectrum is close to an ideal Sinc function. This
module helps to make the calibrated spectra less
FOV dependent, which is highly important for NWP
applications.

7) Geolocation module: The geolocation module computes
the GEO-HyIRS line-of-sight (LOS) pointing vector rel-
ative to the spacecraft body frame for each FOV and
scan position. The LOS vector is then passed to the
spacecraft level geolocation algorithms to compute the
FOV center location including the geodetic longitude and
latitude. Similar to the ABI L1B data, spatial resampling
is expected to be applied to the GEO-HyIRS observa-
tions in order to project them onto fixed grid angular
coordinates [36]. As part of this article, spatial resam-
pling was applied during the generation of the GEO-
HyIRS proxy data, described in Section V-A. However,
the spatial resampling was not accounted for in the con-
figuration of the ground data processing system reported
in Section IV-B.

The final L1B data product includes complex ES radiance
spectra, ICT radiance noise in the form of NEdN, geolocation
data, and various quality control (QC) and quality assurance
(QA) variables and flags, such as the SDR overall quality flag.
The calibrated observations are distributed to NWP users and
used to produce EDR (L2+) products for downstream users.
Some of the ground segment processing modules could poten-
tially be shifted to the on-board processing, following similar
approaches found for the IASI instrument [2].

TABLE IV
ESTIMATED TIME TO PROCESS ONE GEO-HYIRS DWELL WITH 1-CPU

Fig. 4. Data processing configuration for the ground segment system of the
notional GEO-HyIRS. The configuration aims to process a FD using approxi-
mately six data processing cycles. During each data processing cycle a total of
56 dwells are processed simultaneously.

B. GEO-HyIRS L1B Data Processing Configuration

As part of this project, the data processing configuration for
the ground segment system of the notional GEO-HyIRS was
defined. For this purpose, the following assumptions were made
as follows.

1) One GEO-HyIRS dwell corresponds to 155 × 155 FOVs
= 24025 FOVs.

2) The GEO-HyIRS covers two bands, resulting in 24025 ×
2 = 48050 interferograms.

3) The number of data points per interferogram was assumed
to be the same as for the CrIS system, which corresponds
to approximately 1000 data points per interferogram.

With this information and using an offline version of the CrIS
SDR processing system, the next step was to estimate the time
to process one dwell using 1 CPU. For this estimate, 12 test
cases were run on existing hardware at NOAA/NESDIS/ Center
for Satellite Applications and Research (STAR). For each test
case, 4 dwells were processed simultaneously using 1 CPU
per dwell, where each CPU processed 48 050 interferograms
independently. As shown in Table IV, the data processing time
values are consistently close to 560 s for each test case. This
means that it is possible to process 56 dwells in about 10 min.

Based on the hypothetical scan configuration, a FD consists
of about 350 GEO-HyIRS dwells. Thus, approximately 1 h is
needed to process all the dwells within a FD. These results are the
basis for the notional GEO-HyIRS data processing configuration
presented in Fig. 4, where dwell data is sequentially fed into the
ground data processing system servers, consisting of 224 CPUs,
for multiprocessing. Each dwell of data is processed by 4 CPUs
in parallel so that its data processing can be finished in 2.5 s.
This configuration aims at processing 56 dwells in less than 2.4
min (one cycle) using 224 CPUs working simultaneously. This
processing time is in line with the latency requirement of the
GXS sensor, which is expected to be less than 5 min [34]. Under
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TABLE V
PROXY PRODUCT DATA VARIABLE DIMENSIONS

this notional parallel processing configuration, it is expected
that 349 GEO-HyIRS dwells, approximately a FD, as shown in
Table III, will be processed in about 15 min (approximately 6
processing cycles, as shown in Fig. 4). Designing a system to
process the dwells within a specific latency is out of scope of
this article. If more CPUs can be configured, the data processing
time can be further reduced.

V. SIMULATOR TO CREATE GEO-HYIRS PROXY DATA

A software simulator was developed to produce GEO-HyIRS
proxy data using CrIS observations. Data from the simulator
enables the design and testing of an end-to-end data processing
system on the ground. It should be noted that while the CrIS
spectral bands are slightly different from those defined for the
notional GEO-HyIRS instrument in Table II, the proxy data
simulated from CrIS is a close approximation of a GEO-HyIRS
sensor, including the spectral resolution and number of channels
per spectral band.

A. Simulated GEO-HyIRS Proxy Radiance Data

There are two methods to generate the proxy radiance for the
notional GEO-HyIRS. The first method is to use a forward model
such as the CRTM [41], [42] with NWP model forecast fields,
i.e., the atmospheric and surface conditions, as input, and to sim-
ulate the observations at the GEO-HyIRS field-of-view under
clear- and cloudy-sky conditions. The second method consists of
using existing hyperspectral infrared sounder observation data
collocated with the GEO-HyIRS observation locations (fixed
grid) [36]. In this engineering study, we used the second method
to generate the synthetic GEO-HyIRS proxy data, using S-NPP
and NOAA-20 CrIS SDR products at FSR (2211 channels at
0.625 cm−1 spectral resolution) on polar-orbit satellites.

The geolocation products from ABI are in a fixed grid [36].
The fixed grid is a projection based on the viewing perspective
of the idealized location for a given satellite in a geosynchronous
orbit. The horizontal spatial resolution was defined by the
angular separation of the data points on the fixed grid. The
angular separation of the data points includes the East to West
(E/W) (x-axis) scanning angle and the North to South (N/S)
(y-axis) elevation angle. The North to South and East to West
coverage range on the fixed grid for the full disk products is
17.4° for GOES-16. Table V lists the proxy data dimensions,
nadir horizontal spatial resolution, angular separation, as well
as different interesting domains.

We first obtained one full day of CrIS SDR and RDR data
on S-NPP and NOAA-20 and then obtained ABI L1B data on

GOES-16 (projected to 75 W longitude) with UTC time from
6:00 P.M. to 7:00 P.M., and from 6:00 A.M. to 7:00 A.M. This
corresponds to the Local Equator Crossing Time (LECT) at
13:30 P.M. for the ascending node and at 1:30 A.M. for the
descending node for both S-NPP and NOAA-20, respectively. To
determine the geodetic latitude/longitude coordinates, the fixed
grid coordinates, based on a given horizontal spatial resolution,
N/S elevation angle, and E/W scanning angle are coupled with
the location of the satellite (assuming the GEO-HyIRS satel-
lite geospatial nadir is located at the GOES-east position) and
the parameters associated with the Geodetic Reference System
1980 (GRS80). With each GEO-HyIRS latitude/longitude, we
can find the nearest pixel from the CrIS geolocation product.
The CrIS scans a 2200 km swath width, which is not wide
enough to cover the whole globe with notable observation gaps
found between orbits at the tropical regions. When using only
observations from one CrIS sensor to generate the proxy data,
spatial gaps exist in the generated full disk data. The spatial
gaps can be filled by using neighboring pixels or by combining
the observations from both the S-NPP and the NOAA-20 CrIS
sensors. One drawback of using neighboring pixels to fill the
gap is that the data would have artificial strips in the filled gaps.
In this article, we decided to use observations from both the
S-NPP and NOAA-20 CrIS sensors to fill the spatial gap. Both
CrIS instruments have LECT at 13:30 P.M., but are separated in
time by approximately 50 min (or about half orbit).

The proxy data was generated using the CrIS observations
closest to the hypothetical GEO-HyIRS fixed grid and keeping
key sensor information from both S-NPP and NOAA-20 at
each fixed grid. This key information would be later used in
Section V-B to generate geophysical products. Fig. 5 shows an
example of the GEO-HyIRS full disk proxy data at the 968.125
cm−1 channel generated using observations of only one CrIS
[see Fig. 5(b)] and two CrIS instruments [see Fig. 5(c)] as well
as the observations from the GOES-16 ABI channel 13 [see
Fig. 5(a)].

B. EDR Geophysical Testing Using the Simulated SDR

A variety of operational sounding products from hyper-
spectral IR observations are produced using the NOAA Unique
Combined Atmospheric Processing System (NUCAPS). Oper-
ational sounding products from the NUCAPS system include
the atmospheric vertical profiles of temperature, water vapor,
ozone, and trace gas products (CO, CH4, and CO) from the
CrIS and IASI aboard the JPSS (S-NPP/NOAA-20) and MetOp
(MetOp-A, B, C) series of polar orbiting satellites, respectively.
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Fig. 5. GEO-HyIRS proxy data based on observations from the CrIS sensor. (a) Observations from the GOES-16 ABI channel 13 with center wavenumber of
968.125 cm−1 on October 20, 2019 from 18:30 to 18:40 UTC and with spatial resolution of 2 km at nadir. (b) GEO-HyIRS proxy data at 968.125 cm−1 with spatial
resolution of 16 km, based on the S-NPP CrIS SDR product from October 20, 2019 at about 18:30 UTC. (c) Same as (b), but combining observations from the
S-NPP and NOAA-20 CrIS sensors to fill presence of observation gaps found when only one CrIS sensor is used.

The algorithm, built on the heritage from the AIRS science
team algorithm [43], uses the microwave sounder radiances from
ATMS or AMSU-A/MHS sensors aboard the respective satellite
platforms to produce microwave-only retrievals and QC/QA
flags as a front-end to the hyperspectral IR sounding physical
retrievals. The downstream retrieval step replaces the front-end
microwave-only retrieval by a fast eigenvector regression trained
with the collocated forecast-analysis-interpolated ECMWF and
all sky hyperspectral infrared (IR) radiances. The fast eigen-
vector regression solution generates the first guess profiles of
temperature and water vapor [44]. A cloud clearing module uses
observed radiances of a set of channels from adjacent n x n FOVs
(n = 3 for CrIS and n = 2 for IASI) to specify a cloud-cleared
radiance for all channels. A second fast eigenvector regression
that is trained with the collocated forecast-analysis-interpolated
ECMWF and cloud cleared radiances provides the initial so-
lution to the final IR physical retrieval. The final step uses an
iterative physical retrieval algorithm to produce the final Level-2
retrieval products. The NUCAPS Algorithm Theoretical Basis
Document [45] available online provides a detailed discussion
on the functioning of various components, and the use of the
fast IR radiative transfer model, also known as the Stand-Alone
AIRS-Radiative Transfer Algorithm [46]. The NUCAPS EDR
products have been validated using a well-established validation
methodology and utilizing a variety of model outputs (e.g.,
ECMWF), products derived from other satellite sensors (e.g.,
AIRS, TROPOMI, and in situ measurements [47]–[50].

Assuming no geostationary microwave sensor companion for
the GEO-HyIRS, NOAA/NESDIS/STAR has adapted an offline
version of the NUCAPS IR-only algorithm for the GEO-HyIRS
with necessary modifications to the algorithm subcomponents
such as: the surface characterization, the all-sky eigenvector
regression retrieval, the cloud-clearing algorithm, and the
second eigenvector regression, to generate the necessary first
guess for the final IR-only physical retrieval. The flowchart
in Fig. 6 shows the components of NUCAPS Level-2 product
retrieval system for GEO-HyIRS. Apart from static ancillary
Lookup Tables (LUTs) or processing coefficient files (PCF)
available as part of the current NUCAPS algorithm (Ozone,

Fig. 6. Components of NUCAPS Level-2 product retrieval system for the
GEO-HyIRS. The PCF represent the system static ancillary data, while the GFS
model data, along with the geolocated GEO-HyIRS simulated radiances in the
form of SDR product, represent the only input dynamic data needed by the
NUCAPS system.

CO, CH4, CO2, N2O, HNO3, and SO2 a-priori profile LUTs,
CrIS sensor noise and fast-forward model LUTs, regression
LUTs for all-sky and cloud-cleared regression, land surface
spectral emissivity first guess LUT), the IR-only algorithm
requires only two dynamic inputs: 1) the GEO-HyIRS proxy
sounder radiances; and 2) the surface parameters from the
Global Forecast System (GFS) model data. The GFS surface
pressure, ice concentration and snow depth are included as
dynamic inputs to replenish the absence of microwave-sensor
related quality checks and quality assurance (QC/QA) and to
improve the boundary layer characterization.

The offline NUCAPS IR-only retrieval algorithm has been
applied to the GEO-HyIRS proxy data derived from the S-NPP
and NOAA-20 CrIS SDR data products, as shown in Fig. 5(c).
Sensor specific LUTs and static ancillary LUTs specifically
made for the IR-only configuration were used with the GEO-
HyIRS proxy data to retrieve atmospheric profiles of temper-
ature, water vapor, and trace gas products at a FOR resolu-
tion of 3 × 3 GEO-HyIRS FOVs. Fig. 7 shows a comparison
of the NUCAPS GEO-HyIRS IR-only temperature and water
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Fig. 7. NUCAPS GEO-HyIRS IR-only retrieval of temperature at 852 hPa and water vapor at 840 hPa (left-maps) as well as the corresponding NUCAPS IR-only
retrievals resulting from combining the operational NOAA-20 and S-NPP CrIS observations (middle-maps), and the ECMWF forecast-analysis-interpolated
temperature and water vapor fields collocated with NOAA-20 and S-NPP CrIS observations (right-maps). White areas correspond to regions associated with
high elevation or low atmospheric pressure. In the case of NUCAPS retrievals (left and middle maps), the white areas also correspond to regions associated with
conditions where the NUCAPS system is unable to converge to a physical solution, including high precipitation conditions or difficult cloud cases.

vapor retrievals (left-maps) against both the NUCAPS IR-only
retrievals based on the operational NOAA-20 and S-NPP CrIS
observations (middle-maps) and the corresponding matched
ECMWF forecast-analysis temperature and water vapor fields
(right-maps). The figure reveals that the GEO-HyIRS IR-only
retrievals (see Fig. 7, left-maps) are qualitatively comparable
(higher temperatures and water vapor content near the tropics)
to the NUCAPS S-NPP/NOAA-20 IR-only retrievals (see Fig. 7,
middle-maps) and ECMWF fields (see Fig. 7, right-maps). The
main purpose of these results is to demonstrate and test the
capability to generate Level-2 products using the NUCAPS
system applied to the GEO-HyIRS proxy data, in order to
support the modeling of the end-to-end ground data processing
system. The main reason for the orbital patterns shown in the
NUCAPS GEO-HyIRS IR-only retrieval results is associated
with the method used to fill the spatial gaps during the generation
of the GEO-HyIRS proxy data, discussed in Section V-A. In this
case, the effect of the different observation viewing angles of
S-NPP and NOAA-20 CrIS are more evident over those regions
where low spatial overlap between S-NPP and NOAA-20 CrIS
observations is found [basically over the orbital gap regions
identified in Fig. 5(b)]. This effect creates the orbital patterns
observed in the retrieved NUCAPS GEO-HyIRS temperature
and water vapor fields shown in Fig. 7 (left maps).

VI. GEO-HYIRS DESIGN AND CALIBRATION/VALIDATION

CONSIDERATIONS

A. Calibration and Validation Methodology for
the GEO-HyIRS

The overall methodology of the calibration and validation
of the GEO-HyIRS sensor will be inherited and developed

from the calibration and validation of the existing and planned
LEO/GEO infrared sounders and GEO imagers. The calibra-
tion methodology of the operational CrIS and IASI sensors
is studied as reference for the calibration of the GEO-HyIRS.
Intersensor comparisons are reported to discuss the advantages
and disadvantages of increasing on-board data processing. In
this article, the IASI and CrIS (reprocessed version 2) results
are used to highlight the importance of performing on-ground
data processing.

The CrIS GS configuration responsible for the processing of
downlinked L0 data to the calibrated L1B SDR is described
in detail in Section IV-A. On the other hand, the configuration
employed for the production of calibrated IASI radiances makes
use of more on-board data processing prior to data downlink. The
IASI instrument measures continuous spectra from 645 to 2760
cm−1 with an apodized spectral resolution of 0.5 cm−1, resulting
in 8641 radiance measurements per spectra compared to the
2211 channels observed by CrIS when operating in FSR mode.
To reduce the downlink data rate for IASI by roughly a factor
of 30, the processing from raw interferograms to calibrated
radiance spectra is carried out on-board the satellite [51]. These
calibrated spectra are downlinked to a GS where they are further
processed to yield fully calibrated and geolocated spectra as
well as ancillary parameters, including cloud fraction. The raw
measurements of the instrument are discarded except during
certain scenarios, such as when the instrument is operating in
calibration modes.

While this approach has the advantage of reducing the down-
link data rate, it introduces several disadvantages. First, on-board
data processing and calibration require that more complex hard-
ware be housed on-board the satellite. The additional memory
and other electronics needed to perform the computations are
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Fig. 8. Mean brightness temperature bias between S-NPP CrIS and Metop-A IASI averaged over the spectral region 672–682 cm−1 for the operational near-real
time CrIS SDR product (blue curve) and the reprocessed version 2 CrIS SDR product (orange curve).

all potentially vulnerable to the radiation environment of a GEO
orbit. Any corruption or loss of data during the processing is
permanent. Furthermore, when a significant portion of the data
processing is conducted on-board and only calibrated spectra are
downlinked, there is limited ability to reprocess the data to elim-
inate discontinuities. Updates to either calibration algorithms or
parameters create discontinuities in the instrument performance
across the mission data record. Ground-based processing using
downlinked interferogram data, as is implemented for CrIS,
allows for the option to fully reprocess the SDR product at a later
date using a consistent set of calibration equations and parame-
ters to produce a dataset with consistent performance across the
historical record. Such datasets have advantages for climate and
reanalysis applications because artifacts that are introduced as a
result of the calibration changes are eliminated. The benefits
of being able to reprocess the data are illustrated in Fig. 8.
This result shows time series of brightness temperature biases
between Suomi NPP CrIS (operational and reprocessed) and
Metop-A IASI averaged over the spectral region from 672 cm−1

to 682 cm−1 when the two instruments experience simultaneous
nadir overpasses (SNOs). The IASI spectra are resampled onto
the CrIS spectral grid, and each point represents the bias between
collocated CrIS and IASI FOVs averaged over the roughly 24
northern hemisphere SNOs that occur every ∼50 days for these
two satellites.

A nonlinearity correction update was implemented for the op-
erational S-NPP CrIS SDR product on February 20, 2014. A shift
in the bias of the operational CrIS SDR data product produced
in near real time with respect to Metop-A IASI, indicated by
the blue curve, can be seen. The shift in bias is eliminated when
comparing Metop-A IASI to the S-NPP CrIS SDR reprocessed
dataset (orange curve), resulting in a more consistent bias trend
across the mission data record. A nonlinearity correction update
was applied to Metop-A IASI in September of 2019, resulting
in a shift in the bias with respect to S-NPP CrIS. Since limited
raw interferogram data are downlinked from IASI instruments,
it is not possible to reprocess the IASI data to eliminate this
discontinuity.

It is desirable to downlink the raw data and complete the cal-
ibration using ground-based processing to maintain the option
to reprocess the data in the future, using consistent calibration
algorithms and parameters and reduce the complexity of the

Fig. 9. Schematic of the focal plane array geometry of a sensor based on an
afocal ratio, M of (a) M = 1 and (b) M = 6.855. The figure is for illustration
purposes. The dimensions are not to scaled.

on-board hardware. While on-orbit data processing can reduce
the downlink data rate requirements, the raw data needed for
diagnostic and reprocessing capabilities is lost.

B. Evaluation of Large Spectral Shifts Associated
With the GEO-HyIRS

The large detector array expected for a GEO-HyIRS sounder
will induce challenges during the calibration process. One exam-
ple of that is related to the spectral calibration where the quality
heavily relies on the accurate knowledge of the sensor focal
plane array (FPA) geometry, including the detector’s OFF-axis
angle, the detector angular size, and the focal length. Based on
Fig. 9(a), the detector angular sizeα of a GEO-HyIRS FPA could
be determined by

LFPA

f
=

FOR

H
≈ α (1)

where α represents the detector angular size in units of radians,
f is the focal length, and H is the satellite height.

In (1), the calculation of the detector angular size is based
on a greatly simplified model. In reality, the instrument tele-
scope, an afocal system, magnifies the detector angular size
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TABLE VI
SPECTRAL SHIFT COMPARISON BETWEEN THE GEO-HYIRS AND CRIS SENSORS. FOR THE GEO-HYIRS SENSOR, A DWELL OF 155 × 155 DETECTORS IS USED.
THE ABI (M=1) AND GIFTS (M=6.855) FORE-OPTICS WERE USED AS REFERENCES IN THIS ANALYSIS. A DETECTOR ANGULAR SIZE OF 112 µRAD AND 766
µRAD IS ESTIMATED FOR A GEO-HYIRS CONFIGURATION BASED ON AN AFOCAL RATIO OF M=1 AND M=6.855, RESPECTIVELY. THE CRIS SENSOR HAS 3×3

DETECTORS, EACH ONE WITH ANGULAR SIZE OF 16808 µRAD

∗Without gaps between detectors.
∗∗With gaps between detectors, ratio to angular size: 1.14.

according to

LFPA

f
≈ α2 = M α1 = M

(
FOR

H

)
(2)

where M represent the magnification of the system or afocal
ratio. Using (2), the GIFTS value of M = 6.855 as a reference
[52] for the GEO-HyIRS, a FPA configuration with 155×155
detectors and a 4 km nadir spatial resolution, the correspond-
ing GEO-HyIRS FPA angular size can be approximated by
αFPA_GEO1 ≈ 6.855 ×155 × 4 km / 35 800 km = 0.119 rad,
and the detector angular pixel size by αd_GEO1 ≈ 6.855 × 4 km
/ 35 800 km = 766 μrad. If using the ABI optics design, where
M = 1, the FPA and detector angular size of the GEO-HyIRS
sensor would be αFPA_GEO2= 0.017 rad and αd_GEO2= 111.7
μrad, respectively. For reference, the CrIS FPA and detector
angular size are 0.056 rad and 16908 μrad, respectively.

Using the methodology described in [37], the expected spec-
tral shift, in wavenumber and ppm, as a function of wavenumber
and for two optical design configurations (M = 1 and M =
6.855), is reported in Table VI. For this analysis, we consider a
blackbody emission with temperature at 280 K. For comparison
purposes, the spectral shift is computed for the GEO-HyIRS
detector located in the center and corner of the sensor FPA. The
corresponding CrIS spectral error is included as reference. As
expected, results in the Table VI show that the largest spectral
shift is observed at the corner detectors due to the largest OFF-axis
angle associated with these detectors.

A large afocal ratio, or angular magnification of the telescope,
M = 6.855 is adopted by GIFTS as a system trade to shrink the
size of the incident light to fit the aperture of the interferometer.
When comparing the impact of the detector angular size, it is
clear that the spectral shift is significantly larger for the sensor
with larger M value. Actually, the spectral shift of the notional
GEO-HyIRS based on an afocal ratio of 6.855 is expected to
be about one order of magnitude larger than the spectral shift
observed for the CrIS sensor. However, the correction of those
large spectral shifts is very well understood and is based on a
rigorous mathematical process that relies on the knowledge of
the geometry of the FTS. Due to that, it is expected that those
large spectral shifts are corrected to the level of a few ppm,
during the spectral calibration process. In fact, due to the small

size of the GEO-HyIRS detectors (pixel angular size of about
112 μrad) compared to large detector size of sensors like CrIS
(pixel angular size of 16908 μrad), the beam divergence effect
introduced by the detector size should be less in the GEO-HyIRS
case, reducing the complexity of the self-apodization correc-
tion process. Depending on the design constraints, the actual
GEO-HyIRS telescope system could also be further optimized
to reduce the maximum spectral shift before correction. Some
advantages of having an afocal ratio greater than one are related
to size, volume, and cost reduction as well as temperature control
benefits.

C. Radiance Spectra Compression Using Principal
Component Compression

In a further effort to reduce the data volume of high spectral
resolution sensors, additional data processing can be employed
to compress the calibrated spectra either on-board the satellite
prior to downlink or during the ground-based data processing
prior to distribution to users. On top of lossless compression
techniques studied for hyperspectral sounder data [53], PCC has
been widely applied to the output radiance spectra of hyperspec-
tral infrared sounders, such as the currently operational AIRS
and IASI [44], [54], and is expected to be used by the planned
MTG-IRS and IASI-Next Generation (NG) instruments.

PCC is essentially a technique to reduce the dimensionality of
a dataset x, by identifying a subset of orthogonal basis vectors
with which to represent the data, such that the most significant
information content of the dataset is retained. The orthogonal ba-
sis vectors are obtained by diagonalizing the covariance matrix
of the noise-normalized dataset recentered about its mean. When
PCC is applied to spectra, x represents the observed spectra L,
with dimensions of p×m, where p is the number of samples
and m the number of channels. In this case, the noise matrix N
has dimensions of p× p. Thus, the normalized matrix X can be
defined as

X = N−1 (x− x̄) (3)

where N x̄ represents the mean of the noise normalized dataset
x. Principal component analysis (PCA) is conducted as the
eigenvector decomposition of the covariance matrix of the ra-
diance dataset, given in the form of the normalized matrix
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Fig. 10. Correlation coefficients among spectral channels of CrIS spectra
within a band, calculated from an orbit of S-NPP CrIS SDR from July 27,
2020.

(X), as follows:

S = Cov (X) = XXT = EΛET (4)

where E and Λ are the eigenvectors, or principal components
(PC), and eigenvalues matrices, respectively. The variance rep-
resented by each PC is given by the corresponding eigenvalue.
The compression is achieved by using a truncated set of s PCs,
leading to PCs with the largest variances to represent the original
dataset as

Y ∗ = E∗T X = E∗TN−1 (x− x̄) (5)

where E∗ represents the truncated eigenvector matrix with
dimension m× s and Y ∗ is the dataset of PC scores with
dimension s× p, which is reduced compared to that of the
original dataset.

It is known that hyperspectral infrared observations are highly
correlated in the spectral domain. To illustrate this, the correla-
tion coefficients among spectral channels are calculated using
one randomly selected orbit of S-NPP CrIS radiances measured
on July 27, 2020 from 00:00 to 01:40 UTC (see Fig. 10).
This result implies that the atmospheric information found in
hyperspectral infrared observations can be represented using a
reduced set of PCs. The application of PCA to compress high
spectral resolution observations has been previously studied
[55], showing that PC compression can reduce the observation
data volume significantly, while retaining critical atmospheric
information.

There are a number of methodologies for selecting the PC
truncation point such that the retention of atmospheric signal is
optimized [56]. The ratio of the data volumes ofX andY ∗, given
by m/s, is the compression ratio. As reference, a summary of
available information of PCC parameters and compression ratios
of existing or planned hyperspectral infrared sensors, including
AIRS, IASI, IASI-NG, and MTG-IRS, is listed in Table VII.

The reconstruction of the radiance spectra from the PC scores
is performed using the same set of eigenvectors, noise matrix,
and mean radiance used in the PC compression

x̃ = NE∗ Y∗ + x̄ (6)

where the reconstruction static components are represented by
the matrices N , E∗, and x̄, while the reconstruction dynamic
component is represented by the PC scores (Y∗). In this case, the

TABLE VII
EXAMPLES OF REMOTE SENSING INSTRUMENTS WITH PCC

Fig. 11. Mean (top) and standard deviation (bottom) of residuals between the
observed Metop-C IASI radiances and the PCC reconstructed radiances over all
scenes observed on April 30, 2020 (blue curve). The IASI radiometric noise is
included as reference (black curve).

dynamic component, given in the form of PC scores, is dissem-
inated to data users, which typically allows data compression
rates close to 10 or more.

The portions of the spectra that are lost as a result of the
compression are called radiometric residuals and are given by
x̂ = x− x̃. When the PCC parameters are well chosen, includ-
ing the noise estimate used to normalize the data, this technique
has the added benefit of filtering the random instrument noise
present in the observed radiances [57].

Observed and reconstructed spectra from Metop-C IASI were
used to illustrate some characteristics of the radiometric residu-
als, x̂. The mean and standard deviation of the residuals for the
more than one million Metop-C IASI spectra observed on April
30, 2020 are shown in Fig. 11. The reconstructed PCC spectra are
obtained from the PC scores product distributed by EUMETSAT
and compared to the L1C radiance product. The sensor noise
estimate used in the compression and reconstruction is indicated
by the black curve. As shown in Fig. 11, the magnitude of
the mean radiometric residual is small compared to the sensor
noise, while the standard deviation of those residuals closely
matches the noise estimate, suggesting that the residuals are
mostly comprised of radiometric noise. Thus, the reconstructed
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radiances retain the atmospheric signal and the resulting radio-
metric residuals consist mostly of noise.

D. Interferogram Compression: An Alternative Principal
Component Compression Approach

For a GEO-HyIRS based on a Michelson Interferometer de-
sign, the downlink data rate is mainly dominated by the large data
volume needed to transmit the measured interferograms to the
ground stations. Based on the estimations provided in Section III,
a data rate close to 100 Mb/s will be required. Similar to CrIS,
this data rate includes compression on-board, associated with
interferograms decimation and the application of the bit-trim
compression. The downlink data mainly includes interferograms
in their complex form (real and imaginary components). Based
on the data compression listed in Table VII, applying PC com-
pression could help to reduce the GEO-HyIRS downlink data
rate to close to 10 Mb/s.

Traditionally, the PCC is applied to the calibrated radiance
spectra as part of the ground data processing. However, as
discussed earlier, downlinking interferograms as opposed to
calibrated radiances is preferable to retain the diagnostic and
reprocessing capabilities. Additionally, many users with low
latency requirements rely on direct broadcast data and would not
benefit from the reduced data volume realized by ground-based
processing of PCC radiances. Direct broadcast data are highly
important for regional weather forecast applications, including
nowcasting, due to the low latency associated with this type of
data [58].

Since the GEO-HyIRS is expected to benefit applications that
require low latency, including short-term weather forecasting,
while efficiently overcoming some limitations associated with
the downlink capacity, in this article, we explore the application
of on-board PCC to measured interferograms I directly as a
means of reducing the downlink data rate of the GEO-HyIRS
sensor. The feasibility of the interferogram PCC is tested using
CrIS data as proxy. The CrIS measured interferograms (IGMs)
are digitally filtered, decimated, and bit-trimmed on-board.
Then, those compressed interferograms are downlinked and
repackaged into the form of RDRs, as described in Section IV-A.
As part of this article, an orbit of S-NPP CrIS RDRs from
July 27, 2020 was selected as the baseline dataset. This is
the same dataset used to generate the correlation coefficients
presented in Fig. 10. For each band, the selected dataset consisted
of approximately 200 000 ES FOVs. The CrIS Interferometry
Transformation System (CITS) was used to process the RDR
data and produce calibrated radiances in the form of SDR data.
The CITS system has similar capabilities to the Interface Data
Processing Segment, which is used to generate operational CrIS
SDRs. It should be noted that the noise of the IGMs is not
characterized and the PCC of spectra is conducted without the
noise normalization.

The variance in the data along the PC direction is represented
by the eigenvalue λ from the PCA. In this respect, Fig. 12 helps to
illustrate the variance loss (expected during the PC compression)
when different numbers of PCs are preserved for the observed
spectra L and the measured interferograms I .

Fig. 12. Relative loss of variances during the PCC for the SDR spectra, and
the real and imaginary parts of the associated IGMs.

In the case of the interferograms I , the PC compression is
applied to the real and imaginary parts, separately, so two sets
of eigenvalues are calculated and plotted. The variances of I
and L are not in the same units, so the discarded variance is
normalized to the total variance and it is the relative amount of
loss that is plotted here. The rapid drop of the information loss
indicates that most of the information can be preserved by the
leading PCs. Compared to the eigenvalues of I , Fig. 12 shows
that the eigenvalues of L drop much faster. When the PC ranks
are higher, the eigenvalues of L decrease less rapidly, until their
values become greater than the corresponding values of I so that
the loss of variance due to the PCC of I and L are comparable.
Therefore, it is possible to use the same or similar number of PCs
to preserve comparable amounts of variances for I and L. Based
on the analysis of the performance of the L and I eigenvalues, it
was decided to keep the first 100 PCs for the compression in the
spectral and interferogram domain in the following tests. The
value of 100 eigenvalues is also very similar to the eigenvalue
cutoff used for the PC compression of existing hyperspectral
infrared sounders [44], [59].

The performance of calibrating the PCC IGM is further
assessed in the following test. Two sets of PCC compressed
spectra using the same number of PCs were generated: set I by
PCC compressing the calibrated spectra L directly and set II by
calibrating the PCC compressed I . The reconstruction of I andL
is based on (6). The uncompressed spectra L is then subtracted
from the reconstructed spectra of set I, L′

1, and set II, L′
2, to

calculate the PC reconstruction residuals L′
1 − L and L′

2 − L.
The residual is then a quantitative measure of the information
lost during PCC. Fig. 13 shows the absolute of the mean value
and the standard deviation of the PC reconstruction residuals per
spectral channel. As reference, the on-orbit S-NPP CrIS NEdN
has been included. For the mean value results, the absolute value
is computed and plotted to fit into a Logarithmic scale chart.
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Fig. 13. (Upper panel) absolute mean value and (lower panel) standard devi-
ation of the PC reconstruction residual.

This result clearly shows that the mean values are very close
to zero for both sets of radiometric residuals, indicating the PC
reconstruction residuals are extremely small and consistently be-
low the sensor NEdN. The standard deviations of the radiometric
residual closely match the on-orbit NEdN of the instrument, the
value of which itself is derived with a PCA approach, similar
to the PC reconstruction residual [60]. This confirms that the
data information loss during the PCC IGM is basically noise, a
fact that is well known from the study of PCC spectrum. Fig. 13
shows that the standard deviation of the PCC spectra radiometric
residual approaches to zero for wavenumber values closer to the
lower edge of the LWIR band. Since this effect occurs over a
spectral region where the nonlinearity correction is particularly
large, it is possible that the detector nonlinearity correction
applied as part of the CrIS calibration process contributes to
this effect. The exact reasons of this observed effect have not
been fully investigated.

Since the information discarded by the PCC is mostly noise,
the radiance that contains the useful information about the Earth
scene is mostly preserved during the PCC process, as expected.
There are several factors to consider for actual implementation
of IGM PCC on-board: the measured IGMs, output from the
sensor interferometer, will consist of only real signals, since
the PC compression will be applied before the digital filtering.
This eliminates the need to compress the real and imaginary
components of the complex interferograms separately. In ad-
dition to that, it is possible to apply bit-trim compression to
the PC scores to further reduce the downlink data rate. This is
because the dynamic range of each PC, which is determined
by the corresponding eigenvalues, decays very rapidly with the
increase of the PC rank. The dynamic range for most of the
preserved PCs is extremely small, as shown in Fig. 12, and
can be represented with fewer bits than those very few PCs
associated with the largest information content. The numbers
of PCs to conduct PCC can also be optimized. Additionally, the
noise normalization, a process required for the PCC of radiance
spectra, is not needed for the PCC of the IGMs since the noise
levels of the IGM samples are nearly the same for a given short
period of time.

E. Potential Lunar Calibration and Validation Capabilities

In addition to the radiometric intersensor comparisons using
earth SNOs, lunar observations could potentially add the capa-
bility to further assess the radiometric and geometric stability
of the GEO-HyIRS sensor. The moon can enter the FOR of the
instrument multiple times every month at 8˚–12˚ phase angles,
acting as a free calibrator without satellite maneuver involved.
It can be observed by the detectors either for the dwell measuring
the space background during normal operation, or for dwells
specially designed for lunar calibration and validation activities.
As presented in Section VI-B, the planned 4 km nadir spatial
resolution of the GEO-HyIRS corresponds to approximately
111.7 μrad instantaneous FOV. Thus, the full moon disk will
be spanned by about 80 image pixels in diameter. This is
about half of the spatial resolution of the observations at the
GOES-R ABI IR bands and about 4 times the spatial resolution
of the observations made by the JPSS Visible Infrared Imaging
Radiometer Suite (VIIRS) imagery bands I1-I5.

Well-established lunar calibration and validation strategies for
MODIS, VIIRS, and ABI instruments can be used as reference
for the GEO-HyIRS calibration and validation. For example,
proxy GEO-HyIRS lunar images can be generated from CrIS
data for preliminary assessment. Lunar observations could be
used to support the characterization of the instrument geometric
factors, such as band-to-band registration (BBR), detector-to-
detector registration (DDR), and modulation transfer function
(MTF) [61], critical for a GEO-HyIRS design with large FPAs.

The BBR and DDR are calculated from the shift of centroids
among the lunar images of different bands and detectors. The
MTF can be derived from the edge of the moon. However,
absolute IR calibration will still primarily reference an on-board
blackbody. The extension of robotic lunar observatory (ROLO)
model to IR region with reasonable accuracy would be the key for
potential absolute lunar IR calibration. A recent study reported
in [62] is attempting to demonstrate the potential use of lunar
observations for the radiometric calibration of infrared sounders
using IASI. In addition to that, lunar observations also have
the potential to independently track the radiometric calibration
stability, as has been demonstrated for MODIS and VIIRS IR
bands [63].

Considerable work is still needed to address the variability
in solar illumination on the moon surface and the viewing
geometry. This includes the development of an accurate model
for infrared lunar radiance or approaches to remove the impact
of different illumination and viewing geometry, and account for
the partial saturation of the lunar images for IR bands.

VII. CONCLUSION

The configuration and feasibility of a notional U.S. GEO-
HyIRS sensor and the architecture of its ground data processing
system are discussed in this manuscript. Existing hyperspectral
sounding instruments were reviewed to model a notional NOAA
geostationary infrared sounder and to determine the ground
segment system needs.

This article identifies and discusses some of the major
technical challenges in the design and calibration of a
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GEO-HyIRS sensor. Those results are expected to serve as
references for the planning of the calibration, validation, and
ground segment system of the U.S. GEO-HyIRS. The opera-
tional data processing system of the JPSS program was used as
a reference for the generation of Level-1B and -2 proxy data.
GEO-HyIRS Level-1B proxy data was generated using existing
calibrated observations, in the form of SDR products, from the
operational S-NPP and NOAA-20 CrIS sensors. A dedicated
IR-only version of the operational NUCAPS retrieval system
was developed to generate Level-2 proxy data. This includes
profiles of thermodynamic and trace gas products. The generated
GEO-HyIRS Level-2 thermodynamic products showed qualita-
tive consistency with respect to operational NUCAPS IR-only
Level-2 products and against the ECMWF model geophysical
fields. Those results demonstrated the operability of key com-
ponents of the GEO-HyIRS ground data processing system.

The usage of the PC compression technique to reduce the data
volume of the GEO-HyIRS calibrated spectra was discussed.
Compression ratios close to 10 are expected using this tech-
nique. The significant data volume reduction achieved with the
application of PC compression justifies its usage to distribute the
high temporal and spatial GEO-HyIRS calibrated observations.
This approach is in line with the present plans for the distribution
of the EUMETSAT IASI-NG and MTG-IRS calibrated spectra.
Additional benefits of the application of PC compression in-
clude: 1) the reduction of random noise and 2) the possibility to
better identify and remove artifacts in the calibrated spectra.
A new approach dedicated to reduce the downlink data rate
of the GEO-HyIRS observations was presented. This approach
consists of the direct application of the PC compression to the
measured GEO-HyIRS interferograms. The results show that
this solution has the potential to further reduce the downlink
data rate, while retaining most significant information content
of the earth observations.

Since the GEO-HyIRS aims at higher spatial resolution than
the current infrared sounders in LEO orbit, the quality of the
geometric calibration becomes more critical. This is particularly
important over heterogeneous regions, where geolocation errors
could introduce large spatial representative errors, thus reducing
the impact of the GEO-HyIRS observations. In this respect,
the capabilities of lunar observations have been proposed to
support the geometric as well as the radiometric calibration and
validation of the GEO-HyIRS. It is recognized that significant
work is still needed to improve the model for infrared lunar
radiance; however, advances in the modeling of infrared lunar
radiances are expected in the coming years.

Due to the large FPA size of the GEO-HyIRS, required to
meet the temporal and spatial requirements, the correction
of large spectral errors is expected. The methodologies to
accurately correct those spectral errors to levels of a few parts
per million exist and are well understood. The advantages and
disadvantages between on-ground and on-board data processing
were discussed. This helps us to identify the benefits of following
the CrIS ground segment architecture for the design of the
GEO-HyIRS ground segment system. In this regard, it is possible
that the interferogram to spectra transformation, the nonlinearity
correction and the spectral, radiometric, and geometric

calibration can be performed as part of the on-ground data
processing system.

In general, a successful NOAA geostationary infrared sounder
program will benefit from the following:

1) the usage of standard and well-known procedures for the
design of the ground segment system;

2) the application of mature calibration methodologies;
3) the lessons learned from the development and operation

of existing and planned LEO/GEO infrared sounders;
4) the feedback from end-users.
In addition to that, new strategies and methodologies need to

be explored and developed to overcome calibration and valida-
tion challenges of the GEO-HyIRS sensor. All the abovemen-
tioned along with a robust sensor design and a comprehensive
on-ground and on-orbit sensor characterization will contribute
to the generation of high quality GEO-HyIRS calibrated obser-
vations.

The operation of a U.S. GEO-HyIRS is critical to support
and enhance Earth observational capabilities needed for nu-
merical weather forecasting and environmental monitoring. The
deployment of a U.S. GEO-HyIRS is expected to provide unique
infrared hyperspectral measurements, with high temporal and
spatial resolution over the Western Hemisphere, representing
one of the future backbone observations of the global observing
system. In this respect, the U.S. GEO-HyIRS will contribute
to the next generation of earth observations from geostationary
orbits and support the development of the geostationary ring of
meteorological satellites. Observations from GEO-HyIRS are
expected to contribute to satisfy present and future satellite needs
and to be the foundation of new applications with significant
societal, economic, and scientific benefits.
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