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ABSTRACT: The Geostationary Extended Observations (GeoXO) program plans to include a hyperspectral infrared
(IR) sounder on its central satellite, expected to launch in the mid-2030s. As part of the follow-on to the GOES program,
the NOAA/NASA GeoXO Sounder (GXS) instrument will join several international counterparts in a geostationary orbit.
In preparation, the NASA Global Modeling and Assimilation Office (GMAO) assessed the potential effectiveness of GXS
both as a single GEO IR sounder and as part of a global ring that includes international partners. Using a global observing
system simulation experiment (OSSE) framework, GXS was assessed from a numerical weather prediction (NWP) per-
spective. Evaluation of the ability of GXS, both alone and as part of a global ring of GEO sounders, to improve weather
prediction of thermodynamic variables was performed globally and regionally. GXS dominated regional analysis and fore-
cast improvements and contributed significantly to global increases in forecast skill relative to a Control. However, more
sustained global improvements, on the order of 4 days, relied on international partnerships. Additionally, GXS showed the
capability to improve hurricane forecast track errors on the time scales necessary for evacuation warnings. The FSOI met-
ric over CONUS showed that the GXS observations provided the largest radiance impact on the moist energy error norm
reduction. The high-temporal-resolution atmospheric profile information over much of the Western Hemisphere from
GXS provides an opportunity to improve the representation of weather systems and their forecasts.

SIGNIFICANCE STATEMENT: NOAA and NASA are currently planning the GeoXO mission as a follow-on to
the GOES program. As part of this process, NASA’s Global Modeling and Assimilation Office has performed several
experiments using an observing system simulation experiment (OSSE) framework to assess the potential impact of the
GeoXO Sounder (GXS) on numerical weather prediction within the context of international partners launching similar
instruments. As part of this assessment, it was found that assimilation of GXS data has the ability to improve both the
model analyzed weather and forecasts of the weather, specifically over the domain that GXS observes. Global improve-
ments relied more heavily on a solution consisting of multiple instruments to form a global ring.

KEYWORDS: Atmosphere; Atmospheric profilers; Satellite observations; Soundings; Numerical weather prediction/
forecasting; Data assimilation

1. Introduction

In recent decades, the utility of hyperspectral infrared (IR)
sounders in the understanding of atmospheric processes, con-
stituents, and numerical weather prediction (NWP) has been
well established (e.g., McNally et al. 2006; Chahine et al. 2006;
McCarty et al. 2009; Pagano et al. 2010; Reale et al. 2018;
Wells et al. 2020; McGrath-Spangler et al. 2021; Ganeshan
et al. 2022; Coopmann et al. 2022; McGrath-Spangler et al.
2022). IR radiance data from low-Earth orbit (LEO) have been
widely available from the Atmospheric Infrared Sounder (AIRS)
on board the National Aeronautics and Space Administration’s

(NASA) Aqua satellite, the Cross-Track Infrared Sounder
(CrIS) on board the Suomi NPP and the National Oceanic
and Atmospheric Administration 20 and 21 (NOAA-20 and
NOAA-21) satellites and the Infrared Atmospheric Sound-
ing Interferometers (IASI) on board the European Space
Agency’s (ESA) MetOp satellites and have been successfully
assimilated into NWP data assimilation systems. Although
providing key high-vertical-resolution temperature and water
vapor information to NWP systems, LEO sounders are lim-
ited horizontally and temporally (McCarty et al. 2021). These
limitations make observations in cloudy atmospheres, the moni-
toring of rapidly evolving phenomena, and processes with a di-
urnal cycle difficult (Schmit et al. 2009; Iturbide-Sanchez et al.
2022) and may negatively affect stakeholders.

These shortcomings are addressed by the proposed launch
of hyperspectral IR sounders into geostationary orbit. This
proven concept was originally developed by NASA for the
Geosynchronous Imaging Fourier Transform Spectrometer
(GIFTS) mission concept (Zhou et al. 2002; Velden et al. 2005)
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and successfully implemented with the launch by the China
Meteorological Administration’s (CMA) Geosynchronous Inter-
ferometric Infrared Sounder (GIIRS) on board the Fengyun-4A
(FY-4A) and Fengyun-4B (FY-4B) satellites, launched in
December 2016 and June 2021, respectively (Yang et al. 2017;
Niu et al. 2023). GIIRS thus provides the first geostationary
Fourier transform spectrometer radiances with a high-temporal-
resolution suitable for NWP (Guo et al. 2021).

Following this success, the European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT) has
proposed the launch of the Meteosat Third Generation
(MTG) hyperspectral infrared sounder (IRS) for late 2024 or
early 2025 (Holmlund et al. 2021; Coopmann et al. 2023).
MTG-IRS will be the first geostationary hyperspectral IR in-
strument providing full disk coverage and will do so in two
spectral bands (longwave and midwave infrared) at a spatial
resolution of 4 km at satellite subpoint (Holmlund et al.
2021). Furthermore, the Japan Meteorological Agency
(JMA) plans to expand their Himawari follow on program
(Himawari-10) to include a hyperspectral infrared sounder
from geostationary orbit [Geostationary Himawari Sounder
(GHMS)] in the 2029 time frame, the first such instrument
from Japan (Okamoto et al. 2020; Bessho et al. 2021). In the
United States, NOAA and NASA are collaborating on the
Geostationary Extended Observations (GeoXO) program to
include a hyperspectral IR sounder, to be positioned at 1058W
(McGrath-Spangler et al. 2022; Iturbide-Sanchez et al. 2022).
This international collaboration will enable meeting the
World Meteorological Organization’s (WMO) goal of a
global “ring” of geostationary hyperspectral IR observations
(WMO 2019). In an attempt to better understand the impact
of such observations, Li et al. (2022) provides a general over-
view of applications of geostationary hyperspectral IR radi-
ance data, summarizing the work of Jones et al. (2017),
Okamoto et al. (2020), and Wang et al. (2021), among others
who found improvements from the assimilation of data from
geostationary IR observations.

The approach used here is a set of observing system simula-
tion experiments (OSSEs). This is an independent methodol-
ogy for the evaluation of proposed instrument systems (e.g.,
Atlas et al. 1985; Arnold and Dey 1986; Errico et al. 2013;
Hoffman and Atlas 2016). This cost-effective approach allows
testing of new, hypothetical instruments without an existing
dataset to assess the impact of the new instrument and pro-
vide an estimate of the associated uncertainty in an NWP con-
text. In addition, this allows an optimization of the observing
strategy and enables rapid assimilation upon deployment.

Here, a set of global, NWP OSSEs is used to evaluate the
impacts of the proposed GeoXO Sounder (GXS) as both an
independent geostationary IR instrument and as part of a
larger global ring of such instruments. To ensure realistic per-
formance, NASA’s Global Modeling and Assimilation Office
(GMAO) has developed and extensively validated the OSSE
framework used here (Errico et al. 2013; Privé et al. 2021; El
Akkraoui et al. 2023; Privé et al. 2023). Previously, this frame-
work has been used to successfully evaluate the impact of
supplemental rawinsondes (Privé et al. 2014), atmospheric
motion vectors and infrared radiances (McCarty et al. 2021),

radio occultations (Privé et al. 2022), and an earlier evaluation
of GXS within a global ring of four geostationary IR sounders
(McGrath-Spangler et al. 2022).

This article is organized as follows. A description of the
GeoXO program, and GXS in particular, is provided in sec-
tion 2. Section 3 describes the OSSE framework and the data
assimilation system used. Experimental design is discussed in
section 4 and the results are provided in section 5. Section 6
contains a summary and the conclusions.

2. Description of GeoXO sounder

NOAA’s current geostationary satellite program, the Geo-
stationary Operational Environmental Satellites R (GOES-R)
series of satellites, is expected to operate through the mid-
2030s. The current capabilities of the GOES-R series include
advanced imaging, lightning mapping, space weather monitor-
ing, and solar imaging, among others. In preparation for the
next generation of spaceborne observations from geostation-
ary orbit, NOAA and NASA are developing the GeoXO
constellation to provide continuity of observations of Earth’s
weather and environment that meet national environmental
sensing requirements (Pearlman et al. 2022).

Among the proposed improvements, GeoXO will increase
spatial resolution of observations from visible and IR imagery
and lightning mapping. Additional proposed capabilities that
will be new with the GeoXO program include ocean color im-
agery, atmospheric composition measurements, and infrared
sounding. The hyperspectral atmospheric composition and in-
frared sounding instruments, as well as a partner payload, will
be mounted on a new, centrally located satellite at approxi-
mately 1058W.

The proposed GXS, consistent with current hyperspectral
sounders from LEO orbit, measures atmospheric radiation in
thousands of spectral channels, providing a high vertical
sounding of the atmosphere necessary for weather forecasting
(Schmit et al. 2009). These channels provide information on
temperature, water vapor, and trace gases, thus providing in-
sight into many atmospheric processes and as such are critical
to improving forecasts from NWP systems.

The benefit of these observations from a geostationary or-
bit include the enhanced temporal resolution, capable of over-
coming many limitations of IR sounders from LEO orbit
(Jones et al. 2017; Li et al. 2018; Wang et al. 2021). Addition-
ally, GXS will have a horizontal resolution of about 4 km,
providing a higher spatial resolution than is currently avail-
able from LEO hyperspectral sounders (Iturbide-Sanchez
et al. 2022). These advantages will allow the ability to observe
gaps between clouds, and weather system development and
the associated processes. There are also nowcasting applica-
tions from GXS information (Schmit et al. 2009). Further-
more, with a lower data latency and more rapid assimilation
of critical data into NWP systems, there is an opportunity to
improve atmospheric forecasts (Noh et al. 2020). A descrip-
tion of the configuration and feasibility of the proposed
GeoXO Sounder and its ground processing system is available
in Iturbide-Sanchez et al. (2022).
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3. OSSE configuration

A traditional OSSE system consists of three main compo-
nents, specifically, 1) a Nature Run (NR), 2) a data assimila-
tion system (DAS) and forward model to conduct the
experiments, and 3) global observations simulated from the
NR that statistically resemble real observations from existing
instruments. The OSSE system used by NASA’s GMAO has
been verified to ensure robust performance through rigorous
testing (e.g., Errico et al. 2013; Errico and Privé 2018; Privé
et al. 2023) to provide an understanding of the global impact
of proposed instruments relevant to NWP. In particular, the
response of the OSSE system to simulated hyperspectral IR
instruments well mimics the response of the semioperational
system used by the GMAO (McGrath-Spangler et al. 2022).

Gelaro et al. (2015) describes the well-validated NR used
by the GMAO, the G5NR. G5NR is a 2-yr free-running inte-
gration of the Goddard Earth Observing System (GEOS)
(Rienecker et al. 2008) atmospheric general circulation model
(AGCM) with a horizontal resolution of approximately 7 km
and 72 vertical levels from the surface to 0.01 hPa. With a
temporal resolution of 30 min, the simulation begins 1 May 2005,
although the free-running model does not represent the real
weather for that period. Instead, it is statistically consistent with
the physical atmosphere and is considered to be the “truth”
from which observations are simulated and against which experi-
ment analyses and forecasts are evaluated. An advantage of a
traditional OSSE is that since the truth is completely known,
errors may be explicitly calculated.

The DAS used for the experiments is a more modern
version of the GEOS (Molod et al. 2015) than was used to
compute the NR, combined with the Gridpoint Statistical
Interpolation (GSI) (Wu et al. 2002; Kleist et al. 2009). Run-
ning on a cubed sphere dynamical grid (Lin 2004; Putman and
Lin 2007), the experiments have a spatial resolution of C360
(approximately 0.258) and 72 vertical layers transitioning from
terrain following near the surface to pure pressure levels aloft.
A baseline run, similar to that described by Privé et al. (2023)
was used for the calculation of the background error for the
hybrid four-dimensional ensemble variational (4DEnVar) as-
similation scheme (Todling and El Akkraoui 2018) to reduce
computational expense. The Community Radiative Transfer
Model (CRTM) (Han et al. 2006; Chen et al. 2008; Ding et al.
2011; Johnson et al. 2023) was used to assimilate satellite
radiances.

Although this is considered to be a “fraternal twin” setup,
multiple modifications were made to maximize differences be-
tween the G5NR and the GEOS DAS used for the experi-
ments in order to maximize the observation impact realism in
the OSSE. Notably, a two-moment microphysics convection
scheme described by Barahona et al. (2014) was used in place
of the default single moment (Bacmeister et al. 2006) used in
the G5NR. This change is most significant in highly convec-
tive regions of the tropics and midlatitudes of the summer
hemisphere. An adjustment to the relative humidity threshold
and a different boundary layer parameterization, which im-
pact estimates of the inversion height, are additional changes
meant to introduce model error between the NR and the

DAS model in an attempt to better mimic model errors when
assimilating real observations and to minimize the subopti-
mality of the “fraternal twin” setup (Privé and Errico 2013).

The DAS used here has been updated since the results of
McGrath-Spangler et al. (2022), reducing the degree of
“twinning” further. Details of this update, including changes
to the model and DAS, may be found in Privé et al. (2023).
This is significant for several reasons. The model has evolved
further, introducing additional differences between the model
used to generate the NR and that in the DAS used to com-
pute the OSSE experiments. This provides additional differ-
ences upon which the observations may provide information
and produces more error that can be reduced by their
assimilation.

The observing system has been updated from one resem-
bling the system available in 2015 to one resembling 2020.
This update allows a more realistic measurement of the po-
tential impact of future observations beyond current capa-
bilities. Although the COVID-19 pandemic resulted in a
decrease in the number of aircraft observations available in
2020, Ingleby et al. (2021) showed that the decrease in forecast
skill was largely insignificant. The largest impact was in the
upper troposphere of the Northern Hemisphere (250–200 hPa,
the level of aircraft cruising altitudes) and most of the impact
came from the loss of aircraft winds rather than temperatures.
The OSSE framework has been extended to include the month
of September, allowing a longer time period to evaluate and
additional atmospheric processes that may be investigated,
namely, Atlantic hurricanes, which are more prevalent in the
month of September in the NR than in the months evaluated in
the previous work (Reale et al. 2017).

Simulated observations were generated by sampling the Nature
Run at the spatiotemporal locations of actual observations from
June to September 2020, consistent with the procedure of Errico
et al. (2017). An exception was made for August AIRS obser-
vations due to a failure of the instrument. These were taken
from the spatiotemporal locations of August 2021 observations.
This approach is to mimic the observing system available in
2020. A list of the observations assimilated in the OSSE Control
is available in Table 1, and a spatial distribution is shown for a
6-h assimilation window in Fig. 1 from the OSSE, consistent
with the OSSE time. Observations not included are GOES
radiances and those sensitive to stratospheric ozone as they
produce minimal impact in the GMAO OSSE framework.
The different methods described in Errico et al. (2017) were
used to generate each observation type from the NR. For the
distribution of the assimilated observations to reflect the atmo-
spheric state of the NR, the radiance data types are affected by
the cloud fields of the NR for quality-control purposes and use
CRTM in their simulation.

Correlated and uncorrelated errors are added to the syn-
thetic observations assimilated in the Control experiment to
provide an approximation of the real errors that originate
from instrument errors, representativeness errors, and errors
in the data assimilation system’s process of handling observa-
tions. Simulated observations tend to have lower intrinsic er-
ror than real observations, so this is done, customized to the
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instrument type, to statistically resemble the magnitude and
correlation scale of real observation errors.

In addition to the observations assimilated in the Control,
hyperspectral infrared observations from GXS and two other
geostationary locations (approximately those of MTG-S and
Himawari-10) were generated following the methodology

described in McGrath-Spangler et al. (2022). Although an in-
depth discussion of their generation is described in that work,
a brief description is provided here. All three geostationary
instruments were simulated identically, the only difference
being the satellite subpoint.

Hourly observations were simulated for GXS (satellite sub-
point of 1058W) and at satellite subpoints of 08and 1408E with
a spectral wavenumber resolution of 0.625 cm21 for a range
from 680 to 2250 cm21. In practice, however, observations
were not assimilated with an hourly temporal frequency for
global NWP. Observation locations were generated based on
the coverage from GOES-R and relocated to the appropriate
satellite subpoints. They were then interpolated from the
G5NR to the corresponding spatiotemporal locations. Cloud
contamination was accounted for using probabilistic methods
(Errico et al. 2017) and the high-resolution IR radiances were
partially thinned with cloud contaminated data preferentially
discarded. However, unaffected radiances that peak above
low-lying clouds were retained. The spatial distribution of the
GEO IR observations is available in Fig. 1 and for quality-
controlled GEO IR observations from a surface sensitive
channel in Fig. 2.

The channel selection used here is identical to that of
McGrath-Spangler et al. (2022) with the exception that
channels outside the range of GXS are discarded here.
Fifty-three temperature sounding channels, ranging from
680 to 980 cm21, and 15 water vapor channels, ranging from
1765 to 2005 cm21, were assimilated by the GEOS DAS. This
channel selection balances the minimization of interchannel
correlations while preserving a high vertical resolution of the
atmosphere, providing profiles of atmospheric phenomena.
Most hyperspectral infrared instruments use a similar proce-
dure (McNally et al. 2006; McCarty et al. 2009; Reale et al.
2018; McCarty et al. 2021). The optimal selection of channels

TABLE 1. List of observations assimilated in the control.

Instrument type Instrument

Conventional Radiosonde, surface, and aircraft
Ground retrieved NEXRAD winds and wind profilers
Satellite retrieved Geostationary AMV

SEVIRI (Meteosat-10; Meteosat-8)
AHI (Himawari-8)
GOES Imager (GOES-16; GOES-17)

Polar AMV
MODIS (EOS Terra; EOS Aqua)

Scatterometer
ASCAT (MetOp-A)

Radio occultation bending angle
Satellite radiance Infrared

IASI (MetOp-A; MetOp-B)
CrIS FSR (SNPP; NOAA-20)
AIRS (EOS Aqua)

Microwave temperature
AMSU-A (NOAA-15; NOAA-18;

NOAA-19; MetOp-B; MetOp-C;
EOS Aqua)

ATMS (SNPP; NOAA-20)
SSMIS (F17)

Microwave humidity
MHS (MetOp-B; MetOp-C)
ATMS (SNPP; NOAA-20)
AMSR-2 (GCOM-W1)
GMI (GPM)

FIG. 1. All observation types assimilated in the OSSE for a 6-h period centered on OSSE time
0000 UTC 1Aug 2006 before quality control. The geostationary IR observations are indicated in red.
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is an active area of research Coopmann et al. (2022) and it is ex-
pected that the channel selection will be different once the instru-
ment becomes operational. It is also important to note that the
advantages of a hyperspectral IR sounder extend beyond NWP
applications to include, among others, observational constraints
for atmospheric constituents, and a geostationary IR sounder will
allow near-real-time, high-vertical-resolution observations of rap-
idly evolving weather phenomena relevant to human activities.

As in McGrath-Spangler et al. (2022), errors were not ex-
plicitly added to the geostationary hyperspectral IR radiances
for several reasons. Primarily, the error magnitude of the pro-
posed instruments is currently unknown since the instrumen-
tation is still in development and its estimate is uncertain.
However, implicit error exists due to several issues, including
some representativeness error since the high-resolution G5NR
and the DAS used for assimilation consist of different resolutions.
Errico et al. (2017) contains more general information about ob-
servation generation and the associated errors.

4. Experiment design

A set of OSSE experiments consists of a control run and
permutations of that control in order to assess the impact of a
proposed instrument with the control run serving as a baseline
for comparison. For the OSSE set described here, the assimi-
lated observations in the Control are listed in Table 1. Two
permutations were computed. The first is the GXS-Only run
that assimilated all of the Control observations plus simulated
observations consistent with the proposed GXS instrument.
The second is the Global Ring experiment that again assimi-
lated all observations in the Control, plus geostationary hyper-
spectral IR observations consistent with the satellite subpoints of
GXS, MTG-IRS, and GHMS. Thus, the only differences between
GXS-Only and Global Ring are the additions of GEO IR soun-
ders at the positions of MTG-IRS and Himawari-10 GHMS.

A multiweek period was used to spin up the radiance bias
coefficients and background state during the calibration pro-
cess. This iterative process was separate from the experiment

spinup with the purpose of adjusting the OSSE system to
mimic the real system. All experiments simulated the period
1 July–30 September 2006 with a spinup period for GEO IR
starting 26 June. However, the OSSE system itself benefited
from several months of calibration to adjust the bias correc-
tion coefficients (Privé et al. 2023) and initial conditions were
selected at the end of this process. The analysis was generated
at C360 horizontal resolution on the cubed sphere grid (ap-
proximately 0.258 3 0.31258) using a 6-h assimilation window
and a hybrid 4DEnVar assimilation scheme (Todling and El
Akkraoui 2018). Ten-day forecasts, initialized at 0000 UTC
from 1 July to 30 September 2006, were run at the same C360
resolution as the analysis. The simulated errors and cloud
probability functions were adjusted to statistically resemble
existing observations in the real world.

Aside from the satellite subpoint used in defining the loca-
tion of the observations, the three geostationary hyperspectral
IR sounders are identical in terms of radiance channels. The
GEOS hybrid 4DEnVar assimilation scheme used by the
GEOS DAS uses a 6-h temporal thinning box. The GEO IR
observations were therefore assimilated in a 6-h assimilation
window and thus did not make optimal temporal use of the
GeoXO observations. Horizontal thinning used a 180-km
thinning box, consistent with IR sensors from polar-orbiting
satellites. Since a 6-h assimilation window is used by the GSI,
the temporal frequency of the assimilated data is lower than
the hourly observations. The GSI performed cloud detection
consistent with the methodology of Eyre and Menzel (1989).
The assimilation procedure used to perform variational bias
correction on the GEO IR radiances and observation errors
is consistent with the procedure for other infrared satellite
radiances.

5. Results

Assimilation of a new instrument may affect the perfor-
mance of an experiment in multiple ways, necessitating evalu-
ation of several performance measures. Here, results are

FIG. 2. As in Fig. 1, but for only the quality-controlled geostationary IR sounder observations.
The observations are plotted for GEO IR channel 107, corresponding to 716.25 cm21.
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shown from the assimilation of geostationary hyperspectral
IR radiances in four categories. The first evaluates the impact
on the analysis. These analyses affect the initial conditions for
the NWP forecasts, which are examined in the second cate-
gory. Third, the impact of geostationary IR assimilation on
hurricane representation is described. Fourth, the forecast
sensitivity of observation impact (FSOI) metric (Langland
and Baker 2004; Zhu and Gelaro 2008; Gelaro and Zhu 2009)
is described for both global and contiguous United States
(CONUS) domains.

a. Analysis

In a traditional OSSE, the “truth” is perfectly known since
it is determined by the nature run. This allows the computa-
tion of errors directly and exactly, aside from differences in
resolution. Here, the nature run is used in the computation of
the analysis error over the duration of the experiments, from
1 July to 30 September. Evaluation of changes to the analysis
error are particularly consequential because the analysis is
used in the initialization of forecasts and these errors are sub-
sequently passed to the results of the NWP models.

Figure 3 shows the root-mean-square temperature error of
the Control and the normalized differences of the GXS-Only and
Global Ring experiments relative to the Control. For this and sub-
sequent figures, the root-mean-square error (RMSE) is computed
over three domains, global, GXS latitude/longitude, and CONUS.
The GXS domain is defined by the latitudes and longitudes ap-
proximately observed by the simulated GXS instrument in these
experiments (1568–548W longitude and equatorward of 518N/S).
The CONUS domain is defined as between 1308 and 608W longi-
tude and between 208 and 528N latitude.

In the Control, much of the temperature error is in the
lower troposphere, below approximately 700 hPa. In the
global domain, the largest error is at the poles and an elevated
arc of enhanced error from the equator toward Antarctica is
associated with the low cloud deck west of South America.
This feature is emphasized within the GXS domain, which has
a greater fractional areal coverage of the responsible cloud
deck. The CONUS domain, which is north of the cloud deck
and thus the increased error, does not contain the feature.

Examining the error differences globally, the biggest bene-
ficial impact from assimilating geostationary IR sounder ob-
servations is present in the tropics, coincident with the
broadest areal coverage of observations. Degradation occurs
over the South Polar region where it is austral winter and
near the tropical tropopause. Globally, the advantage of a
ring of GEO IR sounders, consistent with the vision of the
WMO (WMO 2019) is apparent. Over the tropics, the im-
provement obtained from the GXS-Only experiment is on the
order of 1%–2%; however, if two additional GEO sounders
are included, the improvement is closer to 5%, and this result
extends throughout the tropical tropospheric column and
over a broader range of latitudes.

Within the smaller domains, the advantage of the global
ring over assimilating only GXS is less significant. In both ex-
periments over the GXS defined domain, there is an overall
error reduction that can be achieved almost entirely by the
additional assimilation of GXS beyond the Control. The low
tropospheric degradation in this domain is associated with
the low cloud decks over cold water, west of South America.
This may be related to difficulties in properly representing
stratocumulus clouds in this region and differences in the

FIG. 3. Zonal (a)–(c) RMSE for temperature (K) in the Control vs the nature run, (d)–(f) the normalized change in RMSE (%) relative
to the Control in the GXS-Only experiment, and (g)–(i) the normalized change in RMSE (%) relative to the Control in the Global Ring
experiment for the (left) global, (center) GXS-defined latitudes and longitudes, and (right) CONUS regions. In the difference plots, blue
or red indicates an improvement or degradation, respectively, by the addition of the geostationary IR radiances.
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microphysics and boundary layer parameterizations used in
the DAS and the nature run. Specifically, the assimilation of
GEO IR observations results in, on average, a beneficial cool-
ing from approximately 900 to 750 hPa. Because of the
weighting functions associated with the radiance observations,
this cooling is not added as a point measurement, but is in-
stead spread vertically, resulting in the degradation aloft of
750 hPa.

The GeoXO program is particularly interested in impacts
over CONUS as one of its aims is to improve weather predic-
tion in this area. Although CONUS is heavily observed in re-
ality and in the Control simulation, the GXS observations
contribute to a general improvement in this domain beyond
what is achievable with current observations. In the right pan-
els of Fig. 3, there are only minor differences between the two
perturbation experiments with much of the benefit deriving
from the assimilation of GXS, though some positive benefit
comes from the broader coverage of the global ring, such as
between 700 and 500 hPa south of 308N.

In addition to temperature sensitive channels, water vapor
sensitive channels from the simulated geostationary IR soun-
ders were assimilated, thus impacting the representation of
specific humidity in the perturbation experiments (Fig. 4).
The largest specific humidity RMSE in the Control simulation
occurs where water vapor concentrations are the highest,
namely, in the troposphere and more specifically in the
tropics. These larger RMSE exist predominantly equatorward
of 308N/S and between 900 and 700 hPa. Similarly to the
RMSE of temperature, this elevated error region is associated
with low-level cloud decks off the west coast of South America
as well as Africa. Given the larger fractional coverage of these
regions in the GXS domain (middle panel), this error feature is
larger than in the global domain and largely absent over the
CONUS domain.

The normalized differences in the perturbation experi-
ments, relative to the Control, are shown in the lower panels
of Fig. 4. Over the global domain, the GXS-Only experiment
shows mixed results with a relatively weak overall beneficial
impact in the tropics. When comparing with the Global Ring
experiment, the importance of multiple hyperspectral IR
sounders is evident with a much larger and broader beneficial
impact throughout the tropical troposphere. The broad cover-
age in the tropics of the geostationary sounders, shown in Fig. 1,
contributes to this effect.

Over the smaller domains, the significance of the global
ring declines and the dominant contributor to the beneficial
impact is the GXS instrument, with only slight differences be-
tween the GXS-Only and Global Ring experiments. The pre-
dominant effect of assimilating geostationary IR sounders
over the GXS domain is beneficial, with reduced error in the
estimation of specific humidity throughout most of the col-
umn. A small region of degradation is present near the South-
ern Hemisphere tropical tropopause.

Similarly, over the CONUS domain in the rightmost panels,
there are only small differences between the GXS-Only and
the Global Ring perturbation experiments. Assimilation of GXS
results in a comprehensive improvement in the tropospheric spe-
cific humidity estimation. Particularly, the improvement is largest
below 300 hPa where specific humidity values are greatest.

In addition to the directly observed variables, the high tem-
poral resolution and low data latency provides data on the
winds through observations of rapidly evolving phenomena.
Wind increments may be inferred through covariances be-
tween the wind and directly observed variables in the DAS,
such as specific humidity (Peubey and McNally 2009), providing
new information content to the DAS. Furthermore, an improved
estimate of the winds contributes to improved estimates of tracer
transport and their subsequent concentrations.

FIG. 4. As in Fig. 3, but for specific humidity (g kg21).
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An examination of the error patterns of the zonal and me-
ridional winds is provided in Figs. 5 and 6, respectively. The
locations of the greatest zonally averaged RMSE in the Con-
trol are consistent with the midlatitude and tropical easterly
jets, most obvious in the global panel. The pattern is similar
over the GXS domain with an increased magnitude of error
in the Southern Hemisphere midlatitude jet due to RMSE in-
creases in the vicinity of South America and the surrounding
oceans. Within the CONUS domain, the largest magnitude er-
ror is focused aloft of 300 hPa and south of 308N with an

additional error distributed throughout the tropospheric col-
umn north of about 508N. The locations and magnitudes are
similar between the zonal and meridional winds.

Similar to other analysis results, the global pattern of nor-
malized difference in the perturbation experiments depends
on the global coverage of geostationary IR sounders with the
Global Ring experiment resulting in more coherent differ-
ences than assimilating GXS alone. Both wind components
show mixed results in the global domain for the GXS-Only
experiment, but a largely beneficial impact throughout the

FIG. 5. As in Fig. 3, but for zonal wind (m s21).

FIG. 6. As in Fig. 3, but for meridional wind (m s21).
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tropical troposphere roughly equatorward of 308N/S when the
global ring is assimilated.

However, over the smaller domains where observations
from GXS are the only geostationary IR sounder data assimi-
lated, there are much smaller differences between the GXS-
Only and Global Ring experiments. In the GXS domain (middle
panels), the wind estimation in much of the extratropics
poleward of about 208N/S benefits from the assimilation of
geostationary IR radiances, specifically from GXS. A degra-
dation from about the equator to 108S and between 700 and
500 hPa is associated with a degradation to the west of South
America, at roughly 1108W. This effect in the tropics is not
surprising given the weaker relationship between tempera-
ture and wind in this region and thus the weaker ability for
the covariances to provide beneficial information about the
winds. The CONUS domain (right panels) is entirely within
the extratropics and the impact of geostationary IR radian-
ces is largely beneficial, particularly at the lower latitudes of
this domain.

NWP forecasts rely on analyses for initialization, so an im-
pact on the analysis directly impacts the predictive skill of the
subsequent forecast. The improvements shown above are
therefore necessary for better weather forecasts.

b. Forecast

In both the Northern (208–808N) and Southern (808–208S)
Hemisphere extratropics, the anomaly correlation for 500-hPa
geopotential height was examined (not shown). The effect of
the perturbation experiments in the Southern Hemisphere

was statistically significant, but the differences were small
improvements in the short-range forecasts that did not persist
through time. In the Northern Hemisphere, however, there
was more of a statistically significant improvement, specifi-
cally in the short- and long-range forecasts in the Global Ring
perturbation experiment extending to 7 days. This highlights
the importance of global coverage from geostationary IR
sounders for the improvement of global numerical weather
prediction.

The effect of assimilating geostationary IR sounders on
temperature forecasts is shown in Fig. 7. The top row shows
the RMSE as a function of pressure and forecast time vali-
dated against the G5NR. Consistent with real forecasts, this
error grows with time. The bottom two rows show the normal-
ized differences of the GXS-Only and Global Ring perturba-
tion experiments from the Control. These are shown for the
same three domains used in the evaluation of the analysis er-
rors: global, the latitudes and longitudes observed by the
GXS instrument, and over the CONUS domain.

Prior work (e.g., Privé and Errico 2013; Cucurull and Casey
2021; Privé et al. 2022) has shown that the largest impacts gen-
erally occur during the early forecast periods and this is espe-
cially true over the tropics and the summer hemisphere. The
results of Fig. 7 are consistent with this result, showing statisti-
cally significant impacts during the earliest parts of the fore-
casts. In the global domain, these extend to approximately
3 days in both the GXS-Only and Global Ring perturbation
experiments. For GXS-Only, the beneficial impacts exist in
three distinct layers near 900, 600, and 300 hPa with the upper

FIG. 7. Domain-averaged (a)–(c) RMSE for temperature (K) in the Control vs the nature run as a function of pressure and forecast
time, (d)–(f) the normalized change in RMSE (%) relative to the Control in the GXS-Only experiment, and (g)–(i) The normalized
change in RMSE (%) relative to the Control in the Global Ring experiment for the (left) global, (center) GXS-defined latitudes and longi-
tudes, and (right) CONUS regions. Calculations are done for the 0000 UTC forecasts only. In the difference plots, blue or red indicates an
improvement or degradation, respectively, by the addition of the geostationary IR radiances and hatching indicates statistical significance
at the 90% level, taking into account autocorrelation.
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tropospheric impact being the largest and extending the lon-
gest. Only the lower and upper levels show statistically signifi-
cant improvements. In the Global Ring experiment, the effect
of broader longitudinal coverage from the additional geosta-
tionary sounders is more consistent with a larger forecast
improvement throughout the troposphere and a greater statis-
tical significance. Interestingly, the band at 600 hPa has a
stronger beneficial impact in the Global Ring experiment
than the other two bands, in contrast with the GXS-Only
experiment.

In the middle column, the effect is highlighted over the
GXS-defined domains of the Western Hemisphere. The bene-
ficial impact is again concentrated in three bands, but with a
larger intensity than in the global domain. The statistical sig-
nificance in the upper troposphere extends to about three
days in the GXS-Only experiment, slightly longer than in the
Global Ring perturbation. The Global Ring experiment is
more consistent throughout the troposphere with significance
until approximately 2 days. As in the global domain, the in-
tensity of the midtropospheric improvement at 600 hPa is
larger in the Global Ring experiment than in the GXS-Only
experiment.

Over the CONUS domain, shown on the far right, the ef-
fect of assimilating geostationary IR sounders in either pertur-
bation experiment is mostly positive though the impact is
small and generally insignificant. The Global Ring slightly de-
grades the forecast in comparison with assimilating GXS only,
but the effect is small and not statistically significant.

Error growth of the specific humidity forecast and the nor-
malized difference of the two perturbation experiments rela-
tive to the Control are shown in Fig. 8. In the Control, the
errors are predominantly in the lower troposphere where wa-
ter vapor concentrations are highest. The largest errors are at
approximately 800 hPa, growing with forecast time.

Over the global domain, the GXS-Only experiment produ-
ces a statistically significant short-term beneficial impact on
humidity in the midtroposphere and an even larger beneficial
impact in the lower troposphere extending to 3 days. Beyond
these, there is minimal impact from assimilating the GXS in-
strument. By expanding the geostationary IR coverage in the
Global Ring experiment, the improvement is increased with
a statistically significant beneficial impact extending through-
out most of the troposphere and beyond 4 days in the lower
troposphere. Much of the improvement occurs in the midtro-
posphere from about 700 to 300 hPa with statistical signifi-
cance beyond 3 days. Given the large improvement in the
Global Ring experiment in the analyses used for the initiali-
zation of these forecasts, it is not surprising that the inclusion
of additional GEO IR sounders produces such a beneficial
result.

Zooming in on the GXS defined domain, the differences
between the perturbation experiments decline with nearly
identical impacts whether GXS only is assimilated or if the
global ring is included. In both experiments, the beneficial
impact extends throughout the troposphere, but is most signif-
icant around 900 hPa to almost 3 days and in the midtropo-
sphere until approximately 1 day. This is somewhat shorter
than in the global domain, most likely due to a smaller extra-
tropical areal fraction. Error growth in the tropics is domi-
nated more by fast convective processes rather than the slow
baroclinic processes that dominate farther poleward. In both
this and the global domain, the lower tropospheric improve-
ment at the level of the low-level cloud decks is meaningful
for reducing errors in the regions of highest uncertainty.

Differences on the CONUS domain between the perturba-
tion experiments (the right side of Fig. 8) are also small. In
both experiments, assimilating geostationary sounders results
in a beneficial impact throughout the troposphere, but is only

FIG. 8. As in Fig. 7, but for specific humidity (g kg21).
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significant in the midtroposphere at ;500 hPa. The minimal
impact of the global ring on this domain indicates that this
beneficial impact is a result of assimilating GXS and may be
achieved without the international coverage.

One of the main advantages of a sounder from a geosta-
tionary platform is that the high temporal resolution provides
information on the winds through covariances between the
wind and directly observed variables, such as specific humi-
dity. Despite the 6-h assimilation window used, this effect,
plus other improvements in the analyses used to initialize the

forward in time forecasts, impacts the prediction of wind ve-
locity (Figs. 9 and 10).

In the Control experiment, shown in the top rows of Figs. 9
and 10, the RMSE grows with time in each domain and is
largest in the upper troposphere, consistent with the height of
the midlatitude and tropical easterly jets. The error magni-
tudes and progression with time are similar between the zonal
and meridional winds.

In the global domain (left panels), the impact of the GXS-
Only perturbation experiment is minimal with very small

FIG. 9. As in Fig. 7, but for zonal wind (m s21).

FIG. 10. As in Fig. 7, but for meridional wind (m s21).
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normalized differences relative to the Control. The global
prediction of wind velocity is unaffected by assimilation of
GXS observations. However, in the Global Ring perturbation
experiment, the effect is more extensive. Wind improvements,
relative to the Control, exist throughout the troposphere for
both wind components extending for the most part out to
2 days and beyond 3 days at approximately 700 hPa for the
zonal wind. This difference in predictability behavior between
the GXS-Only and Global Ring experiments is consistent
with the effect observed in the analysis (Figs. 5 and 6) where
the longitudinal coverage of geostationary sounders was criti-
cal to improvements in global wind representation.

On the smaller, GXS-defined domain (middle panels), the
effect of the global ring is less crucial. Both perturbation ex-
periments produce a similar beneficial impact on the forecast
of wind velocity throughout the troposphere, with larger in-
tensity for the meridional wind. The zonal wind forecast im-
provement is significant to approximately 0.5 days from near
the surface to approximately 700 hPa and at around 300 hPa,
near the height of the midlatitude jets in the GXS-Only exper-
iment. The statistical significance of the near-surface improve-
ment extends to approximately 2 days in the Global Ring
experiment. The meridional wind experiences a larger inten-
sity improvement throughout the troposphere, especially near
the surface to approximately 900 hPa. This improvement ex-
tends through the 1 day forecast and out to almost 2 days at
700 hPa in the Global Ring experiment. On this domain, there
exists a small degradation, particularly for the meridional
wind beyond the 4 day forecast that is statistically insignificant
and shows that the positive impact from the improved initiali-
zation weakens as model error and chaotic error growth dom-
inate the forecasts.

Over the CONUS domain (right panels), the effect of geo-
stationary sounder assimilation in both the GXS-Only and
Global Ring perturbation experiments produces significant
beneficial improvements only over a small portion of the fore-
casts, mostly between 900 and 500 hPa and for less than 1 day
for both wind components. Although generally insignificant,
the overwhelming impact of geostationary sounder assimila-
tion in both experiments is beneficial before day 4. An im-
provement in the upper troposphere in both components,
although particularly for the meridional wind, is consistent
with the height of the largest error in the Control.

c. Hurricanes

Previous tropical cyclone case studies (e.g., Atlas et al.
2015; McNoldy et al. 2017; Okamoto et al. 2020) have shown
the effectiveness of OSSEs in estimating the impact of future
sensors on these systems. The experiments examined here
were extended into the month of September to capture sev-
eral Atlantic Ocean hurricanes present in the G5NR. Five-
day forecasts were generated for every analysis cycle (0000,
0600, 1200, and 1800 UTC) during September to provide
more robust statistics. Three hurricanes occurred within the
observational domain of GXS and were thus sampled by the
instrument. AL03 traveled across the Gulf of Mexico from 7
to 11 September, making landfall along the Mississippi and

Alabama border (Fig. 11). AL04 was particularly long lived
(from 12 to 27 September), traveling northwestward across
the North Atlantic Ocean before turning northeastward
well off the coast of North Carolina on 26 September. The
third hurricane, AL07, was short-lived (from 29 September
to 1 October) and stayed within the Gulf of Mexico, moving
northerly along a nearly straight line at approximately 928W
and never made landfall.

Figure 12 examines the combined average forecast track er-
ror for the three hurricanes (AL03, AL04, and AL07) and the
number of forecasts used in their calculations. The number of
forecasts decreased with forecast lead time. For the three
storms combined, the initial analysis (forecast lead day 0) in-
cluded over 80 track estimates. When comparing the three ex-
periments, Control, GXS-Only, and the Global Ring, it is
seen that there were no statistically significant differences in
the average track errors. However, there is a small improve-
ment (on the order of 6.5% at day 5) in the Global Ring ex-
periment relative to the Control. This predominantly resulted
from improvements in the forecast track of AL04 (not
shown). AL04 initially developed to the east of the GXS ob-
servational domain and is thus not observed by this instru-
ment during its early phases. Instead, it is under the domain
observed by MTG-S before traveling westward and into the
GXS domain. Early forecasts, when the track is less certain,
therefore rely on improvements from assimilating MTG-S.
The initial 10 forecasts, while the storm is to the east of the
GXS observations, do show a statistically significant forecast
track improvement, relative to the Control, for forecast lead
times between 2 and 4 days, highlighting the importance of

FIG. 11. The TC track from the Nature Run (black) and forecasts
for AL03 initialized at 1800 UTC 7 Sep from the Control (green)
and GXS-Only (orange) experiment. Dots indicate the manually
tracked position every 6 h.
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international cooperation for the improvement of this storm.
Another storm, WP11 in the Northwest Pacific, occurred un-
der the Himawari-10 observational domain. The Global Ring
experiment resulted in a statistically significant improvement
in average forecast track error from roughly 2 to 3 days (not
shown), further highlighting the importance of international
partnerships.

Focusing on a single storm, AL03, that was observed by
GXS for the duration of its lifespan, the average forecast
track error is shown in Fig. 13. While the sample size is ex-
pectedly smaller than for the combination of the three storms
in Fig. 12, there is still a fairly robust sample size with 16 track
estimates at zero lead time. The GXS-Only experiment had a
track error that was consistently smaller than the error in the
Control. This smaller track error, due to the assimilation of
the GXS instrument, exceeds 90% significance with forecast
lead times between 18 and 60 h. The later improvements are
relevant to hurricane evacuations, which require forecasts on
the time scales of 2–4 days (Lauer et al. 2021).

The predictability of AL03 was particularly low in its early
stages when it was at its weakest. Focusing on the earliest
forecast time for AL03 (1800 UTC 7 September), Fig. 11
shows track forecasts from the Control and GXS-Only experi-
ment. From the beginning of the forecast, GXS-Only better
matches the actual track as the storm moves northwestward
through the Gulf of Mexico while the Control forecast track
moves more directly northward. This was associated with a
weak high pressure system to the northeast that was modified
by the assimilation of GXS radiances to better steer the hurri-
cane in the right direction. Around 10 September the GXS-
Only track begins to diverge from the Nature Run track
slightly but is still much closer to the truth than was the Con-
trol. At landfall, on 11 September, the Nature Run hurricane
strikes the Mississippi and Alabama border while the GXS-
Only hurricane makes landfall just to the east of Mobile Bay.
The forecast from the Control lands much farther to the east,

near Panama City, Florida. At landfall, the Control has a
track error of approximately 250 km, nearly 150 km more
than in the GXS-only experiment.

d. FSOI

The impact of geostationary hyperspectral IR radiances
can be characterized using the FSOI metric described by
Langland and Baker (e.g., 2004), Zhu and Gelaro (e.g., 2008),
and Gelaro and Zhu (e.g., 2009). Although not a strict rank-
ing of instrument impact, this metric quantifies how individual
observations impact the 24-h forecast moist energy error
norm (Ehrendorfer et al. 1999; Holdaway et al. 2014). It may
be used to create generalized groupings of high-impact instru-
ment types for an approximate understanding of their signifi-
cance in the reduction of forecast error within a NWP system.
Extensive effort has been made to validate this OSSE frame-
work to ensure a statistical resemblance to the semiopera-
tional system run by the GMAO, including for the FSOI
metric and assimilated hyperspectral IR observations (Errico
et al. 2013; Privé et al. 2021; El Akkraoui et al. 2023; Privé
et al. 2023; McGrath-Spangler et al. 2022).

The global 24-h satellite radiance FSOI error impact is
shown in Fig. 14 for the Global Ring experiment. Similar re-
sults were found for the GXS-Only experiment. This was
computed using only the 0000 UTC forecasts since the fore-
cast initialization time is less important when examining a
globally computed metric. It is apparent that polar-orbiting
instruments perform better than those in a geostationary or-
bit. This is due to the differing spatial coverage, as measured
globally, of the two types of orbit. Polar orbiters sample the
full domain and the disadvantage of the low temporal resolu-
tion of a given region over the diurnal cycle is not keenly
perceived by the system. Conversely, instruments in a geosta-
tionary orbit provide limited information content to the
global system outside their observational domain and the high

FIG. 12. Mean forecast track error (km) as a function of forecast
lead time and the number of forecasts used in the computation for
hurricanes AL03, AL04, and AL07 in the G5NR.

FIG. 13. Mean forecast track error (km) as a function of forecast
lead time and the number of forecasts used in the computation for
hurricane AL03 in the G5NR. Stars indicate significance at the
90% level.
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temporal resolution does not eliminate observational deficien-
cies in remote locations.

Given these limitations, GXS performs well in the global
FSOI metric. Its position in the upper third most impactful
satellite radiances conveys its importance in error reduction
consistent with what was shown in section 5b. The impact of
MTG-IRS and Himawari-10 GHMS are lower in the Global
FSOI metric and this is potentially due to fewer observations
being assimilated (Fig. 2) and the fast error growth associated
with the convective nature of the west Pacific. Overall, the
number of MTG-IRS observations assimilated is approxi-
mately 90% of the number of GXS observations. The number
of assimilated GHMS observations is approximately 78% of
the number of assimilated GXS observations (not shown).
Radiance channels sensitive to emissivity and the surface are
preferentially discarded by the quality-control algorithm over
deserts, which encompass a larger fractional area of the obser-
vational domains of MTG-IRS and GHMS resulting in fewer
assimilated observations from these instruments. Addition-
ally, large fractions of high cloud cover over the western
Pacific Ocean obscure much of the troposphere, further re-
ducing assimilated observation counts from GHMS. Fast
error growth limits the impact of initial condition improve-
ments as these improvements are quickly overwhelmed by
chaotic error growth associated with quick convective processes,
thereby restricting the potential to improve 24-h forecast error.
These effects may explain some of the relative importance of

these instruments in error reduction as measured by the FSOI
metric.

On the scale of CONUS, the FSOI result is very different
from the global metric. Figure 15 shows the FSOI computed for
the four synoptic times (0000, 0600, 1200, and 1800 UTC) over
the CONUS domain (1308–608W longitude and between 208
and 528N latitude). Over the more limited spatial domain and
across the full diurnal cycle, geostationary instruments observing
the relevant spatiotemporal region have a clear advantage, rela-
tive to the polar orbiters, on impacting the 24-h forecast error.
Polar-orbiting instruments may only observe over CONUS twice
per day and cannot emulate the temporal resolution of a geosta-
tionary instrument that provides nearly continuous atmospheric
sounding data (Wang et al. 2021). This critical temporal informa-
tion allows a strong observational impact from the GXS instru-
ment in reducing the moist energy error norm. Over CONUS,
satellite radiances from MTG-IRS and Himawari-10 GHMS
have minimal impact on energy error norm reduction over a
24-h forecast since none of their observations directly observe
the region of interest (Fig. 2); however, the upstream location
of Himawari-10 GHMS to the CONUS domain may provide a
slight advantage over MTG-IRS in this metric.

6. Summary and conclusions

This study examined potential impacts from geostationary
IR sounders from a global NWP perspective using NASA’s

FIG. 14. FSOI per analysis as a function of satellite radiance in-
strument calculated globally for the 0000 UTC analyses, with error
bars computed at the 90% significance level. The impact computed
from GXS is highlighted in red, and the impact from the other geo-
stationary sounders is highlighted in pink.

FIG. 15. FSOI per analysis as a function of satellite radiance in-
strument calculated over CONUS for the 0000, 0600, 1200, and
1800 UTC analyses, with error bars computed at the 90% signifi-
cance level. The impact computed from GXS is highlighted in red,
and the impact from the other geostationary sounders is
highlighted in pink.
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GMAO OSSE framework. The implied caveats and limita-
tions of a fully simulated environment apply. This was per-
formed with an emphasis on the NOAA/NASA proposed
GeoXO Sounder both as a single IR sounder on a geostation-
ary platform and as part of a global ring of such instruments.
Specifications for the IRS instrument on the European MTG
satellite were the basis for the simulated radiances. The DAS
used a hybrid 4DEnVar assimilation scheme with assumed
hourly observation binning that is coarser than the proposed
temporal resolution of GXS. Current DA techniques use 6-h
thinning boxes that do not make optimal use of the GeoXO
observations. Future developments in DA may allow better
use of these observations to fully capture the high temporal
frequency information.

The launch of GXS and other geostationary IR sounders
has the ability to provide new, valuable information content
to NWP systems through the nearly continuous vertical profil-
ing they provide of atmospheric phenomena and processes.
Current polar-orbiting IR sounders leave a knowledge gap
that would be addressed by a geostationary global ring of these
instruments, as identified by the WMO (2019). Additional
benefits, beyond NWP, have also been identified (Lauer et al.
2021).

Four different metrics were used to assess the impact of as-
similating GXS alone and as part of a global ring of such in-
struments. Overall, widespread improvements in the analyses
occurred globally for temperature, specific humidity, and
zonal and meridional wind. The wind improvements largely
resulted from improved wind increments inferred from cova-
riances of the wind with the high-temporal-resolution temper-
ature and specific humidity observations in the DAS. The
primary error reductions occurred in the tropics where the
broadest span of observations exist from a geostationary plat-
form. Globally, international contributions from MTG-IRS
and Himawari-10 GHMS led to greater improvements than
from assimilating GXS alone, reflective of the increased ob-
servational coverage in this domain. Specifically, the error re-
duction equatorward of 308 was stronger in the Global Ring
experiment for all four of the evaluated thermodynamic varia-
bles. The low tropospheric degradation at about 700 hPa is as-
sociated with low cloud decks off the west coast of South
America, indicating the importance of improving the handling
of clouds observed by IR sensors in data assimilation systems.
Regional impacts on the GXS specified and CONUS domains
were primarily from the assimilation of GXS with minimal
differences from the addition of the global ring.

Since the analyses were used for the initialization of the
subsequent forecasts, the analysis improvements from GEO
IR assimilation extended to the forecasts. Similar to the analy-
ses, the GXS domain forecast improvements largely resulted
from assimilation of GXS radiances with minimal additional
improvements from the inclusion of the global ring. On the
GXS specified domain, statistically significant improvements
persisted throughout the tropospheric column, on the order
of 2–3 days. Globally, the degree of improvements in the fore-
cast depended more heavily on the global ring. In the GXS-
Only experiment, improvements were modest and significant
improvements only extended to approximately 2 days for

temperature and specific humidity. For the zonal and meridio-
nal winds, the GXS-Only experiment produced minimal im-
provements with only a small region of statistically significant
benefit in the meridional wind at about 900 hPa that only per-
sisted for 24 h. However, the Global Ring experiment pro-
duced much more robust improvements that extended closer
to 3–4 days for temperature and specific humidity, most likely
dominated by improvements in the midlatitudes. Likewise,
the improvements in the wind were much more substantial in
the Global Ring experiment with statistically significant im-
provements extending 2–3 days.

This study examined the impact of geostationary IR sounder
assimilation on hurricanes. Given the constraints on the number
of appropriate hurricanes available for study in any Nature Run
(Atlas et al. 2015; Posselt et al. 2022), more robust statistics will
be necessary once real data become available. The high tempo-
ral resolution of sounding observations available from a geosta-
tionary platform was shown to have the potential to improve
hurricane forecast track errors. Averaged over 3 Atlantic hurri-
canes, the Global Ring experiment was able to improve the
5-day forecast by about 6.5% although this was not statisti-
cally significant. This improvement relied on observations
from the European MTG-IRS instrument during the early
phases of a hurricane that formed in the middle of the North
Atlantic. For a Gulf of Mexico hurricane, the GXS-Only ex-
periment was able to reduce forecast track error significantly
on the time scales necessary for hurricane evacuations. For
the initial forecast of this storm, the track error at landfall
was nearly 150 km smaller than in the Control.

Last, the 24-h moist energy error norm reduction was ex-
amined using the FSOI metric. Globally, satellite radiance as-
similation shows that the polar orbiters, which observe the
full global domain, outperform the regionally focused instru-
ments on board geostationary platforms. However, this met-
ric, when evaluated with the higher temporal frequency and
targeting the CONUS domain, shows the potential of hyper-
spectral IR instruments on a GEO platform. GXS, which sam-
ples CONUS with a high temporal frequency, has the largest
impact on the 24-h forecast error reduction of all the radiance
types.

These results must be considered in the context of several
limitations. One is that explicit errors have not been added to
the assimilated GEO IR observations. GXS is still in develop-
ment and as such the error magnitude is yet unknown and un-
certainty exists in its estimation. The presented results are
therefore an upper limitation on the utility of the GXS and
other geostationary IR sounders simulated in these experi-
ments; however, the lack of optimal assimilation scheme does
mitigate some of this potential impact. Additionally, the chan-
nel selection for use in NWP has not yet been determined and
may affect future results. The number of channels assimilated
here is relatively small in comparison with polar-orbiting IR
sounders, potentially further limiting the impact of GEO
sounders. The assimilated channels in this study are assumed
uncorrelated although the actual instrument is likely to suffer
error correlation and this source of error should be addressed
when real data become available.
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This investigation differs from the study of McGrath-Spangler
et al. (2022) in several important ways. Perhaps most conse-
quential, the DAS framework and observing system have
been updated as described in more detail by Privé et al.
(2023). As part of the observing system update, the assimi-
lated CrIS data transitioned from nominal spectral resolution
(NSR) to full spectral resolution (FSR). This study, focused
on the impact of international collaboration between JMA,
EUMETSAT, and NOAA/NASA, has extended the analysis
to include the month of September and the associated tropical
cyclones present in the Nature Run during that month. Addi-
tionally, stratospheric temperature channels that are outside
the proposed range of GXS that were assimilated in the previ-
ous study have been excluded. The most pronounced differ-
ence from the previous study is better results in the Southern
Hemisphere midlatitudes due to improvements in the data as-
similation system.

One important goal of proposed weather instruments is to
improve weather forecast prediction and the representation
of atmospheric phenomena in NWP models. The capability of
the proposed NOAA/NASA GXS instrument both as a single
sounder on a geostationary platform and as part of an interna-
tionally supported global ring of such instruments was as-
sessed in the context of this goal. Regionally over much of the
Western Hemisphere directly observed by GXS and over the
smaller CONUS region, assimilation of GXS radiances is
the predominant geostationary instrument responsible for analy-
sis improvements and forecast error reduction. In particular, the
GXS instrument has the largest impact on moist energy error
norm reduction as measured by the FSOI over CONUS. Glob-
ally, international partnerships on geostationary platforms play a
more important role in NWP improvements. Progress toward
all-sky IR assimilation offers the potential for even greater im-
provements, as has been shown by studies evaluating the impact
of cloud-cleared radiances (e.g., Wang et al. 2015; Reale et al.
2018; Wang et al. 2019; McGrath-Spangler et al. 2021; Ganeshan
et al. 2022). As real data become available from international
partners and is assimilated in data assimilation systems, under-
standing of the future impacts of GXS will improve.
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