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ABSTRACT: Geostationary Extended Observations, or GeoXO, is NOAA’s future geostationary 
satellite constellation, set to launch in the early 2030s and operate into the 2050s. Given changes 
to the Earth system, improvements in technology, and expanding needs of satellite data users, 
GeoXO will extend NOAA’s current observation suite by adding three new instruments and one 
new spacecraft. Improved versions of the imager and lightning mapper will again be placed on 
East and West satellites, where they will monitor severe storms, tropical cyclones, fires, and other 
hazards. They will be joined by an ocean color instrument designed for detection of harmful algal 
blooms, phytoplankton, chlorophyll-a, and other constituents. The third geostationary spacecraft 
will be placed in the center of the United States and will carry a hyperspectral infrared sounder, 
an atmospheric composition instrument, and potentially a partner payload. Radiances from the 
sounder will be assimilated into numerical weather prediction models to improve forecasts, and 
sounder-derived retrievals of vertical profiles of temperature and water vapor will allow forecasters 
to detect and track areas of enhanced instability. Retrievals of pollutants such as nitrogen dioxide 
and ozone from the new atmospheric composition instrument along with trace gas measure-
ments from the sounder will be used to improve air quality monitoring, forecasts, and warnings 
in addition to climate monitoring. Once complete, the GeoXO constellation will contribute to an 
international “geo ring” of satellites that will be used for worldwide weather, oceans, climate, 
and air quality monitoring. This revolutionary new geostationary satellite constellation will provide 
critical observations for a changing Earth system.

SIGNIFICANCE STATEMENT: The Geostationary Extended Observations (GeoXO) satellite constel-
lation will provide critical Earth observations for over two decades, feeding numerical models and 
providing forecasters with the information they need to issue life-saving warnings and forecasts. 
Extending beyond weather monitoring capabilities, GeoXO will also monitor the oceans and air 
quality, responding to the needs of a changing climate.
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T he United States began geostationary weather observations in 1966 with the National 
Aeronautics and Space Administration’s (NASA) Applications Technology Satellite 1 
(ATS-1), which launched in December of 1966 with the Spin-Scan Cloud Camera that 

imaged in one visible band (Suomi and Parent 1968). The first Synchronous Meteorological 
Satellite (SMS) launched in May of 1974 with both visible and infrared imaging capabilities 
(Goodman et al. 2019, chapter 2). Geostationary observations became operational in 
1975 with the launch of the National Oceanic and Atmospheric Administration’s (NOAA) 
GOES-1, and since that time there have been 18 satellites in 5 different “generations,” with 
improvements with each generation. The current operational satellite series, GOES-R (Gurka 
and Dittberner 2001), was launched in 2016 and consists of three on-orbit platforms, 
GOES-East, GOES-West, and a third spacecraft serving as the on-orbit spare, with a fourth 
satellite planned for launch in 2024. The GOES-R series will continue to provide NOAA’s 
geostationary observations into the 2030s, and the requirement for an on-orbit spare 
necessitating a new series of satellites with a first launch in 2032. That is the primary 
schedule driver for NOAA’s future geostationary constellation known as Geostationary 
Extended Observations (GeoXO).

The NOAA Satellite Observing System Architecture Study (NSOSA; Maier et al. 2021) com-
pleted its report in 2018 and evaluated nearly 100 observational architectures, including 
both low-Earth-orbit (LEO) and geostationary platforms. They also looked at observational 
alternatives such as leveraging partner data and using commercial data. As part of NSOSA, 
the NOAA Space Platform Requirements Working Group (SPRWG) published its final report 
in 2018 (www.nesdis.noaa.gov/sites/default/files/SPRWG_Final_Report_20180325_Posted.pdf; Anthes 
et al. 2019) in which a set of prioritized observational recommendations were made. Both 
of these reports were reviewed as a starting point for defining the GeoXO observational 
requirements.

Early in 2020, a NOAA-wide working group was chartered with a goal of recommending a 
set of observational requirements for GeoXO. The GeoXO User Requirements Working Group 
(XORWG) spent most of 2020 on this task, and ultimately delivered its recommendations to 
NOAA. Given the GeoXO operational timeline, which is expected to extend from the early 
2030s to the mid-2050s, it was necessary to evaluate the expected future observational 
needs given ongoing changes to the Earth, including climate change. A series of themed 
workshops were held in 2020 to better understand expected future user needs; themes 
included fires, weather, agriculture and land use, human health, and oceans. Further user 
input came through surveys, polls, and community meetings. The XORWG also evaluated 
NOAA line office priorities and gaps in the future observational network. Considerations 
were given to continuity, risk, technological readiness, spacecraft limitation, partner agency 
plans, and overall budget constraints. The GOES-R series Earth observations focus mainly 
on weather applications with its Advanced Baseline Imager (ABI; Schmit et al. 2005, 2018) 
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and Geostationary Lightning Mapper (GLM; Goodman et al. 2013). For GeoXO, NOAA will 
continue these observations with some targeted improvements to its imager (GXI) and light-
ning mapper (LMX), and add support for air quality, oceans, coasts, climate, and enhanced 
weather prediction capability with three new instruments: a hyperspectral infrared sounder 
(GXS), an ocean color instrument (OCX), and an atmospheric composition (ACX) instrument. 
Figure 1a shows the GeoXO constellation. GEO-West and GEO-East spacecraft will continue 
the long tradition of imager observations at 137° and 75°W. LMX and OCX will join GXI on 
GEO-West and GEO-East, and a new central spacecraft near 105°W longitude will host GXS 
and ACX, with space for an additional partner payload. The tentative timeline for launch 
and operations is shown in Fig. 1b; this is valid as of the writing of this paper, but is subject 
to change. The Geo-I spacecraft (carrying the imager, lightning mapper, and ocean color 
instruments) will operate from the GEO-East and -West positions, and the Geo-S spacecraft 

Fig. 1.  (a) The GeoXO Constellation indicating which instruments are on which spacecraft. (b) Tenta-
tive GeoXO launch and operations timeline, as of the writing of this paper. It is subject to change.  
The Geo-I spacecraft refers to those that will operate from the GEO-East and GEO-West positions at 75° 
and 137°W, and the Geo-S spacecraft those that will operate from the GEO-Center position at 105°W.
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(carrying the sounder, atmospheric composition, and partner payload instruments) will 
operate from the GEO-Center position. As shown in Fig. 1b, there will be six total space-
craft, with a maximum of three operating simultaneously, and operations will extend to 
the mid-2050s. In addition to meeting the needs of NOAA and its users in the United States, 
GeoXO is consistent with the capabilities outlined by the World Meteorological Organization 
(WMO) Integrated Global Observing System (WIGOS) 2040 (https://library.wmo.int/idurl/4/66218) 
and will contribute to the ring of worldwide geostationary meteorological satellites. In this 
paper we will first provide the details of each of the five GeoXO instruments, then list select 
applications that the constellation as a whole is expected to provide.

GeoXO instruments
The measurements acquired by GeoXO instruments span wide temporal, spatial, and spectral 
ranges that were carefully selected to meet mission observational requirements. This section 
provides a summary of key instrument parameters along with some of the products and ap-
plications each instrument will provide.

Imager instrument. NOAA has had continuous coverage from geostationary imagers since 
GOES-1 in the mid-1970s to provide real-time observations of severe weather and hazard-
ous environmental conditions. The ABI, currently flying on GOES-East and GOES-West, pro-
vides 16 spectral channels with subpoint resolutions ranging from 500 m in the visible 
to 2 km in the longwave infrared (Schmit et al. 2005). This technology represented a sig-
nificant upgrade relative to the previous generation of imagers, which had only five chan-
nels. When developing requirements for the GeoXO imager (GXI), feedback from the user 
community indicated that improvements in spatial resolution will provide larger positive 
observational impact relative to spectral or temporal improvements, but some additional 
channels were also desired.

Table 1 shows the 18 channels that GXI will have on the right side, along with the  
16 channels from ABI on the left, with central wavelength, bandwidth, and subpoint pixel size 
comparisons. Green shaded boxes indicate additions or improvements relative to ABI. Seven 
channels will have improved resolution by approximately a factor of 4 (2 times in each pixel 
direction), including a 250 m visible channel, which is aimed at better resolving small-scale 
clouds such as cumulus along boundaries and will assist a forecaster in pinpointing the time 
and location of convective initiation. The pixel dimensions listed in Table 1 are equivalent 
to the sampling distance, i.e., resolution, of the data. GXI will also have 1 km pixels in the 
window IR 10.35 μm channel and the 6.95 μm water vapor channel. It is worth noting that 
the modulation transfer function (MTF) requirements are equivalent to 1.5 km pixels for 
these two channels due to expected difficulties in achieving actual 1 km resolution. Despite 
this, these advancements are expected to allow for better depictions of storm-top features, 
improved fog detection at night, and better detection of atmospheric gravity waves that may 
cause aircraft turbulence.

Fire detection has become an increasingly important application given increased wildfire 
activity (Westerling 2016). To help address early detection, the resolution of the 3.9 μm chan-
nel will be improved from a 2 km pixel to a 1 km pixel, resulting in pixels that are a factor-of-4 
finer relative to ABI. Also, considering that sub-pixel-sized fires can be detected with 3.9 μm 
imaging (Weaver et al. 2004), the improved spatial resolution of GXI will enable smaller fires 
to be seen, allowing earlier detection and subsequent alerts.

The two new channels that GXI will offer relative to ABI are designed for improved detec-
tion of low-level water vapor: 0.91 and 5.15 μm. The 0.91 μm channel follows the lead of 
EUMETSAT’s new Flexible Combined Imager (FCI; Holmlund et al. 2021), which was launched 
aboard the Meteosat Third Generation (MTG) Imager-1 (MTG-I1) spacecraft in December 2022.  
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Located in the near-IR (NIR) spectrum with no emitted component from the Earth, and within 
a water vapor absorption line, this channel is sensitive only to water vapor and surface albedo 
(and not temperature), which simplifies its interpretation. The 5.15 μm channel lies on the 
spectrally cleaner shortwave side of the water vapor absorption region that extends from 
roughly 5–8 μm, and has a vertical weighting function that peaks lower in the atmosphere  
relative to the ABI legacy 6.2, 6.95, and 7.3 μm channels (Miller et al. 2022; Weisz and  
Menzel 2022). Combined, these two new channels will improve forecaster’s ability to detect 
and track low-level water vapor, a critical ingredient for severe storms.

The GXI is capable of scanning the Full Disk at least every 10 min, the contiguous United 
States every 5 min and smaller regions every 30 s or 1 min.

Lightning mapper instrument.  Geostationary lightning sensors have optimal spatial and 
temporal coverage for monitoring thunderstorms, providing data where other sources are 
more limited, especially over oceans and in mountainous areas. GOES-R’s Geostationary 
Lightning Mapper (GLM) was the first such near-infrared optical sensor in geostationary or-
bit, and is currently used to detect, locate, and measure the intensity, duration, and extent 
of lightning flashes. Rapidly updating lightning data can allow forecasters to visualize the 
intensification of thunderstorms early in their development, often at a faster cadence than ra-
dar volume scan updates. Using GLM data alongside radar has increased forecast confidence 
for warnings, and the improved warnings help reduce casualties (Rudlosky et  al. 2020). 
Space-based lightning imagers are able to depict the initiation and full propagation of light-
ning flashes (sometimes over tens to hundreds of kilometers; Montanyà et al. 2022) across the  

Table 1.  GeoXO Imager (GXI) channel specifications (right) compared to the GOES-R Advanced  
Baseline Imager (ABI) channels (left), taken from Schmit et al. (2017). Green shading represents  
additions or improvements relative to the ABI. NIR stands for near infrared.

Channel  
range

GOES-R Advanced Baseline Imager GeoXO GXI

Central  
wavelength  

(μm)
50% bandwidth  

(μm)
Pixel dimensions  

at nadir (km)

Central  
wavelength  

(μm)

50%  
bandwidth  

(μm)
Pixel dimensions 

at nadir (km)

VIS 0.47 0.040 1.0 0.47 0.040 0.5

VIS 0.64 0.086 0.5 0.64 0.10 0.25a

NIR 0.86 0.035 1.0 0.86 0.039 0.5

NIR 0.91 0.020 1.0

NIR 1.37 0.014 2.0 1.38 0.015 2.0

NIR 1.6 0.045 1.0 1.61 0.060 1.0

NIR 2.2 0.046 2.0 2.25 0.050 1.0

IR 3.9 0.19 2.0 3.90 0.20 1.0

IR 5.15 0.20 1.0

IR 6.2 0.80 2.0 6.19 0.83 2.0

IR 6.95 0.42 2.0 6.95 0.40 1.0b

IR 7.33 0.19 2.0 7.34 0.20 2.0

IR 8.4 0.44 2.0 8.50 0.40 2.0

IR 9.6 0.38 2.0 9.61 0.38 2.0

IR 10.3 0.30 2.0 10.35 0.50 1.0b

IR 11.2 0.79 2.0 11.20 0.80 2.0

IR 12.3 0.92 2.0 12.30 1.00 2.0

IR 13.3 0.57 2.0 13.30 0.60 2.0
a Modulation Transfer Function (MTF) equivalent to 0.3 km pixel size.
b MTF equivalent to 1.5 km pixel size.
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hemisphere, augmenting ground-based lightning detection systems whose detection effi-
ciencies are typically much lower over the open ocean, for example. Additional applications 
are listed in the “Applications” section and more comprehensively in Rudlosky et al. (2020).

The GeoXO Lightning Mapper (LMX) will continue critical observations provided by the 
GOES-R Series Geostationary Lightning Mapper (GLM) with several potential improvements 
(Table 2). Primary improvements include finer spatial and temporal resolution, increased 
signal to noise ratio, and an expanded field of view to include Alaska. Finer resolution and 
improved signal to noise will allow the LMX to observe smaller and dimmer optical signals 
than the GLM, which will improve the detection efficiency. Depending on the specific design 
of the selected instrument, additional improvements could be realized through technological 
advancements. One key difference would be the use of more modern CMOS (Complementary  
Metal-Oxide Semiconductor) imaging sensors which will eliminate several CCD (Charge 
Coupled Device) related artifacts present in the GLM data. The Lightning Imager (LI; 
Holmlund et al. 2021) on board the MTG-I satellites includes several potential LMX improve-
ments, including CMOS sensors and a spatial resolution of 4.5 km at satellite subpoint.

Ocean color instrument. Rounding out the instruments on the GEO-West and GEO-East sat-
ellites, an ocean color instrument in geostationary orbit will provide powerful capability to 
monitor dynamic oceanographic features in valuable coastal and lake ecosystems. The cur-
rent capacity for ocean monitoring from satellites provides infrequent coverage: while LEO 
satellites repeat their ground track once per day, in practice, the effects of cloud cover and 
sun glint can limit useful observations to once per week in many areas. The GeoXO ocean 
color instrument (OCX) will greatly improve this observational cadence, providing informa-
tion with a 2–3 h repeat over the U.S. Exclusive Economic Zone (Fig. 2), consistent with the 
time scales of many coastal and oceanic processes. Furthermore, the OCX will improve spec-
tral and spatial coverage compared to today’s operational LEO sensors: OCX will have hyper-
spectral resolution, with 10–20 nm band spacing, and ∼400 m spatial resolution (Table 3).

The combined capabilities of the OCX instrument represent a logical and significant progres-
sion in the technological capabilities utilized for ocean color remote sensing. Current ocean 
color observations in coastal regions are largely inadequate for many water clarity/quality 
applications, as input to ecosystem and fishery production models, or for monitoring and 
forecasting contaminants or harmful algal blooms (HABs) and other pathogens. User require-
ments and scientific literature consistently point toward the need for higher spatial (Aurin 
et al. 2013), spectral (Dierssen et al. 2021; Vandermeulen et al. 2017), temporal (IOCCG 2012;  

Table 2.  Potential LMX improvements relative to GLM, baseline GLM values, and justification for their 
consideration.

Attribute
GOES-R Geostationary 

Lightning Mapper
GeoXO  

Lightning Mappera Justification

Coverage East–West GLM full disk 
(∼54°N/S)

East–West GLM full disk 
extended north

Provide coverage for both CONUS and 
OCONUS applications

Spatial 
resolution

∼8 km (at the satellite 
subpoint)

∼4 km (at the satellite 
subpoint)

More precisely locate and portray  
lightning activity

Temporal 
resolution

2 ms (500 Hz) frame time 1–2 ms (500–1,000 Hz) 
frame time

Observe more lightning and better  
distinguish false events

Signal to 
noise ratio

∼4 >4 Improve instrument performance (both 
detection efficiency and false alarm rate)

Latency <20 s <20 s Optimally convey rapidly updating  
lightning information

a �The GeoXO LMX remains in the initial design phase and specifics on the coverage, spatial resolution, temporal resolution, and 
signal-to-noise ratio remain to be determined.
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Ruddick et al. 2014; Jolliff et al. 
2019), and operational (Groom 
et al. 2019) observations to ad-
equately understand the mecha-
nisms underlying ecosystem 
response to change. Technologi-
cally, a persistent challenge is 
that the ocean is a dark target 
relative to land or clouds, as it 
only accounts for ∼3%–8% of 
the top-of-atmosphere signal. 
Thus, the ability to dwell from 
a geostationary orbit is the only 
feasible way we can optimize all 
of these resolutions simultane-
ously to meet the needs of ocean 
applications.

Hyperspectral infrared sounder instrument.  GOES-8 through GOES-15, operating from 
the mid-1990s into the late 2010s, included an infrared sounder (Schmit et al. 2002), but 
it provided low-spectral-resolution observations, which limited its vertical resolutions  
and consequently usefulness (Schmit et al. 2009). NOAA will improve this situation with 
the introduction of a hyperspectral Sounder on GeoXO. NOAA and partner organizations 
have used hyperspectral infrared data since the Atmospheric Infrared Sounder (AIRS;  
Aumann and Pagano 1994) launched on the low-Earth-orbit Aqua satellite in 2002. Several 
iterations of LEO hyperspectral infrared instruments have launched since then, including 
the Cross-track Infrared Sounder (CrIS; Glumb and Predina 2002) on the Joint Polar  
Satellite System (JPSS) series, measuring hundreds to thousands of narrow spectral sam-
ples of radiance emitted from the Earth in spectral regions that are sensitive to variations in 
atmospheric temperature, humidity, and other atmospheric constituents. The atmospheric 
information unique to sufficiently narrow samples provided by these hyperspectral infra-
red instruments are used in retrieval algorithms and numerical weather prediction (NWP) 
models to substantially benefit numerous applications that depend on knowledge of the 
state of the atmosphere and weather prediction (Menzel et  al. 2018). While LEO hyper-
spectral information provides benefit to global NWP, some limitations prevent it from 
being as useful for regional NWP and nowcasting. With only a few polar passes per day,  

Fig. 2.  The proposed sampling plan for OCX (outlined in pink) 
covers the U.S. Economic Exclusive Zone, to be revisited with 
a 2–3 h cadence daily. U.S. East Coast–Great Lakes targets will 
be covered by GeoXO East, and the West Coast–Hawaii targets 
will be covered by GeoXO West.

Table 3.  Key baseline performance metrics of OCX.

Measurement 
parameters GeoXO OCX Performance

Spatial resolution ∼400 m (at nadir)

Coverage area Exclusive Economic Zone (EEZ) East (coast out to EEZ around CONUS plus near CONUS regions of 
Caribbean, including Puerto Rico, Gulf of Mexico, and the Great Lakes)

EEZ West (coast out to EEZ around CONUS West Coast plus EEZ Hawaii plus portion of  
southern Alaska)

Revisit time 3 h during daylight (2 h for EEZ East plus 1 h for Great Lakes)

Spectral band Hyperspectral (∼20 nm resolution and ∼10 nm resolution at 680 nm; with at least two spectral 
samples per resolution element)

0.350–0.890 μm

SNR ≥600:1 between 0.350 and 0.890 μm, with achievable SNR reported up 1.02 μm
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significant temporal gaps exist during which changes can and do occur in preconvective 
environments. Additionally, data latency is generally at least 1 h with LEO data, too long  
to be of great value to forecasters who are monitoring quickly changing environments. 
Therefore, observations with low latency and with temporal refresh of at least hourly are 
needed to maximize the observational benefit of hyperspectral infrared information; both 
of these are provided by such an instrument in geostationary orbit.

Building on the value realized from LEO-based infrared measurements, the GeoXO infrared 
sounder, GXS, will be NOAA’s first geostationary-based hyperspectral infrared instrument 
and will be placed on the GEO-Center satellite (Fig. 1a). The geostationary vantage point 
allows dramatically improved temporal refresh and spatial resolution performance relative  
to contemporary LEO-based hyperspectral instrument as shown in Table 4 (from 14 km with 
CrIS to 4 km at nadir from GXS), and the spectral coverage of GXS along with GXI is shown in 
Fig. 3. The benefits and performance expectations of the future GXS were studied and guided 
by the XORWG and thoroughly documented in Adkins et al. (2021). Special Observation System 
Simulation Experiments (OSSEs) designed to assess the impact of adding a GXS-like instrument 

Table 4.  GeoXO Infrared Sounder (GXS) primary measurement parameters.

Measurement 
parameter GXS performance Rationale

Coverage At least 62° local zenith angle Uncertainties increase substantially at increasing 
slant angles

Spatial resolution 4 km at the satellite subpoint Increased cloud-free field-of-view samples at higher 
resolution

Temporal update At least 60 min “sounding disk” Rapid refresh for weather model initial conditions; also 
commandable for custom timelines and spatial coverage

Longwave IR  
spectral range

680–1,095 cm−1; 9.13–14.7 μm Vertical temperature, LWIR window, ozone, NH3,  
isoprene, HNO3, low-level moisture

Short-to-midwave  
IR spectral range

1,689–2,250 cm−1; 4.44–5.92 μm Vertical moisture, window and temperature, N2O, CO

Spectral resolution Equivalent of 0.625 cm−1 Critical to attain the required vertical resolution for 
moisture and temperature, etc.

Fig. 3.  Spectral coverages in the infrared region of both the GXS (green) and GXI (red bars) as listed 
in their Performance and Operational Requirements Document (PORD). Courtesy of M. Gunshor, 
UW/CIMSS.
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to the global observing system 
showed statistically significant 
(90% level) forecast error reduc-
tion past 3 days for tempera-
ture and 4 days for moisture 
(McGrath-Spangler et al. 2022). 
In fact, when just considering 
the CONUS domain, the GXS was 
shown to have the most impact 
of any satellite sensor for total 
wet energy regarding the 24-h 
Forecast Sensitivity Observation 
Impact (E. McGrath-Spangler 
et al. 2024). Figure 4 illustrates 
the approximate spatial coverage 
of the GXS Sounding Disk (inner 
oval) relative to two GXIs. There 
are other (not shown) possible 
GXS scan patterns, for example, 
possibly the scanning a truncated 
Northern Hemisphere, but twice 
as often providing more information on atmospheric motions over the contiguous United 
States. Despite the field of view of GXS being limited to a portion of the western hemisphere, 
the GeoXO GXS will be part of the planned “geo ring” of hyperspectral infrared sounders 
circling the Earth in geostationary orbit with other sounders provided by China, Europe, 
Japan, and possibly others.

Atmospheric composition instrument. There is a long history of trace gas and aerosol ob-
servational capabilities from ultraviolet–visible hyperspectral instruments in low-Earth 
orbit for air quality, atmospheric chemistry, and climate applications (Streets et al. 2013; 
Tong et al. 2015; Duncan et al. 2010; Zhu et al. 2016; Ziemke et al. 2019; Silvern et al. 
2019; Jin et al. 2020; Quesada-Ruiz et al. 2020; Kondragunta et al. 2021, 2023). More re-
cently, path-breaking satellite sensors such as the Geostationary Environment Monitoring  
Spectrometer (GEMS) and the Tropospheric Emissions: Monitoring of Pollution (TEMPO) 
instruments were launched into geostationary orbit by the Korean Aerospace Research 
Institute and U.S. National Aeronautics and Space Agency (NASA) in 2020 and 2023,  
respectively. GEMS and TEMPO extend the trace gas and aerosol measurement capabilities 
regionally from daily to hourly time scales (Kim et al. 2020; Zoogman et al. 2017). Addition-
ally, the Sentinal-4 UV-VIS-NIR (UVN) spectrometer will fly aboard the second MTG satellite, 
providing trace gas measurements over Europe in geostationary orbit (Courrèges-Lacoste 
et al. 2017). The GeoXO ACX instrument, whose specifications are highlighted in Table 5, 
will be an operational follow-on to TEMPO whose observations will allow NOAA to meet 
various Congressional, executive, and diplomatic mandates (Frost et al. 2020).

ACX will be a hyperspectral instrument with 0.6 nm spectral resolution, allowing for 
the retrieval of fine absorption features exhibited by various trace gases between 300 and 
500 nm with the first ACX detector in the ultraviolet (see Table 5; Kim et al. 2020; Zoogman 
et al. 2017). The second ACX detector in the visible has spectral coverage between 540 and 
740 nm and covers the oxygen B-band absorption region, which allows for aerosol layer height  
retrievals (Nanda et al. 2020; Chen et al. 2021). ACX will provide enhanced air quality informa-
tion compared to the current NOAA geostationary satellite Advanced Baseline Imager (ABI). 

Fig. 4.  One scan scenario (center oval) for the GXS each hour, 
compared to the spatial coverage of the two GXIs. To generate 
this image, GOES-17 ABI was used to represent the GXS cover-
age (to 62 local zenith angles) and GOES-18 and -16 ABIs were 
used to represent GXI (to 85 local zenith angles). The data 
were mapped into a Mollweide projection.
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In general, instruments such as ABI, whose primary purpose is to observe weather can also  
help with the detection of hazards and tracking hazards such as wildfire smoke, and chemi-
cal explosions. The ACX instrument will detect various trace gases including ozone in the 
stratosphere which protects living organisms from harmful UV radiation and ozone near the 
surface that is harmful to human health. Other trace gases that will be measured by ACX, 
such as nitrogen dioxide, are either pollutants themselves or lead to ozone and particle forma-
tion. In addition to trace gases, the ACX instrument will also measure aerosol optical depth 
and aerosol composition, which are good proxies for fine particulate pollution. Additional 
information from the ACX instrument will include the vertical structure of fine particulate 
pollution, which can show that pollution is either near the ground, where it directly impacts 
humans, or higher in the atmosphere where it affects weather and climate.

Applications
Hurricane and severe storm monitoring. Geostationary satellite information is particularly 
important for storm system monitoring over the open ocean due to the lack of ground-based 
radar data there. Operational forecasters rely heavily on imagery to detect tropical cyclones 
(TC) undergoing genesis, estimate TC intensity, assign TC center location and motion, and 
assess environmental information such as dry air and vertical wind shear. GXI’s very-high-
resolution visible channel (Table 1) will provide better definition of low-level clouds, and 
the new 0.91 and 5.15 μm channels will provide more information about layer water vapor 
in the areas around the storm. Additionally, data from GXS will be assimilated into both 
regional and global NWP models, leading to improved TC track and intensity forecasts. 
Lightning observations have been shown to improve TC forecasts for rapid intensification 
(Stevenson et  al. 2018), and rapid intensification forecasting models will leverage total 
lightning (i.e., intracloud and cloud-to-ground) observations from LMX over the tropical 
Atlantic and Pacific Oceans where other lightning observations are limited.

Low-level water vapor is a key ingredient for severe storms, and GXS and GXI will both 
offer significant improvements in the characterization of the prestorm water vapor profile. 
Spatially sparse radiosonde launches occur regularly only at 1200 and 0000 UTC, and over 
the United States storms typically form between 1800 and 0000 UTC during this observa-
tional gap. Geostationary observations at low latency are ideal for filling in these gaps so 
that near-storm-environment convective fields such as convective available potential energy 
(CAPE) and convective inhibition (CIN) can be calculated and tracked with time in order to 

Table 5.  GeoXO ACX attributes with justifications for why these attributes were selected.

Measurement 
parameter

GeoXO ACX 
performance Rationale

Coverage CONUS, southern 
Canada, northern Mexico, 
Caribbean

Hourly inputs to national air quality, hazard, and fire forecasting 
capabilities and warnings

Spatial resolution 8 × 3 km2 at nadir Resolve sources, including cities, highway corridors, airports, oil/gas 
fields, large point sources like fires and power plants

Temporal 
resolution

60 min Capture diurnal variations in pollution emissions, photochemistry, 
and exposure; detect episodic events like wildfires and volcanoes

Select for cloud-free conditions

Increase geographic coverage compared with LEO or surface 
observations

Spectral coverage/
resolution

UV: 300–500 nm Ozone, nitrogen dioxide, formaldehyde, sulfur dioxide, absorption 
aerosol optical depth

Vis: 540–740 nm Cloud/aerosol layer height, PBL ozone, vegetation.

Both at 0.6 nm
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assess the potential for convective initiation and subsequent storm severity. GXS data as-
similation is also expected to improve NWP wind field forecasts (Eyre et al. 2022), which can 
have important implications for assessing environments favorable for supercell and tornado 
formation. Computer simulations have shown that over the CONUS region, the GXS will be 
the most influential observation system. Lightning observations from LMX will be used by 
operational forecasters to assist with severe storm warnings, and for advising outdoor event 
evacuations.

Fires and smoke. With wildfires becoming larger and more frequent in recent years (e.g., 
Williams et al. 2019), early detection of fires is increasingly important. GXI will provide 
improved resolution of its primary fire detection channel, 3.9 μm, from 2 to 1 km at nadir 
(Table 1) relative to ABI. This is a factor-of-4 improvement in pixel size, meaning a smaller 
fire or a fire with a lower temperature relative to the background can be detected earlier with 
the better resolution instrument. With GXI data latency expected to be on the order of a few 
minutes, earlier detection of newly started fires may in some cases allow first responders 
sufficient time to smother the fire before it grows too large to control.

In addition to the fires themselves, the smoke aerosols produced by fires can be hazardous. 
Air quality forecast models require accurate information about fire location and intensity, 
making accurate real-time fire detection even more important. Minimizing the prediction 
of false alerts and maximizing the prediction of exceedances (PM2.5 > 35 μg m−3) is critical 
to the forecast models to enable local governments to provide accurate forecasts and take 
appropriate actions to protect public health. Fires also notoriously have a significant di-
urnal variation associated with meteorology (Li et al. 2022). Prototype online Community 
Multiscale Air Quality (CMAQ) model simulations carried out using hourly fire emissions 
for August 2019 over CONUS showed that surface PM2.5 values predicted were accurate with 
a very small mean bias (0.169 μg m−3) and root-mean-square error (3.485 μg m−3), including 
an accurate prediction of the number of exceedances. In addition to the air quality forecast 
models, visible channels on GXI will be used to detect and track wildfire smoke in real time, 
allowing for accurate and timely air quality warnings to be issued to the public.

Air quality.  In the GeoXO era, a multi-instrument strategy involving ACX, GXI, and GXS 
will be employed to use observations relevant to air quality monitoring and forecasting.  
Table 6 highlights specific application areas and the corresponding observables from GeoXO  
instruments that will support them. Individual observables are given different typefaces to 
indicate which instrument will provide this information. Air quality kills tens of thousands 
of people each year in the United States at an estimated cost of $500 billion to $1,300 billion  
(GBD 2019 Risk Factors Collaborators 2020). Air quality forecasters who provide alerts rely 
on near-real-time satellite imagery, ground observations, and National Weather Service 
(NWS) numerical forecast guidance for ozone and PM2.5. (https://airquality.weather.gov/).

Emissions data are key inputs to the NWS air quality forecast models. Considerable un-
certainty remains in both model inputs, such as emissions inventories and model processes, 
limiting these models’ capability to accurately forecast air quality. To accurately model emis-
sions with high spatiotemporal variability, there is a need for more advanced, process-based 
emissions models that can be combined with near-real-time (NRT) satellite data. GeoXO’s ACX, 
GXI, and GXS will provide hourly data on air pollutants, including nitrogen dioxide, ozone, 
formaldehyde, glyoxal, sulfur dioxide, carbon monoxide, isoprene, ammonia, and aerosol 
optical depth, along with the height of aerosol layers associated with traffic, power plants, and 
wildfires, among other sources. Some of these observations will support emissions updates, 
while other observations serve as inputs for initial conditions of the model. For example, 
studies show that the hourly observations from geostationary sensors can produce up-to-date 
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emissions inputs more quickly that the once-a-day observations from polar-orbiting satellites 
and can lead to improved model forecasts (Hsu et al. 2023).

The GeoXO ACX boundary layer ozone, nitrogen dioxide, and surface PM2.5 concentration 
products will be key for air quality monitoring and related environmental justice applications. 
Nitrogen dioxide (NO2), a surrogate for nitrogen oxides (NOx = NO + NO2), is released during 
the combustion of fossil fuels and is a precursor for both ozone and particulate matter, the 
primary components of photochemical smog, and all three of these pollutants are regulated 
by the U.S. Environmental Protection Agency. Whether NOx enhances or decreases ozone 
production is dependent on a given region having an excess of NOx or volatile organic com-
pounds (VOCs), due to the inherent nonlinearity of ozone photochemistry (Kroll et al. 2020). 
The two main sources of NOx in the United States are the energy sector and the transportation 
sector according to the 2014 Community Emissions Data System (Hoesly et al. 2018). The 
LMX also will contribute to air quality monitoring. Kang et al. (2020) described the impacts 
of lightning NOx emissions on O3 air quality, and found that summertime surface O3 levels 
in the U.S. Mountain West region can be significantly influenced by lightning NOx. NO2, a 
contributor to the formation of near-surface ozone and aerosols, has harmful direct human 
health impacts when inhaled. Achakulwisut et al. (2019) showed that 64% of 4 million pe-
diatric asthma cases each year are due to exposure to NO2. With hourly observations of NO2 
from ACX, this analysis could be expanded to understand the impact of short-term exposure 
as well as informing the public in a timely manner so that health risks can be minimized.

While plans are underway to use the current ABI-based hourly estimates of surface PM2.5 in 
nowcasting mode to provide alerts and warnings of harmful levels of fine particulate pollution, 
aerosol composition and layer height information from GeoXO will add value. For instance, 
uncertainties in estimated PM2.5 could be minimized by knowing the height at which an aerosol 
layer is present in the atmosphere which can change from hour to hour due to meteorologi-
cal conditions (Fig. 5). If aerosols are present in the elevated layers of the atmosphere, they 
do not impact air quality at the nose level, i.e., in the air that people actually breathe. The 
GeoXO ACX instrument adds several new capabilities for NOAA that have never been done 
with fleet of satellites in LEO. NASA’s TEMPO, a pathfinder mission for GeoXO ACX, is setting 
precedents for capabilities such as boundary layer ozone (the partial column between the 
surface and 2 km altitude), aerosol layer height, and many related trace gases that are criti-
cal for air quality monitoring and forecasting. NOAA is partnering with NASA to use TEMPO 

Table 6.  Summary of air quality application areas and observables from GeoXO instruments, with the 
primary instrument used for retrievals identified by different fonts: ACX in regular weight, GXI in  
boldface, and GXS in italics.

Application area Satellite products

Near-real-time emissions 
monitoring

NO2, CH2O, CO, SO2

Air quality forecasting O3, NO2, CH2O, CO, SO2, C2H2O2, AOD, UV AOD, PM2.5, aerosol layer height

Air quality monitoring O3, NO2, CH2O, CO, SO2, C2H2O2, CO, AOD, UV AOD, PM2.5, aerosol imagery,  
UV aerosol index, aerosol layer height

Fire weather forecasting Fire detections, fire radiative power, smoke plume height

Fire emissions monitoring Fire detections, fire radiative power

Hazards forecasting Fire detections, dust detection, smoke detection, SO2, volcanic ash

Greenhouse gas monitoring CO2, O3

Stratospheric ozone monitoring O3 vertical profile

Climate modeling and Earth 
system modeling

NO2, CO, O3, O3 profile, CH2O, AOD, NH3, isoprene, N2O, stratospheric aerosols, TOA  
radiation, land cover, UVAOD, aerosol layer height, fire detection, fire radiative  
power, smoke injection height, dust detection, volcanic ash, solar-induced 
fluorescence
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products in an operational set-
ting for day 1 readiness of ACX 
when GeoXO-Center launches. 
By combining ACX and GXI data, 
PM2.5 estimated from aerosol opti-
cal depth can be parsed into its 
components from smoke, dust, 
and anthropogenic sources at an 
hourly cadence. This capability 
is important to understand how 
different regions in the United 
States are impacted by differ-
ent source sectors, resulting in 
knowledge that could transfer 
into policy recommendations for 
mitigation strategies at the state 
and local levels.

Ocean applications.  The OCX 
instrument attributes (Table 3) 
will lead to (i) more accurate 
and timely forecasts of coastal 
phenomena, (ii) improved guid-
ance to state and local agencies 
to improve mitigation efforts in 
coastal areas, and (iii) improved 
predictive models to guide sus-
tainable fishing activities and 
avoiding bycatch of protected re-
sources. The addition of an ocean 
color sensor will greatly improve 
our ability to monitor transient 
oceanographic features on the 
time scales in which they occur. 
OCX’s observational capability 
is optimized to address applica-
tions that impact coastal com-
munities. Numerous examples 
exist ranging from the monitor-
ing of oil spills, HABs, water 
quality/clarity, and nuisance 
macroalgae, such as Sargassum 
in tropical waters, to enhanced 
characterization of indices (i.e., 
primary productivity) diagnostic 
of important conditions related to valuable fisheries. In the following sections, we will pro-
vide two examples as to how OCX will support and improve fisheries and coastal applications.

Harmful algal bloom monitoring and forecasting. NOAA provides HAB forecasts around 
the United States and ocean color imagery to support monitoring both coastal HABs and  

Fig. 5.  GeoXO ACX aerosol layer height (ALH) derived using 
DSCOVR/EPIC as a proxy during a wildfire smoke event on  
9 Sep 2020 for three different hours: (top) 1818, (middle) 2006, 
and (bottom) 0254 UTC.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/29/24 03:36 PM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y M A R C H  2 0 2 4 E673

cyanobacterial blooms which affect every U.S. state. The impacts of HABs include illness in 
both humans and wildlife as a result of their ability to produce neurotoxins. Costs due to a 
single HAB-related public health event are on the order of millions of U.S. dollars, and acute 
health effects from HABs and pathogens are estimated to be over $1 billion per year (Ford and 
Tomlinson 2021). Some HABs can severely impact aquaculture applications by killing juve-
nile shellfish. Toxic cyanobacteria can cause taste and odor issues, and if not treated, toxins 
in public drinking water. Dodds et al. (2008) estimated combined costs in U.S. freshwaters 
of approximately $2.2 billion annually due to losses in recreational water usage, waterfront 
real estate, recovery of threatened endangered species, and drinking water associated with 
eutrophication. $813 million alone was attributed to the purchase of bottled water associ-
ated with taste and water issues that can be associated with cyanobacteria. In addition, high 
concentrations of phytoplankton can cause deleterious impacts to coastal ecosystems.

One example of an operational HAB forecast system that relies heavily on ocean color 
imagery is produced for Lake Erie. The Lake Erie forecast provides the current extent and 
4-day outlook of cyanobacterial bloom trajectory and concentration (Fig. 6). Through a com-
bination of ocean color imagery from the European Ocean Colour Land Imager (OLCI) and  
3D models, the forecast supports public drinking water managers and the fishing and tourism 
industries. Due to the frequency of the Sentinel-3 overpasses, coverage over Lake Erie is ap-
proximately daily (with a gap every 3 days). Given cloud and glint issues, this is insufficient to 
get a clear picture of the distribution and magnitude of cyanobacteria. Due to the presence of 
gas vacuoles, Microcystis aeruginosa, the causative organism, can move up and down in the 
water column in response to nutrients and light (Paerl and Huisman 2008). As a result, the 
timing of satellite overpass and the peak bloom on a given day is not always synchronized. 
Having more scenes throughout the day with OCX, forecasts will have more information on 
the quantity and distribution of M. aeruginosa and will provide more accurate information 
on when toxic algae may be approaching a recreational beach or water intake, influencing 
important management decisions. Similar examples exist in other coastal and freshwater 
systems where HABs are a problem.

Improvement to fisheries management. The OCX instrument will have tremendous value in 
fisheries research and in the proper assessment of fishery resources in relation to physical 

Fig. 6.  Cyanobacteria bloom in western Lake Erie, United States. (left) An approximate true color image taken on 26 Sep 2017 
by the Landsat 8 Operational Land Imager (OLI processed by NOAA’s National Centers for Coastal Ocean). Bright green water 
indicates the extent of the bloom in the western basin. (right) The bloom meeting the Detroit River plume from the same time 
period. Photo credit: Zachary Haslick, Aerial Associates Photography.
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and environmental forcing. As noted above, additional information about phytoplankton 
diversity can be derived from hyperspectral measurements, providing fisheries-critical in-
formation on seeding trophic energy potentials in end-to-end ecosystem models (Caracappa 
et al. 2022), as well as predicting potential disruptions to food web dynamics (do Rosário 
Gomes et al. 2014). To be robust and informative, marine ecosystem models additionally 
require parameterized biophysical relationships that rely on realistic water column char-
acteristics at appropriate spatial and temporal scales. Notably, many important processes 
impacting e.g., where fish congregate, like frontal boundaries and water convergence zones 
(i.e., submesoscale processes), occur at scales that are pervasively challenging to predict in 
hydrodynamic forecasting models (Lévy et al. 2018; Dohan and Maximenko 2010). These 
physical processes can additionally inform direct mechanistic connections between ocean-
ographic phenology to ecosystem development (Schroeder et  al. 2014) as well as animal 
growth and survival rates (Fiechter et al. 2015). The observational capacity of OCX will not 
only provide an opportunity to validate these regional models at matching scales, but may 
also enable the direct derivation of high-resolution surface currents from sequential imagery 
(Sun et al. 2016; Liu et al. 2017) for model assimilation and improvement (IOCCG 2012).

Another useful application for geostationary ocean color is in the Dynamic Ocean Manage-
ment of living marine resources. Operational systems in NOAA Fisheries assess biophysical 
ocean conditions to predict favorable habitats of targeted aquatic species, providing modeling 
capabilities to help reduce bycatch (EcoCast; Hazen et al. 2018) and mitigate interactions with 
migratory endangered species (WhaleWatch; Hazen et al. 2017). Unfortunately, the ultimate 
factor limiting near-real-time capabilities is the retrieval of gap-filled ocean color products. 
To achieve ample signal and mitigate cloud cover, these products either rely on longer tem-
poral composites of ocean color (8 days to 1 month) or are modified to bypass consideration 
of ocean color altogether to meet operational demands. The temporal cadence of OCX data 
will support dynamic ocean management, enabling observations that are as fluid in time and 
space as the managed resources.

Numerical weather prediction.  Currently, data from the ABI is assimilated into numeri-
cal weather prediction (NWP) models in a few different ways. Observed ABI radiances 
themselves are assimilated, and clouds are tracked in order to estimate atmospheric  
motion vectors (AMVs) which are assimilated. These data sources for NWP will continue and 
likely be improved from GXI. But the major leap forward will come from the assimilation 
of hyperspectral radiances from GXS. A set of simulations by NASA’s Global Modeling and  
Assimilation Office (GMAO) has shown the GXS will improve forecasts, even out to 3–5 days 
(McGrath-Spangler et al. 2022). These results are likely an under representation of the true 
impact due to an older data assimilation system that was used, spectrally thinning of the 
data, and other assumptions. Additionally, papers by Yin et al. (2021), Ma et al. (2021), 
Clarisse et al. (2021), Feng et al. (2022), Zhou et al. (2023), Di et al. (2021), Smith et al. 
(2020), Wang et  al. (2021), Okamoto et  al. (2020), Li et  al. (2018), Jones et  al. (2017), 
Wang et al. (2013), Li et al. (2011), Lin et al. (2017), Santek et al. (2019), Velden et al. 
(2017), and Adkins et al. (2021) have shown significant improvements expected from GXS 
or similar sounders with respect to atmospheric and composition forecasts. These studies 
include both data experiments with actual on-orbit measurements from the Geostationary 
Interferometric Infrared Sounder (GIIRS) and simulations [traditional Observing System 
Simulation Experiments (OSSEs), hybrid OSSEs, and quick OSSEs]. In addition to radiance 
assimilation, work at the European Centre for Medium-Range Weather Forecasts (ECMWF) 
has shown comparable impact when assimilating retrieved profiles of water vapor (Salonen 
and McNally 2020), and Kong et al. (2022) have demonstrated positive results when as-
similating GLM data.
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Climate. GeoXO will contribute in three main ways to the climate mission. It will extend the 
GOES climate records of clouds (Stubenrauch et al. 2013), surface temperature and radiative 
fluxes (Meng et al. 2003), precipitation (Adler et al. 2003), aerosol (Prados et al. 2007), and 
fire (Prins et al. 1998). Second, GeoXO will continue the new climate records established 
with GOES-R. These include space-based optical lightning and new imager data records such 
as vegetation indices, aerosol size, and highly spatially and temporally resolved cloud and 
moisture properties. Last, GeoXO will initiate many new records that will be immediately 
relevant to climate monitoring and process study communities. These new records include 
air quality data from ACX and GXS, diurnally resolved coastal ocean color products, and 
diurnally resolved temperature and moisture profiles.

It is also important to realize that GeoXO will be part of a GEO-RING of similar capabilities 
from other space agencies and much of its climate impact will be realized as part of this global 
constellation. For example, GeoXO will allow for the records established by the pioneering 
GEO-RING International Satellite Cloud Climatology Project (ISCCP; Rossow and Schiffer 
1999) started in 1983 to continue. In addition, GeoXO will contribute to new GEO-RING 
projects such as the next generation of ISCCP (ISCCP-NG), which will exploit the advanced 
spatial, temporal, and spectral capabilities of all of the geostationary imagers circling the 
equator to make enhanced cloud, aerosol, and surface products.

Concluding remarks
A new generation of NOAA geostationary satellites only deploys about every two decades, 
and plans made now will affect the observations collected as late as the mid-2050s. There-
fore, decisions on the future constellation must be made carefully and with significant 
forethought. This is not an easy task considering the changing climate and continued rapid 
improvements in technology. After significant user engagement efforts, studies with industry, 
and discussions with both national and international stakeholders, NOAA is moving forward 
with a constellation that continues imaging and lightning mapping, and adds hyperspectral 
sounding, ocean color, and atmospheric composition capabilities. The first GeoXO satellite 
is expected to launch in 2032. Between now and then, research and development will be 
supported to develop new and innovative applications of these datasets. In addition, user 
readiness activities will be a priority with a goal of utilizing the data flow on day 1.

GeoXO’s new and improved observations from geostationary orbit will join those from 
low-Earth orbit and together revolutionize numerical weather prediction, hazardous weather 
monitoring, ocean and air quality observations, and climate monitoring. LEO data are global 
in nature so includes critical data from over the high latitudes and both the Western and East-
ern Hemispheres, while the geostationary data will provide low latency, frequently updating 
looks at areas in and around North and South America.

Delivery of GeoXO data to users will change significantly compared to the current GOES-R 
model, in particular by making heavy use of cloud services. GeoXO data products will be avail-
able directly from the NOAA National Environmental Satellite, Data, and Information Service 
(NESDIS) Common Cloud Framework (NCCF). NCCF is a suite of services that allows NESDIS 
to provide end-to-end ground service capabilities to ingest, process, analyze, distribute, and 
store all types of NESDIS data for faster, easier dissemination of data to NESDIS partners and 
users. GeoXO data will be sent directly from the NCCF to the weather and forecasting, oceans, 
and climate communities via low-latency dissemination service. GeoXO data will also be 
made available to the public through a consolidated storefront portal where users can search 
across all NESDIS archived data. Radio frequency broadcast of a subset of the instrument data 
will be provided through a commercial satellite broadcast. Details on these services will be 
provided as they become available.
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Last, in order to maximize the impact of the observations provided by GeoXO, engage-
ment of the collective weather, oceans, and climate communities is essential. We encourage 
our user community to explore the applications of these improved and new observations to 
benefit our society and planet.
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