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Abstract After days of intense solar activity, active region AR3664 launched seven CMEs toward Earth
producing an extreme G5 geomagnetic storm commencing at 17:05 UT on 10 May 2024. The storm impacted
power grids, disrupted precision navigational systems used by farming equipment, and generated aurora seen
around the globe. The storm produced remarkable effects on composition, temperature, and dynamics in the
Earth's thermosphere that were observed by NASA's Global‐scale Observations of the Limb and Disk (GOLD)
mission and are reported here for the first time. We use synoptic disk images of ΣO/N2 and neutral temperature
(at ∼160 km) measured by GOLD to directly link dynamics resulting from the storm with dramatic changes in
thermospheric composition and temperature. We observe a heretofore unseen spatial morphology
simultaneously in ΣO/N2, neutral temperature, and total electron content. Equator‐to‐pole temperature
differences reach 400 K with high latitude peak neutral temperatures near 160 km exceeding 1400 K.

Plain Language Summary On Saturday 10 May 2024, the sun launched a wave of energized plasma
toward the Earth. A large disturbance in the Earth's magnetic field associated with the solar wind resulted in an
extreme geomagnetic storm. The storm impacted power grids, disrupted navigational systems used by farming
equipment, and produced aurora seen around the globe. The storm produced remarkable effects in the Earth's
upper atmosphere that were observed by NASA's Global‐scale Observations of the Limb and Disk (GOLD)
mission. In this letter, we use images measured by GOLD to directly link atmospheric dynamics resulting from
the May 10–12 superstorm with dramatic changes in composition, temperature, and global circulation in the
Earth's upper atmosphere. We observe previously unseen structure in the upper atmosphere associated with
equator‐to‐pole temperature differences exceeding 400 K. Peak neutral temperatures near 160 km exceed
1400 K at high latitudes.

1. Introduction
Following days of intense solar activity, active region AR3664 hurled a series of seven CMEs (coronal mass
ejections) toward Earth resulting in the commencement of an extreme G5 geomagnetic storm at 17:05 UT on
Saturday 10 May 2024. The last G5 storm, which is well documented and widely known as the Halloween storm,
occurred over 20 years prior in October 2003. The May 10–12 storm is now ranked among the top 20 Great
Storms of the past 500 years (Hayakawa et al., 2024). The storm impacted power grids, disrupted navigational
systems used by farming equipment in the Midwest and elsewhere (O’Callaghan & Billings, 2024), and produced
aurora seen around the globe in both northern and southern hemispheres as far south as New Caledonia (magnetic
latitude = − 26.4°) and Puerto Rico (magnetic latitude = 27.2°) and as far north as the southern tips of South
America and Africa. Not evident to the naked eye, however, were remarkable effects on composition, temper-
ature, and dynamics in the Earth's thermosphere that were observed by NASA's Global‐scale Observations of the
Limb and Disk (GOLD) mission. While thermospheric effects from extreme geomagnetic storms have been well
documented in the literature, there are no prior synoptic observations of dayside thermospheric effects on the scale
and magnitude achieved by GOLD and reported here for the first time.

Neutral winds play an important role in the dynamics of the coupled Thermosphere‐Ionosphere (TI) system.
During geomagnetic storms, enhanced energy and momentum inputs in the high‐latitude upper thermosphere lead
to strong heating and ion drag, which affect global wind patterns and drive changes in both composition and
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neutral temperature (Li et al., 2019). The resulting storm‐time meridional winds are primarily equatorward with
velocities reaching 500–800 m s− 1 at high latitudes (Emery et al., 1999; Evans et al., 1979; Fuller‐Rowell
et al., 2002; Gardner & Schunk, 2010; Richmond & Lu, 2000). Dominant drivers of high‐latitude meridional
wind disturbances in the F‐region are ion drag and pressure gradients (Li et al., 2019, and references therein).
During the more intense geomagnetic storms, high‐latitude meridional winds in the upper thermosphere prop-
agate to lower latitudes. Temperature changes produced by vertical wind perturbations and a westward directed
Coriolis force are the dominant storm‐time processes that drive winds at middle and low latitudes (Buon-
santo, 1999; Gan et al., 2024; Meriwether, 2008).

While the response of the thermosphere to geomagnetic activity has been well documented (Burns et al., 1995;
Craven et al., 1994; Crowley, Emery, Roble, Carlson, & Knipp, 1989; Crowley, Emery, Roble, Carlson, Salah,
et al., 1989; Crowley et al., 1995; Fuller‐Rowell et al., 1996; Meier et al., 2005; Proelss, 1980, 1987; Strickland
et al., 2001), simultaneous synoptic measurements of global scale changes in both composition and temperature,
and how those changes evolve temporally and spatially, have not been available until now. Geographic maps of
ΣO/N2, the column density ratio of atomic oxygen to molecular nitrogen, from previous studies have shown
significant depletions in atomic oxygen that extend from the polar regions to the equator during strong storms.
ΣO/N2 has been shown to be a key indicator of how thermospheric composition is perturbed at high latitudes and
how the perturbed air is transported and evolves temporally as a result of dynamical forcing. Transported regions
of depleted and enhanced ΣO/N2 have also been shown to correlate well with changes in thermospheric tem-
peratures (Meier et al., 2005). The objective of this letter is to use synoptic disk images of ΣO/N2 and neutral
temperature measured by GOLD to demonstrate the important link between changes in thermospheric compo-
sition and neutral temperature and the dynamics that ensued and evolved following the commencement of the
May 10–12 event, which we propose to name the Gannon superstorm (see Acknowledgments).

2. Solar and Geomagnetic Conditions
Once ground‐ and space‐based measurements detected a sequence of seven Earth‐directed CMEs from the sun on
May 8, NOAA's Space Weather Prediction Center (SWPC) issued a warning of a severe space weather event.
After the first CME struck, the speed of the solar wind abruptly increased to over 700 km s− 1. South‐pointing
interplanetary magnetic fields emitted from the sun produced geomagnetic disturbances with a Dst index of
nearly − 400 (nT), whereas the ap60 magnetic index (Yamazaki et al., 2022) rapidly rose to 300 (nT), briefly
spiked to over 400 (nT) early on May 11, and then gradually relaxed to pre‐storm conditions between May 12 and
13, as seen in Figure 1. We note that Dst data shown in the figure are provisional. Therefore, it is likely that the
final data will differ slightly. Solar activity as measured by the F10.7 cm index remained relatively stable before
the onset of the storm until the storm ended aroundMay 13, with peak variations <10%. A similar level of stability
was observed in QEUV (integrated solar irradiance 1–45 nm; Strickland et al., 1995; J. Evans, Strickland, &
Huffman, 1995; Correira et al., 2021) measured daily by GOLD at a two‐hour cadence from 08:10 to 18:10 UT.
Since the solar and geomagnetic indices indicate low activity on May 9 relative to the storm, we use this day as a
pre‐storm baseline when taking differences between storm and pre‐storm data.

3. The GOLD Instrument
The GOLD instrument is a dual channel spectrograph observing Earth's ultraviolet emissions from 132 to 162 nm
(Eastes et al., 2017; McClintock et al., 2020). The two channels, designated A and B, are in effect identical,
independently commandable instruments, allowing for 2 different observing modes to be conducted simulta-
neously. Each channel consists of a rotating mirror mechanism that directs the incoming light onto a spherical
telescope mirror, which then projects the light onto one of three possible slits. The combination of a concave
toroidal mirror and concave toroidal grating is then used to disperse the input beam and image the entrance slit
onto a microchannel plate (MCP) detector, forming a spectral‐by‐spatial image of the slit. Three slits can be used:
high resolution (HR, 0.21 nm spectral resolution); low resolution (LR, 0.35 nm); and the occultation slit (OCC,
2.16 nm). The HR slit was used to collect all GOLD data shown in this letter. The GOLD mirror mechanism
consists of two back‐to‐back tilted plane mirrors. The tilted orientation allows either the north or south hemi-
sphere to be observed by flipping the mirror mechanism. Eastes et al. (2017) andMcClintock et al. (2020) provide
detailed information about the GOLD instrument, operations, and observing modes.
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4. GOLD Observations
GOLD utilizes four nominal observation modes: day disk scans, limb scans, occultations, and night disk scans.
These modes are referred to by their respective observation type codes: DAY, LIM, OCC, and NI1. Effective
neutral atmospheric temperatures, contained in the Level 2 data product TDISK, are derived from DAY obser-
vations of molecular nitrogen (N2) Lyman‐Birge‐Hopfield (LBH) band emissions (a1 Πg → X1 Σ+g ). Details of
the TDISK algorithm are described by Evans et al. (2024). The intensity ratio of 135.6 nm (135–137 nm) to LBH
(140.5–148 nm) as observed by GOLD during disk scans is used to derive the column density ratio ΣO/N2

contained in the GOLD Level 2 data product ON2. The ΣO/N2 concept was introduced and discussed by
Strickland et al. (1995) and Evans et al. (1995). A detailed description of the GOLD ΣO/N2 algorithm is provided
by Correira et al. (2021).

GOLD DAY observations, contained in Level 1C files (see links to the GOLD Release Notes and current data
product versions provided in the Data Availability section), have a spatial resolution of approximately
125 km × 125 km at nadir. Spatial pixels at the Level 1C resolution contain a single spectrum. This letter uses
TDISKVersion 5 data, which utilizes four pixel spectral binning on a 2× 2 spatially binned radiance spectra, with
spatial binning performed first, followed by spectral binning. The spectra input to the Level 2 TDISK algorithm
therefore have 250 km × 250 km spatial resolution and 0.64 nm spectral bin size. The spectral input to the Level 2
ON2 algorithm utilizes the native Level 1C spectral resolution with 2 × 2 spatial binning.

5. Discussion
To better understand the remarkable thermospheric storm‐time response observed in GOLD data, we first
summarize the conceptual picture of thermospheric storm‐time dynamics proposed by Buonsanto (1999) and
further elucidated by Meriwether (2008). Expansion of the polar neutral atmosphere is induced by particle and
Joule heating at high latitudes. This expansion produces equatorward winds at high altitudes and upwelling
followed by deviations from diffusive equilibrium due to an increase in the effective molecular mass and vertical
advection by winds. The global thermospheric circulation is then altered by a high‐to‐low latitude pressure
gradient generated by high latitude heating. Antisunward plasma convection within the polar cap also results in
enhanced equatorward winds (Babcock & Evans, 1979; Fuller‐Rowell et al., 1997; Straus & Schulz, 1976). These
winds then transport thermal and composition disturbances to lower latitudes, resulting in higher temperatures
and reduced ΣO/N2 and ΣO/O2 extending down to middle latitudes (Fuller‐Rowell et al., 1997; Proelss, 1987).

Figure 1. Top: Hourly ap60 version 3.0 geomagnetic index (black, left axis) and Dst (red, right axis) for 9–14 May 2024.
Bottom: Daily solar F10.7 index (black, left axis) and daily averaged QEUV (integrated irradiance 1–45 nm; red, right axis)
measured by GOLD for the same time frame as the top panel.
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Oxygen depleted air reaches the lowest latitudes on the nightside, and then rotates with the Earth into the morning
sector. ΣO/N2 enhancement also occurs at high latitudes, where downwelling occurs, just equatorward of the ΣO/
N2 depletion region. Both ΣO/N2 enhancement and depletion air parcels are then transported toward lower lat-
itudes (Burns et al., 1991, 1995; Fuller‐Rowell et al., 1997; Rishbeth, 1989; Yu et al., 2021). Emmert et al. (2004)
suggested that typically the largest equatorward disturbance winds, near 03:00 hr magnetic local time, are pro-
duced by high latitude pressure gradients induced by heating. As air moves equatorward, the flow rotates
westward and the winds becomemore or less zonal, as the poleward Coriolis force is balanced by the equatorward
pressure gradient force.

Figure 2 demonstrates the temporal and spatial evolution of the thermosphere over the course of May 11 as
observed by GOLD. O I 135.6 nm and N2 LBH radiances derived from GOLD spectra are shown in the first two
rows, while derived GOLD Level 2 data products ΣO/N2 and TDISK are shown in the third and fourth rows.
Intensities shown are directly input into the ΣO/N2 algorithm (along with solar zenith angle), while TDISK is
derived by directly fitting the rotational structure of the LBH spectrum (137–148.5 nm) as described by Evans
et al. (2024) (see Section 4). Disk images shown here are a composite of two consecutive DAY scans. Each scan
covers a little more than half of the visible Earth as seen by GOLD. Dayside scan sequences begin with a northern
hemisphere scan immediately followed by a southern hemisphere scan. For the purposes of creating these
composite full disk images, the small region near the equator where the projection of the instrument slit overlaps
from the two scans is averaged together. A DAY disk scan beginning at 08:10 UT is not shown as most of the
Earth visible by GOLD is still in darkness and Level 2 values are not available.

The general global scale spatial morphology of the May 10–12 storm observed by GOLD exhibits several
similarities to that seen in previous geomagnetic storms. Reduction of ΣO/N2 occurs at higher latitudes due to
heating and subsequent upwelling of air rich in molecular nitrogen. Regions of depleted ΣO/N2 at higher latitudes
are then transported to lower latitudes. Thermospheric heating due to particle and Joule heating at high latitudes is
evident in the TDISK data. However, the morphology seen at mid latitudes and the equatorial region is stunning.
This is, to the best of our knowledge, the first time such morphology has been observed in remotely sensed

Figure 2. GOLD Level 2 data showing temporal and spatial evolution of the thermosphere during the storm on May 11. The
first and second rows are the 1356 Å and LBH absolute radiances used as input to the ΣO/N2 algorithm, while the last two
rows show GOLD ΣO/N2 and TDISK values. Full disk images shown are combined individual north and south hemisphere
scans. Times listed at the top of each row are the time the north hemisphere scan started. A scan beginning at 08:10 UT with
minimal dayside data is not shown. The black line indicates the geomagnetic equator.
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thermospheric composition and temperature on the scale achieved by GOLD. The large scale structure in the
thermosphere, which is attributable to longitudinal variations of meridional winds (driven by zonal winds and the
Coriolis force) combined with a continuous push of meridional winds into the opposite hemisphere, can be seen
north and south of the geomagnetic equator. While there is an appearance of a swirl or eddy in the structure,
suggesting possible rotation, the two‐hour cadence of GOLD observations during this event makes it difficult to
diagnose how the structure evolved over time.

The evolution of ΣO/N2 and TDISK as percent differences with respect to a pre‐storm day is shown in Figure 3.
May 9 (day of year 130) is used as the baseline for comparison in order to account for effects unrelated to the May
10–12 storm that may be present, as evident in Figure 2, particularly regarding variations in solar illumination. In
order to reduce the noise seen in TDISK images (see bottom row of Figure 2), data shown in Figure 3 were
smoothed by convolving the Level 2 data with a two–dimensional Gaussian kernel using the Astropy Gaus-
sian2DKernel function (Astropy Collaboration et al., 2022). A standard deviation of 1.5 pixels (∼3.5 pixels full
width half maximum) was used for the Gaussian in both the x and y directions. An unsmoothed version of Figure 3
may be seen in Figure S1 in the Supporting Information S1. Smoothing was applied to ΣO/N2 data as well.

The spatial morphology for both ΣO/N2 and TDISK seen in Figure 2 is the same as in Figure 3, however the
behavior of TDISK is much more clearly seen in the difference images. The difference images also make apparent
the anti‐correlation of ΣO/N2 and TDISK, particularly at earlier times (see also Figure S2 in the Supporting
Information S1). It is interesting to note that the spatial structure in the southern hemisphere slowly migrates
toward the northwest, with the core of the structure appearing over the east coast of South America at 12:10 UT
and moving off the west coast by the last scan at 18:10 UT. Furthermore, although ΣO/N2 and TDISK are sig-
natures of variability in the neutral atmosphere, both appear inclined to the geodetic equator and aligned with the
geomagnetic equator. This is consistent with a similar alignment of TEC structure with the geomagnetic equator
seen at 15:25 UT in Figure 4. Since F‐region plasma motion is determined by E × B drifts perpendicular to the
magnetic field as well as field‐aligned wind transport and ambipolar diffusion, it is surprising that the structure in
the southern hemisphere TEC data coincides spatially with the structure seen in both the ΣO/N2 and temperature
data shown in Figures 2 and 3.

At high latitudes, ΣO/N2 is up to 50% lower during the storm compared to the pre‐storm baseline, while TDISK is
on the order of 50% higher. At equatorial latitudes, ΣO/N2 shows a 50% increase over the baseline day, while
TDISK shows little change with respect to the baseline day (note the difference in colors scales in Figure 3). Also
of interest is the rapid relaxation of neutral temperatures as the storm subsides later in the day. Neutral tem-
peratures return to near pre‐storm baseline values over most of the observed globe by 18:10 UT while ΣO/N2

continues to exhibit strong depletion features throughout the day on May 11. Strong latitudinal gradients and
longitudinal dependence in the TDISK data at 14:10 UT relative to quiet periods on the days before and after May
11 are shown in Figure S3 in the Supporting Information S1.

Though nitric oxide (NO) is a minor species, it plays a significant role in determining the thermal structure of the
thermosphere due to its strong infrared emission at 5.3 μm, which is an important cooling mechanism in the
thermosphere (Mlynczak et al., 2003). Ionization of neutral atoms and molecules by precipitating electrons (1–
10 keV) and protons (>10 keV) at high latitudes leads to the production of NO (Gérard & Barth, 1977; Burns

Figure 3. Time series of convolved ΣO/N2 and TDISK data for May 11 shown as percent difference from the pre‐storm
baseline day of May 9. The data is convolved with a two dimensional Gaussian kernel in order to reduce noise in the TDISK
data. As with Figure 2, a scan beginning at 08:10 UT with minimal dayside data is not shown.
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et al., 1989; C. A. Barth, 1992; Roble, 1992; Codrescu et al., 1997; Galand et al., 1999; C. Barth et al., 2003).
Storm‐time equatorward meridional winds transport both ΣO/N2 depleted and NO enhanced air from high to low
latitudes. ΣO/N2 depleted air is observed to be anti‐correlated with NO enhanced air on a global scale (Zhang
et al., 2014). Different behaviors of ΣO/N2 and NO on local scales are at least partially explained by the altitude
dependence of the storm‐time meridional winds, peak altitudes of ΣO/N2 and NO variations, and the altitude
dependent lifetime of NO. Thus, NO regulates the storm‐time temperature enhancement, and can significantly
affect temperature during the storm recovery phase. However, 3‐D wind and temperature data are needed to
quantify and characterize the effects of NO on temperature as observed in the GOLD data reported here.

It should be noted that the algorithm used for deriving ΣO/N2 assumes that impact by photoelectrons is the only
source of excitation for atomic oxygen and molecular nitrogen in the thermosphere. The presence of energetic
electrons and protons in the auroral oval would be a source of contamination for the ΣO/N2 algorithm. While this
would result in an increased error in derived ΣO/N2 values within the auroral oval, it does not impact the gross
spatial morphology, nor does it apply to composition derived at subauroral latitudes. Regarding radiative
recombination contamination affecting ΣO/N2 data, Figure S4 in the Supporting Information S1 shows the O I
135.6 nm radiative recombination emission on the nightside at 08:10 UT for May 9 and 11. While the subauroral
emission is clearly enhanced on May 11 relative to the baseline day, it is at the ∼15% level relative to the bright
dayglow seen in Figure 2. Auroral contamination of TDISK is possible if incident auroral particles produce a
deviation from the assumed N2 vibrational populations (Aryal et al., 2022; Evans et al., 2024). However, even if
such contamination is present, it is expected to produce a minor increase in uncertainty of the derived neutral
temperatures (Budzien et al., 1994) and only within and poleward of the auroral oval.

6. Summary
The May 10–12 Gannon superstorm produced remarkable effects on composition, temperature, and dynamics in
the Earth's thermosphere that were observed by NASA's GOLDmission and are reported here for the first time. In
this letter, we have used GOLD disk images of ΣO/N2 and neutral temperature (at ∼160 km) to directly link
dynamics resulting from the storm with dramatic changes in thermospheric composition and temperature. We
observe a previously unseen morphology in ΣO/N2, neutral temperature, and TEC data simultaneously in uni-
versal time and spatial location that is attributable to longitudinal variations of meridional winds combined with a
continuous push of meridional winds into the opposite hemisphere. However, due to a lack of concurrent wind
observations, it is difficult to diagnose how and why the observed morphology was produced. A more detailed
explanation of the causes of the observed spatial morphology will be the subject of a future paper.

We find peak neutral temperatures near 160 km exceeding 1400 K at high latitudes and equator‐to‐pole tem-
perature differences that exceed 400 K (50%) relative to pre‐storm conditions. These temperature differences are

Figure 4. Mean total electron content (TEC; in log base 10 scale TECu) from 15:25–15:50 UT (25‐min average) projected
onto the geographic map. Notice the spatial morphology over South America that is also seen in ΣO/N2 and TDISK (see
Figures 2 and 3). The structure is seen forming around 11:00 UT and is visible until about 18:00 UT (see Movie S1). The
magnetic equator (and ±15° magnetic latitudes) are shown in magenta for reference.
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largest in the early phases of the storm that are observable by GOLD on the dayside, but relax to pre‐storm
conditions more rapidly than ΣO/N2, which exhibits significant depletion (50%) extending down to the
geographic equator at least 12 hr after the first GOLD observation at 10:10 UT. Finally, we note that while ΣO/N2,
TDISK, and TEC appear aligned with the geomagnetic equator near the Americas, a southward asymmetry is
apparent west of Africa on the eastern side of GOLD's field of view.

For over 5 years, the GOLD mission has significantly advanced our understanding of the thermospheric response
to geomagnetic storms. GOLD provides unique synoptic scans from geosynchronous orbit for monitoring
changes in thermospheric neutral composition and temperature associated with geomagnetic storms (Cai
et al., 2020, 2023; Gan et al., 2020, 2024; Laskar et al., 2021, 2022). Having simultaneous observations of
important state quantities (i.e., composition, temperature, and neutral winds) over a broad altitude range is crucial
for fully understanding thermospheric energetics and dynamics during geomagnetically disturbed times.

An important but brief opportunity in this regard was enabled by leveraging the GOLD and Ionospheric
Connection Explorer (ICON) missions. As noted in Gan et al. (2024), during a CME geomagnetic storm (3 and 4
November 2021), a 60%–70% depletion (enhancement) in GOLD ΣO/N2 (TDISK) was observed, coincident with
a ∼100 m/s deviation in ICON meridional winds. This provides observational evidence for the theoretical hy-
pothesis that storm‐driven temperature gradients at higher latitudes produce significant equatorward meridional
circulation and push the ΣO/N2 depletion bulge from higher to lower latitudes. The untimely demise of ICON and
the stunning observations reported in this letter, however, highlight the necessity for global wind measurements
and the importance of NASA's proposed Dynamical Neutral Atmosphere‐Ionosphere Coupling (DYNAMIC)
mission.

Data Availability Statement
GOLD Level 1C DAY and Level 2 ON2 and TDISK data used in this paper can be obtained at the GOLDwebsite,
https://gold.cs.ucf.edu/search/, and NASA's Space Physics Data Facility (SPDF), https://spdf.gsfc.nasa.gov/pub/
data/gold/. GOLD data products are described in the GOLD Science Data Products Guide and the GOLD Release
Notes, both of which are available at: https://gold.cs.ucf.edu/data/documentation. The GOLD data product
versions are provided at the website: https://gold.cs.ucf.edu/data/current‐data‐product‐versions. The hourly res-
olution ap60 index data are obtained from GFZ Potsdam, Germany (Yamazaki, Matzka, Stolle, Kervalishvili,
Rauberg, Bronkalla, & Jackson, 2022). Dst index data are fromWorld Data Centre, Kyoto https://wdc.kugi.kyoto‐
u.ac.jp/. The solar F10.7 index data are from Space Weather Canada https://www.spaceweather.gc.ca/forecast‐
prevision/solar‐solaire/solarflux/sx‐en.php. The global 5‐min cadence Total Electron Content (TEC) data are
obtained from the Madrigal Database at Millstone Hill, http://millstonehill.haystack.mit.edu/.
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