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Abstract In the present study we investigate the response of the dayside ground magnetic field to the
sequence of interplanetary magnetic field (IMF) By changes during the May 2024 geomagnetic storm. We pay
particular attention to its extraordinarily large (>120 nT) and abrupt flip, and use GOES-18 (G18) magnetic
field measurements in the dayside magnetosheath as a time reference. In the dayside auroral zone, the northward
magnetic component changed by as much as 4,300 nT from negative to positive indicating that the direction of
the auroral electrojet changed from westward to eastward. The overall sequence was consistent with the
conventional understanding of the IMF By driving of zonal ionospheric flows and Hall currents, which is also
confirmed by a global simulation conducted for this storm. Surprisingly, however, the time delay from G18 to
the ground increased significantly in time. The delay was 2—3 min for a sharp By reduction ~30 min prior to the
By flip, but it became as long as 10 min for the zero-crossing of the By, flip. It is suggested that the prolonged time
delay reflected the travel time from G18 to the reconnection site, which sensitively depends on the final velocity
at the magnetopause, that is, the inflow velocity of the magnetic reconnection. Around the By flip, the solar wind
number density transiently exceeded 100 cm™, and should have increased further through the bow shock
crossing. It is suggested that this unusually dense plasma reduced the reconnection rate, and therefore, the solar
wind-magnetosphere energy coupling due to the extraordinary IMF.

Plain Language Summary The present study examines how the ionospheric current system
responded to changes in the interplanetary magnetic field (IMF) during a major geomagnetic storm in May
2024. Following an abrupt change in the IMF direction, the ionospheric current changed its direction from
westward to eastward in the dayside auroral zone. This ionospheric response can be well explained by magnetic
reconnection, that is, merging between interplanetary and terrestrial magnetic field lines. In this event, however,
the ionospheric current responded ~10 min after the IMF change was observed by a geosynchronous satellite,
although the time delay is usually only a few minutes. This prolonged time delay suggests that the reconnection
occurred very slowly, possibly due to an extremely dense plasma that was observed in the solar wind along with
the IMF change. Therefore, this event may serve as a rare demonstration of how solar wind density impacts
energy transport to the geospace system.

1. Introduction

During a geomagnetic storm that took place on 10—-13 May 2024, known as the Mother's Day storm or the Gannon
storm, the Dst index reached —412 nT at its peak making this storm the most intense storm in more than two
decades (as measured by the peak Dst; e.g., Cliver and Svalgaard, 2004; Love, 2021). The external driving of this
superstorm consisted of a series of distinct periods of enhanced southward interplanetary magnetic field (IMF) B,
and the IMF B, component also revealed large sudden changes. The focus of this study is the response of ground
magnetic fields to an extraordinarily large and abrupt change of IMF B, which took place near the peak of this
superstorm.

Whereas the IMF B, component is crucial for the energy coupling between the solar wind and magnetosphere, the
IMF By component is the primary cause of dawn-dusk asymmetries of the magnetosphere-ionosphere (M-I)
system (e.g., Cowley et al., 1992), with its effects being most profound in midday high latitudes. Early studies
found that the northward ground magnetic component increases in the cusp region in Northern Hemisphere when
IMF By is positive, and decreases when it is negative (Friis-Christensen and Wilhjelm, 1975). In the same area, the
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Figure 1. Schematic illustration of the reconnection-driven convection and Hall current in the midday sector for (a) B, < 0
and B, <0, (b) B,>0and B, <0, (c) By < 0and B, > 0, and (d) By, < 0 and B, > 0. In each panel, the magenta field line
represents a newly reconnected open field line, the subsequent motion of which drives a zonal ionospheric flow (magenta
arrow) and a Hall current (blue arrow), that is, AEJ, in the dayside high-latitude region. The green field line illustrates a newly
reconnected interplanetary field line.

zonal ionospheric convection tends to be directed westward for positive IMF By, and eastward for negative IMF
By (Heelis, 1984), which is consistent with the idea that the aforementioned ground magnetic disturbance can be
attributed to zonal Hall currents, that is, auroral electrojets (AEJs). This zonal current is apparently accompanied
by a pair of field-aligned currents (FACs), the polarities of which change depending on the sign of IMF By, (Iijima
etal., 1978; Wilhjelm et al., 1978). These effects of IMF By are not confined to the midday sector, and if IMF By
remains steady, global patterns are established (Burch et al., 1985; Edwards et al., 2020; Heppner and May-
nard, 1987; Weimer, 2005). For positive IMF By, the M-I system in Northern Hemisphere is characterized by the
clockwise (westward) swirling of convection flows over the polar region, and the swirling of the opposite sense
for the AEJs. For negative IMF By, the sense of the swirling is reversed, that is, counter-clockwise (eastward) for
convection flows and clockwise (westward) for the AEJs.

The IMF By, dependence of the dayside M-I coupling can be explained by the reconnection between interplanetary
and terrestrial magnetic field lines (e.g., Cowley et al., 1992) as schematically summarized in Figure 1. When IMF
By is negative and positive with southward IMF B, the dayside magnetic reconnection site has its magnetic
footprint at prenoon and postnoon, respectively, in Northern Hemisphere (Figures 1a and 1b). The associated
magnetic stress pulls the reconnected field lines eastward for negative IMF By, and westward for positive IMF By,
driving zonal ionospheric flows. Accordingly, the associated Hall current (i.e., AEJ) is directed westward for
negative By causing southward ground magnetic disturbances, and eastward for positive IMF B, causing
northward ground magnetic disturbances. The direction of the magnetic tension, and thus the direction of the AEJ,
is determined by the sign of IMF By, and remains unchanged regardless of the sign of IMF B_; compare Figure 1a
with Figure 1c, and Figure 1b with Figure 1d. Though, when IMF B, is positive, the reconnection site moves to
behind the dayside cusp. These processes well explain the aforementioned observational features, strongly
suggesting that magnetic reconnection is essential for the IMF B, dependence of the M-I coupling.

This conventional understanding of the IMF By dependence of the M-I system should also apply to the IMF By, flip
of the May 2024 storm, the focus of the present study. Nevertheless, as will be shown in this paper, the present
event provides new insight into the IMF By driving of the M-I current system from two important perspectives.
First, because of its large magnitude and abruptness of this By flip, along with its spatial scale as observed by

OHTANI ET AL.

2 0of 18

8518017 SUOLILLOD 8AIIR.0 3(cedl|dde 8Ly Aq peusenob afe sjole YO ‘@SN Jo SainJ 10} Ariq1T8Ul|UO A1 UO (SUORIPUOD-PUE-SWBILIO" A8 | 1M ARe.q) 1 BulUO//STY) SUORIPUOD pue WS | 8L 88S *[6202/S0/6T] U0 ARiqiTauliuo A8 M ‘AisieAiun supidoH suyor Aq T69EE0VIY2Z02/620T OT/I0p/uoo" 8| im Areldjeul|uo'sqndnBey/sdny wo.y pepeojumoa 'S ‘Sz0g ‘20766912



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA033691

multiple satellites, this By flip serves as an unambiguous time reference. The associated ground magnetic dis-
turbances can also be identified unambiguously. Therefore, we can confidently discuss underlying physics of the
time delay from the solar wind to the dayside ionosphere. Second, the observed ground magnetic disturbances
were at least comparable in (peak-to-peak) magnitude with those of extreme events on the nightside. Therefore,
the present event helps recognize that extraordinary IMF By, as a driver of dayside AEJs, can be a cause of
potentially hazardous geomagnetic disturbances even though it is seldom discussed from the perspective of space
weather.

The rest of this study is organized as follows. In Section 2 we briefly examine the solar wind and IMF sequences
of this storm with emphasis on the sequence of the By component as observed by the GOES-18 (G18) geosyn-
chronous satellite in the dayside magnetosheath, then examine in detail how the AEJs responded focusing on the
time delay from G18 to the ground. In Section 3, we briefly compare the observation with the result of a global
simulation, which was conducted for this storm in a separate study (Pham et al., 2024). In Section 4, we will
discuss the time delay from G18 to the ground. We summarize this study in Section 5.

2. Observation
2.1. Solar Wind and IMF Signatures

In this subsection, we briefly examine the solar wind and IMF sequences of the May 2024 storm. Figure 2 shows
SuperMAG geomagnetic indices, SMR and SMU/SML, and OMNI IMF and solar wind parameters for the 12-hr
interval from 1630 UT on 10 May to 0430 UT on 11 May 2024. SMR is equivalent to the Sym-H index but based
on data from geomagnetic stations in a wider range of geomagnetic latitude (MLat), from —50° to +50° in MLat
(Newell & Gjerloev, 2012). Similarly, SMU and SML are equivalent to the AU and AL indices, respectively, but
based on data from geomagnetic stations at +40° to +80° in MLat (Newell & Gjerloev, 2011); SMU and SML are
the measurements of the eastward and westward AEJs, respectively. For this interval, both the solar wind and IMF
parameters of the OMNI database were measured by the Wind satellite around the L1 point, and propagated to the
subsolar bow shock. Frequent data gaps reflect undetermined propagation time.

SMR suddenly jumped by more than 100 nT at 1705 UT on 10 May 2024 (Figure 2a), which marks the storm
sudden commencement (SSC) of this storm. SMR reached a minimum at —413 nT at 2236 UT, followed by
another minimum in less than 4 hr, then made a more persistent recovery. IMF B, intermittently became strongly
negative occasionally reaching ~—40 nT (Figure 2e). Whereas the solar wind speed stayed around 700 km after
the SSC (Figure 2g), fluctuations are noticeable for the solar wind density (Figure 2h), and therefore, for the
dynamic pressure (Figure 2f).

Around the time of the first SMR minimum, IMF By sharply changed from strongly negative (~—60 nT) to
strongly positive (~+70 nT) as marked by the dashed line (Figure 2d), which was the most noticeable IMF feature
during the entire interval of this storm. Simultaneously with this IMF By, flip, IMF B, also changed from negative
to positive, but this positive IMF B, was transient (Figure 2e). The associated change of IMF By was far less
significant (Figure 2c). Right after the IMF By, flip, SML made a large negative (~—2,400 nT) spike, which was
immediately followed by a large positive spike (~+2,300 nT) of SMU (Figure 2b). In the next subsection we will
examine the associated change of the AEJ distribution in more detail with a focus on its timing.

Now we examine the spatial extent and timing of this IMF B, flip. In addition to the Wind satellite, several
satellites were located in either solar wind or magnetosheath as shown in Figure 3a. The two probes of the
Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon's Interaction mission with the Sun
(ARTEMIS), ThB and ThC, were located in the upstream region, at X, = ~+47 Rp and Y., = ~+37 Rg. The
Magnetospheric Multiscale (Magnetospheric Multiscale (MMS)) Probes, which is represented by Probe 1
(MMSI) in this study because of their close proximity, were located much closer to Earth (X, = ~+11 Rp) and
on the opposite (i.e., negative Y,.) side of the Sun-Earth line, at Y,,, = ~—20 R. In addition, the GOES-18
geosynchronous satellite (G18) was in the postnoon magnetosheath. All these satellites were close to the

ecliptic plane (Figure 3b).

Figures 4a—4c show three magnetic components observed by those spacecraft in different colors along with the
OMNI data (black dotted) for the 80 min interval of 2150-2310 UT. The sequences of each component observed
by different satellites are similar to each other, as well as to the OMNI data, but with time delays expected from
the propagation of the solar wind. Therefore, considering the distribution of the satellites (Figure 3), we conclude
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Figure 2. (a) SMR, and (b) SMU (blue) and SML (red) indices, and IMF (c) By, (d) By, (¢) B, solar wind (f) dynamic pressure
Py, (g) speed Vg, and (h) density Ngyy during the 12-hr interval from 1630 UT on 10 May to 0430 UT on 11 May 2024.
The IMF and solar wind parameters were obtained from the OMNI database.

that the IMF structures, including the flip of IMF By, extended extensively in the Y—Z plane, and it certainly
interacted with the magnetosphere.

B, was negative at G18 before the By, flip, indicating that the satellite was outside of the magnetosphere. Note also
that for G18, each component is multiplied by 0.25. That is, the actual G18 measurements were four times larger
in magnitude. Presumably, G18 was in the magnetosheath, and observed the magnetic field compressed through
the bow shock. G18 probably stayed in the magnetosheath for a while after the By flip (as suggested by the
similarity of the variations of each component to those observed by other satellites), then reentered the magne-
tosphere around 2252 UT, when each component changed abruptly. Considering also that G18 was close to the
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(a)

. Sun-Earth line (Figure 3; LT = UT-9.1), we will use the G18 magnetic

| 2024-05-10 22-23 UT measurement as a reference in the rest of this study.
|

501 ThB

ThC

I“(solid/open: 22/23 UT) |
Figures 4d and 4e show the solar wind number density (Ngyw) and velocity
(Vsw) measured by ThC (blue) and MMSI1 (green), respectively; G18 does

40

not carry a plasma instrument. At ThC and MMS1, Ngy, had an isolated peak
centered at the By flip. In contrast, Vsw stayed in a limited range since it
increased by ~100 km/s around 2200 UT. Accordingly, the variations of Ngw
at ThC and MMSI1 can be considered to be parallel to those of dynamic
r pressure. Figure 4d also plots the ground N component at dayside midlatitude
stations, Fresno (FRN; red solid), Tucson (TUC; red dashed), and Bay St
o Louis (BSL; red dotted); see Table 1 for the locations of these ground stations.

N The N component is the disturbance part of the horizontal magnetic
component pointing local magnetic north as calculated by the SuperMAG

routine procedure (Gjerloev, 2012). The N component peaked at 2235 UT, at
the same time as the zero-crossing of the G18 By, flip; the timing may be more

40 30

20

|

i easily confirmed later in Figure 5a. This result strongly suggests that the

0 10 20 =30 effect of the dynamic pressure enhancement propagated with a minimal delay
(~1 min) from G18 to the ground, which is reasonable since the propagation

speed of the compression wave (fast magnetosonic wave) easily exceeds

OfF——b——

2024-05-10 22-23 UT

i : 1,000 km/s (10 Rz/min) in the magnetosphere.
: (solid/open: 22/23 UT)
| ;

o®, 2.2. Ground Magnetic Disturbances

The sudden transition of polar magnetic disturbances reflected in the SML

40 30

Figure 3. Locations of ThB (blue triangle), ThC (blue circle), MMS1 (green),
and G18 (red) in the GSE (a) X—Y and (b) Y—Z planes at 22 (solid) and 23
(open) UT on 10 May 2024.

20

Yask [Rel

. ‘
0 i =0 =0 and SMU indices, as shown in Figure 2b, is consistent with the general un-

derstanding of the dayside AEJ response to the negative-to-positive IMF By,
flip (Section 1). In this subsection, we examine how this transition of the AEJ
took place in space.

Figure 5 shows, from the top, the G18 By and B, components along with the

dayside midlatitude N component (Figure 5a), SMU/SML (Figure 5b), and
the LT sub-indices of SMU and SML, SMUhh's (Figure 5¢) and SMLhh's (Figure 5d). SMUhh's and SMLhh's are
defined in the same way as SMU and SML, the upper and lower envelops of the ground N component, respec-
tively, but based on data within 3 hr in MLT centered at MLT = hh.

Preceding the extraordinary By flip, G18 observed a sharp reduction of By starting at 2201-2202 UT (Figure 5a).
Around the same time, SML started to decrease gradually (Figure 5b), which reflected the enhancement of
SMLhh's from midnight, through dawn, to noon in MLT (Figure 5d); the gap at MLT = 07 was probably due to
the lack of high-latitude ground stations in the corresponding sector (Figure 6). In the dusk-to-midnight sector, in
contrast, the decrease of SMLhh's was insignificant. Therefore, the associated intensification of the westward AEJ
can be attributed to the enhancement of global convection rather than nightside substorm activity.

Interestingly, after the By, flip at G18, the westward AEJ intensified further in the prenoon sector as indicated by
the enhancement of dayside SMLhh's (Figure 5d). This prenoon westward AEJ decayed suddenly in ~10 min, and
it was immediately replaced by an intense eastward AEJ (Figure 5c). In the early dawn sector, in contrast, the
westward AEJ remained intense for a while even after the direction of the midday AEJ turned eastward,
then decayed slowly. In the noon-to-dusk sector, the intense eastward AEJ gradually expanded in MLT. Thus, the
abrupt swing from SML to SMU reflected the flip of the AEJ direction from westward to eastward in the midday
sector, and the transition was more gradual away from the midday sector.

Now we address how the polar distribution of AEJs changed as the G18 By component changed. Figure 6 shows
the SuperMAG polar map of ground magnetic disturbances every 10 min from 2210 to 2300 UT; the six dots
labeled as a—f in Figure 5b mark the times corresponding to these six polar maps. The horizonal magnetic
disturbance vectors are rotated clockwise by 90°, and accordingly, each map may be considered as a polar dis-
tribution of equivalent currents (but in units of nT), and is also indicative of ionospheric convection if the Hall
current is the predominant cause of high-latitude ground magnetic disturbances as usually expected.
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Figure 4. (a) By, (b) By, and (c) B, components in GSM, (d) Ngy, and
(e) Vg, observed by G18 (red), ThB (blue solid), ThC (blue dashed), MMS1
(green) along with the OMNI data (black dotted) for the interval from 2150
to 2310 UT on 10 May 2024. The G18 magnetic field measurements are
multiplied by 0.25. No plasma density and flow speed data are available for
G18. In Panel d, N-component magnetic disturbances observed at Fresno
(FRN; red solid), Tucson (TUC; red dashed), and Bay St Louis (BSL; red
dotted) in dayside midlatitudes are also plotted (scaled on the right axis).

[LUI N 1eTPIN

At 2210 UT, ~5 min after IMF By, decreased sharply, the dawn and dusk cells
still coexisted as indicated by the clockwise and counter-clockwise swirling
of magnetic disturbance vectors on the dawn and dusk sides, respectively; see
the magenta dashed lines in Figure 6a. However, in the next 30 min, the dusk
cell diminished (Figure 6b—6d), and in the midday sector, the vectors became
predominantly westward and intensified corresponding to the SMLhh
enhancement in the midday sector. Note that 5 min after the G18 By flip, the
vectors in dayside high latitudes not only remained westward but also
enhanced (Figure 6d). However, by 2250 UT (Figure 6e), they flipped east-
ward corresponding to the enhancement of SMUhh's in the midday sector. In
the next 10 min, the counter-clockwise swirling of magnetic disturbance
vectors developed further but mostly on the dayside; see the magenta dashed
lines in Figure 6f. Thus, the polar distribution of magnetic disturbances
evolved as expected for the negative-to-positive By flip, but it reconfirms that
the AEJ system responded to the G18 By flip with a noticeable time delay.

2.3. Time Delay From G18 to Midday High Latitudes

Next, we examine the sequence of magnetic disturbances at individual sta-
tions. Figures 7a—7f (six panels in the left column) show the three magnetic
components, N (northward; red), E (eastward; green), and Z (vertically
downward; blue) observed at six stations in the midday sector, as marked by
the orange dots in Figure 7m, in the descending order of MLat; see Table 1 as
well as the inserts for their coordinates.

N (red) started to decrease around 2205 UT at each station indicating an
intensification of the westward AEJ, which can be attributed to the sudden
reduction of the G18 B, component at 2202 UT. At Deadhorse (DED), N
initially remained flat, but E started to increase earlier. Similar £ enhance-
ments were observed at other stations around the same time as the N reduc-
tion. Since the stations were located in the sector of convection throat as
suggested by Figure 6a, those eastward magnetic disturbances may have been
caused by a local Hall current flowing equatorward corresponding to pole-
ward ionospheric convection. Additionally, at lower-latitude stations, the N
reduction was preceded by a bump, which also obscured its start time.
Nevertheless, we can conclude that the G18-to-ground time delay was a few
minutes at most.

Most noticeably, N changed sharply from negative to positive around
2244 UT corresponding to the westward-to-eastward flip of the AEJ direc-

tion. The peak-to-peak amplitude was largest at Barrow (BRW), where N changed by more than 4300 nT, from
—2,450nT to +1,860 nT, in 11 min from 2240 to 2251 UT (Figure 7b). This N flip occurred ~10 min after the G18
By flip, creating a clear contrast to the AEJ response to the earlier By reduction at 2202 UT.

We also note that the magnitude of the overall N variation was apparently not organized by MLat; it had a local
minimum at Fort Yukon (FYU; Figure 7c); compare with the N component at BRW (Figure 7b) and College
(CMO; Figure 7e), the next poleward and equatorward stations, respectively. The MLat dependence of the Z
variation was also complex; for the N flip, for example, Z decreased at Deadhorse (DED; Figure 7a) and CMO
(Figure 7e), but increased at FYU (Figure 7c). These features may suggest that the AEJ intensity had more than
one peak in MLat. Ground induction may also have contributed to the complexity of the MLat distribution of the

ground magnetic disturbances.

Figures 7g—71 (six panels in the right column) show magnetic disturbances observed at six stations in the

postnoon-to-early dusk sector in the ascending order of MLTs; their locations are marked by the purple dots in

Figure 7m. Here again, we can find that the the N component turned from negative to positive around 2245 UT.

However, compared with the signatures in the midday sector (Figures 7a—7f), the transition was gradual and small

in magnitude; the magnitude of the N flip was largest in the midday sector, and decreased duskward.
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Table 1 As a side note, we also point out that N made a small dip for 2234-2237 UT at
Geographic and Geomagnetic Latitudes and Longitudes of the Ground each station shown in Figures 7g—71. The corresponding dip can also be found
Stations Used in the Present Study, and Their MLTs at 2240 UT on 10 May ~ for the six midday stations (Figures 7a—7f) although they were less clear
2024 because of concurrent larger disturbances. Apparently, these N dips were
Code Station GLat GLon MLat MLon MLT (2240 UT)  global, and their timing was coincident with the midlatitude N enhancements
BSL BayStLouis 304 2704 407 —17.9 15.9 observed simultaneously with the G1.8 By flip (F1gure§ 4d and 5a). Therefore,
we conclude that the observed dips can be attributed to the external
BRW Barrow 713 2034 70.6 —106.5 11.0 . . . .
compression rather than magnetic reconnection; see Araki (1994) for more
CMO  College 649 2121 655 938 11.8 details of such compression-related magnetic disturbances.
DED Deadhorse 704 2112 709 —993 11.5 ‘ A o ,
Figure 8a shows the N component measured at the six stations in the midday
EAG Eagle 64.8 218.8 66.6 —87.8 12.2 . . . .
sector (Figures 7a—7f) in orange, and the same but at the six stations at later
FCC Fort Churchill = 58,87 263.9°168.51 = =25.6 164 MLTs (Figures 7g-71) multiplied by 1.75 in purple, and the G18 B,
FRN  Fresno 37.1 2403 426 549 13.5 component in gray (scaled on the right axis) on top of each other. The
FSP  Fort Simpson  61.8 2388 67.5 —649 13.8 distinction of the stations is not important for the present exercise. Although
FYU Fort Yukon 66.6 2148 677 —92.8 11.9 the magnitudes were different, the signatures were well correlated among the
GAK Gakona 624 2149 634 —899 121 12 statllons despite the wide range of tlllelr MLT coverage (Figure 7m). That is,
Sl Sa As @ - G the midday AEJ changed almost simultaneously from prenoon to dusk.
! afn ’ ’ ’ ’ ’ Though, the differences were more noticeable after 2250 UT; N peaked earlier
o gl wE 2ls T2 156 Ll in time in the midday sector (orange lines) than at later MLTs (purples lines).
PKR  Poker Flat 65.1 2126 658 936 11.8 This is consistent with the general idea that the global ionospheric current and
RAL RabbitLake 582 2563 67.0 —40.1 154 convection start to respond simultaneously to changes in external driving
SMI  Fort Smith 60.0 2481 675 —523 14.6 (Murr and Hughes, 2001; Ruohoniemi and Greenwald, 1998), but it takes
TUC  Tucson 322 2493 393 52 142 more time farther from the midday sector to reach steady states (Ridley

et al., 1998).

We take a closer look at the time delay of the dayside AEJ response for the following four changes of the G18 B,

component, which are marked as numbers 1 to 4 in Figure 8a.

1.

G18 By started to decrease sharply at 2201:30 UT, and the ground N component decreased subsequently. As
we addressed earlier, the G18-to-ground time delay was 2-3 min, and possibly shorter, which may be
consistent with the general expectation that one might have for a propagation time from the dayside mag-
netosheath to the dayside high-latitude auroral zone.

. By started to decrease further at 2226:00 UT. Although a further intensification of the westward AEJ is ex-

pected, the ground N component started to recover in the entire midday sector with small, but noticeable,
magnitudes. One possible interpretation is that this N recovery was actually an effect of a small (~30 nT)
increase of the G18 By component observed at 2219 UT, 6—7 min earlier; for the time delay for this feature, see
the next feature described below.

. By started to flip at 2233:50 UT. The expected ionospheric response is a sharp decay of the preexisting

westward AEJ, and therefore, a sudden recovery of the negative N disturbance on the ground. However, the N
component started to decrease further at 2234 UT. Physically, it is more reasonable to associate (a) this
additional N reduction with the preceding By reduction at 2226 UT, which we identified as (2), and (b) the start
of the By flip with the start of the later flip of the ground N component. For (a), the time delay was ~8 min. For
(b), the N flip started at 2240-2244 UT, but either at 2241 or 2242 UT at most stations. Therefore, the time
delay was 7~8 min.

. Bymade a zero-crossing at 2234:45 UT, which we adopt as a time reference for the By flip. As a manifestation

of its effect on the dayside AEJ, we consider the zero crossing of the ground N component, which can be
attributed to two processes. One is the decay of the westward AEJ driven by the preceding negative B,-related
reconnection at prenoon. Another is the intensification of the eastward AEJ driven by the subsequent positive-
By related reconnection at postnoon. Since the G18 B, component turned northward as By, flipped, this latter
reconnection presumably took place at the high-latitude boundary layer (i.e., tailward of the cusp). These two
processes probably contributed to the zero crossing of the ground N component in different ways at different
MLT's, and possibly also at different MLat's. In fact, Figure 8a shows that the timing of the zero crossing
varied significantly. Referring to earlier timings of them, we conclude that the G18-to-ground time delay was
9-10 min for the zero crossing of G18 By,.
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Figure S. (a) B, (dark/light gray) and B,, (light blue) at G18 (not multiplied by 0.25) along with the N-component magnetic
disturbances observed at Fresno (FRN; red solid), Tucson (TUC; red dashed), and Bay St Louis (BSL; red dotted), (b) SMU
and SML, (c) SMUhh's, and (d) SMLhh's for the interval of 2140-2320 UT on 10 May 2024. The six dots labeled as a—f in
Panel b mark the times corresponding to the six polar maps of ground magnetic disturbances shown in Figure 6.

The G18-to-ground time delay changed in time over ~40 min. It was initially a few minutes, but it became as long
as 10 min for the By flip. As a demonstration, we show in Figure 8b the G18 B, component shifted by +570 s
(9.5 min) in red, and the N sequences at all 12 stations in gray. The G18 By component is also shifted vertically by
+110 nT for easy comparison. For the second and third By, features that we discussed above, the shifted G18 By
plot traces the ground N component reasonably well. However, the discrepancy of the timing is obvious for the
first By reduction. This time-varying time delay will be the focus of discussion in Section 4.

2.4. PFISR Observations

In closing of this section, we examine the sequence of local ionospheric quantities measured by the Poker Flat
Incoherent Scatter Radar (PFISR), which is located in the neighboring area of FYU and CMO (Figure 7m).
Figure 9a shows the altitudinal profile of the electron density, N,, as measured by a beam approximately vertical
and aligned with the local magnetic field (beam 2 in Figure 9f), for 2150-2310 UT. Most noticeably, N, suddenly
enhanced at ~2243 UT in a wide range of altitude down to 100 km, which suggests enhanced precipitation of not
only soft electrons but also energetic electrons. Therefore, the associated precipitation was possibly Alfvénic
reflecting a temporal change of a certain magnetospheric process.

In general, the ionospheric conductance increases with increasing N,. Figure 9b shows the sequence of the local
Pedersen and Hall conductances, which we estimated by integrating over altitude, 4, the Pedersen and Hall
conductivities as expressed by the following equations
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Figure 6. Polar map of horizontal ground magnetic disturbances (rotated clockwise by 90°) at (a) 2210, (b) 2220, (c) 2230,
(d) 2240, (e) 2250, and (f) 2300 UT. The orange and purple dots mark stations examined in Figure 7.
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where €; is the gyro frequency, C; is the number abundance of various ions with subscript i representing the ion
species. v,, (v;,) is the collision frequency between electrons (ions) and neutrals, which we calculated from
collision coefficients (taken from Schunk and Nagy (2009)), and neutral densities (taken from MSIS (Picone
et al., 2002)). Our approach of the conductance estimate is the same as Wang and Zou (2022). Corresponding to
the sudden enhancement of N, the Pedersen conductance transiently increased from ~13 S to above 30 S, and the
Hall conductance from a similar level to ~25 S.
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Figure 7. N (red), E (green), and Z (blue) magnetic components observed at (a) Deadhorse (DED), (b) Barrow (BRW),
(c) Fort Yukon (FYU), (d) Eagle (EAG), (e) College (CMO), (f) Gakona (GAK), (g) Fort Simpson (FSP), (h) Fort Smith
(SMI), (i) Rabbit Lake (RAL), (j) Gillam (GIM), (k) Fort Churchill (FCC), and (1) Iqaluit (IQA) for the interval of 2150-
2310 UT on 10 May 2024. (m) The polar map of these ground stations at 2240 UT (modified from the SuperMAG

polar map).

The northward electric field, Ey, increased simultaneously with N, (Figure 9c¢). Ey, is the electric field deduced
from the measurements of beams 1, 3, and 4 in Figure 9f; each beam extends farther poleward (as shown in gray),
but we used measurements closer to the radar, from 0.8 to 1.3° poleward, for the consistency of measured doppler
shifts. E) reached above 100 mV/m, which corresponds to a westward electric drift speed of ~2,000 km/s; note
that “westward” is the direction of the zonal convection expected for positive IMF By. Using the estimated Hall
conductance, we calculated the Hall current intensity, from which we estimated the ground N disturbance
assuming an infinitely-extending uniform current sheet. The result (Figure 9d) shows that not only the peak but
also the overall sequence matches with the actual observation (Figure 9¢). Note that the conductance enhancement
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Figure 8. (a) N disturbances observed at the six stations shown in Figures 7a-7f (orange) and other six stations shown in
Figures 7g—71 (purple) along with the G18 B, component (gray) for the interval of 2150-2310 UT on 10 May 2024. (b) The
same as panel a but the N disturbances at all 12 stations in gray and the G18 B, component (red) shifted by +570 s (9.5 min)
in time and by +110 nT vertically.

due to the precipitation enhancement made a significant contribution to this positive N disturbance. The preceding
N reduction was noticeably smaller in magnitude, which may suggest that the corresponding westward AEJ
developed outside, probably equatorward (because IMF B, was negative), of the PFISR beam coverage.

Since similar N peaks were observed in the wide ranges of MLat and MLT around PKR (Figure 8a), the E, peak
presumably reflected the temporal enhancement of the regional electric field, rather than the passing of a spatially-
confined enhancement across the PFISR field of view. It is therefore suggested that this £, enhancement marked
the start of the positive By-related convection. This interpretation is consistent with the simultaneous enhance-
ment of precipitation (Figure 9a), which suggests a temporal magnetospheric process, that is, the initiation of the
positive By-related reconnection. Thus, the PFISR observation supports our earlier conclusion (Section 2.3) that
there was a ~10 min time delay between the G18 By flip and its effect on the dayside AEJ.

3. Modeling

In this section, we compare the results of our data analysis (Section 2) with those of a global simulation. Pham
et al. (2024) performed a simulation for the entire sequence of the May 2024 storm with the Multiscale
Atmosphere-Geospace Environment (MAGE) model; the MAGE version that they used includes the global MHD
model, GAMERA (Sorathia et al., 2020; Zhang et al., 2019), the inner magnetosphere model, RCM (Toffoletto
et al., 2003), the ionospheric potential solver, REMIX (Merkin and Lyon, 2010), and the thermosphere-
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Figure 9. (a) Altitudinal profile of the electron density, N,, (b) estimates of
the Pedersen (blue) and Hall (black) conductances, (c) latitude-averaged
northward electric field, Ey, (d) northward magnetic disturbance estimated
from the derived Hall current intensity, (e) actual ground magnetic
disturbances (H (northward): red; D (eastward): green; Z (downward): blue)
at Pokar Flat (PKR), and (f) the line-of-sight velocity (positive toward the
radar) measured along four beams in MLat versus MLon.

ionosphere coupling model, TIE-GCM (Richmond et al., 1992). They
reconstructed a solar wind and IMF sequence from measurements made by
ThC and MMSI as well as Wind, and used it as an input for their simulation
run. See Pham et al. (2024) for more details of the simulation setting.

In Figure 10a, we compare the observed (red) and reproduced (blue) se-
quences of the G18 By, component. For the model output, we sampled By at
X = 6.9 Ry on the X axis (of the SM coordinate system) so that the virtual
satellite stays in the magnetosheath during the same interval as G18. The
agreement of the two sequences is excellent for both timing and magnitude
until the reentry to the magnetosphere at 2251 UT. The modeled By is ~1 min
ahead in time for some changes including the start of the By flip, which may
be attributed to the X distance of the model output slightly (~0.3 Ry) outside
of geosynchronous orbit; 0.3 R is a ~20s travel distance at 100 km/s.
Nevertheless, the excellent agreement with the G18 observation indicates that
the model well reproduced the compression of the IMF and solar wind
through the bow shock crossing.

Figure 11 shows the dayside polar distributions of FAC density (in color; blue
and red for downward and upward FACs, respectively) and equi-potential
contours every 2 min from 2231 to 2245 UT. The first two maps at 2231
and 2233 UT (Figures 11a and 11b) represent snap shots around the G18 By,
minimum before its flip. The prenoon-side downward FAC (i.e., R1 current)
is the most noticeable feature, which along with the upward FAC (i.e., R2
current) on its equatorward side, is a manifestation of an eastward convection
flow in the prenoon sector. A pair of postnoon-side R1 and R2 currents co-
exists, but it is dominated by the prenoon-side pair as expected for the
negative sign of IMF By. This structure enhances further at 2235 and 2237 UT
(Figures 11c and 11d) immediately after the G18 By, flip. At the next time step
(2239 UT; Figure 11e), the prenoon-side R2 current is weaker, and the area of
the prenoon-side R1 current is somewhat smaller, which presumably reflects
the reduction of the negative By at G18. Then, at 2241 UT (Figure 11f), an
upward FAC emerges on the poleward side of the prenoon R1 current, which
is the first clear sign of the positive By. At the next two steps (Figures 11g and
11h), this upward FAC intensifies, and expands to the postnoon sector along
with the prenoon-side downward current, which corresponds to the formation
of a westward zonal flow channel and an eastward AEJ as expected for the
positive turning of IMF B,. Thus, the overall evolution of the dayside M-I
system represents what is generally expected for the negative-to-positive
flip of IMF By.

Now we examine more closely the timing of the transition of the modeled M-I
system from its negative By-driven to positive-By driven state. The compar-
ison between Figures 11e and 11f suggests that this transition takes place
around 2240 UT in the model. This timing can also be confirmed with the
sequence of the reproduced ground N disturbance. In Figure 10b, we compare
the sequences of the reproduced (blue) and observed (red) N component at

BRW. The observed disturbances are multiplied by 0.4 for comparison; the reproduced AEJ is significantly
weaker than the actual one (Merkin et al., 2024), which is the subject of a future study.

Whereas the model reproduces the overall morphology of the dayside M-I system response to the G18 By, flip, the
time difference of the ground N flip is most notable. The modeled N component starts to increase from its bottom
at 2235-2236 UT, instead of 2241 UT as observed. In other words, the modeled ionosphere starts to respond to the
G18 By flip within 2~3 min. The time delay is at least 5 min shorter than the actual delay, which was 7-8 min for

the start of the By flip (i.e., the negative By peak), and 9-10 min for the zero crossing of By. This comparison

strongly suggests that there is a process or feature that receives limited attention in modeling efforts, as well as in
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Figure 10. (a) The G18 B, component (red) and modeled B, component at X = 6.9 R on the Sun—Earth line (blue). (b) The
observed (red) and modeled (blue) N component at Barrow (BRW). The observed N component is multiplied by 0.4.

data analyses, due to its usual insignificance, but which played a crucial role in the solar wind-magnetosphere
coupling for the IMF By, flip of the present event.

4. Discussion

In the previous sections we examined the response of the ground magnetic field to the IMF By, variations during
the May 2024 superstorm with an emphasis on its large and abrupt flip. We used, as a reference, the By mea-
surement made by G18 in the dayside magnetosheath. Responding to the temporal enhancement of the solar wind
dynamic pressure around the By flip, the midlatitude N component increased almost simultaneously (<1 min) on
the dayside (Figures 4d and 5a). This is reasonable because the propagation speed of the fast magnetosonic mode
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Figure 11. The dayside polar distributions of field-aligned current (FAC) density (in color; blue and red for downward and upward FACs, respectively) and equi-
potential contours every 2 min from 2231 to 2245 UT. The numbers in the top right of each panel are the minimum and maximum values of the potential.
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Figure 12. (a) A schematic illustration of the three steps (Steps A, B, and C) of the time delay from G18 to the dayside auroral zone. (b) The tabular summary of the
contribution of the three steps to the time delay from G18 to the dayside auroral zone for the four major changes of the G18 B, component.

easily exceeds 1,000 km/s, or 10 R./min, and therefore, its propagation through the dayside magnetosphere is
basically instantaneous. In contrast, it took significantly longer for the effect of the G18 IMF By flip to be detected
in the dayside auroral zone. Although this time delay is negligible to the duration of the storm main phase, its
physical implication is crucial for understanding the stormtime solar wind-magnetosphere coupling as we will
discuss in the rest of this section.

Now we discuss the cause of this prolonged delay. The electric field, which is essential for driving the AEJ, is
transported from the solar wind (magnetosheath) through the merging between interplanetary and terrestrial
magnetic field lines. Now, as schematically shown in Figure 12a, the propagation of the electric field from G18 to
the midday auroral zone consists of three steps, that is, (a) the transport of the interplanetary field lines from G18
to the reconnection site, (b) the initiation of reconnection, if required, and (c) the propagation of the electric field
from the reconnection site to the auroral zone. Step A does not mean in any sense that G18 and the reconnection
site were on the same stream line of the magnetosheath flow, but for this step we assume that on a magnetosheath
stream line that reached the reconnection site, there was a point, around the same X distance as G18, where By
varied in the same way as observed by G18; this assumption can be justified by the extension of the original IMF
structure over the scale of the magnetosphere (Figures 3 and 4).

Figure 12b summarizes, in a tabular form, these three steps for the four major changes of the G18 By component
we addressed in Section 2.3, that is, (a) the sharp reduction of G18 By at 2201:30 UT, (b) the additional reduction
of G18 By starting at 2226:00 UT, (c) the start of the G18 By flip at 2233:50 UT, and (d) the zero-crossing of G18
By in the middle of its flip at 2234:45 UT; see Figure 8a. Now we discuss, for each G18 B, change, the
contribution of the three steps to the travel time from G18 to the ground.

For step A, we need to consider two factors. The first factor is the travel distance. B, was negative before the By
flip, and therefore, for (a)—(c), the relevant reconnection site was on the dayside magnetopause, which moved to
behind the dayside cusp for (d) as B, turned northward through the By flip. Therefore, the travel distance was
longer for (d), which may have contributed to the longest time delay for (d). However, the travel distance does not
explain the variability of the time delays for (a)—(c).

The second factor is the speed of the magnetosheath flow. One important clue here is that the global simulation
successfully reproduced the G18 By sequence (Figure 10a), which suggests that the solar wind was compressed
though the bow shock as we expect. In contrast, the final velocity, the velocity at which the magnetosheath plasma
reaches the reconnection site, is largely unknown. However, the travel time through the magnetosheath sensi-
tively depends on it (Samsonov et al., 2018). This final velocity may be considered as the flow speed of the inflow
region of the reconnection, and therefore, closely related to the reconnection rate. Therefore, the variability of the
travel times from G18 to the ground (Figure 12b) as well as the discrepancy between the model and observation
may be explained in terms of the reconnection rate.
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This idea is appealing because the solar wind plasma density increased significantly around the IMF By flip
(Figure 4d). The reconnection rate depends on the mass density and magnetic field strength on both sides of the
current sheet as well as the aspect ratio of the effective diffusion region (e.g., Cassak and Shay, 2007). The
reconnection rate decreases inversely proportional to the square root of the effective mass density, which is given
by (plB2 + pyB; )/ (/)1 + /)2) with the mass density p; and the total magnetic field B; on the different sides (i = 1
and 2) of the current sheet; see Eq. 17 of Cassak and Shay (2007). Therefore, if the solar wind mass density
increases significantly as observed in this event (Figure 4d), the reconnection rate decreases, and so does the
inflow velocity. This idea explains, at least qualitatively, why the time delay was significantly shorter for (a), and
became longer for (b) and (c). For the high-latitude reconnection of (d), open field lines that had reconnected with
preceding negative By interplanetary field lines (the magenta field line in Figure 1a) needed to be removed, which
may have made an additional contribution to the deceleration of the magnetosheath flow.

We note, however, that in the present event, the relationship between the delay time and the plasma density was
not simple. If we propagate the MMS1 and THEMIS measurements of Ngy; to the G18 location based on the time
lags of the By flip (not shown), Ngyw would be 10-15 cm ™ for (a), 3040 cm ™ for (b), and ~100 cm ™ for (c) and
(d); the actual density was probably four times larger if compressed through the bow shock crossing by the same
ratio as the magnetic field through the bow shock crossing. In contrast, the G18-to-ground time delay jumped
between (a) and (b), but did not change significantly afterward (Figure 12b). However, this result does not
necessarily contradict our interpretation because what is crucial for the reconnection rate is the plasma density in
the inflow region, and the magnetosheath plasma density does not necessarily represent the effective density of
the dayside reconnection even though they are probably loosely correlated. Let us consider an extreme case in
which the reconnection is already so slow, due to a highly dense magnetosheath plasma, that field lines are piling
up in the subsolar magnetosheath. In such a case, magnetosheath flows are mostly deflected before reaching the
magnetopause, and accordingly, the plasma density in the inflow region would be determined by a flow pattern in
the vicinity of the reconnection site, which could level off even if the solar wind density increases further. If such a
situation was realized by the time of (b), it is possible that the delay time remained similar for (c) and (d).

Step B, the response time of the reconnection, is an important issue, but is unlikely the cause of the wide vari-
ability of the time delays. The initiation of reconnection is expected for (a) and (d), and possibly also for (b) if the
reconnection site moved as the magnitude of negative By increased. For (c), it is expected that the dayside
reconnection rate decreased sharply as the By flip started. Although the aforementioned enhancement of the solar
wind number density may have delayed the onset of reconnection for (b) and (d), the associated timescale is on a
kinetic scale; Wu et al. (2011) reported that it is 10s of the ion gyroperiod, which was of the order of 1s in the
present case. Apparently, the observed time delays were not organized or influenced by step B.

Step C, the propagation from the reconnection site to the dayside auroral zone is required for each of (a)—(d). The
associated delay is the Alfvén travel time from the magnetopause to the ionosphere. For (d), the Alfvén travel time
is uncertain as we do not know how far behind the cusp the reconnection site was located. For the dayside
magnetopause reconnection, (a)—(c), the Alfvén travel time is usually 1 minute or less; it should be about a quarter
of the fundamental eigenperiod of standing oscillations as observed as Pc4-5 pulsations. Since the magnetopause
was inside geosynchronous orbit, it is improbable that the propagation distance changed significantly in this
event. Therefore, for step C to be the primary cause of the observed difference in time delay, the Alfvén velocity
would have to decrease by a factor of ~3, which requires an enhancement of the mass density by an order of
magnitude. However, we cannot find any change of internal conditions that might have enhanced the mass density
by such a magnitude during this event (Figure 2). In fact, the effect of the dynamic pressure enhancement
propagated instantaneously from G18 to the ground. The enhancement of the solar wind plasma density might
have increased the plasma density in the magnetosphere, for example, through the dayside reconnection, but its
effect on the Alfvén travel time is unclear. Thus, although we cannot entirely dismiss the possibility that step C
contributed to the variability in time delay, it is highly questionable that this step played a decisive role.

Thus, based on our consideration of Steps A, B, and C, we suggest that the solar wind density enhancement was
the primary cause of the variability of the G18-to-ground time delays, for which the reconnection rate at the
dayside magnetopause is crucial. However, as we addressed earlier, the dependence of the reconnection rate on
the solar wind density is not straightforward. Although in general, modeling is a promising approach for such a
complex issue, for this event, the MAGE model reproduces the BRW magnetic disturbance with a much shorter
time delay (Figure 10b), suggesting that the model overestimates the dayside reconnection rate. Thus, the solar
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wind-magnetosphere interaction under extremely dense solar wind conditions, as we addressed in the present
study, also presents a critical new challenge for modeling superstorms.

In closing, we would like to make two points. First, the stormtime mass loading and the associated reduction of the
dayside reconnection rate has been addressed in terms of the formation of plasmaspheric plumes (Borovsky and
Denton, 2006; Walsh et al., 2013, 2014) and warm plasma cloaks (Fuselier et al., 2017). The number density of
these structures is typically in the range of 10-100 cm™; see Goldstein et al. (2004) and the references cited
above. Whereas the associated density enhancement may reduce the reconnection rate as much as 20% (Fuselier
etal., 2017), its global effect still remains to be understood (Zhang et al., 2016). In the present event, in contrast,
the peak number density exceeded 100 cm™ in the solar wind (Figure 4d), and probably increased to ~400 cm™>
through the bow shock crossing. Moreover, the associated structure extended over the entire dayside magneto-
sphere (Section 2.1). It is therefore highly conceivable that the extreme solar wind density enhancement as
observed in this event makes a far more significant impact on the energy coupling between the solar wind and the
magnetosphere.

Second, we would like to reemphasize that the magnitude of the response was extraordinary. Responding to the By
flip, the ground N component increased by a few thousands of nT, by 4,300 nT at BRW, in ~10 min in the prenoon
auroral zone. The IMF B, component is generally considered as a measure of the external driving of geomagnetic
disturbances, for which we consider nightside substorm activity or dawnside AEJ intensification as a manifes-
tation of global convection enhancement (Ohtani, 2021; Ohtani et al., 2023). In the present event, however, it was
the IMF B, component that played a crucial role in this extraordinary event, and the ground magnetic field
changed most significantly and sharply in the midday sector. Apparently, the dayside AEJ can be a cause of
potentially hazardous geomagnetic disturbances, even though it is not widely recognized, and the magnetopause
reconnection is its direct driver. Thus, the reconnection rate as discussed in this section is crucial not only for
better understanding the stormtime solar wind-magnetosphere coupling but also for assessing the risk of
stormtime geomagnetic hazards.

5. Summary

In the present study we used the G18 magnetic field measurements as a reference, and examined how the dayside
ground magnetic field responded to the By variations, especially to its extraordinarily large and abrupt flip, during
the May 2024 geomagnetic storm. The ground N component changed by thousands of nT from strongly negative
to strongly positive, and the overall response was consistent with the idea that the direction of the primary AEJ
changed from westward to eastward responding to the negative-to-positive IMF By, flip. We paid special attention
to the time delay from G18 to the ground, which changed significantly during the course of the event. For the
initial G18 By reduction, which took place ~30 min prior to the By flip, the time delay was 2—3 min. The time
delay was significantly longer for the later B, changes; for example, it was 7—8 min for the start of the B, flip, and
9-10 min for the subsequent zero crossing of By. We discussed these time delays in terms of three steps of the
propagation from G18 to the ground, that is, (a) the transport of magnetic field lines from G18 to the reconnection
site, (b) the initiation of the reconnection, (c) Alfvén wave propagation from the reconnection site to the dayside
ionosphere. It is highly questionable that steps B and C played any decisive role in the G18-to-ground propa-
gation. In contrast, step A possibly explains the variability of the time delays. Around the time of the By flip, the
solar wind number density increased to above 100 cm™, and additionally by a factor of ~4 through the bow shock
crossing. This density enhancement presumably reduced the reconnection rate at the dayside magnetopause, and
therefore, increased the travel time from G18 to the reconnection site (by slowing down the inflow). We also
found that the MAGE global simulation reproduces the westward-to-eastward flip of the midday AEJ but with a
time delay significantly shorter than the actual delay (by ~5 min). The discrepancy may imply that the model
overestimates the dayside reconnection rate. Whereas the effect of the mass loading on the solar wind—
magnetosphere coupling is often addressed in terms of internal processes, the present study suggests that solar
wind structures can make a significant impact under extreme conditions.

Data Availability Statement

SuperMAG indices, polar maps of ground magnetic disturbances, and magnetic field data at individual stations
are available at the SuperMAG site (https://supermag.jhuapl.edu/). The OMNI data are available at the NASA
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