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Abstract In May 2024, a series of coronal mass ejections resulted in the first “severe” (G4‐level)
geomagnetic storm watch in nearly 20 years. This event evolved into a significant space weather event,
including an “extreme” (G5) geomagnetic storm, moderate (S2) solar radiation storm, and strong (R3) radio
blackout. The widespread visibility of auroras at unusually low latitudes attracted global media attention. Using
extreme value theory (EVT), this study estimates the return periods for the May 2024 storm based on several
geomagnetic indices. The results indicate that while the storm's magnitude was a 1‐in‐12.5‐year event, its
duration was a 1‐in‐41‐year event. This discrepancy highlights the storm's unusual longevity compared to its
intensity. Updated EVT analyses incorporating recent data refine these return period estimates, providing
critical insights into the frequency of such extreme space weather events.

Plain Language Summary InMay 2024, Earth experienced a significant space weather event caused
by intense solar activity. This included large solar flares and eruptions that led to severe geomagnetic storms.
These storms resulted in stunning auroras visible much further south than usual, drawing worldwide attention.
Previous work has investigated how often such strong storms might occur using historical data and statistical
methods. It is shown that while storms of this strength might happen once every 12.5 years, the length of this
particular storm was unusual, expected only once every 41 years.

1. Introduction
In May 2024 multiple coronal mass ejections and X‐class solar flares from active region AR3664 struck Earth
resulting in the first “severe” (G4‐level (SWPC, 2024c)) Geomagnetic StormWatch by the National Oceanic and
Atmospheric Administration Space Weather Prediction Center (NOAA SWPC) in almost 20 years (since January
2005 (SWPC, 2024a, 2024d)) and subsequently significant space weather storms (“extreme” (G5) geomagnetic
[the first since October 2003 (SWPC, 2024b)]; “moderate” (S2) solar radiation and “strong” (R3) radio blackout
(Figure 1).

The event received widespread media attention (e.g., Johnson‐Groh (NASA) (2024); Kuthunur & space.com
(2024); Cohen (2024); Mack (Forbes) (2024); The Guardian (2024)) likely because of the widespread aurora
sightings at unusually low latitudes across the globe, including in the Canary Islands (Canaria Weekly, 2024),
Ladakh, India (Sengupta, 2024) and South Florida, USA (NBC6, 2024).

In terms of nomenclature the storm(s) have so far been referred to as the “Gannon Memorial Storm” (Yamazaki
et al. (2024); in honor of Dr. Jennifer L. Gannon who passed away on 2May 2024), “Mother's Day Storm” (Spogli
et al. (2024); since many, but not all, national Mother's Days take place on the 2nd Sunday in May [12May 2024])
and the “Han Anniversary Storm” (since routine observations of sunspots started in China after the very large
sunspot of May 10, 28 BCE, during the reign of Emperor Cheng of Han “On Ji Wei day the Sun was yellow at its
rising and a black vapor as large as a coin was observed at its center” (Pankenier, 2012; Zhentao, 1990)).

It has also been referred to, in many places, as a “superstorm” (Carter, 2024; Self, 2024; Witze, 2024). The exact
definition of “superstorm” in the space weather community is not universally agreed and varies between disturbed
storm time index (Dst; most typically used for identifying and quantifying the severity of geomagnetic storms
(e.g., Loewe and Prölss (1997)) values of ≤ − 250 (Echer et al., 2008; Gonzalez et al., 2011), ≤ − 300 (Li
et al., 2010), ≤ − 400 (Tsurutani et al., 1999), ≤ − 500 (Lakhina & Tsurutani, 2016, 2018) or the top 2% of storms
(Bell et al., 1997). Whilst noting that most dictionary definitions of the word “superstorm” describe them as being
“destructive” (e.g., Oxford English Dictionary (2024)), here we refer to the May 2024 storm as a “superstorm”
since its peak Dst exceeded the threshold in the majority of definitions.
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In terms of occurrence, the May 2024 storms have been described as a 1‐in‐10 (Elvidge, 2024), 20 (Patel, 2024;
The Aerospace Corporation, 2024; University of Michigan, 2024) and 30 (Rannard (BBC), 2024) year event as
well as the “strongest in 500 years” (widely reported, but which all refer back to Johnson‐Groh (NASA) (2024)).

This work strives to address this ambiguity and answer the question of what the return period for an event of this
magnitude, and duration, was.

2. Methodology and Data
2.1. Methodology

There are a number approaches that have been applied to estimate the “return time” (likelihood) of space weather
events. The main approaches are the use of extreme value theory (EVT) (e.g., Elvidge & Angling, 2018;
Koons 2001; Meredith et al., 2015; Silbergleit, 1999; Siscoe, 1976) and the fitting of power law distributions, log
normal distributions, and generalized Pareto distributions (Chapman et al., 2018; Riley, 2012; Riley &
Love, 2017).

In terms of investigating the probability of geomagnetic activity, and thus the probability of the May 2024 storms,
Silbergleit (1996), Tsubouchi and Omura (2007) and Bergin et al. (2023) used EVT to investigate extreme events
in the Dst index. Bergin et al. (2023) also estimated the return time of SMR and SYM‐H at 1 minute and 1 hour
resolution, Elvidge (2020) estimated the return time of the aa index and Koons (2001) used the Ap index.

One of two equations are used to estimate the return period of a given event with EVT depending on whether a
generalized extreme value (GEV) or generalized Pareto distribution (GPD) was used (for a complete description
see Coles (2001)):

Figure 1. Summary of NOAA SWPC alerts and warnings from 1 May 2024 to 16 May 2024.
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PGEV =

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1 − exp(− (1 +
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σ
)

− 1
ξ

) if ξ≠ 0,

1 − exp(− exp(−
Z − μ
σ

)) if ξ = 0

, (1)

PGPD=

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(1 +
ξ(Z − u)

σ
)

− 1
ξ

if ξ≠ 0,

exp(−
Z − u
σ

) if ξ = 0

.
(2)

Where PGEV and PGPD are the return periods for a GEV or GPD respectively, ξ is the shape parameter, μ the
location parameter, σ> 0 the scale parameter, u the threshold used in the GPD fit and Z the value for which the
return period is being estimated.

2.2. Data

The geomagnetic data used in this analysis is the Dst, SYM‐H, SMR, aa, ap, apo, and the newly defined rAp. The
values of the indices are shown in Figure 2 and described in the following sections, a summary of the indices is
shown in Table 1.

2.2.1. Disturbance Storm Time (Dst) Index

The Disturbance Storm Time (Dst) index measures the intensity of the global equatorial ring current, which
affects Earth's magnetic field during geomagnetic storms. It is calculated hourly by recording the horizontal
component disturbances of the magnetic field at four magnetometer stations located at geomagnetic latitudes
between − 35o and +30o. Dst is then the baseline‐corrected, magnetic latitude‐adjusted, average of the four
hourly mean disturbances, it is compiled and distributed by World Data Center for Geomagnetism Kyoto
et al. (2015).

For comparative purposes, as Dst is a “negative” index, − 1 ×Dst is plotted in Figure 2. For the May 2024 storm a
peak value of − 412 was observed at 0200UT on May 11 (Figure 2).

Figure 2. Time series of indices, aa (as calculated by British Geological Survey) in yellow, aa (as calculated by International
Service of Geomagnetic Indices) in blue, Dst in orange, ap in green, ap30 in red, Ap in purple, rAp (described in
Section 2.2.7) in brown, SMR in pink and SYM‐H in gray. The negative of Dst, SMR and SYM‐H are plotted for
visualization purposes.
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2.2.2. Symmetric‐H (SYM‐H) Index

The SYM‐H index is essentially a high‐resolution version of the Dst index, providing minute‐by‐minute mea-
surements of the horizontal component of the geomagnetic field. The one‐hour resolution SYM‐H aggregates
these values to offer a broader perspective similar to the Dst index but with more frequent updates. The SYM‐H
index is also compiled by the WDC for Geomagnetism Kyoto (Iyemori et al., 2010) and is the baseline‐corrected,
magnetic latitude‐adjusted, average of the disturbance component at each minute for six stations selected from a
network of 11 geomagnetic observatories between − 50o and +50o.

Similarly to Dst, − 1 × SYM‐H is plotted in Figure 2, and has a peak value of − 518 observed at 0214UT on May
11. Resampling the SYM‐H index to the same temporal resolution as Dst (hourly) results in a peak value of − 436
observed at 02UT also on May 11 (not shown in Figure 2).

2.2.3. SuperMAG Ring Current (SMR) Index

The SuperMAG Ring Current (SMR) index (Newell & Gjerloev, 2012) is a high‐resolution SuperMAG index
based on all ground magnetometer stations in the SuperMAG network between geomagnetic latitudes between
− 50o and +50o, used as a global measure of the ring current's intensity (Gjerloev, 2012). The 1‐min averages of
baseline‐corrected, magnetic latitude‐adjusted, horizontal component disturbances are averaged within four
equally sized local time sectors to produce four local‐time SMR indices. The final SMR value is the average of
these four local‐time indices. In this work the hourly SMR value is also used, simply defined as the 1‐hr mean of
the 1‐min values.

The negative SMR index (− 1 × SMR) is also plotted in Figure 2 and has a peak value of − 426.6 at 2235UT on
May 10. Similarly to the SYM‐H index, resampling it to hourly resolution results in a peak value of − 382.9, at a
much later time of 02UT on May 11. It can be seen in Figure 3 showing just the 1‐min and 1‐hr resolution SMR
values that the SMR peak was short‐lived resulting in the temporal offset of the peak in SMR (1‐min) and SMR
(1‐hr).

2.2.4. aa Index

The aa index is a measure of geomagnetic activity derived from two nearly antipodal observatories, one in the
northern hemisphere and one in the southern hemisphere (Mayaud, 1972). It provides a long‐term record of
geomagnetic activity, dating back to 1868, and is averaged over three‐hour intervals. It is derived from the largest
horizontal deviation of the magnetic field measured in nT from a station in the United Kingdom and another in
Australia. Over the 150 years of observations the exactly location of the stations where the data have been
recorded have changed, in order to maintain a constant value for the index the weighting of the different stations
has varied over time (International Service of Geomagnetic Indices, 2013).

aa data is available from two sources, the British Geological Survey (BGS) (https://geomag.bgs.ac.uk/data_
service/data/magnetic_indices/aaindex.html) and the International Service of Geomagnetic Indices (ISGI)
(https://isgi.unistra.fr/data_download.php). Whilst both are calculated by the same method, the ISGI data is
considered definitive. However BGS have previously found, and corrected, a number of inaccuracies in the
definitive data (Clarke & Kerridge, 1991). During May 2024 there are currently a number of differences between

Table 1
Summary of the Indices Used in This Analysis and Their Time Resolution

Index Time resolution Reference

Dst 1 hr World Data Center for Geomagnetism Kyoto et al. (2015)

SYM‐H 1 min Iyemori et al. (2010)

SMR 1 min Newell and Gjerloev (2012)

aa 3 hr Mayaud (1972)

ap 3 hr Mayaud (1980)

ap30 30 min Yamazaki et al. (2024)

ap60 60 min Yamazaki et al. (2024)
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the two aa sources, especially during the peak of the storm. However the peak
value is the same in both sets, which is what will be required to estimate the
probability of the May 2024 storm. From herein the definitive, ISGI, data is
used. Both BGS and ISGI values are shown in Figure 2, and in most places
align. According to the ISGI, the aa index reached its peak value of 578 at
both 2100UT on May 10 and again at 0900UT on May 11.

2.2.5. ap Index

The ap index is a linear measure of geomagnetic activity derived from the
commonly used logarithmic Kp index (Mayaud, 1980). The three‐hourly Kp
index was introduced in 1949 (but calculated back to 1932) to measure solar
particle radiation by its magnetic effects and is widely used as a measure for
the energy input from the solar wind to Earth (Bartels, 1957). Kp is the
arithmetic mean of the 3‐hr standardized K‐indices (derived from the
maximum fluctuations of horizontal components observed on a magnetom-
eter during a three‐hour interval) for the 13 Kp‐observatories, made from 11
northern and two southern stations between 44o and 60o northern or southern
geomagnetic latitude. The index is discretized in to 28 possible values:
0, 0+(or 0.33), 1− (or 0.67), 1, 1+, 2− ,… , 8+, 9− , 9, where 9 is the largest

possible value. Equivalently, ap ranges from 0 to 400 in units of 2 nT. In this analysis the ap index is used since, as
a linear index, it can be compared directly to the other measurements.

As previous described, the May 2024 storm was characterized as an “extreme” (G5) storm. The NOAA SWPC
Space Weather Scales classify geomagnetic storms on the G‐Scale in terms of their Kp values, with a G5 storm
reserved for instances when the Kp value reaches its maximum value of 9, which has an equivalent ap value of 400
(SWPC, 2024c). During the storm period the maximumKp value of 9 was reached twice: 00UT and 09UT onMay
11, and the index remained above 8 (ap value of 207) from 18UT on May 10 until 18UT on May 11 (Figure 4).

2.2.6. Hpo Index

The geomagnetic Hpo index is a Kp‐like index (apo is ap‐like) with a time resolution of 30 min, called Hp30/ap30,
and 60 min, called Hp60/ap60. Furthermore, the Hpo/apo index is not capped at 9 and 400 as the Kp and ap index
are. The Hpo index was originally developed by Yamazaki et al. (2022) and an updated version (3.0) was

Figure 3. Minutely (negative) SMR values (blue) and hourly averaged
values, whilst the peak value is at 2235UTMay 10, it is short lived and so the
peak value in the hourly resolution data takes place at 02UT on May 11.

Figure 4. Plot of Kp index from 5 May 2024 to 11 May 2024.
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described in Yamazaki et al. (2024), which fixed a number of issues and extended the time series back to January
1985.

At the peak of the May 2024 storm, the ap30 value was 534 (and had a Hp30 value of 11+) at 22:30 on May 10.
The ap60 value peak was 456 (Hp60 was 11− ) at 22:00 on May 10 and 02:00 on May 11 (Figure 2).

2.2.7. rAp Index

The Ap index is an average of the eight three‐hourly ap indices (Section 2.2.5) and so provides a daily summary
measure of geomagnetic activity based on data from the Kp‐observatories. For the May storm, the peak Ap
occurred onMay 11 and had a value of 270.75. Whilst the Ap index provides a simple way to summarize the daily
geomagnetic storm conditions, since it is defined as the average for each UT‐day it cannot be used as a proxy for
storm duration, as most storms cross the UT‐day boundary and are therefore grouped into different Ap values.
Historically, in some cases, this has been addressed by the Ap* index, defined as the earliest occurring maximum
24‐hr value from the 8‐point running average of successive 3‐hr ap values during a geomagnetic storm
(Allen, 2004). This addresses the UT‐boundary issue, but was only defined and used in storm conditions and the
values have not been updated since 2014.

Here we define rAp to be the rolling‐Ap index, the right‐aligned (or “trailing”) mean of the ap values typically
defined over a 24 hr period, but can equally be defined for any time window, for example, 36 (rAp36) or 48 (rAp48)
hours. This value is routinely calculated and provided on https://serene.bham.ac.uk/resources/Indices/ for 24‐, 36‐
and 48‐hr horizons.

The rAp index can be effectively used as a proxy for the duration of geomagnetic storms since it provides a
continuous, time‐resolved measure of geomagnetic activity over a specified trailing periods (e.g., 24‐, 36‐, or 48‐
hr). The rAp index captures sustained periods of elevated geomagnetic activity, smoothing out short‐term fluc-
tuations, which allows for a seamless tracking of a storm's progression across Universal Time day boundaries.

During this storm period the maximum rAp (for a 24 hr period, which is assumed to be default if a numerical
subscript is not provided next to “rAp”) was 301 (2 nT) occurring at 15UT on May 11 (Figure 2). For
completeness, but not shown on the figure, the rAp36 and rAp48 were 253.25 at 00UT on May 12, and 202.9 at
09UT May 12 respectively.

3. Probability of the Storm
Using the previously published EVT work on the previously described indices, and recorded values during the
May 2024 storm, the estimated return period/time for an event of that magnitude can be calculated. In this section
we use the return times from analysis previously published, which all, obviously, did not include information
about the May 2024 storm. In each following subsection we also provide updated EVT fits for the data including
the May storm. Extreme value theory is inherently about providing estimates of rarely (or in cases, never)
observed events, so when an extreme data point is observed that can significantly impact our future extrapolation
and should be incorporated.

3.1. Dst

According to (Silbergleit, 1996, Equation 5) a Dst value of − 412 (the May 2024 peak) has a return time of 17.2
(14.2, 20.2) years, where the values in brackets represent 95% confidence intervals. Tsubouchi and Omura (2007)
provide values of ξ = 0.177 ± 0.117 and σ = 38.2 ± 5.6 with a threshold of u = 280, using Equation 2 results
in a return period of 5.4 (3.1, 13.6) years for the same Dst value of − 412. Bergin et al. (2023) gives values of
ξ = − 0.13 (− 0.39,0.14), σ = 88 (51,125) and u = 250 resulting in a return period of 14.6 (5.8, 23.4) years.
Finally Love (2021) estimated the Dst return time using a Weibull model. In that analysis they used the most and
second most intense storms for block‐maximum sampling and also included estimated Dst values from Solar
Cycles 14–18 (1903 onwards). For the Weibull distribution they provided values of μ = 402.528, σ = 129.885
and ξ = − 0.062 which gives a return period of the May storm as 18.2 years.

To provide a single estimate of the return time for the Dst, a weighted average of each of these individual es-
timates is calculated. In this analysis we exclude the Love (2021) estimation since that work uses a non‐
continuous data stream and estimates the most, and second, most intense storms in a given solar cycle, as
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opposed to the other approaches which aim to provide an overall estimate of the Dst return time. The weighted
average is calculated using

Pcomb =∑
3

i=1
wi ⋅Pi, (3)

where Pcomb is the combined return period, wi (i = 1,2, 3) are the weights associated with time period Pi. The
weights are estimated using the reported 95% confidence interval along with the number of years of data used in
the extreme value analysis:

wi =
wvariance,i + wyears,i

2
, (4)

wherewvariance,i are the weights associated with the variance of the return period and wyears,i the weights associated
with the number of years used in the analysis. The wvariance,i are calculated by the approximation that the variance
is equal to the difference of the upper (Ui) and lower (Li) return periods under the assumption of a normal
distribution (which is of course not true, since by definition the extreme value distributions are used here, but this
is assumed to be a sufficient criteria for estimates of the combined confidence intervals):

wvariance,i =
1/vari

∑3
i=1 1/vari

, (5)

vari ≈ (
Ui − Li
1.96 × 2

)

2

(6)

The wyears,i are simply defined as:

wyearsi =
yi

∑3
i=1 yi

, (7)

where yi are the number of years used in the extreme value analysis. There is some amount of “double counting”
done here, since the EVT results will have used the number of values used in the analysis to originally estimate the
confidence intervals. However, this step is required since, in the Dst cases presented here, the analysis using the
fewest number of years (Silbergleit (1996, p. 23) has the smallest confidence intervals, and so if only considering
wvariance,i this results in the heaviest weighting, which seems inappropriate given that Bergin et al. (2023) used
almost three times as many years of data (64) and Tsubouchi and Omura (2007) used 44 years.

Bringing all of these estimates together as a weighted average, results in the return period of a Dst value of − 412
of 13.1 (11.5, 14.8) years.

3.1.1. Updated Estimates

Bergin et al. (2023) provided the most up‐to‐date extreme value analysis of the Dst data set, which was used in the
Dst return estimates above. Including the most recent data set (up to July 2024, therefore including the May 2024
storm) slightly modifies the estimates.

Following the same argument as Bergin et al. (2023), using a GPD with a minimum cluster interval of r = 48
hours and a threshold of u = 250, results in an updated GPD fit of the data with (standard errors in parentheses)
ξ = − 0.15 (0.27) and σ = 92 (35) along with an additional distinct event in the timeseries (n = 37). It is worth
noting that the Dst event list estimated by this “fixed time” window (48 hr) provides the exact same event list as if
using a “variable time” thresholding approach (similar to that described in Elvidge and Angling (2018)) with a
threshold of Dst ≤ − 250 and requiring at least five consecutive values ofDst≥ − 30 in order for a distinct event to
be counted.

This results in an updated return period of 1‐in‐13.9 years for a Dst of − 412, as opposed to the original estimate of
1‐in‐14.6 years.
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3.2. SYM‐H

Bergin et al. (2023) performed extreme value analysis for the SYM‐H index at both 1‐min and 1‐hr resolution. At
1‐min resolution they found ξ = − 0.06 (− 0.39, 0.27), σ = 109 (54, 164) with a threshold of u = 250 and at 1‐
hr resolution ξ = 0.06 (− 0.35, 0.47), σ = 80 (33, 126) and again u = 250.

Using these values in Equation 2, gives for the May 2024 storm an SYM‐H 1‐min peak value expected return time
of 22.0 (6.0, 38.0) years and a SYM‐H 1‐hr expected return time of 16.0 (5.6, 26.5) years.

3.2.1. Updated Estimates

Again following the argument of Bergin et al. (2023) using a GPD with a cluster interval of 48 hr and a threshold
of 250 gives an updated fit to the SYM‐H 1‐min resolution data of ξ = − 0.09 (0.31), σ = 119 (51) and the
number of exceedances n = 27 resulting in an updated return period of 1‐in‐20 years for a value of 518.

For the SYM‐H index at 1‐hr resolution the updates values are ξ = 0.02 (0.40) and σ = 87 (45) resulting in an
updated return time of 1‐in‐15 years.

3.3. SMR

Bergin et al. (2023) also performed extreme value analysis for the SMR index, again at both 1‐min and 1‐hr
resolution. At 1‐min resolution they found ξ = 0.00 (− 0.31, 0.32), σ = 97 (52, 142) with a threshold of
u = 250 and at 1‐hr resolution ξ = 0.1 (− 0.28, 0.48), σ = 70 (32,107) and again u = 250.

Using these in Equation 2, gives an SMR 1‐min peak value expected return time of 9.3 (4.3, 14.3) years and an
SMR 1‐hr expected return time of 10.5 (4.9, 16.1) years.

3.3.1. Updated Estimates

The updated data for the SMR index is only available up to 29 May 2024 (but still includes the May 2024 storm)
and, following Bergin et al. (2023), results in updated GPD parameters of ξ = 0.01, σ = 97 and n = 34 which,
using Equation 2, gives a return period of 1‐in‐9.3 years for the SMR 1‐min resolution peak value of − 426.6.
Which, to 1 decimal place, shows no difference from the reduced data set.

Resampling to 1‐hr resolution, results in GPD parameters of ξ = 0.11, σ = 69 and n = 28 giving a return period
of 1‐in‐11.9 years for the peak value of 392.9.

3.4. aa

The aa index is the longest continually observed geomagnetic index, starting in 1868, during solar cycle 11.
Elvidge (2020) used the GEV distribution to find the aa return period, showing that they differ during solar
maximumandminimumconditions, with ξ = − 0.03 (− 0.15, 0.09), μ = 279 (261, 297) and σ = 130 (117, 143)
at solar maximum and ξ = 0.15 (0.05, 0.25), μ = 174 (165, 183) and σ = 68.8 (61.6, 76.0) at solar minimum.

At solar maximum that results in a return period (using Equation 1) of 11.3 (6.7, 32.3) years and at solar minimum
67.9 (28.4, 324.8) years. Overall (combined across solar maximum and minimum) that results in an aa peak value
578 return period of 1‐in‐9.8 (5.6, 29.4) years.

For the aa index, there are no statistically significant updates to the fit parameters (for the solar minimum or
maximumGEV fits), or the return time of the storm, if including data fromMay 2024 in the analysis. This is likely
because there are already a significant number of values (23) greater than the peak of the May 2024 storm in the
database, and so this additional data point has little impact on the overall tail of the distribution.

3.5. ap

Typically there has been no need to perform extreme value analysis on the ap data since it is bounded from above
(by 400) and below (by 0) and there is a long enough time series of data to provide reasonable estimates of the
return time of the largest events. However, for completeness, here we calculate the return time of an ap 400 event
(ap, as opposed to Kp, is used for ease of interpretations of results). Using a GEV distribution on the complete data
set from 1932 to 2024, with a 1‐year block maxima (to help ensure the data is independent and identically
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distributed, and following the same process as in Elvidge (2020) and Coles (2001)), provides a good fit to the
underlying distribution as shown in the Probability‐Probability (P‐P) plots (Figure 5a).

In the absence of published work using EVT on the ap index we first estimate the return time of the May 2024
value (the maximum ap value of 400) excluding the May storm itself, for example, using data from 1932 to 2023.
The resulting GEV fit resulted in a return time of 1‐in‐11.3 years.

3.5.1. Updated Estimates

Including the May 2024 storm, and so using the most up‐to‐date information, resulted in a GEV distribution with
ξ = 0 (a so called “Gumbel”‐type distribution), μ = 195.528 (10.89) and σ = 84.888 (8.04) which gives a
return time (using Equation 1) for an ap value of 400 of 1‐in‐11.6 (8.5, 17.0) years.

3.6. apo

As mentioned in the previous section, the ap index index is bounded from above by 400, however the higher
temporal resolution index, apo, removes this bound. Yamazaki et al. (2024) extended the historic time series of the
index back to January 1985, and so we again perform extreme value analysis on this time series (following the
same procedure as in Section 3.5 and Elvidge (2020)). For both ap30 and ap60 the return time estimate of the May
2024 storm‐size is calculated including and excluding data from 2024 (to demonstrate what the estimated return
time of such an event would have been before it had actually been observed and added to the database).

3.6.1. ap30

For ap30 the GEV fit is again Gumbel‐type (ξ = 0), excluding data from 2024 the return time period of a value of
534 (the peak value observed during May 2024) was 1‐in‐16.3 years.

Figure 5. Probability‐Probability (P–P) plots for the (a) ap, (b) ap30, (c) ap60, and (d) rAp extreme value theory model fits.
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3.6.1.1. Updated Estimates

Including the 2024 data, and so providing the most up‐to‐date estimate gives a value of μ = 228.487 (19.33) and
σ = 111.7 (14.96). The resulting P‐P fit in Figure 5b shows a good fit between the distribution and the data and
the resulting return time for the peak value of 1‐in‐15.9 (10.1, 29.2).

3.6.2. ap60

For ap60, using the data before 2024 results in a Gumbel‐type GEV with a return time of 1‐in‐11.1 years.

3.6.2.1. Updated Estimates

Updating the fit to use 2024 data gives values of μ = 209.203 (18.83) and σ = 106.021 (14.01) for the GEV
which result in a return time of return= 1‐in‐10.8 (7.2, 18.4) for the observed peak value of 456. The quality of the
fit, again excellent, with an R2 of 0.994, is shown in Figure 5c.

3.7. rAp

In this work the rAp index is used as a proxy for the approximate duration of storm intensities. The index is
defined since 1932 and so provides plenty of data points to perform EVT on. As in the previous sections, using a
GEV distribution, with a 1‐year block maxima, using data up until 2024 results in a return time for a rAp value of
301 of 1‐in‐70 years. In comparison to the estimated return periods of the intensity of the May Storm, this result
suggests that the duration of the storm was significantly rarer than its intensity.

3.7.1. Updated Estimates

In this case including data from 2024 has the most significant impact on the results, since the value of 301 from
May 2024 was the second largest in recorded history. The largest value of 312.5 is from the geomagnetic storm in
September 1941 (Newton, 1941) and the third, 293.75 from November 1960 (Obayashi, 1961). Including such an
extreme data point clearly has an impact on the GEV and the subsequent return times. Using the complete data set
results in a GEVwith ξ = 0, μ = 103.66 (6.44) and σ = 53.34 (4.81) (with the P‐P of the fit shown in Figure 5d)
which gives a return time (using Equation 1) for an rAp value of 301 of 1‐in‐41 (27, 67) years. As such, even using
the updated data set, the return time of the duration of the May 2024 storm is significantly longer than the
magnitude of the storm (similarly, for rAp36 and rAp48 is 1‐in‐37 (25, 61) and 1‐in‐44 (23, 74) years respectively).

4. Conclusions
The geomagnetic superstorm of May 2024 was significant for a number of reasons. As the first “extreme” (G5)
storm since the “Halloween” (October 2003) storm it was surely the most widely scientifically observed
geomagnetic storm in history, and was a robust test of space weather operational centers and our ability to forecast
geomagnetic‐storms. It was also exceptionally well documented, reported and observed by the general public and
press, both because of the huge growth of internet usage since the last significant storm (at least a 5‐fold increase
(Statista, 2024a)) and with approximately 85% of the world's population having access to smartphones (and
therefore cameras) to photograph the aurora (Grandin et al., 2024; Statista, 2024b).

Another key component for the storm being so well documented was its duration ‐ geomagnetic activity stayed
significantly active with Kp >8 for over 24 hr. This meant that the majority of the Earth's population experienced
nighttime at some point during the activity period, giving them the best chance to observe the aurora.

Using the rAp index (defined in Section 2.2.7) as a proxy for storm duration, the May 2024 superstorm was a 1‐in‐
41 years event with only one other documented storm having more significant activity over a 24 hr period (Sept
1941, by 3.8%). In terms of geomagnetic activity the storm was significant, but not particularly rare. The return
period estimates for the Dst, SYM‐H, SMR, aa, ap, and apo indices are reported in Table 2. Taking the straight
average of these values results in a return time for the storm of∼1‐in‐13 years. Using a slightly more sophisticated
approach, as described in Section 3.1, combining the return probabilities of Dst, SYM‐H, SMR, aa, ap and apo, as
well as the number of years of data which went into the estimates of those values, we find that the storm had an
expected return time of 1‐in‐12.5 (11.3, 13.6) years, so was a little over a once‐in‐a‐solar cycle storm.
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Data Availability Statement
Historic space weather warnings can be retrieved from: ftp://ftp.swpc.noaa.gov/pub/alerts/. We gratefully
acknowledge the Kyoto World Data Center (WDC) for Geomagnetism and the observatories that produce and
make Dst, SYM‐H, and AE indices available at http://wdc.kugi.kyoto‐u.ac.jp/ and the GFZ German Research
Centre for Geosciences for producing and providing ap, Kp and all other relevant indices at https://kp.gfz‐
potsdam.de/en/data. The rAp data can be downloaded from https://serene.bham.ac.uk/resources/Indices/. The
authors gratefully acknowledge the SuperMAG collaborators for the provision of ground‐based index data
(https://supermag.jhuapl.edu/info/?page=acknowledgement). Finally, the results presented in this paper rely on
geomagnetic indices calculated and made available by ISGI Collaborating Institutes from data collected at
magnetic observatories. We thank the involved national institutes, the INTERMAGNET network and ISGI (isgi.
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