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Abstract We reconstruct the timeline of the extreme space weather event of May 1921, reviewing a
wealth of reports from scientiﬁc literature, databases, newspaper reports, and reports by historians and
astronomers. A series of coronal mass ejections (CMEs) bombarded Earth between 13 and 16 May, as shown
by a series of sudden commencements observed across the global network of magnetometers. These
CMEs produced three major periods of geomagnetic activity. The ﬁrst period followed the arrival of two
CMEs on 13 May. These may have cleared much density from the inner heliosphere, enabling a subsequent
CME to travel quickly to Earth and cause intense activity. Continuing moderate magnetic activity following
the ﬁrst period may also have preconditioned the magnetosphere so it responded strongly to that later
CME. This arrived late on 14 May, driving a short period of very intense activity early on 15 May, including
technological impacts indicative of strong geoelectric ﬁelds. Another CME arrived early on 16 May, driving
intense activity similar to that on 13 May. We show how these impacts ﬁt with scientiﬁc observations to
give a timeline that can be used in worst‐case studies/benchmarks. We also show that some impacts were
probably coincidental with the storm, but due to more prosaic faults. This sequence of preconditioning,
intense geoelectric ﬁelds, and their impacts, plus coincidental faults, makes the 1921 event an excellent basis
for building space weather scenarios. Such scenarios are vital scientiﬁc input to the development and
implementation of policies for mitigation of severe space weather.
Plain Language Summary The severe space weather event of 13‐16 May 1921 produced some
spectacular technological impacts, in some cases causing destructive ﬁres. It was characterized by extreme
solar and geomagnetic variations, and spectacular aurora, recorded at many locations around the world. A
wealth of information is available in scientiﬁc journals, newspapers, and other sources, enabling us to
reconstruct the storm timeline. This shows that a series of major coronal mass ejections (CMEs) bombarded
Earth in May 1921. The ﬁrst pair may have prepared the way for latter intense activity, clearing density from
the region between Sun and Earth, and energizing Earth's magnetosphere. Thus, a subsequent CME
could travel more quickly and drive even more energy into the already active magnetosphere. This CME
arrived late on 14 May, driving very intense activity early on 15 May, and leading to the spectacular
technological effects. However, some effects, attributed at the time to space weather, were probably
coincidental with the storm, and due to more prosaic faults. The timeline of the 1921 event, including the
confusion caused by prosaic faults, can be used to construct scenarios for use today by those emergency
managers planning how to reduce the adverse impacts of future space weather events.

1. Introduction
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Over the past decade the public perception of space weather has changed markedly so that it is now considered a major societal risk alongside other natural hazards including pandemic disease, extremes of temperature, coastal and river ﬂooding, earthquakes, and volcanic activity (OECD, 2018). As a result of this step
change in public perception, improved understanding of severe space weather, and its impacts, is now a vital
element in the scientiﬁc evidence sought by policy‐makers responsible for societal resilience (Hapgood,
2018). Those policy‐makers require information on both the likelihood, and the adverse impacts, of severe
space weather, just as they do for other natural hazards. Only then can they integrate space weather into
wider plans to ensure societal resilience against the whole range of natural hazards (OECD, 2018).
Many policy‐makers recognize that the adverse impacts of severe space weather arise mainly from the disruption of engineered systems (Cannon et al., 2013), especially the disruption of critical infrastructures that
now sustain everyday life and economic activity. They need evidence that enables them to assess the
following:
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1. the extent to which disruption caused by space weather can be mitigated by generic measures such as
those to restore electric power after problems with transmission networks;
2. where that mitigation needs to be underpinned by measures speciﬁc to space weather, most obviously the
provision of forecasts of adverse space weather; and
3. the cost‐effectiveness of both generic and speciﬁc measures.
A key element in this evidence is the likely timelines of extreme space weather events. Such knowledge
enables us to build scenarios that give insights into the spatial and temporal distribution of adverse impacts,
and into the information that will be available to enable timely decision‐making before, during and after an
extreme event. They are also vital for exercises to test mitigation plans and to train key personnel in government and industry (Cabinet Ofﬁce, 2015; Krausmann et al., 2016). Scenarios are also critical inputs for realistic studies on the socio‐economic impact of space weather (Eastwood et al., 2018; Oughton et al., 2018).
This study addresses one route to scenario development, namely, a review of previous severe space weather
events, and speciﬁcally focuses on one outstanding case, the great storm of 13‐16 May 1921, and particularly
the very intense activity on 14/15 May. It complements studies that have developed scenarios around previous severe events of 1859, 1989, and 2003 (Eastwood et al., 2018), as well as studies that have simulated
severe events using the very fast CME of July 2012 as a basis for that simulation (Baker et al., 2013;
Ngwira et al., 2013). This complementarity is important; we must recognize that there will be differences
between individual severe space weather events, so the development of mitigation plans and exercises must
be informed by a range of scenarios.
The May 1921 storm is a valuable contribution to this range because we can review the wealth of information
available from scientiﬁc and engineering records, and from newspaper reports. As we will discuss below, this
information includes a rich set of geomagnetic activity reports from observatories all over the world, and
much evidence of adverse impacts due to geomagnetically induced currents (GICs) in electrically grounded
infrastructures, primarily telecommunications systems such as telegraph lines and transoceanic cables.
Those GIC impacts are a valuable proxy for today's headline risk from space weather, namely, the risk of disruption in electricity transmission networks (Cannon et al., 2013; Krausmann et al., 2016).
But ﬁrst, we must present detailed information about the May 1921 storm. In section 2, we outline key background including (a) how geomagnetic variations were monitored in 1921 and particularly features that
affect data quality, (b) the time systems in use in 1921, and (c) how we calculate contextual information such
as the magnetic latitudes, times of sunrise, sunset, and twilight at various observing sites. In section 3 we present and discuss the timeline of geomagnetic activity during the very intense activity on 14/15 May and the
precursor activity that may have preconditioned the heliosphere and the magnetosphere to generate that
very intense activity. Moving to section 4, we report and discuss the timeline and spatial location of impacts
observed during the very intense activity. We divide those impacts into three classes: (a) GIC impacts on
wired telecommunications, (b) auroral reports as a visual indicator of the changing level of storm activity,
and ﬁnally (c) impacts on radio propagation. The aurora is included in these impacts because it provides
insights on temporal and spatial variations that complement the other impacts. Section 5 discusses storm
effects and impacts that occurred after the very intense activity, not least the further strong geomagnetic
activity that occurred on 16 May. This is included to give a complete picture of the storm, completeness that
is important for the building of scenarios. In section 6 we bring together all the information presented in the
previous three sections and discuss how this can be integrated into a consistent physical picture, one that can
support a well‐rounded scenario. Finally, in section 7 we summarize our results and discuss how they may
be developed further through modeling and through further exploration of relevant records from 1921.

2. Materials and Methods
2.1. Time Scales Used in This Paper
The information presented in this paper is gleaned from a wide range of scientiﬁc and popular reports on the
May 1921 storm, and with an especial focus on reports that give the time of day when effects were observed,
not just the date. However, time standards in 1921 were more subject to local variation than they are today.
So care has been taken to check the time standards used in each report.
HAPGOOD
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Fortunately, by 1921, the international scientiﬁc community had long grasped the importance of time standards. So many scientiﬁc reports of that era already used Greenwich Mean Time (GMT) as an international
standard, and most other scientiﬁc reports provided information on how to convert their local time to GMT,
for example, reports from the U.S. East Coast used standard time for a longitude of 75° west (i.e., the basis of
modern Eastern Standard Time). It is more tricky to check time standards used in popular reports, such as
newspaper reports. In particular, care is needed to check on use of daylight saving time, a system that was in
its infancy in 1921 and subject to considerable local variation (as we will note below when needed).
One feature in scientiﬁc time standards used in 1921 is potentially confusing to the modern eye, namely, that
astronomers sometimes recorded GMT using a 24‐hr clock starting at noon at zero longitude, and sometimes
using a clock starting at midnight. This potential ambiguity led to other terms also being used, including
some found in the auroral records used in this paper: Greenwich Mean Astronomical Time (GMAT) for
times starting at noon, and Greenwich Civil Time (GCT) for times starting at midnight (Allen, 2019).
Thus, there is potential for confusion in the times of auroral observations; but, in practice, these cases are
easy to resolve given that such observations must have been made during hours of darkness.
In this paper, we will present times as GMT since that was the international standard in use at the time of the
storm. This is broadly similar to Universal Time, which was introduced from 1928 onward in order to leave
behind the ambiguous usage of GMT (IAU, 1928). However, GMT should not be regarded as similar to
Coordinated Universal Time, as this latter standard is well deﬁned only from 1960 (Allen, 2019). We will also
outline where and how we converted local times to GMT (e.g., see notes in Tables 2 and 3).
2.2. Magnetometer Measurements
In 1921 there was already a signiﬁcant global network of magnetic observatories, with strong collaboration
between the scientists working at those observatories. That network had grown during the nineteenth century following Gauss' development of techniques to measure the vector components of the geomagnetic ﬁeld
(see Nevanlinna, 1997, and references therein). The measurements of 1921 exploited the same basic principle, namely, the use of suspended magnets to detect changes in geomagnetic ﬁeld components. In early magnetometers, the deﬂection of the magnets was recorded manually, but, as noted by Brooke and Airy (1847a,
1847b), it was quickly realized that photographic recording of the deﬂection would enable continuous measurements of temporal variations in the geomagnetic ﬁeld. In these “variometers,” the deﬂection of each
magnet was detected by reﬂecting a beam of light from a mirror attached to the magnet, and measuring
the consequent deﬂection of the beam. The basic principle of such measurements was to wrap photographic
paper round a slowly rotating drum that had its axis parallel to the direction of movement of the optical
beam from the suspended magnet. Thus, the time series of each geomagnetic ﬁeld component would be
imprinted on the photographic paper. This basic technique for variometer measurements proved very durable; it was reﬁned over the years, as discussed in section 2.9 of Chapman and Bartels (1940), and continued
in widespread use until the advent of modern digital measurements. However, the technique is subject to
two constraints that are important to the interpretation of the 1921 geomagnetic measurements: (a) extreme
geomagnetic variations can deﬂect the light beam beyond the edges of the photographic paper on the recording drum and (b) observations must be periodically interrupted for a few minutes to replace that photographic paper. We will see examples of both constraints in the data presented in this paper, but also
examples of how skilled observers could mitigate the ﬁrst constraint through by using additional calibrated
magnets to bring the light beam back on the photographic paper.
Most of the discussion in this paper focuses on the observed variations in the horizontal component of the
geomagnetic ﬁeld. This was widely abbreviated in the literature to a single letter acronym of H, and we will
use that same acronym in this paper. In a few cases, notably the magnetometer at Greenwich, the northward
component of the geomagnetic ﬁeld was measured, rather than H (Newton, 1948). The acronym N was, and
is, used in that case. In addition, the acronyms D and Z are used, respectively, for declination (the angle
between H and N) and for the vertical component of the geomagnetic ﬁeld.
2.3. Magnetic Latitudes
The magnetic latitudes of the observing sites cited in this paper are magnetic dipole latitudes calculated by
the author using a geomagnetic dipole orientation appropriate to May 1921. That orientation was derived
from the International Geomagnetic Reference Field (IGRF) model (Thébault et al., 2015), and speciﬁcally
HAPGOOD
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from the deﬁnitive IGRF models for 1920 and 1925, interpolated to year
1921.4. The derivation of dipole orientation from IGRF parameters follows the method described by Hapgood (1992), with the correction given
in Hapgood (1997).
2.4. Twilight and Sunset Times
To assist with the interpretation of auroral observations, and of radio signal propagation, the Jet Propulsion Laboratory Horizons web tool (currently available on https://ssd.jpl.nasa.gov/horizons.cgi) was used to
calculate end and start times of twilight (both nautical and astronomical),
and times of sunset and sunrise, where these times are cited throughout
the paper.
Figure 1. Locations of the geomagnetic observatories whose published
observations have been have been used in this paper and that are summarized in Table 1. Numbers refer to entries in that table. Background world
map sourced from https://commons.wikimedia.org/wiki/File:World_map_
blank_without_borders.svg.

3. Geomagnetic Observations of the Storm

The scientiﬁc literature contains a wealth of reports of the geomagnetic
variations observed during the storm. This paper uses information gathered from reports published by the observatories whose locations are
shown in Figure 1 and whose reports are summarized in Table 1.
These reports show that severe geomagnetic activity occurred around the time that a large active region
(Mount Wilson region 1842) crossed the central meridian of the Sun on 14 May (Cortie, 1921a; Mount
Wilson, 1921; Royal Greenwich Observatory, 1955). Within that activity, there are two features that we will
explore in this section: (a) a main focus on the period of very intense activity between 01:00 and 08:00 GMT
on 15 May following a sudden commencement (SC) late on 14 May, complemented by (b) a secondary focus
on the earlier period of intense activity following two SCs on 13 May. We highlight these because of the notable space weather impacts (major damage to property) associated with the very intense activity and the possible role of the earlier activity in preconditioning the heliosphere and magnetosphere to generate the very
intense activity.

For avoidance of doubt, please note that no attempt has been made to survey original photographic records
from these magnetometer stations. That would be a major undertaking that is beyond the scope of this study,
in terms of both resources and specialist skills. Instead, this paper has exploited material published in the
scientiﬁc literature, including high‐quality calibrated reproductions of magnetometer traces from
several stations.
3.1. Precursor Activity, 13/14 May
A large SC occurred around 13:10 GMT on 13 May and was followed by a second smaller SC at 19:24 (see
Figure 2a). These were the ﬁrst two of four substantial SCs observed during the storm (Observatori de
l'Ebre, 2019). These SCs suggest that the Earth was bombarded by a series of coronal mass ejections during
the storm.
The ﬁrst SC was particularly striking, with amplitudes above 100 nT being observed across the dayside, and
above 70 nT on the nightside. But, as summarized in Table 1 and Figure 2a, substantial activity started only
around the time of the second SC, with intense activity being reported in Europe between 21:00 and 22:00.
Magnetometer observations from Rude Skov, 20 km north of Copenhagen (Stenquist, 1925), show a large
spike‐like depression (~1,300 nT) in H at 21:24, together with marked changes in D and Z. Following the
Biot‐Savart law for magnetic ﬁelds generated by electric currents (Bleaney & Bleaney, 1965), and speciﬁcally
the consequent right‐hand rule for the orientation of those ﬁelds, this depression suggests the presence of a
westward electrojet around 56° magnetic latitude, with some complex currents embedded in that part of the
electrojet over Denmark and southern Sweden. Further evidence for the presence of the electrojet at these
latitudes comes from the Greenwich magnetometer observations (Dyson, 1924), which show a marked
upward perturbation (~200 nT) at this time. Using the right‐hand rule again, this is consistent with a westward electrojet just north of Greenwich (54° magnetic latitude in 1921). Further evidence of the intense
activity over Europe comes from observations of bright aurora high in sky between 21:00 and 22:00 as seen
from England, France, Germany, Sweden, and Wales as listed in Table 3. This activity also disrupted of telecommunications systems across Denmark, southern and central Sweden as shown in Table 2. Global activity
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Station

Agincourt, Canada

Alibag, India

Apia, Samoa

Cheltenham, USA

Christchurch, NZ

Eskdalemuir, UK

Greenwich, UK

Honolulu, USA

Kakioka, Japan

Kew, UK

Lyon, France

N

1

2

3

4

5

6

7

8

9

10

11

SC of 120 nT at 13:08.

‐43.5, 172.6

45.7, 4.8

51.5, 359.7

36.2, 140.2

21.3, 202

51.5, 0

55.3, 356.8

SC of 120 nT at 13:10, followed by only
moderate until nearly 20:00, then
stronger activity until 08:00 next day.

SC at 13:02 with large amplitude
such that N did not register on
the photographic paper record.
Intense activity between 20:00
and 22:00 with range >500 nT in
N. N off chart at 21:24.
SC of 120 nT at 13:10. Strong activity
from 19:20, in particular 21:30‐22:20.
Range of >400 nT in N, minimum
N ~22:00. Marked upward perturbation
(~200 nT) at 21:30‐22:20 suggests
westward electrojet near to, but
north of, Greenwich.
SC of 130 nT at 13:10. Strong activity
from 19:00 to 08:00 next day. Range
in H of ~320 nT, minimum H at 05:55.
SC at 13:11 GMT.

SC of 70 nT at 13:09. Strong activity
from ~19:15. Range in H of 210 nT,
minimum H at 05:53 next day
SC at 13:09 on 13 May. Great intensity
from 19:00 until 10:00 next day.

‐13.8, 188.2

38.7, 283.2

SC of 130 nT at 13:11.

Major disturbance. Range of 856 in H.

Observed activity at,
and following, large SC
on 13 May

18.6, 72.9

43.8, 280.7

Latitude (°N),
Longitude (°E)

Observed activity during
intense storm period after
22:00 on 14 May

Intense activity from 22:39. H off chart
at times. Range ≥ 1000 nT in H and
337 nT in Z
Intense activity after 2200, especially
between 00:00 and 08:00 next day. H off
chart from 03:00 to 07:30. Range > 650 nT
in H and ~1,500 nT in Z. Starting 03:53, Z
rose by 1,400 nT in 13 min.
Marked oscillations in D (>0.5°)
at 01:20 and 02:50 next day. D
off chart in negative direction
03:30 to 04:40, 06:00 to 06:50
and 07:10 to 07:50. Large positive
excursion in D at 05:25.

Sharp onset of intense activity at 22:15.
H off chart after 03:30 next day.

230 nT SC at 22:15. H off chart
from 03:25 to 05:50 next day
despite use of deﬂector magnet
Intense activity between 22:13 and
10:30 next day. Range in H ~ 920 nT
and in Z 75 nT. Minimum H at 05:30.
Intense activity between 22:00 and 09:00
next day. H off chart at times. Range in
H ~ 800 nT and in Z 1000 nT
Intense activity from 22:00. Oscillations
in H were too rapid to be recorded from
22:00 to 24:00, and from 03:00 to 05:00
next day. Range >750 nT in H. H off chart
between 03:00 and 05:00, also between
06:15 and 07:30.
Intense activity after 23:00, and particularly
between 01:00 and 06:00 next day, when
there were at least 12 events when Z rapidly
moved between the limits of the instrument.
Strongest was between 02:40 and 02:44 with
a rate of change of 138 nT/min in Z.
Intense activity between 22:00 and 08:00
next day. N off chart between 02:00 and 02:30,
also 03:00 and 06:30; Z off chart between
00:30 and 10:30. Range > 700 nT in N
and > 450 nT in Z.

Major disturbance. Range of 1118 in H.

Table 1
Summary of Geomagnetic Effects Recorded on 13 to 15 May at the Observatories Used in This Study

Fouche (1921)

Chree (1921a)

Kunitomi (1921)

Kappenman (2006)

Newton (1948) and
Dyson (1924)

Mitchell (1921)

Skey (1921)

Hartnell (1921)

Angenheister and
Westland (1921a, 1921b)

Chinmayanandam (1921)

Jackson (1921)

References

GMT

GMT in text,
GMT+9hr in
table
GMT

GMT

GMT

GMT

GMT+11hr 30m
in text, GMT on
plots

GMT‐5hr

GMT

no timed data
given
GMT+4hr 51 m
“Bombay time”

Time used
in reference
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Meanook, Canada

Potsdam (Seddin),
Germany

Rude Skov
(Birkeröd),
Denmark

Sitka, USA

Stonyhurst, UK

Tortosa, Spain

Tsingtau (Qingdao),
China
Tucson, USA

Vassouras, Brazil

Watheroo,
Australia

12

13

14

15

16

17

18

20

21

‐30.3, 115.9

‐22.4, 316.4

32.3, 249.2

36.1, 120.3

40.8, 0.5

53.8, 357.5

57.1, 224.7

55.8.12.5

52.3, 13

54.6, 246.7

Latitude (°N),
Longitude (°E)

SC of 70 nT at 13:09. Strong activity
from 19:17 to 16:00 next day.

SC of 80 nT at 13:06. Strong activity
from 18:30 to 07:00 next day.
Range in H of ~340 nT, minimum
H at 22:00.
SC of 126 at 13:12. Strong activity
from 19:21 to 09:15 next day.

SC at 13:11

SC at 13:10. Strong activity from 19:18

SC of 260 nT at 13:11. Signiﬁcant
activity from 19:00 to 06:00 next
day. Dominant feature is sharp
spike‐like variation at 21:24,
with depression of 1,300 nT
in H, also marked variations in
D and in Z. Range of 1,300 nT in H
and 900 nT in Z.
Short‐lived bipolar signature (±30 nT
in H) at 13:11. Overlaps with
longer‐lived feature in D. Strong activity
from 19:00 onward. Range in H
of >1,200 nT, maximum H at ~05:40
next day, followed by minimum
at ~12:25 and secondary minimum
around 15:30.
SC at 13:12. Signiﬁcant activity
between 21:00 and 24:00.

Very disturbed, report notes that
“It is impossible to approximate
the amplitudes for Meanook”

Observed activity at,
and following, large SC
on 13 May

Note. See Text note S3 for details on the derivation of SC sizes.
Abbreviation: SC, sudden commencement.

19

Station

N

Table 1
(continued)

Intense activity from 22:18 to 12:00 next
day, H off chart at times on both
recording devices. Range was 1008
nT in H and 112 nT in Z
SC of 40 nT at 22:15. H off chart from 23:30

Intense activity between 22:25 and
07:30 next day. H lost due
to instrumental problems. Z off
chart from 00:24 to 09:12. Range
> 461 nT in Z.
H off chart from 03:00 to 11:00 next
day. Range ≥ 660 nT in H
H off chart from 03:00 to 09:00 next
day. Range ≥600 nT in H and ~160 nT in Z
Sharp onset of intense activity at
22:00. H off chart after 03:00 next day.

SC of ~150 nT at 22:10, followed by
intense activity until 08:00 next
day, particularly between 03:00
and 06:00. Range ≥1,500 nT in H
and at least 700 nT in Z. One
brief spike extends range of Z to 1,000 nT
Sharp onset of intense activity from
22:10, continuing to 08:00
next day. Clear depressions of H
around 01:00 and 2:00. H off
chart between 03:00 and 06:00.
Another depression in H around
07:00. Range of >1,450 nT in H and
>1,150 nT in Z.
Sharp onset of intense activity after
22:00 H off chart between 03:00
and 07:00 next day.

as for 13 May SC

Observed activity during
intense storm period after
22:00 on 14 May

Parkinson ( 1921)

GMT+8hr

GMT

GMT

Kappenman (2006)

Lemos (1921)

GMT

GMT

GMT

GMT

GMT+1hr

GMT

no timed data
given

Time used
in reference

Rodes (1921) and
Cortie (1921a)
Irumata (1921)

Cortie (1921b)

Kappenman (2006)

Stenquist (1925)

Figure 34a of Chapman
and Bartels (1940)

Jackson (1921)

References
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Figure 2. (a) Timeline summarizing the durations and locations of the geomagnetically induced current (GIC) impacts
(black bars) and auroral observations (green) on 13‐15 May. The red bars mark the duration of the geomagnetic
activity: those with a lighter shade of red indicating moderate activity following the more intense activity indicated by the
bolder shade of red. To set this activity in context, the duration of the subsequent geomagnetic activity on 16 May is
also shown, as are the times of sudden commencement (SCs; vertical blue dashed lines). The yellow arrows at the bottom
of panel indicate when the solar active region causing the storm was facing the Earth—each arrow marks the central
meridian crossing time of one of the three large umbrae in the active region (Tamm, 1922). The ﬁve magenta arrows
indicate the times of key GIC and radio system incidents discussed in the text below. (b) The horizontal component of the
geomagnetic ﬁeld as measured as Apia and Kakioka before, during and after the very intense geomagnetic activity on 15
May 1921. Apia data traced from a digital copy of Plate II of Angenheister and Westland (1921a), and Kakioka data
taken from table H of Kunitomi (1921). The dashed section of the Apia record replicates a similar but unexplained feature
in the published data, perhaps replacement of the photographic paper used to record the variation of H.

continued well into the 14th with equatorial magnetometers (Apia and Honolulu) reporting a depression in
H of 150 to 200 nT with the lowest values reported around 06:00 on the 14th (Angenheister & Westland,
1921a; Kappenman, 2006). There were also extensive observations of aurora across the United States and
reports of telegraph system disruption from Australia and the United States (see Tables 2 and 3, also
Figure 2a).
A detailed analysis of the ﬁrst SC on 13 May is given in the supporting information. It suggests that this large
SC was caused by impact of a CME that had been launched from the Sun some 20 to 27 hr previously, a
launch period that is consistent with reports of strong solar activity, as noted by Lundstedt et al. (2015).
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13 May 1921 13:00

13 May 1921 15:00

13 May 1921 19:00

13 May 1921 20:30

13 May 1921 21:00

13 May 1921 21:00

14 May 1921 00:00

14 May 1921 01:00

14 May 1921 01:00

14 May 1921 19:00

14 May 1921 21:00

14 May 1921 21:20

14 May 1921 22:00

United States

Sweden

New Zealand

Denmark

Sweden

United States

Australia

Australia

France

Japan

Brazil

United States

13 May 1921

Norway

UK & Ireland

Start time

Country

15 May 1921 06:00

15 May 1921 03:00

15 May 1921 11:00

15 May 1921 05:00

14 May 1921 08:10

14 May 1921 02:30

14 May 1921 10:00

14 May 1921 07:30

14 May 1921 01:00

16 May 1921 14:00

14 May 1921 05:00

13 May 1921 21:00

17 May 1921 04:00

16 May 1921

End time

Earth currents up to 15 mA on lines in
South Australia.
Earth currents up to 50 mA measured on
telegraph lines in Western Australia.
Alternating with period around 20 s.
Telegraph systems in Paris unable to receive
messages from rest of Europe, or from the
United States, during the night of 14/15 May.
Telegraphic communications said to have been
bad at many parts of Japan on the day of main
perturbation of the magnetic storm.
Strong Earth currents, and telegraph disruption,
on routes north and south of Sao Paulo (to
Uberabinha and Porto Alegre, respectively), also
on coastal routes north of Rio (e.g., Rio to Vitoria,
Bahia‐Ilheus), but only weak currents (and no
telegraph disruption) observed on direct routes
between Sao Paulo and Rio
Telegraph disruption in Omaha, Nebraska.
Western Union and Associated Press (AP) services

Extremely powerful earth currents
experienced in practically all telegraph
and telephone circuits south of a line passing
through Östersund and Söderhamn,
also “In many cases, security devices were
destroyed.”
Extensive problems on telegraph lines with
earth currents driving voltages up to 60 V,
and often showing wide range of ﬂuctuations.
Problems could be mitigated by using wired
return connection, rather than earth return.
Telephone lines from Copenhagen to Göteborg
and Stockholm unusable
Telephone lines between Göteborg and
Stockholm unusable
Telegraph services in New York sluggish due
to earth currents.

No speciﬁc times, but the Fouche reference
includes letter from Carl Størmer noting
the extreme violence of currents in the
Norwegian telegraph systems leading to
breaks and sparks.
Large Earth currents observed in telegraph
systems across England, Scotland and
Ireland
Problems with telegraph systems at
Rock Island, Illinois

Impacts

Table 2
Examples of Disruptions to Telegraph and Telephone Systems Around the World During 13 to 15 May

Omaha Daily Bee (1921)

Lemos (1921)

Kunitomi (1921)

Fouche et al. (1921)
Matin (1921)

Parkinson (1921)

Parkinson (1921)

Shefﬁeld
Independent
(1921)
Shefﬁeld
Independent
(1921)
NYT (1921e)

Gibbs (1921)

Stenquist (1925)

Rock Island Argus (1921a)

Chree (1921)

Fouche et al. (1921)

Reference

NB Sao Paulo (& Brazil) was on GMT‐3 hr in
1921, no DST. Note that these reports
appear to end at local midnight.

Take night as 8 p.m. to 6 a.m.
local time. DST in operation so local
time = GMT + 1 hr in 1921
Take day to be 6 a.m. to 8 p.m. local time.
No DST in 1921, so local time‐GMT+9 hr

Take night as 8 p.m. to 6 a.m. local
time, DST in operation, so local
time = GMT‐4 hr.
Report comes from Perth where
local time = GMT + 8 hr
Local time = GMT + 8 hr

Sweden on CET, no DST in 1921.

Denmark on CET, no DST in 1921.

NZST = GMT +11 hr 30 min in 1921

Rock Island on Central
Standard Time, GMT ‐
6 hr. See Text S1
Take night as 8 p.m. to 6 a.m.
local. Sweden on CET, no DST in
1921, so GMT+1hr

Notes
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14 May 1921 23:00

15 May 1921 00:00

15 May 1921 00:20

15 May 1921 00:30

15 May 1921 01:00

15 May 1921 01:00

15 May 1921 01:15

15 May 1921 02:00

15 May 1921 02:00

Sweden

Sweden

United States

Sweden

Sweden

United States

Australia

United States

Start time

United States

Country

Table 2
(continued)

15 May 1921 17:00

15 May 1921 08:20

15 May 1921 02:15

15 May 1921 02:00

15 May 1921 02:00

15 May 1921 06:00

15 May 1921 05:00

15 May 1921 06:00

15 May 1921 06:00

End time
disrupted from 16:00 local time, postal
wires to Chicago down from 21:00 local time,
AP services almost unusable after 22:00 local time
and for much of night
Near total cutoff of telegraph services in
Rock Island, Illinois, starting at 17:00
local time, and continuing much of the
evening.
Earth current measurements at Göteborg
on line to Stockholm show GIC of 1.1 amp at
00:20. The hourly average geoelectric
ﬁelds derived from these measurements
were >100 mV/km between 02:00 and 06:00.
Disruption of telegraph and telephone lines
at main exchange in Stockholm with “a very
loud song was heard in every line.”
Disruption of telegraph services at
Columbia, Missouri. Problems started
18:30 local time, all communications
lost from 19:00. No speciﬁc end time but
clearly continued for much of that evening.
Some damage to equipment: platinum
tips on sending machines (“bugs”) melted,
some damage to insulation. No impact on
local phone service.
Catastrophic damage at the telegraph and
telephone station at Karlstad, initially
disruption of equipment and some smoke,
but later a ﬁre that destroyed the
exchange. Analysis by Stenquist indicates
that the damage required geoelectric ﬁelds
between 6 and 20 V/km.
Minor ﬁre at the telegraph and telephone
station of Ånge. Initial problems were
similar to those at Karlstad, but
precautionary measures averted catastrophe.
Telegraph services to Atlanta blocked
by earth currents. Voltages of 350
to 400 V reported. No impact on phones
as these lacked earth connections.
Signiﬁcant Earth currents on telegraph
lines in Western Australia.
Substantial damage to telegraph and telephone systems
along the Boston
and Albany Railroad, especially
between Springﬁeld and Albany.
Voltages of 400 V measured on
some lines in Boston.

Impacts

Springﬁeld
Republican (1921)

Problems on B&A from 22:00
to 13:00 local time, GMT‐4 hr

Local time = GMT + 8 hr

Atlanta on DST, local
time = GMT‐4 hr

Atlanta Constitution
(1921)

Parkinson (1921)

Sweden on CET, no DST in 1921,
so GMT+1hr

Sweden on CET, no DST in 1921,
so GMT+1 hr

A newspaper search shows no
evidence for DST being used in
Columbia. So local time =
GMT‐6 hr. Assume
end time of local midnight.

Sweden on CET, no DST in 1921,
so GMT+1 hr

Sweden on CET, no DST in 1921,
so GMT+1 hr

Rock Island on Central Standard Time,
GMT‐6 hr. See Text S1. Assume it
continues until local midnight

Local time = GMT‐6 hr. A newspaper
search shows no mention of DST in
Omaha between 1917 and 1925.

Notes

Stenquist (1925)

Karsberg et al. (1959)
Stenquist (1925)

Columbia Evening
Missourian (1921)

Stenquist (1925)

Stenquist (1925)

Rock Island Argus (1921a)

Reference
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15 May 1921 02:15

15 May 1921 02:30

15 May 1921 02:30

15 May 1921 03:00

15 May 1921 03:00

15 May 1921 03:00

Canada

United States

United States

United States

United States

United States

15 May 1921 13:00

15 May 1921 07:00

15 May 1921 04:00

15 May 1921 03:00

15 May 1921 05:00

15 May 1921 05:00

End time
Reports current and voltage measurements on 1,200‐km
telegraph line that runs east‐ west from Montreal via
Capreol to Port Arthur (now Thunder Bay). Currents
up to 0.2 amps measured at Capreol between 21:15
and 22:30 local time. Measurements were abandoned
at 22:30 when a surge of higher currents endangered
equipment, necessitating disconnection of lines to
protect equipment. These large effects continued
past local midnight.
Period of greatest disturbance on telegraph systems
across eastern United States. especially New York
and Chicago. Earth currents causes voltages up to
1,000 V. NB Auroral arc overhead of NY at this time
‐ see “curtain ﬂapping in the wind” in NYT.
Report from Hartford, Kentucky, notes widespread
disruption of telegraph and long‐distance phone
services ‐ largely unusable during much of the time
that aurora was visible (peak was 21:30 to 22:00 local
time). Also notes that railway (sic) trains were forced
to suspend operations for a short time during that
night, due to interference with electrical devices for
signals
Railroad station at Brewster in New York state destroyed
by ﬁre attributed to strong earth currents in telegraph
wires.
Disruption of telegraph systems in Phoenix, Arizona
from 20:00 local time. Telegraph line to Denver out
of action during night with brief recovery around
22:30 local time.
Extensive disruption of telegraph systems in western
United States, including loss of all services to/from
Helena (Montana), and on all routes to Alaska. But
severe impacts over wider area including Denver,
Salt Lake City, San Francisco, Seattle and Spokane,
peaking just before 07:00 on the 15th (midnight in
Helena)

Impacts

Lyman (1921):
Independent‐Record
(1921)

Arizona Republican
(1921a)

Brewster Standard (1921a)

Hartford Republican
(1921)

Lyman (1921), NYT
(1921a), NYT (1921c),
and LAT(1921)

Telegraph and
Telephone Age (1921a)

Reference

Note. See text note S1 for further discussion of event times in Karlstad, Brewster, Rock Island, and Phoenix and time zone nomenclature.

Start time

Country

Table 2
(continued)

Helena out all night: take as 8
p.m. to 6 a.m. local time, GMT‐7 hr

Phoenix on Mountain Standard
Time, GMT‐7 hrs. See Text S1.

Brewster on DST, same as Railroad,
GMT‐4 hr. See Text S1.

No DST in Hartford, so local
time = GMT‐5 hr. News
item in Hartford Herald (1921)
indicates that DST was adopted
in Louisville, but not other areas
of Kentucky such as Hartford

Chicago on DST GMT‐5 hr, NY
on DST GMT‐4 hr

Ontario on GMT‐5 hr. Switch to
DST in Ontario was scheduled
for 02:00 local time on 15 May, that is,
07:00 GMT.

Notes
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13 May1921 21:25 14 May 1921 02:25
13 May 1921 21:25 13 May 1921 22:20

13 May 1921 21:40 13 May 1921 21:50

13 May 1921 21:30 13 May 1921 22:00

UK
UK

France

Sweden

14 May 1921 22:23 15 May 1921 02:15

Auroral arc overhead of New
York at this time—see “curtain
ﬂapping in the wind” in NYT.

United States 15 May 1921 02:30 15 May 1921 05:00

United States 15 May 1921 02:00 15 May 1921 03:00

Bright aurora observed between 21:30
and 22:00 local time on May 14 from
Hartford, Kentucky

15 May 1921 00:20 15 May 1921 01:30

Germany

Aurora observed from Walton in Surrey,
also sites in East Anglia. Most intense
around 02:00 GMT
Bright aurora seen from Salmon, Idaho,
about 22:30 local time on 13 May
Aurora observed by Bernard Lyot and
colleagues at Meudon between
moonset and ﬁrst light. Lyot notes
three maxima of auroral intensity at
01:14, 02:10 and 03:05. The second
maximum was most intense, obscuring
some second magnitude stars and providing
enough light to read watches and make
notes. Intense maximum around 02:00
conﬁrmed by another French observer
(Robert Mariette) viewing the aurora from
near Le Havre.
Magniﬁcent aurora seen from Breslau
(now Wrocław) by astronomer returning
home from observatory

Aurora seen at the zenith from Cambridge
Aurora seen from Pontypridd in Wales
and from several sites in eastern England
Aurora seen from Fay‐Sarthe in the Loire
valley between 22:40 and 22:50 local
time (“heure légale”).
Aurora seen widely across southern
Sweden between 22:30 and 23:00 CET.
Brilliant aurora seen from Manning, South
Carolina (45° magnetic latitude) with
rays reaching the zenith

Observation of coronal aurora from
Bremen in northern Germany
between 22:10 and 23:20 (time
zone unspeciﬁed). Brightest at 22:30.

Observations

United States 15 May 1921 02:30 15 May 1921 03:00

15 May 1921 00:20 15 May 1921 03:05

France

United States 14 May 1921 05:30

UK

United States 14 May 1921 01:15 14 May 1921 05:00

13 May 1921 21:10 13 May 1921 22:20

Germany

End time (GMT)

Start time (GMT)

Country

Table 3
Examples of Auroral Observations Made Around the World on 13 to 15 May

Republican

Omaha Daily Bee (1921)

NYT (1921a)

Hartford
(1921)

Wilkens and Emde (1921)

Fouche et al. (1921) and
also Lyot (1921)

Idaho Recorder (1921)

Burns (1921)

Manning Times (1921)

Stenquist (1925)

Chree (1921)
Hudson (1921)
Burns (1921)
Fouche et al. (1921)

Wilkens and Emde (1921)

Reference

NT ended 02:45. Local time = GMT ‐
6 hr. A newspaper search shows no

Astronomical twilight started 00:10
GMT, NT started 01:30. Wilkens noted
that his observations were timed in MEZ
(Mitteleuropäische Zeit, GMT+1 hr)
No DST in Hartford, so local time =
GMT‐5 hr. News item in Hartford Herald
(1921) indicates that DST was adopted in
Louisville, but not other areas of Kentucky
such as Hartford
New York on DST, local time = GMT‐4 hr
(eastern daylight time)

Stenquist's report consistently uses CET
(= GMT + 1 hr) for all times.
Eastern time zone, GMT ‐ 5 hr, Assume
display seen between end of NT (01:15
GMT/20:15 local) and local midnight
(05:00 GMT). A newspaper search shows
no mention of DST in Manning after 1919.
NT ended at Walton
21:20, started 02:35. Observations recorded
in GMT.
Mountain time zone, GMT ‐ 7 hr. NT
ended 04:15 GMT
NT started 02:45, solar depression was
‐9.5° at 3:05. Lyot explicitly notes that his
observations are timed in GMT
(“T.m.de Gr.”)

Local time = GMT + 1 hr

Nautical Twilight (NT) ended 20:55 GMT. Assume
observations recorded in MEZ
(Mitteleuropäische Zeit, GMT+1 hr)
as in adjacent article on observations
from Breslau—see 14 May 1921 00:20 below
NT ended 21:25, started 02:25 GMT
Observations recorded in GMT.

Notes
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Start time (GMT)

End time (GMT)

Samoa

15 May 1921 05:45 15 May 1921 06:30

United States 15 May 1921 05:40 15 May 1921 07:15

United States 15 May 1921 05:30 15 May 1921 07:45

United States 15 May 1921 03:45 15 May 1921 05:00

United States 15 May 1921 03:30 15 May 1921 10:30

United States 15 May 1921 03:30 15 May 1921 04:30

United States 15 May 1921 03:25 15 May 1921 08:00

United States 15 May 1921 03:25 15 May 1921 03:30

United States 15 May 1921 03:00

United States 15 May 1921 02:00 15 May 1921 05:00

Country

Table 3
(continued)

Spectacular auroral display visible from Phoenix,
Arizona, from about 20:00 local time until late.
Brilliant aurora observed from Rock Island, Illinois—
at its greatest intensity between 21:25 and 21:30
local time on 14 May, according to observer from
local weather bureau.
Bright aurora seen from Lowell Observatory in
northern Arizona with strong activity around 21:00
and 23:00 local time, with “more or less subdued
intensity duringabout an hour” in between these
two bursts of activity. Thereafter the display faded
to glow in north by 01:00 next day. Also third party
report of another display later that same night.
Report in Dallas Times of bright aurora seen during
this hour (09:30‐10:30 local) from San Antonio.
Also notes disruption of radio systems at Fort Sam
Houston
Bright aurora observed from Tucson in southern
Arizona from 20:30 local time to daylight next day.
Notes that it became less intense at 22:30, then
showed renewed activity a short time later. The
display had diminished by 01:00, but there was
signiﬁcant activity on northern horizon at 03:30.
Observations from Prescott, Arizona, by retired senior
and distinguished astronomer, Milton Updegraff.
Aurora ﬁrst seen at 20:45 and continued for half an
hour with undiminished intensity. Aurora also
seen low in north around 22:00.
Bright aurora observed from ship midway on trip from
Puget Sound to Honolulu (33.18° N, 146.44° W).
Bright rays seen from 20:30 to 21:15 local time,
with bright red aurora to 21:30, then fading to
nothing by 22:45
Brilliant aurora seen from Lick
Observatory on Mount Hamilton in
California
Red aurora observed up to 22 deg
elevation in southern sky as seen

Aurora seen from Omaha soon
after sunset (19:30 local time),
bright coronal display around 21:00 local time
Spectacular aurora described by a Weather Bureau
observer at Drexel Aerological Station, 30 km
north west of Omaha, Nebraska, starting around
21:00 local time, and very intense from 21:40
through to midnight, some activity continuing
through to daylight.

Observations

Angenheister
Westland (1921a)

Campbell (1921)

and

Journal‐Miner

Lyman (1921)

Prescott
(1921)

Douglass (1921)

Lyman (1921)

Russell et al. (1921)

Arizona
Republican
(1921a)
Rock Island Argus (1921a)

Lyman (1921)

Reference

NT ended 04:10. Observations
reported in Paciﬁc time
(GMT‐8 hr)
NT ended 05:55. Observations
reported in GMT

Local time taken to be usual practice
for most of Arizona, namely
GMT ‐ 7 hr. A newspaper search
shows no evdience for use of DST
in Prescott after 1919.
Observations reported in local time.
Take this as GMT‐9h so start of
observations matches end of
NT at 05:30.

NT ended 03:10, started 11:30.
Observations reported in local
time (GMT‐7 hr)

NT ended 02:15. Observations reported
in local time (GMT‐6 hr)

NT ended 03:25, started 11:20.
Observations reported in Mountain
Time (GMT‐7 hr)

NT ended 02:45, started 10:00. Observations
may be reported as DST (GMT‐5 hr). A
search of weather bureau records shows
that “some observers take observations
on daylight saving time.” This would
make this report consistent with
separate newspaper report from Omaha
Phoenix on Mountain Standard Time,
GMT ‐ 7 hr. See Text S1.
Rock Island on Central Standard Time,
GMT ‐ 6 hr. See Text S1.

mention of DST in Omaha between
1917 and 1925.

Notes
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Note. Times of observations are converted to GMT where needed, using adjustments given in Notes column of this table. See text note S2 for further background on twilight times.
Abbreviation: GMT, Greenwich Mean Time.

NT ended 03:40. Local
time is GMT‐8 hr
San Bernardino Daily Sun
(1921)
from Apia Observatory (18:15‐19:00
local time). Most intense around
06:20 GMT with intense aurora
moving east to west, yellow streamer
seen at this time.
Spectacular auroral display seen from
Bear Valley, San Bernardino.
Peaking at 23:00 local time
United States 15 May 1921 07:00

Country

Table 3
(continued)

Start time (GMT)

End time (GMT)

Observations

Reference

Notes
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Thus, there was very noteworthy activity on 13/14 May, with observations and impacts that would be typical of a signiﬁcant geomagnetic
storm with Dst around ‐200 nT. But this activity was modest compared
with what was about to happen in the early hours of 15 May.
3.2. Very Intense Activity, 14‐15 May
After around 22:15 on 14 May the level of geomagnetic activity
increased dramatically giving perhaps the most intense magnetic storm
of the twentieth century, one that must be discussed alongside the
Carrington event as a concrete example of how severe space weather
is a natural electromagnetic hazard.
As noted in Figure 2a, this event started with an SC being observed at
many geomagnetic observatories. For example, Alibag in India reported
a sharp increase of 230 nT at 22:15 GMT (Chinmayanandam, 1921).
However, others simply reported the sudden onset of large geomagnetic
variations, for example, Apia in Samoa reported the onset at 22:13 of a
“sinusoidal variation” with period of 2 hr (Angenheister & Westland,
1921a). Plate II of that paper shows that this was a wave‐like ﬁeld
depression lasting about 2 hr and reaching a depth of around ‐150 nT
before returning to previous values. This depression is also seen in
detailed observations from Honolulu, some 4,200 km north‐east of
Apia (Kappenman, 2006) and in hourly values from Kakioka, 7,500
km to the north‐west of Apia (Kunitomi, 1921). A similar but inverse
wave‐like variation was seen at sites in Europe. For example, Potsdam
observations showed a wave reaching a maximum of +350 nT (perhaps
after an SC of around 100 nT) before returning to previous values (see
Figure 34a of Chapman & Bartels, 1940). A similar positive variation,
following an SC, and a return to previous values, was seen at Tortosa,
as shown in Figure 2 of Cortie (1921a); at Greenwich, as shown in
Plate 1 of Dyson (1924); and at Rude Skov, as shown in Figure 41 of
Stenquist (1925).
This large wave‐like variation was just a start to the intense activity. It
was quickly followed by around 7 hr of very intense activity between
01:00 and 08:00 on 15 May. At many observatories, the magnetic ﬁeld
measurements went off scale due to the intensity of the geomagnetic
variations (see Table 1). Fortunately, this was not the case at the Apia
observatory on the Paciﬁc islands of Samoa. This provided an excellent
and complete observation of how the storm intensiﬁed over a period of 6
hr, and then decayed over some 18 hr (Angenheister & Westland,
1921a). In particular, Plate II associated with that paper shows the variation of all three magnetic ﬁeld components throughout the storm. An
overview of that signature is reproduced in Figure 2b along with a similar signature observed at Kakoika observatory in Japan (Kunitomi,
1921). Taken together they show that there was an intense depression
of H starting around 02:00 on 15 May, reaching a depth of 900 nT at
05:30. Following that there was a marked recovery by 06:00, another
depression around 07:00, and then a gradual recovery over many hours.
This depression is an outstanding feature of the 1921 storm and is associated with some fascinating effects including the following:
1. widespread disruption of telegraph, and some telephone, systems
around the world as shown in Table 2 and Figure 2a, showing that
this intense geomagnetic activity had generated strong geoelectric
ﬁelds that drove GICs into vulnerable infrastructures;
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2. observations of brilliant aurora around the world at midlatitudes, and in some cases to unusually low latitudes, as shown by the examples given in Table 3 and Figure 2a, showing that strong auroral currents in
the ionosphere extended to much lower latitudes than normal; and
3. reports of improved propagation of radio signals over long distances (beyond the line of sight) in several
parts of the world, perhaps an indication of enhanced ionization in the D region, as discussed in
section 4.3.
We will discuss each of these effects in detail in the following sections, showing how they all provide evidence that this was a period of very intense space weather that caused major disruption and damage to vulnerable systems. That evidence shows that this was truly dangerous storm, since it led to impacts that put
lives at risk. It was a spectacular space weather event that should be considered, alongside the Carrington
event, in the generation of scenarios that we use in assessing and mitigating future risks from severe
space weather.

4. Review of Impacts Reported During the Very Intense Activity
4.1. Impacts From GICs
The storm drove Earth currents into the telegraph systems that were then the backbone of telecommunications across the world and, in some cases, to the growing network of telephone lines. The list of impacts in
Table 2 shows that these impacts were global with reports of disruption from Australia, Brazil, Denmark,
France, Japan, New Zealand, Norway, Sweden, the United Kingdom, and United States. Many of these
impact reports include useful timing information and show that the worst problems arose during those 7
hr of very intense activity between 01:00 and 08:00 on 15 May. These reports also show that telegraph operators had a good awareness of earth currents (as GIC was then known) with many operators reporting measurements of the strength of those currents and of the associated voltages. A good example of this awareness
comes from New Zealand where operators were able to mitigate GIC impacts by switching from use of earth
return (i.e., current return through the conducting Earth) to return via wires.
The most spectacular (and most dangerous) examples of GIC impact were two destructive ﬁres—the ﬁrst in
Sweden around 02:00 GMT on 15 May and the second in the United States around an hour later (times
shown in Figure 2a by the upper pair of magenta arrows) The Swedish event occurred in a telephone
exchange in the town of Karlstad, 260 km west of Stockholm. This event was widely reported around the
world (e.g., Fouche et al., 1921; New York Times (NYT), 1921c; Daily Herald, 1921; Belfast Telegraph,
1921; Sunderland Daily Echo, 1921). It was also the subject of contemporary study by David Stenquist, a
Swedish scientist and engineer, who had a long interest in what we would now call GIC impacts on telecommunications systems. One of his narrative reports on the event is included in his 1925 memoir on earth currents (Stenquist, 1925), and another is reproduced by Karsberg et al. (1959). They both outline how the
operators at Karlstad exchange ﬁrst experienced problems (equipment anomalies and faint smoke) around
01:00, followed by a period of quiet, before the main ﬁre started around 02:00 leading to extensive equipment
damage. (The scale of that damage is recorded in contemporary photographs held by several Swedish
museums, as discussed in the supporting information.) Stenquist also highlighted a near‐miss incident at
Ånge, some 380 km north west of Stockholm, that was simultaneous with the Karlstad ﬁre. This experienced
a threat similar to that ﬁre, but where the initial problems were sufﬁcient to trigger preventive measures that
avoided major damage. In his later analysis of the Karlstad ﬁre (Albinson, 2018; Engström, 1928; Stenquist,
1925), Stenquist noted that this site was vulnerable to strong GIC, because it was on the 400 km route of the
major communications lines between Oslo and Stockholm, and this route was vulnerable because of its east‐
west orientation. His insights into engineering design of the communications lines enabled him to estimate
the geoelectric ﬁelds that created the damaging GIC. He showed that ﬁelds of at least 6 V/km were required
to cause the observed melting of fuses, “tubes de fusion,” in copper wires, and that a ﬁeld of 20 V/km would
have caused more damage than observed (melting of fuses in iron wires). As a result he suggested that 10
V/km would be a reasonable estimate of the average geoelectric ﬁeld in central Sweden at the time of the
Karlstad ﬁre. A later review of GIC impacts on wired telecommunications (Sanders, 1961) noted that in
the case of the Karlstad ﬁre, these ﬁelds would have been applied over a typical line length of 100 to 200
km, and thus concluded that the induced voltages on the lines into Karlstad would be of order 1,000 V.
HAPGOOD
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The U.S. ﬁre occurred in the village of Brewster in New York state, some 80 km north of New York city,
between 03:00 and 04:00 GMT. The ﬁre started in a switch‐board at the Brewster station of the Central
New England Railroad and quickly spread to destroy the whole building (Brewster Standard, 1921a; NYT,
1921c). The ﬁrst reference notes that the night operator had to evacuate the building, rousing another person
asleep in the building as well as saving some valuables. There is also evidence of signiﬁcant damage elsewhere in the Northeast United States caused by GIC during this storm with communications being delayed
on 16 May due to the need to repair damage such as burned‐out equipment (Berkshire Eagle, 1921). One
major example is that the Boston and Albany Railroad experienced damage to telegraph and telephone
equipment in many places along its 250‐km route between Boston and Albany (Springﬁeld Republican,
1921). This reference notes that the damage was most signiﬁcant in the western half of the route, which
passed around 100 km north of Brewster. Unfortunately, the reference does not provide any detailed information on the times when damage occurred on the Boston and Albany systems. However, it does note that
other railroads in the Northeast United States (e.g., New Haven, Boston and Maine) were much less affected
and attributes the vulnerability of the Boston and Albany route to its east‐west orientation. In contrast to
Stenquist's analysis of the Karlstad ﬁre, we do not appear to have any contemporary estimates of the geoelectric ﬁelds in the Northeast United States. However, there are many reports that induced voltages up to 1,000
V were measured on telegraph systems in that region (Lyman, 1921; NYT, 1921c; Telegraph and Telephone
Age, 1921c). Such large voltages on telegraph lines are suggestive of geoelectric ﬁelds of order 10 V/km, as
noted by Sanders (1961) in his discussion of the Karlstad ﬁre. They are also consistent with Sanders' report
that geoelectric ﬁelds of similar strength had been observed in the United States during earlier
geomagnetic storms.
There is evidence that the large geoelectric ﬁelds in the Northeast United States also extended over the border into Canada. The Ottawa Journal (2006) reported that many long‐distance telephone lines in New
Brunswick were burned out by the storm, especially areas close to the U.S. border, some 700 km north east
of Brewster. No speciﬁc times are available in that report but are available from measurements of GIC levels
on an east‐west telegraph line linking Montreal to Port Arthur, which is now part of Thunder Bay (Telegraph
and Telephone Age, 1921a). These measurements were made at Capreol, Ontario, a telegraph station near
the midpoint of this 1,200‐km‐long line and some 830 km north‐west of Brewster. Measurements between
02:15 and 03:30 GMT (Telegraph and Telephone Age, 1921a) showed GIC levels up to 0.2 amps. Simple
application of Ohm's law shows that this GIC level requires geoelectric ﬁelds up to 0.5 V/km (given a resistance of 2.6 ohm/km, as appropriate for the 9 gauge copper wire formed the line). A surge of much higher
currents was observed at 03:30 GMT, causing heating and electrical discharges, such that all measurements
were terminated so as to protect equipment. The dramatic nature of this surge suggests at least an order of
magnitude increase in the geoelectric ﬁelds, occurring at more or less the same time as the Brewster ﬁre
above. Thus, it is reasonable to conclude that the intense geomagnetic activity led to strong geoelectric ﬁelds,
up to ~10 V/km in the Northeast United States and adjacent regions of Canada, between 03:00 and
04:00 GMT.
Further aﬁeld, there were reports of damaging activity (“breaks and sparks”) on Norwegian telegraph systems (Fouche et al., 1921), which is not surprising given the events that occurred in adjacent Sweden.
What is perhaps surprising is the lack of reports of damage from other countries in Northern Europe.
Reports from the United Kingdom (e.g., Chree, 1921b) show that there was signiﬁcant disruption of telegraph trafﬁc across Britain and Ireland but give no indication of damaging impacts. However, some UK
newspaper reports (Belfast Telegraph, 1921; Sunderland Daily Echo, 1921) note that there were major
impacts in Canada and Eastern Europe but give no further details.
The damage caused by this event also spread to the transatlantic cables then used to transmit telegraph messages between Europe and North America. A report in the New York Times (NYT, 1921c) gives some technical insight into the problem, suggesting that GIC in cable led to a breakdown of insulation at a weak point.
The weak point could be located by resistance measurements from shore stations, so that a ship would be
sent out to lift and repair the damaged section. While we lack speciﬁc timing of the cable fault within the
storm, it is entirely reasonable to assume that it must have occurred during the intense geomagnetic activity
between 01:00 and 08:00 GMT, and thus when we know that there were strong geoelectric ﬁelds that could
have driven GIC through the cables. This is consistent with measurements made on cables during later
major storms; for example, Sanders' (1961) review of GIC impacts on wireline communications describes
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similar disruption of cables during the major storm of 11 February 1958, a storm that also caused damage in
Sweden comparable to the May 1921 events described above (Karsberg et al., 1959).
In summary, the intense geomagnetic activity between 01:00 and 08:00 on 15 May 1921 had a global impact
on telegraph and telephone systems that were then key telecommunication technologies. The GIC was sufﬁciently intense to cause widespread damage, including at least two catastrophic ﬁres, in the Northeast
United States and Scandinavia; it also damaged transatlantic telegraph cables.
4.2. Extent of Auroral Observations
The aurora was widely seen around the world during this period, and some key examples are shown in
Table 3 and Figure 2a. Many of these reports come from professional astronomers and ofﬁcial weather observers, which gives them a high degree of credibility, not least when their professionalism provides detail that
can help us assess the evolution of the intense activity. Another valuable feature in these reports is a spread
of observations across Europe and the United States, together with the short hours of darkness in these countries in May. The European observations sampled the early phase of the intense activity up to around 03:00
GMT, while the observations across the United States sampled later phases, as shown in Figure 2a.
A prime example in the European observations was those made by Bernard Lyot at Meudon. His observations are reported in Fouche et al. (1921) and show that he had prepared to observe through the night, after
noting the strong geomagnetic activity that occurred during daytime hours of 14 May. His observations
showed that there were peaks of auroral intensity at 01:14, 02:10, and 03:05, after which the light of dawn
prevented further observations. The ﬁrst peak was also recorded as a magniﬁcent appearance (“prachtvolle
Erscheinung”) by astronomers in Breslau (now Wrocław), some 1,100 km east of Meudon, when seen
around 01:30 just before the start of nautical twilight (Wilkens & Emde, 1921). Lyot noted that the peak at
02:10 was the most intense, a point conﬁrmed by another French observer viewing the aurora from near
Le Havre (Fouche et al., 1921), and by British observers near London and in East Anglia (Burns, 1921).
Moving across the Atlantic, the aurora was observed by a number of ofﬁcial observers working for the then
U.S. Weather Bureau (now National Weather Service). A prime example was a report from an observer in
Nebraska, who recorded a spectacular aurora, most intense between 03:30 and 04:30, soon after local dusk
(Lyman, 1921). This aurora was also observed from other U.S. locations including San Antonio in Texas
(Lyman, 1921), and Tucson and Flagstaff in Arizona (Douglass, 1921; Russell et al., 1921), and may well
include an auroral arc (“the effect was like a curtain ﬂapping in the wind”) seen over New York
(NYT, 1921a).
The observations from Tucson (Douglass, 1921) and Flagstaff (Russell et al., 1921) indicate that the aurora
became less intense for a while around 05:30, but then showed a period of renewed activity. Some of this
later aurora was also observed from a ship midway on a voyage from Puget Sound to Honolulu. The ship's
captain reported seeing bright rays seen from 05:30 to 06:15, soon after local dusk, with later activity fading
to nothing by 07:45 (Lyman, 1921). This aurora was simultaneous with the observation of aurora from Apia
in Samoa in the equatorial Paciﬁc region. The scientists operating the geophysical observatory at Apia
reported seeing red aurora up to 22° elevation in the southern sky between 05:45 and 06:30, most intense
around 06:20 (Angenheister & Westland, 1921a). Their report also notes that the aurora was seen at
Tongatabu, the main island of Tonga, 900 km south‐west of Apia. As noted by Silverman and Cliver
(2001) and Cliver and Dietrich (2013), these observations are curious given the low magnetic latitude of
Apia, but very credible given the professional background of the observers at Apia.
In summary, spectacular auroral displays occurred throughout the period of intense geomagnetic activity
between 01:00 and 08:00 on 15 May 1921. As short night hours swept across Europe and North America,
a host of observers sampled at least ﬁve peaks of major auroral intensity around 01:00, 02:00, 03:00, 04:00,
and 06:00 GMT respectively. The auroral observations from Arizona (Douglass, 1921; Russell et al., 1921)
conﬁrm the reality of the longer gap between the last pair of peaks.
4.3. Impacts on Radio Propagation
Another interesting feature of this storm is a very variable impact on the propagation of long distance radio
signals. There are reports showing both disruption and enhancement of radio propagation, with reports of
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enhancement gaining much attention because they were in stark contrast to the disruption of other telecommunications systems as discussed above (NYT, 1921d).
One example of enhancement was a report in the New York Times (NYT, 1921a) that radio signals reaching
New York from Berlin (some 6,400 km distant) and Bordeaux (5,800 km) were much stronger than usual
between 02:30 and 04:00 GMT on 15 May. This report has particular credibility because the New York
Times was one of a number of U.S. newspapers that then operated their own radio stations to receive news
from Europe (Hudson et al., 2000). The good performance of radio links in the United States and at Bordeaux
was also conﬁrmed in statements by the Radio Corporation of America (Telegraph and Telephone Age,
1921b). Another example of enhancement came from the Paciﬁc region, where Angenheister and
Westland (1921a) and Gibbs (1921) reported unusually good conditions around 06:15 on radio links between
radio stations at Apia in Samoa and Awanui in the north of New Zealand (a distance of 2,700 km). The times
of these two enhancements are shown by the lower pair of magenta arrows in Figure 2a.
However, Gibbs (1921) also reported that there were problems during 15 May (also 14 and 16 May) with
radio links within New Zealand, and between New Zealand and Australia; signals were “erratic in intensity
and uniformity.” He also noted that the great variations in these radio signals were simultaneously accompanied by earth currents in telegraph lines serving New Zealand's network of radio stations. Problems with
radio links were also reported from the United States. Lyman (1921) includes a report that the radio station
at Fort Sam Houston near San Antonio was rendered useless at times due to heavy static accompanying the
aurora. A report in Omaha Daily Bee (1921) noted that use of radio by the local air mail station was shut
down, whilst a report in the Great Falls Tribune (1921) noted considerable interference with maritime use
of radio all along the west coast of North America and in the Philippines.
To understand the enhancement of radio signals during the storm, it is essential to appreciate that the radio
systems in use in 1921 operated in low‐frequency radio bands below 300 kHz. For example, the radio link
between New Zealand and Samoa operated at 150 kHz (Gibbs, 1921). At this frequency, radio signals couple
to the conductive surface of the Earth, both land and sea, and propagate along that surface, following the
curvature of the Earth in a so‐called “ground wave.” The signals are gradually attenuated by the ﬁnite conductivity of the surface with less attenuation where conductivity is higher, mostly obviously over the salt
water that forms the oceans (International Telecommunications Union, 2007). However, the signals can also
propagate into the upper atmosphere and be reﬂected from the ionosphere giving a “sky wave” that can
interfere with the ground wave signal, causing problems with signal reception. Sky wave interference can
also arise from distant sources of natural radio signals such as lightning and other electrical activity in the
atmosphere. Thus, good conditions for signal propagation at 150 kHz will arise when sky waves are heavily
attenuated by absorption due to signiﬁcant plasma density in the lower ionosphere below 90 km (D region).
This is the case during daytime hours as solar ultraviolet radiation from the Lyman‐alpha emission line
penetrates to these attitudes. Indeed, Gibbs (1921) notes that it was well known from practical experience
that propagation was better in daytime. However, the enhanced propagation between Apia and Awanui
occurred about an hour after sunset at both sites. This suggests that the storm had enhanced the D region
along the path between these sites. Given that this effect was simultaneous with the observation of aurora
in this region (Angenheister & Westland, 1921a; Silverman & Cliver, 2001), it suggests that the keV electron
precipitation that generated the visible aurora was accompanied by higher energy electrons that could penetrate below 90 km and generate D‐region ionization.
Turning to the transmissions from Berlin and Bordeaux to New York discussed above, these used the
German government's Nauen transmitter, which operated on lower frequencies, between 17 and 50 kHz
(Huurdeman, 2003), and the Franco‐American transmitter at Bordeaux‐Lafayette which operated at 15
kHz (Dessapt, 2012). At these frequencies, radio signals can propagate very long distances (thousands of
kilometers) as sky wave reinforces the ground wave such that the region between the ground and the ionosphere acts a natural waveguide (Barclay et al., 2002). This mode enabled early radio systems to work over
the oceans, as on the transatlantic routes where signal strengths were enhanced at the same time as bright
aurorae were observed both in France and the United States, as discussed above. This suggests that electron
precipitation associated with the aurora may have enhanced transatlantic propagation, perhaps creating a
steep vertical gradient in plasma density at base of the ionosphere, such that the very low frequency radio
waves used by the Nauen and Bordeaux‐Lafayette transmitters were strongly reﬂected, rather than absorbed.
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In summary, the May 1921 storm caused a mixture of disruption and enhancement to radio communications. There are two well‐reported enhancement events, one over the Atlantic and one over the Paciﬁc, both
simultaneous with the observation of aurora close to the path of the radio signals. It is plausible that relativistic electron precipitation, simultaneous with the lower energy electrons that produce the aurora, generated additional ionization in the lower ionosphere. This could have aided radio propagation by modifying
sky wave propagation both by increasing skywave reﬂection at VLF frequencies (as on transatlantic routes)
and by increasing skywave absorption at higher frequencies (as between New Zealand and Samoa).

5. After Effects
5.1. Geomagnetic and Auroral Observations
The intense activity between 01:00 and 08:00 GMT on 15 May was not the end of storm. Lesser activity continued through the rest of 15 May, quieter after around 12:00 as noted by Lemos (1921) in measurements
from Brazil and as shown in the Christchurch and Greenwich measurements presented, respectively, in
Plate I of Skey (1921) and Plates II and III of Dyson (1924). An isolated substorm occurred around 10:30
to 11:00 as shown by a marked depression in H (>600 nT) in Sitka magnetometer data (Kappenman,
2006), and a smaller depression (~200 nT) in the H trace from Christchurch (Skey, 1921).
There was also renewed activity on 16 May following another SC at 01:24 that day (Observatori de l'Ebre,
2019) as shown in Figure 2a. This SC was seen at Apia (Angenheister & Westland, 1921a) with amplitude
around 50 nT, followed by a depression in H, typical of enhanced ring current, starting around 03:30, with
distinct minima around 07:00, 10:00, and 12:00 with depths of 200, 240, and 200 nT, respectively.
Measurements at other locations conﬁrm that this was a period of signiﬁcant magnetic activity. Skey
(1921) noted that measurements at Christchurch in New Zealand showed “a recrudescence of effects” seen
previously, but that these later effects were “milder.” Parkinson (1921) noted magnetic disturbances at
Watheroo between 08:00 and 16:00; together with personal observations of aurora from that same location
between 11:55 and 12:07. Chinmayanandam (1921), working at Alibag, noted that another depression in H
started around 04:40 and that H went off scale around 09:15. The Greenwich measurements (Dyson, 1924)
show a similar effect with N off scale between 08:20 and 09:10 indicating a depression in N that was >450 nT.
This large depression was also observed at Tortosa in Spain, with H off scale between 08:00 and 10:00 (Rodes,
1921). Signiﬁcant activity in this period was also noted in Brazil (Lemos, 1921) and the United States
(Hartnell, 1921).
In summary, there was major geomagnetic activity in the hours and days following the intense geomagnetic
activity that is the heart of the May 1921 storm. This suggests that the Sun continued to produce strong CMEs
as a result of activity driven by magnetic complexity that was observed in Mount Wilson region 1842
(Lundstedt et al., 2015). This latter solar and geomagnetic activity is not directly relevant to the main focus
of this paper, namely, the intense activity on 15 May, but is included here to provide a more complete picture
of the May 1921 storm. That complete picture is important for future work to develop exercise scenarios
based on this storm and to provide context for the New York ﬁre that we will now discuss.
5.2. The New York Railroad Fire
At 11:04 GMT on 15 May a major fault disrupted electrical systems controlling train movements along 6 km
of the major rail line that runs northeastward out of New York's Grand Central station (NYT, 1921b). This
was followed by a serious ﬁre that destroyed a control tower located about 1 km from Grand Central.
Trains in and out of Grand Central were signiﬁcantly delayed as the staff used manual procedures to allow
safe movement of trains, while the electrical systems were repaired. The disruption was reported in newspapers on 16 May (as in the NYT article cited above) and, perhaps unsurprisingly, was associated by them with
the intense geomagnetic activity in the early (GMT) hours of 15 May, activity that had been widely reported
in the previous day's newspapers.
However, this association is weak when we look at details. As shown by the magenta arrow marked “NYC
ﬁre” in Figure 2a, the disruption occurred several hours after the end of the intense geomagnetic activity.
Thus, it seems unlikely that earth currents could have disrupted rail control systems at 11:04. There was
some modest geomagnetic activity in the hour prior to the disruption, as noted above, but this seems to have
its largest impacts in the Paciﬁc region, for example, at Sitka in Alaska and Christchurch in New Zealand.
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There is no evidence for strong activity in the region around New York. The report of geomagnetic activity
observed at Cheltenham, Maryland, 330 km south‐west of New York, explicitly notes that there was “a period of comparative quiet” between 09:00 and 22:00 on 15 May (Hartnell, 1921).
The weakness of the association is reinforced by later newspaper reports. On 17 May, the New York Times
reported remarks by the head of the electrical division of the New York Central railroad (NYT, 1921c). He
noted that there had been a short circuit when a breakdown of insulation had allowed the power supply
to electric trains (“third‐rail” technology still widely used today, e.g., on metro systems) to come into contact
with a water pipe. He considered that this could explain the disruption and ﬁre without the need to invoke
earth currents (though he did also note candidly that he wished he could prove earth currents were involved
“because it would make a good alibi for me”).
Given the timing of the rail disruption away from intense geomagnetic activity, and the identiﬁcation of a
simple engineering fault as a plausible cause of the disruption, we can ﬁrmly reject the association of the
New York railroad ﬁre with space weather. This much‐cited example of space weather impacts needs to
be reconsidered. While it does not stand up as a direct example of space weather impact, it is an excellent
example of how apparent association can gain traction through publicity in the media. It shows the importance of putting reported impacts in context of our scientiﬁc understanding of space weather.

6. Discussion
The great geomagnetic storm of May 1921 took the classic form of such events in that it was linked to passage
of a major active region across the central meridian of the Sun as seen from Earth. Detailed solar observations from Mount Wilson in California show the region was magnetically complex and productive of solar
ﬂares (Lundstedt et al., 2015). Magnetometer measurements across the Earth show that there were a series
of SCs during this period, strongly suggesting that the Earth was bombarded by a series of coronal mass ejections linked to this region.
The storm produced three major periods of geomagnetic activity as shown by the strong red bars in Figure 2
a. There was also additional lesser activity at other times, particularly at high latitudes. In most circumstances, the ﬁrst and third periods would have been regarded as major events in their own right, matching
and probably outranking any of the events observed during recent solar cycle 24. But in this case they were
dwarfed by the intense activity, and the damaging and disruptive impacts, generated by the second event,
which is a key focus of this paper.
The ﬁrst period of activity may also have played a signiﬁcant role in preparing the way for the main event on
14/15 May. The CMEs that generated strong activity on 13/14 May may have swept plasma out of the inner
heliosphere so that a later CME could travel more quickly to Earth, as previously suggested by Lundstedt
et al. (2015). Thus, it was able to deliver a large amount of energy into a magnetosphere that was already
active, leading to very intense space weather on our planet—as we shall now discuss.
That intense space weather at Earth began with a sharp onset of strong global geomagnetic activity soon
after 22:00 GMT on 14 May as noted in most of the observatory reports summarized in Table 1. We lack
insights into the speciﬁc solar activity that led to this onset. However, given our modern understanding of
the underlying science, a large fast CME probably left the Sun early on 14 May, leading to the arrival of
the CME shock soon after 22:00, as indicated by the SC observed at several magnetometer stations. A reasonable transit time for this CME is between 12 and 18 hr, that is, in the range between the known transit times
of the CMEs that drove the great storms of 1972 and 1859, respectively (Cliver & Svalgaard, 2004). Thus, it
would be interesting to look for signatures of a CME launch, particularly between 04:00 and 10:00 on 14
May. Such a search is beyond the scope of this paper, but it is worth noting that many magnetic observatories
were on the dayside in that period and thus were well‐placed to see the magnetic crochet that would have
occurred if a large ﬂare was associated with the CME launch.
Following that sharp onset, there was ﬁrst a slow global oscillation, lasting around 90 min, manifesting as a
dip in H at low‐latitude sites such as Apia, Honolulu, and Kakioka, and as a peak at midlatitudes sites in both
hemispheres, for example, Christchurch, Greenwich, and Potsdam. This was followed by an hour of shorter
period variations before the onset of the most intense activity. The very intensity of this later activity makes it
hard to extract a pattern from geomagnetic reports, other than the gradually increasing depression of H at
HAPGOOD

968

Space Weather

10.1029/2019SW002195

low‐latitude stations as shown in Figure 2b. In contrast, the auroral and impact reports from this later activity do show a pattern. The auroral reports show that there was a series of displays of bright aurora with peaks
around 01:00, 02:00, 03:00, 04:00, and 06:00, suggesting that a series of ﬁve intense substorms created those
displays (Akasofu, 1964). Some of the auroral peaks were also associated with impacts on telephone and telegraph systems, as we would expect if those substorms generated strong geoelectric ﬁelds A similar association of substorms with geoelectric ﬁeld impacts on power systems in Canada and the UK during the March
1989 storm was noted by Eastwood et al. (2018)—see their Figure 1a. The reduced activity between 04:00 and
06:00 is also conﬁrmed by a report of a brief respite in telegraph disruption in Phoenix, Arizona (Arizona
Republican, 1921a). This respite around 05:30 matches reports of reduced auroral activity as seen from
observatories in other parts of Arizona (Douglass, 1921; Russell et al., 1921).
Looking in more detail at the possible substorm timeline and its impacts, the ﬁrst three correspond to the
peaks of auroral intensity seen by Bernard Lyot at Meudon (Fouche et al., 1921), with the fourth and ﬁfth
after dawn at Meudon but well observed in the United States and eastern Paciﬁc (Douglass, 1921; Lyman,
1921; Russell et al., 1921). The ﬁrst two substorms match the times, respectively, of the initial problems at
Karlstad and Ånge, and then the catastrophic ﬁre at Karlstad, all as described in Stenquist (1925) and
Karsberg et al. (1959). The third and fourth substorms match the time of the catastrophic ﬁre at Brewster
(Brewster Standard, 1921a) and the GIC surge at Capreol (Telegraph and Telephone Age, 1921a), as well
as the enhanced very low frequency radio propagation across the Atlantic (NYT, 1921a), which we have
attributed to high‐energy electron precipitation alongside precipitation of keV electrons that generate aurora. This rapid sequence of substorms also provides a good explanation for the gradually increasing depression of H at low latitudes—in that such repeated substorms could inject particles into the ring current,
building up its intensity to produce a large depression of H by 05:30, as shown in Figure 2b.
The ﬁfth substorm matches both the enhanced radio propagation at 150 kHz that was reported on the
link between Apia and New Zealand (Gibbs, 1921), and the observation of aurora from Apia
(Angenheister & Westland, 1921a). This ﬁnal substorm also matches the rapid 400 nT recovery of H
in the Apia magnetic data, as shown in Figure 2b. This abrupt rise in H is curious in that it is much
too fast to be the result of normal ring current decay. Cliver and Dietrich (2013) have noted that such
rapid changes are more typically of ﬂuctuations in the auroral electrojet and thus suggest that the aurora
seen from Apia was associated with an eastward electrojet. An eastward current system would be
expected at that local time (early evening) and could explain the rapid rise and fall of the Apia H component around 06:00. Note that, after 07:00, the Apia H component rises again, but more slowly as we
would expect from normal ring current decay.
This sequence of intense substorms suggests that the interplanetary magnetic ﬁeld (IMF) turned strongly
southward soon after 00:00 GMT on 15 May and remained strongly southward for the duration of these
events, except for the longer gap between 04:00 and 06:00. The substorm timing, starting 2 hr after arrival
of the CME shock, suggests that the southward IMF was the magnetic ﬁeld in the leading part of a ﬂux rope
that formed the CME. This conﬁguration, as part of a fast CME, would have driven a large ﬂow of solar wind
energy into the magnetosphere, the ﬂow required to drive repeated Dungey cycles in the magnetosphere,
and hence the intense geomagnetic and auroral activity that was observed around the world. The short quiet
period around 05:30—as noted in the auroral observations by Douglass (1921)—followed by the ﬁfth substorm may indicate that a second CME had caught up with the ﬁrst, compressing northward IMF in the tail
of the ﬁrst CME, and perhaps with additional southward IMF in the leading part of the second CME. Such a
CME‐CME interaction could also have helped to sustain CME speed and hence added to the geoeffectiveness
of these CMEs (Liu et al., 2014; Lugaz et al., 2017).
The ﬁnal period of activity on 16 May started with another SC at 01:24, suggesting the arrival at Earth of
another major CME. The ensuing activity may be summarized as a moderate storm with a modest enhancement of the ring current, signiﬁcant geomagnetic activity at midlatitudes and aurora observed at dark sites at
midlatitudes. This third period was much milder than the second period, but it does demonstrate how there
can be signiﬁcant space weather conditions in the days following a severe event.
In summary, the May 1921 storm exhibited a series of features that can inform our understanding of severe
space weather and help us plan for future severe events. The storm was undoubtedly driven by the arrival at
Earth of a series of major coronal mass ejections, as indicated by the series of SCs (Observatori de l'Ebre,
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2019). There were three periods of major geomagnetic activity, all producing signiﬁcant geomagnetic effects
and impacts at midlatitudes, and, in the case of the ﬁrst and second periods, some outstanding features that
are worth highlighting.
The ﬁrst period included a large spike‐like depression of the horizontal geomagnetic ﬁeld in the region
around Copenhagen, and that produced signiﬁcant disruption of telephone services between that city and
major cities in Sweden. This spike event may be similar to those recently identiﬁed by Cid et al. (2015)
and Saiz et al. (2016), events that could induce large geoelectric ﬁelds, and that are now an important
research target. Thus, the 1921 spike event is an excellent addition to the scenario that is the main goal of
this paper, as well as evidence that may be useful for wider studies of spike events.
The second period caused damage, in the form of ﬁres, which posed a signiﬁcant risk to life. Thus, this second period was truly dangerous and is the driver for the title of this paper. It included a number of extreme
physical effects including the following:
1. Geoelectric ﬁelds around 10 V/km were found to have occurred in Sweden, leading to disruption and
damage to Swedish telecommunications networks, most particularly the major ﬁre that destroyed the
major communications center in Karlstad.
2. Similarly, intense geoelectric ﬁelds probably occurred in parts of the Northeast United States, and adjacent regions of Canada, leading to damage to communications networks, particularly those vital to railroad operations. The major ﬁre that destroyed Brewster station is a notable example of this.
3. A huge depression of the equatorial magnetic ﬁeld at Apia, suggesting an extremely large ring current.
While this ring current is not a driver of the large geoelectric ﬁelds above, it is important in understanding the low‐latitude geomagnetic observations.
The breadth and depth of evidence about the May 1921 storm suggest that it can provide an excellent basis
for developing severe space weather scenarios. Such scenarios are now a vital tool in planning for future
severe space weather, as discussed above. The 1921 storm includes a number of features that can make for
a well‐rounded scenario, including substantial precursor activity, a very severe main phase, and continuing
activity after the main phase. The precursor activity provides an example of how the inner heliosphere and
magnetosphere may be preconditioned such that a subsequent major CME is very geoeffective, leading to
extreme geomagnetic ﬁelds in regions with resistive geologies. The later continuing activity demonstrates
the challenge of knowing when the storm is over. An important scientiﬁc element in managing future space
weather events will be to determine when we can declare “all clear,” that we are conﬁdent the storm is over
and recovery work can begin in earnest.
The 1921 storm also includes some examples of how other problems might confuse the “information picture” that will be used by emergency managers during a severe space weather event. A key example is the
New York railroad ﬁre discussed above. As we have shown above, it is unlikely this was caused by space
weather, but it is understandable how an apparent link to space weather was perceived at the time.
Another, more curious, example is a report in the New York Times (NYT, 1921f) that the disruption of telegraph services in France had “not been marked by any exceptional appearance of the aurora.” As the reports
by Fouche et al. (1921) make clear, there were many observations of spectacular aurora from France, not
least from Paris. In this instance, the sources of the report clearly had an incomplete set of information, perhaps because the spectacular aurora occurred well after midnight local time. Both examples show the importance of scientiﬁc advice in assessing real space weather impacts, and distinguishing them from coincidence,
factors that are recognized in governmental planning to manage natural hazards of all kinds. The contemporary importance of such advice is demonstrated by recent experience in Mexico in September 2017, when
severe space weather coincided with the impact of a hurricane and a major earthquake. Scientiﬁc advice was
important in helping civil protection authorities to address these different hazards and, most importantly, to
counter scare‐mongering that created unnecessary public anxiety about the coincidence of these hazards
(Gonzalez‐Esparza et al., 2018).

7. Conclusions
The great geomagnetic storm of May 1921 produced extreme geophysical conditions, in particular large geoelectric ﬁelds (~10 V/km) in several parts of the world. Such large ﬁelds are a major concern today because of
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their potential to impact contemporary technologies such the transmission of electrical power (Pulkkinen
et al., 2017), railway track circuits (Krausmann et al., 2015), and cathodic protection systems for pipelines
(Gummow, 2002). The May 1921 storm therefore provides a well‐documented historical example that can
inform future decisions on the risk that space weather poses to such systems, taking account of how regional
differences in the value and complexity of ground conductivity may decrease or increase the risk. It is an
important element in the assessment of worst‐case scenarios for severe space weather conditions
(Hapgood et al., 2016; National Science and Technology Council, 2018).
However, as discussed above, the scientiﬁc development of space weather scenarios must go well beyond the
parameterization of worst‐case environments. We need to provide timelines showing how those environments may wax and wane during a severe space weather event, outlining how events may develop, and
how they may exhibit a mixture of minor and major peaks. Such timelines are an essential tool for policy‐
makers developing and testing societal resilience to space weather. It is important to have a variety of scenarios, so that policy‐makers can explore different possibilities and be ready to respond ﬂexibly to however a
future space weather event manifests at Earth. The 1921 space weather event is therefore a valuable addition
to existing scenarios based on the events of 1859, 1989, and 2003. In particular, it provides an outstanding
example in the short but very intense geomagnetic activity that occurred between 01:00 and 08:00 on 15
May 1921.
Space weather scenarios can also provide a valuable challenge to scientiﬁc modeling of space weather, in
particular of the magnetosphere‐ionosphere‐thermosphere system. The 1921 event includes several curious
features that warrant investigation by modelers, for example, the large oscillation in the geomagnetic ﬁeld
seen just before the very intense activity early on 15 May, and also the rapid and fall in H seen at Apia,
around 06:00 on 15 May. Could this latter feature be the result of the auroral electrojet reaching low latitudes
as suggested by Cliver and Dietrich (2013)?
Finally, it is worth noting that we can probably do more to ﬂesh out what happened in 1921. One obvious
approach would be digitization of the magnetometer measurements outlined in section 3, where the photographic records of those measurements still exist in good condition. A ﬁrst step would be digitization of the
images of those records, for example, as has been done in the United Kingdom (see https://www.bgs.ac.uk/
data/Magnetograms/home.html), and more recently in Russia (Ptitsyna et al., 2018). But the more difﬁcult
step is to gather the expertise and resources to extract numerical data from those records. Another important
approach is to search for more evidence of solar ﬂares during this period, most obviously searching geomagnetic records for the sharp pulses, magnetic crochets, that are clear signatures of X‐class ﬂares (for example,
see Curto et al. (2018) for a discussion of the crochets produced by the X9 ﬂare that occurred on 6 September
2017). Such large ﬂares are frequently associated with the launch of major CMEs: a good example being the
crochet observed by the Kew magnetometer just prior to the 1859 storm (Stewart, 1861). The lack of reports
of crochets in accounts of magnetometer observations from May 1921 is curious, to say the least, and needs
to be investigated more deeply. Is it just that we have not looked deeply enough into the data? Given the global network of magnetometers that existed in 1921 and the favorable timing of the event for observations
from the Northern Hemisphere (i.e., long hours of daylight in May), a real absence of crochets would imply
that this series of major geoeffective CMEs occurred without large ﬂares. That would be a challenging result,
so further investigation is needed.
A deeper analysis of magnetometer records could also enable a better assessment of the minimum Dst value
for the May 1921 storms. Kappenman (2006) has suggested that the deep depression of H measured at Apia,
as shown in Figure 2b, indicates a minimum Dst around ‐900 nT, much lower than the lowest value in the
modern observational record (‐589 nT during the March 1989 storm). Detailed analysis of low‐latitude magnetometer data from sites at several other longitudes (compared to Apia) could help to conﬁrm
Kappenman's suggestion.
Another challenging issue is to determine whether there was a ground level enhancement (of cosmic
radiation) during this event, indicating a large solar radiation storm with signiﬁcant ﬂuxes at GeV energies. There was no routine monitoring of radiation in 1921, but can we ﬁnd any proxies through impacts
on technologies then in‐use or through the continuing improvements in studies of cosmogenic isotopes
such as 10Be? It would be valuable if space weather scenarios based on 1921 event could include
radiation storms.
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But the search for further evidence should not be limited to scientiﬁc data. Are there more engineering
reports to be found, for example, similar to those of Gibbs (1921), Telegraph and Telephone Age (1921),
and Stenquist (1925)? Or reports of work by skilled amateurs such as radio enthusiasts? The latter may have
potential as high‐frequency radio communications, where space weather has major impacts, was then the
preserve of amateurs, many of them ex‐military radio operators (Huurdeman, 2003). Finally another important source of information is further exploration of old newspaper reports. The increasing digitization of old
newspapers will make such searchers tractable. Key areas for studies include Scandinavia, where we know
impacts occurred, and hence, it would be good to expand our understanding. Eastern Europe is another
important area where studies may be valuable since some UK newspaper reports of the impacts of the storm
note that “the disturbing currents were particularly violent in Russia and Eastern Europe,” but give no
further details (Belfast Telegraph, 1921; Sunderland Daily Echo, 1921). It is important, though, to recognize
that there was much political turbulence in Eastern Europe at that time, and thus, further work is needed to
assess how that turbulence affected reporting of events such as the impact of the May 1921 space
weather event.
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