()

ADVANCI| Check for
ﬁu 1 o o EARTHAN Updates
U SPACE SCIENCE s

Space Weather "

RESEARCH ARTICLE
10.1029/2019SW002250

Special Section:

Scientific Challenges of Space
Weather Forecasting
Including Extremes

Key Points:

« The magnetic storm of May 1921
attained a maximum —Dst of 907 +
132 nT

« Low-latitude geomagnetic
disturbance exhibited extreme local
time asymmetry

« Anecdotal evidence from impacts
across New York State underscores
importance of recent research on
geomagnetically induced currents

Supporting Information:
« Supporting information S1

Correspondence to:
J.J. Love,
jlove@usgs.gov

Citation:

Love, J.J., Hayakawa, H., & Cliver, E.
W. (2019). Intensity and impact of the
New York Railroad superstorm of May
1921. Space Weather, 17, 1281-1292.
https://doi.org/10.1029/2019SW002250

Received 18 MAY 2019

Accepted 8 JUL 2019

Accepted article online 16 JUL 2019
Published online 22 AUG 2019

©2019. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

This article has been contributed to by
US Government employees and their
work is in the public domain in the
USA.

Intensity and Impact of the New York Railroad
Superstorm of May 1921

Jeffrey J. Love' (), Hisashi Hayakawa?* ("), and Edward W. Cliver*

1Geomagnetism Program, U.S. Geological Survey, Denver, CO, USA, 2Graduate School of Letters, Osaka University,
Toyonaka, Japan, 3Science and Technology Facilities Council, RAL Space, Rutherford Appleton Laboratory, Didcot, UK,
“National Solar Observatory, Boulder, CO, USA

Abstract Analysis is made of low-latitude ground-based magnetometer data recording the magnetic
superstorm of May 1921. By inference, the storm was driven by a series of interplanetary coronal mass
ejections, one of which produced a maximum pressure on the magnetopause of ~64.5 nPa, sufficient to
compress the subsolar magnetopause radius to ~5.3 Earth radii. Over the course of the storm, low-latitude
geomagnetic disturbance exhibited extreme local time (longitude) asymmetry that can be attributed to
substorm disturbance extending to low latitudes. The storm attained an estimated maximum —Dst on 15
May of 907 + 132 nT, an intensity comparable to that of the Carrington event of 1859. The May 1921 storm
brought spectacular aurorae to the nighttime sky. It also interfered with and damaged telephone and
telegraph systems associated with railroad systems in New York City and State. These later effects were due
to a combination of three factors: the localized details of geomagnetic vector disturbance, the geographic
expression of the Earth's surface impedance tensor, and the configurations and physical parameters of the
electrical networks of the day.

Plain Language Summary Historical records of ground-level geomagnetic disturbance are
analyzed for the magnetic superstorm of May 1921. This storm was almost certainly driven by a series of
interplanetary coronal mass ejections of plasma from an active region on the Sun. The May 1921 storm was
one of the most intense ever recorded by ground-level magnetometers. It exhibited violent levels of
geomagnetic disturbance, caused widespread interference to telephone and telegraph systems in New York
City and State, and brought spectacular aurorae to the nighttime sky. Results inform modern projects for
assessing and mitigating the effects of magnetic storms that might occur in the future.

1. Introduction

The storm time disturbance index known as Dst is important for identifying the various evolutionary phases
of individual magnetic storms (e.g., Loewe & Prolss, 1997; McPherron, 1995) and for studying the long-term
statistical occurrence rate of storms, especially extremely intense storms (e.g., Echer et al., 2011; Love et al.,
2015; Riley, 2018). It is calculated by averaging disturbance in horizontal-component geomagnetic field mea-
surements from low-latitude ground-based observatories (Sugiura, 1964). During quiet space weather condi-
tions, Dst ~0 nT, but during the main phase of a magnetic storm, intensification of the westward-directed
magnetospheric ring current (e.g., Daglis, 2001) causes a proportional decrease in low-latitude geomagnetic
field intensity, and Dst takes on negative values (e.g., Gonzalez et al., 1994). An intense storm can attain a
maximum —Dst of several hundred nanoteslas. The standard version of Dst is calculated using magnet-
ometer data from four low-latitude magnetic observatories (widely separated in longitude; Sugiura &
Kamei, 1991). It is continuous in time from 1957 to the present.

Estimating Dst for great storms prior to 1957 is challenging because of the relative sparsity of observatories and
limited dynamic range in many analog magnetogram recording systems. For example, estimates of storm max-
imum intensity of the Carrington superstorm of 1859, —Dst ~ 850 nT (Siscoe et al., 2006) and -Dst ~ 1,050 nT
(Gonzalez et al., 2011), are based on geomagnetic field measurements from a single low-latitude observatory
(Tsurutani et al., 2003)—other low-latitude records are incomplete. This means that the intensity of the
Carrington event is very uncertain, making it difficult to compare with well-recorded storms. The superstorm
of May 1921 (e.g.,Kappenman, 2006; Silverman & Cliver, 2001) is sometimes called the “New York Railroad
Storm” (e.g., Hapgood, 2018a; Jonas et al., 2018; Riswadkar & Dobbins, 2010; Vennerstrom et al., 2016)

LOVE ET AL.

1281


https://orcid.org/0000-0002-3324-0348
https://orcid.org/0000-0001-5370-3365
http://dx.doi.org/10.1029/2019SW002250
http://dx.doi.org/10.1029/2019SW002250
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-7390.FORECAST1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-7390.FORECAST1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-7390.FORECAST1
http://dx.doi.org/10.1029/2019SW002250
http://dx.doi.org/10.1029/2019SW002250
http://dx.doi.org/10.1029/2019SW002250
mailto:jlove@usgs.gov
https://doi.org/10.1029/2019SW002250
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019SW002250&domain=pdf&date_stamp=2019-08-22

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Space Weather 10.1029/2019SW002250

because of the disruption it brought to telegraph systems associated with railroads operated in New York City
and State. The May 1921 storm might have had an intensity rivaling that of the Carrington event, but the accu-
racy of its estimated maximum —Dst (Kappenman, 2006) has been (to date) uncertain because, like the
Carrington event, estimates have been based on measurements from just a single low-latitude observatory.

As part of an ongoing project to obtain improved estimates of the intensities of past magnetic storms (Cliver
& Dietrich, 2013; Hayakawa, Mitsuma, et al., 2017; Hayakawa, Tamazawa, et al., 2017; Hayakawa, Ebihara,
Hand, et al., 2018; Hayakawa, Ebihara, Willis, et al., 2018; Love, 2018; Love, Hayakawa, & Cliver, 2019), we
examine historical magnetic observatory recordings of the May 1921 storm in order to estimate its Dst time
series. We have identified magnetograms of reasonable completeness from four low-latitude observatories
suitable for obtaining an accurate estimate of the Dst time series for the May 1921 storm. Results provide
new insight into the nature of magnetic superstorms (e.g., Ganushkina et al., 2017; Lakhina & Tsurutani,
2018) and the impacts that they might carry for modern technological systems (e.g., Baker et al., 2008;
Cannon et al., 2013; Eastwood et al., 2017; Schieb & Gibson, 2011). This research is consistent with priorities
established by the U.S. National Science and Technology Council (2015, 2019) and allied international orga-
nizations (Schrijver et al., 2015).

2. The Standard Dst Time Series

The standard version of Dst is produced by the World Data Center for Geomagnetism, Kyoto (Sugiura & Kamei,
1991; World Data Center for Geomagnetism, Kyoto, 2015). It is continuous in time since the International
Geophysical Year (IGY, 1957-1958), when the index was introduced and when improvements were brought
to observatory operations and data reporting (Various, 1957; Wienert, 1970). The Kyoto Dst has 1-hr resolution
and is calculated from data from observatories at Hermanus (HER), South Africa (Kotzé, 2018); Kakioka
(KAK), Japan (Minamoto, 2013); Honolulu (HON), Hawaii; and San Juan (SJG), Puerto Rico (Love & Finn,
2011). Since the 1980s, data from these and other observatories around the world have been acquired with digi-
tal electronic magnetometer systems (e.g., Newitt, 2007). Today, most magnetic observatory agencies (e.g.,
Love, 2008) cooperate through and contribute data to INTERMAGNET, a consortium that promotes the opera-
tion of observatories according to modern standards (e.g., Love & Chulliat, 2013).

Prior to the development and deployment of digital acquisition systems, continuous monitoring of the
Earth's magnetic field was accomplished at observatories with photographic self-registering analog systems
(e.g., Schroder & Wiederkehr, 2000). The product of these systems was paper magnetogram records of the
vector components of geomagnetic field variation. Typically, these magnetograms were 1 day in length, with
time resolution of a few minutes, and time-stamp accuracy of about 10 min. Measurements, usually at 1-hr
intervals, were hand-scaled from each magnetogram using a gauge (a ruler) etched onto a piece of glass.
Calibration factors were applied to obtain physically meaningful magnetic field values (typically, horizontal
intensity H, declination D, and vertical intensity Z). These data were often reported in published books,
sometimes with reproductions of magnetograms recording prominent magnetic storms. Generally, the accu-
racy and continuity of 1-hr analog data collected after the IGY are comparable to that of modern digital data.

For many of the most intense pre-IGY storms, either few (or no) low-latitude observatories were in operation
at the time, or magnetograms collected at observatories have data gaps, usually near the time of maximum
disturbance. In 1921, no observatory was in operation in South Africa. At the HON observatory (Hazard,
1924a) and the Puerto Rico observatory (Vieques, VQS, the predecessor to SJG; Hazard, 1925), the magnet-
ometers were not set up to record the wide variational range of the May 1921 storm; the H-component light
traces went off the edge of the photographic paper, resulting in long data gaps of 13 and 32 hr, respectively.
The KAK record has a 2-hr gap at about the time of storm maximum intensity (Kunitomi, 1921).

3. Measures of Midlatitude Geomagnetic Activity

Incompleteness also affects magnetogram records from many midlatitude observatories for the May 1921
storm. For example, the Cheltenham (CLH, Maryland) records have numerous gaps, one of which is 40
hr in duration (Hartnell, 1921; Hazard, 1924b); the storm was incompletely recorded at Kew in London
(e.g., Chree, 1921) and at Eskdalemuir (ESK) in Scotland (Mitchell, 1921), partly because the light trace went
off the edge of the photographic paper and partly because the trace on the paper was too faint to be resolved
on account of the extreme rapidity of geomagnetic variation.
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At midlatitudes, a qualitative assessment of geomagnetic disturbance is provided by the aa index (e.g.,
Mayaud, 1980), which roughly quantifies the average range of geomagnetic activity among the three vector
components over sequential 3-hr windows of time, as measured at two nearly antipodal observatories (one in
the Northern Hemisphere and one in the Southern Hemisphere). In 1921, the two observatories that contrib-
uted to aa were Greenwich (GRW; 51.48°N, 00.00°E; geomagnetic for 1920: 54.15°S, 83.03°E) and Toolangi
(TOO, 37.53°S, 145.47°E; geomagnetic: 46.52°S, 139.95°E), Australia. The aa index is essentially an average
of dimensionalized K-index values (Bartels et al., 1939) from those two observatories. As such, the aa index is
quantized, with integer values in nanotesla corresponding, approximately, to the logarithm of the typical
magnetic variational range. The highest aa level that could be attained in May, 1921 is 680 nT, a reference
value that nominally represents geomagnetic magnetic variation as realized only during the most intense
storms—it does not accurately quantify great levels of localized variation, such as those seen in May 1921
when variation exceeded the dynamic range of the recording magnetometer. We note that a recent renorma-
lization of aa results in a higher peak value in May 1921 of 832 nT (Lockwood et al., 2018), though this also
does not represent the actual range of localized field variation. The aa index is continuous in time from 1868
to the present.

4. Analog Magnetogram Records for the May 1921 Storm

From inspection of observatory records held in several archives, for the May 1921 storm, we identify four
complete (or reasonably complete) geomagnetic records from low-latitude magnetic observatories located
at Watheroo, Australia (WAT, 30.32°S, 115.88°E; geomagnetic for 1920: 41.56°S, 175.08°E), Apia,
Western Samoa (API, 13.81°S, 188.22°E; geomagnetic: 16.09°S, 100.41°E), San Fernando, Spain (SFS,
36.46°N, 353.79°E; geomagnetic: 40.89°N, 70.57°E), and Vassouras, Brazil (VSS, 22.400°S, 316.35°E; geo-
magnetic: 11.81°S, 23.29°E). Note: In 1921, observatories often reported data in time relative to either an
identified local longitude or relative to Greenwich Mean Time (GMT); standard time zones had not yet
been globally adopted (e.g., Howse, 1997). Note that, for our purposes, 00:00 GMT is essentially 00:00
Universal Time (UT).

The WAT 1919-1935 summary book (Fleming et al., 1947) contains hourly average values with time stamps
centered on the middle of the hour (00:30, 01:30, etc.) for meridian 120.00°E; reproductions of selected mag-
netograms are given in the back of the book. The API 1921 yearbook (Westland, 1923, p. 37) contains hourly
average values with time stamps centered on the middle of the GMT hour; a reproduction of a magnetogram
recording the 1921 storm is available (Angenheister & Westland, 1921a). The SFS 1921 yearbook (Instituto y
Observatorio de Marina, 1924, p. 145) contains hourly values and spot values in local time, approximately at
the middle of the GMT hour. The SFS table of hourly values has two 1-hr data gaps of relevance, one on 13
May, hour 12, and one on 15 May, hour 5. The 14 May, hour 23 value appears to be a transcription error;
instead of 276 nT, judging from prior and subsequent data values, it should actually read 976 nT.

The results reported in the VSS 1915-1923 summary book (Lemos, 1927, p. 224-225) require manipulation to
be useful. Hourly values are given in local time (close to 3 hr behind GMT), but there is a long gap of 10 hr
during storm main phase. Reproductions of the VSS magnetograms are given in plates in the summary book
with unlabeled 1-hr marks. These have several significant abrupt offsets during storm main phase (corre-
sponding to the gap in the table of hourly values), likely due to the placement of deflecting mirrors to ensure
that the magnetometer light beam did not wander off the edge of the photographic paper. We note, further-
more, that the magnetograms in the yearbook are upside-down, and on the magnetogram for 14 May, the
horizontal intensity, instead of being labeled “H,” was (mistakenly) labeled “D” (as if for declination).

To fill the long gap in the VSS yearbook hourly values and obtain values with time stamps on the middle of
the GMT hour (modulo 24 hr), as is (more or less) the case for the WAT, API, and SFS values, we use a
vector-graphics program to make a graphical copy of the magnetograms recording horizontal-component
variation. This allows us to adjust for the abrupt offsets and make the magnetogram into a continuous whole;
we show a reproduction of the magnetogram in Figure 1. We can partially check the integrity of the contin-
uous magnetogram against the hourly values (on the top of the GMT hour, modulo 24) reported in the VSS
book. Then, we pick off hourly values at the middle of the GMT hour to obtain a continuous record of
the storm.
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Figure 1. Time series of Vassouras (VSS) horizontal-component variation reconstructed from magnetogram fragments
given in VSS yearbook.

5. Estimating May 1921 Dst

We use the hourly WAT, API, VSS, and SFS data values to construct a Dstyavys time series representation of
the May 1921 storm. Similar to the standard calculation of Dst (Sugiura & Kamei, 1991), local disturbance
can be defined at each observatory as

Dist;(t) = Hi(t)—Sg;(t)—C

(e.g., Love & Gannon, 2009), where Hy(¢) is 1-hr resolution variation in time ¢ of geomagnetic horizontal
intensity recorded at the ith observatory; Sqi(t) is quasi-diurnal time variation generated by tidal electric cur-
rents in the ionosphere and, to a lesser extent, in the Earth; C is a baseline representing the Earth's main field
and the permanent magnetization of the crust beneath the observatory site. The Kyoto method for calculat-
ing Dst uses data from months of data time series to calculate C and frequency-band-limited Sq,(¢). Our algo-
rithm is simpler. We estimate Sq;(1)+C by using a pre-storm quiet day preceding storm commencement. We
subtract the quiet day variation from the hourly values to obtain the local Dist,(f) time series at each obser-
vatory. Results are insensitive to the details of this reduction since |Sq;(¢) | < |Dist,(t)|over most of the dura-
tion of the storm. Next, following the Kyoto method, we assume that geomagnetic disturbance, generated by
magnetopause and ring current systems far above the Earth's surface, is spatially uniform over the dimen-
sion of the Earth and roughly aligned with the geomagnetic pole. With this, we weight each disturbance time
series Dist(t) by 1/cos A, where A is the geomagnetic latitude of the observatory. Upon averaging across the
four observatories,

we obtain the storm time disturbance time series (e.g., Love & Gannon, 2009, section 4; Mursula et al., 2008).

Before we proceed, we test our Dst estimation method. For the great magnetic storm of March 2001
(Gonzalez et al., 2011; Wang et al., 2004), we use our algorithm and data from API, VSS, and SFS; in place
of WAT (which was no longer in operation in 2001), we use data from its nearby replacement at
Gnangara, Australia (GNA, 31.78°S, 115.95°E). We show this test Dstgavs time series in Figure 2, along with
the four (latitude-weighted) Dist,(t)/ cos A; time series and the official Dstxyoro the storm. Generally, agree-
ment between the time series is very good. Over the 9-day duration of time shown, the root-mean-squared
(RMS) difference between Dstgays and Dstgyoio is 13 n'T or much less than the Dst range of 423 nT. The max-
imum —Dstgavs value is 361 nT, which for Dstgyo is —387 nT, a difference of 26 nT and a relative difference
of about 7%. While these differences might be expected to be larger for a more intense magnetic storm, such
as that of May 1921, they do satisfactorily validate our method, including our use of nonstandard stations for
calculating Dst. In Figure 3a, we show the Dst time series for May 1921, along with the four (latitude-
weighted) disturbance time series Dist;(t)/ cos A;.
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Figure 3. (a) Latitude-weighted disturbance time series from the Watheroo (WAT, gray), Apia (API, yellow), Vassouras
(VSS, green), and San Fernando (SFS, purple) observatories, and the Dstyavys time series (black) from 00:30 GMT on
13 May to 02:30 GMT on 17 May 1921. Numerical values are given in a supporting file provided with this report. (b) The aa
geomagnetic index. (c) Three-station Dst time series, Dstavs (gray, omitting WAT data), Dstywvs (yellow, omitting API
data), Dstyas (green, omitting VSS data), Dstway (purple, omitting SFS data), and the four-station Dstwavs (black).
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6. Time Sequence of Space Weather Events in May 1921

We consider, now, the sequence of events leading up to and encompassing the magnetic superstorm of May
1921. The storm occurred during the declining phase of Solar Cycle 15. The cause of the storm can plausibly
be attributed to a large (max area of 1,709 microsolar hemispheres per Greenwich Observatory records),
complex (e.g., Lundstedt et al., 2015), near-equatorial sunspot group (Greenwich region 933404) that was
first seen on the Sun's east limb on 8 May 1921 (e.g., Cortie, 1921) and which rotated to the west limb by
19 May 1921. Ha-spectroheliograms on 11 May and subsequent days showed great activity in various regions
in and about the group (Hale & Nicholson, 1925).

Region 933404 was likely responsible for the six sudden impulses registered in ground-based magnetometer
measurements from 12-20 May 1921 (Newton, 1948, p. 178), but timing and size information on eruptive
flares, or other flare-monitoring information, is lacking, so we cannot confidently link a specific solar erup-
tion to any given geomagnetic impulse. However, given modern understanding, it is reasonable to assume
that the impulses were caused by the arrival at Earth of the shockwave of interplanetary coronal mass
ejections (e.g., Gonzalez et al., 2007; Veenadhari et al., 2012). Each shockwave compressed the magneto-
sphere, generating an eastward-directed magnetopause current that was manifest in observatory magneto-
grams as an abrupt positive perturbation in horizontal intensity. The geomagnetic disturbance period of
12-20 May can be described as a sequence of storms, each initiated by an impulse (e.g., Angenheister &
Westland, 1921b).

On 12 May, the geomagnetic field was moderately disturbed. At ~13:08 GMT on 13 May, a sudden and strong
geomagnetic impulse was recorded in magnetograms from Alibag, India (~130 nT; Chinmayanandam,
1921), WAT (~70 nT; Parkinson, 1921), API (~70 nT; Angenheister & Westland, 1921b), VSS (~126 nT;
Lemos, 1921); a magnetogram for 13 May is not given in the SFS yearbook. From these data, we obtain a
latitude-weighted average of ~107 nT, as a measure of the size of the impulse—only seen in about 1% of
all storm sudden commencements (e.g., Araki, 2014). Using an empirical relationship (e.g., Siscoe et al.,
1968, equation 2; Burton et al., 1975, equation 2), we estimate the solar wind dynamic pressure at the
moment of maximum magnetopause compression to be ~64.5 nPa—much higher than the quiet-time pres-
sure of ~1.6 nPa. The subsolar magnetopause radius can be estimated from a balance of the solar wind's
dynamic pressure with the pressure exerted by the Earth's magnetic field (e.g., Prolss, 2004, equation
6.75). From this, we estimate that this sudden commencement compressed the magnetopause radius from
its normal quiet-time value of ~9.8 Earth radii to a subgeosynchronous value of ~5.3 Earth radii.

Following the 13 May impulse, the storm exhibited a ~6-hr initial phase during which time Dst was positive
(Figure 3a), and aa indicates midlatitude disturbance (Figure 3b). Such an initial phase is normally caused
by persistent solar wind pressure maintaining an eastward magnetopause current. During this time, Dst
reached a maximum value of 111 nT at 14:30 GMT. Next came a ~16 hr decrease in Dst, characteristic of
the “main phase” of a magnetic storm. Under conventional interpretations, southward-pointing interplane-
tary magnetic field connected with the magnetospheric field (Cowley, 1995; Dungey, 1961), bringing a per-
iod of magnetospheric convection, during which solar wind dragged field lines from the dayside of the
magnetosphere, across the polar cap, and into the magnetotail (e.g., Kennel, 1995). Intermittent substorm
collapses of the tail current and diversion of current onto Earth-directed field lines (e.g., Kamide et al.,
1998; McPherron, 1997; Nishida, 1978) contributed to local time asymmetry in low-latitude ground-level
geomagnetic disturbance, such as seen at ~22:30 GMT on 13 May in Figure 3a. Injections of ions into the
equatorial ring current (e.g., Kozyra & Liemohn, 2003) brought amplification of the ring current and an
increase in —Dst to a maximum of 149 nT. By ~20:30 GMT on 14 May, this first initial stormy period had
largely dissipated.

A second, more intense, stormy period began with the arrival of another impulse at 22:13 GMT on 14 May
(Angenheister & Westland, 1921b). Extreme asymmetry in low-latitude geomagnetic disturbance followed,
notably from about 00:30 to 05:30 GMT on 15 May. Note that during this time, the SFS observatory, located
at about local time midnight to early morning, recorded an anomalously positive disturbance of 209 nT
(Figure 3a), which was likely due to substorm field-aligned, region-1 currents, connecting the magnetopause
with auroral-zone ionospheric currents; similar asymmetry was realized during the early stages of the
“Halloween storm” of October 2003 (e.g., Love & Gannon, 2010, Figure 6a, b). For the May 1921 storm,
low-latitude asymmetry was simultaneous with pronounced midlatitude geomagnetic disturbance, with
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aa reaching its peak (saturated) value of 680 nT. At its most extreme depth, the main phase of the May 1921
storm reached a maximum —Dst of 907 nT at 05:30 GMT on 15 May; this hourly value is based on data from
just three observatories (WAT, API, and VSS), since the SFS observatory has a 1-hr gap at about 05:30 GMT.

Even at maximum —Dst, low-latitude geomagnetic disturbance was extremely asymmetric and midlatitude
disturbance pronounced. The hourly average latitude-weighted disturbance, Dist/cos A, at the WAT observa-
tory attained 1,355 nT at 04:30 GMT on 15 May; the latitude-weighted instantaneous (not hourly average)
local disturbance at WAT attained a value of 1,438 nT at 04:21 GMT (Fleming et al., 1947, p. 459). This latter
value is tremendous, and we only know it to have been exceeded by the 1,760 nT value recorded in instan-
taneous measurements from the Colaba (CLA), India observatory during the Carrington event of 1859 (e.g.,
Tsurutani et al., 2003); note that the —1,760 nT Colaba value is not an hourly average value but a spot value
(e.g.,Gonzalez et al., 2011; Siscoe et al., 2006) and so should be compared to the 1,438 n'T WAT value and not
the hourly average value 1,355 nT. By 16 Mayj, this intense stormy period had dissipated, only to be followed
by yet another impulse on 16 May and another stormy period.

We estimate the error associated with the 1-hr gap in the SFS record at what is apparently storm —Dst
maximum at 05:30 GMT on 15 May by calculating four separate three-station Dst time series, which we com-
pare in Figure 3c to our best estimate of Dst, denoted as Dstwavs, obtained using all the available data
(accommodating the SFS gap) from all four stations. At 04:30 GMT on 15 May, or 1 hr immediately prior
to storm maximum, the range in three-station —Dst is given by —Dstway = 996 nT, obtained using data from
WAT, API, and VSS (omitting data from SFS), and —Dstays = 657 nT, obtained using data from API, VSS,
and SFS (omitting data from WAT), for an absolute difference of 338 nT. Dividing the range in half (169
nT) and then dividing by the four-station —Dstways = 832 nT, we obtain a relative range error of 20% for
one missing station. The RMS difference between the three-station estimates and the four-station estimates
at 04:30 is 120 nT, corresponding to a relative difference of 14%. Though the three-station estimates are not
statistical nor independent, the RMS value is something similar to common notions of error. With it, our best
estimate of storm maximum —Dst = 907 nT has an uncertainty of +132 nT.

7. Timeline and Geography of Impacts

The May 1921 magnetic storm brought interference to over-the-horizon radio communication, including
static and variable reception signal strength (The New York Times, 15 May 1921, p. 1; Gibbs, 1921), but most
reports of impact were to landline telephone and telegraph systems (e.g., The New York Times, 26 May 1921,
p. 18). Early interference to telegraph systems came at 14:30 Pacific local time (no daylight savings time;
22:30 GMT) on 13 May (The Los Angeles Times, 15 May 1921, pp. 1-2), corresponding to the main phase
of the first stormy period recorded by Dst in Figure 3a and the midlatitude disturbance recorded in aa in
Figure 3b. Storm-related effects were particularly pronounced across the eastern United States, where fluc-
tuating electric currents grew to a level where “hardly a wire was working anywhere,” and “Earth currents”
affected underground wires (The New York Times, 15 May 1921, p. 1). Over the next couple of days, fuses
were blown on telegraph systems (The Boston Globe, 16 May 1921, p. 14), and stray voltages on some wires
exceeded 1,000 V (The Washington [D.C.] Sunday Star, 15 May 1921, p. 1; The New York Times, 17 May
1921, p. 1). During the nights of 14-15 May, aurorae were seen in many nighttime skies, in both Northern
and Southern hemispheres, and, in some cases, down to magnetic latitudes of ~16° (per Kyoto World
Data Center calculator for 1920 main field model; Angenheister & Westland, 1921a; Silverman &
Cliver, 2001).

Storm-related effects were especially acute in New York City and across New York State. Between early
morning and afternoon, local time (afternoon or evening GMT), on 14 May, possibly at about the time of
the sudden impulse at 22:13 GMT on 14 May, excessive electric currents on telephone lines caused the
Union Railroad Station in Albany, New York, to catch fire; the station burned to the ground, and a “great
many” Bell System cables were damaged (Telephone Review, 12, 1921, p. 130). In the evening of 14 May
(early morning GMT on 15 May), during main phase development of the second (and most intense) stormy
period, when substorm disturbance could be expected to drive localized geomagnetic disturbance at mid-
zone and auroral-zone latitudes, a telegraph operator, working at the Central New England Railroad station
in the village of Brewster (north of New York City), was driven from his keys by “electric fluid” that suddenly
“flared out,” igniting the switchboard and setting the station building afire (The Bridgeport Telegram, 17
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O May 1921, p. 11). Meanwhile, aurorae over New York City were appar-
% \O\ ently so bright that even “the intense lights of the electric signs along
o Broadway could not dim the brilliance of the flaring skies” (The New

o York Times, 15 May, p. 1).

Ibany —= At about 01:00 local time (with daylight savings time, 05:00 GMT) on
’Tﬁfston 15 May, close in time to the extreme depth of the storm, numerous tele-
o d phone lines connecting Brooklyn (New York City) to Long Island (New
o) York State) went out of service as heat coils and arrestors blew out
Brewster \K (Telephone Review, 12, 1921, p. 130). At 07:04 local time (11:04 GMT),
s | O on 15 May, during storm recovery, the New York Central Railroad was
REK@./gftg.{ bk abruptly brought to a halt below 125th Street (New York City) when the
\% Long Island (V/km) signal and switching system was put out of operation; this was followed
\ x% K 8 1g8 :ig-go by a fire in the control tower at 57th Street and Park Avenue (New York
' /C/ Philadelvhia O 1.0 — 3.0 Times, 16 May 1921, p. 2). In a recent review of the effects of the May
® o 8 82 - (1)2 1921 storm, Hapgood (2019) has questioned whether or not this particular
ke ® 0.18— 03 event (disruption of the New York Central Railroad) was actually related

Figure 4. Map of the northeast United States centered on the New York City
area and upstate New York showing 100-year geoelectric field amplitude
and most likely geoelectric field polarization (for sites with amplitude
greater than 3.0 V/km). Also shown (red) are the principal railroad lines
uses by the New York Central Railroad (Poor & Poor, 1920, p. 759).

. to the storm, especially since it was reported to have occurred after storm
maximum when local geomagnetic intensity was probably more subdued
than during storm main phase; Hapgood raises good points, but we
remain impressed with reports of “ground currents” in and around New
York City exceeding 1000 volts—these would, more certainly, have caused
“mischief” to signaling systems of the New York Central Railroad (New
York Times, 17 May 1921, pp. 1 and 4).

The causal connection between storm time geomagnetic disturbance and
its impact on electricity networks, communication landlines, and pipelines has been qualitatively under-
stood for years (e.g., Boteler, 2001; Pirjola, 2002; Pulkkinen et al., 2017; Thomson et al., 2009). Time-
dependent geomagnetic field variation can induce geoelectric fields in the Earth's conducting interior, and
these fields, in turn, can drive quasi-direct currents through grounding connections of electrically conduct-
ing networks. Recent integrations have brought this theory into quantitative focus. Three separate factors
are important (e.g., Blake et al., 2016; Lucas et al., 2018; Mac Manus et al., 2017; Marshall et al., 2019;
Torta et al., 2017): (1) the localized details of geomagnetic vector disturbance responsible for the induction
in the Earth, (2) the geographic expression of the Earth's surface impedance tensor, giving the frequency
dependent relationship between the inducing geomagnetic disturbance and the induced geoelectric field,
and (3) the topology of the conducting network, since geomagnetically induced voltage is determined by
the integrated projection of the geoelectric field onto line segments connecting grounding points. A conspi-
racy of these factors together allowed the magnetic storm of May 1921 to adversely impact the telephone and
telegraph networks of New York, some of which were either colocated with or used to support the operation
of train systems. To calculate geomagnetically induced currents, the connectivity of the network and its elec-
trical resistivity properties are needed.

For geographic perspective, in Figure 4, we show a geoelectric field hazard map—amplitudes of horizontal-
component geoelectric field, as would be expected to be exceeded during magnetic storms only once per cen-
tury (on average) and corresponding polarizations, extracted from results given by Love, Lucas, et al. (2019).
This map was constructed by analyzing geoelectric field time series obtained by convolving long 1-min reso-
lution digital geomagnetic field time series acquired at modern observatories, operated by the U.S.
Geological Survey (Love & Finn, 2011) and Natural Resources Canada (Newitt & Coles, 2007), with impe-
dance tensors acquired as part of a national-scale magnetotelluric survey supported by the National
Science Foundation (Schultz et al., 2006, 2010). The geoelectric time series at each survey site were then ana-
lyzed for extreme values and statistically extrapolated to 100-year values. As such, Figure 4 amounts to a
summary of factors (1) and (2) affecting the induction-related impacts across the New York region and
the broader northeast United States.

As Love, Lucas, et al. (2019) have noted, the high-geoelectric hazards shown in Figure 4 are part of a band
running from the southwest to the northeast that more or less corresponds to igneous and metamorphic rock
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of the (highly eroded) Appalachian Mountains and the New England Highlands. Such rock types tend to be
relatively electrically resistive, corresponding to high impedance, and, thus, for a given level of geomagnetic
disturbance, geoelectric hazards will tend to be high. In contrast, low-geoelectric hazards are seen to the
northwest, across the sedimentary rocks of Appalachian Plateau. Such rock types tend to be relatively elec-
trically conductive, corresponding to low impedance and, for a given level of geomagnetic disturbance, lower
geoelectric hazards. Notably, geoelectric hazards are relatively high around New York City and southeast
New York State (NY).

Turning, now, to factor (3), in Figure 4, we show a map of the principal railroad lines used by the New York
Central Railroad in 1921. Recall that the railway station in Albany was set afire by excessive current on tele-
phone lines. We do not know the orientation of the specific telephone line (or lines) that caused the fire, but
one line could have plausibly run along the primary railroad line in western Massachusetts (MA, west of
Boston) and have connected to the Albany station. We note survey site MAH60 (42.38°N, —73.04°E) has a
polarization of —34.36°, which is almost parallel to the direction of the nearby railroad line. Assuming that
the May 1921 storm generated a geoelectric field with an amplitude like the 100-year amplitude estimated for
this site, or 7.69 V/km, then the integrated voltage on a telephone line, with (say) 100 km between grounding
points, would have equaled about 769 V. This specific value is speculative, of course, but we can safely infer
that the “1,000 volts” reported on some telegraph lines during the May 1921 storm could have actually
been realized.

Further to this point, we note that the survey site CTI60 in western Connecticut (CT, 41.79°N, —73.32°E) is
located just 27 km north of the village of Brewster (41.40°N, —73.62°E), where the railroad station burned
down, in this case, due to overheating telegraph systems. At CTI60, the once per century geoelectric field
is 19.40 V/km. Assuming that a geoelectric field of similar amplitude was generated during the May 1921
storm, then for an optimally oriented telegraph line, with 100 km between grounding points, the integrated
voltage would have been about 1,940 V, or much more than the “1,000 V” reported on some telegraph lines
during the May 1921 storm. To the west of New York City is survey site REK59 in New Jersey (NJ, 40.70°N,
—74.87°E); here the 100-year amplitude is 12.98 V/km, again, sufficient to induce voltages in excess of “1,000
V” on telephone and telegraph lines.

8. Context and Conclusions

Today, it is recognized that numerous technological systems are potentially vulnerable to the impacts of
intense magnetic storms. They are associated with damage to satellite electronics and increased orbital drag,
disruption to over-the-horizon radio communication, degradation in the accuracy and reliability of global-
positioning and timing systems, interference with geophysical surveys, increased radiation exposure to
astronauts and high-altitude pilots, and the induction of currents in electric-power grids that sometimes
cause blackouts (e.g., Daglis, 2004; Hapgood, 2018b). The most intense magnetic storm since the IGY
(1957-1958), that of March 1989 (Allen et al., 1989), had a maximum -Dst = 589 nT. This storm is especially
notable because it caused an electricity blackout in Québec, Canada. This impact on electricity power grids is
essentially the modern version of the disturbance summarized here for landline telegraph and telephone sys-
tems in May 1921. Indeed, should a storm as intense as that of May 1921 occur today, its impact on electricity
networks might exceed that realized in March 1989.

While intense storms, such as that of May 1921, generally exhibit magnetic disturbance across all latitudes, it
is important to recognize that the Dst index is only a measure of low-latitude disturbance as generated by the
symmetric part of the magnetospheric ring current. Here we have interpreted local time asymmetry in the
low-latitude disturbance time series, the WAT, API, VSS, and SFS magnetometer data that we used to esti-
mate Dst, as a plausible indication of higher-latitude disturbance (such as across New York State). This is a
conventional, if limited, method of interpretation. With midzone and auroral-zone magnetometer data,
more detailed analyses can be made of storm time field-aligned and auroral-zone current systems.

If geomagnetically induced currents are to be understood and modeled to the point of enabling, for example,
accurate predictions, then we certainly need regional maps of geomagnetic disturbance, regional maps of
surface impedance, and the power-grid system configurations and physical parameters (e.g., Love et al.,
2018). Lacking parts of these causally connected information sets, some studies have focused on empirically
derived correlations (applicable for particular system configurations and parameters), such as those that can
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be established between local measured geomagnetic disturbance and measured grid currents (e.g., Clilverd
et al., 2018; Pulkkinen et al., 2001). Hazard analyses would benefit from a quantification of the spatio-
temporal relationship between global geomagnetic disturbance, such as measured by Dst, and localized
geomagnetic disturbance. With that, historical Dst time series, such as that developed here, could be more
completely exploited for practical applications.
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