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Abstract The 1969 geomagnetic impulse provided the first compelling evidence for rapid changes in
Earth's core-generated magnetic field, taking place on timescales of a few years or less. We show here it
originated at the core-mantle boundary (CMB) largely as a localized change in the field acceleration under
north and central America. We find the impulse events in 1969 and 2017 involved similar amplitudes of field
acceleration change with similar localized dipole structures. However in 1969 the acceleration change pattern
was north-south rather than east-west oriented, and it propagated poleward rather than westward. Moreover,
there was a distinctive local surge in the CMB secular variation leading up to the 1969 event. We propose the
1969 impulse resulted from hydromagnetic waves arriving at the CMB that were triggered by a convective burst
near to the core surface; this event involved localized flux expulsion and inward propagating waves.

Plain Language Summary The 1969 geomagnetic impulse, an abrupt change in the core-generated
geomagnetic field that occurred within just a few years, was crucial in convincing researchers that rapid
dynamics are taking place in Earth's core. Here we reanalyze ground and satellite magnetic data collected
around the time of this event, using modern field modeling and analysis techniques. We find the impulse
originated at the core-mantle boundary (CMB) primarily as a change in the pattern of the field acceleration
under north and Central America. We report evidence for a related localized increase in the amplitude of the
first time derivative of the field, the secular variation, under north and Central America leading up to 1969. We
also find that the field acceleration pattern moved poleward during the event. We propose these features can

be understood if the impulse was triggered by convection close to the CMB that pushed field lines outwards
across the boundary and triggered waves in the magnetic field which traveled inward into the core as columnar
disturbances.

1. Introduction

Geomagnetic impulses, also known as geomagnetic jerks, are abrupt sign changes in the second time derivative
(acceleration) of the geomagnetic field (Brown et al., 2013; Courtillot et al., 1978; Malin et al., 1983; Mandea
et al., 2010). They are a well-known feature of magnetic observatory records, appearing as “V” or “inverted V”
shapes in time series of the first time derivative or secular variation (SV). Impulses have been observed in all field
components and, during some events, are observed almost simultaneously at remote locations at Earth's surface
(Alexandrescu et al., 1996; Pinheiro et al., 2011). They carry information on rapid core processes responsible for
reorganizing the gradual evolution of the field and are the main obstacle to obtaining accurate predictions of the
future field, years to decades ahead.

Satellite magnetic field observations over the past two decades have provided us with a new, truly global yet
detailed, picture of geomagnetic field evolution (Baerenzung et al., 2022; Lesur et al., 2010; Olsen et al., 2006).
We are now able to map large scale patterns of geomagnetic secular acceleration (SA) at the core-mantle bound-
ary (CMB) and their time changes (Lesur et al., 2008; Olsen & Mandea, 2008). Geomagnetic impulse events have
been identified during this period, for example, in 2003 (Olsen & Mandea, 2007), 2014 (Torta et al., 2015) and
2017 (Finlay et al., 2020). It has been shown these originate at the CMB as localized patches of intense SA that
rapidly change sign during an impulse (Chulliat & Maus, 2014; Chulliat et al., 2010; Finlay et al., 2015). These
rapidly changing intense SA patches are most prominent in the equatorial region, and they have been observed
to drift at speeds much larger than the advection speed in the core (Chulliat et al., 2015; Chulliat & Maus, 2014).
Core flow inversions suggest they are associated with sign changes in the azimuthal component of the core flow
acceleration (Gillet et al., 2015; Kloss & Finlay, 2019) and they appear to be consistent with hydromagnetic
waves arriving at the CMB at low latitudes (Aubert & Finlay, 2019; Aubert et al., 2022; Gillet et al., 2022).
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There has however been some debate as to whether the rather localized impulses observed over the past 20 years
belong to the same class of events as earlier impulses including an iconic event that happened in 1969. Here we
perform a detailed reassessment of the 1969 impulse and its origin at the CMB, using modern field modeling
techniques and analysis tools, compare it in detail with the well characterized 2017 event, and discuss conse-
quences for our understanding of the rapid core processes.

2. Geomagnetic Observations

The primary data available to study the 1969 impulse are ground observatory measurements. Beginning with
hourly mean measurements from the BGS AUX_OBS database (Macmillan & Olsen, 2013), which includes
World Data Center holdings, we applied the “Revised Monthly Mean” processing scheme (Olsen et al., 2014).
This involves first subtracting estimates of the magnetospheric and ionospheric fields and their induced counter-
parts. Regarding the magnetospheric field, we use the CHAOS field model taking as input a specially developed
version of the RC index (Olsen et al., 2014) for 1960-1980 based on the stations: API, BJI, CLF, FRD, GUA,
GNA, HAD, HER, HON, KAK, KYN, ODE, PMG, RSV, SJG, and TUC. Regarding the ionospheric field, we
use the ionospheric part of the CM4 model (Sabaka et al., 2004) driven by F10.7 between 1960 and 1980. A
robust (Huber) mean of the corrected hourly mean values is then carried out for each vector field component each
month. SV estimates are obtained by taking annual differences.

Examples of the resulting SV time series clearly showing the 1969 impulse in the radial field component in San
Juan, Puerto Rico (“SJG”), the southward field component at Fredericksburg, USA (“FRD”), and the eastward
field component at Niemegk, Germany (“NGK”) are presented in Figures 1a—1c. We allocate error estimates to
each field component at each observatory based on RMS residuals compared to the CM4 field model. We account
for error covariances between field components. In all, we use data from 130 ground observatories, that operated
at some time between 1960 and 1980, see Figure 1d. At least 70 ground observatories recorded data each month,
with an average of 80 observatories operating after 1965.

In addition to ground measurements we use satellite measurements of the absolute intensity of the magnetic field
F (i.e., scalar only measurements) from OGO-2, OGO-4, and OGO-6, known collectively as the POGO satel-
lites (Langel, 1974). OGO-2 operated from October 1965 to November 1967 with large data gaps, due to power
supply problems. OGO-4 operated from July 1967 to October 1969 and OGO-6 from June 1969 until June 1971.
The major limitation of POGO data is imprecise positions due to the poor tracking abilities and the rudimen-
tary gravitational models at this time, which results in an error budget of +25 nT (Stockmann et al., 2015). Due
to their elliptical orbits OGO-2 had an altitude range of x400-1600 km, OGO-4 =400-1000 km, and OGO-6
~400-1100 km.

We implemented geomagnetic quiet time and dark selection criteria to identify POGO data suitable for field
modeling. Starting with a 30 s data sampling, we selected data only for time periods when the Kp index (Matzka
et al., 2021) was less than 2° and the magnitude of the rate of change of the RC index (Olsen et al., 2014) was less
than 2 nT/hr. To avoid the strongest dayside SQ currents we used only data when the zenith angle of the satel-
lite location was greater than 70°. Gross outliers departing more than +300 nT from the CM4 field model were
removed. The resulting temporal distribution of the POGO data is presented in Figure 1e. There are obvious gaps
especially for OGO-2, some overlap in data coverage between OGO-2 and -4, and a gap of a few months between
OGO-4 and -6. In addition to scalar field measurements themselves we also used their along-track differences at
intervals of 30 s. Along-track differences are more sensitive to small scale field features and less affected by the
large-scale magnetospheric field and have proved useful for high resolution modeling of the internal field (Olsen
et al., 2015).

3. Methodology

We follow, with a few modifications, the modeling strategy used to construct the CHAOS series of high resolu-
tion geomagnetic field models (Finlay et al., 2020; Olsen et al., 2006, 2014). Assuming the current density in the
region of study is small, and field time changes are slow, we write the vector magnetic field B =—-VV where Vis a
scalar potential. Since the magnetic field is divergence-free, V is a solution of Laplace's equation and in spherical
geometry can be decomposed into two parts, Vi", representing internal sources, and V¥, representing external
sources. We focus below on internal sources described by
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Figure 1. (a—c) Annual differences of revised monthly means (denoted as “data”), at ground observatories SIG (San Juan, USA), FRD (Fredericksburg, USA), and
NGK (Niemegk, Germany) of the radial, southward, and eastward field components, respectively, with the CHAOS-1969, CM4 and gufin! field models shown for
comparison, all truncated at spherical harmonic degree 12. (d) Plot of ground observatory locations, with SJG, FRD, and NGK marked in blue, and (e) Stacked
histogram of number of scalar field intensity (F) data per month from the OGO-2, -4, and -6 satellites used in this study.
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where a = 6371 km is Earth's mean spherical radius, (7, 9, ¢) are the geographic coordinates, ¢ is time, P/ are
Schmidt semi-normalized associated Legendre functions of degree n and order m, and {g”, h™} are known as
the Gauss coefficients. The model reported here, which we refer to as CHAOS-1969, is time-dependent up
to N,,, = 13 and uses a basis of sixth order B-splines running between 1960 and 1980 with a 6 months knot
spacing. It also includes a static internal field fixed a priori to be that from the CHAOS-7.8 field model (Finlay
et al., 2020) for degrees 21 to 60.
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Regarding the external field, we adopt the same parameterization and truncation levels as in the CHAOS model
series. Near-Earth magnetospheric sources are represented via an expansion in Solar Magnetic coordinates, with
the time-dependence of the degree 1 terms parameterized using an RC index. Remote external sources in the
magnetopause and tail regions are represented using an expansion in Geocentric Solar Magnetospheric coor-
dinates (Laundal & Richmond, 2017). The related induced responses from a spherically symmetric conducting
Earth are included, as described by Finlay et al. (2020). No Euler angles related to satellite orientation are needed
as the satellite data is scalar only. The resulting model consists of 13,237 parameters, 12,495 describing the inter-
nal field and 742 the external field.

We estimate these parameters using 1,005,973 observations via a robust, iteratively reweighted, least squares
algorithm including model regularization (Olsen, 2002; Olsen et al., 2006; Walker & Jackson, 2000). This
involves iteratively minimizing an objective function of form:

J=e"We+ ism"A m+ Lom"A m+ lom"A m 2)
= = = =

where e = d,, — g(m) is the vector of residuals, observations minus the model predictions. W = 971/ zg 971/ 2

obs
is a data weight matrix derived from an a-priori data error covariance matrix, C, which includes off-diagonal

172 denoting square root factors of its

terms between field components at each ground observatory, and with C™

inverse, and H is a diagonal matrix of residual-dependent weights based on a Huber error distribution (Constable

& Parker, 1988). m” A m is a quadratic norm measuring the mean squared magnitude of the third time derivative
=

of the radial field, ‘ﬂ integrated over the CMB and averaged over the model timespan. mTA m is a similar

measure of the mean square magnitude of the second time derivative (secular acceleration) of the radial field at

, evaluated only at the endpoints of the model. mTA m measures the mean square magnitude of

the radial fleld integrated over the CMB and averaged over the model timespan; it is included in order to help
control the Backus effect (Backus, 1970; Holme et al., 2005). 4,, 4,, and A, are adjustable regularization param-
eters associated with these three norms, chosen to ensure a suitable balance between fitting rapid time variations
at ground observatories and controlling spurious variations related to varying data constraints and end effects.

Due to the use of scalar intensity data and Huber weights that depend on the model, Equation 2 is a non-linear
function of the model parameters. We minimize it by linearizing and by using a Newton-type scheme, iteratively
updating the model parameters until convergence according to

m;.; = m; + 6m;
-1

where  &m, = [GTWG +A3A + A+ AA 3
— — =3 -2 —0

e —

|67 W @ars — g (M) = A my = 2oA = ZoA m,
S — =3 ) —0

andG = ‘)g(:) is the Jacobian matrix of partial derivatives with respect to the model parameters. The model

was cons1dered converged when the L2 norm of the data misfit changed less than 10~* from the previous iteration,
which was satisfied after 7 iterations.

4. Results
We report here results from our new field model spanning 1960 to 1980, called CHAOS-1969, derived using the

data set and method described above. Regularization parameters were set to values of A; = 0.1 (nT days_3)_2,

A, = 0.002 (nT days_z)_z, and 4, = 2.5 x 1077 (nT)~? which we found allowed sharp field changes associated
with the 1969 impulse to be captured, whilst minimizing spurious oscillations in SV time series and mitigating
the Backus effect. The RMS miisfit to the POGO non-polar scalar intensity data was 4.75 nT for OGO-2, 5.77 nT
for OGO-4 and 22.88 nT for OGO-6, and 9.47, 6.80, and 6.03 nT/yr respectively for the radial, southward and
eastward components of ground observatory SV series. Example comparisons of the CHAOS-1969 model to
observatory SV series where the 1969 impulse is clearly seen are shown in Figure 1. Similar Figures for all obser-
vatories where the impulse was evident are shown in Text S5 in Supporting Information S1.
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Global maps of the CMB radial magnetic field structure, and its time derivatives, at the time of the 1969 impulse,
are presented in Figure 2. In these and subsequent figures, maps were produced by truncating the models such
that their CMB power spectra were found to be well behaved, at spherical harmonic degree 13 for the field, 12
for the SV, and 8 for the SA, respectively (see Text S2 of Supporting Information S1). The CMB field and its SV
show structures familiar from previous field models covering the historical and satellite eras (Holme et al., 2011;
Jackson et al., 2000). One noteworthy feature is a north-south oriented, positive-negative, pair of SV patches
under the Caribbean and eastern North America in Figure 2b. These are not seen in maps of the more recent CMB
SV but have been noted in previous models of this period (Dormy & Mandea, 2005; Jackson et al., 2000; Sabaka
et al., 2004); we shall return to them later. Figures 2¢c and 2d show the morphology of the SA at the CMB averaged
over 1966.75 to 1969.75 and 1969.75 to 1972.75, that is over 3 years before and after the 1969 impulse. Despite
the power spectra of the SA at the CMB increasing with degree these maps provide important information on the
dynamical processes underlying observed field changes (Aubert et al., 2022).

Our main result, the CMB origin of the 1969 impulse, is presented in Figure 2e. This shows the change in the
radial field SA at the CMB across the impulse, which we calculate as

to+AT 1o
. 1 . 1 .
AB,.(c,9,¢, 1) = — B.(¢,8,¢p,t)dt — — B.(c,9,¢,1)dt
(c,9, ¢, 1) AT / (¢, 9,¢,0)d AT / (c,9,¢,0)d “4)
1=t 1=tg—AT

where c is the CMB radius, ¢, is the impulse time which we take as 1969.75 and AT = 3 years is a time-averaging
interval, before and after the impulse, during which there was a consistent SV trend (SA). Figure 2e shows this
AB, for the 1969 impulse, calculated by differencing the time-averaged SA maps shown in Figures 2c¢ and 2d.
We find the 1969 impulse was dominated by a striking local dipole of intense radial field SA change under the
Caribbean and North America. This feature is also seen in models built with POGO data alone, in models built
with key observatories removed and in the CM4 model (see Texts S1 and S3 in Supporting Information S1).

The relation between AB, (c, 9, ¢, ) and changes in the slope of SV (i.e., changes in the time-averaged SA) at
ground observatory locations AB(r) is given by Green's functions that link the potential field at Earth's surface
to its internal sources, specified by Neumann boundary conditions as the radial field at the CMB (Gubbins &
Roberts, 1983; Hammer & Finlay, 2018).

AB(r) = / G(r,8) AB.S) dS ©)

CMB

where dS is a surface element at the CMB, and G = {G,, Gy, Gy} are directional derivatives of the Green's
functions, or functions of sensitivity, that link the radial field at the CMB, B,(8), to the spherical polar vector
components of the field, { B.(r), Bo(r), By(r)}. Explicit expressions for G,, G,, G, can be found in Hammer and
Finlay (2018) Equations 3—5. They show how the radial field at each location at the CMB contributes to a given
component of the field at a chosen site on Earth's surface.

Figures 2f-2h show A B, at the CMB multiplied by the values of G, for an observation at San Juan, G, for an
observation at Fredericksburg, and G, for an observation at Niemengk respectively. Integrating these maps over
the CMB gives the numbers indicated at the top of the plot which correspond to the predicted SA change in the
relevant component at the specified site, according to the field model. SA changes calculated in this way agree
well with those found from changes in the trend of the SV series in Figure 1. These maps enable us to pinpoint
the SA changes at the CMB responsible for the 1969 impulse observed at ground observatories. For the radial
component at SJG the largest contribution comes from directly below the observation point where there is a
strong negative SA change on the CMB. For the southward component at Fredericksburg, locations to the south
on the CMB contribute negatively, represented on the maps by dashed lines. This explains how the negative SA
change under the Caribbean adds to positive SA change under North America to produce a net strong positive
SA change at this location. For the eastward component in Niemegk, the primary contribution comes from the
positive SA change feature under North America. In all three locations, the origin of the impulse is SA change
under north and Central America. Similar maps for 35 other observatories where the 1969 impulse was clearly
detected are presented in Text S5 of the Supporting Information S1.

BLANGSBO@LL ET AL.

Sof 1l

35USD|7 SLOLUWOD BAIER.ID 3|qed! dde au) Aq pausenob a.e 3 ie YO N JO S3IN1 10} Aeud173U1UO AB]1M UO (SUOIPUOD-pUB-SWLBIW0Y"AB | 1M Ase1q 1 BUUO//SANY) SUORIPUOD Pue SWIB L 8U1 39S *[¢20e/TT/6Z] uo Al auliuo AB|1M ‘3.1 A9 020TOT 192202/620T 0T/10p/wod A8 im Arelq1jputiuo'sgndnBe//sdny wo.y papeojumod ‘€ ‘220g ‘L008776T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2022GL101070

(c) Radial SA, 1966.75 to 1969.75

15000
750000

10000
500000

250000 3000

0 0

B (nT)

-250000 5000

B (nT-yr1)

—500000
-10000

—750000
-15000

(b) Radial Secular Variation (SV)

°

T
Time-averaged

Secular Acceleration (nT-yr=2)

1
Time-averaged

Secular Acceleration (nT-yr=2)

!
5
S
3

-400

|
-3
3
3

-600
-800

(d) Radial SA, 1969.75 to 1972.75

=250

Change in
Secular Acceleration (nT-yr=2)

-500

Weighted Change in
Secular Acceleration (nT - yr=2)

=750

-1000

(f) Radial SA Change, contrib. at SJG, B,

Ey
3

ASA

Il

5.301 (nT-yr2) B

hted Change in
Secular Acceleration (nT - yr=2)

Weigh;ed Change in

Secular Acceleration (nT-yr=2)

|
2
S

Weig

|
a
3

(g) Radial SA Change, contrib. to FRD, By (h) Radial SA Change, contrib. at NGK, By

Figure 2. The CMB magnetic field (MF) and its changes during the 1969 geomagnetic impulse from the CHAOS-1969 field model. (a) Shows the radial component
of the MF and (b) the radial field secular variation (SV) in September 1969, truncated at degree 13 and 12, respectively. (c and d) Show the CMB radial field secular
acceleration (SA) time-averaged for 3 years proceeding and after 1969.75 respectively, truncated at degree 8. (e) Shows the change in SA at the CMB associated with
the 1969 impulse computed by differencing (c and d). (f~h) Show similar plots weighted with Greens functions (contours) for observations of the radial, southward and
eastward directions at the SJIG, FRD, and NGK observatories respectively. The associated SA change of the surface field is noted.
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Figure 3. Time versus latitude plots at the CMB showing the field evolution in the northern hemisphere at longitude 68° west. Left: the radial field SV truncated at
spherical harmonic degree 12, Center: SA truncated at spherical harmonic degree 8, Right: change in SA truncated at spherical harmonic degree 8, The 1969 impulse
event is marked by the red line. Blue lines mark the typical latitudinal drift speed of the SV and SA patches, 1.17 deg/yr (71 km/yr) and 6.17 deg/yr (375 km/yr)

respectively.

The time evolution of the SV and SA under central and North America is crucial to understanding the 1969
impulse. Figure 3 shows that the dipolar anomalies in the CMB SV and SA seen in Figures 2b—2d moved pole-
ward. According to slopes marked in the time-latitude plots the CMB SV and SA features moved poleward
with speeds of approximately 71 and 375 km/yr. The SA features also decreased in amplitude at the time of the
impulse, when the SA change was largest. Poleward motion of the SV and SA features is also readily seen in
animations of global maps similar to Figure 2 which are available as part of Supporting Information S1.

5. Discussion

The 1969 impulse is often characterized as worldwide in extent (Alexandrescu et al., 1996; Brown et al., 2013;
Pinheiro et al., 2011). How can this be compatible with a localized origin at the CMB? First we note that impulse
detections commonly attributed to the 1969 event in the vicinity of Australia and New Zealand occurred later,
around 1972. In our opinion they are associated with a different arrival of energy at the CMB; this is consistent
with previous studies of the links between impulses and changes in the length of day (Holme & de Viron, 2013).
Of the 35 ground observatories that show the clearest impulses centered on 1969, only 5 cannot be explained in
terms of the SA change under North America and the Caribbean (see Text S5 in Supporting Information S1 for
the analysis of Figures 2f and 2g applied to all 35 stations). The 5 exceptions are all located in central and eastern
Asia and are linked to a weaker patch of negative radial SA change at the CMB under central Asia in 1969, see in
Figure 2e. Earlier studies of the 1969 impulse at Earth's surface (Le Huy et al., 1998; Sabaka et al., 2004) and the
CMB (Pinheiro et al., 2011) also found prominent changes in the radial field acceleration under north and central
America, but they also inferred relatively strong SA changes in Asia and the Indian ocean. With the improved
spatial and temporal resolution of our new model, and based on our new methods of analysis, we find the latter
features are not required to explain the 1969 impulse.

An important question that motivated this study is whether the classic 1969 impulse was fundamentally differ-
ent from more recent impulses observed during the era of continuous satellite observations, for example, the
2017 Pacific impulse that has been characterized in detail by Swarm observations (Finlay et al., 2020; Hammer
et al., 2022). Figure 4 presents a comparison of relevant aspects of these two impulses. Figures 4a and 4b show
maps of radial field SA change at the CMB for each impulse, obtained by differencing the SA time-averaged
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Figure 4. (a, b) Global maps of the change in the radial field SA of the CHAOS-1969 and CHAOS-7.8 models in target year 1969.75 and 2017 at the CMB with the
chosen synthetic ground observatory marked. (c, d) The SV from the two chosen synthetic ground observatories. (e—h) Nearside perspective plots of the CMB SV,
centered at the locations of maximum SA change, in () 1961 and (f) 1971 from the CHAOS-1969 model and in (g) 2008 and (h) 2018 from the CHAOS-7.8 model. All
truncated at maximum spherical harmonic degree 8.

over 3 years before and after the impulse, as in Figure 2e. The amplitudes of the two impulses are similar and
both involve localized dipolar patterns. In 2017 there are however two dipolar SA change structures visible - the
strongest (and longer lived) feature is under the central Pacific and is oriented east-west, a second feature, of
slightly smaller scale, is present under east Asia and more north-south oriented.
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Figures 4c and 4d show the signatures of the two impulses in SV time series at Earth's surface. These are the
signatures that would have been observed if ground observatories were located directly above the maximum
amplitude of radial field SA change at the CMB, marked by the red x's in Figures 4a and 4b. “Inverted V" shapes
are seen in both cases, with an increase and then decrease of the SV by 3040 nT/yr occurring within 6 years as in
the classic signatures presented in Figure 1. In terms of both the SA change at the CMB, and changes in SV trends
at ground observatories, we find no evidence the 2017 impulse was of lower amplitude than the 1969 impulse.

An important difference between the 1969 and 2017 impulses does however becomes evident on examining
maps of the CMB SV leading up to and during the events. In the decade leading up to the 1969 impulse there
was a localized dipolar surge in the CMB SV under North America. This dipolar anomaly in the CMB SV is
clearly visible in the global map of the CMB SV in 1969 shown in Figure 2b. Its development between 1961 and
1971 is illustrated in Figures 4e and 4f; the good coverage of ground observatories in this region means it can be
accurately imaged already in the early 1960s. This localized feature is however too small to have much impact
on the integrated SV power at Earth's surface; such global signatures have been found for some earlier impulses
(Jackson, 1997; Jackson & Finlay, 2007). In contrast with the 1969 event, as shown in Figures 4g and 4h there
was no CMB SV anomaly associated with the 2017 impulse.

The different signatures of the 1969 and 2017 impulses in the CMB SV may point to different triggering mecha-
nisms. Aubert et al. (2022) have documented differences between impulses triggered by deep and shallow sources
in their geodynamo simulations. In both cases oscillations in the core surface azimuthal flow, and localized dipo-
lar patterns of change in CMB radial field SA, originate in rapid hydromagnetic waves generated by localized
bursts of core convection. However, when the convective burst occurs near to the core surface, localized flux
expulsion also takes place which generates a localized dipolar surge in the CMB SV. It seems possible that the
1969 impulse could therefore be an example of a shallow-triggered impulse while the 2017 event, which lacks
a signature in the CMB SV, is more likely a deep-triggered impulse. Poleward motion of the SA patches seen
in Figure 3 is consistent with a wave propagating into the core interior away from a source near the CMB. It is
unclear whether the CMB location of the 1969 impulse and its related SV surge under North America, or the
poleward motions of the associated SA patches, are somehow linked to the poleward leg of the planetary gyre
and its fluctuations. There are intriguing indications in field models derived from historical records (Jackson
et al., 2000) of enhanced SV and wave-like fluctuations of flux patches on decadal timescales in this region.

6. Conclusion

Analysis of a new field model derived from ground observatory and POGO satellite data focusing on the 1969
geomagnetic impulse shows it originated at the CMB in a north-south oriented localized dipole of radial field SA
change. The responsible SA patches drifted rapidly poleward during the event. This feature explains the majority
of the detections of the 1969 impulse, including famous observations in the eastward component in Europe and
the radial and southward components in central and North America, thanks to the form of the Green's function
that links the CMB radial field to surface observations.

The CMB SA change associated with the 1969 impulse has a similar amplitude and localized dipolar structure
to the recently observed 2017 Pacific impulse. However the 1969 event was oriented north-south rather than
east-west, and involved an SA pattern moving poleward rather than westward as was seen during the 2017 event.

A localized surge in the CMB SV leading up to the 1969 impulse may indicate it was triggered by a shallow
source, close to the CMB (Aubert et al., 2022). However north-south oriented SV anomalies and the poleward
motions of SA patterns are not seen in the present catalog of numerically simulated impulses. This may point to a
different morphology of the underlying core magnetic field, or a different direction of the responsible convective
burst, compared to that found in the simulations.

We focused here on the 1969 impulse since both satellite and ground observations were available to study it. It
would be of great interest to learn more about the morphology of other well known jerk events, for example, the
1978 event, or the enigmatic 1914 event which appears to have been associated with a large surge in the globally
integrated SV power at Earth's surface (Jackson, 1997). The latter likely required a much more dramatic CMB
signature than that of the 1969 impulse studied here.
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