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Abstract Outer core surface flow is predominantly westward, with historically slow flow in the Pacific. Handling Editor:
However, core surface flow models since 2011 have relatively strong eastward flow in the equatorial Pacific. We Ch];fczi‘g;s
invert geomagnetic secular variation data from ground and satellite observations, from 1997 to 2025, to obtain January 9, 2026
a time-dependent model of core-surface flow. By decomposing the flow into its principal components, we find Revised:

that ~95% of the flow variance is described by the relatively steady eccentric planetary gyre and high-latitude April 1, 2026; April 14,
jet. The second principal component of the flow, which explains another ~4% of the flow variance, shows the 2026

flow beneath the equatorial Pacific turning in 2010 from weakly westward to strongly eastward. Our models A /.\ICCCPICd:
suggest that the Pacific eastward flow has been weakening again since 2020. The remaining ~1% of the flow pFr)IU l)zl?sli?jﬁ
variance accounts for standing and propagating waves at the core surface. We propose that the reversal of the May 6>, 2026

Pacific flow is related to events in the deeper core around 2010, evidenced by seismological and geodetic studies.

Non-technical summary The flow of the liquid iron alloy in the Earth’s outer core generates the
geomagnetic field and its rate of change, the secular variation (SV). On timescales shorter than centuries, we
can invert SV observations from ground observatories and geomagnetic satellites for models of the fluid flow
at the top of the core, assuming the magnetic field is "frozen” into the liquid. We perform principal component
analysis of the core-surface flow, derived from observations of SV from 1997 to 2025. Historically, the core-
surface flow has been predominantly westward, as required to maintain a westward-drifting magnetic field.
This westward flow is a component of an eccentric planetary gyre, offset from the Earth’s rotation axis. The
flow in the equatorial Pacific is not part of this gyre, and we find that it changed in 2010 from weakly westward
to strongly eastward. Our model suggests that the Pacific eastward flow has been weakening since 2020. The
rise of the strong eastward flow in the Pacific is contemporary with a change in behaviour in the inner core, as
inferred from geodesy and seismology, and we hypothesise that these changes in the deep interior are associated
with the changes in flow beneath the Pacific.

1 Introduction

The Earth’s magnetic field is generated by complex motions
of a liquid iron mixture in the outer core. Through dynamo
action, the magnetic field is constantly changing as a result of
this dynamic and complex system (e.g. Gubbins and Roberts,
1987). On timescales of months to decades, the rate of change
of the magnetic field, also known as secular variation (SV), is
often considered as being dominated by advective flow at the
core surface (e.g. Holme, 2015). We can therefore use obser-
vations of SV to infer information about the flow structures
in the core. Traditionally, the large-scale core surface flow
has been considered to be predominantly westward, associ-
ated with the so-called westward drift of the magnetic field

*Corresponding author: f.d.madsen@sms.ed.ac.uk

(e.g. Jackson et al., 2000), and recent inversions of palaeo-
magnetic field models have suggested that this westward
drift has persisted over the past 9000 years (Suttie et al., 2025).

The westward flow is a component of the eccentric plane-
tary gyre (e.g. Pais and Jault, 2008; Finlay et al., 2023), which
concentrates the flow beneath the equatorial Atlantic, and
towards the tangent cylinder in the Pacific hemisphere. The
flow beneath the equatorial Pacific, unaffected by the gyre,
was weakly westward until the turn of the 2010s (e.g. Holme,
2015; Istas et al., 2023), and it changed to strongly eastward
after 2012 (Whaler et al., 2022; Ropp and Lesur, 2023; Rogers
et al., 2025; Griine et al., 2025). This precedes the onset
of significant geomagnetic jerk activity, (defined as abrupt
changes in SV, e.g. Courtillot et al., 1978; Brown et al., 2013),
in the Pacific region, starting in 2017 (see Whaler et al. (2022),
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Pavon-Carrasco et al. (2021), and Madsen et al. (2026) for ex-
plicit investigations of the 2017, 2020, and 2024 jerks, respec-
tively), disruption to periodic signals in the length-of-day
(ALOD, Madsen and Holme, 2025; Howard et al., 2025), and
seismic signatures of changes to the inner core (e.g. Yang and
Song, 2023; Vidale et al., 2025).

Recent efforts to investigate contemporary core dynam-
ics have utilised geomagnetic virtual observatories (GVOs,
Mandea and Olsen, 2006), derived from high-resolution satel-
lite data. Low-Earth orbiting satellite missions like @rsted
(1999-2005, e.g. Neubert et al., 2001), CHAMP (2000-2010,
e.g. Reigber, 2004) and Swarm (2013-ongoing, e.g. Friis-
Christensen et al., 2006) have provided near-global cover-
age of the Earth’s magnetic field since 1999 (e.g. Griine et al.,
2025; Claveau et al., 2025; Kloss et al., 2026), with only an un-
fortunate gap from 2010 to 2013 — exactly when the flow un-
derneath the Pacific reversed direction. Although magnetic
measurements suitable for geomagnetic modelling are avail-
able from platform magnetometers on other missions such as
CryoSat-2 (2011-ongoing, Hammer, Finlay, et al., 2021), it is
necessary to complement the satellite data during the gap be-
tween dedicated magnetometry missions with long-running
ground observatory (GO) data.

In this article, we utilise recent high-resolution geomag-
netic satellite and ground observatory data to investigate the
dynamics of the recent changes to Pacific core surface flow,
and its impact on the observed SV. We do this by employ-
ing principal component analysis (PCA) on models of the
core-surface flow covering the period 1997.67-2025.00 ob-
tained with three different assumptions about the flow. We
first summarise our flow-modelling strategies, and outline
the PCA method employed on the flow models in Section 2.
We then present our flow models, and their decomposition
into principal components in Section 3. We discuss the impli-
cations of the 2010 Pacific overturn on core dynamics and ge-
omagnetic field modelling in Section 4 and conclude in Sec-
tion 5.

2 Data and Methods

We generated an updated model of core-surface flow follow-
ing the work of Griine et al. (2025), who created a continuous,
time-dependent core-surface flow model from G(V)O data,
spanning 1997.67-2023. In order to further investigate the
spatiotemporal flow changes in the Pacific, we expand the
model with the additional frameworks developed by Whaler
et al. (2016) on temporal constraints on zonal flow and Mad-
sen et al. (2025) on limiting equatorially asymmetric flow.
The methodology used to derive these flows, along with the
data used in this study, are summarised here.

2.1 Data

Our dataset contains 4-monthly mean vector SV data from
GOs (1997.67-2023.33), as well as GVOs created from Orsted
(1999.67-2005.00), CHAMP (2001.00-2009.67), CryoSat-2
(2011.00-2018.00) and Swarm (2014.67-2025.00). Data con-
tributing to the GVOs are all processed following the
methodology of Hammer, Cox, et al. (2021). The GVO dataset
from each satellite comprises three-component vector time
series of the magnetic field, as observed on a regularly spaced
grid of 300 locations on the Earth, at constant altitude, rep-
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Figure 1: Number of G(V)Os within each 4-month bin

resentative of the corresponding satellite orbit. The GO
data are compiled from hourly mean values (Macmillan and
Olsen, 2013). Data for both GOs and GVOs are chosen dur-
ing geomagnetically quiet night-time, and then cleaned of
external field contamination as described (for GOs only) by
Olsen et al. (2014). SV is obtained from annual differences of
these data, and their associated errors are computed from the
residuals between the G(V)O datum and the estimate of the
CHAOS-8.3 core field model at the location of observation.
The temporal distribution of the data is shown in Figure 1.

2.2 Core-surface flow models

The reduced induction equation describes the relationship
between the horizontal flow, uy, and the radial magnetic
field, B,, at the surface of the core:

B, =—Vy - (ugB,). (1)

Here, the overdot indicates the partial time derivative, and
the subscript H indicates the horizontal components of a
given vector, all represented in spherical polar coordinates.
This is assuming negligible magnetic diffusion (e.g. Roberts
and Scott, 1965). Although we note that recent numerical dy-
namo simulations suggest that diffusion may be important
in boundary layers adjacent to the core-mantle boundary
(CMB, Tsang and Jones, 2024), Jault et al. (2026) found that
the relative importance of advection versus diffusion there
is not governed by the magnetic Reynolds number (a non-
dimensional number describing the dominance of magnetic
advection versus diffusion), but rather by the local value of
the Elsasser number (a non-dimensional number describing
the dominance of magnetic forces to rotational forces). In
the Earth, the Elsasser number is likely large enough for dif-
fusion to be subdominant at the CMB, and the frozen flux
assumption therefore remains an acceptable approximation.
If we further assume that the mantle is electrically insulat-
ing, we can express the magnetic field originating in the core
as the gradient of a potential field, V,

B(r,0,9) =-VV(r,0,¢) ()
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which in turn can be represented in terms of spherical har-
monics:

Lp

V(r6,pt)=ay

1
=1 m=0

(g)lH(g;"(t) cosmg (3)
+h]" (1) sinm¢) P (cos 0),

where a is the reference radius, normally taken to be the
mean radius of the Earth, [ and m are the spherical harmonic
degree and order, Lp is the maximum spherical harmonic de-
gree we evaluate the magnetic field to (usually Lg = 14 due
to Earth’s magnetised crust, e.g. Cain et al., 1989), g;" and
h;” are the spherical harmonic weights, referred to as Gauss
coefficients, and P/" (cos 0) are the Schmidt quasi-normalised
associated Legendre functions. Similarly, the flow can be ex-
pressed in a spherical harmonic basis, if we decompose it into
its toroidal and poloidal components (e.g. Roberts and Scott,
1965). This is only possible under the assumption that the
flow is incompressible, such that V-u =0 (e.g. Gubbins and
Roberts, 1987; Holme, 2015). At the CMB where u, =0, the
flow can be expressed as

uyg =VX(TI‘)+VH(SI'), (4)

where 7 and S are the toroidal and poloidal flow scalar po-
tentials, respectively (e.g. Gubbins and Roberts, 1987; Holme,
2015). We can thus express 7~ and S as a sum of spherical
harmonics:

L, 1
T(0,9,t) = Z Z(tlmc(t) cosm¢ +t;"*(t) sinm¢)P;" (cos0),

=1 m=0
)
L, 1
S(0.4,8)= > > (5" (t) cosmg +5]* (£) sinme) PJ" (cos ).
=1 m=0

Here, tlm %% and slm % are the spherical harmonic coefficients
for toroidal and poloidal flow, respectively. We truncate the
series at spherical harmonic degree L,,.

With these relations in mind, we can re-express equa-
tion (1) in matrix notation. Substituting equations (3) and (5)

into equation (1), we obtain the expression
d=Am, (6)

where d is a vector that contains SV data, the vector m con-
tains the toroidal and poloidal flow coefficients, and A is the
equations of condition matrix, which relates the two vectors.
A depends on a model of the CMB magnetic field (Whaler,
1986; Beggan and Whaler, 2008; Griine et al., 2025) — we use
the CHAOS-8.3 model (Kloss et al., 2026).

We invert equation (6), imposing spatial and temporal reg-
ularisation schemes to reduce the inherent non-uniqueness
in this problem (e.g. Holme, 2015). Spatially, we make the
assumption that the flow is large scale, (i.e. all the flow en-
ergy is contained within flow coefficients of degrees | < L,,).
Furthermore, we impose the so-called "strong norm’ of Blox-
ham (1988) to penalise the small scale flow by minimising the
second derivatives of flow over the core surface,

¢ (o) + (Ths )0 7

where Q is the CMB. The temporal regularisation is chosen
to minimise the difference in flow between successive epochs

3

(Whaler et al., 2016). We therefore invert all the data simul-
taneously for a time-dependent flow. The regularised least-
squares solution to equation (6) thus takes the form

m=(ATC. 'A+1,Cn ' +4,D'D)'ATC.71d,  (8)

where C. is the data covariance matrix, which consists of
the variances for each datum at each G(V)O arranged along
the diagonal, respectively, and zeroes elsewhere. Cy, is the
a priori model covariance matrix (implementing the strong
norm), D is the temporal first differences matrix (explicitly
given by Whaler et al., 2016), and A, and A, are the spatial
and temporal damping factors, respectively. We refer to a
flow obtained from this procedure as a minimum accelera-
tion model.

From this model, we create two additional types of flow
models, similar to those of Madsen et al. (2025). The first al-
lows zonal variations to dominate the temporal variations of
the flow. Whaler et al. (2016) removed the temporal damp-
ing on odd-degree zonal toroidal flow coefficients, allow-
ing for fast rigid zonal flows, such as associated with fast
torsional oscillations (e.g. Teed et al., 2019). They found
that the resulting flow could better reproduce ALOD obser-
vations. Therefore, following their methodology, we relax
(rather than remove) the temporal damping on the odd de-
gree, zonal toroidal coefficients in this model, yielding two
temporal damping parameters, 17" and A}, where A** damps
the odd-degree, zonal toroidal coefficients and A7** damps all
other flow coefficients. These damping parameters act on dif-
ferent elements of the temporal damping matrix, D'D. Here,
the choice of A#* and A}*" are the same as those used by Mad-
sen et al. (2025), where the values were chosen to obtain the
best fit to ALOD observations, while still yielding a compara-
ble root-mean-squared (rms) data misfit as for our minimum
acceleration model. Here, the spatial damping is applied to
all flow coeflicients with the same damping parameter as for
the minimum acceleration model. This flow will be referred
to as the TO-like flow.

The second type of model investigates the level of equa-
torial asymmetry required to fit the data during the flow re-
versal in the Pacific, by spatially damping the equatorially
symmetric and antisymmetric flow coefficients differently,
thus yielding two spatial damping parameters; 1> and
Af,ymm, which act on different elements of the matrix Cp,.
We choose similar values of 15”™" and 1;™" to Madsen
et al. (2025), aiming to obtain minimal equatorial antisym-
metry, while keeping a comparable model rms data misfit as
for our minimum acceleration models and retaining a simi-
lar amount of spatial complexity. In this model, the temporal
damping is the same on all flow parameters. We refer to this
as the symmetric-asymmetric flow, or SA flow.

2.3 Principal component analysis of flow
coefficients

The following section uses nomenclature similar to that of
Pais et al. (2015), but whereas they undertook their PCA de-
composition on a regular grid of values on a sphere, we com-
plete the PCA on the flow in spectral space, combined for the
toroidal and poloidal flow coefficients, but independently for
each flow type.

After obtaining our flow model expressed in spherical har-
monic coefficients, we compile the spatiotemporal informa-
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tion into a matrix, X:

X11 X12 e XlNu
X21 X922 e X2N,,

X=. . . P ©)
XN, XN, XN;N,,

where x;; represents the flow coefficient j at timestep i,
N, =2L, (L, +2) is the maximum number of flow coeficients,
N, is the number of epochs of data, and flow coefficients

are given in the traditional order as x; = [x?c,x% 'ﬂxl1 S,xg ¢
L L . . .
~x €, x;*];, with toroidal flow coefficients presented first,

followed lf)y the poloidal. In other words, X contains rows
of snapshots of flow coefficients, and columns of time-series
for each flow coefficient. Where some studies employing
PCA require the columns of X to be standardised and nor-
malised (e.g. Jolliffe, 2002), we reject this step similarly to
Pais et al. (2015), as the comparative amplitude of the flow
coefficients have a physical meaning, and normalising them
would disproportionally enhance smaller scale signals. We
experimented with normalising the flow coefficients by their
associated kinetic energy (e.g. Gillet et al., 2019), and found
this to make little difference (See Supplementary Figure S2.1).
The covariance matrix for X, Cx, is

Cx =X"X. (10)

Each eigenvector of Cx, according to Pais et al. (2015), is an
empirical orthogonal function (EOF) of X, and represents a
given spatial function. These are organised into an orthogo-
nal matrix, P, consisting of columns of EOFs, p;. We can then
project X onto P to obtain

Y =XP, (11)

where the columns of Y, y;, contain the principal compo-
nents (PCs) of X (e.g. Pais et al., 2015). We can thus recon-
struct X from N, PCs and EOFs as

Np
X=YPT = Zyipl-T. (12)

i=1

Hence, the reconstructed flow coefficients are obtained from
a linear combination of principal components of X and their
associated eigenvectors for N, modes, where N, < N,,. In this
paper, we reconstruct the flow associated with each individ-
ual pair of PC and EOF. We will interchangeably use the term
PC to describe the temporal variation of the flow associated
with that PC, and the reconstructed flow from that EOF-pair.
This will be clear from the context. Finally, we obtain the
associated eigenvalues for p; from the covariance matrix of
Y. This is expressed as

Cy =PTCxP =A, (13)

where A is a diagonal matrix containing the eigenvalues, A;,
associated with p;, ordered from largest to smallest.

3 Results

We invert 83 epochs of data from 1997.67 to 2025 with equa-
tion (8), using the conjugate gradient algorithm with Jacobi

4

preconditioning, individually for each of our three flow mod-
els. We truncate the magnetic field at spherical harmonic
degree L = 14 and the flow at spherical harmonic degree
L, =20 for all three flows. The values of the damping pa-
rameters, A, and A; (and their sub-divisions for the TO-like
and SA flows), the normalised rms misfit to the data, and
the spatial norm (the value of the integral in equation (7) for
all epochs), for all three models are given in Supplementary
Table S2.1, and an analysis of the models’ abilities to fit the
data and their power spectra are given in Supplementary Sec-
tion S1.

3.1 Investigating the flows

Figure 2 shows snapshots of the flow in 2007 and 2020. All
three model types show the familiar features in core-flow,
namely the westward-directed eccentric planetary gyre, with
its enhanced high-latitude jet underneath the Bering Strait
(the behaviour of the high-latitude jet is shown in Supple-
mentary Figure 52.2). We also see, in 2007, very weak flow
beneath the Pacific, which has turned into strong eastward
flow by 2020. The flow is superimposed on the poloidal flow
scalar, S, which can serve as an indicator of up- (S > 0) and
down- (S < 0) welling. The figures show, for all three flow
types, the onset of an up-downwelling pair beneath the cen-
tral and east equatorial Pacific, respectively, in 2020. This is
in contrast to 2007, where there was very weak downwelling
underneath the central equatorial Pacific, and some down-
welling underneath South America. The growth of these up-
and downwelling pairs were hypothesised by Griine et al.
(2025) to be related to the change in flow direction under-
neath the Pacific. The structure of the TO-like and mini-
mum acceleration flows are very similar, as expected from
their having the same spatial damping, whereas the SA flow
is much stronger, and forcibly more equatorially symmetric.

Before decomposing the flows into their principal com-
ponents, we investigate the temporal variation of the spa-
tial statistics of the flow. These are shown in Figure 3.
The minimum acceleration and TO-like flows are both ~85%
toroidal, ~80% equatorially symmetric, and ~80% tangen-
tially geostrophic (Le Mouél, 1984). This is comparable with
other studies (e.g. Hulot et al., 1990; Amit and Olson, 2004;
Beggan and Whaler, 2008; Amit and Pais, 2013; Griine et
al., 2025; Madsen et al., 2025). For the SA flows, the maxi-
mum amount of equatorial asymmetry we were able to force
without noticeably decreasing the data-fit was ~8%, mak-
ing it ~90% toroidal, ~92% equatorially symmetric, and ~85%
tangentially geostrophic. These values vary over the model
time-span, where all three models are slightly more equa-
torially symmetric from 2000 to 2010, slightly less equatori-
ally symmetric from 2010 to 2020, and the equatorial sym-
metry increases again after 2020. The proportional energy
of the toroidal flow that is focused in the zonal coefficients
decreases from 1997 to 2020 for all three models, with the
largest variation across the models shown by the TO-like
flows, as expected.

3.2 Flow decomposition into principal com-
ponents

Having investigated the behaviour of the three models, we
now decompose each of them into their PCs. We under-
take the decomposition in spectral space, jointly for the

JSEDI | volume 2 | paper 2 | 2026
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Figure 2: Snapshots of inverted core-surface flow for each of the three types of model. Flow is superimposed on poloidal flow potential,

S, where S > 0 is indicative of fluid upwelling, and S < 0 is indicative of downwelling. Plots are in Robinson projection, centred on 180°
longitude, and continents are shown for reference only.
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Figure 3: Temporal variation of the percentage spatial statistics of
the minimum acceleration (dash-dotted line), TO-like (dotted line),
and SA flow (dashed line). Note that top and bottom panel show
different ranges of the same quantity. Abbreviations: Min. Acc. -
Minimum acceleration; Symm. — Equatorially symmetric; T. Geos
- Tangentially geostrophic; Asymm. — Equatorially antisymmetric;
T. Ageos — Tangentially ageostrophic; Zonal tor. — Zonal toroidal.

toroidal and poloidal parts of the flow potential. All EOFs
pass the degeneracy-check as defined by Pais et al. (2015)
up to at least PC and EOF 13 for all models, and show en-
ergy above the "noise plateau" as discussed by Domingos et
al. (2019) up to at least PC and EOF 20 (see Supplementary
Figure S2.3). The first six PCs are shown in Figure 4. For
all three flow types, > 99% of the total flow variance can be
explained by the first two PCs. Toroidal PC 1 varies around
—10 kmyr~! for the minimum acceleration and TO-like flows
and around —12 kmyr~! for the SA flow, whereas poloidal
PC 1 varies around —1 kmyr™! for all flows. All three mod-
els have the same behaviour for PC 2, with both toroidal
and poloidal PCs increasing from ~ — 2 kmyr~! in 1997.67,
changing sign on either side of 2010 for poloidal and toroidal
coefficients. The poloidal flow component continues to in-
crease to ~1.0 kmyr~! in 2015 and remains constant there-
after, whereas the toroidal flow component increases further
to ~2 kmyr~! in 2020, after which it decreases slightly. For
the other PCs shown in Figure 4, there is broad agreement
between all three models in PCs 1 to 6, and they show qual-
itatively similar phenomena, once the flow is evaluated on
the core surface (as shown in Figure 5, S2.4 and S2.5). For this
reason, we focus on the results from the minimum accelera-
tion model from this point onwards. Results for the TO-like
and SA models are given in the supplementary material.

Domingos et al. (2019) found, through analysing CHAMP
and Swarm GVO data, that given the short temporal window
of their study, their PCs could be approximated by Legen-
dre polynomials of increasing degree, based on arguments
by Gibson et al. (1992). We superimpose Legendre polyno-

6

mials, P,(t) of increased degree, n, on our PCs in Figure 4,
scaled to fit the PC for toroidal and poloidal flows separately.
We see that there is good general agreement between PC n
and P,_1(t), with the exception of PCs 4 and 5, that are best
fit with P4(t) and P;(t), respectively. Gibson et al. (1992)
indicate the approximation should be good in the so-called
small-window regime, for which:

(14)

VAN,

where Ay and A; are the first two eigenvalues. We obtain a
value of e~eq0.04, which asserts us firmly within this regime.

In our analysis, we make the assumption that each PC
of the toroidal flow can be combined with the same num-
bered PC of the poloidal flow, i.e., that each PC describes the
same phenomenon, separately in the poloidal and toroidal
coefficients. This is not necessarily the case. For example,
Saraswati et al. (2023) analyse magnetic and gravitational
core signals through similar means, and find that PC 1 of
the magnetic secular acceleration corresponds to PC 2 of
their joint magnetic and gravitational analysis. Therefore,

(2\/3/10 )2
€= <1,

to confirm if this assumption is valid (i.e. matching PCs like
for like), we repeat the analysis, but by completing the PCA
with the flow coefficients separately — in other words, by us-
ing only the toroidal or poloidal coefficients in X in equa-
tion (9). The results of this PCA are given in Supplementary
Figures 52.6-52.9. Comfortingly, we find that undertaking
the PCA separately on the toroidal and poloidal flow coeffi-
cients produces a very similar result to computing their prin-
cipal components together. The benefit to doing a separate
PCA is that it allows the explained variance for toroidal and
poloidal flows to be separated, which is not possible for the
joint PCA. The joint PCA suggests that the first 2 PCs ex-
plain 99% of the flow variance, whereas the separate PCA
suggests this is only true for the toroidal part of the flow
(Supplementary Figure S2.6). However, as both components
of the flow are deduced jointly by inversion, and the toroidal
and poloidal flows are dynamically coupled, we concentrate
henceforth on the results of joint PCA of the two sets of flow
coefficients.

Figure 5 presents the first six PCs of the minimum accel-
eration model, as well as the associated flow evaluated on
the core surface at two snapshots (individually selected for
each PC), by combining the associated PC-EOF pairs through
equation (12). PC 1 is associated with the eccentric gyre, with
elevated flow strengths underneath the Bering strait, indi-
cating the high-latitude jet (e.g. Livermore et al., 2017). The
flow from PC 2 is concentrated in the region beneath the Pa-
cific, with weak westward flow and negative S in the central
equatorial Pacific in 2002, with regions of positive S on ei-
ther side, i.e. beneath the Indian ocean and west equatorial
Pacific. This changes to strong eastward flow and positive
S in the central equatorial Pacific (with the snapshot shown
for 2020), and negative S beneath the Indian ocean and west
equatorial Pacific. The changeover happens in 2010 and has
little associated flow outside of the central equatorial Pacific.
PCs 3-5 appear to represent the up- and downwelling pairs
underneath either side of the equatorial Pacific, as noted by
Griine et al. (2025). PCs 4-5 in particular are showing a quasi-
decadal oscillation, which is reminiscent of the ~12 year os-
cillation identified by Gillet et al. (2024), also through PCA.
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We note that the up-downwelling patterns shown by PC 4
are smaller scale than those shown by PC 5, i.e., these two
PCs are not ranked by spatial length-scales. This is remi-
niscent of their fit to the Legendre polynomials in Figure 4,
although those were fits to their temporal variability. Unex-
pectedly, PC 4 shows a strong upwelling towards the south
pole, centred at 60°S. This corresponds to a region of the
CMB within a magnetic field reverse flux patch (e.g. Kloss et
al., 2026, Figure 10a), which is consequently a region where
the poloidal flow is well resolved, and the toroidal flow is
poorly resolved (Madsen et al., 2025). PC 6 represents flow
that is centred beneath the central equatorial Pacific and the
Indian ocean, with periodic variation of around a ~6 yr pe-
riod after 2008, possibly highlighting the waves identified by
Gillet et al. (2022). PCs 7-9 are shown in Supplementary Fig-
ure S2.10. PCs 7 and 8 do not appear to represent any easily
identifiable physical phenomena, but PC 9 has similar peri-
odic behaviour to PC 6, but from 2003-2011, and beneath the
Atlantic rather than the Pacific. We attribute this to the At-
lantic jerks occurring then, investigated by e.g. Chulliat and
Maus (2014). It is possible that the periodic behaviour is re-
lated, carried westward by surface propagating core waves
(e.g. Gillet et al., 2022; Griine et al., 2025), although the wave
velocity is too high to account for this. PCs beyond 9 carry
less than 0.2% of the overall variance of the flow.

Predictions of the advected SV associated with PCs 1-2
and 3-9, and their sum, from equation (6), but reconfiguring
A to only yield SV observations at Swarm altitude at the same
three GVOs chosen in Figure S1.1, are shown in Figure 6,

7

Variance captured.

together with their CHAOS-8.3 (Kloss et al., 2026) values.
Firstly, we note good agreement between the model predic-
tions for the different combinations of PCs, despite the differ-
ences in behaviour of some of the PCs individually. Figure 6
confirms that PCs 1-2 are mostly responsible for the large-
scale SV change, whereas PCs 3-9 recreate the shorter time-
scale variations, such as geomagnetic jerks. As expected,
since the first 9 PCs correspond to 99.8% of the overall flow
variance, the advected SV associated with these PCs is able
to recreate most of the SV modelled by CHAOS.

3.3 Isolating the planetary gyre and the Pa-
cific overturn

We now focus on the first two principal components, in order
to isolate the planetary gyre (PC 1) and the Pacific flow over-
turn (PC 2). These PCs have spatial power concentrated in
spherical harmonic degrees 1-4 (PC 1) and 2-6 (PC 2), shown
explicitly in Supplementary Figure S2.11. Figure 7 presents
the combined eigenvectors of PCs 1-2, snapshots of the flow
in 2007 and 2020, and their advected radial SV at Swarm alti-
tude from 1997.67-2025 at 300 GVOs. The upper panel of Fig-
ure 7 shows that the advected SV associated with these PCs
is responsible for increased secular acceleration beneath the
Pacific, particularly around 150°FE and 150°W, with a band of
weak secular acceleration between them around 180°. This
spatial distribution of constant secular acceleration is associ-
ated with PC 2, whereas the slower changes in SV observed
outside of the Pacific are associated with the planetary gyre.
The figure also shows that in 2020, at the time where the
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principal component peaks, there is an inflection in the SV
record around the Pacific, associated with the 2020 geomag-
netic jerk (e.g. Pavon-Carrasco et al., 2021; Madsen et al.,
2025). As jerks are associated with changes in secular ac-
celeration (e.g. Brown et al., 2013; Pinheiro et al., 2019), this
suggests that the increase in flow-amplitude stopped in 2020,
and it may be decreasing again.

4 Discussion

In this paper, we have investigated the principal components
of core-surface flow over the past 27 years. Our PCA decom-
posed the flow into three major components: a stable gyre
with a high-latitude jet (PC 1), an overturning west-to-east
flow in the equatorial Pacific (PC 2), and isolated up- and
downwelling pairs and wave-like patterns in the equatorial
region (PCs 3-9). Similar results were reported by Li et al.
(2024), who analysed a neural network-derived flow using
dynamic mode decomposition, and by Ropp and Lesur (2023),
who performed PCA on their co-estimated flow and mag-
netic field model, constrained by statistics from geodynamo
simulations. As mentioned in Section 2.3, PCA has already
been used to isolate spatial features of wave patterns. Gillet
et al. (2024) found waves of periods of 3.5, 6.5, and 12.5 years
focused along the equatorial region, particularly underneath
the Atlantic and Pacific, since at least 1958. This suggests
that they are indeed long-term features of core-flow, and de-
spite being associated with < 1% of the core-surface flow
variance, they are responsible for much of the intradecadal
and decadal variation in SV, as we show in Figure 6.

Through PCA, we have shown that the eccentric plane-
tary gyre accounts for the majority of the flow variance over
the past 27 years. In particular, it accounts for 96.6 + 0.8%
of the toroidal flow variance, and 82.0 + 1.4% of the poloidal
flow variance (evaluated with separate PCA for toroidal and
poloidal flow coefficients, see Figure 52.6), comparing our
three different types of models with different spatial and tem-
poral constraints. All three flow types indicate very little
change in the flow associated with the gyre over the times-
pan of the model, with the only change being an increase
in poloidal flow underneath the high latitude jet. This is in
agreement with the results from other studies (e.g. Gillet et
al., 2022; Ropp and Lesur, 2023; Finlay et al., 2023).

So how does the presence of a stable gyre relate to the
overturn of flow in the Pacific? Given that the stable gyre
dominates the Atlantic hemisphere at low- to mid-latitudes,
this leaves low latitude flow in the Pacific hemisphere unaf-
fected. Therefore, a separate flow regime - independent of
the gyre — could exist in this region. Incidentally, 2010 marks
the onset of disruption to the dominant 6 year oscillations
in ALOD, returning in amplitude (but changed in phase) in
2014, as was reported by Madsen and Holme (2025). Sim-
ilar conclusions were drawn by Saraswati et al. (2023) and
Sidorov et al. (2025), who investigated period changes in the
magnetic field. The alteration to the flow beneath the Pa-
cific, and the interruption in the 6-year oscillation, are also
contemporary with change in inner-core seismic signature
(Yang and Song, 2023; Wang et al., 2024; Vidale et al., 2025;
Wu et al, 2026). It also marks the rise of magnetic waves
propagating along the core surface in the Pacific region after
2014 (e.g Gillet et al., 2022; Ropp and Lesur, 2023; Gillet et al.,
2024; Grune et al., 2025). It could therefore be that the over-
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turn of the flow beneath the Pacific is linked to the rise of
fast waves there after the 2010s (e.g Gillet et al., 2024; Mad-
sen et al., 2025; Griine et al., 2025), which could both be trig-
gered by a singular event happening deeper in the core. An
alternative explanation for the sudden rise of eastward flow
is heterogeneous CMB heat flow. Mound and Davies (2023)
found through numerical dynamo simulations that regions
of increased heat flow gives rise to eastward flow, suggest-
ing that this feature may be driven by the thermal wind, i.e.
from above, rather than by the deeper core. This offers an
explanation for a preferential flow direction underneath the
Pacific, given that the heterogeneous heat flow structure at
the CMB is a long-lived feature.

Here, we utilised the three modelling approaches of Mad-
sen et al. (2025) to investigate whether temporal or spatial
restrictions on the flow have an impact on the resolved over-
turn of the Pacific flow, especially when compared to a spa-
tiotemporally unconstrained flow. As was discussed by Mad-
sen et al. (2025), this is inspired by the ill-determined na-
ture of core-flow modelling, where obtaining a unique flow
from the induction equation requires further assumptions.
Some physical assumptions frequently imposed are tangen-
tial geostrophy (Le Mouél, 1984), columnar flow (Amit and
Olson, 2004), or quasi-geostrophy (Pais and Jault, 2008; Gillet
etal., 2009), or fitting the energy spectrum of the flow to geo-
dynamo simulations (e.g. Ropp and Lesur, 2023; Istas et al.,
2023; Aubert, 2023; Rogers et al., 2025). In the example of
quasi-geostrophic flows and columnar flows, equatorial sym-
metry is implied, and is often enforced when using the tan-
gentially geostrophic assumption (e.g. Gillet et al., 2009; Amit
and Pais, 2013). Our results suggest that all our three flow
model types qualitatively fit the observations equally well,
in that they all have very similar normalised rms misfits to
the data, as was similarly found by Madsen et al. (2025) when
modelling CHAMP- or Swarm-only data. However, their
data-series were conveniently separated into before the Pa-
cific overturn (CHAMP, 2001-2010) and after (Swarm, 2014—
2023). The models in this paper cover the whole time pe-
riod, and Figure S1.1 shows that the SV data predictions by
SA flows at ground observatories in the west Pacific (Guam
and Eyrewell) are slightly but systematically offset from the
other model predictions, and the data, after 2010. This is
most clear in the qu component from Guam (Figure S1.1c)
and B, and By from Eyrewell (Figure S1.1e). Any differences
are less clear in the GVO data, possibly because of their in-
creased altitude. It is therefore likely that, although the SA
models are able to explain the cross-equatorial flow under-
neath Indonesia (e.g. Figure 2, and Madsen et al., 2025), more
equatorial anti-symmetry than its ~10% (Figure 3) is required
to account completely for the overturning of flow beneath
the Pacific.

5 Conclusion

We inverted ground and satellite observatory SV data for
time-dependent core-surface flow models over 27 years, us-
ing three different modelling techniques. With the SA flows,
we found that the minimum required amount of equatorial
asymmetry in the flow to explain the data is around 10%,
whereas our TO-like and minimum acceleration flows, which
are geometrically unconstrained, are ~80% toroidal, equato-
rially symmetric, and tangentially geostrophic, and that this
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spatial distribution remains fairly constant throughout the
model period. All three of our models show that the flow
underneath the Pacific reversed from being weakly west-
ward prior to 2010, to being an accelerating strong eastward
flow after 2010. By decomposing the flow into its principal
components, we find that ~90% of the flow variance is de-
scribed by the first principal component, an almost steady
eccentric planetary gyre and high-latitude jet. We then iso-
late overturning flow beneath the Pacific in the second prin-
cipal component, which explains another ~10% of the flow
variance. This principal component suggests that the Pacific
eastward flow has been weakening again since 2020. The
remaining PCs account for ~1% of the flow variance and in-
clude standing and propagating waves at the core surface,
and also generate geomagnetic jerk signals in the SV by ad-
vection, as shown in Figure 6. Finally, we hypothesise that
the overturn of flow underneath the Pacific is a consequence
of events triggered in the deeper core in 2010, as observed
from seismological and geodetic studies, although we note
that eastward flow could be a consequence of heterogeneous
heat flow across the CMB.
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Abbreviations

+ SV = Secular variation

» Var. Cap. = Variance captured

+ CMB = Core mantle boundary

« PCA = Principal component analysis

» PC = Principal component

« EOF = Empirical orthogonal function

« SA = symmetric-asymmetric

+ TO = Torsional oscillation

« LOD = Length-of-day

+ GVO = Geomagnetic virtual observatory

» rms = Root-mean-square
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