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Abstract The present‐day geomagnetic field is characterized by a region of weak intensity over the South
Atlantic, known as the South Atlantic Anomaly (SAA). Since 2008, the SAA has split with a new local
minimum appearing in Africa. This split introduces a challenge for characterizing the time dependence of
multiple minima, particularly their respective areas. In this work, we propose a new topological algorithm to
calculate the time‐dependent areas and centers of complex field configurations with multiple local surface
intensity minima enclosed by the same threshold value. The algorithm relies on the identification of saddle
points, which enables for the first time the subdivision of the SAA area into sub‐regions associated with
different minima. In addition, we analyze contours of null intensity gradient, which do not require setting an
arbitrary threshold value. Based on the modern geomagnetic field model, we find that the sub‐region area
associated with the weaker South America minimum decreases, whereas that of the Africa minimum increases.
Both minima drift westward, though the primary South America minimum drifts four times faster. The historical
field reveals the emergence of an earlier Pacific anomaly, while the archeomagnetic field indicates recurrent
expansion of the total anomaly region and anti‐correlation of sub‐region area evolutions over the past
millennium. Finally, the null meridional intensity gradient tends to the Southern Atlantic, while the azimuthal
gradient exhibits an order‐2 signature suggestive of mantle control on the geomagnetic field.

Plain Language Summary The South Atlantic Anomaly (SAA) is a region where Earth's magnetic
field is unusually weak, which can affect satellites and space technology. In recent years, the SAA has split into
two separate weak‐field minima, one over South America and a newer over Africa. Although this split has been
widely observed, it has been difficult to interpret because previous studies mainly described the SAA as a single
region and lacked tools to examine its morphology. In this study, we introduce a new topological approach that
separates the SAA into sub‐regions associated with each weak‐field minimum, allowing to track changes in their
areas and positions over time. We show that the area linked to the primary South America minimum has been
shrinking, while that associated with the newer Africa minimum has been expanding. Furthermore, by analyzing
null intensity gradient components we find stronger non‐dipole field in the Southern Atlantic responsible for the
locations of surface minima. Our results suggest that surface magnetic anomalies reflect large‐scale processes
deep within the Earth.

1. Introduction
The geomagnetic field shields our planet from solar wind and cosmic rays (Arsenović et al., 2024; Pan &
Li, 2023). However, in regions of weak intensity, the flux of high‐energy particles and radiation is increased (Gao
et al., 2022; Heirtzler, 2002; Olson & Amit, 2006), posing significant risks to spacecrafts. Exposure to such
radiation when passing through the weak intensity regions can damage onboard electronic systems and cause
malfunctioning of spacecraft components (Meier et al., 2023). These unique space environments might also give
rise to unusual space weather phenomena, such as low‐latitude aurora (He et al., 2020, 2021; Wang et al., 2021).
In addition, the geomagnetic field contributes to maintaining a habitable environment on Earth (Erdmann
et al., 2021; Olson & Amit, 2006), for example, by preventing the erosion of the atmosphere (Rao, 1980; Wei
et al., 2014). Studies of weak intensity anomalies provide insights into Earth's interior processes by relating small‐
scale details of the geodynamo to the surface field (Campuzano et al., 2019; Hulot et al., 2002; Tarduno
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et al., 2015; Terra‐Nova & Amit, 2025; Terra‐Nova et al., 2017, 2019; Trindade et al., 2018). Therefore, a detailed
characterization of these surface anomalies and their temporal variation is essential, both for a fundamental
understanding of core dynamics as well as for societal applications such as the design and long‐term operation of
spacecraft instrumentation.

Earth's magnetic field varies over a wide range of timescales (e.g., Finlay et al., 2010). At certain times, the
geomagnetic field exhibits regions of anomalously weak intensity at Earth's surface. The most prominent anomaly
in the historical era is the South Atlantic Anomaly (SAA) (Bloxham et al., 1989; Campuzano et al., 2019; De
Santis & Qamili, 2015; Finlay et al., 2025; Nilsson et al., 2022; Olson & Amit, 2006; Schanner et al., 2023; Terra‐
Nova & Amit, 2025), where the field intensity reaches a minimum of about 22 μT. The SAA is evolving rapidly,
characterized by weakening, expansion, and westward drift (Amit et al., 2021; Finlay et al., 2020; Terra‐Nova
et al., 2017). However, its temporal variation is more complex, including short episodes of nearly steady areas
and eastward drift (Amit et al., 2021; Hartmann & Pacca, 2009).

The time dependence of surface intensity anomalies is commonly described by tracking their center and area. To
define the anomaly area, fixed intensity threshold values are often set, for example, 30 μT or 32 μT for the SAA
(Amit et al., 2021; Finlay et al., 2020) or 36 μT for the paleo‐West Pacific Anomaly (WPA) (He et al., 2021; Yue
et al., 2024). The choice of a threshold value affects the inferred rate of change of the SAA area (Finlay
et al., 2025). Furthermore, the field intensity outside the SAA region should be accounted to adjust the anomaly
region boundary according to the overall strength of the global magnetic field (Amit et al., 2021). When the global
field becomes weaker, a lower threshold value is required to define the anomaly region boundary, whereas a
stronger field corresponds to a higher threshold. This normalization ensures that the boundary evolves consis-
tently with the long‐term variation of the global field. As a result, the inferred areal expansion becomes somewhat
slower (Amit et al., 2021) than that obtained using a fixed intensity threshold (Finlay et al., 2025).

The position of the SAA center has traditionally been described using the global minimum of the geomagnetic
field intensity (e.g., Hartmann & Pacca, 2009; Pavón‐Carrasco & De Santis, 2016; Terra‐Nova et al., 2017). In
order to assess the geographical recurrence of surface minima, Terra‐Nova et al. (2019) averaged the distribution
of local minima centers by accounting for their intensity over millennial timescales based on archeomagnetic field
models. They identified preferred longitudes, including one in agreement with the present‐day SAA longitude.
However, persistent latitudes were often significantly lower than the latitude of the present‐day SAA. Yue
et al. (2024) applied the local minima to characterize another weak intensity anomaly, the WPA, which reached a
minimum of about 34 μT, exhibited complex drift patterns associated with emergence, splitting and disappear-
ance episodes in the historical era. The WPA splitting process is similar to that inferred for the SAA. Moreover,
the WPA has been shown to be recurrent over millennial timescales (Tema et al., 2023). These approaches simply
identified locations of either global or local minima by searching for grid points in which intensity is lower than
that of surrounding neighbors. In contrast, Amit et al. (2021) calculated the center of mass (CM) which captures
the effect of non‐isotropic distribution (see also Amit et al., 2010).

Based on numerical dynamo simulations that approach Earth's outer core dynamical state, Aubert (2015) pre-
dicted that the SAA will continue expanding and weakening. However, since around 2008, the SAA has exhibited
a new feature: a secondary minimum rapidly weakening near southern Africa (Finlay et al., 2020, 2025; Rother
et al., 2021; Sanchez et al., 2020; Terra‐Nova et al., 2019). One study has attempted to predict the time depen-
dence of these two local minima in the South Atlantic. Sanchez et al. (2020) suggested that the eastern secondary
minimum may further develop and potentially become the dominant minimum within the next few decades. A
similar split event was reported for the WPA (Yue et al., 2024). The detailed morphological field changes leading
to the splitting of surface intensity minima have yet to be demonstrated.

In this work, we propose a new topological algorithm to identify and calculate centers and areas of surface in-
tensity minima. Intersections of the null intensity gradient contours are employed to locate all extrema and saddle
points. This approach enables for the first time the subdivision of the SAA into two sub‐regions, each associated
with a separate local minimum. It can also be applied to other surface intensity anomalies, such as the WPA.
Furthermore, the distribution of null intensity gradient contours provides new insights into non‐dipole features
and hemispheric asymmetry in the geomagnetic field.
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2. Methods
In this section, we describe two main calculations: characterization of surface intensity minima (Sections 2.1 and
2.2) and analysis of null gradient contours (Section 2.3). We present a new topological algorithm developed to
properly characterize the centers and areas of multiple geomagnetic surface intensity minima at a given time. This
algorithm provides a framework for investigating the time‐dependence of regions containing multiple surface
intensity minima, such as the present‐day SAA (Terra‐Nova et al., 2019).

First, we describe the detection of local extrema and saddle points within these regions (Section 2.1). Next, we
describe the determination of the total anomaly region and sub‐regions where the intensity is considered weak
(Section 2.2). The saddle points are then used to define the areas of sub‐regions associated with pairs of surface
intensity minima enclosed by the same threshold contour, as well as their corresponding centers of mass. Finally,
we describe the analysis of topologies of intensity gradient null contours (Section 2.3).

2.1. Extrema and Saddle Points Identification

The appearance of a secondary minimum in the SAA around 2008–2010, (depending on the studied model and the
choice of spatial truncation) has drawn the attention of numerous studies (Finlay et al., 2020; Rother et al., 2021;
Sanchez et al., 2020; Terra‐Nova et al., 2019). Such field topology might be challenging for the characterization
of the surface intensity minima. Most notably, it is not clear how to partition the total area that encompasses two
minima in order to attribute an area to each minimum. In this section, we propose a formalism to calculate the
areas of the two minima based on the location of the saddle point between them. To systematically identify all
critical points, including extrema (minima, maxima) and saddle points between extrema, we propose a topological
method applicable to any two‐dimensional scalar field.

For clarity, we begin by illustrating the method with a synthetic example. Consider the following 2D function in
Cartesian coordinates:

f (x,y) = (
x3

3
− x) − (

y3

3
− y) (1)

As shown in Figure 1a, this function displays two extrema (one minimum and one maximum) and two saddle
points. These critical points are characterized by zero first derivatives: ∂f

∂x (Figure 1b) and ∂f
∂y (Figure 1c). Saddle

Figure 1. The synthetic 2D function (a), its first‐order spatial derivatives (b and c), second‐order spatial derivatives (e and f)
and their product (d). Circles denote extrema and saddle points.
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points are located in regions where ∂2f
∂x2 ⋅ ∂2f

∂y2 < 0, whereas both extrema lie in regions where this product is positive
(Figure 1d). This mathematical criterion provides a simple and effective means to identify and distinguish be-
tween different types of critical points. In spherical coordinates the extrema and saddle points identification is:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂F
∂θ

= 0

∂F
∂ϕ

= 0

∂2F
∂θ2 ⋅

∂2F
∂ϕ2 < 0

⇒ saddle point (2)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂F
∂θ

= 0

∂F
∂ϕ

= 0

∂2F
∂θ2 ⋅

∂2F
∂ϕ2 > 0

⇒ extrema point (3)

The contours of ∂F
∂θ = 0 and ∂F

∂ϕ = 0 are extracted using the Matplotlib python library (Hunter, 2007). Each
contour is represented as a series of discrete off‐grid points with a spatial resolution of 1° × 1°. To determine the
location where ∂F

∂θ = 0 and ∂F
∂ϕ = 0 contours cross, linear fits are applied between adjacent points along each

contour, expressed as θ = a∂F
∂θ
ϕ + b∂F

∂θ
and θ = a∂F

∂ϕ
ϕ + b∂F

∂ϕ
. Two segments that overlap in both longitude and

latitude are identified. Then linear fits are performed for the two segments along the ∂F
∂θ = 0 and ∂F

∂ϕ = 0 contours
to determine their intersection.

Intersection points with co‐latitudes outside the range between 5° to 175° are excluded to avoid possible nu-
merical problems associated with the polar regions. Although the precise locations of intersection points are off
the original grid points, their accuracy depends on the resolution of the input field model.

2.2. Areas and Centers

A fixed intensity threshold value is commonly employed to define the boundary of weak‐field regions. A value of
32 μT for the modern SAA (De Santis et al., 2013; Pavón‐Carrasco & De Santis, 2016) was motivated by space
safety considerations, whereas 36 μT allows to monitor the less intense WPA (He et al., 2021). However, to focus
on regional field time dependence, variations in the intensity of the global field over time should also be taken into
account. Following Amit et al. (2021) and Yue et al. (2024), the parameter Fout is adopted to represent the
normalized magnetic intensity outside the anomalies weak‐field region. This parameter reflects the background
field strength. Amit et al. (2021) calculated Fout based on the intensity in the entire northern hemisphere and the
Pacific southern hemisphere, a choice that is adequate for the modern SAA. However, over longer periods surface
intensity anomalies may reside elsewhere, for example the west Pacific (He et al., 2021; Tema et al., 2023; Yue
et al., 2024). Considering that weak anomalies typically occur at low latitudes (Terra‐Nova et al., 2019), we
therefore define Fout as the high‐latitude areas, specifically between 65° and 90°(shown as black shadings at high
latitudes in Figure 2a):

Fout(t) =
∫ 360°
0° ∫ 25°

0° F(t)sin θ dθ dϕ + ∫ 360°
0° ∫ 180°

155° F(t)sin θ dθ dϕ

∫ 360°
0° ∫ 25°

0° F(t0) sin θ dθ dϕ + ∫ 360°
0° ∫ 180°

155° F(t0) sin θ dθ dϕ
(4)

where F(t0) denotes the value of F in the reference year t0. We selected the highest 25° latitudes to avoid overlap
with the present‐day SAA area. The anomaly region is defined as the area where the intensity falls below a critical
value Fc, given by

Fc(t) = F0 ⋅Fout(t) (5)
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where the threshold intensity F0 is set to 32 μT. For geomagnetic field models relying on observatory and satellite
data for example CHAOS‐8.2 (https://www.spacecenter.dk/files/magnetic‐models/CHAOS‐8) and COV‐OBS.x2
(Huder et al., 2020), we adopt 2020 as the reference year, whereas for models that extend to epochs predating the
advent of direct intensity measurements (Gauss, 1833), 1950 is selected which corresponds to the last available
year of for example model HistKalmag (Schanner et al., 2023).

When the intensity of the global magnetic field is stronger than F0 at a given epoch t, the ratio Fout(t) > 1,
resulting in a higher threshold boundary intensity, that is Fc(t) > F0. Our algorithm is therefore not designed to
capture past SAA‐like features in terms of absolute intensity, but rather in terms of relative intensity and spatial
extent. This approach enables a more robust comparison across different global field configurations, including
scenarios with substantially different dipole moment strengths.

The total area of the anomaly is defined based on Fc (see solid green contour in Figure 2a). In the absence of a
secondary minimum, Fc adequately defines the boundary of a region associated with the global minimum.
However, when a secondary minimum is present, it becomes difficult to assign a distinct area to each individual
minimum. Using the surface intensity field value at the saddle point Fsaddle, we define boundaries of the distinct
sub‐regions associated with each minimum as

Fb = (1 − ϵ) × Fsaddle (6)

Figure 2. (a) Centers and areas of the dual surface intensity minima in 2020 based on CHAOS‐8.2. Black shadings indicate the
high‐latitude regions used to calculate Fout. The solid green contour outlines the total area of the SAA in 2020. The dashed
bright green contours denote the boundaries of sub‐regions for each minima determined based on the saddle point intensity
(black circle). The center of mass of the total region is marked with a dark green ×, while the centers of mass of the two sub‐
regions are marked with bright green + symbols. White triangles indicate the locations of the local minima. (b) A complex
example from the year 1740 in the HistKalmag model. Two saddle points exist within the total anomaly area. The blue regions
correspond to Fb1 based on the eastern saddle with lower boundary intensity, forming three independent sub‐regions. The pink
regions correspond to Fb2 based on the western saddle, forming two independent sub‐regions, one of which contains two blue
regions.
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where ϵ = 10− 4. Because a saddle point serves as a connecting point between two sub‐regions containing an
extreme point, setting a value slightly below it guarantees their separation. Hence Fb defines sub‐region areas As1
and As2 enclosed by directly measured intensity values slightly below and extremely close to Fsaddle. Conse-
quently, two separate contours can be identified, each enclosing exclusively its respective minimum, as shown by
the green dashed lines in Figure 2a.

To divide the total area, we normalize the two sub‐region areas As1
As1 +As2

and As2
As1 +As2

. These fractions are then

multiplied by the total area, thereby partitioning it into two distinct scaled effective areas A1 and A2 associated
with their respective minima:

A1 = Atotal ⋅
As1

As1
+ As2

, A2 = Atotal ⋅
As2

As1
+ As2

(7)

Next, following Amit et al. (2021), the CM of each anomaly region (region/sub‐regions corresponding to single/
multiple anomaly scenarios) is calculated to provide a representative geographic position weighted by the inverse
of the field intensity.

ϕCM =
∑i ϕi wi sinθi

∑i wi sinθi
, (8)

θCM =
∑i θi wi sinθi

∑i wi sinθi
. (9)

The ϕCM and θCM are the longitude and co‐latitude of the CM, respectively. The weighting factor for each point is
defined as

wi =
1
Fi

, (10)

where θi and ϕi denote the co‐latitude and longitude of the i point, respectively. The CM of the entire anomaly is
calculated over the area enclosed by Fc (solid green contour in Figure 2a), whereas the centers of mass of the sub‐
regions (if they exist) are calculated using Fb (dashed green contours in Figure 2a).

So far, we described a configuration in which the Fc area has been divided into two sub‐region areas. However,
during the historical era, the situation at some specific snapshots is more complex, with multiple saddle points
producing multi‐level nested sub‐regions. Although the principle of dividing sub‐regions by saddle point intensity
remains valid, the procedure becomes more intricate. To address this complexity, we adopt a hierarchical
approach, partitioning the total area step by step from the innermost to the outermost boundaries. In this way, the
complex problem is reduced to the simplest case, where the enclosed sub‐regions are used to divide the sur-
rounding area into corresponding fractions.

Figure 2b shows a typical complex case with multiple saddle points and nested sub‐regions. In Figure 2b, the
dashed blue contours define three inner sub‐regions, while the dashed pink contours represent two broader areas:
one on the west that encompasses one minimum and another on the east that encloses two of the blue sub‐regions.
Within the eastern pink contour, the fractional areas of the inner blue sub‐regions are first calculated. The
enclosed pink region is then subdivided proportionally, following Equations 6 and 7. At this stage, the area within
the right pink contour has been divided into two parts by the inner blue regions. Then combined with the isolated
western pink area, this results in three distinct fractions, each corresponding to a different minimum. These three
fractional areas are then used to partition the next outer contour—in this case, Fc. If the outer boundary corre-
sponds to another Fb, the same hierarchical procedure is applied iteratively until the outermost contour Fc is
reached.

The procedure is summarized as follows: first, identify the saddle points within the Fc region; then rank them in
ascending order of intensity; next, construct the corresponding Fb contours; and finally, partition the area
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hierarchically from the innermost to the outermost boundary. The complete description is provided in a flowchart
in Figure 3.

The CM serves as a key criterion to determine whether a sub‐region belongs to a specific upper‐level region in a
nested structure. In a few rare snapshots, several minima fall within a single Fb contour (see Movie S3). Because

Figure 3. Flowchart of the method used to identify and divide geomagnetic anomaly sub‐regions. Saddle points are first
identified. If saddle points exist within the Fc contour, the enclosed regions are progressively partitioned from inner to outer
contour levels into multiple sub‐regions according to their relative area proportions. The procedure is repeated for higher
contour levels until the outer contour Fc is completely divided. The final partitioned sub‐regions are denoted as A1, A2, …, Aj.
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these minima are nearly identical in both intensity and location, we treat them as one combined minimum, whose
position is represented by the CM of the enclosed sub‐region. This recursive approach of our topological algo-
rithm allows for any number of sub‐regions to be assigned hence it can be applied to much more spatially complex
fields, as for example, the outputs of numerical dynamo simulations that typically contain much smaller spatial
scales than field models based on observables.

2.3. Null Intensity Gradient Contours

In addition, we analyzed the distribution of the ∂F
∂θ = 0 and ∂F

∂ϕ = 0 contours. In particular, we focused on the
spatial characteristics of ∂F

∂θ = 0 near the equator. These distributions may be compared with an idealized purely
axial dipole field in which ∂F

∂θ = 0 coincides with the geographic equator and ∂F
∂ϕ = 0 holds everywhere on the

spherical surface.

For each year, the ∂F
∂θ = 0 contour near the equator was analyzed. The northernmost, southernmost and mean

latitudes of this contour were recorded to describe its overall north‐south position. To examine longitudinal
variation, the globe was divided into 5° longitude bins. In each bin, the latitudinal difference between the
northernmost and southernmost points on the contours in all years was determined to reflect the extent of variation
across different longitudes.

The spatial and temporal distributions of ∂F
∂ϕ = 0 were also analyzed. The number of points along the ∂F

∂ϕ = 0
contours falling within each 5° longitude bin was counted over time to show the longitudinal density of these
contours.

3. Results
The HistKalmag model, which combines historical ship log archieves and archeomagnetic data, is used to
calculate the time dependence of surface intensity anomalies between 1000 and 1950 CE. The CHAOS‐8.2
model, based on magnetic field observations from low‐Earth orbit satellites and annual differences of monthly
means from ground observatories, is used for the period 2000 to 2024 CE to describe the recent temporal
dependence of the SAA. The COV‐OBS.x2 model, primarily constrained by observatory time series, satellite data
and historical ship log archieves, covers the period 1840 to 2020 hence it is employed to bridge the intermediate
period between CHAOS‐8.2 and HistKalmag.

3.1. Extrema and Saddle Points

Figure 4a shows the geomagnetic surface intensity in 2020 based on the modern field model CHAOS‐8.2. The
null contours of ∂F

∂θ = 0 (black solid lines) and ∂F
∂ϕ = 0 (black dashed lines) intersect at extrema and saddle points.

In the ∂2F
∂θ2 ⋅ ∂2F

∂ϕ2 map (Figure 4b), depending on whether these products are positive or negative, we identify extrema

or saddle points respectively.

Each saddle point is located between two extrema. Within the SAA region (the area inside the green line in
Figure 4a), the saddle appears between two minima. Outside the SAA area, the saddle in South Asia is located
between two high‐latitude maxima, while the saddle in Alaska is between two maxima near the North Pole.

3.2. Satellite Era Split of the SAA

Figure 5 shows the time dependence of the SAA from 2000 to 2020 CE. For the entire period, a large southward
bulge characterizes the low‐latitude ∂F

∂θ = 0 contour. The temporal change of the ∂F
∂θ = 0 contour is relatively

small during this period. However, the ∂F
∂ϕ = 0 contour through the SAA exhibited significant temporal variation

in the Southern Hemisphere. In 2000 and 2005, the ∂F
∂ϕ = 0 contour presents an east–west orientation in the South

Atlantic; consequently, it intersects the ∂F
∂θ = 0 contour only in South America (Figures 5a and 5b). In contrast, in

2010 and 2020, the ∂F
∂ϕ = 0 contour shows a southwest‐to‐northeast orientation in the South Atlantic (Figures 5c

and 5d), leading to the emergence of a new local minimum near South Africa. The ∂F
∂ϕ = 0 contour in the Atlantic

further advanced northward in 2020, causing the saddle to gradually drift from a location near the South Africa
minimum (Figure 5) to a more westerly location. Overall in these 20 years, the ∂F

∂θ = 0 contour, which crosses the
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Figure 4. (a) Geomagnetic surface intensity and (b) ∂2F
∂θ2 ⋅ ∂2F

∂ϕ2 in 2020 based on CHAOS‐8.2. The solid black lines represent
∂F
∂θ = 0, the dashed black lines represent ∂F

∂ϕ = 0. White triangles mark the extrema (both maxima and minima), black circles
denote saddle points between the extrema. Extrema are located in regions with positive values (red), while saddle points lie in
regions with negative values (blue).

Figure 5. Snapshots describing the recent SAA transition from a single surface intensity minimum to a pair of minima.
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equator in the Pacific and Indian Oceans, shifted markedly southward far from the equator in the South Atlantic
region, and did not experience significant changes.

3.3. Areas and Centers Time Dependence

The time dependence of the recent SAA areas and centers based on the CHAOS‐8.2 geomagnetic field model is
shown in Figure 6 (see Movie S1 for all snapshots). Since the SAA split into two parts only after 2008, a pair of
minima at two sub‐regions appear in Figure 6 from that year onward.

Figure 6a shows that the intensities of the South America (“SA” in Figure 6) and South Africa (“AF” in Figure 6)
minima have been decreasing rapidly. However, the rate of decrease in South Africa is significantly faster.
According to corresponding linear fits, the South America minimum weakened at a rate of approximately 33 nT
yr− 1, while the South Africa minimum decreased at a rate of about 77 nT yr− 1 (Table 1), more than twice faster!

Figure 6b shows that the total SAA area (dark green, Atotal) has been increasing at a rate of 2.4 × 105 km2 yr− 1

(Table 1). A closer examination of the SAA through its individual sub‐regions (bright green, A1 and A2) inter-
estingly reveals that the area of the weaker primary minimum has actually been shrinking, whereas that of the
secondary minimum has been rapidly expanding.

The expansion of the South Africa minimum (Figure 6b) is obviously related to the faster decrease in its intensity
(Figure 6a). However, the shrinkage of the South America area is not trivial. Since 2008, when the split occurred,

Figure 6. (a) SAA local minima intensity, (b) total and areas of the sub‐regions, (c) longitude and (d) co‐latitude of the centers
of mass of the sub‐regions based on CHAOS‐8.2 model. Blue in (a) indicate minima; In (b) the dark green represents the area
of the total SAA region, the bright green denote the areas of sub‐regions defined by the saddle points. The sum of the two sub‐
region areas equals the total area. In (c) and (d) the dark green denote the centers of mass of the total SAA region, and the
bright green denote the centers of mass of the sub‐regions whenever a secondary minimum appears. Letter markers indicate
the geographic locations of the sub‐regions.
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the area of the primary minimum decreased by 4.8 × 105 km2 yr− 1, while that of the secondary minimum
increased by 7.4 × 105 km2 yr− 1 (Table 1).

The CM of the total area drifted westward at a rate of 0.25° yr− 1 and northward at a nearly zero rate of about 0.01°
yr− 1 (see dark green in Figures 6c and 6d). The CM of the primary minimum drifted westward at a slightly faster
rate of 0.32° yr− 1 (see bright green in Figure 6c). In contrast, the CM of the secondary minimum exhibited smaller
changes in longitude (bright green signs in Figure 6c). Both minima exhibited practically no latitude changes (see
bright green signs in Figure 6d and Table 1).

The results based on the analysis of the COV‐OBS.x2 model include the period covered by the CHAOS‐8.2 model
with the most recent split of the SAA (see Movie S2 for all snapshots). For the most recent times, results of
Figure 7 are thus qualitatively similar to Figure 6. However, the expansion of the South Africa minimum and the
shrinkage of the South America minimum are more pronounced based on COV‐OBS.x2 (Figure 7b and Table 1).
In addition according to the COV‐OBS.x2 model, the South Africa minimum exhibits a significantly faster
westward drift than in CHAOS‐8.2 (Table 1).

Another minimum appears in Figure 7 between 1866 and 1928. Distinct from a split of the SAA region, it
represents the emergence of a new, independent anomaly located over the Pacific Ocean, clearly separated from
the main SAA area. It could be a recurrent event of the WPA (Yue et al., 2024). This independently emerged
minimum did not significantly affect the evolution of the primary SAA area. It was characterized by a relatively
high intensity (∼35 μT, see Figure 7a) and a consistently small area (less than 1.6 × 106 km2, see Figure 7b). It
exhibited no significant expansion, and it gradually drifted eastward toward the main SAA region.

The results from the HistKalmag model (Figure 8) reveal a longer‐term hence more complex evolution (see
Movie S3 for all snapshots of the mean model). The intensities of the minima indicate that the current SAA began
to weaken around 1770 (Figure 8a). However, over the past thousand years, the minima did not always weaken as
rapidly as they do today; e.g., during the period from 1500 to 1750, their intensities changed very little. The
secondary minimum observed between 1866 and 1928 is not captured by this smoother model.

The time dependence of the minima involves splitting, emergence and disappearance, similar to the surface in-
tensity minima cycle found by Yue et al. (2024). Split events exhibit pronounced anti‐correlation in area variations
(e.g., 1040–1200; Figure 8b), whereas emerged events have little effect on the evolution rates of other contem-
poraneous sub‐regions, primarily influencing the total area (e.g., 1400–1600). Alternating events of total area
expansion or shrinkage are evident in the historical record, with typical timescales of about 150 years (Figure 8b).

Table 1
Rates of Change of Geomagnetic Surface Intensity Minima Characteristics Based on the COV‐OBS.x2 and CHAOS‐8.2
Models

Model COV‐OBS.x2 CHAOS‐8.2

Total region

Period 1840–2024 2000–2024

Global min intensity (nT/yr) − 29.80 − 32.68

Area (106 km2/yr) 0.24 0.24

CM longitude (°/yr) − 0.13 − 0.25

CM colatitude (°/yr) 0.05 − 0.01

Sub‐regions

Period 1866–1928 2012–2024 2008–2024

Location South America Pacific South America South Africa South America South Africa

Intensity (nT/yr) − 30.74 − 20.13 − 32.6 − 79.35 − 33.06 − 76.95

Area (106 km2/yr) 0.14 0.01 − 0.67 0.93 − 0.48 0.74

CM longitude (°/yr) − 0.24 0.19 − 0.33 − 0.17 − 0.32 − 0.08

CM colatitude (°/yr) 0.02 0.01 0.01 − 0.03 0.01 − 0.02

Note. Obtained by linear fits of the results shown in Figures 6 and 7. CM denotes center of mass.
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Figures 8c and 8d show the temporal evolution of the longitude and latitude of the centers of mass for both the
total area and the sub‐regions. Over the longer periods covered by this model, both westward and eastward drifts
are observed. In addition, larger latitudinal changes are found (Figure 8d) compared to the recent SAA. However,
Figure 8d shows that the CM in HistKalmag model has never reached the high latitude currently observed for the
South African minimum (approximately 40°S; see Figure 6d).

The period from 1700 to 1820 represents a particularly chaotic phase, during which the total area decreased
substantially and multiple sub‐regions coexisted, with up to four coexisting at a given time. The rareness of this
chaotic phase may suggest that surface intensity minima in the west Pacific are not persistent. However, recurrent
WPAs were reported in the other archeomagnetic field models (Tema et al., 2023).

In order to evaluate the impact of the uncertainty in archeomagnetic field models on our results, we further
analyzed 50 realizations of the HistKalmag model, shown in pale colors in Figure 8. For all quantities, that is
intensity, area and centers, the realizations strongly converge after 1550, whereas larger dispersion is observed
before 1550. The uncertainty seems smaller for the location than for the intensity and area. Nevertheless, the
results remain clustered around the mean trend, supporting the robustness of the main results.

3.4. Null Intensity Gradient Contours

3.4.1. Hemispheric Asymmetry in ∂F
∂θ = 0 Contours

For a purely axial dipolar geomagnetic field, the ∂F
∂θ = 0 contour coincides with the geographical equator. The

distribution of the null contours and in particular their deviation from the equator therefore reflects non‐dipole
features. Here, we present the historical distribution of ∂F

∂θ = 0 contours.

Figures 9a and 9b show the distribution of the ∂F
∂θ = 0 contours from 1000 to 2020 CE. In general, three main

groups of contours can be identified: two located near the geographical poles and another at low latitudes crossing
the equator. An additional closed contour occasionally appears at mid‐to‐low latitudes, for example, in Figure 9a

Figure 7. As in Figure 6 for the COV‐OBS.x2 model.
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over the Indian Ocean and in Figure 9b over southeastern Africa, sometimes connecting to the equatorial branch.
We focus on the low‐latitude group of ∂F

∂θ = 0 contours which is relevant for surface intensity minima.

The latitudinal width of the equator‐crossing contours varies with longitude, as shown in Figures 9c and 9d. The
width in the Atlantic hemisphere is larger than in the Pacific hemisphere, reaching 40–50° (Figures 9a and 9b).
Minimal widths occur over the Pacific, with strong convergence near 140°E. In the period 1840 to 2020 CE, this
contour spreads widely in the SAA region, with the most pronounced peak in width located near South Africa at
around 30°E (Figures 9b and 9d). This change around 1840 is either due to the improved data in the COV‐OBS.x2
model or it represents a genuine change in the spatial distribution of the field in the past two centuries.

In addition, the ∂F
∂θ = 0 contours also exhibit a pronounced southward tendency. The strongest southward in-

trusions occurred between 1200 and 1400 CE and from 1930 to the present, as indicated in Figures 9e and 9f by
co‐latitude 135°, that is maximum latitude of 45°S. In contrast, the Northern Hemisphere maxima are at co‐
latitude 75°, that is maximum latitude of 15°N (blue curves). Moreover, the mean co‐latitude of the ∂F

∂θ = 0
contours (green curves) is systematically greater than 90°, indicating the tendency toward the Southern
Hemisphere.

Figure 8. As in Figure 6 for the HistKalmag model.
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3.4.2. Distribution of ∂F
∂ϕ = 0 Contours

Next we analyze ∂F
∂ϕ = 0 contours, which are also required to obtain a surface intensity minimum. In a pure axial

dipole field, ∂F
∂ϕ = 0 contours should occur everywhere. However, from 1000 to 1950 CE in the HistKalmag

model, two void regions one over Brazil and another over the southern Indian Ocean appear (Figure 10a), possibly
suggesting that the present location of the SAA in Brazil is rare. Alternatively, even the millennial scale

Figure 9. Distribution of all ∂F
∂θ = 0 contours from 1000 to 1950 CE by the HistKalmag model (a) and from 1840 to 2020 CE

by the COV‐OBS.x2 model (b), shown as black lines. Panels (c) and (d) show the width of the null contour distribution
crossing the equator. Panels (e) and (f) display the maximum, minimum, and average co‐latitude values of the contour lines at
low latitudes (20–50°). In these two panels the histograms share the same y‐axis (co‐latitude) with the line plots. The
histograms on the left summarize the number of extreme and mean values of the contour lines at each latitude for all years, with
colors corresponding to the solid lines shown in the right‐hand subplots.

Figure 10. Distribution of all ∂F
∂ϕ = 0 contours, (a) from 1000 to 1950 with HistKalmag model and (b) from 1840 to 2020 with

COV‐OBS.x2. (c) and (d) Distribution of the contour along longitude. Each bin represents 10° of longitude.
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HistKalmag model might not represent the long term behavior of the geodynamo (Terra‐Nova et al., 2019). The
two voids in Figure 10a are further demonstrated by the longitude distribution in Figure 10c, which shows
pronounced minima at these locations. Over the short recent period in Figure 10b, a northeastward protrusion of
the contours in the South Atlantic is associated with the emergence of the secondary minimum. The ∂F

∂ϕ = 0
contours over the Pacific barely reach the Southern Hemisphere.

4. Discussion
In this paper we introduce a new topological algorithm to systematically characterize multiple geomagnetic
surface intensity minima using saddle points between pairs of minima. The algorithm uniquely determines for the
first time the enclosed sub‐regions associated with each minimum, thereby enabling a quantitative partitioning of
the total anomaly area into distinct parts associated with each minimum. The boundaries of these sub‐regions
evolve with the variation of saddle points, leading to time‐dependent sub‐region boundaries that adapt to
changes in the field. This algorithm was applied to the CHAOS‐8.2, COV‐OBS.x2 and HistKalmag geomagnetic
field models to investigate the temporal evolution of geomagnetic surface intensity anomalies over decadal,
centennial and millennial timescales. As a result, it successfully captures the recent rapid area changes in the two
SAA sub‐regions (Figure 6). Apart from the recent split we also found surface intensity minima emerging at other
locations away from the SAA (Figure 7). Analysis of a longer time field model reveals a recurrent expansion and
shrinking of pairs of surface intensity minima that resulted in splits (Figure 8), which resemble the field behavior
at present (Figure 6). In addition, the distribution of null intensity gradient contours reveals hemispheric
asymmetry in the contribution of non‐dipole field to the location of surface intensity minima.

In our algorithm, the intensity threshold is factored by a time‐dependent ratio Fout, derived from averaging strong
magnetic intensity at high latitudes outside the SAA. This effectively reduces the influence of global field changes
on the assessment of regional anomalies. This approach is similar to that of Amit et al. (2021) and Yue
et al. (2024), although the selection of the Fout region differs because in the longer periods explored in this study
the surface intensity anomalies cover larger regions which should be avoided by Fout. Nevertheless, our resulting
trend of anomaly is similar to that reported by Amit et al. (2021). Accounting for Fout reduces the rate of change of
area because the intensity at high latitudes also rapidly changes (Livermore et al., 2020). The SAA expansion rate
we calculated using Fout is thus lower than the expansion rates reported by Finlay et al. (2025).

The method for defining the areas of sub‐regions enables the calculation of area changes associated with each
individual minimum. The saddle‐point intensity varies with the evolution of the two local minima, providing a
dynamic threshold that adapts to temporal changes in the geomagnetic field. This adaptive threshold defines
the largest critical intensity that preserves the independence of the two local minima sub‐regions. In contrast,
a fixed‐threshold approach cannot consistently maintain the separation of the two minima over time since the two
sub‐regions can only be identified when the threshold lies right between the intensity of the less weak minimum
and Fsaddle. This makes it practically impossible to identify multiple surface intensity minima associated with sub‐
regions over long periods using a fixed threshold. Moreover, choice of the fixed threshold value might lead to
distinctive estimates of the SAA area expansion rate. In Finlay et al. (2025), the total SAA area enclosed by the
24 μT contour grows much faster than areas enclosed by contours of other intensities. This value approximately
corresponds to the intensity at the saddle point which is used to define the sub‐regions (green dashed line in
Figure 2a); for example, in 2020, Fb = 23.8 μT. Thus, a threshold intensity close to the saddle intensity value
highlights the growth of the Africa minimum. Our algorithm well captures the recent rapid variations in the areas
of the two sub‐regions within the SAA, especially the newly emerging and rapidly expanding local minimum
region in southwest of Africa.

Our algorithm relies on the analysis of null intensity gradient contours, providing new insights into the temporal
variations of the SAA. Over the past 20 years, the rapid changes within the SAA are primarily caused by changes
in the ∂F

∂ϕ = 0 contour in the southeast region. These rapid changes led to the emergence of the new Africa
minimum (Figure 5). In addition, we note that the two null intensity gradient contours in equatorial Pacific are
parallel and close to each other (Figure 5). This implies a higher probability that a new minimum may emerge in
this region in the near future.

Analysis of the HistKalmag geomagnetic field model suggests that the recent expansion and intensity decrease of
the SAA may have begun as early as 1780 (Figure 8). For most of the past 240 years, the SAA has maintained
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several persistent characteristics: decreasing intensity, expansion, westward drift and a weak southward drift.
During this period, based on the analysis of the COV‐OBS.x2 model, two distinct modes of local minimum
formation were identified. The first type is an emergence event: between 1860 and 1930, a small isolated min-
imum appeared over the Pacific, exerting very little (if any) influence on the main (i.e., the weakest) anomaly
(Figure 7). The second type is a splitting process, in which a new local minimum develops through the division of
the existing anomaly. Around 2008, based on both COV‐OBS.x2 and CHAOS‐8.2 models, such a split has
occurred, producing a pair of minima within the same SAA region (Figures 6 and 7). In contrast to the emergence
case, splitting has a significant impact on the evolution of the SAA, particularly in total as well as the area of sub‐
regions change.

The recent splitting event is especially noteworthy. The intensity of the new local minimum has been decreasing
at twice the rate of the primary minimum (Figure 6a), faster than historical decline rates (Amit et al., 2021; Pavón‐
Carrasco & De Santis, 2016). The total anomaly area continues to expand during this interval, while the sub‐
regions exhibit an anti‐correlation: the area of the South America minimum is shrinking, whereas the area of
the new Africa minimum is rapidly growing (Figure 6b). The time dependencies of the coordinates of the cor-
responding centers of mass further reveal different behaviors, with both minima drifting westward, but the South
American minimum drifts approximately four times faster (Figure 6c). If this trend persists, the two centers of the
minima will continue to drift apart within the SAA. Finally, the latitude of the CM of the total area is consistently
located farther north than that of either sub‐regions (Figure 6d), reflecting the asymmetric shape of the SAA, in
particular its northern bulge (Figure 2a).

The analysis of the HistKalmag model suggests that the present‐day SAA is not unique (Figure 8). Over the
HistKalmag period, the mean number of local intensity minima per snapshot is 2.01, which is comparable to albeit
slightly lower than the statistics reported for other archeomagnetic field models (see Terra‐Nova et al., 2019). As
shown in Figure 8b, multiple sub‐regions are present during most of the model period. Several periods exhibit
anti‐correlated expansion and shrinkage of the area of sub‐region caused by split, most notably during 1030–1380
and 1600–1700 CE. The total area has undergone multiple phases of expansion, each with a rate roughly com-
parable to the modern SAA expansion rate. These episodes of total anomaly area expansion typically last ∼150
years, consistent with the advection time in the core (Terra‐Nova & Amit, 2020), suggesting that the expansion of
weak geomagnetic surface intensity anomalies is linked to transport processes by fluid flow at the top of Earth's
core. The CM of the total anomaly area exhibits both westward and eastward drifts (Figure 8c). Before 1200 CE,
the motion resembles the westward drift observed during the last two centuries (Amit et al., 2021; Aubert, 2015)
as well as in some archeomagnetic field models (Hellio & Gillet, 2018; Nilsson et al., 2020). Between 1200 and
1600 CE, however, the CM of the total area showed a relatively slow but persistent eastward drift. The sub‐
regions also display both westward and eastward motions (Figure 8c), consistent with the behavior of intense
core mantle boundary (CMB) flux patches in other archeomagnetic field models (Amit et al., 2011; Dumberry &
Finlay, 2007; Terra‐Nova et al., 2015, 2016).

Despite these historical similarities, the modern SAA remains a particularly noteworthy case. Although the recent
global minimum is not decreasing at the fastest historical rate, its intensity is the lowest ever directly
observed—since the advent of geomagnetic intensity measurements by Gauss nearly 200 years ago, the surface
intensity never dropped below 23 μT. Likewise, although north–south migration of anomalies has occurred
before, the present SAA has reached the lowest southern latitude recorded in the historical models, a feature that
seems challenging to reproduce in numerical dynamo simulations (Terra‐Nova & Amit, 2025).

We further performed an analysis of the distribution of null intensity gradient contours which has the advantage of
not requiring any arbitrary choice of intensity threshold. Our analysis reveals hemispheric asymmetry in non‐
dipolar features. In Figures 9e and 9f, the maximum deviation of the ∂F

∂θ = 0 contours from the equator shows
that non‐dipolar features associated with surface intensity anomalies are clearly more pronounced in the Southern
Hemisphere than in the Northern. Similar north‐south asymmetry was reported in previous studies based on
archeomagnetic field models bearing in mind the possible bias due to eneven spaial distribution of the data
(Constable et al., 2016; Constable & Parker, 1988; Gallet et al., 2009; Nilsson et al., 2022, 2024). This long‐term
hemispheric preference, emerging over millennial timescales, may be linked to the southern locations of the
LLSVPs (Lézin et al., 2023), which control the CMB heat flux and hence the spatial pattern of core convection
and the geomagnetic field (Amit et al., 2015). Alternatively, the north‐south dichotomy may simply be the
outcome of the uneven spatial distribution of archeomagnetic data. Furthermore, in Figures 9c and 9d, the broader
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distribution of ∂F
∂θ = 0 contours in the Atlantic hemisphere, together with the troughs or gaps visible in the same

Figures indicate stronger non‐dipolar contributions compared to the Pacific. This observation is consistent with
previous studies reporting a persistent lower contribution to the dipole in the Atlantic hemisphere (de Oliveira
et al., 2024). Our analysis based on the spatial distribution of null intensity gradient contours provides a specific
perspective on non‐dipolar contributions to the location of geomagnetic surface intensity minima. It is also in
agreement with persistent strong non‐dipolar CMB field in the South Atlantic (Constable et al., 2016).

The distribution of ∂F
∂ϕ = 0 contours shown in Figure 10a is reminiscent of the wavenumber 2 dominance in the

radial magnetic field. These features can be explained by heterogeneous heat flux at the CMB (Amit et al., 2015),
where lateral variations in lower mantle temperature are dominated by a degree and order 2 spherical harmonic
(Masters et al., 2000). At the CMB, two intense geomagnetic flux patches at high latitudes of each hemisphere are
thought to be the outcome of this Y2

2 ingredient in the CMB heat flux (e.g., Gubbins, 2003). Our results show a
signature of this mantle control on the geodynamo at Earth's surface.

Overall, it should be noted that the HistKalmag model relies on archeomagnetic data, which are sparsely
distributed (Arneitz et al., 2017). In particular, the archeomagnetic data density is relatively low in the Pacific
Hemisphere and in oceanic regions. After 1500 CE, the addition of ships log data improves the spatial coverage.
Therefore, caution should be exercised when interpreting results derived from these earlier periods.

Our topological algorithm, which we applied to geomagnetic surface intensity minima, may potentially be applied
to other research domains. It may be used to better identify and track magnetic flux patches in core field models
(Amit et al., 2011; Dumberry & Finlay, 2007; Terra‐Nova et al., 2015) and numerical dynamo simulations (Amit
et al., 2010) as well as magnetic pole locations at Earth's surface (Livermore et al., 2020). It can also be applied to
characterize the kinematics of mantle plumes (Labrosse, 2002; Schubert et al., 2004). Possible applications of our
algorithm to track changes in size of atmospheric tropical cyclones (e.g., Simpson, 1974; Irish et al., 2008) or
large‐scale ocean eddies (e.g., Jeong and Hussain, 1995; Isern‐Fontanet et al., 2003) may also be envisioned.
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