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Abstract Polar cap and auroral oval areas are presented for the period 1900-2015 using a model of the
magnetosphere and the International Geomagnetic Reference Field Version 12 (IGRF-12) model for the
geomagnetic field. The effect of the main field long-term changes is addressed considering steady
interplanetary conditions. Until ~1940 both northern and southern polar cap areas increased with time,
consistent with the geomagnetic dipole moment decrease during this period. Thereafter, while the southern
polar cap area continued to increase steadily, the northern polar cap area has been decreasing rapidly. This
hemispherical dichotomy is related to asymmetry in the core field and its secular variation. In the southern
polar region the surface field intensity has been decreasing throughout the entire period, whereas in the
northern polar region an intensity decrease turned to an increase from 1940 to present day. This recent
surface intensity increase stems from intensification of the flux patch below Siberia and cessation of
weakening of the flux patch below North America, both on the core-mantle boundary. The surprising
temporal decrease in the area of the northern polar cap has important implications for space weather and
communication systems. While the decreasing dipole intensity allows more particles to penetrate the
atmosphere, a shrinking northern auroral oval implies an increase in particle precipitation density, resulting
in more severe damage to airplanes and ships positioning systems, spacecraft electronic systems and airline
passengers when passing above this region. Further study is needed to observationally establish that the
northern auroral oval, as defined by optical occurrences of aurora, is indeed shrinking.

Plain Language Summary Auroral ovals are bands encircling polar caps where particles from
the Sun are accelerated down into the atmosphere. Their area and location depend on the Earth's
magnetic field and solar wind conditions. The Earth's field, which is mainly dipolar, varies gradually in time,
producing a slow shift in the geographic location of the auroral oval, moving with it the locations where
auroras can be seen. Based on the geomagnetic dipole moment decrease in the last century, it was expected
that the auroral ovals would drift in equatorial direction and embrace more area in time. In this work we
show, using three different models, how the polar cap and auroral oval areas in both hemispheres changed
from 1900 to 2015. While southern areas increase as expected from a dipolar moment decrease, northern
areas have been decreasing since ~1940. This surprising decrease has important implications for space
weather and communication systems. The allowance of more energetic particles to the atmosphere due to
the decreasing dipole intensity is reinforced by a shrinking northern auroral oval that implies an increase in
particle precipitation density, resulting in more severe damage to positioning and spacecraft electronic
systems, and airline passengers when passing above this region.

1. Introduction

Auroral ovals are belts where particles carried by the solar wind are accelerated down the magnetic field
lines onto the upper atmosphere (Akasofu, 1983; Feldstein, 2016). Directly linked to auroral ovals are polar
caps, which are regions above Earth's surface where magnetic field lines are open and connected to the inter-
planetary magnetic field. Their border is also called open-closed field line boundary since it separates open
magnetic field lines from the closed lines of the magnetosphere. Polar cap geometry, that is, center, shape,
and area, can be determined by identifying and following these open field lines using mathematical
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modeling that can range in complexity from magnetohydrodynamic (Gombosi et al., 2004) to simplified fast
models (Hill & Rassbach, 1975; Stern, 1973). These features depend directly on the morphology of the mag-
netosphere, which in turn depends on Earth's magnetic field and solar wind conditions.

Auroral ovals are vulnerable to particle precipitation effects. A relevant problem in these areas is the “black-
out” of ionospherically propagating radio signals affecting communications as well as satellite geolocation,
fundamental for airplanes and ships positioning systems. Among other consequences of particle precipita-
tion are changes in atmosphere chemistry with dissociation of ozone possibly the worst of these alterations
(Glassmeier & Vogt, 2010; Winkler et al., 2008), degradation of spacecraft electronic systems and compo-
nents (Carlowicz & Lopez, 2002; Olson & Amit, 2006), and radiation effects that might be hazardous to pas-
sengers, crew, and equipment in transpolar flights (Riley et al., 2018).

Earth's magnetic field at present is dominated by a dipole with its axis tilted about 11° with respect to the
Earth rotation axis, that is, the field is almost perpendicular to the solar wind flow direction. In contrast,
the temporal variability of the field, termed secular variation (SV), is characterized by a blue spectrum; that
is, its power increases with increasing spherical harmonic degree from weakest dipole SV power to stronger
for larger degrees (Lowes, 1974). SV timescales for the nondipole field are inversely proportional to the
degree (Amit et al., 2018; Christensen & Tilgner, 2004; Lhuillier et al., 2011). The most striking SV features
are westward drifting low- and middle-latitude flux patches in the Atlantic hemisphere (e.g., Finlay &
Jackson, 2003; Jackson et al., 2000), which were modeled by control of inner core boundary conditions on
the geodynamo (Aubert et al., 2013). The SV may be inverted for fluid motions at the top of the core (e.g.,
Holme, 2015). These core flow models often include a large-scale anticlockwise eccentric gyre below the
Atlantic hemisphere with high level of equatorial symmetry (Finlay et al., 2016; Gillet et al., 2019) in agree-
ment with theoretically expected dominant rotational effects (e.g., Busse, 1970; Jault, 2008).

The SVs of the auroral ovals were studied previously with focus on solar activity, which is a strong forcing of
auroral ovals and auroral occurrence frequency as well. Silverman (1992) defined auroral occurrence as the
number of days in which aurora was observed in a given time interval, and the SV analyzed is that associated
to the solar activity. He used visual auroral observations for an ~500-yr period from 1450 to 1948 together
with sunspot and the geomagnetic aa index from 1868 to 1990, comparing SV when possible.
Silverman (1992) found an anticorrelation of auroral occurrence in polar regions with solar activity, which
he attributed to the auroral oval displacement due to solar and geomagnetic activity variations. Korte and
Stolze (2016) studied the effects of the geomagnetic dipole moment (intensity and tilt) and solar activity.
They used archeomagnetic field models that span several millennia. Korte and Stolze (2016) concluded that
the main forcings of midlatitude aurora occurrence likelihood and the spatial extent of the auroral zone at
multidecadal to centennial timescales are the geomagnetic tilt and solar activity. Most importantly however,
both Silverman (1992) and Korte and Stolze (2016) did not consider the effect of the nondipolar components.

The SV of the geomagnetic field affects the magnetosphere and consequently polar cap and auroral oval
characteristics. In this work, for the first time, the SV of the polar cap and auroral oval areas are calculated.
We investigate this SV for the period 1900-2015 using a model of the magnetosphere and a geomagnetic field
model inferred from surface and satellite observations. The effect of the main field long-term changes is
addressed by considering steady interplanetary conditions.

2. Methodology
2.1. Magnetosphere Boundary Models

To determine polar cap boundaries, centers, and areas, we considered a theoretical magnetosphere bound-
ary model. We estimated the outer limit of the magnetosphere by balancing the dynamic pressure of the
solar wind and the magnetic pressure of the geomagnetic field (Beard, 1960), that is,

(20v%cos’y) = (ZB_;;) . 6))

where p is the proton density, v the solar wind velocity, i the angle between solar wind direction and mag-
netopause limit, B the magnetic field intensity, u, the magnetic permeability and the subscripts “sw” and
“mf” denote solar wind and Earth's magnetic field, respectively. Mean solar wind values for quiet
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conditions p ~ 4.2 x 107*! kg m™> and v = 350 km/s yield B = 49 nT,
corresponding to 10.8 Rg, with Ry = 6,371 km the mean Earth radius.
The surface in space where B = 49 nT serves as a magnetopause model,
which we term the “constant intensity” model. That is, the magnetic
field at every point of the magnetopause is 49 nT since this value is
2005 determined by the solar wind dynamic pressure, which we consider
1990 fixed for all the cases analyzed. This intensity value would occur at dif-
1975 ferent positions depending on the field configuration. Every line
1960 between 90° inclination and the line with B = 49 nT at its apex is cut
1945 by this surface and is therefore considered as an “open field line”.
gi: Polar caps are located and delineated by following open field lines and
s tracing them to the Earth surface. This serves as the inner limit of aur-
oral ovals. The outer limit is assessed similarly by considering disturbed
solar wind conditions with p = 5.0 X 1072 kg m2and v = 500 km/s,
consistent with typical values during low to moderate perturbations.
A second model of the open field lines can be obtained by the superposi-
tion of the Earth's field of core origin and a uniform field in the direction
of the interplanetary external field (Hill & Rassbach, 1975), as was done in
Zossi et al. (2019). With this model it is possible to obtain the polar cap
location by calculating the neutral magnetic field points (B = 0) and fol-
lowing the lines down to the Earth surface. Neutral points separate the
open and closed magnetic field lines.
In contrast to the two first principle models described above, a third semi-
2005 empirical magnetosphere Model T04 (Tsyganenko & Sitnov, 2005) is
1990 obtained with conditions considered in Tsyganenko (2019). This model
1975 provides a good assessment of magnetospheric magnetic field, using full
1960 International Geomagnetic Reference Field (IGRF) for the internal field
1945 and based on satellite observations that account for the contributions
1930 from external magnetospheric sources as the ring current, magnetotail
1915 current system, magnetopause currents, and large-scale system of

1900 field-aligned currents. Tsyganenko (2019) defined the auroral zone loca-
tion as the lines that cross inside two quasi circles on the ecliptic plane.
The outer circle defines the polar cap.

The three models span different altitude ranges. The “constant intensity”
model is valid from the magnetopause down to the Earth's surface. The
magnetosphere field is that of the IGRF without any deformations in the
entire region. The “superposition” model is valid in the entire space, below
and above the magnetopause. T04 model gives a more precise shape of the

Figure 1. (a) Northern and (b) southern polar cap boundaries obtained with  magnetospheric lines approaching the magnetopause. Although the mag-

2-D convex hull for 1900 (blue) and 2015 (red), with magnetic poles
(diamonds), centered (circles) and eccentric (triangles) dipole axes, and
polar cap geometric centers (squares) from 1900 (blue) to 2015 (red) in 5-yr

netic field differences among the three models are large close to the magne-
topause, these models converge on approach to the Earth surface. None of

intervals. The year corresponding to each symbol is denoted by colors the three models simulate the magnetosphere-ionosphere coupling.

(see color bar).

2.2. Areas and Centers of Polar Caps

Magnetic field lines were traced using the same algorithm as in Zossi et al. (2019). Briefly, if the magnetic
field B = (Bx, By, Bz) is known at every point then the magnetic field line element dl = (dx, dy, dz) is defined
by the following equation

dy

"B B @

& &
R

which is solved with a fourth-order Runge-Kutta method. The lines cut by our modeled magnetopause
were traced then to the Earth surface. A 2-D convex hull routine (Schneider & Eberly, 2003) was used
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Le7 Polar cap area to draw the boundary in terms of geographic latitude and longitude, as can
— North be seen in Figure 1 for 1900 and 2015.
1.58{ —— South
For Earth's magnetic field, the IGRF Version 12 model (Thébault et al., 2015)
1564 was used considering maximum spherical harmonic degree and order 5 in the
T ' magnetic scalar potential expansion. The choice of truncation level was based
“:f on a convergence analysis estimating polar cap areas versus the truncation
g 1541 degree. As can be seen in Figure 2, polar cap areas approach asymptotic
values already when truncated at degree 3. Areas estimated using until degree
1524 5 differ by less than 0.1% from estimations using until degree 4. Adding higher
degrees differ by less than this value. This truncation affects even less the field
1.50 A lines at the magnetopause height since the field decreases with ¥~* * V), that
1900 1920 1940 1960 1980 2000 2020 s, very rapidly with radial distance.
year
“ Areas were calculated using the formula for a polygon on the surface of a
sphere formed by the arcs of great circles joining these boundary points, that
1e7 Auroral zone area is (Bevis & Cambareri, 1987), Apolygon = [0 — (n — 2)7|R, where 6 is the
—— North sum of the inner angles of the spherical polygon on the Earth surface and n
03807 south the number of sides. To verify the reliability of the area estimation, we com-
0.375 - pared it with the known analytical solution for the area of the polar cap for
0370 an axial dipole field, which is Aapaiyticas = 27 Rz [1 = cos(90 — Ap)] (from a
E ) spherical cap area equation), where Ap is the axisymmetric polar cap boundary
5 0.365 latitude. For this case, considering mean solar wind conditions, 1p = +72°. The
[
< 0.360 4 ratio of the analytical to the estimated polar cap area using the “constant inten-
' sity” model is Apotygon/Aanalytical = 1.0006, that is, a very good agreement.
0.355
Polar cap centers were obtained by projecting polar cap points to a plane using
0.350 ~ “Lambert azimuthal equal-area projection”, averaging the Cartesian compo-
1900 1990 070 1050 1950 000 Joo0  hents and converting back the center Cartesian coordinates to geodetic spheri-

year cal coordinates. These polar cap geometric centers were compared with

(b)

magnetic dip poles, and with centered and eccentric geomagnetic dipole axes
(Fraser-Smith, 1987). The magnetic dip poles correspond to the places on the

Figure 2. Secular variation of northern (blue) and southern (orange)  Earth's surface where the magnetic field inclination is 90°. The geomagnetic

polar cap (a) and auroral oval (b) areas, both estimated using
maximum degree 5 in IGRF-12 magnetic scalar potential expansion.

dipole axis longitude ¢.4 and colatitude 6.4 are given by the commonly used
centered spherical harmonic coefficients of degree 1 (e.g., Amit & Olson, 2008):

1
¢y = tan™! (%) (3)
1
Vel +ht
Beq = tan™! % 4)
1

where g,° represents the axial dipole and g," and h," represent the equatorial dipole. The eccentric dipole
axis coordinates ¢oq and B4 are given by the corresponding dipole coefficients in a reference system off
Earth's center. In terms of the centered spherical harmonic coefficients, the eccentric dipole axis coordi-
nates are (e.g., Fraser-Smith, 1987)

(Rg ¥ AZ)sing 4tanby + Ay
_ h h
(RE + M)Sin¢cdtan96d =+ AX ( nort ’ +sout ) (5)

¢Bd = tan_l |:

Axsi - A
Singeg — Ay °°S¢cd} (north), Geq 6)
RESln(¢pd = Pea)
 180°—sin-1 [Axsmlqﬁcd — Aycosg,y
Resin(@ey — Pea)

where Az = [(Lo — £°E)/3B IR Ax = [(Li — @'E)/3B,*IRs Ay = [(Ly — hi'E)/3B,*|Rg,

Qo = sin~! {

} (south)
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Northern polar cap area

LO _ 2g10g20 + 31/2(g11g21 + hllhzl), Ll _ _g10g20 + 31/

1.48

1.46

1.44 A

1.42 A

Area [km?]
= = =
w w wv
o N H

20, + 2,'8" + hy'ho2), Ly — —hy g, + 3V, %R, — hy'g)? + g1k,
E = (Log° + Lig" + Lohy)/4B,%, and B, = (2% + (@) + (')

Note that we relied on the standard eccentric dipole definition based on
the dipole (:°, g%, hi") and quadrupole (g,°, 25", g%, ha", hy>) Gauss coef-
ficients of the geomagnetic field spherical harmonics (Fraser-
Smith, 1987), while Tsyganenko (2019) considered a somewhat modified
eccentric dipole definition based on the full IGRF.

3. Results

Figure 1 shows the SV of geometric centers of polar caps (squares). For

1900

le

~

1920

1940

1960 1980 2000 comparison, we also track the centered (circles) and eccentric (triangles)
year geomagnetic dipole axis and the magnetic dip poles (diamonds). We find
(a) that the motions of the centers are adequately explained by the eccentric

dipole axis SV, whereas the centered dipole is slightly shifted and the mag-

Southern polar cap area netic poles move much faster. This is in agreement with

1.56

1.54 A

1.52 A

Area [km?]

A\

1.50 A

1.48

Tsyganenko (2019) who found that the auroral ovals follow the geomag-
netic eccentric dipole instead of the magnetic dip poles. In addition,
Figure 1 confirms the hemispherical dichotomy in the polar caps SV with
faster motion in the north, again in agreement with Tsyganenko (2019).

The absolute SVs of each polar cap (northern and southern) for the period
1900-2015, shown in Figure 2a, are mostly larger than those expected for a
pure dipole field (compare purple and blue lines of Figure 3). In addition,
an increase can be noticed until ~1940 in both cases, which is qualitatively
consistent with the expected increase in area due to the geomagnetic
dipole moment decrease during the historical period. Quantitatively, how-
ever, both the northern and the southern polar cap areas increased during

1900

Figure 3. Secular variation of (a) northern and (b) southern polar cap areas
estimated using maximum spherical harmonic degree 1 (blue), 2 (orange),
3 (green), 4 (red), and 5 (purple) using the IGRF-12 magnetic scalar

potential expansion.

1920

1940

1960 1980 2000

year that period faster than if a pure dipole field prevailed. Thereafter, while

the southern polar cap continued to increase steadily, the northern polar
(b) cap switched to an abrupt and fast decrease until ~1980 followed by a
somewhat less steep decrease until present day (blue line in Figure 2a).
In percentage terms, we find an average rate of ~0.05%/yr increase in
the southern case during the period 1900-2015, as opposed to an
~0.01%/yr increase during 1900-1940 followed by an ~0.03%/yr decrease
during 1940-2015 in the northern case. For comparison, the geomagnetic
dipole has been decreasing at a rate of ~0.05%/yr (e.g., Finlay et al., 2016). If this trend persists linearly, the
northern polar cap might vanish within less than 4,000 yr.

Auroral oval areas were determined by subtracting polar cap areas from those obtained considering the dis-
turbed solar wind conditions. Their SV is in good agreement with that of polar cap areas (compare Figures 2a
and 2b). Similar results are obtained for polar cap and auroral oval areas using the other two magnetosphere
models.

The SV of polar caps obtained with the constant intensity magnetopause model is in reasonable agreement
with the two additional models (Figure 4) despite relying on different assumptions (Tsyganenko, 2019; Zossi
et al., 2019). The polar caps boundary definition in the superposition model is somewhat noisier than in the
other two models. However, the general trends of all three models exhibit a steady decrease in the south as
opposed to increase/decrease before/after 1940 in the north, with the models differing mostly by a constant.
This constant difference arises due to the differences in the coordinates from where the open field lines are
identified in each model. In the constant intensity model this boundary depends on the dynamic solar wind
pressure value. In the superposition model, which does not have a defined boundary, the open field lines
depend on the value of the uniform external magnetic field. Finally, in the T04 model, this boundary
depends on quasi-circular contours defined in the equatorial plane with a size depending on the dynamic
pressure assumed. Since at the distance from which open field lines are detected in the three models the
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Northern polar cap area

dipolar component of the Earth's field is overwhelmingly dominant, the

Area [km?]
= = =
w wv (2
(=2 [+] o

polar cap or auroral oval shapes, their center position and their relative areas
SV are similar. However, the polar cap size varies: with the magnetopause
distance in the constant intensity model, with the uniform external field
value in the superposition model, and with the quasi-circular size in the
T04 model. In summary, the similarity in the SV of the area based on all three
models provides confidence in the robustness of the results.

1541 The reason for the shrinking northern auroral oval is the effect of the SV of the
1.52 - nondipolar magnetic field components whose energy has been increasing at
the dipole component expense (e.g., Amit & Olson, 2010). Before 1940
1.50 - Earth's surface field at both poles has been weakening (Figures 5a and 5b),
1900 1920 1940 1960 1980 2000 2020 leading to a reduction in the distance to the magnetopause and expansion of
year the polar caps (Figure 2a). After 1940, in the southern polar region the intensity
(a) continued to drop (Figure 5d) and the polar cap continued to increase. In con-
trast, in the northern polar region since 1940 the intensity has been increasing

1e7 Southern polar cap area (Figure 5c) hence the polar cap has been shrinking (Figure 2a).
1.65 - What core field kinematics caused the surprising surface intensity increase
and the subsequent polar cap area decrease at the north? As already noted
1.60 1 in Figure 3, the SV of the nondipole field significantly affects the temporal
~ 155 variation of the polar cap area. Figure 6 shows two snapshots of the radial
S component of the Earth's magnetic field and its SV at the core-mantle bound-
g 1.50 1 ary (CMB) below the northern hemisphere, one before and one after 1940.
< 145 | Because the surface field is mostly affected by low degrees, we examine in
Figure 6 the field and its SV truncated at degree 5 while in Figure 7 we con-
1.40 A sider the full IGRF model until degree 13. In Figure 6 the field at the CMB in
L35 . both epochs is dominated by two high-latitude flux patches, one below North
; . : . : : . America and the other below Siberia. This morphology mostly originates

1900 1920 1940 1960 1980 2000 2020

Figure 4. Polar cap areas for the (a) Northern and (b) Southern
Hemisphere estimated with the constant intensity (black),
superposition (blue), and the T04 (red) models.

year

(b)

from spherical harmonic degree 2 (and order 2), which is the lowest nondi-
pole degree, that is, its signature affects the field at the surface.
Interpretations of local field and SV follow two end-member scenarios:
Coincident field and SV structures indicate intensification (same sign) or
weakening (opposite sign), whereas coincident field patch and a bipolar SV
structure indicate drift (Amit, 2014). Accordingly, in 1920 the flux patch
below North America is weakening while the flux patch below Siberia is
drifting westward (Figures 6a and 6b), leading to a decrease in intensity in this period. In contrast, in 1980
the North America patch is drifting westward while the Siberia patch is strengthening (Figures 6¢ and
6d), leading to an increase in the intensity in this period at northern high latitudes. The recent intensification
of the Siberian flux patch can also be traced when considering the full IGRF model (Figure 7). In 1920 posi-
tive SV correlates with this patch (Figures 7a and 7b); that is, it is locally weakening, whereas in 1980 a nega-
tive SV structure dominates this region (Figures 7c and 7d); that is, it is locally strengthening. Consequently,
the SV of the two northern high-latitude flux patches culminated in the local surface field intensification and
reduction in northern polar cap area.

Figures 8a and 8b show the field lines for the dipolar and nondipolar field, respectively. Figure 8c shows
the field lines for the total field where red arrows indicate a more intense field and blue arrows a less
intense field with respect to the pure dipole field. The contribution from multipolar components is posi-
tive in the northern polar region and negative in most of the southern, in agreement with a regional ori-
gin to polar caps SV.

4. Discussion and Conclusions

In a very first approximation, the open field lines determined by our constant intensity magnetopause model
correspond to the tail lobe lines in a closed magnetosphere model, which are considered as the open field
lines, since they do not cross the equatorial plane (Milan, 2009). Their footprints determine the polar
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Surface intensity difference 1900-1940 [uT] Surface intensity difference 1900-1940 [uT]

2.4
1.6
0.8
0.0
-0.8
-1.6
-2.4
-3.2

(b)
Surface intensity difference 1940-2015 [uT] Surface intensity difference 1940-2015 [uT]
/Ji

3.2
1.6
0.0
-1.6
-3.2
-4.8
-6.4
-8.0

16
0.0

-1.6
-3.2
-4.8
-6.4
-8.0

(d)

Figure 5. Intensity difference at Earth's surface (a) 1940-1900, Northern Hemisphere; (b) 1940-1900, Southern
Hemisphere; (c) 2015-1940, Northern Hemisphere; and (d) 2015-1940, Southern Hemisphere.

caps. Our magnetopause model, therefore, acts as an “intermediary” approach to give fairly reasonable
results for a “ground state” magnetosphere. This method is equivalent to that used by Oguti (1993) who
estimated the variation of auroral zones (he uses “zone” as synonym of “oval” in this case) during a
1,000-yr period. He considered for the auroral zone inner limit (i.e., the polar cap boundary) the
region connected to the apex magnetic field intensity that equals 49 nT. An advantage of our method
is that a first approximation of the dayside magnetopause can be assessed for any magnetic field
configuration.

According to scaling laws, which are rigorously valid under the hypothesis of self-similarity, the polar
cap boundary latitude, 4, should vary in terms of the dipole moment, M, according to cos (4,)x(1/
M)l/6 (Glassmeier et al., 2004; Siscoe & Chen, 1975; Vogt & Glassmeier, 2001) for a pure dipole magnetic
field and a steady solar wind under quiet conditions (that is reasonable for a long-term average condi-
tion). This means that for the present-day decreasing M, 4, should shift to lower latitudes with a conse-
quent increasing area for both hemispheres. However, the SV of the polar cap geometric centers and
areas in both hemispheres are in disagreement with these scaling laws. In particular, the northern polar
cap geometric center has been drifting poleward (Figure 1) and its area has been decreasing since 1940
(Figure 2).

Our three considered magnetospheric models exhibit decent agreement in terms of the SV of the polar cap
areas. We found in the three models a transition from temporal decrease in the surface intensity below
northern high latitudes before 1940 (Figure 5a) to temporal increase of the intensity in this region thereafter
(Figure 5c). The kinematic origin of this transition can be traced to the SV of particular geomagnetic flux
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Figure 6. Radial geomagnetic field (a and c) and its SV (b and d) at the core-mantle boundary in 1920 (a and c) and
1980 (b and d) using IGRF-12 until spherical harmonic degree 5.

patches on the CMB (Figure 6). These recent SV features led to local intensification of the surface field at
northern high latitudes and consequently reduction in the area of the northern polar cap (Figure 2).

The shrinking northern auroral zone originates from hemispheric differences in the geomagnetic field and
consequently in the ionospheric conditions. Korte and Stolze (2016) mentioned that the northern auroral
oval is more distorted at present than the southern oval, which they attributed to the nondipolar field com-
ponents. Tsyganenko (2019) found that the northern polar cap moves faster than the southern (see Figure 1).
These findings are in qualitative agreement with our results.

Solar activity long-term variation also affects the auroral oval size. Solar activity determines solar wind para-
meters, which in turn modifies the dynamic pressure at the magnetopause, directly determining the auroral
oval size. However, this effect is equivalent for both auroral ovals, that is, an increase or decrease in size, dis-
placing boundaries equatorward or poleward for increasing or decreasing solar activity levels respectively.

Comparison with observational data may validate our results. Available databases relevant for the auroral
zone area include the Active Magnetosphere and Planetary Electrodynamics Response Experiment
(AMPERE) (Milan et al., 2015) and the Defense Meteorology Satellite Program spacecraft (DMSP), or mag-
netometer data with the method described by Johnsen (2013). However, several difficulties render such a
comparison nonstraightforward. First, different databases correspond to somewhat different physical areas
(e.g., auroral zone and polar cap). Second, preliminary analyses of different databases give different results
(not shown). Third, the observational databases cover too short periods (e.g., Johnsen, 2013; Kilcommons
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Figure 7. Radial geomagnetic field (a and c) and its SV (b and d) at the core-mantle boundary in 1920 (a and c) and 1980
(b and d) using full IGRF-12 until spherical harmonic degree 13.
et al., 2017) compared to the historical geomagnetic data covered, for example, by IGRF. Finally, the
observations contain the solar activity contribution that has low-frequency variations compared to our SV
analysis, in addition to a solar SV variation, that need to be properly filtered out in order to obtain reliable
trends, which can be attributed only to the internal Earth's magnetic field. Indeed, investigation of the SV
of the polar cap locations related to the Earth's magnetic field avoided comparison with such observations
(Tsyganenko, 2019).
The shrinking northern auroral oval revealed here for the first time has important societal consequences.
Within this smaller auroral oval, increased particle precipitation density might lead to increased damage
to airplane and ship positioning systems, spacecraft electronic systems, and airline passengers when passing
above the North Pole region. Continuous monitoring of Earth's magnetic field by surface observatories and
dedicated satellites such as SWARM (Friis-Christensen et al., 2006), updated models of the core field (e.g.,
Gillet et al., 2015; Sabaka et al., 2015), improved modeling of the magnetospheric field (Cnossen, 2017;
Tsyganenko & Andreeva, 2015) and interdisciplinary studies combining these models will reveal whether
the current trend of shrinking northern auroral oval will persist.
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