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Key points about the Earth's Magnetic Field

Our planet has had its own magnetic field
for 3.8 billion years and has used for
navigation in the last 1000 years

Horizontal and vertical compass

The field intensity at the Earth's surface
ranges from ~ 25000 nT at the equator
to ~ 65000 nT at the poles

About 97-99% of the field can be
approximated by a magnetic dipole,
the main field (static or slowly
changing).

The dipole axis is tilted at an angle of
about 9.4° (as of 2020) from the
Earth’s spin axis.
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Magnetic Field Lines



Key points about the Earth's Magnetic Field

The main field (97-99%) originates in
the Earth’s outer core, by the motion

of electrically conductive fluids (iron, 4
nickel), driven by convection
(temperature gradient from about 1% - 2% of the field
6000 °C at the inner core to 4000 °C originates in the Earth’s
at the core-mantle boundary) and crust

Earth’s rotation

The remaining part is of
external origin (interaction
with the solar wind and the
interplanetary magnetic

S field)

No permanent giant magnet is
inside the Earth because of
high temperature: at the depth

of 25 km from the Earth 6
surface (the Curie
temperature) is reached for
almost all the magnetic
material)




THE SPHERICAL HARMONICS MODEL OF THE EARTH’S MAGNETIC FIELD (1/2)

The magnetic field at the surface of the earth is determined mostly by internal currents with some smaller contribution due
to external currents flowing in the ionosphere and magnetosphere.

The Spherical Harmonics Model of the Earth's Magnetic Field is a mathematical representation used to describe the
complex and dynamic nature of the Earth's magnetic field. It utilizes spherical harmonics, which are mathematical
functions defined on the surface of a sphere, to approximate the magnetic field at different points on Earth's surface and in

its interior.

In the current-free zone the main magnetic field can be described as

the gradient of a scalar potential, B = -VV, and the potential function

V(r, 0, @, t) is represented as a finite series expansion in terms of

spherical harmonic coefficients, g and h , also known as the Gauss
Ji = internal currents —___ Earth’s Surface coefficients:

n+1
V(r,0,¢,t) —azz ( ) gn " (t) cos mp + h, m(t)smmq&] L (cos 0)

n=1 m=()

Here, r, 6, ¢ refer to coordinates in a geocentric spherical coordinate
system, with r being radial distance from the center of the Earth, and 6,
¢ representing geocentric co-latitude and longitude, respectively. A
reference radius a = 6371.2 km is chosen to approximate the mean Earth
radius. The P (cos 0 ) are Schmidt semi-normalized associated Legendre
functions of degree n and order m.

Current-Free

Zone
Je = external (ionosphere &

magnetosphere) currents



THE SPHERICAL HARMONICS MODEL OF THE EARTH’S MAGNETIC FIELD (2/2)

The IMaAg netic scalar pOtential V can be written as a spherical harmonic expansion

The Spherical Harmonics Model of the Earth's Magnetic Field is a mathematical representation used to
describe the complex and dynamic nature of the Earth's magnetic field. It utilizes spherical harmonics,
which are mathematical functions defined on the surface of a sphere, to approximate the magnetic field at

different points on Earth's surface and in its interior.

R, =(n+1) f:
m=0

R, (nT?) at surface of Earth
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Power spectra of R versus n reveals
two contributions: the outer core (n
< 10-12) and the crust (n<12)

Since 1839, when Gauss firstly

computed the coefficients, the dipole
magnetic moment (n = 1) has decreased
from 9.6 x 10%2 > 7.7 x 10?2 A-m?

(1900 > 2020)

7.5

x1022

Dipole moment time series

When only internal sources are considered all contributions to the geomagnetic field, i.e. the sum
of all Gauss coefficients up to a given degree n, can be shown on in a semi-logarithmic scale plot
as a function of the order number n. Power spectra of R reveals that
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GEOMAGNETIC FIELD ELEMENTS and WHAT INSTRUMENTS ARE USED TO MEASURE THEM?

At any location on the Earth, the magnetic field can be represented by a vector with intensity F.

Its direction on the horizontal plane can be determined by a compass. The angle relative to the
geographic North direction is the Declination (D).

The angle between the magnetic field and the horizontal plane is the Inclination (I) or magnetic
dip. Both angles are measured by means of a geomagnetic theodolite.
North

Another common representation is in X (North), Y (East) and Z (Down) —
geographic coordinates: meridian

H=vX2+Y2, F=vX2+Y2+422
D =arctan(Y /X); [ = arctan(Z/H).

East

Vector Magnetometer Scalar Magnetometer Down




GEOMAGNETIC FIELD ELEMENTS

ON THE GLOBE

MAGNETIC DECLINATION
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The magnetic poles or dip poles, the
points where the magnetic field lines
are vertical, are slightly offset from the
geographic poles. The magnetic
equator, where the magnetic field
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OBSERVING THE
GEOMAGNETIC FIELD

Ezuj International Geophysical Year
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Total Field (F) innT 2020 Inclination (1) in degrees 2020 i Declination (D) in degrees 2020
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A geomagnetic observatory is an amagnetic, topographically stable infrastructure far from:

« anthropogenic disturbances (railways, power plants, etc.)
« crustal magnetic anomalies (volcanic areas)

where automatic recordings are collected and absolute measurents are routinely manually performed.

Shelter for absolute measurements Shelter for automatic recordings (X, Y and Z,
(Declination, Inclination and scalar F intensity) additional scalar F intensity)
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WHY IS THE GEOMAGNETIC FIELD IS CONTINUOQUSLY MONITORED? BECAUSE IT CONTINUOSLY CHANGES IN A HUGE TIME SCALE RANGE....
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EVERYTHING CHANGES,
EVEN THE MAGNETIC POLE
POSITIONS....

The magnetic poles move in a
northwest direction at different
speeds. While the North Magnetic Pole
moves at a speed of approximately 37-
72 km per year, the South Pole moves
at about 5-9 km per year, eight times
slower.

Regi, M., Di Mauro, D., & Lepidi, S. (2021). The location of the Earth's magnetic poles from circum-
terrestrial observations. Journal of Geophysical Research: Space Physics, 126, e2020JA028513.
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The Italian Geomagnetic Observatorieg.
in Italy and in Antarctica
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Geomagnetic Observatory in Lampedusa




A pillar rooted on a floating basement (DMC, Concordia — Antarctica)




MAIN PRODUCTS from a geomagnetic observatory: bulletin, yearbooks, maps and data
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WHERE TO FIND DATA: LOCAL DATA PORTAL, WORLD DATA CENTERS, INTERMAGNET
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PRODUCTS from a geomagnetic observatory (DURONIA — DUR, ITALY): |
REAL-TIME MAGNETOGRAMS Gt e ; - Mt

Homeeng  Compare Observalories  Magnetograms stackplol  Download Area  Admin  Logout
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The Earth’s Magnetosphere

Definition and Boundaries

The magnetosphere is the The magnetosphere acts as a shield,
region surrounding the Earth protecting the Earth from the direct
where the geomagnetic field impact of the solar wind.

dominates. The boundary The interaction between the

between the Earth's magnetic magnetosphere and the supersonic
field and the solar wind is known solar wind creates a boundary known
as the magnetopause. as bow shock that deflects and slows

down the solar wind particles.

Magnetospheric Sub-regions

The magnetosheath is the region upstream of the magnetosphere, between
the bow shock and the magnetopause.

The magnetosphere is composed of various sub-regions and is
characterized by different current systems. The magnetotail is the region on
the nightside of the Earth where the magnetic field lines are stretched out.

solar wind

solar wind

: b
Dyl
! |
.,

magnetosheath

4 /.' '-

len
Delts

magnetosheath

neutral sheet

The magnetosphere is asymmetric, extending about
10 Earth radii sunward and 200 Earth radii in the
opposite direction towards the magnetotail




The Earth’s Magnetopause

The location of the
magnetopause is (1) ~ (43(?')2) 8 2332
determined by the balance Hop?
between the pressure of
the Earth’s magnetic field
and the dynamic pressure
of the solar wind

Bo: Earth’s magnetic moment

The Chapman-Ferraro
dayside magnetopause
currents

Bow Shock

! » Magnetopause Ganushkina et al. 2018

The tail current with
closure via return current
on magnetopause

Magnetosheath




The Earth’s Magnetosphere: the magnetic reconnection
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Interplanetary field directed southward, which is antiparallel to the geomagnetic field.

Before reconnection:
Purely geomagnetic field line with both ends attached to the Earth
Interplanetary field line with both ends on the Sun (or stretching far from the Earth)

Near the front of the magnetosphere, at magnetopause, a magnetic X-line forms.
Reconnection occurs.

After reconnection:
Two new field lines:
- Each has one end att?
to the Earth
(one near the North Pole,
one near the South Pole)
- and the other end stretching
out into interplanetary space




The Earth’s Magnetosphere: the auroral oval

The auroral oval is the footprint in the atmosphere of the boundary between
the highly stretched field lines of the polar cap and the nearly dipolar field
lines at lower latitudes.

The auroral oval is the region where auroras are most frequently observed.

The auroral oval is an elliptical or oval-shaped region roughly centered
around the magnetic pole (with a more elliptical form in the Northern
hemisphere).

It typically extends between 60° and 75° north and south of the magnetic
pole.

The size and location of the auroral oval can vary depending on the
interaction with the solar wind. During periods of high geomagnetic activity,
with reconnection occurring due to southward directed IMF, the auroral oval
can expand and move closer to the equator, while during quiet periods, it
may contract and move closer to the poles.

Dayside

Magnetopause

’ \x Magnetotail
)
Plasmasheet

Source of

AUrora
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MAGNETIC STORM

Major disturbances in the magnetosphere triggered by the interaction with the solar wind

Magnetic storm: World-wide depression of magnetic horizontal (H, ~ north)
component due to enhanced westward ring current

storm sudden

commencement (SSC)

(shock hitting the magnetopause)

Honolulu

Kakioka
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sy |
initial phase |
"I
main phase recovery phase

strong southward IMF

in the

shocked flow

or in the CME

Substorms (Akasofu and Chapman, 1961)
are magnetic and auroral activations at
high latitudes (auroral zone). They occur
both during storms and other times.

Magnetospheric
boundaries

Nightside
plasma sheet

Dayside and
solar wind




ULF Waves in Earth's Magnetosphere: pulsations
Waves naturally occurring in the Earth's magnetosphere with frequency from mHz to hundreds of mHz and amplitude from
tenths to hundreds of nT. Crucial role in understanding the complex dynamics of the Earth’s magnetic environment.

Clesgiizaon Pe(gl)od Frc(egt;ar)mcy Dungey, 1954: pulsations are interpreted for the first time in terms of
magnetohydrodynamic (MHD) waves.
Pcl 0.2-5 200-500
Pc2 5-10 100-200
Pc3 10-45 22-100
Pc4d 45-150 [-22
PC5 150'600 2'7 lzgg = T'=0.5-5h
200+
100 |
MHD theory concerns ionized gases immersed in a magnetic field. 50l 7= 130-600
In an ordinary gas, waves are generated by pressure and | ?2 o
gravitational gradients. In an MHD fluid, the magnetic field also < | o
plays a role. é 2t 3
MHD waves are low-frequency waves (when f < ion gyrofrequency). g 0‘;: s
0.2F 7=0.2-50s

Resonances
in the cavity

Therefore, the MHD description is valid only for -
Power spectrum of the emission

- i - 0.05F A -
low-frequency pulsations, namely Pc3-5 power of the magnetosphere at  *o. e = Amos
pulsations (f<100 mHz). extremely low frequencies 17407130s TmAs l .

. 0.0001 0.01 1 100 10000
(pulsations). Frequency, Hz
Pcis regular oscillations and Piis 10000 100 T o0l o000

Period, s

irregular oscillations.



MHD WAVES in a dipolar field

Alfvén wave: transverse wave, guided along the ambient field

Fast wave: compressional wave, isotropic

K Along the field line
V In the meridional plane, perpendicular to the field line
@ In the azimuthal direction

Alfvén wave: A disturbance generates azimuthal oscillations of an entire magnetic shell, changes in direction ¢.

Fast wave: A disturbance compresses the field line and propagates causing changes in directions pand v

Fast and Alfvén waves are coupled



STANDING WAVES in the magnetosphere

The field lines of the geomagnetic field behave like strings with fixed ends in the ionosphere. Multiple reflections of
Alfvéen waves generate a standing wave.

A= 2l/n
NG WAVE T=2|/"VA

Fundamental period

T(L)= zj Vo)

m ”1 (5) ds
B(S)

Any oscillation is stationary if its frequency matches the eigenfrequency of the field line ‘ field line resonances



Kelvin-Helmotz instability (KHI) on the magnetopause

Pc5-4 pulsations (f ~ 1-22 mHz)

N

Propagation in the antisolar direction

Amplification of waves during fast wind conditions

Reversal of polarization direction at noon.

(& %

Ecliptic plane

Field line resonances at high latitudes



Solar wind pressure pulses impinging on the magnetopause

Excited by solar wind pressure pulses, the magnetospheric
cavity 'resonates' at its eigenfrequencies.

Compressive waves propagate through the magnetosphere
and are reflected at boundary surfaces m=) Cavity modes

Magnetopause

Cavity modes frequencies: 1.3, 1.9, 2.6, 3.4 and 4.2 mHz (Pc5)

Damping Region

Non-uniform
compression
Resonances at
cavity resonant
frequencies

Field line resonances at high latitudes
Ecliptic plane



Pc3-4 Pulsations (f~10-100 mHz)
Foreshock

Upstream waves 9 <age  region

generated upstream of the bow shock in the foreshock

region, where 9w <45°, through wave-particle interaction
phenomena: wave amplification due to a cyclotron
resonance of backstreaming ions (mainly protons).

e : angle between the IMF and the bow shock normal

f (mHZz) ~ 6B (nT) mm) Pc3

For the transmission to ground, it is crucial the cone
angle O« between the IMF and the Sun-Earth direction

Vslv

Field line resonances at low-middle latitudes




Grazie......Thanks !

Contacts:
domenico.dimauro@ingv.it

stefania.lepidi@ingv.it

DAD, WHEN SOMEBODY SAYS TO 6O
SOUTH OR NORTH OR WHATEVER,
How DO You KAOW WHAT DIRECTION

THAT IS S

Vou DONT You JUST
A ASK IEITS A LEFT
‘ OR A RIGHT,

SO WHY DO THEY
HAVE NORTH, 50U7H,
\ EAST AND WEST?S

—

JUST TO

CONFUSE
s, SonN,




