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ESA Project MagWatch3D
Eesa
Global and regional maps of geomagnetic disturbance
« Based on near real-time geomagnetic observatory data space solutions

» Based on subsurface 3D electric conductivity models
» Very fast physics-based data assimilation method

The project

 Funded by ESA, started in February 2026

« Use of space weather data for directional drilling, geophysical surveys, etc.
 Industry stakeholders and potential users are invited to follow the project
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3D Conductivity models e b s

Continental scale, based on
* Magnetometer data
« Magnetotelluric data
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Oceans, based on

Seawater conductivity
Bathymetry

Sediment lithology
Sediment thickness
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3D Conductivity models

Combined continent / ocean

» Existing continental models
 Ocean model

» Geological input

3D conductivity models are developed
and translated into induction kernels.
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Simple global model of a geomagnetic storm

Global model excl. high
latitudes

Based on four low-
latitude magnetic
observatories (Dst
index)

Dst observatories
A———————————

Horizontal Magnetic Field Disturbance [nT]
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* Observatories

« Satellite data

« 3D conductivity model

* Physics-based data
assimilation

« Cadence:1h
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Planned in MagWatch3D: .
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MagWatch3D global model of a geomagnetic storm

« East component
of the
geomagnetic field

* Declination error 2o

in large areas
exceeds 1°

* Model is useful
for low and mid-
latitudes.
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Soa ring SOIar CyCIe 25 300 — Internatlonal sunspot numberS IE.'St.B years apd forleclastls
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Sunspot numbers and recent || Semenes SRS DU | N
geomagnetic storms Lo chpredictons : : : | B
* April 2023 L a0f :
 May 2024 % :
+ October 2024 2 150|
-« November 2025 2
« January 2026 7 100p Y

Solar maximum at end of 2024
« Expect solar min in 2030
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SILSO graphics (http://sidc.be/silso) Royal Observatory of Belgium 2026 March 1
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SOa rlng SOlar CyCIe 25 Yearly frequency of Kp index values

GFZ Helmholtz Centre for Geosciences (CC BY 4.0)

* Previous solar cycle 24 (2008 to
2019) was very weak ]
« The current solar cycle 25 is back .

to a “normal” level x
 We need to go 25 years back for £
x
comparable levels of 3
geomagnetic activity 2
1
0 ]
1940 1960 1980 2000 2020
time (UTC)

Number of Kp index values

| (N — yearly mean
1 10 100 1000
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Geomagnetic
activity trails
sunspot number
by 3 to 4 years
Expect more
magnetic
storms until
2027/2028

Suns pot humber
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Magnetic activity peaks 3 to 4 years after solar max

Sunspot number and running average of yearly Kp index

<CCLIED>
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The Industry Steering Committee on
Wellbore Survey Accuracy (ISCWSA)

Source of Sunspot number: WDC-SILSO, Royal Observatory of Belgium, Brussels
Source of Kp index: GFZ Helmholtz Centre for Geosciences (CC BY 4.0)
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High latitude study

High latitudes:

Magnetic activity throughout
the solar cycle, not limited to
geomagnetic storms

Model study

Regional geomagnetic
disturbance field model

Ca. 50 magnetometer stations.

Testcase within the
MagWatch3D project.
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High latitude study

High latitudes:

« Magnetic activity throughout
the solar cycle, not limited to
geomagnetic storms

Model study

* Regional geomagnetic
disturbance field model

« Ca. 50 magnetometer stations.

» Testcase within the
MagWatch3D project.
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High latitude study:

0. AMM AND A_ VILJANEN: DISTURBANCE MAGNETIC FIELD CONTINUATION

The strong high-latitude geomagnetic #°=0 (pole)
disturbance is caused by
» electric currents in the ionosphere
(~100 km altitude, primary from solar
wind interaction, external)
« simultaneously induced electric
currents in the ocean and ground
(secondary, internal)
The currents can be described by
» Spherical Elementary Current Systems
(Amm and Viljanen, 1999; Laundal
2022) © with associated FACH) Divergence-free elementary system

Leomagnetics 15
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High latitude study:

The strong high-latitude geomagnetic

disturbance is caused by

» electric currents in the ionosphere
(~100 km altitude, primary from solar
wind interaction, external)

« simultaneously induced electric
currents in the ocean and ground
(secondary, internal)

The currents can be described by

» Spherical Elementary Current Systems
(Amm and Viljanen, 1999; Laundal

0. AMM AND A_ VILJANEN: DISTURBANCE MAGNETIC FIELD CONTINUATION

0’=0|(pole)

Curl-free elementary system »
2022) (with associated FACs) Divergence-free elementary system

 Here denoted as ELCS

Leomagnetics 16
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High latitude study: synthetic test

Put synthetic ELCS
into the ionosphere
(pattern resembles a
Raccoon, left)
Calculate resulting
magnetic disturbance
at ground stations
(yellow dots) to
reproduce ELCS in the
ionosphere (right)
Validation: recovered
Raccoon

True ELCS Current

Leomagnetics
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Recovered ELCS Current
RMSE=0.199, corr=0.869

mplitude [arb.]
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High latitude study: synthetic test

True Ground Upward B Recovered Ground Upward B
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Magneti Field and Equivalent Current at: 2025-11-11 22:00:00

Real magnetic storm, B
11 November 2025 | / B ] it (&

» Astrong westward auroral electrojet
develops during the onset phase of
the storm and then migrates
southward during the storm.

Tromso Detrended Horizontal Magnetic Field
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Real magnetic storm, 11 November 2025 at Donna

DON (Donna): Observed vs Predicted Internal/External/Total
2025-11-11 22:00 to 2025-11-12 04:00

— Observed —— Predicted total - Predicted external < Predicted internal
o T T TN T
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=
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Real magnetic storm, 11 November 2025 at Donna

DON (Donna): Observed vs Predicted Internal/External/Total

2025-11-11 22:00 to 2025-11-12 04:00

Measured at Donna o o | Obee — redn . padgai el Predesaiens
e black ) AV i WA
Modelled at Donna
* ionospheric ELCS
(external, blue)
» Subsurface, induced
ELCS (internal, green) < o
* ionospheric plus
ground ELCS (red)
Neglecting induced ELCS = °
will push modelling errors  * "
into regions without data ~ -uu|

(ocean).



2 \" - -
e — §W ey <=CUER-
Py

15t & 16t of April 2026 )
Frankfurt, Germany The Industry Steering Committee on

Wellbore Positioning Technical Section Wellbore Survey Accuracy (ISCWSA)

Dropout test Hopen (Barents Sea)

Zoom: 2025-11-11 22:00 to 2025-11-12 04:00

—— Observed ---- ELCS External ' . - ELCS External+Induced
oy = Vol L

Table: RMSE of ELCS methods

ELCS
Method nT) nT) nT)

external
ext. + ind. 46 66 99

22
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Downward continuation

0.0

Aasta Hansteen Goliat

+— Sea

« Magnetic disturbance 25 -
downhole must account

. . 5.0 1 — Sediments -
for the EM induction [ A U % ___________
physics. E ™ £4
« This depends on the & 100- | AR ol LI |
. . al
subsurface conductivity. s ] °
15071 < Crust —g*
— Layered model = Layered model
17.5 4 @ Transfer depths ® Transfer depths
102 10~ 10° 102 10! 10°

Conductivity [S/m] Conductivity [S/m]
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AastaHansteen: storm-time declination deviation
Ownwa r Surface vs downward-continued horizontal field, 2025-11-11 22:00 to 2025-11-12 04:00
6

continuation | e ity S seatoor
N
« Magnetic disturbance s ..
downhole must 5
account for the EM ’
induction physics. 2
* This depends on the
subsurface ’
conductivity. 7
« Using magnetic g : A |
disturbance d W“V
measured at the L,
surface resultsinup ~ § .|
to 3’30 error at 1 km D iesﬂogélowseaﬂw —— 3 km below seafloor  —— 5 km below seaflol
below the seafloor. 111122 111123 1112 00 11201 111202 111203 1112 04

Time
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Goliat: storm-time declination deviation
Downwa rd Surface vs downward-continued horizontal field, 2025-11-11 22:00 to 2025-11-12 04:00
—— surface —— 1 km below seafloor —— 5 km below seafloor
t' t' 10.0 1 — seafloor —— 3 km below seafloor
continuation
- - S'O 7
* Magnetic disturbance s ,..
downhole must 8 ool —
account for the EM 251
induction physics. 0
« Thisdependsonthe | | | | |
Su bsu rface 64 —— sdafloor —— 3 km below seafloor ~—— 5 km below seafloor
conductivity. e
» Using magnetic g 2
disturbance g °
measured at the 5 7
surface resultsinup 57
to 4,2° error at 1 km ] ,
-84
below the seafloor. 11-11 22 11-11 23 11-12 00 11-12 01 11-12 02 11-12 03 11-12 04
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Substorms vs. geomagnetic storms

Expansion maximum distribution
500 A
« Substorms are much more o
frequent than geomagnetic 400 Declination error > 1
storms § ﬁ
« Substorms occur throughout the g 3007
solar cycle £
. . . . 2 200 A
« Associated with aurora in high
latitudes (every few days) 100 -
* Right: substorm counts per year ° 200 400 600 800 1000 1200 1400
for 1976 _ 2026 using Maximum SME after onset [nT]
SuperMAG SME index. e of siide .
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AastaHansteen: storm-time declination deviation
u S Orl I l Surface vs downward-continued horizontal field, 2025-11-11 22:00 to 2025-11-12 04:00

—— surface  —— 1 km below seafloor
2.0 1 — seafloor —— 3 km below seafloor

Aasta Hansteen 15 -
* upto1°erroratlkm
below the seafloor

—— 5 km below seafloor

0.5 A

dD [deg]

—— seafloor —— 3 km below seafloor ~—— 5 km below seafloor
0.25 ~—— 1 km below seafloor
0.00 AamomeA )\An

—0.25

—0.50 A

—0.75 A

dDdepth - sturfa:e [deg]

—1.00

—1.25 A
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S u bStO rm Goliat: storm-time declination deviation
Surface vs downward-continued horizontal field, 2025-11-11 22:00 to 2025-11-12 04:00
5 4
— surface —— 1 km below seafloor —— 5 km below seafloor
—— seafloor —— 3 km below seafloor

Goliat
* upto1.7° error at 1 km
below the seafloor

dD [deg]

dDdepth - sturla:e [dEg]

| —— seafloor —— 3 km below seafloor = 5 km beloweafloor
1 1 km below seafloor

11-08 01 11-08 02 11-08 03 11-08 04 11-08 05 11-08 06
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Summary/Outlook

We presented a method to model geomagnetic disturbance globally, regionally and at high

latitudes

« External/internal ELCS improve models of geomagnetic disturbance: drop-out test for
ocean location shows three-fold decrease in RMSE for external+internal ELCS

» Electric conductivity of the ocean and sediments affect magnetic disturbance at the sea
surface and at/below the seafloor: declination changes by several degrees

* New ESA project MagWatch3D develops a cloud-based service for real-time
geomagnetic field prediction: user engagement welcome
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