
Weijia Kuang,  NASA Goddard Space Flight Center

Forecast Geomagnetic Secular Variation via NASA 
Geomagnetic Ensemble Modeling System (GEMS)

with contributions from
Andrew Tangborn (UMBC)
Ce Yi  (SSAI)
Terence Sabaka (GSFC)
Tianyuan Wang (NOAA)

NCSA BW Symposium, Sun River, Oregon,  June 2-6, 2019

BW Project:  bavk



Weijia Kuang,  NASA Goddard Space Flight Center
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Geomagnetic Ensemble Modeling System (GEMS)

1. Geomagnetic secular variation (SV) is of fundamental 
importance

2. Decadal SV forecast is feasible, but is computationally 
challenging

3. BW project aims to find cost-effective geomagnetic 
data assimilation (GDAS)
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Geomagnetic SV affects very much our life

Jersey

15 October 2014  Jersey

Jersey airport runway re-named as magnetic pole shifts

The changes should last for 56 years, the airport said

Jersey's runways will be re-numbered on Wednesday night as island aviation authorities
catch up with the planet's shifting magnetic field.

Runways around the world are named after the first two digits of the compass direction the runway
lies on.

Jersey's landing strip was known as 09/27, but by Thursday morning it will be known as runway
08/26.

News Sport Weather Shop Earth Travel

In addition to water and air, 
our life depends also on 
geomagnetic field!
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Geomagnetic SV holds the key information of Earth’s interior

NCSA BW Symposium, Sun River, Oregon,  June 2-6, 2019

• It is a dominantly dipole 
field at surface

• It originates from the 
Earth’s liquid core

http://www.esa.int/spaceinimages/Images/2013/11/Earth_s_magnetic_field
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Plots are based on the CM4 model (Sabaka et al 2004)

• It is a dominantly dipole 
field at surface

• It originates from the 
Earth’s liquid core

• It displays complex 
spatial and temporal 
variations

Geomagnetic SV holds the key information of Earth’s interior
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• It is a dominantly dipole 
field at surface

• It originates from the 
Earth’s liquid core

• It displays complex 
spatial and temporal 
variations

Non-dipolar magnetic field at CMB over the past 400 years from 
gufm1 (Jackson et al 2000) and CM4 (Sabaka et al 2004) 

Geomagnetic SV holds the key information of Earth’s interior
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• It is a dominantly dipole 
field at surface

• It originates from the 
Earth’s liquid core

• It displays complex 
spatial and temporal 
variations

• It is generated and 
maintained by the 
convection in the Earth’s 
fluid core (geodynamo)

Geodynamo process (visualization of simulation results)

Magnetic field line generated by  core 
convection

Streamline of convective flow in 
the outer core 

Geomagnetic SV holds the key information of Earth’s interior
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• It is a dominantly dipole 
field at surface

• It originates from the 
Earth’s liquid core

• It displays complex 
spatial and temporal 
variations

• It is generated and 
maintained by the 
convection in the Earth’s 
fluid core (geodynamo)

Net magnetic energy change from kinematic -> magnetic 
energy transfer and Ohmic dissipation (simulation results)

Geomagnetic SV holds the key information of Earth’s interior
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Geomagnetic data assimilation (GDAS) is unique for 
fundamental research and societal application

Observed Br at CMB in 1990

Observed Br at CMB in 1990

Simulated Br at CMB

Truncated simulated Br at CMB

Numerical geodynamo models simply 
cannot reproduce observations! 
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Geomagnetic data assimilation (GDAS) is unique for 
fundamental research and societal application

Observed Br at CMB in 1990

Observed Br at CMB in 1990

Simulated Br at CMB

Truncated simulated Br at CMB

Numerical geodynamo models simply 
cannot reproduce observations! 

GDAS can help improve the models!



NASA GEMS: the framework for geodynamo simulation and 
geomagnetic forecast

EnKF Analysis System

𝐱" = 𝐱$ + 𝐊 ' 𝐲 − 𝐇 ' 𝐱$

𝐊 =
𝐏$ ' 𝐇,

𝐇 ' 𝐏$ ' 𝐇, + 𝐑

𝐏$ = 𝐱$ − .𝐱$ 𝐱$ − .𝐱$ ,

MoSST Geodynamo 
System

𝜕𝐱$

𝜕𝑡 = 𝐌 𝐱$, 𝛂

𝐱$ 𝑡" = 𝐱"

GDAS Driver

𝐱" 𝐱$ 𝐱"
𝐱$

xf:  forecast
𝛂:  dynamo parameters
y:   observation
xa:  analysis
𝐇 : observation operator
R:   observation error 

covariance 
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Geomagnetic SV forecast is feasible (old results)…

Observed Br (GUFM1 + CM4)

Forecasted Br from GEMS 
(20-year analysis cycle)

Comparison of geomagnetic secular variation forecasts 
(Kuang et al 2010)782 W. KUANG et al.: GEOMAGNETIC SECULAR VARIATION PREDICTION

Fig. 5. Rms spectra of SV and the prediction differences. The observed 5-year mean SV from 2000 to 2005 (solid line with squares), and the 7-year
mean SV from 2000 to 2007 (solid line with asteroids) are calculated from CHAOS-2s model. The rest are the forecast errors of IGRF-8 (dotted line
with upward triangles), IGRF-9 (dotted line with stars), IGRF-10 (dotted line with downward triangles), MoSST−DAS CAF 5-year forecast (dashed
line with diamonds) and MoSST−DAS CAF 7-year forecasts (dashed line with circles).

The SV forecast results are shown in Fig. 5. The ob-
served SV from 2000 to 2009 are calculated from CHAOS-
2s field model. But plotted in the figure are only the spectra
of the observed 5-year mean SV from 2000 to 2005 (solid
line with squares) and 7-year mean SV from 2000 to 2007
(solid line with asteroids). Since IGRF-9 includes data up to
early 2003, we simply assume its 5-year SV forecast could
be extended to the 2004–2009 period for accuracy compar-
ison. In addition, IGRF-10 5-year SV forecast is used for
the period from 2005 to 2009. In Fig. 5, the rms differences
between the CHAOS-2s SV and the MoSST−DAS CAF SV
forecasts are smaller than all IGRF SV forecasts. In particu-
lar, the difference for the MoSST−DAS 7-year SV forecast
is smaller than those of IGRF-9 and IGRF-10. Again, as ex-
pected, IGRF-8 SV forecast is the worst among all. Though
the improvement is small, but it shows that MoSST−DAS
forecasts are at least comparable to the IGRF models.

These independent assessments, in particular with re-
spect to previous IGRF models, provide us confidence in
our ability to accurately predict geomagnetic field, in par-
ticular SV, with our geomagnetic data assimilation system
MoSST−DAS.

5. Predicted SV Model for IGRF
IGRF provides predictive averaged SV over a 5-year pe-

riod starting from a given epoch. Specifically, IGRF-11
will provide the averaged SV for the period from 2010 to
2015. Therefore (19) will be used for our candidate model
to IGRF.

In this part of the forecast, CHAOS-2s is used to provide
observations from 2002 to 2010. A mathematical smooth
transition is used to migrate the Gauss coefficients of CM4
to those of CHAOS-2s in the time period from 2000 to
2002. Since both models agree very well in this overlapping

period, the transition is introduced only as a precaution.
The complex spherical harmonic coefficients b m

l , defined
in (7), are used in the numerical dynamo simulation. They
can be converted to the real Gauss coefficients (g m

l , h m
l )

used in traditional geomagnetic field representation via (8):

g m
l − i h m

l ≡ φm
l = 2l

r2
s

(
rd

rs

)l

b m
l (rd). (25)

Therefore the forecasts (23) and (24) can be modified ac-
cordingly for φm

l . For example, the CAF (24) can be re-
written as

φm
l (ta + δt) − φm

l (ta) = ġ 0
1(ta)φ̃

m
l (ta + δt)δt

+ g 0
1(ta)

[
φ̃m

l (ta + δt) − φ̃m
l (ta)

]
, (26)

where φ̃m
l = φm

l /g 0
1 are the scaled coefficients of degree l

and order m, and ta = 2010. If we define

sm
l ≡ 1

δt
[
φm

l (ta + δt) − φm
l (ta)

]
, (27)

then (26) can be simplified as

sm
l (ta) = ġ 0

1(ta)φ̃
m
l (ta + δt) + g 0

1(ta )̃s
m
l (ta) . (28)

The axial dipole field g 0
1 and its SV ġ 0

1 in 2010 are de-
termined from CHAOS-2s field coefficients, while φ̃(t ≥
2010) and s̃m

l (2010) are given by MoSST−DAS. The ap-
proach is identical to that used in our benchmarking exam-
ple (discussed in the previous section): g 0

1(2010) is extrap-
olated via a standard polynomial fit (the difference between
the extrapolated results from the second order and the fourth
order polynomials is negligible). The SV ġ 0

1 of the axial
dipole field in 2010 is set to be the mean of the 5-year aver-
age SV of CHAOS-2s from 2001 to 2009.
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But GDAS is computationally very expensive

Estimated resolution
∆ℎ ~ 𝐸8/:
∆𝑡 ~ ∆ℎ 𝑅<

8/= ~ 𝐸𝑅<= 8/:

(current values)𝑅< = 𝐸 = 10@A

(For Earth’s core)𝑅< ~ 10@B , 𝐸 ~ 10@8C

Algorithm
A hybrid pseudo-spectral scheme (on 
spherical surface) and a finite difference 
scheme (in radius) 

Numerical grid in 
meridional surface
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CPU expense of Geomagnetic data assimilation

Nens = 1
Nens = 10
Nens = 100
Nens = 1000

But GDAS is computationally very expensive

Current 
assimilation

“Earth-like” 
asssimilation
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What is our BW project?

Find the computationally cost-effective geomagnetic 
data assimilation (GDAS) approach

1. The optimal ensemble size with full covariance 
analysis?

2. A working hybrid covariance using small 
ensemble sizes?
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Optimal ensemble sizes are possible!

10×(O-F) at the CMB

Mean forecasted Br at CMB in 1990



1. Geomagnetic secular variation (SV) 
is of fundamental importance

2. Decadal SV forecast is feasible, but 
is computationally challenging

3. BW project aims to find cost-
effective geomagnetic data 
assimilation (GDAS) showed 
possible optimal ensemble sizes

4. Next step: search for a working 
hybrid covariance for GDAS
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Summary

CPU expense of Geomagnetic data assimilation

Nens = 1
Nens = 10
Nens = 100
Nens = 1000

“Earth-like” 
assimilation

Current 
assimilation


