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1.1 What is the IGRF?

I The International Geomagnetic Reference Field (IGRF) is an
observation-based, global model of Earth’s large scale internal
magnetic field.

I Revised every 5 years by an IAGA task force.

I Includes a description of both the present field and an estimate of
the linear secular variation (rate of change) for the upcoming 5
years.

I Goal: To provide a reliable, stable, reference field agreed apon by
geomagnetic modellers for the use of wider community.
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1.2 Who uses the IGRF?

I Scientists

I Crustal studies e.g. Subtracted to obtain magnetic anomalies.
I Space Physics:

I Co-ordinate systems e.g. CGM, QD, GSM
I Models e.g. Tsyganenko, Open-GGCM etc.
I Interpretations e.g. Ion drift, scintillation

I Biologists e.g. Studying animal migration

I Engineers/Industry
I Geophysical Exploration
I Directional Drilling
I Aviation
I Handheld devices

I Private individuals
I esp. navigation/directional
I ∼ 2 million queries per year at NGDC online declination calculators.
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Example: study of GPS scintillation

the global morphology of L band scintillation and correla-
tions between electron density and S4 during the deep solar
minimum of solar cycle 23/24. S4 is defined by [Briggs and
Parkin, 1963; Yeh and Liu, 1982]:

S4 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2h i" I2h i

Ih i2

s

where I is the signal amplitude and the angle brackets rep-
resent a time average, for the CF3 satellites this is 1 s. The
CF3 measurements have proved to be surprisingly sensitive
to L band scintillation even during solar minimum, when
previous ground-based studies have observed weak or non-
existent scintillation at GHz frequencies.

2. Data and Analysis

[4] The data used in this study were acquired by the
GPS Occultation Experiment (GOX) on the CF3 satellites
which was downloaded from the COSMIC Data Acquisition
and Analysis Center (CDAAC) Web site (http://cosmic-io.
cosmic.ucar.edu/cdaac/login/cosmic/, accessed 6 June 2008).
Files containing the S4 scintillation index are produced for
each observation and occultation of the GPS satellites
observed by CF3. These files typically contain S4 index
measurements calculated from the 1 Hz L band data with
additional ancillary and auxiliary data to make interpretation
possible. Maximum and minimum values of the S4 index
and the S4 calculated over a 9 s interval (instead of 1 s) are
reported in these files along with the latitude, longitude,
altitude, universal time, and local time of the CF3 satellite
making the observation and the latitude, longitude, altitude,
and local time of the tangent point locations for the mea-
surements. The 1 Hz S4 measurements could, in principle,
be used for this study, but those measurements have the
Cartesian coordinates of the CF3 and GPS satellites in the
geocentric fixed coordinate system reported thus requiring
calculation of the tangent point locations. In this preliminary
work, it was decided to use the maximum value of the S4
index and the associated location information.
[5] The COSMIC GOX electron density profiles produced

by Abel inversion of the slant total electron content mea-
surements were used in this study to look for correlations
between the S4 morphology and the morphology of the peak
density in the ionosphere. The profiles were also downloaded

from the CDAAC Web site (http://cosmic-io.cosmic.ucar.
edu/cdaac/login/cosmic/, accessed 6 June 2008). Each profile
was scanned for the peak height and peak density in the
F region ionosphere (150–500 km) and the ancillary infor-
mation for each profile (latitude, longitude, local time, date,
etc.) was recorded. As is typical of GPS occultation mea-
surements, the sampling is both nonuniform and sparse. To
improve the sampling statistics, the data were mapped to
geomagnetic coordinates and then binned into 10# magnetic
latitude bins and the data were smoothed in longitude using
a quadratic, seven-point Savitzky-Golay filter [Press et al.,
1992], to smooth out sampling artifacts. Savitzky-Golay fil-
ters have the desirable properties of locally fitting the data to
a polynomial, in this case a quadratic, and of preserving
localized structure. A second pass of a five-point, quadratic
Savitzky-Golay filter was performed in the latitude direction.
[6] The problem associated with occultation measure-

ments is the long, nearly horizontal, slant paths associated
with the measurements: How does one locate the region
along the line of sight where the scintillation is occurring?
Two methods have been proposed to solve this problem.
Sokolovskiy et al. [2002] proposed using “back propagation”
in which high rate amplitude and phase measurements made
in two dimensions are back propagated along the lines of
sight to determine where the phase screen that minimizes the
amplitude fluctuations is located; this point is chosen as the
location of the scintillation region. Straus et al. [2003], using
data measured by the Ionospheric Occultation Experiment
(IOX) on the PICOsat satellite, argued that the scintillation
comes from near the tangent point of the line of sight and
showed good correlation between the scintillation regions
and the Equatorial Ionization Anomaly (EIA). The Straus
et al. [2003] approach is used in this work. Figure 1 shows
a scattergram of the maximum S4 values from the CF3 con-
stellation geolocated to the tangent points. These measure-
ments were obtained during March 2007 at local times
between 18 and 06 LT and were selected to be in the F region
at altitudes of 150–500 km. The agreement with the EIA
location is very good. Why does this approach work? The S4
index was related to the size and structure of the plasma
irregularities associated with ESF by Costa and Kelley
[1977] who showed that:

S4 ∝ Lsec q dN

Figure 1. Geolocation of the COSMIC S4 measurements (pluses) showing tight clustering associated
with the EIA.

DYMOND: L BAND SCINTILLATION AT SOLAR MINIMUM RS0L18RS0L18

2 of 10

Fig 1.1: Map of maximum S4 scintillation index from March 2007, 18-06 LT, 150-500km (F
region), altitude from the COSMIC satellite constellation; 1 Hz, L band GPS (radio wave) data.

From Dymond et al. (2012).

I Field geometry (e.g. IGRF) affects the frequency of observation of
scintillations, indicative of plasma bubbles in the ionosphere.

Univ. of Leeds, 2012



1.3 Form of the IGRF model

I IGRF represents the geomagnetic field B produced by internal
sources in a source free region where B = −∇V and

V (r , θ, φ, t) = a
N∑

n=1

n∑

m=0

(a
r

)n+1

[gm
n (t) cosmφ+ hmn (t) sinmφ]Pm

n (cos θ).

(1)

I Gauss coefficients gm
n and hmn are provided for the main field at

epochs separated by 5 year intervals between 1900.0 and 2010.0.

I Predicted (linear) time-dependence in upcoming five years:

gm
n (t) = gm

n (T0) + ˙gm
n (T0)(t − T0), (2)

for a reference epoch T0 and ˙gm
n the linear rate of change of gm

n .

I gm
n and ˙gm

n are determined by fitting to geomagnetic observations.
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1.4 Latest IGRF update in 2010

I 8 institutions submitted candidate models for latest IGRF-11
revision:
- NGDC/NOAA USA (Led by S. Maus)
- IPGP, France (Led by E. Thébault)
- DTU Space, Denmark (Led by N. Olsen)
- GFZ, Germany, (Led by V. Lesur)
- IZMIRAN, Russia, (Led by T. Bondar)
- EOST, France, (Led by A. Chambodut)
- BGS, U.K., (Led by B. Hamilton)
- NASA, GSFC, USA, (Led by W. Kuang)

I Candidate models were assessed by task force and weighted to
obtain final model (see Finlay et al., 2010 in EPS special issue).

Univ. of Leeds, 2012
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2.1 Data sources: Observatories

I High quality, long-term observations from worldwide network.

Fig 2.1: Magnetic observatories in San Juan, Puerto Rico (left) and Godhavn, Greenland
(right).

Univ. of Leeds, 2012



2.2 Observatory coverage

Fig 2.2: Locations of observatories used in determination of recent internal field models.
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2.3 Data sources: Satellites

I Low Earth Orbit Satellites: short term but excellent global coverage.

Fig 2.3: Satellites CHAMP (left) and Ørsted (right).

Univ. of Leeds, 2012



2.4 Data sources: CHAMP Orbit

2 Magnetic Satellite Missions and Data 37

Fig. 2.8 Top: altitude of orbit perigee, resp. apogee (thin lines) and of mean altitude (thick lines) for the CHAMP satellite. Bottom:
Local time evolution of the ascending node of the CHAMP orbit

Fig. 2.9 Two (out of three) Swarm satellites
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Figure 2. Left: F10.7 solar flux (red) and CHAMP mean altitude (blue) in dependence on time. Right:
CHAMP mean altitude (blue) and mean daily altitude decay (green) since 2009.

and Bloxham, 1996; Holme, 2000] are considered for all
Ørsted vector data and for CHAMP vector data when atti-
tude data from only one star imager are available.

To extend the model back in time beyond February 1999
we supplement the satellite data with annual di↵erences of
revised observatory monthly means of the North, East and
Vertical downward components (X, Y, Z) for the time inter-
val 1997.0 - 2009.5. these data are the same as those used
for CHAOS-3; see Olsen et al. [2010] for details.

As described above, the very recent low-altitude CHAMP
observations are crucial for a robust determination of small-
scale crustal field structures. But how has CHAMP altitude
evolved with time? The left part of Figure 2 shows in blue
the mean altitude of CHAMP (with respect to a mean Earth
radius of a = 6371.2 km), together with the temporal evo-
lution of the F10.7 solar flux (red curve). Various altitude
maneuvers are the reason for the sudden increase of altitude
of the satellite. Note how the increased solar activity at the
end of 2001 leads to a faster altitude decay, due to increased
air density and thereby increased air-drag.

The altitude of the satellite was about 350 km during the
solar minimum years 2007 to 2009, and reached 300 km at
the beginning of 2010. Satellite altitude for the last two
years of mission lifetime is shown in the right part of Fig-
ure 2, together with the mean daily change of altitude (green
curve). The latter was about 50 m/days during the year
2009, but increased to a value of about 200 m/days during
the first part of 2010, partly due to the fact that the satel-
lite was turned by 180� in February 2010 (indicated by the
dashed red vertical line). Before that date CHAMP flew
with its boom in flight direction, which is a favorable condi-
tion regarding air drag but less optimal for attitude control.
Since February 2010 CHAMP flew with the boom backward,
making attitude control easier. After July 2010 the daily al-
titude decay increased rapidly to values of 500 m/day and
more.

Parameterization of the CHAOS-4 model follows closely
that of the previous versions in the CHAOS model series:
The model consists of spherical harmonic expansion coef-
ficients describing the magnetic field vector in an Earth-
Centered Earth-Fixed (ECEF) coordinate system, and sets
of Euler angles needed to rotate the vector readings from the
magnetometer frame to the star imager frame. The mag-
netic field vector in the ECEF frame, B = �rV , is derived
from a magnetic scalar potential V = V int + V ext consist-
ing of a part, V int, describing internal (core and crustal)
sources, and a part, V ext, describing external (mainly mag-
netospheric) sources (including their Earth-induced coun-

terparts). Both parts are expanded in terms of spherical
harmonics.

For the internal part this yields

V int = a

NintX

n=1

nX

m=0

(gm
n cos m� + hm

n sin m�)
⇣

a

r

⌘n+1

P m
n (cos ✓)

(1)

where a = 6371.2 km is a reference radius, (r, ✓,�) are geo-
graphic coordinates, P m

n are the associated Schmidt semi-
normalized Legendre functions, {gm

n , hm
n } are the Gauss co-

e�cients describing internal sources, and Nint is the maxi-
mum degree and order of the internal expansion.

As mentioned before, the final CHAOS-4 model is
found by merging two sub-models, called CHAOS-4l, resp.
CHAOS-4h. They di↵er in maximum spherical harmonic
degree Nint of the static field, in the temporal parameteri-
zation of the low-degree (core field) terms, and in the data
sets that have been used to derive these sum-models. Details
are given below in sections 2.1 and 2.2.

Common for both sub-models is the parameterization of
external fields, with an expansion of the remote magneto-
spheric sources (magnetotail and magnetopause) in Geocen-
tric Solar Magnetospheric (GSM) coordinates (up to n = 2)
and of near magnetospheric sources (magnetospheric ring
current) in the Solar Magnetic (SM) coordinate system (also
up to n = 2). The time dependence of degree-1 magneto-
spheric terms in SM coordinates is parameterized by the Est

and Ist indices [Maus and Weidelt , 2004; Olsen et al., 2005].
In addition, we solve for large-scale time-varying degree-1
external coe�cients in bins of 12 hours length (for m = 0),
or 5 days length (for m = 1), similar to previous CHAOS
model versions.

As part of the field modeling we co-estimate the Euler
angles of the rotation between the coordinate systems of the
vector magnetometer and of the star sensor providing atti-
tude information. Also this part of model parameterization
is similar to the one used for CHAOS-2 and CHAOS-3.

In following we will describe in more detail the di↵er-
ent data and model parameterization used for the two sub-
models.

2.1. CHAOS-4l

CHAOS-4l is determined using the whole data set
(Ørsted, CHAMP and SAC-C satellite data plus observa-
tory monthly means) described above, with a sampling rate
of the satellite data of 60 seconds.

Local time evolution of the ascending node of the CHAMP orbit (top) and decay of CHAMP
orbital altitude (bottom). Courtesy of Nils Olsen.
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3.1 IGRF-11 Declination for Epoch 2010
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Fig 3.1: Declination D at Earth’s surface in 2010.0 : units degrees.
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3.2 IGRF-11 Inclination for Epoch 2010
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3.3 IGRF-11 Intensity for Epoch 2010

2400
0

2
8
0
0
0

28000
3
2
0
0
0

32000

32000

36000

36000

36000

40000

40
00
0

40000

44
00
0

44000

44000

48
00
0

48000

4800
0

520
00

52000

52
00
0

5
6
0
0
0

6
0
0
0
0

640
00

Fig 3.3: Field intensity F at Earth’s surface in 2010.0 : units nanoTesla.

Univ. of Leeds, 2012



3.4 Evolution of South Atlantic Anomaly

1900

2015 1955

Total Intensity F / nT
Fig 3.4: Location of the point of lowest field magnitude with time; the colour scale indicates the

magnitude of F , with blue representing smallest F , units are nT.

I South Atlantic anomaly is continuing to deepen and move westward
(Talk of V. Lesur).
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4.1 Prediction problems

I For 5 years after an IGRF update, predictions for the expected field
change are used to obtain the desired field configuration.

I Changes per year are rather small (typically less than 0.2 % per year
in F).

I But methods of prediction are known to be poor and lead to a
cumulative error after 5 years of ∼ 100nT.

I Mostly based on linear or quadratic extrapolation of change inferred
at time of analysis or from the preceeding few years.

Univ. of Leeds, 2012
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4.2 IGRF-11 Inclination Change 2010-2015
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Fig 5.1: Predicted annual change in I at Earth’s surface between 2010.0 and 2015.0 : units
degrees/yr.
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4.3 IGRF-11 Intensity Change 2010-2015
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Comparison of IGRF SV predictions with Obs. data
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Fig 5.3: Comparison of IGRF-11 SV predictions with 1st differences of quiet time annual means.
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5.1 Outlook

I IGRF predictions designed only for up to 5 years ahead.

I For space climate predictions on longer decadal time scales should
concentrate on impact of major core processes (esp. westward drift,
dipole decay) on largest scale field (degrees 1 and 2).

I Predictions based on geodynamo simulations (Kuang et al., 2010)
and empirical core flows (Beggan and Whaler, 2010) beginning to be
used but not yet an obvious an improvement (Talk of C. Beggan).

I More appropriate prognostic physics and better accounting for
observational uncertainties via data assimilation should help.

I IGRF can be a useful framework for testing new prediction
techniques and driving improvements.

Univ. of Leeds, 2012
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