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Abstract. A physically-based technique for interpolating ex- induced in the subsurface are a secondary source contribu-
ternal magnetic field disturbances across large spatial areason to the measured magnetic field, but can be significant.
can be achieved with the Spherical Elementary Current SysAny surface measurement is a summation of these different
tem (SECS) method using data from ground-based magnetifields at each instant of time. On time periods of seconds to
observatories. The SECS method represents complex eledays, changes in the magnetic field are principally of exter-
trical current systems as a simple set of equivalent currentgal origin and are caused by the solar wind, magnetosphere
placed at a specific height in the ionosphere. The magnetiand ionosphere/upper atmosphere interaction Gagpbel)

field recorded at observatories can be used to invert for th003.

electrical currents, which can subsequently be employed to The study of temporal changes in the geomagnetic field
interpolate or extrapolate the magnetic field across a largeind the accompanying induced electric fields are of inter-
area. We show that, in addition to the ionospheric currentsest in Earth hazard research. There are two classes of tech-
inverting for induced subsurface current systems can resulfology that are adversely impacted by space weather: those
in strong improvements to the estimate of the interpolateddirectly affected by variations in the geomagnetic field and
magnetic field. We investigate the application of the SECSthose affected by the electric currents induced by the chang-
method at mid- to high geomagnetic latitudes using a seriesng field. Modern applications of space weather studies to
of observatory networks to test the performance of the exterground-based technology consider the problems of geomag-
nal field interpolation over large distances. We demonstratenetically induced currents within power grids, oil and gas
that relatively few observatories are required to produce ampipelines, telecommunication cables and railway equipment
estimate that is better than either assuming no external fielgBoteler et al. 1998 Pirjola et al, 200Q Pirjola, 2009. In-
change or interpolation using latitudinal weighting of data directly, geomagnetic disturbances in the ionosphere/upper
from two other observatories. atmosphere can disrupt the operation of technology exploit-

Keywords. Geomagnetism and paleomagnetism (Rapiding real-time satellite data, such as positioning and naviga-
time variations) — lonosphere (Electric fields and currents;iion systems (e.g<lobuchar 1989. Estimates of external
Modeling and forecasting) magnetic field values are often required at locations where it

may not be possible or practical to make accurate measure-
ments. For example, hydrocarbon exploration and produc-
tion often demands real-time geomagnetic reference data at
offshore oilfields around the UK and at other high latitude re-

The geomagnetic field measured on the surface of the Eartf]'o"s Reay et gl.ZOOQ_. Using real-t|me-extelrnal field data
aids accuracy in positional control of directional boreholes

is composed of temporally and spatially varying compo—f f tracti f oil and i challenai )
nents. The primary sources include (1) the main field gen—cE);r sarer 3x|vr|a(élciln ohzcgoan gas In challenging reservoirs
erated in the outer core, (2) the crustal field and (3) fields( owe and hict.utloc &

produced by solar-terrestrial interaction. Electrical currents 1he surface effects of the external magnetic field can be
modelled in terms of ionospheric equivalent currents. Com-

plex 3-D currents systems may be represented as simple

Correspondence tdC. D. Beggan spherical sheets of current which mimic the magnetic effects
BY (ciar@bgs.ac.uk) of the ionosphereanhaniki et al, 2003. Telluric currents
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induced in the subsurface can also produce significant magfined base of the ionosphere. (Note, this property is actu-
netic field disturbances. During sub-storm onset their contri-ally valid independently of how the currents are produced,
bution can be up to 40% of the total observed charige{ i.e. it does not depend on the type of current flowing in the
skanen et al2007). The magnetic effects of telluric currents ionosphere or whether the conductances are uniform or not.)
can also be modelled as equivalent currents. These can behe curl-free system and therefore measurements at the sur-
constructed to lie within the subsurface and the superposiface of the Earth can neglect these effects. As a result of this
tion of their magnetic effect with the ionospheric contribu- simplification, ground magnetic field disturbances can be ob-
tion can be used to calculate the total ground magnetic fieldained from an exclusively divergence-free system of equiva-
disturbance. lent currents at a specific height in the ionosphere. A similar

Several techniques have been developed to calculatepproach can be taken in the subsurface, by placing the ele-
equivalent currents from ground-based measurements; twoentary current systems at an appropriate depth. It is impor-
of the most successful thus far have been the Fourier methotiint to remember that ionospheric equivalent currents are not
(Mersmann et a].1979 and Spherical Cap Harmonic Anal- a true representation of the 3-D current systems in the iono-
ysis (SCHA) Haines 1985. The Fourier method assumes sphere or in the subsurface, but are 2-D current sheets that
planarity of the Earth’s surface which limits its spatial ap- produce a similar magnetic effect.
plicability, while the SCHA method employs global wave-
length cut-offs and consequently is prone to aliasing effects2.1 Background
particularly with noisy data. A third approach, the Spheri-
cal Elementary Current System (SECS) method, was establhe basic concept of SECS is to construct the equivalent cur-
lished and developed b§mm (1997 andAmm and Vilia- ~ fent system using a linear superposition of divergence-free
nen (1999 respectively. The use of SECS overcomes someelementary current systems, all of which can be placed freely
of the limitations of the other two methods and is suitable Within the current planeAmm (1997) defined a divergence-
for studies both on a local and global scadenm and Vilja-  free system of spherical elementary sheet currehjs,us-
nen (1999 demonstrated that the SECS technique producednd @ spherical coordinate system6,¢) with unit vectors
a better fit than SCHA to simulated ionosphere conditions, (€r-€s.€¢) such that the poles of the elementary systems are
while Pulkkinen et al(2003 showed it to be applicable for at their centres. With this description current sheets can be
the interpolation of ionospheric fields in a densely sampled defined for the ionosphere and the subsurface:
relatively small region of northern Scandinavia. e

COt(E) e¢

In this paper we use the SECS method to interpolate exterdSy'(r,6) =
nal magnetic field disturbances over large spatial areas using _
relatively few input observatories. We test the method with Jint I (9)

. . df (0) = cot| - )ey )
data from networks of magnetometers in North America, 47 R 2
around the North Sea and in Central Europe. The ability to ,
model large and complex current variations in the ionospherdn this description/® and /' are the scaling factors for both
is investigated, as well as the adaptability to different spatialexternal and internal divergence-free current systemstgnd
network configurations and scales. In Sect. 2 we briefly cove@nd Rg are the radius of the ionosphere and the depth of in-
the theory of SECS and the computational framework for theductance in the ground, respectively. These radii are defined
interpolation of magnetic field disturbances. In Sect. 3 wein this study as infinitely thin layers 110 km above the Earth’s
describe the data used in the study and in Sect. 4 we illussurface and 100km beneath the Earth’s surface. By apply-
trate the resulting interpolation from the SECS method bying Helmholtz's theorem to Eqsl(and @), Amm (1997
comparison to measured observatory data. We discuss th@monstrated that any ionospheric current distribution may

applications and limitations of the technique in Sect. 5. be constructed uniquely by placing the poles of elementary
systems within a plane.

The method developed iAmm and Viljanen(1999 in-

2 Spherical Elementary Current Systems troduced the continuation of the magnetic field disturbance

from the ground to the ionosphere using SECS placement.
lonospheric currents form a complex 3-D system, compris-Pulkkinen et al(20033 extended the complex image method
ing three distinct current flows: Hall, Pedersen and field-of Pirjola and Viljanen1998 to show that the field could be
aligned currents (FACs)R(tter et al, 2004. By assum- calculated from superposition of the magnetic effect of two
ing sets of uniform conductance within the ionosphere andhorizontal current layers composed of divergence-free ele-
by using Ampere’s law, Fukushima (1976) first showed thatmentary current systems. Their derivation is constructed for
magnetic perturbations produced by Pederson currents ana point at radiug between the current system in the ground
FACs cancel each other below the base of the ionospheraand in the ionospher&kg < r < Rs for a position ¢,¢) on
As the curl-free part of the current systely is associated the Earth. The magnetic field vectad) at the surface of the
with FACs it will produce no magnetic effect below the de- Earth is then expressed by the superposition of the magnetic

41 Rs @)
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effect of these two layers of horizontal currents consisting ofdetermining thel' matrix for the point of interest and using

a series of elementary current systems: the scaling factors from the inversion.
L Modelling was undertaken using minute mean magnetic
B(r.6,¢) = I}Téf(Rg,Gj,¢>,-,r,9,¢>) 3) field vector values. _To prepare the data for inversion, the
= internal and crustal fields for each day were removed by sub-

Iy tracting the mean daily baseline values from the X, Y and Z
ere components, giving a 24-h set of magnetic disturbance val-
* Zlk Tai(Rs. O #1.1-6.9) ues about the average. This deviation from the mean was
_ used as the input into tH® matrix and the positions of the
whereT§ and Ty, are the geometric parts of the external and pbservatories were used to construct Theatrix. The scal-
internal magnetic fields produced by each elementary curing factors () for the current systems across the grid of points
rent system located &Rg,0;,¢;) and (Rs,0k,¢x). L and  were solved for every minute of the day.
M, with subscriptsj andk, denote the number of current  The accuracy of the interpolation method is quantified by
systems solved for within the ground and at the radius ofcomparing the estimated magnetic field to data measured at
the ionosphere, respectively. Formulation of the magnetican observatory which has not been used in the inversion. The
field superposition is given in Appendix A 8ulkkinen etal.  rgot-mean-square (RMS) error (or misfit) between the esti-
(20033. mated magnetic field and the measured field at tir@n be
calculated as:

k=1

2.2 Inversion for current system scalings

N
We assume that the magnetic field vecibhas been mea- Rpys— iZ(Btb _BZSECS)Z ©)
obs

sured at a set of points and construct a linear system of equa- N &
tions relating the measured field to the geometric parts and
scaling factors of both the internal and external elementarywhere the subscript “obs” indicates the measured field at an

current systems. Expressing this in matrix form gives: observatory and “SECS" is the estimated field, for each of the
three components of the magnetic field vector. The power
B=T-l (4) of the measured data is described by the root-mean-square

We look to solve the linear inverse problem to determine the®f the values, giving a coarse estimate of how magnetically

scaling factord of the internal and external elementary cur- disturbed the day was:
rent systems. Due to the (generally) limited number of fixed

ground magnetic observatories, the number of observation
points is usually much lower than the number of elementarypowerz
current systems required to produce a good representation of

the actual currents. The linear inverse problem is therefore

highly underdetermined: 3 Investigation of controlling factors
I=T1.B (5)

@)

We wish to investigate how well the SECS method can inter-
The matrixT may be badly conditioned which produces nu- polate the magnetic field across a region. It is assumed that
merical instabilities when attempting to invert Ed) di- the goodness of fit of the interpolation depends on several
rectly. Thus, we employ Singular Value Decomposition factors, including region size, the number of input observa-
(SVD) for the inversion, truncating such that any eigenval- tories, and the relative spacing and location of the observato-
ues with an absolute value less than 1/100th of the largest arges. We also investigate the effect of relatively magnetically
excluded from the solution, as suggestedPirlkkinen et al.  disturbed versus relatively quiet days, particularly in terms
(2003h. The truncation stabilises the inversion and tends toof the magnitude of the changes due to the external field and
produce a slight smoothing effect on the solution. Other trun-whether there are obvious differences e.g. due to the longi-
cation levels were tested, including the truncation of eigen-tude offset of the observatories or perhaps induced currents.
values with an absolute value less than 1/10th of the largest We constructed five networks of magnetic observatories at
value and also no truncation. The results were stable and inmid- to high geomagnetic latitudes, with the number of in-
deed quite similar; suggesting in these experiments that theut observatories varying from five to eight. Networks 1, 2
T matrix is not actually badly conditioned. and 3 use eight, five and seven observatories, respectively,
We solve for the scaling factors of the currents systemdocated at high geomagnetic latitude within the auroral zone
on a rectangular grid evenly-spaced in latitude and longituden North America & 60°-72 N). Network 4 uses data from
(note, any reasonable shape and spacing could be used). Tfaur observatories and four directionally uncalibrated vari-
forward solution for the magnetic fieldB) on the Earth’s ometers placed around the North Sea. Network 5 located in
surface at any position within the grid can be calculated bythe mid-latitude region on the European continent employs
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Fig. 1. Geographical arrangement of the five networks of magnetic observatories used in this study. The observatories used for comparison
(denoted in red) for each network are: Network 1: IQA (lgaluit); Network 2: BLC (Baker Lake); Network 3: YKC (Yellowknife); Net-

work 4: ESK (Eskdalemuir); Network 5: FUR (Furstenfeldbruck). Observatories are denoted with the upper-case IAGA three-letter code.
Variometers in Network 4 are denoted by their full name.

six observatories. Figurg shows the regions and observa- 2°, while a spacing of 05was used in Networks 4 and 5 as
tories used in the study. Observatories denoted in red aréhey cover smaller areas. Through preliminary experimen-
excluded from the inversion and are subsequently used to exation, it was found that estimates of the magnetic field are
amine how well the SECS method has estimated the field atelatively insensitive to the elementary system grid spacing.
their location. For each network, a rectangular grid of ele-A finer grid enhances the nullspace of the solution (as the
mentary current systems evenly-spaced in latitude and longiproblem is generally underdetermined) and so the inversion
tude was constructed. In Networks 1-3, the grid spacing wasising SVD will still separate the solution correctly.

Ann. Geophys., 28, 1793805 2010 www.ann-geophys.net/28/1795/2010/
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Network 1: Iqaluit [IQA:63.75N; 291.48E]; Date: 11 Dec 2005
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Fig. 2. Comparison of the measured external field disturbance (green solid, dots) and the estimate from SECS (black solid), Latitudinal
Weighted (blue dashed) and SECS (External only) (grey dot-dash) at magnetic observatory Igaluit (IQA) during a magnetically disturbed
day (11 December 2005). Power and RMS misfit are in nT. Y-axis scaled to show finer details.

The magnetic field data were sourced from the Worldtest observatory. In some networks, the two other observa-
Data Centre for Geomagnetism (Edinburgh) and the Intertories were not sited at a similar longitude to the test obser-
national Real-time Magnetic Observatory Network (INTER- vatory, leading to interpolation errors due to differences in
MAGNET) (Kerridge 2001). The variometer data used in local time, for example. Hence, the resulting error in the in-
Network 4 were acquired from the UK Sub-Auroral Magne- terpolation is strongly dependent on the relative positions of
tometer Network (SAMNET) data repository. the two observatories, in both latitude and longitude.

In addition, we tested two alternative implementations of
the SECS equation. We solved solely for the external currenly Results
elementary system scale valu€), thus excluding the inter-
nal current systems/{). The external-only SECS (second We examined how well the SECS method performed with
term of Eq. 3) requires a solution for only half the number two separate experiments. Firstly, a magnetically disturbed
of parameters, and produces a different set of scaling factorday and a magnetically quiet day were chosen for detailed
compared to the solution using both the external and interstudy and the estimate from SECS, SECS (External only) and
nal elementary current systems. We also solved for the Xatitudinal weighting were compared to data from an obser-
and Y components of the external field to test if the solutionvatory. Secondly, three months of data were used to examine
improved when the Z component was ignored. how well the three methods compared on average to the as-
sumption that the external field did not change (i.e. predicting

A further interpolation method was also used as a compar .
P b ero disturbance throughout the day).

ison to the interpolation of the SECS method. We employedZ
the latitudinal-weighted average of measurements from two
observatories, one to the south and one to the north of the

www.ann-geophys.net/28/1795/2010/ Ann. Geophys., 28, 1I/8E-2010
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Network 4: Eskdalemuir [ESK:55.32N; 3.2W]; Date: 11 Sep 2005
T

100 — \

o
I

¥

nT

i
ESK X; Power = 56.1
——— SECS Estimate; Misfit = 13.7
= = = Lat. Wgt. Estimate; Misfit = 34.8
SECS (Ext Only); Misfit = 25.9

-100 —

-200 —

300 ! } ! ! ! !
0 200 400 600 800 1000 1200 1400

200 T
Y *
100 — A pte i -
2y, r Ny 4
0 7,\_‘\/\’( ‘M% e ez 1 \/W
G ¥ ¥
-100 [~ ——— ESKY; Power = 34.4 |
- SECS estimate; Misfit = 6.7
-200 — = = = Lat. wgt. Estimate; Misfit = 10.1 -
SECS (Ext Only); Misfit = 26.3
300 | | | | | I |
0 200 400 600 800 1000 1200 1400
200 T T
/4 2
100 Lo o —
‘"“',,-,.,l
“".o -\3 |
= W~ v
——— ESK Z; Power = 68.2 |
— SECS Estimate; Misfit = 7.7
= = = Lat. Wgt. Estimate; Misfit = 24.8| |
SECS (Ext Only); Misfit = 73.6
300 | | | | | | |
0 200 400 600 800 1000 1200 1400

Minute

Fig. 3. Comparison of the measured external field disturbance (green solid, dots) and the estimate from SECS (black solid), Latitudi-
nal Weighted (blue dashed) and SECS (External only) (grey dot-dash) at magnetic observatory Eskdalemuir (ESK) during a magnetically
disturbed day (11 September 2005). Power and RMS misfit are in nT. Y-axis scaled to show finer details.

4.1 Magnetically disturbed vs. quiet day timate from inverting the SECS equation with only the X and
Y components was almost identical to the result for the SECS

For Networks 1-3, a magnetically disturbed day (11 Decem-method using internal and external current systems and so is
ber 2005) with Kp of up to 5- and a magnetically quiet day not plotted to avoid cluttering the figures.
(7 December 2005) with a Kp of O were chosen. Due to the Deviations of over 300nT in each component were
availability of data for Networks 4 and 5, different days were recorded during the course of the day. The SECS estima-
selected: a magnetically disturbed day (11 September 2005jon for the X, Y and Z components of the magnetic field
with Kp of up to 7- and a magnetically quiet day (21 Septem- are relatively close to the measured data and are a better fit
ber 2005) with a Kp of % were used instead. The results on than the estimate from the latitudinal weighting in each of the
the magnetically disturbed days for Network 1 and Network components. However, the magnitude of large disturbances
4 are given in Figs2 and3. are sometimes underestimated (e.g. between minutes 50 and

Figure 2 shows the comparison of the measured data aR50, in all components) and the method does not manage to
the Igaluit (IQA) observatory (green solid, dots) and the es-reproduce sharp spikes seen in the ground disturbance; rather
timate of the magnetic field from the SECS method usingthe SECS estimate smoothes the variations in this part. An
internal and external current systems (black solid) for Net-overestimation of the magnetic disturbance is also observed
work 1. The estimate from interpolation using latitudinal between minutes 425 and 650, particularly in the Z compo-
weighting (blue dashed) of data from Qeqgertarsuaq (GDH)nent. The SECS estimate manages to capture the gross fea-
and Narsarsuaq (NAQ) are also shown. Note both of theseéures of the data throughout the course of the day. In the X
observatories are approximately 1000 km east of IQA. Theand Y components, the SECS (External only) estimate com-
SECS (External only) estimate solving only for an external pares very well with the SECS estimate but is extremely poor
set of current systems (grey dot-dash) is also plotted. The esn the Z component.

Ann. Geophys., 28, 1793805 2010 www.ann-geophys.net/28/1795/2010/
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Network 1: Igaluit [IQA:63.75N; 291.482E]
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Fig. 4. Comparison of the daily power of measured external disturbances (green solid) with the misfit estimate from the SECS (black
solid), Latitudinal Weighted (blue dashed) and SECS (External only) (grey dot-dash) method over a three-month period (April-June 2005) at
magnetic observatory Igaluit (IQA).

Numerical estimates of the fit are given in figure legendsand Z components of the magnetic field where the largest
(and also Table 1). For example, the power of the data (Eq. 7yariations are observed. In this case, the SECS method
in the Y component is 62.8 nT, while the RMS misfit of the slightly underestimates the largest spikes seen in the mag-
SECS and the SECS (X and Y only) estimate is 40.2 nT anchetic field disturbance (e.g. between minutes 75 and 400 in
the SECS (External only) estimate is 44.4nT. The misfit ofthe X component), but is otherwise a good fit. The latitu-
the latitudinal weighted estimate is 67.6 nT, indicating thatdinal weighted estimate overestimates the magnitude of the
the variance of the latitudinal weighted estimate is worse tharchanges in the field, while the SECS (External only) estimate
that of the data. If one had assumed no change occurred iagain compares well in X and Y but is extremely poor in Z.
the field due to the external field throughout the day for thisNote, the SECS (X and Y only) estimate is very similar to
component, it would have been (slightly) better than usingthe SECS estimate and is not shown.
the latitudinal weighted estimate. Thus, in the Y component The misfits of the SECS estimate are consistently smaller
the SECS method shows a strong improvement on the latituthan the power of the data and provide a significant improve-
dinal weighting method, though the advantage gained fromment over the latitudinal weighted estimate for this day. The
the SECS method is not as great in the X and Z componentssECS (External only) estimate indicates that modelling of

In Network 4 (North Sea region), external field varia- the ionospheric current sheets alone cannot account for the
tions recorded at Eskdalemuir (ESK) observatory during theobserved magnetic field changes in the Z component.
magnetically active day exceeded 150 nT. Network 4 con- The results of the analysis of power and misfit for all the
tains four observatories and four variometers, two of whichnetworks are given in Table 1, which shows the RMS errors
(Crooktree and York) are relatively close to Eskdalemuir. of the SECS, latitudinal-weighting, SECS (External only)
The latitudinal weighted estimate uses data from Lerwickand SECS (X and Y only) estimates for both the magnetically
(LER) and Hartland (HAR) observatories. disturbed and magnetically quiet days. The generally smaller

Figure3 compares the estimated magnetic field from the misfits of the SECS method in Table 1 indicate that improve-
SECS and latitudinal weighted methods. The SECS estimatenents are possible when attempting to interpolate the field
most closely matches the measured data, especially in the ¥n magnetically disturbed days. However, on magnetically

www.ann-geophys.net/28/1795/2010/ Ann. Geophys., 28, 1I/8E-2010
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Network 4: Eskdalemuir [ESK: 55.32N; 3.2W]
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Fig. 5. Comparison of the daily power of measured external disturbances (green solid) with the misfit estimate from the SECS (black
solid), Latitudinal Weighted (blue dashed) and SECS (External only) (grey dot-dash) method over a three-month period (April-June 2005)
at magnetic observatory Eskdalemuir (ESK).

quiet days, the results of the latitudinal weighted method are4.2 Evaluation over three months
comparable to the SECS method.

Scrutinising the results from Table 1 suggests that includ-Approximately three months of observatory and variometer
ing a greater number of observatories (e.g. Network 1) low-data from the beginning of April to start of July 2005 were
ers the misfit, even if these are uncalibrated variometers (as ianalysed, comprising of several quiet and relatively disturbed
Network 4). At lower geomagnetic latitudes (Network 5) im- periods. A comparison of the daily power of the data and the
provements are not as marked. In Networks 2 and 3, whictRMS misfit of the SECS estimate, the latitudinal weighted
cover very large areas and have only five and seven obseestimate and the SECS (External only) estimate for Net-
vatories, respectively, the SECS estimates are not as gooayork 1 are shown in Figd. The SECS method provides a
particularly in the Z component on disturbed days. For Net-consistent improvement to the estimate compared to the lat-
works 1-4, the SECS (External only) estimate is extremelyitudinal weighting estimate. Results for Networks 2 and 3
poor on disturbed days, again, particularly in the Z compo-are similar. This longer time series analysis illustrates that
nent suggesting that reasonable estimates of ground magnetice SECS method is most beneficial on disturbed days, but
field disturbances require modelling of the induced magneticon quieter days the latitudinal weighting is actually a good
field. By comparing the SECS (External only) mifits with proxy for the magnetic field, even at widely separated longi-
the SECS (X and Y only) misfits, it is clear that solving for tudes. The SECS (External only) estimate has, in general, a
the X and Y components using the external field part of theslightly larger misfit to the observed data in all components.
SECS equation (i.e. ignoring the Z component) greatly im- The same period of 96 days of data was analysed for Net-
proves the estimate. However, in general, the SECS (X andvork 4. Figure5 shows that both the SECS and the latitudi-
Y only solution) misfits are not consistently smaller than the nal weighting methods perform significantly better than pre-
misfits from solving for the internal and external parts of the dicting no external field change. The method of latitudinal
field together. weighting appears to perform better on days of small mag-

netic disturbance, while SECS is better during larger varia-
tions. On some days (e.g. Day 21-25) the SECS estimate

Ann. Geophys., 28, 1793805 2010 www.ann-geophys.net/28/1795/2010/
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Table 1. RMS errors of the Power, SECS, Latitudinal Weighting, SECS (External only) and SECS (X and Y only) estimates for the five
networks, calculated over a period of twenty-four hours. Analysis is presented for a magnetically disturbed day (11 December 2005; 11
September 2005) and magnetically quiet day (7 December 2005; 21 September 2005), depending on the availability of data within each
network. For Network 1, the observatories used for latitude weighting are GDH and NAQ; Network 2 uses CBB and FCC; Network 3 uses

CBB and MEA; Network 4 uses LER and HAD; Network 5 uses WNG and AQU.

Network  Obs. Date Comp. Power SECS Lat. Wgt. SECS (Extonly) SECS (X;Y only)
1 IQA 11 Dec 2005 X 69.4 51.6 55.3 54.2 51.4
Y 62.8 40.2 67.6 44.4 40.2
z 82.2 61.2 66.9 125.1 -
2 BLC 11 Dec 2005 X 69.7 59.7 78 52 60.7
Y 43.3 28.2 26.7 355 28.7
z 81.9 65.1 68.4 123 -
3 YKC 11 Dec 2005 X 114.9 525 94.6 55.1 54.7
Y 52.6 65.1 57.7 51.3 63.5
z 103.7 97.2 115 133 -
4 ESK 11 Sep 2005 X 56.2 13.7 34.8 25.9 13.4
Y 34.4 6.7 10.1 26.3 6.7
Zz 68.2 7.7 24.8 73.6 -
5 FUR 11 Sep 2005 X 49 8.6 7.1 24.1 8.2
Y 24.1 4.8 5.2 111 4.8
z 25.3 5.2 8.8 11.3 -
1 IQA 7 Dec 2005 X 12.6 7.5 10.5 8.2 7.6
Y 10.3 7.8 5.8 7.7 7.7
Zz 12.8 10.5 11.6 12.3 -
2 BLC 7 Dec 2005 X 21.6 16.9 23 15.7 17.3
Y 15.3 9.2 10 10.4 7.7
z 17.8 18.4 19.4 18.2 -
3 YKC 7 Dec 2005 X 8.9 6.3 121 6.8 6.5
Y 6.7 4.7 9.2 5 4.6
z 7.7 8.3 13.7 21.7 -
4 ESK 21 Sep 2005 X 9.5 12.3 1.3 3.3 12.4
Y 9.3 1.6 0.6 4.3 1.6
Zz 4.5 7.6 21 22.3 -
5 FUR 21 Sep 2005 X 7.4 2 1 4.2 1.9
Y 11.8 1.3 0.5 55 1.2
Zz 4.3 0.7 1.5 3.6 -

is worse than assuming no external field change, which mayonospheric equivalent currents and is potentially useful in
be due to the inclusion of uncalibrated variometers, as thespace weather applications, for example. Previous exper-
estimate misfit rarely falls below about 15nT in the X and iments using the SECS method have been primarily con-
Z components. Interestingly, the SECS (External only) esti-ducted with dense magnetometer arrays, such as the BEAR
mate has a lower average misfit in the X component, thougtand IMAGE networks in Scandinavia (eulkkinen et al.

is markedly poorer in Z. 2003a Viljanen et al, 2009). It is certainly reasonable to
assume that these array configurations are better suited to
SECS. However, we have shown that the SECS method is
similarly applicable in locations where magnetic measure-
ments are sparsely distributed over large regions. This is
The external magnetic field and its influence on the groundspecifically where other more developed methods such as the
magnetic field are still relatively poorly understood. The Fourier method or SCHA have been shown to be insufficient
SECS method provides a flexible approach to modelling(Amm and Viljanen 1999. Recently, the SECS technique

5 Discussion
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has also been applied in the analysis of magnetospheric and At high geomagnetic latitudes, the SECS method gave the
ionospheric flow vortices with a large set of magnetome-best estimate of the external magnetic field, particularly dur-
ter stations in northern America, from Alaska to Green- ing magnetically active days. At lower latitudes, during mag-

land, involving a number of magnetometer arrays includingnetically quiet periods, the SECS method is comparable to
THEMIS and CARISMA in combination with satellite-based the latitudinal weighted average of two observatories, one
observationsKeiling et al, 2009. approximately to the north and the other to the south of the

The improved estimate of the field from the SECS inter- point of interest.
polation method is very noticeable at high geomagnetic lat- We have shown that the SECS method can be applied to
itudes. The SECS estimate of the field is generally bettemetworks of different sizes where various densities of ob-
than latitudinal weighting particularly during magnetically servatory data are available. In situations where direct mea-
disturbed conditions. In magnetically quiet conditions the surement of the external field is not possible due to logistical
latitudinal weighting estimate is comparable or occasionallyor physical constraints we suggest the SECS method can be
better. At lower geomagnetic latitudes, the SECS methodused as a powerful interpolation tool.
again produces the lowest misfit during magnetically active
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