Ann. Geophys., 29, 46491, 2011 ~ "*
www.ann-geophys.net/29/467/2011/ G Ann_ales
doi:10.5194/angeo-29-467-2011 Geophysicae
© Author(s) 2011. CC Attribution 3.0 License. -

Analysis of ionospheric electrodynamic parameters on mesoscales —
a review of selected techniques using data from ground-based
observation networks and satellites

H. Vanhamakil* and O. Amm?

LArctic Research Unit, Finnish Meteorological Institute, Helsinki, Finland
*visiting at: Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya, Japan

Received: 9 April 2010 — Revised: 2 November 2010 — Accepted: 28 February 2011 — Published: 4 March 2011

Abstract. We present a review of selected data-analysistypes of measured data and to obtain unobserved ionospheric
methods that are frequently applied in studies of ionospherigparameters from the observed ones, possibly using some ad-
electrodynamics and magnetosphere-ionosphere couplinditional assumptions in the process. We concentrate on meth-
using ground-based and space-based data sets. Our focusads that are data driven and applicable to single events (not
on methods that are data driven (not simulations or statistisimulations or statistical models), and which can be used in
cal models) and can be used in mesoscale studies, where timeesoscale studies, where the analysis area is typically some
analysis area is typically some hundreds or thousands of knlundreds or thousands of km across.
across. The selection of reviewed methods is such that most ¢ primary focus of this review is in ionospheric electro-
combinations of measured input data (electric field, CO”dUC'dynamics, so we do not include variables like chemical com-
tances, magnetic field and currents) that occur in practicaposition, temperature, etc. in our discussion. Furthermore we
applications are covered. The techniques are used to SONggncentrate on analysis techniques that have been developed
the unmeasured parameters from Ohm’s law and Maxwell'sg pe ysed with data from the MIRACLE network (Mag-
equations, possibly with help of some simplifying assump-petometers — lonospheric Radars — All-sky Cameras Large
tions. In additiqn to rgviewing ex?sting data—'analysis meth- ExperimentSyrjasuo et al.1999 illustrated in Fig.1, pos-
ods, we also briefly discuss possible extensions that may bgjp|y in combination with satellite observations, for exam-
used for upcoming data sets. ple Cluster Escoubet et al2001) or CHAMP (Ritter et al,
Keywords. lonosphere (Auroral ionosphere; Electric fields 2004. However, the techniques can be applied to data from
and currents; |on03phere_magnetosphere interactions) any other mesoscale network with similar observations.
Table 1 gives an overview of the data-analysis methods
that are reviewed here. For each method, we list the input
data, additional assumptions (if any) required for the method
to be applicable and the output produced. The full set of

We present a review of selected data-analysis methods thi:OSphe”C electrodynamic parameters that can be calcu-

1 Introduction

are applied in studies of ionospheric electrodynamics an atgd CaniSt of the ionospheric horizontal electric fiéld
magnetosphere-ionosphere coupling using ground-based a ight |.ntegrated Hall and Ffedersfen conductargesand
p, horizontal current/ and field aligned current (FAC),.

space-based data sets. At present, there is no single mi%dd't' v, th d . turbation fi !
surement device that can measure all ionospheric electro- itionally, the ground magnetic perturbation fieltt; is

dynamic parameters directly and simultaneously, with gooa""‘n Important input parame.ter n _many analysis meth.ods.
spatial and temporal resolution and coverage. Therefore Most of the methods listed in Table are used in 2-

data-analysis techniques are needed to combine differerflimensional (latitude-longitude) regions of the ionosphere,
but some methods have also 1-dimensional variants, as indi-
cated by * in the last column of the table. In 1-D analysis it

Correspondence td:. Vanhanaki is assumed that ionospheric parameters vary only in one hor-
m (heikki.vanhamaki@fmi.fi) izontal direction (e.g. as a function of geomagnetic latitude),
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3500 1 07 100 o G N P A viewed in Sects3 and4, respectively. Sectiorsand6 dis-
[ AR 1\ cuss methods to estimate the electric fiBldr conductances
\ B ) H apd ¥p. The 1-d|men§|onal variants of some methods
‘ Ao = are discussed separately in Setand ways to include ef-
ik A fects of electromagnetic induction in data-analysis tools are
N o 7 reviewed in Sect8. In a final outlook we briefly discuss
some extension of presently used analysis methods and fu-
BN ture possibilities offered by new instrumentation, such as the

Swarm satellite mission and EISCAT 3-D radar.

707
2 Mathematical background

In this section we review the basic properties of ionospheric
Loz electrodynamics, especially at high magnetic latitudes (i.e.,
; the auroral oval). We employ the commonly used thin-
_ sheet approximation (see e@lassmeierl987 Untiedt and
o Baumjohann1993, where the ionosphere is assumed to be
a thin, 2-dimensional spherical shell of radiRs at a con-
stant altitude above the Earth. This approximation is justi-
fied by the fact that the largest horizontal currents flow at
about 100-125km altitude, in a layer that is much thinner
than the horizontal extents typically considered. However,
B in some cases 3-dimensional modeling is requiketirh et
USs\" al., 2008. Another occasionally used approximation is to
neglect the curvature of the ionosphere on areas less than
~1000 km across and to use Cartesian instead of spherical
geometry (e.g. Sect. 2.1 bintiedt and Baumjohanni993.
x klf;’:f‘f:"f;; October 2004 The main electrodynamic variables are: horizontal sheet
O Magnetometer and all-sky camera current density/, field-aligned curreny, horizontal elec-
tric field E, magnetic fieldB and height integrated Hall and
Fig. 1. The MIRACLE instrument network. Circles give the field Pedersen conductancEs; and Zp. These variables are re-

of view of each all-sky camera. Also the combined field of view of |ated through Maxwell’s equations, Ohm’s law and current
the STARE radars (decommissioned in May 2005) is shown. continuity,

KARg O

(VXE)=——-v (1)
so input data is required along a single chain or a satellite
track only. The 1-D methods are especially useful when anaV x B = noj = uoJ8(r — R)) — pojj ér (2)
lyzing data from an overpassing satellite or froma mer|d|onaIJ — SpE — Sy x E 3)
magnetometer chain.

Some of the methods listed Taklehave been discussed jj=V-J. (4)
by Glassmeie(1987 andUntiedt and Baumjohan(iL993,
who also give application examples and references to olde
studies where the methods have been utilized. In the prese
review we will concentrate on more recent work done dur-
ing the last two decades. Also, some classical technique
such as magnetic field separation and upward continuatio

|n Egs. (L)-(4) we have made the frequently used assumption
a radial magnetic field, so thaj = —e, at the Northern
Hemisphere. According tintiedt and Baumjohan(1993
ndAmm (1998 the effect of the tilted field lines is negligi-
jle for inclination angleg > 75°, which covers the auroral
(e.g.Chapman and Barteld494Q Haines 1985, have seen zone. .Elsewhere the inclin'ati.on of the magnetic field can be
significant improvement during this period. taken into account by modifying the Hall and Pedersen con-
) , ) i ductances in Eq3] (see e.gBrekke 1997, chapter 7.12) and
_ In Sect..2 we review basic electrodynamic properties of by calculating the FAC ag = V- J/siny.
ionospheric current systems, as well as the most commonly
used approximations. In the following sections we discuss2.1  Equations and unknowns
the selected analysis methods listed in Tablgrouped ac-
cording to the primary output they produce. Methods to de-We may now count the number of electrodynamic parameters
termine equivalent currentfeq and total curreny/ are re-  we are interested in and the number of equations connecting
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Table 1. Overview of selected analysis methods.

Input Assumptions Output Name of method 1-D
Field continuation
Bg - Jegion: Jeqint  anq separation
. Elementary current
Usually .
B;, Xp, ZH VxE=0 E. J,j KRM
. Usually
JIr ZPEH o g p—o EJ -
Method of
Bg.E characteristics
a=3H/Zp ZH, Zp. J, ) (Jeqbased) *
J-E (FAC-based)
I
Bgaeliite 1-dimensional I, Jj 1-D SECS *

them. In a thin sheet ionosphere the electric figldnd hor- 2.2 The concept of equivalent current

izontal currentJ are 2-dimensional vector fields that can be
represented by two potentials, The ground magnetic datBg is often most conveniently

used in the form of an equivalent current. By definition,

E=—V¢p—erxVyE (5) ionospheric equivalent currenfeqion is a 2-dimensional,

J=—Vo;—erx V. (6)  divergence-free sheet current that produces the same ground
magnetic field as the real 3-dimensional system consisting of

The functiongg is the usual electrostatic potential attg ionospheric currents and FAC. According to potential theory,

is related to the rotational inductive part of the electric field. this kind of equivalent current solution always exists and is
Itis usually assumed thaty g =0, but this does not hold in  uniquely defined in global scale (see discussioHaines
some situations, as discussed in S&cThe current potential  and Torta 1994. Using field continuation and, if neces-
¢, is connected to FAC through Eg#)(while v, is related  sary, field separation techniques (see Scthe ionospheric

to equivalent current and ground magnetic disturbance, agquivalent curreny eqion can be derived from measuré.

discussed in Sect2.2and3 below. In addition to external ionospheric and magnetospheric
The following six 2-dimensional scalar fields specify the currents, there are also internal sources of magnetic varia-

electrodynamic state of a thin sheet ionosphere: tions. Changes in external currents create an induced electric

br. Ve b)) Th Sh. @) field, according to Faraday’s law. The induced field drives

_ _ currents in the ground, depending on the conductivity of the
The curl and divergence of Ohm's law give us two scalar|ocal bedrock. This process of geomagnetic induction dis-
equations that relate the variablednfiedt 1983 Glass-  torts the original magnetic signal from external sources, and

meier, 1987 Untiedt and Baumjohani993, makes analysis more difficult (e.gntiedt and Baumjohann
(VX )= (VEpx E)+3p(V x E);— V- E — 1993. _The magnetic variations that are caused by the in-
ternal induced sources can be separately represented using
—ZnV-E, (8) internal equivalent currentgeqint, analogous td/ egion.
V-J=VEp-E+3¥pV-E+(VEy X E)r+ An important guestion about the ionospheric equivalent
+ZH(V X E),. 9) currents is their relation to the real currents. The true sheet

current densityJ can be divided into 3 parts, curl-free (po-

A third equation is obtained by combining Ampere’s and tential), divergence-free (rotational) and Laplacian, so that

Faraday's laws, which relate the curl of electric field to the

electric current. It follows that we have to know at least 3 J = Jpot+ Jrot+ J Laplace (10)
of the 6 variables listed in Eq7) in order to solve for the | here

ionospheric electrodynamic state. This is reflected also in

Table1, where e.g. the method of characteristics requires 3 V- Jrot=0, V- Jiaplace=0,

known input parameters. (VxJpodr=0, (Vx Jiraplacdr =0.

www.ann-geophys.net/29/467/2011/ Ann. Geophys., 29, 4672011
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The Laplacian par/apiace represents that part of the cur- systems form a complete set of basis functions for represent-
rent that has no divergence or curl inside the analysis area. Img 2-dimensional vector fields on a sphere (SECS) or on
global analysis/| aplace= 0, and in mesoscale studies it typ- a plane (CECS). A short guide, together with further refer-
ically is a homogeneous background current (see Sect. 2.4.8nces about the use of elementary systems, is given in ap-
of Untiedt and Baumjohanr993. pendix A of Vanhan#ki (2007).

If the background magnetic field is perpendicular to the The elementary systems are defined in such a way that the
ionospheric plane, then the true curl-free current sysigsa ~ CF system has a Diraefunction divergence and the DF sys-
together with associated FAC does not produce any magnetitem ad-function curl at its pole, with uniform and oppositely
field below the ionosphereFukushima(1976 derived this  directed sources elsewhere. By placing a sufficient number
result by assuming uniform ionospheric conductances, bubf CF and DF CECS at different locations of the ionosphere,
the result is valid independently of the conductance distri-one can construct any 2-dimensional vector field from its
bution (Amm, 1997). As Jegion Can be uniquely defined as sources and curls, in accordance with Helmholtz's theorem.
the divergence-free sheet current that produce the observethe SECS and CECS are related to the Green’s function so-
magnetic field below the ionosphere, it follows that equiva- lutions of the curl and divergence operators on the sphere
lent currents are equal to the divergence-free part of the truand plane, respectively. Let’s consider the curl-free part of
currents, the current and define a 2-dimensional Green’s funatign

on a sphere of radiug so that

800 —0p)8(p—¢p) 1
sing,, R? 47 R?’

Jrot= Jeqion- (11)

V%ch(r,rp) = (14)

This approximation is only valid for inclination anglgs>
75°. Thisis a common limitation for all the analysis methods
listed in Tablel that useBg as input data.

Usually Eq. (1) is all we can say about the real iono-
spheric currents using just ground magnetic data. In some, _ 2
special cases we may get a rough es'fi]mate of the FAC difm ®) _[5 GerV ;o (rp) 0, (15)
rectly from the equivalent currents, by assuming that conduc- 5 )
tivity gradients are parallel to the electric field and the ratio Where dg = R“sing,dd,,dg, is the area element. When we
« = Su/Spis a constant. This line of reasoning was applied take the gradient of the above equation, th(_e lefthand _S|de is
by Amm et al.(2002) for a pair of traveling convection vor- the curl-free part of the currenfpor. On the righthand side
tices, which exhibited a high degree of symmetry. However, V& €an identify the curl-free elementary current system as

the required assumptions are usually too restrictive to apply.VGCF: j]C,F("/)’ as this fulfills thg definition in Eq.1¢)
whenr , is interpreted as the position of the SECS pole. So

According to the theory of Green’s functions we can write
the current potentiap; in Eg. 6) as

phere

2.3 Elementary current systems we arrive at relation
Vo -J(rp) (6.
: J ot:/ L Poot| - )eg day, (16)
Elementary current systems were introduced Agnm p sphere 4T R 2 &

(1997%. Although for historical reasons their name refers
to currents, they can be used to represent any 2-dimensionathere the anglé’ and unit vectoge must be expressed in
vector field. Elementary current systems can be defined eiterms of positions, r, and unit vectorg,, é, (see e.g. Ap-
ther in spherical or Cartesian geometry, and they are callegpendix A of Vanhanéki et al, 2003. In completely analo-
SECS and CECS, respectively. There are two different typegous manner we can derive the relation
of elementary systems, one is divergence-free (DF) and the (V, x J(ry)) %
other curl-free (CF). The spherical CF and DF eIementarerot=/ MCOI(—) ey day, a7)
systems, shown in Fi@, are defined as sphere 4T R
, for the rotational part of the current.

Jep(r') = ler cot(g—) ey (12) In practical calculations the elementary systems are placed

4 R at some discrete grid, and the scaling factors give the diver-

gence and curl of the vector field in the grid cell. For some

Jor(r) = IoF cot 9_/ e (13) arbitrary grid cellk we can write the scaling factors as
AR 2)%
_ Ik,CF:/ V.- Jda,, (18)
Here Ipr and Ipg are the scaling factors of the elemen- cellk

tary systems, whileR is the radius of the sphere (e.g. iono-

sphere) where elementary systems are placed. The expreéc,DF=/ (V x J)rday,. (19)
sions are given in a spherical coordinate systetv’, ¢’), cellk

with unit vectors(e,,e¢,e4), that has its pole at the cen- This means that the curl and divergence that are in reality dis-
ter of the elementary systems. The CF and DF elementaryributed over the grid cell are represented by point sources at
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0’=0 (pole) U’=0 (pole)
-
|

G@um

Curl-free elementary system

(with associated FACs) Divergence-free elementary system

Fig. 2. Spherical elementary current systems (SECS).

the center of the cell. If we want to represent a given vectortem is used as a mere basis function here, and there are no
field J with elementary systems, we may evaluate the inte-assumptions about ionospheric conductances required, nor
gralsin Egs. 18)—(19) in a suitable grid. However, it is often about how the currents are constituted by Pedersen and/or
more practical to evaluate the field explicitly as a sum of el-Hall currents. In contrast, the divergence-free elementary
ementary systems given in Eq42J—(13) and fit the scaling  systems generate magnetic field withande, -components
factors to the given vector field in a least-squares sense. lboth above and below the sphere. Thus, an expansion of a
the fitting process the Laplacian part of the field (seel®)).  current system in terms of SECS also provides an easy way
is represented by outlying elementary systems, so it’'s importo calculate the magnetic field of the current system at any
tant to make the SECS grid somewhat larger than the area gfoint in space. This is utilized for example in analysis of
interest. ground magnetic data, as discussed in S28t.

The main advantage of the elementary systems is that they For use in situations when the derivate in one horizontal
are intrinsically divided into divergence- and curl-free parts. dimension vanishes, here called 1-D situations (see Bgct.
This division is very natural in ionospheric electrodynamics, 1-D SECS have been defined Wgnhanaki et al.(2003 and
where divergent current connects to FAC, rotational currentjyusola et al(2006. The 1-D variants are obtained by in-
is associated with ground magnetic disturbance, and the integrating the respective 2-dimensional SECS defined above
ductive electric field is rotational. The number and denSityover a circle at a constant |at|tud@, so that
of elementary systems used to represent the vector field can
be chosen freely, so that higher density of elementary system

(better resolution) may be used in areas where there is goods_p cr(6,60) = my { C_;fg(ez/ 2 g = ZO , (20)
data coverage. 2R ©/2) .0>00
Additionally, individual elementary systems are simple
enough for analytical treatment. For example, if we use It
o - ~ | —tan®/2) ,0 <6,
elementary systems to represent currents, and their divedi1_p,pr(6,600) = 12?(”DF o { cot(G(/Zé ) 0 ieg (21)
| s

gences represent radially inward or outward flowing FAC as
in Fig. 2, then the magnetic fields produced by currents in
Egs. ((2) and (L3) can be calculated analytically in closed Similar to the general 2-D SECS, the divergence- and curl-
form (Amm and Viljanen 1999. free 1-D SECS are basis functions for any continuously dif-

Specifically, the curl-free elementary system does notferentiable vector field on a sphere, with vanishing derivative
cause any magnetic field below the ionosphere, and above it one direction. If they represent a current system, the same
has only arés component, as already shown Bykushima  properties of the magnetic field of each elementary system as
(1976. However, in contrast to Fukushima’s paper, this sys-mentioned for the 2-D case hold.

www.ann-geophys.net/29/467/2011/ Ann. Geophys., 29, 4672011
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3 Determination of equivalent currents Except for some very dynamical situations (elgnska-
_ . nen et al. 2001), the contribution from internal currents can
3.1 Harmonic analysis normally be neglected andleqion is determined using only

the horizontal part of the ground magnetic disturbaBeg, .
In the neutral atmosphere between the Earth's surface angh,q i stification is that the internal part &, | is usually
the ionosphere, the electric conductivity is vanishingly small. spatially quite smooth when compared to the external part, so
Consequently, in this region the magnetic field can be reprey; 5 4qs only a rather homogeneous background to the equiv-
sented by a potential, alent current (see e.g. Sect. 2.3ftiedt and Baumjohann

B=-V¢p (22) 1993 and references therein). On the other hand, the radial
part of Bg is heavily affected by internal induced currents
where and it is also very sensitive to local anomalies in the Earth’s

conductivity (e.g. the coast effect, sBarkinson and Jongs
1979. Consequently, it is more difficult to separate the ob-
In harmonic analysis the magnetic potenthal is expanded  servedBg into internal and external parts, than to represent
in terms of some basis functions. Typically, spherical har-just the horizontal part of the disturbance in termgg§ion.
monics Chapman and Bartgl$940 are used in global anal-  Further, in some techniques, like the method of characteris-
ysis and spherical cap harmoni¢sajnes 1985 revised by  tics, only (V x Jeqion) is actually used, so that any nearly
Thebault et al. 2006 or plane waves in mesoscale studies uniform background current vanishes to a good approxima-
(e.g.Richmond and Baumjohant983. The magnitude of tion.
different basis functions is then fitted to the magnetic obser- .
vations, for example by minimizing the residual in the least-3-3 SECS analysis
squares senseRichmond and Baumjohanfi983 present
a fitting technique based on the theory of optimal linear esti-
mation, where geophysical constraints on the allowed curren
systems can be included.

One shortcoming of these spectral methods is that in orde

to keep the fitting numerically stable, some fixed upper an - oo
-netic disturbances are matched as closely as possible in the
lower scale lengths must be chosen for the whole analy5|?
east squares sense.

area. Variations that are smaller or larger than these scale . .
9 In the SECS analysis the horizontal components of mea-

lengths cannot be modeled accurately. This is a problem ) ;
'eng . L y sisap suredBg at locationsr,, = (Rg,0,,¢,) are collected in one
if the spatial distribution of magnetometers is highly non-

: - vector
uniform, as the minimum scale length must be chosen ac-

cording to the sparsest region of the network. B =[Bx(r1) By(r1) Bx(r2) ...1" (25)

The ionospheric equivalent current is obtained figgrby . .
evaluating the magnetic potential at a suitable altitude (typi—Wh'L? the “”';{‘O‘gvl” scaling facto_rs of the DF SECS located
atry' = (Ry,0;,¢;) are collected in another vector

cally ~100 km) above the Earth’s surface and calculating the

V2¢p =0. (23)

Amm and Viljanen(1999 introduced a SECS-based method
Eor determining the ionospheric equivalent current. In
his method several divergence-free elementary systems are
Placed at a 2-dimensional horizontal grid in the ionosphere,
nd their scaling factors are chosen so that the observed mag-

jump condition Jor = [Ior(ry) Ior(r$) Ior(r§) .17 (26)
AB | =—poer x Jegion (24) These vectors are connected by a transfer matrso that
over the assumed current sheet. Further details are givene.@3 | =T - JpE. (27)
by Haines and Tort§1994).

The components of transfer matfixgive the magnetic field
3.2 General comments abouyf eq calculation caused by each individual unit SECS at the magnetometer
sites, and is therefore known and depends only on geometry.
It should be noted that the horizontal component of theFor exampleT» 4 gives the y-component (East) 8fg atr1
ground magnetic disturbance field can be explained by usingaused by the SECS centerec&%‘t Details how to calcu-
just external (ionospheric) equivalent currents, even if partlate the matrixT and how to invert Eq.Z7) for the unknown
of the disturbance is created by internal currents flowing inscaling factorsspr using truncated singular value decompo-
the conducting Earth. This is clear from the expansion of thesition are given byAmm and Viljanen(1999 andPulkkinen
potentialgg in terms of spherical harmonic or spherical cap et al.(2003h. Once the scaling factors are known, the actual
harmonic functionsntiedt and Baumjohanl993. The  equivalent curren/egion can be calculated using EdL3)
internal and external contributions to the magnetic distur-for each individual DF SECS separately.
bance field can be separated by using all 3 components of the Amm and Viljanen(1999 tested the SECS-based calcu-
magnetic field. Further details are given e.g. in chapter 20 ofation of equivalent current in a simulated case of a Cowl-
Chapman and Barte(8940 and inHaines and Tort§1994). ing channel. They also compared the SECS-based method

Ann. Geophys., 29, 46491, 2011 www.ann-geophys.net/29/467/2011/
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—— True profile
SCHA result, K.=10
—— Result of elementary currents method (refined grid)
A
40—

20

—20 —

—80

Jeq, Ton, north IN MA/m (latitude = 68 degrees)

—100

16 18 20 22 24 26
longitude in degrees

Fig. 3. Longitudinal profile of the north component of the ionospheric equivalent currents in the test model. Solid line: true profile; Dotted

line: SCHA upward continuation result with up to 10th order basis functions; Broken line: SECS method upward continuation result.
Reproduced from Fig. 6 dmm and Viljanen(1999.

against spherical cap harmonic analysis (SCHA) developednput data. The ionospheric current is written as a sum of its
by Haines(1985. The results of the comparison are shown curl- and divergence-free parts as in Etp)(

in Fig. 3. The SECS-based method gives more accurate re-

sults, partly because there is no need to specify any fixed/ = Jpot+ Jrot- (28)
limit for the smallest resolved wavelength like in the SCHA. : . .

In the SECS-analysis the poles of elementary systems ca-rl;he divergence-free payfro; is obtained from ground mag

. . netic field, as discussed in the previous section, Agglcan
freely be placed where they are most suitable with respect t%e integrated from the FAC P

the density of measurements. Both curl- and divergence-free parts $fare straightfor-

The SECS-based calculation of equivalent current hasyrqly obtained using the elementary current systems, dis-
been further tested tyulkkinen et al(20033, while Pulkki- cussed in Sec®.3 hence the name of the method used in

nen et al.(2003h extended the method so that the ground tap16 1 SECS-based analysis of the ground magnetic data
magnetic disturbance may be separated into internal and eXz yiscussed in Sec®.3 The field-aligned curreng; can be

ternal parts by using 2 layers of DF SECS, one in the iono'directly integrated using Eqsd), (18) and (L2), thus giving

s.phere.and the.other inside the Earth.. There IS also a e cyrl-free part of the current. If data is available globally,
dimensional variant of the method, as indicated in Table  ; js niquely determined. However, in mesoscale studies the
developed byVanhanéki et al. (2003 and Juusola et al.
(2009. This is discussed in Sect.together with other 1-
dimensional analysis methods.

solution is not unique, for a Laplacian field with zero curl and
divergence inside the analysis area can be adddd &s in
Eqg. (L0).

Ground magnetic data is readily available from different
magnetometer networks, but FAC measurements suitable for
4 Current as the primary output event analysis are harder to obtain. A fleet of nearby located

satellites (such as Cluster or Swarm) can provide multi-point
Amm (200]) developed the elementary current method (seemeasurements of FAC over a limited region. However, ob-
Table 1) for calculating the actual (not equivalent) iono- servations spanning several minutes have to be combined, so
spheric current/ using the ground magnetic fiellg and  that a sufficient number of data points to infer 2-dimensional
field-aligned currentj; measured by a fleet of satellites as FAC distribution is obtained. Large scale FAC distribution

www.ann-geophys.net/29/467/2011/ Ann. Geophys., 29, 4672011
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can be estimated using engineering magnetometer data frogiven as input data. However, AMIE is not really suitable

the Iridium satellite constellationAhderson et a).200Q for mesoscale event studies, as it is designed for global-scale
Green et al.2006), although at a limited spatial and temporal analysis, and relies quite heavily on statistical models of the
resolution. electric potential and conductances. For further discussion

In the elementary current method the ionospheric currenabout AMIE and examples of application see &gipp et
is obtained directly from the equivalent currents (derivedal. (1993 or Richmond et al(1998, and references therein.
from the ground magnetic field data) and the FAC distribu-
tion (derived from the satellite magnetic field data), without 9.1 KRM and FAC-based electric field calculation
any assumed parameters. If also measurements of the elec- ) , ,
tric field are available (e.g. from radars), the ionospheric con- N€ curl and divergence of the Ohm'’s law are written out
ductances are obtained from EG).( Amm (2003 studied in Egs. 8)—(9). The divergence of _the horizontal current is
the applicability of the elementary current method using adiréctly connected to the FAC, as in Ed).( The curl of J
simulated passage of the Cluster spacecraft over the MIRSAN be calc_ulated from the ionospheric equivalent current, as
ACLE network illustrated in Figl. The results shown in discussed in Sec2.2,

Fig. 4 demonstrate that the ionospheric current, as well agv x j), = (v x Jegion)r (29)
the Hall and Pedersen conductances can be reconstructed by
the method to a good accuracy. It is usually assumed that the ionospheric electric field is a

Green et al(2007) estimated the large scale ionospheric Potential field (inductive effects are neglected), so that
conductance distribution by combining ground and satellite- ; _ V. (30)
based magnetic measurements witlobtained from Super-

DARN and DMSP satellite. Instead of using elementary sys-While not always exactly true (see Se8), Eq. @0) is usu-
tems,Green et al(2007) derived the ionospheric current by ally a good approximation and simplifies the theory consid-
using two potentials, as in Egg) The potentials were ex- erably.

panded in terms of spherical cap harmonics (discussed in Putting Egs. §—(9) and 29)—(30) together, we get two
Sect.3.1) and fitted to the magnetic data in a°4€ap. The  second order partial differential equations for the electric po-
results obtained byreen et al.(2007 in an event study tential¢g,

e Wih statetcl models, alough sparse ata CONCI, 52 175, (9B i) = (S 51

One possiple ad_dition to the existing analysis methOd_SEpV2¢E+V2p-V¢E—(VEH X Vi) =—Jji. (32)
may be obtained, if we assume that the conductance ratio
o = X/ Xp, instead of the electric field, is known in addi- These equations can be solved for the electric potential, once
tion to J. This possibility is discussed in connection with the ionospheric conductances, FACKion and the bound-
the Method of Characteristics in Se6t. ary condition forgg are specified.

Equation 81) forms the basis of the KRM method, which
has been extensively applied in event studies as well as in
statistical investigations (see e&hn et al, 1995 Kamide et
. . . al., 1996 Glassmeierl987 Untiedt and Baumjohani993
In Tablel we have included two methods that give the iono- and references therein). On the other hand, 82).i mainly

spheric electric field as the primary output. The KRM- ; o . T
method (named after Kamide, Richmond and Matsushita)used in statistical studies, where global FAC distributions are

was introduced byamide et al.(1981) and takes ground qbtameq by integrating satellite obs.ervanons‘pbve_r mul-
L . . . tiple orbits (see e.g. Sect. 2.4.3dhtiedt and Baumjohann
magnetic fieldBg (or equivalent current) and ionospheric

conductances as input data. In the 4th meththe field 1993 and referen_ces therel_n). Also globa_l MHD_5|muIat_|o_ns
. L . usually solve the ionospheric part of the simulation by giving
aligned currenfj is used instead aB.
S . conductances and FAC as output from the magnetosphere,
In a sense, also the AMIE-method (Assimilative Mapping : . o
: ; ) ! and then map the resulting potential electric field back to the
of lonospheric Electrodynamics, introduced Bychmond

and Kamide 1988 falls into this category, as it gives the magnetosphere (e.ganhunen1998.
. ) i ; . . Ground magnetic measurements, and therefore also
ionospheric electric potential as the main output. AMIE is

a data assimilation procedure, essentially based on Optima( egion, are quite readily available, at least over the conti-
; L nents. However, it is very hard to measure FAC distribution
Interpolation theory (e.gViatsuo et al.2005. It assimilates

- . ; .qver an extended region with sufficient spatial and tempo-
measured electric fields, ionospheric currents, and magnetic

field perturbations into a statistical model of the electric po- ral resolution that Eq.32) could be used in an event study,

) . ; . although estimates based on Iridium satellite data @ng.
tential, assuming that the the ionospheric conductances A% rson et 22000 might be suitable.

1As far as we are aware, there is no commonly used name for Probably the greatest uncertainties in solving E8#). &nd
this method. (32) are caused by the input conductance distributions, as

5 Electric field as the primary output
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demonstrated biylurison et al (1985 for the KRM method.  global studies as well. A brief review of the method is given
Two-dimensional ionospheric conductance distributions arebelow.

quite difficult to obtain from direct measurements, but esti-

mates may be derived from satellite or all-sky camera image$-3 ~ Solution with elementary systems

and riometer data (e.d.ummerzheim et a]1991; Janhunen ] ) )
2001 Aksnes et al.2005 Senior et al. 2008. However, With SECS we can calculate the horizontal current from its

these estimates rely on semi-empirical formulas that first re Curl and divergence, as

late opticalle.mis_sions to the flux 'and characteristic energyy — M. Jcr+Mo-Jpr (33)
of the precipitating electrons, which are then used to esti-

mate the height-integrated conductances. Statistical mod¥he vectory contains the- and¢-components off at the
els (e.g.,Fuller-Rowell and Evansl987) are also available  grid pointsr, = (R),6y,¢»),

and a rough conductance estimates may be derived from the T

ground magnetic data\bn et al, 1998, but these are less 3 = [Jo(r1) Js(r) Jo(r2) ...]" (34)

suitable for event analysis. while the vectorsicr andJpr contain the scaling factors of

If Egs. B1) or (32) are solved globally, we only have to the CF and DF SECS at grid point®, respectively
fix the zero level of¢pg. Also in semi-global studies, that

cover either the northern or southern auroral regions, bounds .- — [lcp(r‘f') IerrS) Ier(rS) ]T (35)
ary conditions for the electric potential are not problematic,

as they have to be specified only at the mid-latitudes, where T

the electric field is rather small in any case. However, in JbF = [IDF("?) IpF(r$) Ior(r§) ] ; (36)

mesoscale studies boundary conditions play an important

role. Here Ipr(r®) and Icr(r®') should be interpreted as the av-
erage divergence and curl gf over the grid cells, as in

52 Local solution Egs. (8) and (19). The components of the transfer matrices

M1 2 can be calculated using Eq42f and (L3), as explained
in detail byVanhanaki (2010.

Murison et al.(1989 solved Eg. §1) in a mesoscale study, The electric field can be solved from Ohm'’s law as

where the Harang discontinuity was present over northern

Scandinavia. They found that the electric field, and con-g = (zpJ — ©heé, x J)/(E'g_|_ Zﬁ)- (37)
sequently also the currents, strongly depend on the bound- _ _

ary conditions that are imposed @i at the boundaries of For simplicity we assume here a vertical (radial) background
the analysis area. This severely limits the use of the KRMMagnetic field. The necessary modifications for tilted field
method in regional studies. Also the FAC-based method idines have been included danhanaki (2010. _
affected by boundary conditions in a similar manner. The curl and divergence of the inverted Ohm'’s law give us

Kamide et al(2003 developed a local variant of the KRM two relations between the electric ﬁeld and current. In_ this
method, where the KRM equation is solved in areas of goodt@S€ We need only the curl &, which can be written in
data coverage and the required boundary conditions are of€'Ms of elementary systems as
tained usiljg the AMIE techniqueR(chmonc_i and Kgmide curl€ =L1-Jcr+Lo- IpE. (38)
1988. This allows use of the local KRM in a straightfor-
ward manner, for example in real-time space weather monThe vectorcurl& containsr-component of the curl of the
itoring. However, it should be kept in mind that in absence electric field at the grid points® and is analogous to the
of global data coverage AMIE gives results that are mostlyvectory defined above. The matrickg » can be constructed
based on statistical models. Therefore the obtained boundarysing the previously defined matrickb; > and the inverted
conditions, and also the KRM solution, may not be accurateOhm’s law, as outlined byanhan@ki (2010.

enough for studying specific events in detail. If we use the potential approximatiai x E), =0, we
More recentlyVanhaniki and Amm(2007) introduced a 98t @ simple relation
different, SECS-based approach of solving the local KRM L1-Jcp+Lo-Ipe=0. (39)

problem. Instead of directly solving the electric fieldn-

hamaki and Amm(2007) try to find such a curl-free current This can be solved for eithérce (FAC) or Jpg (equivalent
systemJ cr, that together with the equivalent currefdqion current), depending on which one is given as the input. lono-
and the given conductances, the electric field becomes a paspheric induction can be included by relatiage € to Jcr
tential field. Vanhaniki (2010 generalized this approach so andJpg via Faraday’s and Ampere’s laws. This is discussed
that eitherJ eqion Or FAC can be used as input. Also spheri- in more detail in Seci8.2

cal geometry, tilted magnetic field lines and inductive effects One of the advantages in the SECS-based approach is
were taken into account, so that the method can be used ithe automatic inclusion of boundary conditions in mesoscale
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studies. As the vector fields are constructed from divergencethata is more accessible for an estimation by ground-based
and curls, the natural and implicitly included boundary con- data sets than the individual conductances themselves. This
dition is to assume that outside the analysis area the vectdnas been shown blester et al.(1996, and recentlyJuu-
fields are source-free. This is probably not a totally correctsola et al.(2007) obtained well-defined statistical relations
assumption in most situations, but it is a very convenient onebetweerx and the magnitude of the zonal component of the
and has been proven to work quite well in practid@r(- ionospheric equivalent currents.
haméki and Amm 2007). On the other hand, these methods require the ionospheric
It should be noticed that in the traditional KRM method electric field distribution as input. On a mesoscale area, such
only the local quantityV x Jegion)r €nters the differential data are at present only available from ionospheric coher-
equation, even if/eqion Were known in a larger area than ent scatter radar systems such as STABEeénwald et a/.
¥ and Zp, which is often the case in mesoscale studies. In1978 discontinued in 2005) or SuperDARNE(eenwald et
the SECS-based approach the whole vedtggion is used  al., 1999. The actual availability of data depends on whether
in constructing the matrice®l 1 », so that all the informa- or not the ionospheric condition is favorable for the radars
tion available from the ground magnetic field is taken into to receive a signal scattered back from ionospheric irregu-
account. This difference may have a significant impact inlarities (e.g.Milan et al, 1997). In the future, with improv-
mesoscale studies, both for the KRM and FAC-based mething technologies and increasing numbers of measurement de-
ods. vices, also incoherent scatter radar systems such as AMISR
Vanhaniki and Amm(2007 tested the SECS-based KRM (Nicolls and Heinselmar2007) or the planned EISCAT 3-D
method and compared the results against the traditional KRMare expected to be able to provide data sets of the ionospheric
solutions using several realistic models of typical mesoscaleglectric field on an extended area.
phenomena in the auroral ionosphere. In the SECS-based The technique for solving first the ionospheric Hall con-
KRM results the average error over the whole analysis arealuctance from spatial measurements of the ground magnetic
is typically around 20-40%, whereas the errors in the tradi-field, the ionospheric electric field, and an assumptionufor
tional KRM results are significantly larger. Figuseshows is called “method of characteristics”. It has first been de-
one example, where the analysis method is applied to a dataeloped bylnhester et al(1992 in Cartesian coordinates,
based model of a westward traveling surge. The input modethen been extensively tested with modeled data sefsiuy
used in the analysis consists of Hall and Pedersen condud1999, and finally been defined for a spherical geometry by
tances and/eqion, but only the output quantities (electric Amm (1998. In this original version of the method, in the
field, horizontal current and FAC) are shown in Fig.to- first step, the ground magnetic field data are used to calcu-
gether with their deviations from the original model. Apart late ionospheric equivalent currents, as described in S&kt.
from some errors near the boundaries, the results are reasomherefore, this version which solely relies on ground-based
ably accurate. data is also called theJeqbased” version of the method
of characteristics. Later orAmm (2002 showed that if
spatial measurements of field-aligned currents are available
6 Conductances as the primary output from satellite data, this data can be used to replace the iono-
spheric equivalent currents as input. This second version of
A weak point of the techniques discussed in the previous secthe method of characteristics is thus called the “FAC-based”
tion is that both ionospheric conductances need to be inputersion. Since both versions are mathematically completely
quantities. Direct conductance measurements are difficult t@inalogous and only use different parameters, in the follow-
obtain, and on a mesoscale area with a time resolution of théng we present thd eq -based version of the technique, and
order of seconds such measurements are unavailable with thenly briefly mention the differences of the FAC-based ver-
present day instrumentation. As discussed before, the use &fion thereafter. In Sec.1 we outline two possible exten-
statistical conductance models, or the estimation of conducsions of the method of characteristics, so that more diverse
tances from ground-based or satellite optical data both ininput data sets could be analyzed.
volve a substantial number of intrinsic approximations. In  Using Ohm'’s law 8), the current continuity relatiordy
case of statistical models, smaller scale variations in the acand the calculation of ionospheric equivalent currents from
tual conductance distribution may not be well represented bythe ground magnetic field disturbance (Sex6), and by
the statistical prediction, or it even might not represent thedefining a vector field’ as
actual conductance distribution very well at all.
For the methods discussed in this section, only the Hall oV =E—(E x e/ (40)
Pedersen conductance raﬂg; ¥H/Zp is needed asanin- 4o scalar fields andD as
put parameter, and the individual conductance distributions

are the primary output of the techniques. Not only does thisc =v .V, (41)
remove one degree of freedom from the total amount of as-
sumptions needed (cf. Tahlg, but it also has the advantage D = —(V x Jegion)r (42)
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show the difference between the solution and the original model. Adapted from FigVa@ldnaki and Amm(2007).

we arrive at the following first-order partial differential equa- with

tion: I "
I7,h)= / C(r—(l))dl”. (45)
1 v 1V rd”))l
02XH 1 03y
%0 Pt RS Vo+CEy=D. (43)  The characteristicg (/), with [ being the geometric path
I 1SING - d¢ .. .
lenght along the characteristic, are defined by

This can be solved foEy, sinceV, C, and D are known d Vo(r(l))sindeg + Vy(r())ey
from the input data and from the assumptioncof R, is ar(l) - Risind |V (r())|
the distance of the ionospheric current sheet from the Earth’srhe solution of Eq.45) consists of two terms, in the first
center, typically approximated as 6471 km. The main idea ofOf which an unknoWn boundary valtEu (ro) occ’:urs while
the method of characteristics is to split up E4B)(into two 0 '

ordinary first-order differential equations, and then salye the s_econd term is fully determined by the input quantities.
. ; ) . The influence of the unknown boundary value decreases ex-
by integrating the first of these equations along the charac-

teristics of Eq. 43), which are given by the second equation ponentially with positivel (0,7), and typically it becomes in-
The solution %orE’H along each characteristiq?) is then " significant after a short distance along the characteristic. In

given by case thaf (0,/) is predominantly negative along a character-
istic, the direction of integration is reversed, which changes

the sign ofI(0,/), in order to again obtain a decreasing in-
LDr('ye D fluence of the unknown boundary value. Since every char-
Wdl . (44) acteristic intersects the boundary of the region under study

(46)

Sh(r) = Zu(ro)e 'OD 4 /
0
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(both being part of the MIRACLE network). In this case,
simultaneous data from UV and X-ray measurements on the
Polar satellites with the UVI and PIXIE instruments were
used to estimate. Figure7 (upper panel) shows that the
technique can resolve in detail the eastward motion of the
high Hall conductance areas associated with the bright au-
roral tongues of the omega-band. Inside the tongues, the
analysis results into maximum Hall conductances of about
50-60 S, while in the dark areas between the tongues very
low conductances of just a few S prevail. While the re-
sults show a clear and consistent motion, they also show that
Fig. 6. Sketch illustrating the relation between the tangent flejd ~ the omega-bands are not just moving stationary structures,
the characteristie(/) generated by, and the two types of bound-  but significant temporal variation is found inside the mov-
aries of the domain, the “influencing” and “dependent” boundaries.ing forms. The associated FAC (Fig. lower panel) show
The boundary curve is drawn as a heavy line where it is of the “in-strong upward/downward FAC at the western/eastern flank of
fluencing” type. Note how irfb) the presence of a singular point  the tongues, respectively. In fact, most of the total westward
changes the characteristics and diminishes the “influencing” part ononospheric current is periodically carried to the ionosphere
f[he boundary curve as compared#), the case without a singular- 53¢ away from it by these FAC. Thus, in the vicinity of the
ity. Reproduced froninhester et al(1993). omega-bands, the substorm current wedge is not a continu-
ous entity, but it is intermittently interrupted and consists of
Jmany smaller scale current wedges.

twice, boundary values are needed at most for 50% of th
total boundary. Typically, due to the positive divergence of
the characteristics in the direction of integration, as is a5~ 4 _dimensional methods
sured by a positivé (0,/), the part of the boundary for which

boundary values are needed is far less than half of the tot

. : 3the techni ted in the previous chapters all operat
boundary (see Fig, left panel). A special case are charac- e techniques presented in the previous chapters all operate

in two horizontal dimensions. However, several types of sit-

teristics thaF end into a smgular point” (Fig, right panel). uations exist in which data are only available along a single
At these pointsEy can be directly calculated from the data, line, and not on a two-dimensional area. Among the most

and thus no boundar.y yalue§ are needed. for the mte.gratloﬂequent of such situations are data from the pass of a single
along such characteristics. It is noted that if the analysis are@;aljite. or from chains of magnetometers. In such cases, if
'Sl thte_ tholls r:]orthern or S(t)UtT_eTn atur_gral fZ(t)r?e, and 'fﬂ:hethe analysis of a single event is considered, two-dimensional
electric ield has a zero potential outside of this zone, enanalysis techniques naturally cannot be applied. Still, several
every characteristic will end in a singular point. Therefore,

in thi bound diti ded at all of the 2-D techniques can be reduced to 1-dimensional vari-
in this case no boundary conditions are heeded at all. ants (cf. Tabldl) and thus be applied with data along a single
With the resulting distribution oEy from the successive

o ) : oo line, provided that a horizontal direction exists in which the
application of £q.44), together with the input distributions, derivative of the measured data is, to a reasonable approxi-

the remaining set.of the ionospheric glectrodynamic paramefnation, vanishing. This section presents 1-dimensional vari-
terAs\ can tht(_an e?jsn{)be Ca:ﬁ”";t:g ubsmg dEa)Satﬂdd@)' ¢ ch ants of several of the techniques that were reviewed in the

S mentioned above, the -hased method of ¢ arac'previous section, and also discusses how to validate the 1-D
teristics s mathematlcally completely analogous to g assumption, and how to find an optimal coordinate system
-based version. Only the following replacements need to b%r the 1-D approach

made: Before a 1-D analysis approach is applied to a data set, it is
V—>W=E/a+E xér, (47)  necessary to verify how well the 1-D assumption is realized
in the case under study. While in theory, the term “1-D situa-
C—>Q0=V-W, (48) tion” is unambiguously defined as a situation with vanishing
derivative of all measurements in one horizontal direction,
D— j=V-J. (49) inreality such a strict definition is hardly ever realized. For

the practical application, the term “1-D situation” therefore

The Jeqbased method of characteristics has been appliedefers to an approximation of the theoretical situation, which
in numerous studies, out of which we only show here oneis defined by certain conditions that the measured data must
example, result from the analysis of an omega band passadelfill. As examples, we discuss these conditions here for
over the MIRACLE network byAmm et al. (2005. The  two typical cases in which 1-D methods are used: Magnetic

STARE radar measured the ionospheric electric field and thdield data from the overpass of a single low-orbiting satellite,
IMAGE magnetometer network the ground magnetic field and a from a magnetometer chain on the ground. Below, the

www.ann-geophys.net/29/467/2011/ Ann. Geophys., 29, 4672011
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term “null gradient direction” corresponds to the direction in 20-Noyr2001 B, error (%)
which the derivatives are (approximately) vanishing, and the
term “1-D direction” to the direction perpendicular to this.

Using the assumption that the magnetic field disturbance
that a low-orbiting satellite measures stems from the iono-
spheric currents and the FAC only, it is easy to see from an
expansion of the current into 1-D SECS (Sex8) that the
By and By, components of the magnetic field disturbance are
not independent of each other for a 1-D situation, since both
are solely generated by thg, current component. (Here
the coordinate syster@r’,6’,¢’) refer to the spherical coor-
dinates with respect to the pole of the 1-D SECIB)sola et
al. (2007 have used this fact to apply the following proce-
dure: For a given pole position of the 1-D SECS systems, the
Jg component of the current is computed only from e
component of the measured magnetic field disturbance. The
resultingJy currents create &y cqc magnetic field distur-
bance, which in a perfect 1-D situation would be equal to the
measuredBy,. The magnetic data of an overpass is defined
as 1-D if a position of the 1-D SECS pole can be found for
which the error betweeBy cacandBy is smaller than a cer- g
tain limit. The position of the 1-D SECS pole for which this a
error is smallest, which is found by an optimization tech- &
nigue, defines the optimum 1-D coordinate system for that
particular overpass. Figuillustrates the error irBy as a
function of the location of the 1-D SECS pole position, and
the path how the optimization technique finds the 1-D SECS
pole location with the lowesBy: error. 7940 105 100

For the magnetic field disturbance data of a ground mag-

netometer chain, a similar approach is less suitable due to theig. 8. Top: a typical example of the 1-D:ness optimization. The
more significant effect of magnetic field disturbances causedlack line with the time stamps shows the track of the CHAMP
by currents induced into the Earth. Although it is possible tosatellite. The 1-D optimized part (overflight) is highlighted in ma-
separate the internal and external contributions of the disturgenta. The color coding displays ti#g error for the overflight, as
bance, the separation approach itself would already need th function of the 1-D SECS pole location. The yellow dot shows
assumption of a 1-D situation (e/gntiedt and Baumjohann the starting point for the op.tlmlzatlon at the geomagr)etlc pole and
1993. Therefore, in order to check for a 1-D situation, in this 1 Magenta dot the resulting 1-D SECS pole &t [2gitude and

- . —103 longitude withBy error 23%. Bottom: a zoom in of the top
ca;e Itis be?'t to analyze dgta of some magnetomete_'r Ste.‘tlorb%nel showing also the steps taken during the optimization as red
yvh|ch are aligned perpgndlcular to t_he ma'ln.cha'n direction,yots connected by black lines. Reproduced from Fig. 8uafsola
if available. If the direction of the main chain is calledand ¢ 51, (2007.
the horizontal direction perpendicular touit then a line of
magnetometer stations indirection can be used to calculate
the derivative of the magnetic field disturbance components; 1 1._p jonospheric equivalent current determination
in that direction. A good criterion for a 1-D situation is that
the changing length; of each magnetic field component in
v direction is larger than the exteht of the magnetometer
line in v direction, i.e.,

-95 -90 -85
GEO lon (deg)

Mersmann et al(1979 used 1-D Fourier analysis (i.e. plane
waves) to determine 1-D ionospheric equivalent currents
from a chain of ground magnetometer®lsen (1996 pre-
sented an analysis method where the ionospheric equivalent
(50) current sheet is presented as a sum of line currents, whose
amplitudes are then fitted to the observed magnetic field. Al-
thoughOlsen (1996 developed the method for the analysis
where Z is used for any of the three magnetic field distur- of satellite observations, the same formalism may also be
bance components. A similar procedure can easily be apused with ground-based data. However, the 1-D Fourier anal-
plied also to other data sets, like, e.g., ionospheric electrig/sis is hampered by the need to specify upper and lower lim-
field data from a coherent scatter radar. its to the resolved wavelengths, similar to the 2-D harmonic

l;=27/(dZ/dv) > Iy,
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methods discussed in Se8tl, and the line current method By error <60 %
of Olsen(1996 does not properly take into account Earth’s 000k ' ‘ ‘ '
curvature in the direction perpendicular to the observatory
chain.

To overcome these difficultiedanhanéki et al.(2003 in- or
troduced a technique based on 1-D elementary systems. Ex- ¢
cept for the use of 1-D SECS instead of 2-D SECS, and the £
corresponding 1-D output of ionospheric equivalent currents §‘°°°’
along a single line, the technique is fully analogous to the =% 1500}
2-D variant presented in Se&.3. Vanhanaki et al.(2003

have tested the technique using synthetic data sets with very | g Jogrouna <089 J ¢ oy =050

good results, and then applied it with real data from the IM- -2800 7 r=0.90

AGE and 210 MM magnetometer chains (FigandYumotaq, 30001, . ‘ ‘ . ‘ . A

2009 I’eSpeCtiver). -2500 -2000 -1500 -13223‘ (A’/ESS 0 500 1000

7.2 1-D method of characteristics Fig. 9. Scatter plot of/, determined from ground-based measure-

ments (IMAGE) by the 2-D SECS method versijs determined
As already shown binhester et al(1992), in a 1-D case the from satellite-based measurements (CHAMP) by the 1S SECS
integral Egs. 44) and @5) for the method of characteristics method. The ground-basef is averaged over the approximately
reduce to the simple algebraic relation 4 min it takes for the satellite to pass over IMAGE. In red is shown
a line fitted to the points, and the linear correlation coefficient is
denoted by-. A line passing through the origin with a unit slope
is drawn in blue. To create this plot, data from 124 satellite passes
over IMAGE with an error smaller than 60% during 2001 and 2002
whereJegion,. IS the ionospheric equivalent current in the 1- were used. Reproduced from Fig. 5hfusola et ak2007.
D direction, as determined with the technique presented in

Sect.7.1 As Inhester et al(1992 pointed out, if there is  for further analysis, even though the magnetic field caused
a locationuo along the profile wherd/, =0, then this sets  py the FAC is local to the satellite while the one caused by
the unknown constant in EG5T) to const= —Jegion.u(0)-  the ionospheric currents is remote. It should be noted that
Moreover, the constant is also defined along the whole prothe 1-D SECS technique also makes it possible to analyze
file if at one single point of the profile a measurement of the ow-orbiting satellite and ground-based magnetometer data
Hall conductance exists. If such a measurement is not availsimultaneously, by combining the techniques of Sedtand
able, another suitable approach to estimate the constant igf this section into a single 1-D SECS expansion.
to assume a low background conductance in an area of the Thijs technique has been extensively used with data of the
profile that is located outside of any electrojet activity, as de-cHAMP satellite (e.gRitter et al, 2004, which passes over
termined by the ionospheric equivalent currents. the auroral ionosphere at about 400 km altitudausola et
) . o al. (2007 have analyzed more than 6000 passes between 55

7.3 1-D ionospheric currents and FAC determination  5nq 765° northern geomagnetic latitude during 2001 and

from low-orbiting satellite magnetic data 2002 which satisfy their 1-D condition. In order to cross-
. . . check the resulting ionospheric currents with results from
Magnenc data} of a IOW_.O rbiting satellite can _be useq to qe'ground-based magnetometer analysis, the authors selected
termine both ionospheric currents and FAC if the situation asses of CHAMP over the MIRACLE network (Fi)
can well be approximated as 1-D (see above), by expandingnd used the technique presented in Seé@&to determin'e
the magnet_ic disturbance r_ecorded by the gatellite into 1'Dthe 2-D ionospheric equivalent currents from the MIRACLE
SECS. Similar to the techniques presented in Secsand fdata. They then compared 1-D profiles of these results along

ZHJ” ;hg gaEtglss ushgdhtp (ialcu(ljatte ODF'mL:)mﬂs]iﬁ“n.g factohrs %%sach CHAMP overpass with the results of ionospheric cur-
€ , WRICh In tUrn deteérmine bo € 10NOSPNENCeis from the 1-D SECS analysis of the CHAMP data. As

currents and FAC. This approach has first been presented bé/an be seen from Fig, the correspondence between the two
Juusola et al(2006, and shown to be superior to previously . ’

d techni ; lculate | heri s f t s very good with a correlation coefficient of 0.9, especially
USea techniques fo calcuiate 1onoSpheric currents rom sateg, o, taking into account that the ground-based technique

lite data (e.gOlsen 1996. One major advantage of using : . ; ;
) N . provides equivalent currents and the satellite-based technique
1-D SECS for this type of analysis is that by placing SECSreal ones. In practice, the resultslofusola et a(2007) show

poles at certain distances, a spatial scale is selected naturall%at the ground-based and satellite results are interchange-

Wh|ch_|s the same for both components of the _resultlng I0N0-_ e when the satellite passes over a ground magnetometer
spheric currents and for the FAC. Therefore, it makes sens

) . ray.
to combine the results for the different current components 4

Jeq|0n’u(u)+const (51)
Vi (u) '

YHu) =
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Fig. 10. Current componentd (FAC), Jy and Jy as function of magnetic latitude and MLT, binned with respect to the IMF BZ and BY.
There are bins for negative<(3 nT), around zero< |3| nT) and positive £3 nT) values of both components. The bin and the number of
overpasses used to construct the four plots are denoted on top of each set. Resolution of the plots is 0.5 h in MioTlatitdde. Top left
plot of each panel shows the distribution of CHAMP measurements in the data set. Reproduced from Rigusdlafet al(2007).

Juusola et al(2007 combined the results of all CHAMP and MLT. Further, in a 1-D case it is possible to calculate the
passes into a statistical study of the dependence of ionovalue of the Hall-to-Pedersen conductance ratifvom the
spheric currents and FAC of the general geomagnetic activmagnetic data alone, simply as
ity level, of season, and of the interplanetary magnetic field
(IMF). As an example, FiglO shows the dependence &f @ =—Jy/Jp. (52)
(FAC), Jy and J; of the IMF, in addition to the data cover-

age for each IMF bin, as a function of geomagnetic latitude ' '€ Parametew is an important factor in ionosphere-

magnetosphere physics, as it is representative for the mean
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Fig. 11. Averagea during 2001-2002 as a function of magnetic latitude and MLT. The resolution of the pldtsridetitude and 0.5h in

MLT, and« is given according to the color bar on the right hand side of each plot. The upmost plot is constructed using all available data,
the plots in the middle row are binned with respect to activity and those in the bottom row with respect to season (the bin is denoted on the

left hand side of each plot). Reproduced from Fig. 19udsola et a2007).

energy of precipitating particleRfbinson et a.1987), and Those methods where the electric field is an input param-
is needed as input for other techniques, such as the method eter (e.g. the method of characteristics) can in principle han-
characteristics (Seo). Juusola et al(2007) presented an- dle inductive electric fields. However, in practice the input
alytical, average relations betweerand Jy, separately for  field is often preprocessed in such a way that the inductive ro-
westward and eastward electrojet conditions, and for sumtational part of the measured field may be lost in the process.
mer, equinox and winter. They also presented the results ifFor example, the SuperDARN potential mapping technique
global, statistical maps af, reproduced in Figll, which (Ruohoniemi and Bakel998 is based on the assumption
constitutes the most extensive data-based description of thi¥ x E =0, although recenthAmm et al.(2010 presented a
parameter over the whole auroral zone as yet. Recently, ugechnique that allows to pertain the curl whEris calculated
ing the same data set and technighiejsola et al2009 also ~ from line-of-sight radar data.
analyzed the dependence of ionospheric currents and FAC on
the solar wind dynamic pressure. lonospheric self-induction has been studied in the frame-
work of Alfvén wave reflection at the ionospheric bound-
ary of a magnetic flux-tube. When an incident shear &dfv
8 Induction in ionospheric electrodynamics wave carrying a potential electric field is reflected from the
non-isotropically conducting ionosphere, the reflected wave
It is usually assumed that inductive phenomena in the iono-consists of both shear and fast mode waves. This induc-
sphere are negligible. This is a central assumption in manytion induced mode coupling has been noted for some time
of the analysis methods reviewed in Talilebecause it al- (e.g.Allan and Knox 1979ab), although many authors have
lows us to present the ionospheric electric field in terms of aconsidered it negligible (e.@lassmeierl984. Yoshikawa
potential, as in Eq.30). However, in certain very dynamical and ltonagg1996 studied the reflection and mode conver-
situations this assumption is not valid, and the electric fieldsion coefficients in detail, and concluded that ionospheric
may have a considerable induced rotational part. self-induction plays a significant role at large scale-lengths
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Fig. 12. Lenz’s law in ionospheric electrodynamics (assuming uniform conductances and downward pointing background magnetic field).
Changes in the potential electric field and associated currgptarfd J4) create rotational induced electric field. Direction of indudets

such that induced Pedersen currents oppose the change in rotational currents. This means that the induced Hall currents enhance the chan
in divergent currents and associated FAC. In the case of non-uniform ionospheric conductances the situation is more complicated.

and/or when Hall conductance is large. Later studies by e.gdynamics. It should be noted that only rotational currents are

Buchert(1998, Yoshikawa and Itonagé2000, Lysak and  associated with the radial component of magnetic field that

Song(2007), Lysak (2004 and Sciffer et al.(2004, have  goes through the ionospheric current layer. The induced cur-

confirmed these results and investigated further the reflecrents oppose the change in the rotational current, and hence

tion process and the propagation of the shear and fast modalso the change of magnetic flux through the ionospheric

waves in the ionosphere. plane, but enhance the change in the divergent currents. This
While the Alfvén wave models have given us a better tendency of inductive currents to enhance the change of FAC

understanding of the ionospheric inductive phenomena, gewas also noted buchert(1998 and Yoshikawa and Iton-

omagnetic pulsations and coupling of the ionosphere andiga(2000.

magnetosphere, they are not really suitable for event stud-

ies. The main problem is that in all these models the spa8-2 Including inductive effects in existing data-analysis

tial and temporal distribution of the incident Alfm waves methods

above the ionosphere is assumed to be known. This is quit?

a restrictive assumption in practical studies, because the inil 1S possible to modify the existing data-analysis methods

cident wave pattern is very hard to measure. To the authorsS° that inductive effects are included in the analysis self-

knowledge there seems to be no empirical models ofékify consistently. One obvious requirement is that the analysis is

wave patterns related to some specific ionospheric evemgerfor'med on tlme Series, rather'than meujuaI time steps,
In principle one could use a magnetospheric MHD simu-SINce induction is related to the time derivative of the mag-

lation as an input in the Alfén wave scheme. However, negcﬂelqd. Vanhaniki (2010 developed an inductive i
current simulations use electrostatic ionospheric solvers and ecently,vanhaniki (201 developed an induciive iono-

it would not be straightforward to couple them to an iono- §pher|c solver for MHD simulations. The same formal-

spheric Alfien wave solverJanhunen1998. Only very re-  'SM €an also be used for the KRM method, as discussed in

cently, Yoshikawa et al(2010 presented a plausible cou- Sect.dS.C%_, wgefl?hthelelict;ostatiq sqlu(';iorl[_given |b>; Eag.)( b
pling scheme for this purpose. was derived. The electrodynamic (inductive) solution is ob-

tained by relating the curl of the electric fieldycl&, to the
divergence- and curl-free current systemigg andJpr, re-
spectively, via Faraday’s and Ampere’s laws.

Lenz's law states that the direction of the induced electric USing the same notation as in in Sest3, Faraday's law
field in a loop of wire is such that the induced current opposescan be written in terms of SECS as
the change of magnetic flux through the loop. At first one B

might think that according to Lenz’s law the induced iono- curl€=— ot
spheric currents should oppose the original currents. Howy,here the vecton3, contains the radial magnetic field at the
ever, this is not always the case, as can be seen in the exara—rid pointsr,,

ples presented byanhan&ki et al.(2007. In many cases

induction seems to enhance the change in FAC flowing be®: =[B:(r1) Br(rz) Bi(rs)...]". (54)
tween the ionosphere and magnetosphere. This somewh%e vectors
counterintuitive result is explained in Fid2, which is a '

schematic presentation of Lenz’s law in ionospheric electro-8; = N1 - Jcg+ N2 - Jpr. (55)

8.1 Lenz's law in the ionosphere

(53)

can be written as a function of the current as
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The matricedN1 2 can be obtained using the expressions for Vanhanaki (2010 demonstrated the SECS-based induc-
the magnetic fields of individual elementary systems, as outiive ionospheric solver, by analyzing the same WTS @nd
lined by Vanhan#ki (2010. In the case of a vertical back- bands models as studied Ygnhanéki et al.(2007) andVan-

ground magnetic fieltN; = 0. haméki and Amm(2007) with earlier versions of the algo-
Equations 89), (53) and 65) can be combined as rithm (discussed in Sect8.2 and 5.3, respectively). Fig-

9 ure 14 illustrates the difference between the electrostatic
L1-Jcr+L2-Tpr=—--(N1-Tcr+Nz-Tpp). (56)  (Eq.39) and electrodynamic (E&6) solutions for the WTS.

The temporal evolution was created by moving the static
model at 10 kms! westward.

Even though the induced rotational part of the electric field
is rather small, only-0.8 V km1 in this case, the difference
between the static and electrodynamic solutions in E#.

Also the analysis method developed Bgkeda (20089 is significant. The rotational electric field is concentrated in
takes magnetospheric FAC distributions and ionospheri¢h€ Nighly conducting *head” of the WTS, where also the
conductances as input data, but the mathematical approach%at'c potential electric field is suppressed. Consequently, the
somewhat different fronvanhanki (2010. Takeda(2008 induced field aligned currents contribute about 20-30% of
represent the divergence-free current with a potewtjalas the total FAC n this area. As the total FAC is a f'X?d Input
in Eq. (6), while the curl-free part of the current is expanded parameter in this analysis method, also the potential part of

as a sum of simple vector systems equivalent to the CF sec¥ Is ind_irectly modified b.y induction."T_his effect does not
used byVanhan#ki (2010. On a global scale, with FAC as appearin the resylts obtamed‘bﬁanharrakl et aI.(ZOQ'/), see

input data, the two formulations should be equivalent. How-F'EIJCﬁS’ afs mdthelr calculation method the potential electric
ever, on mesoscales the boundary conditions are somewhHF Is a fixed Input parameter.

different, andTakeda(2008 did not consider using ground

magnetic field as input, instead of FAC. 9 New development

Similar to the electrostatic solution in Eq39), also this
equation can be integrated step-by-step in time with eithe
Jpr (equivalent current) obce (FAC) as the input data, re-
sulting in an inductive KRM method or FAC-based solver,
respectively.

8.3 Examples of ionospheric self-induction In this section we discuss some selected new developments

Vanhanaki et al.(2006 presented a calculation method that related Fo the data—analy5|s toolg reviewed above. In Seict.
we outline two possible extensions of the method of char-

solves the ionospheric induction problem self-consistently teristics that mav hav m lications with currentl
using the ionospheric potential electric field and conduc-2¢enstics that may have some applications currently
available data. Future multi-satellite missions at low Earth

tances as input. This calculation method can handle non- bit bl tensive determinati fi heri
uniform, time-dependent ionospheric conductances and ele™' etna edaF'Tc(:)r;ahex ensw%l € ?trrl;ntlﬂa |fr|130 |0trr1]ozp ((ja_nc
tric fields of any geometryWanhanaki et al.(2007) applied currents an an possibie wi € 1-L methods dis-

this method to several realistic, data-based models of typ—C ussed in Sect.3 These new possibilities are explored in

ical ionospheric current systems, including an intensifying Sect._9._2_ _We conclugle this OUt.IOOk by brlefly_d|_scu55|on the
electrojet, a westward traveling surge (WTS) andaband. possibilities for 3-D ionospheric data-analysis in S8c3.

In the WTS and-band models the induced electric field is
concentrated in a small area where the time derivatives are’

largest, as demonstrated in FI3. In the electrojet model | the presently used formulations of the method of charac-
the induced field is significant over a large part of the jetigristics discussed in Seéi.it was assumed that the conduc-
area. In these examples the induced electric field has typignce ratiox is a known input parameter. However, from a
cal values of a few mVv m', which nevertheless amounts to  technical point of view it is equally possible to use either the

at the same locations. The induced electric field is associategs . If 5:p is known, we can start with relation

with horizontal and field-aligned currents, that modify the

overall structure of the current systems. Especially the in-[V x (ZHE)]r =[V x (Jegion — ZPE)]r,
duced FAC are often comparable to the non-inductive FAC,
and may thus significantly modify the coupling between the i
ionosphere and magnetosphere in the most dynamical situd2€ Written out as

tions. 5 5 — .

Takeda(2008 found that global current systems with a VEH-(Ex )+ BV (Exé) =V x (Jegion—ZpE)lr. (57)
period of less than 4 min are significantly affected by thewhich is completely analogous to Eqt3). This thus far
induction field. The model results are consistent with theoverlooked approach may have some applicationSessor
observed characteristics of the preliminary impulse of stormet al. (2008 showed thatzp can be estimated quite accu-
commencement. rately from all-sky camera images taken at 557.7 nm.

New versions of the method of characteristics

where the right side is known from the input data. This can
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Fig. 13. Lefthand panels show the potential electric field and associated horizontal and field-aligned currents of the quasi-static westward
traveling surge model. Righthand panels show the induced electric field and associated currents that are created when the WTS system i
moving at 10 km 51 westward. Modified from Fig. 8 ofanhaniki et al.(2007).

EWN _ S max = 10 V/km Another extension of the present analysis methods was
300 ‘ ‘ ‘ . mentioned in Sect. If we obtain the total currenf from
AEREREREN FAC and ground magnetic field, and further estimat@.g.

0 - PR A
15 o from the current itself, seduusola et a].2007), we can for-

€ PN
> A " mulate a new J-based” method of characteristics. The cen-
-150 SSS TR R R R RS tral equation is obtained from the curl of inverted Ohm’s law,

-300 r

‘ (Vx| (Spd + Znee x D/ (534 E3) e = (V x B
|Edyn _ Estatl / |Esta1|
: : : This can be written as

129 VRuy-(J/axe+J)+RuV-(J jaxer+J)=(VxE),(58)

80 X whereRy = EH/(E,§+ E,ﬁ). Also this equation has the same
form as Eq. 43) and can be solved in a similar way f&y.
The curl of E may either be approximated as zero, or calcu-
o0 a0 : o o0 lated from the known current system. o
Y (km) However, these variants of the method of characteristics
have not yet been thoroughly tested nor applied with real
Fig. 14. Results for the WTS model. Upper panel shows the dif- data.
ference between the electric fields obtained from sta&®d) and
eIectrodynamicEdV") solvers. The lower panel shows the percent- 9 2 Analysis of multi-satellite magnetic data
age difference in electric field magnitude. Only those areas where
|ES@) > 5Vkm~! and = > 5S are shown. Reproduced from Future multi-satellite mission at low Earth orbit give some
Vanhanaki (2010. information about the cross-track gradients, so the 1-D anal-
ysis methods discussed in Se€t3 must be generalized in
order to get full benefit from the available measurements.
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For example, in the planned Swarm mission up to 3 close bytem method, where ground magnetic field and FAC are used
satellites tracks are availablRitter and Lithr (2006 applied  to determine the horizontal current system, but the electric
the curl-B technique to simulated Swarm measurements anfleld remains unknown unless conductance data are avail-
were able to derive the ionospheric FAC uniquely in the gen-able. Looking at Tabld, and including the extensions of the
eral case without any assumptions on vanishing gradients tanethod of characteristics as discussed in S&dt.it would
some specific direction. This result is not possible to obtainappear that an analysis method has been developed for most,
with single-satellite techniques. if not all of those input data sets that allow for a full solu-
In terms of the application of the SECS technigue to de-tion. However, there may be several undeveloped methods
rive ionospheric currents (as it was presented for a singlghat give a partial, but still useful solution of ionospheric
satellite analysis in Sect. 7.3), in the case of multiple satel-electrodynamics.
lites it is possible to extend the analysis area from a single Several methods listed in Tablieuse ground magnetic
line to an extended strip that contains the footprint trajec-measurements as the input data. Typicdlly is first con-
tories of all satellites used. Within this strip, using a com- verted to ionospheric equivalent current, as discussed in
bination of 1-D and 2-D SECS as basis functions, the totalSect.3. In principle the ground magnetic disturbance should
ionospheric currents and FAC can be obtained from the magbe separated into internal and external parts, but in practice
netic field data provided by the satellites. The exact detailgperforming the separation with a too sparse magnetometer
and what assumptions are needed for this procedure deper@iray may cause larger errors than simply neglecting the of-
on the number of satellites available, and need to be tested iten small and fairly uniform internal parP(@lkkinen et al.

future work. 2003h.
The KRM and FAC-based ionospheric solvers were dis-
9.3 3-D modeling and data-analysis cussed in Sech. Traditionally these methods have been used

only in global studies, because the unknown boundary condi-
All the methods listed in Tablé use one common approxi- tions may affect the solution considerably. The AMIE/KRM
mation that is not explicitly mentioned in the table: They all combination and the SECS-based formulation of KRM dis-
assume a thin sheet ionosphere, where all vertical structureussed in Sect&.2 and5.3 are more suitable for mesoscale
is integrated into an infinitely thin layer. This approximation analysis, although the boundary conditions still have some
originally stems from the analysis of ground-based magne-effect the solution, especially in the FAC-based method in-
tometers that alone, due to basic physical reasons (&&8gt.  troduced byvanhanaki (2010. Also the availability of con-
can only measure altitude integrated effects. In present daguctance data is a limiting factor, especially in mesoscale
science, it is partly used in order to simplify the analysis, event studies, where high-resolution Hall and Pedersen con-
but also because lack of 3-dimensional input data. Howeverductances are required as the input data.
new radar systems such as AMISRi¢olls and Heinselman In the method of characteristics, discussed in Sgove
2007 can already now provide some 3-D measurements, andan use the conductance ratic= ¥/ Xp as an input pa-
the amount of available data will increase in the near futurerameter. The ratio is easier to estimate than the conduc-
with upcoming missions like the Swarm ionospheric multi- tances themselves, but the downside is that the electric field
satellite project, or the EISCAT 3-D radar system. Conse-and either FAC or equivalent current are required as input.
guently, also data-analysis methods have to be formulated itHowever, the method of characteristics is well suited for
3-D, so that the new observations can be fully utilized. Thismesoscale analysis, as it provides explicit estimate on how
line of future development has been discussediyn et al. much the solution is affected by the choice of boundary con-
(2008 in a recent review article. ditions, and in some cases boundary condition are not re-
quired at all. In Sec9.1we briefly discussed some possible
extensions of the method of characteristics.
10 Summary The 1-D methods discussed separately in Séetre ex-
tremely useful when analyzing data from meridional magne-
We have reviewed selected data-analysis methods suitable tometer chains, single satellite passes or similar intrinsically
be used with data from a mesoscale ionospheric observation-dimensional situations. Most of the methods listed in Ta-
network (some hundred or a few thousand km across), sucble 1 have both 1-D and 2-D versions. A notable exception is
as MIRACLE illustrated in Figl, possibly in combination the last one, 1-D SECS method for analyzing satellite-based
with satellite measurements. Talllgives an overview of the magnetic measurements, for which oly a 1-D variant exists
reviewed methods, including input and output data as well ass yet. It may be possible to generalize this method so that
assumption used in the method (if any). some 2-D structures can be deduced from multiple simulta-
As discussed in Sec®, we need 3 separate (scalar) in- neous satellite passes, as discussed in Sext.
put parameters in order to solve the full electrodynamic state In Sect.8 we discuss analysis techniques where iono-
of the ionosphere. In some cases a smaller number may bgpheric induction is taken into account. Inductive effects
sufficient for a partial solution, like in the elementary sys- are often neglected, but induction is known to modify the
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ionospheric reflection of Alfén waves and it may also play Amm, O.: The elementary current method for calculating iono-
a non-negligible role in the most dynamic phenomena, such spheric current systems from multisatellite and ground magne-
as substorms. Faraday’s law can be included in the KRM tometer data, J. Geophys. Res., 106, 24843-24855, 2001.
method and FAC-based ionospheric solver, as discussed iimm. O.. The method of characteristics for calculating
Sect.8.2, so the assumptiorV(x E); =0 as listed in Tabld ionospheric electrodynamics from multi-satellite and ground-

. . .. based radar data, J. Geophys. Res., 107(A10), 1270,
is not_ gbsolutely necessary with these methods, although it d0i-10.1029/2001JA005072002,
simplifies the analysis.

’ i . Amm, O. and Viljanen, A.: lonospheric disturbance magnetic field
We expect that in the future the importance of 3-D iono-  continuation from the ground to the ionosphere using spherical
spheric modeling will increase, with new instruments and elementary current systems, Earth Planets Space, 51, 431440,

tomographic techniques coming to use. Some phenomena, 1999.

such as vertical current closure inside the ionosphere and ahmm, O., Engebretson, M., Hughes, T., Newitt, L., Viljanen,
titude dependent contribution of polarization space charges A., and Watermann, J.: A traveling convection vortex event
to the electric field, both of which may be important e.g. ina  Study: Instantaneous ionospheric equivalent currents, estimation
Cowling channel, can be handled correctly only in 3-D iono- of field-aligned currents, and Fhe role of induced currents, J. Geo-
sphere Amm et al, 2008. Also inductive phenomena are phys. Res., 107(A11), 133d0i:10.1029/2002JA009472002.

modified in a realistic 3-D ionosphere, due to vertical currentAmm’ 0., Aksnes, A., Stadsne.s.‘ I, stge}ard, N., Vor?drak' R. R
Germany, G. A, Lu, G., and Viljanen, A.: Mesoscale ionospheric
loops between the Hall and Pedersen currents.

electrodynamics of omega bands determined from ground-based
electromagnetic and satellite optical observations, Ann. Geo-
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