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Abstract. In this study we present a new method to esti- 1 Introduction
mate ionospheric electric fields and currents using ground

magnetic recordings and measured or modeled ionospheriggtermination of ionospheric electrodynamic parameters

electric conductivity as the input data. This problem hasg,m girect or indirect measurements is a fundamental task
been studied extensively in the past, and the standard angp jonospheric physics. Over the years several methods
ysis technique for such a set of input parameters is known ag e heen developed to estimate various parameters or their
the KRM method (Kamide et al., 1981). The new method ¢,y pinations from different sets of measured or modeled

presented in this study makes use of the same input data g, (see e.g. Untiedt and Baumjohann, 1993: or Amm et
the traditional KRM method, but differs significantly from 51 “5003, for references). In this paper, we pr’esent a new
it in the mathematical approach that is used. In the KRM aih04 1o estimate ionospheric electric fields and currents
method one tries to find such a potential electric field, Fhatusing ground magnetic recordings and ionospheric electric
the resulting current system has the same curl as the i0nQsonqyctivity as the input data. This problem has been studied
spheric equivalent currents. In the new method we take gyiensively in the past, especially by Kamide and co-workers
different approach, so that we determine such a curl-free CUMKamide et al., 1981; Murison et al., 1985, and references
rent system that, together with the equivalent currents, it iSperein). The standard analysis technigue for this set of in-

consi;tent vyith a pgtential electr?c field. This approach re-put parameters is known as the KRM method developed by
sults in a slightly different equation, that makes better usex smide et al. (1981).

of the information contained in the equivalent currents. In h d fic data i ¢ ientl di
this paper we concentrate on regional studies, where the (un- € ground magnetic data 1s most conveniently used in

known) boundary conditions at the borders of the analysisorm Qf ionospheric equi.valent currents. By definition, they
area play a significant role in the KRM solution. In order are divergence-free horizontal sheet currents, that produce

to overcome this complication, we formulate a novel numer—Lhe samg rg_agnetl_c f|elld bEIOV\i the |tonosther_e als tf:e real (l:n'
ical algorithm to be used with our new calculation method. nown) 3-dimensional current system. Equivalent currents

This algorithm is based on the Cartesian elementary curre ran be palculateq using standard techniques, Iike.spherical
systems (CECS). With CECS the boundary conditions argﬁarmonlc anaIyS|§ (Chapman anq Bartels,. 1940.) in global
implemented in a natural way, making regional studies Iessscale§ and sphencal cap harmonic analysis (Haines, 1985)
prone to errors. We compare the traditional KRM method " _reglonal studies, or_elementary current method (Amm and
and our new CECS-based formulation using several realisYlianen, 1999; Pulkkinen et al., 2003) in all scales. The

tic models of typical meso-scale phenomena in the aurorapthdelr_'m”put pdara{p?er, <.j|str|but|do.;. ofllotnosp;herltc P<a|err|sen
ionosphere, including a uniform electrojet, tfebands and and mall conductivities, 1S more diticult to estimate reliably.

the westward traveling surge. It is found that the error inConductlvmes may be obtained from satellite or all-sky cam-

the CECS results is typically about 20%—40%, whereas the'a Images (e.g. Lummerzheim et al., 1991; Ja_nhunen, 200.1;
errors in the KRM results are significantly larger. Aksnes et al., 2005), but the temporal and spatial coverage is

often insufficient and a number of unknown model parame-
Keywords. lonosphere (Auroral ionosphere; Electric fields ters or empirical relations need to be assumed. Also statisti-
and currents; Instruments and techniques) cal models like Fuller-Rowell and Evans (1987) may be used,
but they are not very accurate during disturbed conditions. If
no other measurement are available, a rough estimate of the
Correspondence to: H. Vanhanéki ionospheric conductances may be obtained from the ground
(heikki.vanhamaki@fmi.fi) magnetic data, as done by Ahn et al. (1998).
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1142 H. Vanhana@ki and O. Amm: lonospheric currents from local magnetic data

The new method presented in this article makes use ofo the magnetic field is zero due to the high conductivity in
the same input data as the traditional KRM method, but dif-this direction.
fers significantly from it in the mathematical approach. In
the KRM method one tries to find such a potential electric2.1 The KRM method

field, that the resulting current system has the same curl as .
the ionospheric equivalent currents. Once this electric field<@mide et al. (1981) developed the KRM method for deter-

is obtained, also the field aligned currents (FAC) and corre.Mining ionospheric electric field and currents in situations

sponding curl-free horizontal currents (which are magneti_where estimates of height-integrated ionosph_eric Pedersen
cally invisible below the ionosphere) may be calculated. In@nd Hall conductances;» and £y, together with ground

the new method this approach is reversed, so that we dgl2gnetic measurements are available. From the ground mag-
termine such a curl-free current system that, together witH€tic measurements one can obtain the ionospheric equiv-
the equivalent currents, it is consistent with a potential elec-2|€nt current density/,, using standard techniques (e.g.
tric field. This approach results in a slightly different equa- ChaPman and Bartels, 1940; Haines, 1985; Amm and Vil-
tion, that makes better use of the information contained ini@nen, 1999). o .

the equivalent currents. The mathematical formulation of FOF @ vertical background magnetic fieldl,, is equal to

both the KRM method and our new approach are presenteg‘e divergence-free part of the true ionospheric current den-
in more detail in Sect. 2. sity J (see e.g. Untiedt and Baumjohann, 1993), so that

In the past the KRM method has been used mostly iny x Jeg=VxJ. (1)
global or semi-global scales, but in this study we concentrate
on regional analysis. In these smaller scales the (unknown) N€ ionospheric electric fielé is assumed to be given by a
boundary conditions at the borders of the analysis area affediotentialg as
the KRM solution significantly, as was shown by Murison E=-V¢ @)
et al. (1985) and discussed further in Sect. 2.1. In Sect. 3 '
we formulate a novel numerical algorithm to be used with In the KRM method Egs. (1) and (2) are used together with
our new calculation method. This algorithm is based on theionospheric Ohm'’s law
Cartesian elementary current systems (CECS), that were in- R
troduced by Amm (1997). With the use of CECS the bound-J = ZPE + Zné; x E @)
ary conditions can be implemented in a very convenient and, gpain a differential equation for the electric potential,
natural way, which makes regional studies less prone to er-
rors. We compare the traditional KRM method and our new Sy V2p+VEy-Vo+(VEp XV@);=—(VxJeg):- 4)
CECS based formulation first in a simple electrojet situation _ . . .
in Sect. 4. In Sect. 5 we continue the comparisons using tw f ionospheric conductances and equivalent currents are

realistic data based models of typical meso-scale phenom-now’ the glectrlc potg ntial can.be SOIV?d' This gives a com-
ena in the auroral ionosphere, namely fadbands and the plete solution of the ionospheric electric properties, for the

westward traveling surge (WTS). Section 6 is summary anae'_eCtrIC field is glyen by Eg. (2), horlzc_)ntal currents are Ob'
conclusions. tained from Ohm’s law and FAC are given by current conti-

nuity,
J=Vv-J. (5)
2 Theory

If Eq. (4) is solved globally, we only have to fix the zero
level of potential. Also in semi-global studies, that cover
In this section we first give a short review of the KRM eijther the northern or southern auroral regions, boundary
method and then introduce our own, somewhat different apconditions of the electric potential are not problematic, as
proach to solving the same problem. We obtain a partialthey have to be specified only at the mid-latitudes, where
differential equation that we solve numerically using the the electric field is rather small in any case. However, in
Cartesian elementary current systems (CECS), introduced ifheso-scale studies, covering areas of few hundred or at most
Sect. 3.1. few thousand km across, boundary conditions play an impor-
In this study we use the thin-sheet approximation, i.e. wetant role. This was demonstrated by Murison et al. (1985),
assume that ionospheric horizontal currents flow at a thinrwho studied a situation where the Harang discontinuity was
spherical layer at about 100 km altitude. We concentrate orpresent over northern Scandinavia. They found that in the
local scale studies, where we use a Cartesian coordinate syeegional analysis the electric field, and consequently also the
tem with x-axis pointing North, y-axis East and z-axis down. currents, depend strongly on the boundary conditions. This
The Earth’s magnetic field is assumed to be parallel to theseverely limits the use of the KRM method in regional stud-
z-axis, which is a reasonable approximation near the auroraks. Recently Kamide et al. (2003) have developed a lo-
oval. Furthermore, we assume that the electric field parallecal variant of the KRM method, where the KRM is used in
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areas of good data coverage and required boundary condiFhe equation we obtained is similar in structure to Eq. (4).
tions are obtained using the AMIE technique (Assimilative One significant difference is that in the KRM equation only
Mapping of lonospheric Electrodynamics, Richmond andVxJ,., appears, whereas now also the veclgy itself is
Kamide, 1988). This allows one to use the local KRM in needed. In a limited ared,, may have a Laplacian part
a rather straightforward manner. However, it should be kepthat has zero curl inside the analysis area. This pag.gf
in mind that in absence of global data coverage AMIE givesdoes not contribute to the KRM solution, but it is included in
results that are mostly based on statistical models, and therd=q. (8).
fore the obtained boundary conditions may not be very accu- When solving Eq. (8) we have to specify the conductances,
rate. so the same problems arise as in the KRM method. Further-
Probably the greatest uncertainties in the KRM resultsmore, if Eqg. (8) is solved in some limited area, we have to
are caused by uncertainties in the input conductance disspecify some boundary conditions for the curl-free part of
tributions (Murison et al., 1985). Two-dimensional iono- the ionospheric current density. In Sect. 3 we present an al-
spheric conductance distributions are quite difficult to obtaingorithm based on the CECS, where the boundary conditions
from direct measurements. Large scale conductance distribtare handled in a natural and convenient manner.
tions may be derived from satellite or all-sky camera images It should be noted that in both methods, KRM and the new
(e.g. Lummerzheim et al., 1991; Janhunen, 2001; Aksnes eformulation, the electric field is assumed to be an irrotational
al., 2005), statistical models (e.g., Fuller-Rowell and Evans potential field. Vanhagki et al. (2007) have shown that in
1987) or the ground magnetic data (Ahn et al., 1998), as dissome very dynamical situations ionospheric self-induction

cussed in the Introduction. creates significantinduced rotational electric fields, that drive
. large horizontal currents and FAC. The induced rotational
2.2 Different approach part of the electric field may be estimated from the time

derivative of the equivalent currents (in a rather approximate

In the KRM method one tries to find such a potential eIec—Way), as done in Vanhaiki et al. (2007). Consequently, we

tric field that the curl of the corresponding current density is can estimate that part of the equivalent currents that is asso-

equal to the curl of the equivalent currents. Another possi-u..:o 4 with the induced electric field, and subtract it from the

?Aeﬁppﬂ:?h ls_t:]oﬂt]ry to f|_nd|sui:h a curtl-f_rte_e currgn: S%Ste_t?:total J o, if necessary. This way we can obtain a more reli-
a oget frw'l te etqtluv? e?_ Cl:.rrlzn %l]_lslc;)tnss entwi hable estimate for the potential part of the electric field even
a non-rotational potential electric neld. This latter approach;, y,,se cases where induction is important.

will now be developed.

As stated above, for a vertical background magnetic field,
Jeq is equal to the divergence-free part of the true iono-3  Numerical solution using elementary current systems
spheric current density. In this case the curl-free part
of J, together with associated FAC, is magnetically invisi- 3.1 CECS
ble below the ionosphere. These are good approximations
even with moderatey(~75°) inclinations of the main mag- We can represent the ionospheric electric fields and cur-
netic field (Untiedt and Baumjohann, 1993). Consequentlyrents by using special non-local vector basis functions, Carte-
we may writeJ as a sum of the equivalent currents and asian Elementary Current Systems (CECS). CECS were intro-
potential part of the current, duced by Amm (1997) and although the name “CECS” refers
J—J. —Vo ©) to current systems, they can be used to represent any smooth

v ' enough 2-dimensional vector field in planar geometry. There
We can solve the electric field from Ohm'’s law as are two different types of CECS, one is divergence-free (DF)
and the other curl-free (CF). Together they form a complete

— P 2 . . . .
E=@pJ = 2ne x /%5 (7 set of basis functions. The elementary systems, illustrated in
where Fig. 1, are defined as
2 =3%2 4+ %2, vt

pT 2y Edf=2 /é¢p (9)
The conditionV x E=0 leads to a differential equation for P
the potential part of the current density, ver
‘f _ A
25 V2D 4 - VO — (B2 x V), = EY = oy b (10)

= —ZZEP(V X Jeq)z + B1- Jeq — (B2 x Jeq)z» (8)

Here p/:\/(x—x,,)2+(y—y,,)2 is the distance between the

where

) ) observation point(x, y) and the CECS pole located at
B1=XVEy —EyVE (xp. ¥p). Unit vectorseg, ande,, are given in the cylindri-
B2 = EZVEP - EPVEZ. cal coordinate system centered at the CECS pole. Constants

www.ann-geophys.net/25/1141/2007/ Ann. Geophys., 25, 1141-1156, 2007
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Here E,(r,) is the x-component oFE at the grid pointr,,,
and so on. In a similar fashion the collection of the CECS
scaling factors representing the field is indicated using
fraktur style,23, and is defined as

T
P [vff(r,,l), Ve (r 1), V(). vdf(r,,M)] (12)

Here V"f(r,,m) is the scaling factor of the curl-free CECS
located at grid point ,,,. There is a linear relation between
the vector components and the CECS scaling factors,

E=M-. (13)

The matrixM depends only on the geometry of the vector
and CECS grids, and can be calculated using Egs. (9) and

(10).

3.2 Algorithm for numerical calculations

With the elementary systems we can formulate the approach
of Sect. 2.2 in a somewhat different way. The goal is
Fig. 1. Schematic presentation of curl-free (upper) and divergence-to find such a curl-free current Systemf that the sum
free (lower) Cartesian elementary current systems (CECS). J=Jeg+Jeof is consistent with a potential electric field. As
before, we assume that the equivalent currents are the same
i . as the divergence-free part of the total curregts,=J 4¢,
ve/ andVv?/ are called the scaling factors of the CF and DF o1y a good approximation at high geomagrr’:?t’ic Iati];udes.
CECS, respectively. We begin by calculating the electric fiel; that is con-

The elementary systems are defined in such a way, thaligient with the equivalent currents. This can be written in
the CF CECS has a Diraefunction divergence and the DF ¢, (cf. Eq. 7)

CECS a3-function curl at its pole, 5
Elz(EPJeq_EHéZXJeq)/2 ’ (14)

where, as beforeZ?=x2+%2. In general, the electric field
E1 is not curl-free and it may be very different from the real
electric field E. It should also be noted that there may be
some regions in the analysis area wh@rg~X y~0, but

V-ET =V §(x —x,) 80y — yp)
(Vx EV), =V §(x —x,)8(y — yp).

By placing a sufficient number of CF and DF CECS at . . . )
different locations of the plane, one can construct any 2—J€‘1 #0. The easiest way to deal with these regions is to

: : ) . : simply exclude them from the analysis, as the electric field
dimensional vector field from its sources and curls, in ac-

cordance with Helmholtz's theorem. When CECS are useqcannot be determined in such regions.

) . . The next step is to divide the fiel&, into curl- and
to represent ionospheric currents, the divergence of the CIéiver ence-free parts. Asin Eq. (13), there is a linear relation
CECS at its pole is interpreted as a vertically flowing FAC. 9 parts. 9. ;

. . . between the vector components and CECS representation of
In practical numerical calculations vector components are

given at some discrete grid points and the CECS systems are L

placed at another grid. The elementary systems defined i€; = M1 - ;. (15)
Egs. (9) and (10) are singular at the origin, whefe>0. . . . L
This means that some care must be used, so that the vecto-rré1e CECS representatlon, which ?"SO gives the Q'V'S'on ".“0
components are not evaluated in the immediate vicinity ofcurlf an(:] dlverge.nce—frlee hparftsl,l 'S easily obtalged lbyhln-
the CECS poles. In practice we use interleaved grids, so tha _ertmg the fequat|on.0En t_l_ﬁ oflowing, V:.:" nee I'om]/‘ the
vector components are evaluated only at the corners of th lvergence-free part aky. The correipon INg scaling fac-
CECS grid cells. Our notation is such that the 2-dimensionalt©rs of the DF CECS are denoted LA : _

vector fields (in this example the electric field) are indicated The unknown curl-free part of the ionospheric currents,
using italics,E, as done already in the previous sections. The/ os=—V® in Eq. (6), can be constructed using just CF

collection of the x- and y-components of the figidat all ~ CECS. as
grid points is written in script style, &, and can be written Tof =Nep - 3, (16)
out as

where vecto3*/ contains the CF CECS scaling factors and
E = [Ex(rl), Ey(ru), Ex(r2), ..., Ey(rN)]T . (1) matrix N depends only on the geometry of the calculation

Ann. Geophys., 25, 1141-1156, 2007 www.ann-geophys.net/25/1141/2007/
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grids. The electric fieldZ that is consistent witly . canbe L,y can be contructed through the steps taken in Egs. (16—
calculated as in Eq. (14), just replacidg, by J.r. Because  21). After solving Eq. (23) we know the true ionospheric cur-
also this inverted Ohm’s law is linear, together with Eq. (16) rent density/=J.,+Jr, and consequently also the electric

it results in field can be solved using Eq. (7).

In summary, the calculation algorithm based on the ele-

— ~cf . .
E2=Kz- 39, (A7) mentary systems is following:

where we have defined a new matKkx. Both the electric
field E» and the curl-free currentg. s are unknown, but the
matrix K 2 relating them depends just on the structure of the
calculation grids and on the conductances, and it can be cal- — Divide E into curl- and divergence-free parts.
culated using Egs. (14), (9) and (10).

— Calculate the electric fieldZ, that is consistent with
Ohm’s law and the equivalent currents.

We may further construct a matrix relation similar to  — Construct a relation between the unknown curl-free part
Eq. (15), that divides> into curl- and divergence-free parts of the current/.; and the electric fieldZ, consistent
using CECS, with it.

Er =M, -0y (18) — Solve for J . using the condition that the total electric

field E1+E> is curl-free.
Also in this case the matri > depends only on he geometry
of the calculation grids. Now we can use Egs. (17) and (18)This CECS-based calculation algorithm is slightly different
together, and write a relation between the still unknow curl-from the method presented in Sect. 2.2. For example, in the
free currents and CECS representation of the electric fieldECS method we do not have to calculate the gradients of

Es, conductances or the curl of the equivalent currents. However,
' the basic approach of solving the curl-free currents instead of
Bp =inv(iMp) - Ko - 3. (19)  electric potential is the same. In the CECS algorithm we do

not have to provide any explicit boundary conditions. The
CECS represent the curl and divergence of the vector fields,
so the natural and automatically included boundary condition
is to assume that the curl and divergence vanish outside the
analysis region.

In this article we concentrate on regional studies, but it
should be mentioned that the new calculation method can

In the following calculations we need only the divergence-
free part ofE 2, which is given by the divergence-free CECS
%gf. This part of the scaling factors may be singled out by
picking appropiate rows of the mattix=inv(M2)-K 2. Equa-
tion (19) can be written out as

Vsl (rp0) 1 (r 1) : :
Af L11 L1o ... ICf(rp ) also be used in global scales. The t_hgory presented in

Vch (rp1) _| LaaLy... of 2 (20) Sect. 2.2 does not depend on the specific geometry that is

Vo  (rp2) o 19(r p3) used, and also the numerical algorithm presented in this sec-

tion can be used in spherical geometry. The necessary mod-
ification is to simply use Spherical elementary current sys-
We see that in this case the divergence-free scaling factorsems (SECS, introduced by Amm, 1997) instead of CECS.
Vzdf correspond to the odd rows of the matiix By defining
anew matrid_ ;¢ consisting of the odd rows, we may write a
matrix relation between the divergence-free part of the CEC

representation of, and the curl-free current system,

& Results for a simple electrojet

In this section we apply both the traditional KRM method of

%gf =Lyy - ~5¢f (21) Sect. _2.1 and the new C_ECS algorithm presented i_n Sect. 3.2
to a simple one-dimensional electrojet. The generic electro-
If we assume that the total electric fielt=E1+E2 is curl-  jet model, illustrated in Fig. 2, is uniform in the y-direction.
free, then the rotational parts &f; and E; must cancel each In the x-direction the electric field, Pedersen conductance
other, so that and Hall/Pedersen conductance ratio all have a Gaussian pro-

file with a half-width of~260 km on top of a uniform back-

af _ df
Uy =Ty (22) ground. As explained in Sect. 2, the input quantities of the
With this condition we can solve the unknown curl-free part KRM and CECS methods are the Pedersen and Hall conduc-
of the ionospheric currents as tances together with the equivalent currents. In this model
the electric field and the conductance gradients are parallel,
3¢ = —inv(Lay) - m”llf_ (23)  which means that the equivalent currents are simply the Halll

currents. We also use the correct conductance distributions
As explained above, the vectaﬁif is obtained from the given in the model, although in real situations accurate esti-
equivalent currents using Egs. (14) and (15) and the matrixmates are quite hard to obtain.

www.ann-geophys.net/25/1141/2007/ Ann. Geophys., 25, 1141-1156, 2007
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Pedersen conductance Hall conductance

1/Q
1/Q

EO JO

A/km

-800 ™

div(EO) FACO

-400 -200 0 200 400 -400 -200 0 200 400
X (km) X (km)

Fig. 2. The electrojet model. Electrojet is uniform in the y-direction. This figure shows the profiles of Pedersen and Hall conductances,
electric fieldE g, ionospheric current densitfg, divergence of the electric field and FAC in the x-direction.

Calculations are done in a 249 grid, with 35km and the electrojet. For both methods four quantities are shown:
50km spacing in x- and y-directions, respectively. The the calculated electric fiel#f, its divergencev-E, the iono-
KRM equation Eq. (4) is solved using a finite difference spheric sheet current densifyand the FAC. For each vari-
scheme with successive overrelaxation (Press et al., 1992ble also the difference between the calculated result and the
chapter 19). We use a boundary conditipa0 for the elec-  original model is shown.

tric potential in the KRM solution. The new CECS based The electrlc field at the central electrojet region is repro-

e e v e reavly el by T KRM meod, ot (-0
position (Press et al., 1992, chapter 2) boundary condition causes some errors near the northern and
" k ' southern boundaries. Because all boundaries have the same
The results of the traditional KRM and the new CECS potential, the line integral of the electric field from the north-
methods are shown in Figs. 3 and 4, respectively. Both calcuern to southern boundary must vanish. This is the reason
lation methods produce results that show quite strong boundwhy the KRM electric field in Fig3 shows oppositely di-
ary effects at the eastern and western sides, where the elepected side lobes at the both northern and southern edges of
trojet is artificially truncated by the boundaries of the calcu- the main jet. Consequently, also the divergence of the elec-
lation area. For that reason we show the results at a smalldric field shows a similar behavior. In the central part of the
area, omitting 300 km of the calculation grid at both ends ofelectrojet the KRM method gives a good estimate YoE,

Ann. Geophys., 25, 1141-1156, 2007 www.ann-geophys.net/25/1141/2007/
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X (km)
o

div(E), V/km?

0.05
£ 0
x
-0.05
FAC-FACO, A/knf
2 = 0.2
€
< 0 a - 0
>< 11
-2 = -0.2
-800 -400 0 400 800 -800 -400 0 400 800
Y (km) Y (km)

Fig. 3. KRM results for the electrojet model. At each row the KRM result is shown on the left side and the difference between the KRM
result and the original model is on the right side. Rows from top to bottom are: electric field, divergence of the electric field, horizontal
currents and FAC. Note the different scales of the vector plots.

but the calculated distribution is much wider than the origi- the main electrojet. The FAC distribution given by the KRM
nal model, leaking outside the actual electrojet. This exam-method is slightly too wide and the peak amplitude is about
ple highlights the importance of boundary conditions, when10% smaller than in the original model, but on the whole the
the KRM method is used in local studies. Further examplesresult is good.

have been given by Murison et al. (1985). In contrast to the ) _
electric field, the horizontal currenk and vertical FAC are _ 1he new CECS method is able to reproduce the electric
generated very well by the KRM method. This is understand-field much more accurately than the KRM method, as can be
able, since the currents are concentrated in a narrow strig€€n in Fig. 4. The difference to the original model is a rela-
of enhanced conductivity, where also the electric field wastively uniform, roughly North-West directed component that
reconstructed accurately. The difference between the KRM'aS & magnitude of20% of the main electrojet field. The
result and the original modelf — Jo, is an almost uniform divergence of the electric field is also generated very well

North-East directed current, that has magnitude 8% of in the main electrojet area. The largest errors appear at the
northern and southern boundaries of the calculation area, and

www.ann-geophys.net/25/1141/2007/ Ann. Geophys., 25, 1141-1156, 2007
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Fig. 4. Results of the CECS method for the electrojet model. Layout is similar to Fig. 3. Note the different scales of the vector plots.

there is also a clear asymmetry in the East-West directionsenting 1-dimensional vector fields in a bounded domain.
which results from the sudden termination of the electrojet atThere exists also a 1-dimensional variant of the elementary
these boundaries. However, the current system seems to lsystems, used by Vanhdki et al. (2003) and Juusola et al.
reproduced more poorly than with the KRM method. There (2006), which offer a much more suitable set of basis func-
is about 15% error in the main electrojet current. Main parttions for modeling 1-dimensional structures. However, this
of the electrojet consists of the Hall currents, which in this approach is not pursued further in this study.

case are the same #g,. The Pedersen currents are curl-free  From Figs. 3 and 4 it seems that in this simple example
and are connected to the FAC system. The CECS methothe KRM method does produce somewhat better resultg for
underestimates the divergent Pedersen currents, so that tld FAC, while the new CECS method is able to genekate
difference J—J¢ points almost directly northward and the andV-E more accurately. More quantitative estimate for the
FAC given by the CECS method are consistently too small.accuracy of the two methods can be obtained by calculating
It should be noted that the CECS basis functions used in thishe mean error in the results, as

paper are intrinsically 2-dimensional and thus, regardless of

the specific application, are not optimally suited for repre- grror(a)= {la = aol) | 100% (24)
(laol)
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Table 1. Errors in the electrojet results calculated by the KRM Table 2. Errors in theQ2-band results calculated by the KRM and
and CECS methods. Error is calculated using Eq. (24) and dat&CECS methods. Error is calculated using Eq. (24) and data pre-

presented in Figs. 3 and 4. sented in Figs. 6 and 7.
E V-E J FAC E V-E J FAC
KRM 108% 74% 29% 7.5% KRM 97% 90% 99% 172%
CECS 42% 9.1% 24% 40% CECS 43% 45% 43% 104%
Here <> denotes average over the calculation are, ei- aration of the total model current into divergence- and curl-
ther E, V-E, J or FAC andqg is the corresponding model free parts we use 42 km separation for the CECS, but in the
value. actual calculations the original 50 km separation is used.

The error estimates given by Eq. (24) for the electrojet case
are given in Table 1. Before discussing these estimates, sonfe1 Q-band
important properties of Eqg. (24) should be noted. It is easy
to see that only the correct solution has 0% error, and a zerd heQ-band model is illustrated in Fig. 5. The model consists
solution (e.g.E=0) has 100% error. However, some solu- of the Pedersen and Hall conductances, the potential electric
tions may have errors 100%, but it is questionable whether field Eg, the divergence of the electric field and correspond-
they are worse than the zero solution. For example a soluing sheet currentd g together with the FAC. Numerical cal-
tion that is very close to the correct one, but spatially dis-culations are done in the same way as in Sect. 4.
placed by just few grid cells may have a very large error as The results obtained using the two methods are given in
calculated from Eqg.24). With these precautions in mind, Figs. 6 and 7. The results are also compared in Table 2, where
Table 1 confirms the previous conclusion that in this exam-the error numbers from Eq. (24) are given. In this example
ple the new CECS method gives more accurate results for ththe KRM method fails almost completely in generating either
electric field, whereas the current system (especially FAC) ishe electric field or the horizontal currents, which is again
calculated better with the KRM method. The two methodsdue to the wrong boundary condition. If we want to obtain
have almost the same percentual errors in the horizontal cursetter results, we must have some additional a priori infor-
rentJ, although the plots of — Jo in Figs.3 and 4 are quite  mation about the structure of the electric field, so that better
different. boundary conditions can be chosen. Although the error num-
bers given in Table 2 fow-E and FAC are very large, these
guantities seem to be produced somewhat better than the vec-
5 Results for realistic data-based models tor fields. Especially the divergence of the electric field has
reasonable resemblance to the original model, at least qual-
In this section we use the KRM and CECS methods withitatively. However, the details are not generated correctly,
two realistic data-based models, namely@héands and the as the area of negativé- E at the middle of the calculation
westward traveling surge (WTS). These models have beegrid is too weak and slightly misplaced, and the positive di-
published by Amm (1995) and Amm (1996). They are basedvergences at both sides are overestimated. The FAC in the
on observational data obtained at northern Scandinavia bXRM result are mostly concentrated in two small regions, in
the Scandinavian Magnetometer Array, the EISCAT radarthe same way as in the original model, although neither the
and the EISCAT magnetometer cross, and the STARE radarexact position nor the magnitude are correct. In the KRM
In these more complicated models we cannot idenfify results there are also some weaker and more spread upward
with the Hall currents. Instead we calculate the equivalentand downward FAC areas, that are not present in the original
currents as the divergence-free part of the total ionospherignodel.
current density. We divide the total current into divergence- The new CECS based method gives clearly better results,
and curl-free parts using the CECS method, as done for thas can be seen in Fig. 7 and in Table 2. The basic shapes
electric field in Sect. 3.2. In order to avoid committing an of E andJ are produced well, although the magnitude and
inverse crime, i.e. using exactly the same numerical procesdirection of the fields are not quite the same as in the original
both in preparing the input data and then solving the inverseamodel. AlsoV-E and FAC are produced better than with the
problem, we use different grid spacings in the separation andkRM method, and especially the divergence of the electric
in the actual calculations and also add 2% of normally dis-field is in quite a good qualitative agreement with the model.
tributed noise to the resulting equivalent (or divergence-free)The FAC given by the CECS method are less accurate, but
currents. The original models are given in a regular gridsalso in this case the CECS method seems to give a better
with 50 km resolution in both x- and y-directions. In the sep- result than the KRM method.
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field and FAC. Note the different scales of the vector plots.

5.2 WTS field seems to be reproduced more poorly than the other pa-
rameters, at least when judging qualitatively from Fig. 9. The
largest errors irE are concentrated near the boundaries and

The input WTS model is shown in Fig. 8 and the KRM and are apparently caused by the incorrect boundary conditions.

CECS results are illustrated in FIgS 9 and 10, reSpeCtivelyHowever’ in order to make a better guess at the boundary

The KRM method is able to reproduce the most prominentconditions for the electric potential we would need some ad-

large scale patterns &f-E, J and FAC with some accuracy. ditional information abouf. In this case the largest errors

However, there are also significant deviations from the orig-in E are concentrated in areas where conductances are rather

inal model at some areas and the detailed structure of thgmall, so the horizontal currents are not affected as much.

WTS system is distorted in the KRM solution. The electric
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Fig. 6. KRM results for the2-band model. Layout is similar to Fig. 3. Note the different scales of the vector plots.

The solution obtained using the new CECS-based method The WTS is a very dynamical phenomenon and inductive
is shown in Fig. 10. Apart from some deviations at the east-effects may play a significant role in it, as was reported by
ern boundary and at the North-West corner the CECS metho®anhanéki et al. (2007). In these situations the ionospheric
gives very accurate results. Itis clear from Figs. 9 and 10 thatlectric field is not a pure potential field, as is assumed both
the CECS method is able to generate all the parameters moiia the KRM and CECS methods, but there is also a significant
accurately than the KRM method. This is confirmed in Ta- rotational part. This may be taken into account in an approx-
ble 3 where the errors calculated using Eq. (24) are given. imate way by estimating the rotational electric field using the
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time derivative of the equivalent currents and then subtract6 Summary and conclusions
ing the inductive part frony .., as discussed in Sect. 2.2 and
in Vanhanaki et al. (2007).

Ann. Geophys., 25, 1141-1156, 2007

We have presented a new method for estimating ionospheric
electric fields and currents using ground magnetic recordings
and ionospheric electric conductances as input data. This
problem, using the same set of input data, has traditionally
been analyzed using the KRM method introduced by Kamide
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Fig. 8. The WTS model. Layout is similar to Fig. 5. Note the different scales of the vector plots.

et al. (1981). Thg new method |ntroduceq here dlffer_s fromTable 3. Errors in the WTS results calculated by the KRM and
the KRM method in two important ways. Firstly, the primary cecs methods. Error is calculated using Eq. (24) and data pre-
unknown to be solved in the new method is the curl-free partsented in Figs. 9 and 10.

of the ionospheric current system, whereas the KRM method

formulates the problem in terms of an electric potential. Sec- E V.E 7 FAC

ondly, in the numerical implementation we use the Carte-
sian elementary current systems (CECS), that offer a con-
venient way to represent 2-dimensional vector fields, espe-
cially when the vector fields have to be divided into curl- and
divergence-free parts. These new features lead to a different
formulation of the problem, as explained in detail in Sects. 2

and 3. works well on global and semiglobal scales, at smaller areas
In this article we concentrated on regional studies, wherethe unknown boundary conditions for the electric potential
magnetic measurements and estimates of the ionospherjgay a significant role in the KRM solution, as was pointed
conductances are available only at a limited region of fewout by Murison et al. (1985). Our approach of solving the
hundred or thousand km across. While the KRM methodcurl-free part of the ionospheric current results in an equation

KRM 80% 169% 51% 52%
CECS 19% 46% 8.8% 17%
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Fig. 9. KRM results for the WTS model. Layout is similar to Fig. 3. Note the different scales of the vector plots.

(Eq. 8) that makes better use of the information contained in In Sect. 4 we compared the KRM and CECS methods
the input equivalent currents than the KRM formulation. An- by analyzing a simple 1-dimensional electrojet model. In
other advantage is that with CECS the boundary conditionsSect. 5 we further applied the two methods to two realistic
are implemented in a natural way, without having to specify models of typical meso-scale phenomena in the auroral iono-
any explicit values for the vector fields or potentials at the sphere, namely th@-bands and the westward traveling surge
boundaries. Thus we expect the new method to be more suiftWTS). In the electrojet case the result was quite even, as the
able for regional studies than the traditional KRM method. CECS method produced better estimates for the electric field
The new calculation method may also be used in global studwhile the KRM method was able to generate the FAC more
ies, as mentioned in Sect. 3. accurately. This may be partly explained by the fact that the
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CECS basis functions are not optimal for representing escorrect Pedersen and Hall conductance distributions in the
sentially 1-dimensional structures, as discussed in Sect. 4calculations. In real situations there may be large uncertain-
However, in the three data-based test cases, which show futies in the conductance estimates, as discussed in Sect. 2.1.
2-dimensional variability, the new CECS method was clearly Additionally, in the studied examples the input models had
superior to the traditional KRM method. The error estimatesabout the same resolution as was used in the calculations,
calculated using Eq. (24) show that the errors in the CECSbut in reality also much smaller scale variations would be
results are around 20%—40% in the model cases, whereas thpresent. These could not be reproduced by neither the KRM
errors in the KRM results are significantly larger. However, nor the new CECS method, nor any by any other method that
it should be mentioned that in these examples we used th& based on ground magnetometer input data.
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