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Abstract. The Birkeland currents]), electrically couple the  the polar atmosphere, driving neutral winds, and creating a
high latitude ionosphere with the near Earth space environlarge system of circulating plasm&i¢chmond and Thayer
ment. Approximating the spatial distribution of the Birke- 2000. This transfer of energy is largely driven by the in-
land currents may be achieved using the divergence of théeraction of the interplanetary medium with the magnetic
ionospheric electric fieldE |, assuming zero conductance field of the Earth causing field aligned currents to flow be-
gradients such thaf~X,V-E | . In this paper, electric field tween the magnetosphere and ionosphere which close in the
data derived from the Super Dual Auroral Radar Network auroral ionosphereKelley, 1989. The Birkeland currents
(SuperDARN) are used to calculafpV-E |, whichis com-  convey stress between the solar wind and magnetosphere to
pared with the Birkeland current distribution derived glob- the ionosphereCGowley, 2000. Satellite observations (e.g.,
ally from the constellation of Iridium satellites poleward of Zmuda et al.1966 confirmed Birkeland’s ideas of high alti-
60° magnetic latitude. We find that the assumption of zerotude field-aligned current8{rkeland 1908 and due to their
conductance gradients is often a poor approximation. Orimportance in electrically coupling near Earth space with the
the dayside, in regions where the SuperDARN electric fieldionosphere, the determination of the large-scale structure of
is constrained by radar returns, the agreement in the locathe Birkeland currents is central to understanding the ener-
tions of regions of upward and downward current betweengetics and dynamics of the magnetosphere-ionosphere sys-
¥pV-E, andJ; obtained from Iridium data is reasonable tem.

with differences of less tharf3n the latitudinal location of .

major current features. It is also shown that away from noon, The mo_rphology (.)f the large-scale Birkeland currents
currents arising from conductance gradients can be IargelPas been mferrgd using ground ma}gnetometgr deten{de

than thes,V-E, component. By combining thE,V-E | et al, 198% nghmond and Kamlde1988,. |oqosphere
estimate in regions of radar coverage with in-situ estimates o lasma convectionJotko et al, 199, and in situ satel-

conductance gradients from DMSP satellite particle data, th itsaesmev?lsgremezgtglﬂrgakand Potemr;ég /8 iﬁne;t' etlal,.
agreement with the Iridium derived, is considerably im- 3 Weimes Q Eriksson et al.2009. The develop-

proved. However, using an empirical model of ionosphericment and expansion of the Super Dual Auroral Radar Net-

conductance did not account for the conductance gradien\fvorll( (Super[)IARN) hai pr_owdled a tool Capi%i of mor|1c|jtor—
current terms. In regions where radar data are sparse or nof1d 'arge-scale lonospheric plasma convect eenwa

existent and therefore constrained by the statistical potentia‘?t al, 1983. SuperDARN_empIc_)ys ov_er-the-horizon radar
model theZ,V-E, approximation does not agree with technology to probe the high latitude ionosphere by detect-
calculated fr’z)m Iridium data ing backscatter of the HF signal modified by plasma den-

sity irregularities. In common mode, the radars scan through
Keywords. lonosphere (Electric fields and currents; Plasmai6 successive azimuthal directions or beams spaced®y 3
convection; Polar ionosphere) with an integration time of 7s per bearRohoniemi and
Baker, 1998. Assuming zero (or small) horizontal gradients
in the height-integrated ionospheric conductivity (hereafter
referred to as conductance), SuperDARN measurements po-
tentially provide high time resolution (2 min) spatial maps
of the Birkeland currentsSofko et al, 1995 Kustov et al,
gZOOQ McWilliams et al, 2007). In the present paper we ex-
Correspondence td. L. Green tend these studies using the maps of plasma convection pro-
(david.lindsay.green@gmail.com) vided as a SuperDARN data product to determine the extent

1 Introduction

Electromagnetic power of the order of tens of Giga Watts
is continually deposited into the Earth’s ionosphere, heatin
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942 D. L. Green et al.: Large-scale Birkeland currents

to which these convection patterns combined with conduc-nstruments on the Polar satellite with ground-based electro-

tance estimates yield the Birkeland currents recorded by lonmagnetic data from the MIRACLE network. They found that

altitude satellite magnetometers. the overwhelming part of the field-aligned currents are those
Despite the different ways the Birkeland currents may beassociated with gradients in ionospheric conductance.

observed, mapping the global distribution with both high  Electric field estimates over all local times fron°@6 the
spatial and temporal resolution without significant relianceppole have become a standard SuperDARN data product. If
on empirical models has only recently become possible. Inone also knew the ionospheric conductances one could eval-
the past, single satellite studies applied statistical averagyate the energetics of the magnetosphere-ionosphere interac-
ing of multiple orbits resulting in time averaged, global pic- tjon. The accuracy of the convection and conductances are
tures of the Birkeland current distributiofiiima etal, 1984  difficult to assess so it is hard to judge the reliability of such
Stauning 2009. Multi-satellite systems such as the Clus- calculations. However, thé distribution could also be ob-
ter spacecraft allow calculation of the instantaneous, spatiajained from the convection and conductances and comparing
distribution but only within a limited field of viewAmm,  the J, inferred from convection against Birkeland currents
2002 Dunlop et al, 2002. Application of the Assimilative  obtained by in-situ observations on a global scale provides
Mapping of lonospheric Electrodynamics (AMIE) method a comprehensive test of the accuracy and reliability of the
(Richmond and Kamidel 988 allows for~2min time reso-  convection-conductance approach. In this paper we report
lution estimates of the global Birkeland current pattern bythe first such direct comparisons of independently derived
constraining statistical models of ionospheric parametersgirkeland current distributions. The magnetic field mea-
However, the reliance on ionospheric conductance estimatesyrements from the Iridium satellite constellatiém@erson
in AMIE motivates the search for independent estimates Ofet al, 2000 provide estimates of the Birkeland Currer\m,g(.
ionospheric parameters. ters et al. 2001). While the minimum integration time re-
The conductance of the ionosphere is a pivotal parameqguired by Iridium 45 min) is larger than that of the radar
ter in the Birkeland current circuit. The large scale size of data (-2 min), here we compare the results from the two
this system in the field aligned direction allows the altitude techniques for intervals when the spatial distribution of the
variation of conductance to be replaced by height integratecturrents is relatively constant forl h. These data provide
PedersenXp) and Hall (£4) conductances. As a first ap- an independent check on the accuracy of the SuperDARN
proximation, the horizontal variation in conductance can alsoderived Birkeland current estimates. In order to achieve this,
be ignored and there have been a number of studies to detefhe method for estimating the Birkeland currents from Irid-
mine the validity of assuming uniform ionospheric conduc- jum data, as described hyaters et al(2001) requires some
tance. The Birkeland currents derived from radar data, asmodifications and these are described in Sect. 3. Compar-
suming no horizontal conductance gradients, were comparefons between the Birkeland current distribution as derived
with images of the aurora obtained by the visible imaging from SuperDARN and Iridium data are presented in Sect. 4.
system (VIS) Earth Camera and the Far Ultraviolet Imagerrinally, the results are discussed in Sect. 5 where we focus
(UVI) on the Polar spacecraft byicWilliams et al.(200).  on the difficulties in determining ionospheric conductance

For their event, the upward Birkeland current regions wereand how this affects estimates of the global Birkeland cur-
co-located with bright aurora.Kosch et al.(2001) com- rent patterns.

bined radar data, ground based magnetometer observations

and used a fixed conductance ratd,/p =1.1, to esti-

mate the ionospheric conductance distribution over the radar

fields of view. Their results for nightside regions (23:00— 2 Birkeland Currents from SuperDARN

24:00 MLT) demonstrated that conductance gradients cannot

be ignored, even for quiet geomagnetic conditions. SuperDARN provides estimates of plasma convection veloc-
The contribution to field-aligned currents from conduc- ity, v=E x B/B?, in the F-region ionosphere with respect to

tance gradients in the morning sector was examine8dip  the geomagnetic fieldR), allowing the ionospheric electric

etal.(1999. They used a combination of the KRMdmide  field to be determined3reenwald et al.1995 Ruohoniemi

et al, 1981 and AMIE (Richmond and Kamidel988 tech-  and Bakey 1998 in the Earth’s reference frame. The re-

nigues. Defence Meteorological Satellite Program (DMSP)ceived radar backscatter depends on geomagnetic conditions

data and electron densities derived from EISCAT data wereand typically covers 10—-60% of the probed regi@réen-

used to show that the relative magnitude of the field-alignedwald et al, 1995 allowing a global picture of the 2D iono-

current component associated with conductance gradientspheric electric fieldE , to be inferred $hepherd and Ruo-

compared with the total field-aligned currents varies with lat- honiemj 2000. Since the global ionospheric plasma convec-

itude and that these currents may even flow in opposite dition and Birkeland current patterns orientate with magneto-

rections. Additionally, a mesoscale morning sector study ofspheric processes while the Earth rotates beneath, all calcu-

ionospheric electrodynamics Bynm et al.(2009 combined  lations in this paper assume an Earth centered, non-rotating

ionospheric conductance data derived from UVI and PIXIE frame of reference. The electric field values derived from

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/



D. L. Green et al.: Large-scale Birkeland currents 943

SuperDARN were transformed into this Earth centered, non-The magnetic field measurements from over 70, polar orbit-

rotating reference frame. ing (780 km altitude) satellites provide maps of the Birkeland
On time scales greater than seconds, the total ionosphericurrents with a latitudinal resolution ef3° for a data accu-
current, J, is solenoidal, i.eV-J=0 (Kelley, 1989 Rich- mulation interval of 1 h. The in-situ nature of the Iridium ob-

mond and Thayer2000. Assuming radial field lines, the servations provides the only means for calculating 2-D global
total current consists of field aligned Birkeland currents Birkeland current maps on these times scales without relying
(7-J=J,) and ionospheric surface currentg | that can be  on empirical models or assumptions concerning ionospheric
assumed to flow horizontally in a thin spherical shell that conductance. The satelliteb observations are mapped to an
approximates the ionosphei@gckus 1986 Cowley, 2000. ionospheric altitude (110 km) by applying a correction factor
The radial current density is related to the surface currents byr/Ri0n0)3/ 2 wherer is the satellite geocentric distance and
Riono is the ionosphere radius.
V-J = 1) Methods for determining the large-scale Birkeland cur-
rents from satelliteAb data without assumptions about the
J, consists of Hall and Pedersen components such that  ¢yrrent geometry have been presented Qigen (1997,
" Weimer (2000 andWaters et al(2007). Olsen(1997) used
J, =%pE, +3uB x E,| (2)  properties of the Laplacian evaluated over spherical surfaces
to calculate the field-aligned currents over the entire sphere
from time averaged Magsat data. Extensions to the method
presented byVaters et al(2001) that allow eigenvalues of
the Laplacian to be used in calculating Birkeland currents
from Iridium Ab data confined to a spherical cap have been
developed and are described here. At Iridium orbit altitudes,
the magnetic field is not curl free due to the presence of
Birkeland currents. The appropriate representatiom\bf
was reviewed byBackus(1986 and involves the decompo-
sition of vector fields on spherical surfaces into poloidal and
toroidal components. The radial currents

whereXy and Xp are the height-integrated Hall and Peder-
sen conductivities respectively aiiis the unit vector in the
direction of the geomagnetic field. Combining Edb). énd
(2) gives Untiedt and Baumjohani1993

J,=%pV-E +E VZp+VEy-BxE (3

Equation 8) shows that/, consists of two current sources.
The first are those associated with a divergence in the iono
spheric electric field,J,,, and are represented by t&
V-E, term. The other terms describe currents due to gra
dients in _|on_ospher|c conductancg, . Th_e divergence of _ ol =V x (r x Vp) (6)
the electric field can be regarded as the div-E current per unit

Pedersen conductance. Taking only the first term from theproduce toroidal magnetic perturbations,

right hand side of Eq.3) and denoting the div-E current as

J.., one has Ab=rxVQ (7)

V-E?

wherep andQ are the poloidal current and toroidal magnetic
L= e (4) scalar functions respectively. As discussedtigters et al.

(2001), shifting to a spherical coordinate system centered on
This is equivalent to the analysis 8bfko et al (1995 where  the intersection point of the Iridium satellite paths (Iridium
J,; was developed in terms of the plasma velocity observedsystem) allows the available cross-track componetiofo

by SuperDARN such that be approximated as azimuthal (east), igeAb. While the
7 spherical harmonic fitting computations were performed in
V.E ="2_-B.Vxuv (5) the Iridium system, the data are presented in geomagnetic
Zp coordinates. Expanding the azimuthal component as a linear

combination of spherical harmonicg;" (0, ¢), with coeffi-

The div-E currents/, ,, may be estimated from SuperDARN ™ X \
cientsa;" allows calculation ofQ according to

observations while the total Birkeland currest, consisting
of both sources can be determined from Iridium data.

. L M<I| 9
o ob=3" 3 a0, 9) ®)
3 Calculation of Birkeland currents from Iridium ==
and
3.1 Modelling of/, L M<I
Engineering magnetometer data from the Iridium satellite 0= ;’;almylm(g’@ ®)

constellation have been processed as describehbgrson
et al. (2000 giving the cross-track component of the Birke- Backus(1986 showed that an expression for the radial cur-
land current induced, full vector magnetic perturbatiab, rents in terms of they" coefficients may be obtained by

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,939-2006



944 D. L. Green et al.: Large-scale Birkeland currents

combining the toroidal representation &b in Eq. (7) with harmonics for defining the latitudinal resolution of the func-
Ampere’s law to give tions. Numerical calculation of the non-integral functions
becomes increasingly difficult dsincreases due to limita-

pord, =r -V x Ab tions in computational precisio@ines 1988. The algo-

—v20. (10) rithm provided byHainesfor the calculation of non-integral
Legendre functions requires special extended precision hard-
Using the identity for spherical harmonics, ware or a reduction in accuracy when computingl? Leg-
endre functions. Using a capsize®fE5Q (colatitude) and
V2Y 0, ¢) = —1(L+ DY (O, ¢) (11)  ak value of 12 yields a latitudinal resolution of 8.4vhile a
k value of 30 corresponds to a latitudinal resolution of3.1
the radial currents ardackus 1986 ) i
In order to calculate the associated Legendre functions
L M=l with the required latitudinal resolution on a standard per-
pord, = — Zl(l +1) Z a"Y" (6, ¢) (12)  sonal computer (53 bit mantissa) a new algorithm for cal-
=1 m=0 culating non-integral spherical harmonics was implemented,

. ) employing the multi precision hypergeometric function from
The southq) component oAb may be reconstructed using  he Cephes Mathematical Libraryloshier, 1995. Extend-
| L Ml ; ing the work ofHobson(1959, analytic expressions for the
0. Ab———— Z Z a"-—y" . ). (13) npn—lntegrallassomated L_egendre functl'ons gnd their Igtltu—
Sing 7= “— * 99 dinal derivatives were derived and are given in Appenlix
This new algorithm avoids computer accuracy limitations by
Eqgation (3) is not required for the calculation of, since  controlling the precision of the calculations at the software
the o coefficient set completely defingg. The inverse |evel which allows very high order, non-integral, Associated
problem of calculating” from the measurementg- Ab, Legendre functions to be generated.
is achieved using a least squares formulation and a singular Using the two sets of functions that satisfy EG4)in

value decomposmon algorithm as dlscussew_ﬂters etal. the construction oD allows the along track component of
(200_]). qulflcat|ons to the process of obtaining the global Ab, that is, the north-south component in the Iridium sys-
configuration of the currents take advantage of B) @nd 1o o have any magnitude at the cap boundary that satisfies
are described in the next section. V.Ab=0. However, since only cross-track data are used in
the fitting process the reconstructéd may exhibit unphys-

ical features in the south component and still be divergence-

Since Birkeland current closure occurs within the high lati- '€5S- To avoid this problem the SCHA was modified accord-

tude polar regions our analysis of magnetic perturbation datdd t0 the suggestion dfiaines(1988. The construction of

is restricted to a spherical cap whose equatorward boundarﬂ1e scalar potentialQ, was limited to one set of spherical
armonic functions. Using only the set of functions that sat-

is a function of geomagnetic activity. Spherical Cap Har- | > ,
monic Analysis (SCHA) described byaines(1985 1988 is isfy Eq. (149 additionally constrains the south component
used as the basis of the numerical approatinesshowed of the reconstructed b to be zero at the cap boundary while

that to model a vector field over a spherical cap the scalar poStill @llowing arbitrary non-zero azimuthal values. This ap-
tential function ( in this case) should only be constructed Proach may contaminate the global reconstructed field or po-

from spherical harmonic functions that satisfy one of two tential only if non-zerd-Ab values close to the cap bound-
boundary conditions at the cap edgg)( These two bound- ~ ary are included in the fitting process. Such a case is pos-

3.2 Numerical evaluation O‘fu

ary conditions are sible when the full-vector DMSP and Oersted data are in-
cluded. By examining a worst case SCHA fit where a spher-

Y™ (0, ) =0 (14a) ical harmonic satisfying Eql1@b) is constructed using only

functions that satisfy Eql@4g, the authors have found that
ﬁY,i"(@, ¢) =0. (14b)  possible contamination due to an unrealistic boundary con-

dition is confined to within one wavelength of the maximum
Using both sets of basis functions allows the scalar potentiaky, (m) used in the fit from the cap boundary. For K=15 and
to have zero and non-zero values at the pole and cap bound cap boundary at BQcolatitude this is~7.4°. Therefore,
ary, respectively. The complication with this approach is thatwhen fitting the Iridium data the cap boundary is set at a lati-
the spherical harmonics that satisfy these boundary conditude equatorward of the currents determined by examination
tions are usually of non-integral degreg but integral order  of the cross-trackab magnitudes. This approach has added
(m). Since the values of that satisfy Eq.14) depend omn, advantages that all basis functions are orthogonal and only
Haines(1985 denoted the degree lay(m), wherek isanin-  half the number of coefficients need be calculatddifes
teger that can be used much likm the full sphere spherical 1988. Since a latitudinal resolution similar to that obtained

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/



D. L. Green et al.: Large-scale Birkeland currents 945

using both sets of functions is achieved when using only one 01 November 2001 — 0330:0430 UT
set, thek value only needs to be half that required when using  “°°f ‘ " T
both sets. Hereafter all values are associated with a single
set of basis functions.

An alternative and simpler method is to stretch tha
data coordinates to cover a hemisphere and use aehdan-
tis (1992 has named Adjusted Spherical Harmonic Analysis #
(ASHA). This involves scaling the data and then using theg
integral spherical harmonic functions to determirfé fol-
lowed by a rescaling of the reconstructed field. This method i |
is used to obtain the global convection maps from the Su- ot w Lo w
perDARN data Ruohoniemi and Bake1998. While this oo P10 SR /Cersted Fit Weighting 10000
approach gives the correct reconstructed vector field, such as
Ab, stretching the data in this way distorts the basis func-Fig. 1. Trackwise plot of the azimuthal fit error for all six Iridium
tions so that they are no longer eigenfunctions of the Lapla+racks (black), two DMSP satellites (blue) and the Oersted satellite
cian (see Eq10). Therefore, without determining the scal- (red) as a function of the DMSP and Oersted data weighting factor.
ing functions required to relate SCHA to ASHA coefficients, The green vertical line indicates the chosen weighting factor for this
ASHA cannot be used to calculate the currents figmb  €vent.
data alone. One must obtain the full vectbh and then
numerically apply Ampere’s law to obtain the currents. To 03 October 2002 — 1300:1400 UT
avoid this unnecessary numerical differentiation and to en- “°°f ‘ o ‘
sure that all of the useful information is fully represented
in the harmonic coefficients, we adopted the approach ofs
Haines(1988 and the algorithms we have developed take &
advantage of the eigenfunction/eigenvalue properties of thé; ok
spherical harmonics over a spherical cap, enabling analyticat i 13
representation of bothh and J; with high latitudinal reso- i
lution on a standard personal computer.

150~

S fit error (nT)

100~

50 ©

X
[3}
o
s

—

50—
[ f15

oersted

50—

Trackwise

.
0.01 0.10 1.00 10.00 100.00
4 Results DMSP/Oersted Fit Weighting

At present, the availability of data from Iridium is around iy 5 Trackwise plot of the azimuthal fit error for all six Iridium

1 sample per 200s for each satellite. This limits the spayracks (black), two DMSP satellites (blue) and the Oersted satellite
tial and temporal resolution of the Birkeland currents calcu-(red) as a function of the DMSP and Oersted data weighting factor.
lated from these data. In previous work, results of the fit- The green vertical line indicates the chosen weighting factor for this
ting process were validated against full vector magnetometeevent.

data from DMSP or Oersted spacecraftafers et al.2004

H. Korth.: private communication, 2005). For our analy-

sis we use magnetic field data from the Iridium system assSo that the Iridium data still contributes in the fitting process.
well as data from the DMSP F13, F15 and Oersted satellitesThe appropriate weighting factor was determined by examin-
Because the Iridium magnetic field data are bundled in theng the root mean square (RMS) of the differences between
satellite engineering packet, the time sampling of data senthe observed Iridium, DMSP and Oersted data and the re-
to the ground is limited by the rate at which the large volumesulting ¢-Ab reconstruction for each track as a function of
of engineering data can be transmitted. In this configurationweighting factor. This fit error is shown for the presented
the interval between telemetered magnetic field samples igvents in Figs1 and2 for the 6 Iridium planes, 2 DMSP
around one sample every 200 s for each satellite. It is theretracks and the single Oersted pass. For both events the error
fore desirable to supplement these data with higher time resin the fit to the Iridium data increases as the weighting factor
olution magnetic field data obtained by other low Earth orbit- increases past unity. The weighting factor was chosen to be
ing satellites. For the results presented in this paper, we hav@.5 as indicated by the vertical line in these figures.

included the full vector magnetic perturbation data from the Selection of events for comparison of SuperDARN with
DMSP and Oersted satellites in the fitting process. Data fromridium data is somewhat restricted. The Birkeland cur-
the DMSP and Oersted spacecraft were provided with 1 Hzent configuration must remain relatively constant through-
sample rate. Since the Iridium data are sampled at a mucbut the integration time required to collect sufficient Irid-
slower rate, the DMSP and Oersted data must be weightedum data to attain the required latitudinal resolution. These

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,939-2006



946 D. L. Green et al.: Large-scale Birkeland currents

N
©

2001. The interplanetary data from the Advanced Com-
position Explorer (ACE) satellite and SuperDARN convec-
tion maps were examined for stability over the time pe-
riod. The upstream solar wind data observed by ACE dur-
ing the interval 02:20-03:20 UT (70 min delay) is shown
in Fig. 3. Analysis of the parameters showed a relatively
constant southward IMF and the following mean characteris-
tics: Bxy=3.6£0.6 nT, By=—0.6+0.5nT, B,= —9.1+0.4nT,
B=9.7+0.3nT, clock angle of 1843°, Ny=5.5+0.4 cnt3,
Vp=359+3 kms ! and Ryn,=1.2+0.1 nPa. Throughout the in-
terval the SuperDARN convection maps showed a typical
two cell convection pattern consistent with a southward IMF.
Jo These are conditions for a stable, global Birkeland current
] pattern over the event time frame.

The analysis results and comparisons are shown in Eigs.
through Fig.9. Figure 4 shows the data included in the
SCHA process. A cap size 6f=50C (colatitude) was used
: with k=15 andm=5 yielding a latitudinal resolution of 3.1°.
do The DMSP (blue) and Oersted (red) data are the full horizon-
] tal Ab vectors while the Iridium data (black) are the cross
] track component magnetic perturbations. FigGrehows
1200 » the full vector reconstruction afb (black) using SCHA de-

] scribed in Sect. 3. Two vortices are visible, one centered
11008 on 70 and 07:00 MLT which is associated with a downward
1, current and the other at 6&om 19:00 to 02:00 MLT associ-
12345678 91011121314151617 181920212223 24 ated with an upward current. The resultant Birkeland current

pattern is shown in Fig6. In the morning sector Region 1

(downward/blue) and Region 2 (upward/red) current systems
Fig. 3. ACE solar wind parameters showing several hours eitherwith an up-down current boundary at®6&nd 08:00 MLT are
side of 02:20-03:20 UT. clearly seen. In the pre-midnight region the R1/R2 up-down

current boundary appears at 64°, 21:00 MLT.

Data from all SuperDARN radars operating in the North-

Ab observations must be of sufficient magnitude to resolveern Hemisphere were used to determine the plasma convec-
a clear current structure for comparison with SuperDARN tion according to the procedure described Ryohoniemi
results. A constant Birkeland current configuration is typi- and Bake 1999. The electric fieldE, , and the correspond-
cally chosen when (i) the solar wind and IMF conditions areing electric potential are shown in Fig.for data averaged
stable (H. Korth: private communication, 2005), (i) the ob- over 03:30-04:30 UT. Radar returns were mostly seen on the
served SuperDARN ionospheric plasma convection is stablenightside for this case and, as with all SuperDARN observa-
and (i) the accumulated Iridiunab observations are self tions, latitudinal coverage is restricted to regions poleward of
consistent. SuperDARN must receive radar returns covering(e.
a large percentage of the probed area. For our analysis we \We now compare/, from satellite data (Fig6) and
also need DMSP and Oersted data to supplement the Iridiunyv,E/zp from the radar data (Fig3). Although we expect
data, but as the coverage for these data is generally excellenhe magnitudes of, andJ,/Zp to be different, the spa-
this is not a significant constraint on event selection. Moretial structure and location of up-down current boundaries in
than a dozen events were identified that satisfy these criteria;yv_E/z;P should resemble those df in regions where con-
between January 2001 and April 2003. Comparison of theductance gradients are small. Fig@&rshows./,,/Zp in the
div-E and satellite derived Birkeland currents was performedshaded colour format with the contoursifoverlayed. Only
for all of these events with two representative cases beinghe significant/, features are used for comparison. These
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chosen for this paper. are the R1/R2 current system in the morning sector and the
R1/R2 system in the pre-midnight region
4.1 Event1: 1 November 2001, 03:30-04:30 UT In the morning sector/, . / Xp shows a Region 1 current

(downward/blue) at 73and 06:00 MLT that extends pole-
The first event illustrates results obtained with radar re-ward to 77 at 08:00 MLT. No significant Region Z, ./ Xp
turns on the nightside in the absence of solar illumina-current can be seen in the morning sector. Comparison
tion. The interval is 03:30-04:30 UT on 1 November with the overlayed/, contours shows the peak i,/ Zp

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/
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Fig. 4. Cross-track component of the Iridiusb data (black) Fig. 5. Reconstructed full vectonb fit as a result of applying
for 1 November 2001, 03:30-04:30 UT. The two blue tracks areSCHA to all data in Fig4. Overlays of the DMSP and Oersted
full vector Ab observations from DMSP satellite F13 (17:00— magnetic field observations are shown for comparison.

07:00 MLT track) and F15 for 03:28-03:57 UT and 03:51—
04:22 UT, respectively. The red track shows full vectab ob-
servations from the Oersted satellite for 0339-0408 UT. Latitudinal
coordinates are in the AACGM system.

Region 1 current corresponds to tieRegion 1 maximum

3° equatorward at 70and 06:00 MLT. However, thd, , Re-
gion 1 current extends towards noon and shifts equatorwari
while theJ, . / £p, Region 1 extends towards noon and shifts
poleward. The Region 2 current shown by thecontours is
not reproduced i1y, ./ Zp.

In the afternoon sectov, ,/Xp shows a clear R1/R2
system with an up-down current boundary at° 6&nd
18:00 MLT. However, with respect t@, . / ¥p, the J, R1/R2
system is~4° equatorward and shifted 3 h towards mid-
night. This results in the/, Region 1 current being co-
located with theJ,, . / £p Region 2 current such that they have
opposite directions. In addition to these currents, / Xp
seems to show a large R1/R2 type system between 12:00 ar
15:00 MLT with an up-down boundary at 81This feature
is not seen iy, .

The current density per unit Pedersen conductance,
I,/ Zp, is the div-E component of the Birkeland currents
that are estimated from the SuperDARN electric field data,

ignoring currents resulting from horizontal conductance 9" p\sP and Oersted tracks are reproduced while the thicker, grey

dients. We can (?omparg_E/Ep (by Eq.4) with a fuII.c.ur— solid line from 06:00 to 18:00 MLT indicates the sunlight terminator
rent solution derived from the radar data by combining thepq ngary in the ionosphere.

SuperDARN electric field values with a conductance model.
We shall identify the currents obtained from the SuperDARN
electric fields that include the conductance gradient terms

Fig. 6. Birkeland currents,, derived from the data in Fig}
according to Eq.12) for 03:30-04:30 UT, 1 November, 2001. The

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,939-2006
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Using the SuperDARN data and E4 ], values forJHm"d
were calculated and are shown in FigIn the morning sec-
tor J‘rnOd shows a Region 1 (downward/blue) current at 70
and 66:00 MLT. The location of this peak is shifted equator-
ward with respect td, . / £p and now matches the Region
1 current. This indicates the model conductance has repre-
sented conductance gradients in this region.

In the afternoon sectoIHmOd shows a R1/R2 system. With

respect toJ, ./ Xp, the J”mOd R1/R2 system has shifted ap-
proximately 1 h azimuthally towards midnight and poleward
~2° with the up-down boundary now located at’6Here

the inclusion of gradient terms from a model conductance has
not improved the agreement with. This result shows that
model conductances together with SuperDARN convection
maps, even in regions with radar returns, cannot reproduce
the Birkeland currents derived from satellite magnetometer
data. Hence, either the electric fields or the conductances are
wrong, or most likely both. The R1/R2 type system seen be-
tween 12:00 and 15:00 MLT i,/ Zp is not a significant
feature inJHmOd.

Hence we find that differences in the currents exist, even
Fig. 7. Electric field vectors (rotated 9Gounter clockwise) cal- on the dayside where conductance gradients are expected to
culated from SuperDARN data averaged over 03:30-04:30 UT, 1be small. Radar data are confined to the nightside for this
November, 2001. The electric potential contours, DMSP and Oerevent. It may be that differences in dayside currents, seen for
sted tracks and the sunlight terminator are overlayed. The extremeéxamp|e between 86-70° around 09:00 MLT, are due to the

in potential are located at the blue (-ve) and red (+ve) dots. Thestatistical values used to constrain the SuperDARN data fit.
electric field vectors are bold at locations where radar returns Wererpa next event explores this possibility.

received.

4.2 Event 2: 3 October 2002, 13:00-14:00 UT

from the conductance model alﬁ“"d. Comparing both i . ) )
The second event illustrates results with extensive dayside

mod i i i i
.JV'E/EP and Jy 1o J, tests if the inclusion of an empir SuperDARN coverage. The interval is 13:00-14:00 UT
ical conductance model can account for the gradient terms

. : on 3 October, 2002. The interplanetary parameters were

which are the suspected cause of the observed differences | o ;
S - checked for variability using data from the ACE space-

the pre-midnight sector in Fi@.

- . craft as shown in Figl0. The mean IMF parameters over
e o A204-1305 UT (S5 dely) wert,——2.4-08rm
. 9 B,=8.841.3nT, B,= —6.941.2nT, B=115+0.3nT, clock
the Northern Hemisphere,

angle of 1289°, Np,=7.7+1.6 cnt 3, v,=447+5kms ™! and

JTOd =Y. E, Payn=2.6+0.5 nPa. Conductance gradients in the ionosphere
are expected to be less pronounced on the dayside as the
Y Tn Eg (15) . . c <
= (—E 5 ) . (E ) conductance is dominated by solar EUV. The electric field
H &P ¢ data are shown in Fid.1 for 3 October 2002 averaged over
Jmod s obtained using Ed for JTOd as 13:00-14:00 UT. Most of the radar data were obtained be-
: tween 11:00 and 17:00 MLT with some values also occurring
J”mOd =V. JT"". (16)  pre-dawn. The electric potential is obtained as part of the

. . spherical harmonic fitting process with data from the statisti-
_The |onosph_er|c conduc?ance modeltédrdy et al.(1987) cal model used where there are no radar retuRu®hioniemi
is parameterised by Kwhile the model oRasmussen et al. and Baker1999

(1989 has a solar flux (F10.7) dependence. These two con- The magnetic field perturbations due to the Birkeland cur-

ductance models were combined usBgi=,/ Z3-+X2,,  rents are shown in Figl2. During the one hour of this

to create an estimate of the Hall and Pedersen conducevent, data from DMSP F13, F15 and Oersted, were avail-
tance that includes particle precipitatiokdp) and solar able. In this case the Oersted and F13 tracks are close to
EUV (Zeuyv) components. For the 1 November 2001 data,each other. Since the passes occurred approximately 25 min
the conductance model was generated usigg=K.7 and  apart, checking the vectors for alignment gives an extra in-

F10.7=235.6 sfu. dication of the stability of the currents during the integration

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/
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Fig. 8. J;;/Xp calculated from the divergence of the inertial Fig o, J ™ calculated from the inertial electric field for 1 Novem-
electric field for 1 November, 2001 as shown in FigThe contours  per. 2001 as shown in Fig.and a conductance model (see text).

of J, obtained from the satellite data are overlayed for comparison-The currents obtained from the satellite data are shown as contours
The shaded regions indicate where there were no rladar returns. NOlghq the shaded regions indicate where there were no radar returns.
that the colour range differs from Fi§.due to thex = term. The DMSP and Oersted satellite tracks and sunlight terminator are

also shown.

time. From 70 equatorward on the morning side both DMSP J.,,/ Sp shows a Region 1 current (downward/blue) nedr 76

and Oersted show very good agreement. Near the geomag, g petween 02:00 and 08:00 MLT that may correspond with
netic pole the directions of the magnetic field values from . ;

. ) C , Region 1 current near 70No Region 2 current is seen
F13 compared with Oersted differ but this is to be expected,,

e . I,/ Zp for the morning sector. Such a large difference
as the Iridium data adjacent to the two tracks shows@ 90 5 hears to be due to the lack of SuperDARN observations
rotation in the direction of the field. At ?0n the afternoon

sector the two tracks are separated by approximately half an |, .the afternoon sector where SuperDARN observations

h(_)ur in MLT with both tracks exh.ibiting vectors consistent .. present/, , / Sp shows a R1/R2 system extending from
with a vortex centered on 7t 18:00 MLT. These features 15.09 MLT through to 18:00 MLT. While this is consistent

s:upport the assumption of a stable current pattern over the ., J,, the up-down current boundaries afefrther pole-
time frame. ward at 12:00 MLT and 3further equatorward at 17:00 MLT
The Birkeland currents from the fitted satellite data arethan observed foy”_

shown in F|gl3 In the morning sector the R1/R2 SyStem is The model Birkeland CurrenUmOd calculated by com-
; ; [
clearly defined with an up-down current boundary &t&6d  pining SuperDARN data with a conductance model is shown

07:00 MLT. The Region 1 current (downward/blue) extendsin Fig. 15. The morning sector shows no significant current
azimuthally through to noon. In the afternoon sector thegystems. The afternoon sector shows a R1/R2 system similar
R1/R2 system has an up-down current boundary &880 ; . Relative toJ,, / e, the up-down current boundary at
17:00 MLT. The afternoon Region 1 current (upward/red) 17:00 MLT has been shifted poleward to be more consistent
appears to extend through to 12:00 MLT. Inspection of theyith J indicating the conductance model contains reason-
DMSP F15 particle energy spectra shows the spacecrafiple gradients in this region. The difference in the up-down
passed through the cusp-af1® and 12:00 MLT. An addi-  cyrrent boundary location betwegfi°*and./, ./ £p at noon
tional up-down boundary is located at°6and 12:00 MLT. is small (~1°). !

These boundary locations may now be directly compared
with those seen i, . / Zp. The div-E currents derived from
SuperDARN data are shown Fi$j4. In the morning sector

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,989-2006
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Fig. 10. ACE solar wind parameters showing several hours either

side of 12:04-13:05 UT. tance along the satellite track was estimated according to the
method described byHardy et al, 1987. Combining these
conductance estimates wif, vectors from the radar data

5 Discussion at the DMSP track locations using E@),(we obtained es-
timates of the Birkeland currents. Therefore, estimates of

The examples presented above show that disagreements {Re Birkeland currents along the DMSP tracks may be ob-
the location and direction of the Birkeland currents obtainedtained from (i) the radar electric field and DMSP particle
from satellite magnetic field data and those obtained fromdata based conductance estimat&g, sp (ii) those de-
radar data are not necessarily confined to either night ofived from Iridium, DMSP and Oersted magnetic field data,
dayside regions. Both examples illustrate the finding that/,, and (iii) the radar electric field and empirical model con-
the satellite and radar derived currents disagree where ther@uctance estimate:il{“ o,

are no radar returns and the electric field calculation is con- The conductances along the DMSP track®'('SP) were
strained by the statistical model for convection. Where therecalculated using the particle precipitation (PP) contribution
is significant radar data coverage on the dayside, (e.g. 12:00gs Hardy et al, 1987

15:00 MLT in Fig. 14), the approximation of/, by J,

appears reasonable. However, there are also discrepancies TOMSP — [40150/ (16+ Ecz))] 705 (17)
where radar returns do exist. A closer examination of which

parameterE, or VX, contributes most to the disagreement

is possible_through an analysis of DMS_P particle data. Super- zgg/!ap — O.45(Eo/1ke\/)5/8 EEQ/!SP (18)
DARN derived electric fields can be directly compared with

those calculated from in-situ plasma drift velocity data avail- and the EUV contribution from the model &tasmussen
able from the DMSP drift meter instruments. Furthermore,et al.(1988 combined using the approximation presented in
the magnitude of the conductance gradients may be directlypect.4.1 The spatial information in conductance is limited
estimated from DMSP particle precipitation observations. to the along track direction with incomplete knowledge of

The average electron enerdsg, and electron energy flux, the VX terms in Eq. §). To best utilise the available data it
1, were obtained from the SSJ/3 particle detectors onboard/as assumed that terms involvigly (variations with MLT)

the DMSP satellites and the Hall and Pedersen conducwould be much smaller compared wi% (variations with

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/
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Fig. 12. Cross-track component of the Iridiumb data (black) ~ Fig. 14. J, ./ Zp calculated from the divergence of the electric
for 3 October 2002, 13:00-14:00 UT. The red track representsfield for 3 October, 2003 as shown in FilL with J, contours over-

full vector Ab observations from the Oersted satellite pass for layed for comparison. Shaded regions indicate no radar coverage.
13:38-14:08 UT while the two blue tracks are DMSP satellites F13Note that the colour range differs from Fi3 due to th@:;l term.
(dusk-dawn) and F15 for the intervals 13:13-13:44 UT and 13:34—

14:05 UT, respectively.

Fig. 13. Birkeland currents/, calculated from the satellite mag- Fig. 15. ]ﬁ)no obtained from the radar electric field data for 3
netic perturbation data for 3 October, 2003 as shown in Elgis- October, 2003 as shown in Fityl and the conductance model (see

ing Eq. (L2). The parameters used in the SCHA were50°, k=15 text). The contours of the currentg, obtained from the satellite
andm=5. data are overlayed and shaded regions indicate no radar coverage.

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,989-2006
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latitude) terms. The spatial resolution of the DMSP conduc-pared with the afternoon sector but a small SuperDARN elec-
tance data was reduced to SuperDARN and Iridium spatiatric field equatorward of 20°, resulting in negligible current
scales by applying a low-pass filter with the cut-off spatial terms in panel 2 and the small,.,,,sp Current (blue) in
size set at 3in latitude. panel 1. The downward current observed by Iridium &tig1

Figure 16 shows the various contributions to the conduc- not duplicated by any of the other methods which indicates
tance and current evaluated along the DMSP F13 track foan incorrectE|, where there are no radar data. Therefore, the
the 1 November 2001 data (cf. Fig-9). The seven pan- statistical electric potential model used to constrain the radar
els detail the various electrodynamic parameters and hovdata does not reproduce the appropriate Birkeland currents
they vary across the Birkeland current system. Panel lin the morning sector for this day. This point is further illus-
shows the Birkeland current derived from the three sepatrated by the comparison @, and EPMSF in panel 3 where
rate methods. These are (i) the combined Iridium, Oerstedhe SuperDARN statistical model predicts negligible electric
and DMSP magnetic field perturbation data as described irfield strength while DMSP shows large values with a clear
Sect.3 (black; J,), (i) combining the conductance data es- field reversal near 20

timated from DMSP particle data with the SuperDARN de- The DMSP F15 satellite for the 1 November 2001 event

'::\i/:?ileglaéb;:loerhjsrgggrs%Zr;ilﬁlrlgr;heen?swsvri?ﬁ r;ﬁi %f;zgﬂfgr;c asses directly across the large currents observed between
model (green/ ™% On the right hand side of panel 1 is (° and 30 at 21:00 MLT. Figurel7 shqws the asspmated
the axis for/ ’/HZP (red) the divergence of the electric field conductancg enhancements and gradient terms in panels 2
estimated frZ)f'n the rada’r data and 4. Consider thé,,.\,sp (blu€) and/, ,, / Zp (red) curves

' in the negative colatitude section of Fijz, panel 1. This is

PtaneIdZ n '.:t')g'}behEWS the(;ndl\(ldu?rl] teIrDrr’:/lSngr thedcur- a case where the conductance gradient terms are compara-
rent as described by Eg8)(and using the conauc- e or larger compared with thEpV-E | estimate from the

tance data. These are the terms used to construct the blur dar data. Conductance gradients are expected to be more

%urV:S'ge[)rigzl ;GHTZZ?LB&SPZ\;VS AaR\IQe?t?;erﬁ/Zrt?cfﬁgt&)tllggk? ronounced on the nightside where solar EUV induced con-
L P "ductance does not occur. In panel 2, the conductance gra-

i DMS
s aradionts i he. Hal and pedersen conueraneas obraingLeTS derved ffom the DMSP partile data produce large
from the DMSP particle data (Eq&7, 18) with latitude as grad-S|gma current terms and are effective in adjusting the
Il as the full gradient terms availéble from the model con- radar estimate of the currents to be almost equd] (black)
we 9 in panel 1. The rather poor estimates of the current based on

ductance. Panel five shows the satellite MLT coordinate.
h n ncem o) are shown he green curv
Panels 6 and 7 show the Pedersen and Hall conductances ets—e conductance ode!”'(‘ ") are shown by the green curve

timated from the DMSP particle data (bluBS“SP, £2MSP), in panel 1. In panel 1 near —27Jp,pysp (blue) is shifted

The filtered conductances are shown in black. These argoleward by~3* compared with the satellite magnetic field

compared with values from the conductance model (greeniaisgdngsg?vaeteciﬁgmehglrjérii dﬁﬁ?zd% dlljg;t:_ermore,l':]he
zg %, Z7*). All panels are plotted versus satellite position thigJ casg the radar data do not exsand far eSIr%EiJMSﬁe uator-
in colatitude with the direction of satellite travel from left to gh €q

right. Negative (-ve) colatitude values are used to plot theward’ missing eIegtnc field mformauqn n reg|ons.where the
conductance gradients are substantial as seen in panel 4 of

full track. The shaded parts indicate sections of the satelliteFig. 17. Panel 3 shows a large southwazs® near —36

tracks where the angle between the north-south direction an\(?vhereas the SuperDARN estimate tends to zero here. even
the satellite track is greater than°4%anel one, for all fig- P '

ures except Figl6, includes a solid black bar indicating the \t,:]I;hFcl(;ntsr ;icekr 2?:0(3 ?gaigrczvglr:gt?fc ]:.rgg Siyﬁéd?. pglrg%r;r?_f
regions where there are radar returns. ductan ¢ Z’v:aand gm mIII II—| I und g;gln N
The path of DMSP F13 in Figl6is from 17:00 MLT to ~ Cuctances up 1o some small Hall conductance en-

07:30 MLT. At the start of the data segment, which is dur- hancements but small electric field magnitudes pastr@3

ing the afternoon sector, there is very little conductance dueSUItIng n negl_|g|ble Birkeland current magnitudes. The_re_|s
also a large discrepancy between the SuperDARN statistical

to particle precipitation as shown by panels 6 and 7. The DMSP i " )
resultant conductance gradient terms, as shown in panel p;ndjlfL andE; as shown in the positive colatitudes of

are very small giving almost no Birkeland current. The esti-
mates of/, in panel 1 (black) show a small upward current  Data for the path of DMSP F13 for 3 October, 2002 is
at —23. The current calculated frol@pV-E | in panel 2  shown in Fig.18. The F13 track is dusk to dawn, on the day-
(black) is a poor estimate of the Birkeland currents. Thisside of the sunlit terminator, as shown in Fi8. Conduc-

may be expected in regions where SuperDARN returns aréance enhancements are observed in both the afternoon and
not available. Later on the dawn side, there are considerablenorning sectors. The afternoon sector data (-ve colatitude)
conductance enhancements due to particle precipitation thah panel 2 of Fig.18 indicates theXpV-E | term represents
correspond with the R1/R2 current system seefj iffig. 6). most of the Birkeland current poleward of°2hile equator-
Panel 4 in Fig16 shows larger conductance gradients com-ward of this, coinciding with the Region 2 current, the term

Ann. Geophys., 24, 94859 2006 www.ann-geophys.net/24/941/2006/
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conductance derived from the DMSP F13 data and the conductance model, panel 7: Hall conductance derived from the DMSP F13 data anc
the conductance model. The lack of a black bar in panel 1 indicates no radar coverage along this track.
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drift meter data, panel 4: DMSP F13 and model derived conductance gradients, panel 5: DMSP satellite MLT coordinate, panel 6: Pedersen
conductance derived from the DMSP F13 data and the conductance model, panel 7: Hall conductance derived from the DMSP F13 data anc
the conductance model.
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Fig. 19. Iridium, DMSP F15, and radar data for 3 October, 2002. Panel 1: Birkeland currents estimated from various sources (see text),
panel 2: Birkeland current terms from ERjusing DMSP F15 derived conductance, panel 3: Electric field from the radars and DMSP drift
meter data, panel 4: DMSP F15 and model derived conductance gradients, panel 5: DMSP satellite MLT coordinate, panel 6: Pedersen
conductance derived from the DMSP F15 data and the conductance model, panel 7: Hall conductance derived from the DMSP F15 data anc
the conductance model.
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involving the gradient in Pedersen conductance dominatessunlit ionosphere conditions, i.e., when the ionospheric con-
ComparingJ, ./ Zp (panel 1; red), with the Birkeland cur- ductance was dominated by solar EUV. In regions where the
rent estimates from satellite datg {black) in panel 1 shows  spatial coverage of SuperDARN returns is sparse or absent,
a 3 offset in the R1/R2 up-down current boundary. Inclusion the div-E current estimates do not agree with Birkeland cur-
of the gradient terms in panel 2 is shown hy,. .« (blue) rents from satellite data. The div-E approach also did not
in panel 1 where there is little change in the R1/R2 bound-work for the nightside case in darkness even though radar
ary location. The morning sector data from the F13 trackreturns spanned the region of interest. The results suggest
shows particle induced conductance enhancements betwedhat the model electric potential used to constrain the Super-
23 and 30 colatitude with associated gradients shown in DARN estimate of the ionospheric electric field does not ad-
panel 4. While gradients of the Pedersen and Hall con-equately represent the electric field in regions without radar
ductances exist, panel 2 shows negligible currents from theeturns for these cases. Moreover, for the nightside case, the
grad-Sigma terms due to small electric field values. As a redack of agreement even including model conductances im-
sult, J5p.pusp COMpletely misses the Region 1 and 2 currentsplies that either the conductances or the electric field esti-
detected by the satellite magnetometer data. FromHig. mates or both do not represent actual conditions associated
there are sparse SuperDARN observations in this region andith the observed Birkeland currents.

panel 3 shows that the SuperDARN statistical model poorly
representgs PMSP,

The data from DMSP F15 for 3 October, 2002 is shown
in Fig. 19. The satellite tracks from pre midnight through to
pre-noon, passing close to Blatitude around 16:00 MLT.
SuperDARN data were available for the afternoon segment
although near 16:00 MLT, F15 is tracking azimuthally, pro-

viding poor estimates of the latitudinal derivatives in conduc-  |n regions where the satellite data show conductance
tance. Begining with the start of the track, on the nightsidegradients, the grad-Sigma contribution to the total current
of the sunlit terminator ('Ve COIatitUde), the DMSP derived may be Considerab|y |arger than the div-E Component (eg
conductance gradients and associated currents shown in papig. 19, -ve colatitude). Also, in regions where there are
els 2 and 4 of Fig19 reflect the triple current system. In  hoth conductance gradients and radar coverage, including the
this case the grad-Sigma terms are the dominant ContribUgrad_Sigma terms based upon in-situ estimates of conduc-
tions to ‘ISD:DMSP and therefore show considerable deviation tance can Considerab|y improve the agreement with Birke-
from the div-E component (red; panel Uy, sp (PaNel 1, jand currents obtained from satellite data (e.g., Eig. The
blue) shows Birkeland current estimates somewhat similar innclusion of an empirical conductance model to the radar data
shape and magnitude to that ff (black). However, differ-  does not account for the currents produced by the grad-Sigma
ences in the latitudes where these currents are zero becomgrms. Therefore, combining a conductance model, such as
larger at lower latitudes. This latitudinal offset is expected tothe one employed here, with the global SuperDARN derived

be related to the lack of SuperDARN returns in this region. electric field data does not necessarily improve the estimation
On the dayside portion of the F15 track, the conductance grapf the Birkeland currents from the radar data.

dient terms are small (panel 2), as expected, &¢,,,sp

is also small. Considering the agreement betwEenand

EPMSP shown in panel 3, it appears the smoothed nature of

the SuperDARN fit is the cause of a small Region 2 current

in Jsp.puse The model conductance based estimat d

(green) agree quite well, a fortuitous result considering theAppendix A
agreement between DMSP and model conductance is poor

Under the conditions of radar coverage and small iono-
spheric conductance gradients (e.g., Fi§) the Super-
DARN based div-E and satellite estimates show agreement in
the locations of boundaries between upward and downward
currents to within 3 latitude. Details on scale size smaller
than~3° cannot be resolved with Iridium data.

in all panels 6 and 7. Non-integral associated Legendre functions

6 Conclusions Analytical expression for the non-integral (real n, integral m)

associated Legendre functions in terms of the hypergeomet-

The first comparison of div-E currents derived from Super- ric function F (Hobson 1955

DARN observations with Birkeland currents from satellite
data over the entire auroral oval and polar cap has been pre-
sented. The results show that the distribution of large-scale siN"6 Tn+m+1)

i i - P'(cost) = ()™ Al
region 1 and 2_ current systems can be represented in re- P, ( )= (=D T+ D T —m D) (A1)
gions of extensive radar returns. However, agreement with
satellite derived currents was obtained only for the event for F(m—nn+m+1;m+1pn)

www.ann-geophys.net/24/941/2006/ Ann. Geophys., 24,989-2006



958 D. L. Green et al.: Large-scale Birkeland currents

and the theta derivative Greenwald, R. A., Baker, K. B., Hutchins, R. A., and Hanuise, C.:
sin"  Tm+m+1) An HF phased-array radar for studying small-scale structure in

0
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