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Abstract. The goal of this study is to find a way to statisti- Keywords. lonosphere (Auroral ionosphere; Electric fields
cally estimate the Hall to Pedersen conductance safiom and currents; lonosphere-magnetosphere interactions)
ground magnetic data. We use vector magnetic data from the
CHAMP satellite to derive this relationy is attained from
magnetic satellite data using the 1-D Spherical Elementary )

Current Systems (SECS). The ionospheric equivalent current  Introduction

density can either be computed from ground or satellite mag-

netic data. Under the required 1-D assumption, these twdonospheric conductances and current distributions, in addi-
approaches are shown to be equal, which leads to the advafion to being important to ionospheric studies, also reflect the
tage that the statistics are not restricted to areas covered d¥namics of the entire magnetosphere through its coupling
ground data. Unlike other methods, using magnetic satelfo the ionosphere. Ground-based measurements provide an
lite measurements to determineensures reliable data over i0nospheric projection of the magnetosphere along the geo-
long time sequences. The statistical study, comprising ovefmagnetic field lines, which can be used, for instance, to place
6000 passes between®5&nd 76.5 northern geomagnetic magnetospheric satellite observations in context within the
latitude during 2001 and 2002, is carried out employing datalarge-scale magnetospheric structures, and to distinguish be-
from the CHAMP satellite. The data are binned according totween spatial and temporal gradients in satellite data.

activity and season. In agreement with earlier studies, val- In order to discern the often weak ionospheric signatures
ues between 1 and 3 are typically found éor Good com-  of the magnetospheric processes in ground measurements,
patibility is found, whenx attained from CHAMP data is the data need to be further processed. The “method of char-
compared with EISCAT radar measurements. The resultgcteristics” Amm, 1999 is a technique for obtaining distri-
make it possible to estimate from the east-west equiva- butions of the ionospheric conductances and currents from
lent current densitys [A/km]: «=2.07/(36.54J,|+1) for ground magnetic data and ionospheric electric field data. In
Jp<0 (westward) andv=1.73/(14.79/|J4|+1) for J,>0 addition to these data, the method requires an estimate of the
(eastward). Using the same data, statistics of ionospheric andall to Pedersen conductance ratio. The goal of this study is
field-aligned current densities as a function of geomagnetid0 provide such an estimate based on ground magnetic field
latitude and MLT are included. These are binned with respecflata. The studies blester and Davie¢1996 and Davies

to activity, season and IMB and By. For the firsttime, all ~and Lester(1999 using EISCAT Folkestad et a).1983

three current density components are simultaneously studietfdar data have already suggested that although the Hall and
this way on a comparable spatial scale. With increasing acPedersen conductances themselves do not follow the east-
tivity, the enhancement and the equatorward expansion of thwest directed current density, their ratio does, and could
electrojets and the R1 and R2 currents is observed, and in théerefore be determined from the current density. To build up
nightside, possible indications of a Cowling channel appearstatistical relations between the two parameters, long time se-
During southward IMFB, the electrojets and the R1 and R2 duences of conductance ratio observations are needed. These
currents are stronger and clearer than during northward — are difficult to obtain from ground-based radars, but using

IMF By affects the orientation of the pattern. magnetic field data from a satellite to determine the conduc-
tance ratio ensures reliable data over long time sequences.

Correspondence td:. Juusola Apart from its use with the method of characteristics, the

(liisa.juusola@fmi.fi) precipitation-related part of the conductance ratio provides
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: divergence-free and curl-free current densitigg (J.r). 1-
b D Spherical Elementary Current Systems (SEGShanaki
et al, 2003 Juusola et a).2006 have been used to deter-
mine bothJ,s andJ.; from magnetic data from the CHAMP

Beateite Jo a Joeq Bground (CHAllenging Minisatellite PayloacRitter et al, 2004 http:
/lop.gfz-potsdam.de/chamatellite.
We begin by showing that in 1-D cases, the divergence-
Jy Joee free currents determined from satellite data with the rela-

tively new 1-D SECS method equal the equivalent currents
obtained from ground measurements with the already well-
_ _ ) established 2-D SECS methodinim, 1997 Amm and Vilja-
Elg. 1.. Th(cej stnﬁctute of th; paperdand th.e aé)plled technlqgej. Sechen 1999 Pulkkinen et al.2003 Viljanen et al, 2004). For
tion 2: Under the 1-D conditionis determined from magnetic data . purpose, we have used 124 1-D passes of the CHAMP

from the CHAMP satellite using the 1-D SECS method is shown . . .
to be equal taly. ., the ¢ component of the equivalent current satellite over the IMAGE (International Monitor for Auroral

density determined from IMAGE magnetometer data using the 2-G€0magnetic Effects. Ubr et al, 1998 http://space.fmi.fi/

D SECS method.y.., is thed component of the equivalent cur- Image) magnetometer network during 2001 and 2002. In

rent density). Section 3: Under the 1-D conditianjs shown to ~ Sect.3, the conditions under whicki,r/J.; can be used

equal—Jy/Jy. Section 4: Magnetic vector data from the CHAMP to represent: are discussed, andlis/J.r is compared ta

satellite during 2001-2002 is used to make statistical maps of theneasured by EISCAT.

ionospheric and field-aligned current density components, and to  Once the ability of the satellite-baség to represent the

estab!ish a relationship betwedp _anda. This makes it possible ground-based magnetic field and that&f/J.; to repre-

to estimatex from ground magnetic data. Ina 1-D cadg,= J;r  genty have been validated, useful data can be extended from

and Jo=Jay. Jr is the field-aligned component. In a 2-D case, o 154 \MAGE overpasses to 6112 1-D overpasses between

Tar=Jo.cq¢0 + Jp.cq%- 55° and 76.8 magnetic latitude during 2001 and 2002. In
Sect.4.3 these data have then been used to establish a sta-

. . . . tistical estimate fow as a function of/;;. The data have
information on the altitude-dependence of the horizontal cur-yeen pinned according to the level of activity and season.

rents. In addition, it can be used to determine the characterisg;, Sect.4.2, we have included statistical maps of the iono-

tic energy of electron precipitation in the ionosphe®elfin-  spheric current densities and FACs during the two years as a

sonetal.1987. . . function of MLT and geomagnetic latitude. Those have been
The ionospheric currents, like any vector field, can be ex-hinned with respect to activity, season and IMF and By

pressed as a sum of divergence-free and curl-free compaeig. 1 jllustrates graphically the structure of the paper and the
nents. Field-aligned currents (FAC) are then associated withypplied techniques.

the divergence of the curl-free component. For uniform con-
ductances, the divergence-free and curl-free currents equal
the Hall and Pedersen currents, respectivelukushima 2 Comparing ground- and satellite-based equivalent
(1976 showed that for any 3-D current system, consisting of  currents
ionospheric and field-aligned currents, there exists an iono-
spheric sheet current distribution, called the equivalent cur-Throughout this paper we use a spherical coordinate system
rents, which causes the same magnetic field below the ionog-,0,¢) with its origin in the center of the Earth. The pole
sphere as the original 3-D distribution. He also showed thaf{v=0), however, varies. In this section, for instance, it is
the combined magnetic field of the curl-free currents and rachosen to coincide with the geomagnetic north pole at°79.5
dial FACs is confined above the ionosphere. Therefore, thigyeographic latitude and-71.6 longitude. In a 1-D case,
part of the field can only be measured by low-orbit satellites.that is, when the current distribution is independenp athe
The magnetic field caused by the divergence-free currentsiivergence-free ionospheric currents are then ingtlirec-
on the other hand, can be attained either by ground or satekion and the curl-free currents in tifedirection. The field-
lite measurements, and therefore the divergence-free currentdigned currents are assumed to flow radially.
equal the equivalent currents. A draw-back with data from When using the 1-D SECS method, theomponent of
only one satellite is that the current distribution has to bethe magnetic field g, ), gives thep component of the iono-
assumed both 1-D (independent of longitude in spherical gespheric current density/), while By givesJ, and the FACs.
ometry) and stationary during the satellite pass. This restricts/anhan@ki et al. (2003 applied the 1-D SECS method to
useful data mostly to electrojet dominated cases. ground data and therefore determinkgdby fitting By, which

In this study, the divergence-free ionospheric currents aren ground is less anomalous thBa With satellite data, on
used to represent the ground magnetic field. The Hall to Pedthe other hand, we usk,, because FACs that in reality are
ersen conductance ratia)(is attained from the ratio of the never completely 1-D, affe@®y while leavingB, practically
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Fig. 2. Determining ionospheric currents from magnetic satellite
data using the 1-D SECS methak; gives j- andJy, andB, gives

Jp. 1-D:ness of the current distribution can be estimated from the
difference between the 1-D SE(S), attained by fittingB,-, and
that measured by the satellite. The optimal location for the 1-D
SECS pole can be found by minimizing tBg error (Sect3.2).

intact. The difference between the 1-D SEB% and that
measured by the satellite can be used to determine how 1-[ max = 1915 nT
the current distribution is. Respective tests have shown that

passes over 8576.5 latitude with an error

Fig. 3. Schematic equivalent currents, attained by rotating the IM-
By error= « 100% (1) AGE ground horizontal magnetic field vectors°9€lockwise and
Wasure? the track of CHAMP on 6 November 2001, at 05:04—05:08 UT.
less than 60% are adequately 1-D to give reliable results.
By stands for the average of the absolute values of the comthe 1-D SECS method and from IMAGE data using the 2-D
ponents of the vector. Figugillustrates graphically the ap- SECS method. The current density determined from IMAGE
plication of the 1-D SECS method to magnetic satellite datadata is averaged over the approximately four minutes it takes
to obtain ionospheric and field-aligned currents and to deterfor the satellite to pass the network. Again the curves are
mine the 1-D:ness of the current distribution. very similar, as expected in a 1-D case.
Figure 3 shows the track of the satellite on 6 Novem- A more comprehensive view is gained from Figwhich
ber at 05:04—05:08 UT, along with the schematic equivalentshows a scatter plot of ground-based versus satellite-based
currents, attained by rotating the IMAGE ground horizontal J, for By error <60% (124 overpasses). Each point in the
magnetic field vectors 9Cclockwise. By along the satellite  plot corresponds to one measurement in the 1 Hz CHAMP
track, as measured by CHAMP, is shown in the top left handdata. During the IMAGE overflight on 6 November 2001,
side panel of Fig4, along with the 1-D SEC3, attained  for instance, the total number of measurement points was
by fitting B,. The top right hand side panel displays simi- 275. Hence, the total number of points in the figure is ap-
lar data for 20 November 2001, at 03:59—04:04 UT. The firstproximately 124275. A line fitted to the points using the
overflight is the same that was usedJyusola et al(2006 least-squares method is shown in red, and the linear corre-
as an example when first introducing the use of 1-D SECSation coefficient is denoted by. In blue is drawn a line
to satellite data. The second one passed close to the EISCAfassing through the origin with a unit slope.
radar. In Sect. 3, we want to compare the Hall to Pedersen Similar plots (not shown here) were also made for other
conductance ratio determined from CHAMP data with thatdegrees of 1-D:nessBf, error <80%: 435 passess0%:
determined from EISCAT data, and therefore this case had073 passes;>80%: 638 passes). The more 1-D the
been selected as an example here and again later in Sect. 3overflights are, the better correlation there is between the
In both cases, except for small scale variations, the meaground- and satellite-basdyg (error<60%: r=0.90; <80%:
suredBy and theBy resulting from theB, fit have very sim-  »=0.86; all data: r=0.82; >80%: r=0.67). These re-
ilar shapes, which indicates that both cases are adequately $ults are in agreement with those attainedRifter et al.
D. In the lower panels of the figure are shown the divergence{2004. They compared equivalent currents determined from
free current density, determined from CHAMP data using CHAMP data using the method devised®isen(1996 with

|By measured By 1-D SEC%
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Fig. 4. Left: Top: By measured by CHAMP on 6 November 2001 at 05:04—05:08 UT above IMAGE, and the 1-D Bf&fined by

fitting B,. The similar shapes of the two curves (error 45%) imply that the current distribution is reasonably 1-D during the overflight.
Bottom: J, determined from CHAMP data by the 1-D SECS method and from IMAGE data by the 2-D SECS method. As expected in a
1-D case, the two profiles are almost the same. Right: The same as on the left hand side, but on 20 November 2001 at 03:59-04:04 UT.

B, error < 60 % those determined from IMAGE data using the 2-D SECS

‘ ‘ ‘ method. They found a high degree of correlation (correla-
tion coefficient of 0.96 between 6%nd 70 geographic lat-
itude) between the results from the two methods, and con-
luded that this current component can indeed be determined
reliably both from ground and satellite data.

1000

500

0

.......

T _s00 When the error is approximately less than 60%, ground-
< and satellite-basedy can be considered to be equivalent.
£1000 This means, in addition to confirming the reliability of the
_,S? 1500 1-D SECS method, that in our pursuit for an estimate for

the conductance ratio as a function of ground-based mag-
netic data, we no longer need to consider the actual ground
=089 7030 data at all, but instead can rely solely on CHAMP data with

-2000
J
@,ground

~2500 r=0.90 ] Jy representing the ground data. Not being restricted to IM-
AGE passes extends the number of useful overflights in our
—3000k- . . | | | . . A1 .. . . .
-2500 -2000 -1500 ~-1000 ~-500 0 500 1000 statistical analysis of the following sections from 124 to 6112
Tpsat (AKM) (between 55and 76.8 geomagnetic latitude).

Fig. 5. Scatter plot of/,; determined from ground-based measure-

ments (IMAGE) by the 2-D SECS method with respectjpde- 3 Determining the Hall to Pedersen conductance ratio
termined from satellite-based measurements (CHAMP) by the 1-D

SECS method. The ground-baséglis averaged over the approx-
imately four minutes it takes for the satellite to pass over IMAGE.
In red is shown a line fitted to the points, and the linear correlation
coefficient is denoted by. A line passing through the origin with Assuming that the geomagnetic field is radial
a unit slope is drawn in blue. To create this plot, data from 124(B=—Bé,), and the convection electric field horizontal
satellite passes over IMAGE with an error smaller than 60% during(E=Egeg+Egés), Ohm’s law in the ionosphere

2001 and 2002 were used.

3.1 Relation betwees and—Jg/ Jy

E x B

J=SpE—-Xy (2)

Ann. Geophys., 25, 72736, 2007 www.ann-geophys.net/25/721/2007/
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becomes The Powell method can be used to minimize a function
. . f(P), whereP is a point inN-dimensional space with unit
J=ZpEo+XnEples + (ZpEy — XnEp)ey. (3  vectorsé;, i=1,.... N. The basic idea of the method is:
=Jp =Jy

1. Start minimization at a poinPg.

This gives the Hall to Pedersen conductance ratio in the

Northern Hemisphere as 2. Fori=1,...,N, P;= minimum along directione;,

starting atP;_1.

Eg Jo - L
Sy z T (—J—g> 3. The new value forPo= minimum along direction
=g = w (4) Py— Py, starting atP .
oo ke Steps 1-3 are repeated unfilstops decreasing.
which reduces to Figure 6 shows a typical example of the optimization
Js process for the overflight on 20 November 2001 at 03:59—
o= (5)  04:05UT. The black line with time stamps shows the track of
the CHAMP satellite with the 1-D optimized overflight high-
when E4=0. It is obvious that ifE;#0, —Js/Js may dif-  lighted in magenta. The color coding according to the color

fer significantly froma. For example, if—Js/Jo=1 and  bar on the right hand side of the plot displays #eerror
Ey/Eg=0.3, a~2. Therefore, it is clear thatJ,/Jp can  (Eq.1) for the overflight with the 1-D SECS pole at each lo-
only be used to determine if the direction of the con- cation. 1-D pole locations that are rejected due to the restric-
vection electric field is known. Fortunately in 1-D cases, tion that in the new coordinate system the overflight must fit
E4/Eg~0 is a good approximation: for uniform conduc- within —77°...77 1-D latitude and span at least°1ib lati-
tances,Jss=Jy and Jop=Jp. On the other hand, in 1-D tude are automatically assigned an error of 100%, which is
cases/J r=Jp andJ.r=Jy (Vanhanaki et al, 2003 Juusola  why most of the plot appears reddish-brown. The yellow dot
et al, 2009. Combining these two givekéy=Jp=XpE  shows the starting-point for the optimization with the Pow-
andJgés=J y=—2py Ex B/B, which means thaE=E¢y.  ell method at the geomagnetic pole and the magenta dot the
Although this result was attained by assuming uniform con-resulting 1-D SECS pole at 79atitude and—103 longi-
ductances in addition to 1-D:ness, it should be reasontude with aBg error of 23%. The 1-D SECS pole is found
ably safe to state that in 1-D cases;/E¢~0 and hence, in the dark blue minimum, which supports the suitability of

a=—Jy/Jo. the Powell method for the task. The bottom panel of Big.
o shows the steps taken during the Powell method optimiza-
3.2 Optimizing 1-D:ness tion. The magnetic field fits and current densities for the new

. o 1-D coordinate system are displayed in Figsee Sect3.3
The 1-D:ness of a certain current distribution depends on th?or details) 4 Pay d

location of the 1-D SECS pole. For instance, the 1-D:ness
of a slightly tilted current distribution could be improved by o
moving the pole in such a way that in the new coordinate
system the tilt disappears. In order to get the best possibl
results from our two years of CHAMP data, we optimized
the location of the 1-D SECS pole for each overflight in the
following way:

The optimization process resulted altogether in 6112 1-D
verflights By error<60%, average 46%, standard deviation
11%). The upper left hand panel of FitQ shows the num-
Ber of data points as a function of geomagnetic latitude and
MLT. Most of the overflights take place at dawn and dusk,
which implies that the 1-D SECS method prefers electrojet
dominated cases, as expected.

1. One satellite pass between°5and 76.5 geomagnetic
latitude, as defined in Sec?, was termed an “over-

flight”. _ Most electrojets can be expected to fall within Out of the 6112 1-D overflights, only five passed near EIS-
this latitude range. CAT with « data available. The overflight of 20 November

2. The location of the 1-D SECS pole was restricted in 2001 presented in the previous.section was the one passing
such a way that in the new coordinates, the entire overCl0sest to the radar(50km). Figure7 displays the three
flight fitted within —77°...77 latitude, the 1-D SECS components of the magnetic fields,(By,By) and current

applicability region Juusola et a)2008, and the over-  d€nsity (i,Js,Jp) as a function of the 1-D latitude for the
flight spanned at least 1(n latitude. abovementioned overflight. The pole of the 1-D system is

located at 79 geographic latitude and 103 longitude. Jy

3. Starting from the geomagnetic pole, the optimal loca- has been determined frol)., and j. and J, from Bg. The
tion for the 1-D SECS poledg,¢o) was found by min-  1-D SECSBy results from theB, fit, and has an error of
imizing the By error (Eqg.1) using the Powell method 23% compared to the measurBgl, which implies excellent
(Press et al.1992. 1-D:ness.—Jy/ Jo-basedr anda determined from EISCAT

3.3 Comparison with EISCAT

www.ann-geophys.net/25/721/2007/ Ann. Geophys., 25, 7262007
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20-Noyer 2001 By error (%) 2001-11-20 03:58:41 ... 2001-11-20 04:04:41 UT 06:56:13 ... 06:00:54 MLT

170

160

55 60 65 70 55 60 65 70
1D latitude (79°,-103°) 1D latitude (79°,-103°)

Be error (%)

36 Fig. 7. The three components of the magnetic fiebgl,By,B,4) and
current density f-,Jg,J5) as a function of the 1-D latitude on 20
November 2001, at 03:59-04:04 UT. The pole of the 1-D system is
located at 79 latitude and-103" longitude. J; is determined from

By, andj» andJg from By. The 1-D SECSBy results from theB,

fit and has an error of 23%.

79.6

2001-11-20 04:01:16 ... 2001-11-20 04:01:34 UT

GEO lat (deg)
~
©
1

I —J(p/Je

aEISCAT

79.4 Relative error 260/1:

-110 -105 -100 -95 -90 -85 -80 =75 =70 0 . . L1 . .

GEO lon (deg) 69 69.2 69.4 69.6 69.8
geographic latitude

Fig. 6. Top: A typical example of the 1-D:ness optimization. The 76°N |
black line with the time stamps shows the track of the CHAMP

satellite. The 1-D optimized part (overflight) is highlighted in ma- 72°N 1
genta. The color coding according to the color bar on the right N h
hand side of the plot displays ttBy error (Eq.1) for the overflight o8N l
with the 1-D SECS pole at each location. The yellow dot shows 64°N

the starting-point for the optimization at the geomagnetic pole and 60°N —oE 16 20°F 24°F 28°E

the magenta dot the resulting 1-D SECS pole &t [&itude and

—103 longitude withBy error of 23%. Bottom: A zoom in of the

top panel showing also the ste_ps taken during the optimization agig. 8. Top: —Js/Js anda measured by EISCAT as a function

red dots connected by a black line. of geographic latitude. The vertical, blue, slashed line denotes the
location of the radar. The relative error between the 1-D SECS and
EISCAT « at that location is written in blue. The current densities

electron density measurements (with neutral collision fre—anOI magnetic fields are displayed in Fig. Bottom: The black
Y curve denotes the track of the satellite, with the part displayed in

quenmes from th,e MS_IS'86 moddrl;edlr} 1987 as a func- the upper panel higlighted in magenta. The black dot in the cyan
tion of geographic latitude are shown in the upper panel ofsq are denotes the location of the radar, and the blue line denotes
Flg 8 The IOWer panel i”ustrates the |Ocati0n Of the Sate”ite the closest distance between the radar and the satellite.

relative to the radar. Relative error efJ,/Jy anda above

EISCAT is 26%, which signifies a relatively good compat-

ibility, when taking into account the different resolutions of

Ann. Geophys., 25, 72736, 2007 www.ann-geophys.net/25/721/2007/
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200 ‘ I ‘ Table 1. The number of 1-D overfligts between%and 76.5 ge-
omagnetic latitude during 2001 and 2002 wijily |=0...0.15 MA
(quiet), |14|=0.15...0.30 MA (moderate),|I,|>0.30 MA (active),
150+ | as well as the number of overflights for each season (winter: Jan-
uary, February, November, December; equinox: March, April,
September, October; summer: May, June, July, August).

overflights

Quiet 2117
Moderate 1914

Relative error (%)
S
o

50 ) Active 2081
° . Winter 1733
° Equinox 1938
0 ‘ ‘ ‘ Summer 2441
0 100 200 300 400

Distance (km)

4 Statistical stud
Fig. 9. Relative error between 1-D SECS and EISCATas a y

function of distance between the satellite and the radar for all five
CHAMP overflights passing close to EISCAT with data from the

radar available. From left to right, the times of the overflights .
are: 20 November 2001 04:01:16-04:01:34 UT, 9 October 200270r this study, we have employed altogether 6112 18D (

22:06:59-22:07:15 UT, 13 December 2001 02:14:02-02:14:20 UTETOr <60%) overflights of CHAMP between 3%nd 76.3
6 October 2002 23:07:22-23:07:38 UT, and 23 November 20019€0magnetic latitude in the Northern Hemisphere. The data
17:06:45-17:06:30 UT. have been binned according to the level of activity, repre-
sented by the absolute value of the total current itdeec-
tion (| Iy[), and season. It should be noted that both sunlight
the two methods (1-D SEC&:150 km,Juusola et ak2008;  and geomagnetic activity can increagg and that, naturally,
EISCAT: ~1 km, Wh|Ch iS the W|dth Of the I’adar beam in the the effect Of Sun"ght 0|T|I¢| iS Strongest on the dayside_ We
ionosphere), and the fact that the satellite did not pass dihayve divided the year into three seasons: winter (January,
rectly above the radar. FiguBeshows the relative error be- February, November, December), summer (May, June, July,
tween 1-D SECS and EISCAZ for all the available cases August) and equinox (March, April, September, October).
as a function of distance between the satellite and the radar. Tapje 1 shows how many overflights fall into each cate-

The occurrence probability of equal alpha values as recordegory_ The different activity ranges (quigt;,|=0...0.15 MA
by CHAMP and EISCAT should decrease with increasing moderate: I,/=0.15..0.30 MA, active: |I,|>0.30 MA)

distance. However, with the data set of only five points, yere chosen in such a way that an approximately equal num-
we cannot appropriately demonstrate this trend. Figure per of overflights would fall into each one. However, since
suggests that under favourable conditions, the two methodg,e 1.p assumption restricts the data mainly to electrojet

are indeoed consistent with each other, with the relative er¢a5es, they are all relatively quiet or moderately disturbed.
ror <40%. In two cases out of the total five, however, the g, comparison, an infinitely long line current o6 MA at

two methods give completely different results. Resolving the1 0o km altitude would cause a magnetic field of 300nT on

reasons for these discrepancies (besides the abovementionsgbund directly below, and a line current oBMA a mag-
differences in spatial resolution) would require a more thor-atic field of 600 nT.

ough EISCAT-CHAMP comparison study with a larger data
set, which could be a topic for a future study. 4.2 Maps of/,, Jy and FACs
The results of this section, combined with those of

Sect.3.1, indicate that in 1-D cases, usingJs/Jy for Before going tax-statistics, we have included in this section

should be a good approximation. plots of averagg;, Jo andJ, as a function of geomagnetic
latitude and MLT during the 6112 overpasses. To our knowl-
edge, this is the first time that all three components are si-
multaneously studied this way on a comparable spatial scale.
Due to the distance between the satellite and the ionosphere
(~ 300 km), the spatial resolution dj,, which is not associ-
ated with FACs, is limited te~150 km. In order to be able to
compare the different current components meaningfully, and

4.1 Data overview
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than at dawn and dusk. The field-aligned currents display the
typical pattern of Region 1 and Region 2 curretijgifa and
Potemral976, with the amplitude of the poleward Region 1
currents clearly stronger than that of the equatorward Region
2 currents. On the nightside the upward (yellow and red)
Region 1 currents are connected to the upward Region 2 cur-
rents in a configuration typical for the Harang discontinuity
(Untiedt and Baumjohani993. Of the horizontal currents,

Jy mainly corresponds to the curl-free currents and therefore
connects the upward and downward field-aligned currents.
Jg, on the other hand, mostly corresponds to the divergence-
free (equivalent) currents. The distribution shows the typical
eastward and westward electrojets located between the Re-
gion 1 and 2 field-aligned currents.

Figure 11 shows the data binned with respect to activity

-400 and season. The bin and the number of overpasses used to

construct the four plots are denoted on top of each set. With

increasing activity, the enhancement of the amplitude and the
Fig. 10. Distribution of data points (top, left) for the 6112 1-D over- expansion of the pattern toward the equator are clearly vis-
flights as a function of geomagnetic latitude and MLT. Here, onejble. On the nightside, on the other hand, a more interest-
data pOint refers to one measurement in the 1 Hz CHAMP data, Wlthng feature occurs. With increasing activity, the westward
the total number of points 2195327, (top, right: field-aligned  g|ectrojet (blue) appears to penetrate deeper into the evening
component, positive up)lg (bottqm, left: north-south component,_ side, while there are no corresponding changeginThis
positive south) and (bottom, right: east-west component, posi- might be an indication of a Cowling chann@gumjohann
tive east) as a function of MLT and magnetic latitude. The numberet al, 1981). In a Cowling channel, the total current is west-

of data points or the magnitude and direction of the current density . . .
in each cell is given according to the color bar on the right handward directed, not just the Hall current. The penetration of

side of the plot. Resolution of the plots is5h in MLT and P /¢ Might also be explained by non-zero IMfy, but Fig.12
in latitude. On the top of the figure is written the total number of indicates that in such a case there should also be a corre-
overpasses used to construct the set of four plots. sponding change idy. The binning with respect to season
shows that in the post-noon sectigrand j, become stronger
from winter to equinox to summer. This could be caused by
to computea=—Jy/Jy, also Jy and FACs are determined sunlight, but since there is no corresponding enhancement to
at the same scale. This is accomplished by placing the 1-[be seen on the morning side, it seems more likely that the ef-
SECSs 0.5 apart in the ionosphere. As a result, the small fect is at least partly due to relatively strong cusp-related cur-
scale components in the measured magnetic field inFig. rents. In agreement witeimer(200J), the winter patterns
(blue, slashed line) are not reproduced in the 1-D SECS fitsare clearly weaker than those during equinox or summer. Ac-
and resulting current densities (magenta line). cording toRussel and McPherrdii973, an enhancement in

Figure 10 shows the distribution of data points (one data magnetic activity is expected during equinox. In agreement
point refers to one measurement in the 1 Hz CHAMP data) with Ritter et al.(2004), the effect appears to be mostly con-
the averagej, (field-aligned component, positive upyy fined in the nightside.

(north-south component, positive south) angd (east-west In Fig. 12 the data are binned with respect to ISz and
component, positive east) as a function of geomagnetic latBy. There are three bins for negative{3 nT), around zero
itude and MLT. The plot is constructed out of cells with di- (<|3|nT) and positive £3nT) values of both components.
mensions of 0.5 h in MLT and®lin latitude, and the number For negativeBz, the basic pattern is clearer and stronger than
of data points or the magnitude and direction of the currentsor zero or positiveBz, in agreement with the results B-

in each cell is given according to the color bar on the rightpitashvili et al.(2009. For northward IMF the convection
hand side of the plot. On the top of the figure is written the pattern is in general more complex than the basic two-cell
total number of overpasses used to construct the set. configuration (e.gSchunk and Nagy2000, which is domi-

As expected due to the 1-D assumption, most data pointsant for southward IMF. Averaging over all these cases might
are concentrated in the electrojet dominated regions at dawhe the cause for the rather faint and broken pattern in the plot,
and dusk, and thus the reliablity of the current density plotsin addition to the relatively low number of data points used
is also best in these regions. The number of data points a construct this plot. The effect of binning with respect to
noon and midnight is about 1/10 of the number of points atIMF By shows most clearly in the FAC plots. On the day-
dawn and dusk, suggesting that the statistical errgy. ,of side, the strongest Region 1 currents form an arc centered
and J, at noon and midnight is abou{10~3 times larger at 13:00 MLT forBy <—3nT, at 09:00 MLT for|By|<3nT,

-400

00 MLT 00 MLT
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Fig. 11. The same as Fid.0 except that the data are binned with respect to activity and season. The bin and the number of overpasses used
to construct the four plots are denoted on top of each set. The plots in the left hand side column show the binning with respect to activity
(quiet: [I5|<0.15 MA, moderate: (15<|/|<0.30 MA, and active:I,|>0.30 MA) and the plots in the right hand side column with respect

to season (winter, equinox, and summer).
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Fig. 12. The same as FidL0, except that the data are binned with respect to the B4Fand By. There are bins for negative<(-3 nT),

around zero €|3| nT) and positive £3nT) values of both components. The bin and the number of overpasses used to construct the four

plots are denoted on top of each set.
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and at 08:00 MLT forBy >3 nT. InJ, plots, westward cur- 110 o CoefficientsC; andC», resulting from the fitting of Eq.6)
rent (blue) on nightside endsaR4:00 MLT for By <—3nT, into the data displayed in Figé3and14.

at ~23:00 MLT for |By|<3nT, and at~22:00 MLT for

By>3nT. Bin C1(Js<0) Cp(Jp<0) Ci(Jp>0) Cz(Js>0)
4.3 Statistical estimate far as a function of/,, All -36.54  —207 —1479 173
Quiet —20.35 -2.19 —46.16 —-2.53
. i . Moderate —21.68 -1.95 -19.35 -1.84
Our goal is t_o flnd_a way to estlmatf_efrom the east-west Active 8063 599 _26.05 174
current density, which can be determined from ground-based winter —21.87 ~1.99 —13.79 —1.42
magnetic data. To accomplish that, we display the occur- Equinox —49.36 -2.10 —16.55 -1.63
rence probability of different values at=—J,/ Jy as a func- Summer  —18.64 —1.86 —5.88 —1.76

tion of J, in the four panels in the left hand side column of

Fig. 13. Summing up each column in one plot gives 100%.

For instance, if a westward current of 500kin is measured,

the probability of havingr=2, without specifying the ac- winter, becoming smaller during the equinox and almost dis-
tivity conditions or season, can be determined from the leftappearing in the summer. In all cases, the fitted curve follows
hand side branch of the top left hand side plot. The resolu<losely the data points, giving a simple means for approxi-
tion of the plots is 25 Akm in J, and 0.1 inx. The different =~ matinga once the equivalent current density is known. The
panels of the figure correspond to the different levels of ac-itted coefficientsC; andC, from Figs.13 and14 are sum-
tivity: 0 MA <|1,| (top), 0MA<|/4|<0.15 MA (second from  marised in Table.

the top), 015 MA<|/;|<0.30 MA (second from the bottom), Schlegel(1988 used two years of EISCAT data (1985-
0.30 MA<|Iy| (bottom). The four panels in the right hand 1986) to compute histograms of the Hall to Pedersen conduc-
side column of the figure are similarly arranged. It shouldtance ratio. He found values between 0.25 and more than 4
be noted here that we are not separating substorm evenfsr o, with a mean of 1.64. The values f@lin the uppermost
from non-substorm events. The points in the figures repdeft panel of Fig.13 (mainly between 1 and 3) appear consis-
resent the median, and the errorbars the 15.9 and 84.1 petent with these results. He also determined that the mean
centiles, calculated from the left hand side panels. Using thevalue ofa grows with increasing activityk ,). Although the

least-squares method, to the points is fitted the curve curves resulting from the binning with respect to activity in
7 c Fig. 13 do not differ significantly, our results agree with his,
a=—2_ = 2 , (6) since J4, and therefore alsa, gets on average higher with
Jo ﬁ -1 increasing activity. In the dawn sid8chlegek histograms
_ are more spread out and with a higher mean vatuk g at
which corresponds to 06:00 MLT) than in the dusk sector-(.2 at 18:00 MLT).

Our results are also consistent with these.

Davies and Lestef1999 calculated median values far
whereC; andC; are constants estimated in the fitting pro- as a function of MLT. Between 18:00 and midnight they ob-
cess. Whereas Eq5)( suggests that, alone should be taineda~1.8, whereas after midniglht was larger, at times
enough to describe the relationship between the two currengxceeding 2. Our results are in good agreement with these
density components;; is needed in Eq.6) to correctly de-  findings.
scribe the behavior af in the region wher¢J, | is small. The As an application, Figl5illustrates distributions of, de-
curves have been fitted separately in the regions whge® rived from the east-west component of the divergence-free or
and J,>0. The constant€; and C resulting from the fit  equivalent current density using E) @nd the constants dis-
along with the residual are denoted in the plots. The same played in Table2. In the uppermost plot, all data are incorpo-
curves have also been included in the four left hand side panrated, in the plots in the middle row, the data are binned with
els of the figure. With increasing/y|, o approaches-Cs, respect to activity, and in the plots in the bottom row, with
and whenJy~0, J,~C1. For small|Js|, |Jy| gets small as  respect to season (the bin is denoted on the left hand side of
well. Figure14 shows the data binned according to season. each plot). The colorbar on the right hand side of each plot

In both figures, there is a clear asymmetryootvith re- gives the scaling. During low activity, is also low. Increas-
spect toJy. For J4>0, corresponding mainly to the eastward ing activity raises the conductance ratio especially around
electrojetw is in general a little lower and less scattered thanmidnight and at dawn. Since activity is determined using
for J5<0 (on the right hand side branch in the color pan- the total current, part of the effects brought along with its in-
els, thea values are more concentrated (red), than on thecrease, especially on dayside, are actually due to increased
left hand side branch (green and yellow)). This indicates ansunlight, not real geomagnetic activity. In winter, the con-
asymmetry in the electron precipitation in the dusk and dawnductance ratio is quite low, only on the dawn side there are
sectors of the auroral oval. The asymmetry is largest in theslightly higher values. This is probably caused by substorm

Jp = C1+ CalJy, (7)

www.ann-geophys.net/25/721/2007/ Ann. Geophys., 25, 7262007
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Fig. 13. Left: The probability for different values ef=—Jy/Jy as a function of/; (summing up each column gives 100%). Columns with

less than 500 data points are rejected (white). The resolution of the plots i&#&biA J, and 0.1 ine. The different panels correspond to

the different levels of activity: 0 MA|1,| (top), OM A<|I|<0.15 MA (second from top), A5 MA<|/4|<0.30 MA (second from bottom),

0.30 MA<|I| (bottom). Right: The four panels on the right hand side column of the figure are arranged similar to those on the left hand
side. The points represent the median, and the errorbars the 15.9 and 84.1 percentiles. Using the least-squares method, to the points is fitte
the curve of Eq.®). The resulting constants; andC» are denoted in the plots along with the residuaf the fit.
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Fig. 14. The same as Fid.3, except that instead of activity, the data are binned with respect to season: winter (top), equinox (middle) and

summer (bottom).

events, during which particle precipitation is higher in the 5 Conclusions
morning sector@pgenoorth et a11994. Towards summer,

a becomes higher, especially on the sunlit side of the polarmwo years of magnetic data from the CHAMP satellite have
cap. The small scale pattern in the plots prior to midnightbeen employed to determine statistical estimates for the Hall
may not be entirely reliable due to the relatively small num-to Pedersen conductance raticas a function of the iono-

ber of data points in that region (see the top left hand sidespheric equivalent current density. Under the required 1-D
panels of the sets in Fid.1). Outside the auroral ovak, is

quite low in all bins.

www.ann-geophys.net/25/721/2007/

assumption, the equivalent currents determined from ground
and satellite magnetic data were shown to be equal, which
increased the amount of data available for the statistics by
extending it outside ground-based coverage. The conduc-
tance ratio was attained from magnetic satellite data by using
the 1-D SECS method. This was justified by the assumption

Ann. Geophys., 25, 7282007
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Fig. 15. Averagex during 2001-2002 as a function of geomagnetic latitude and MLT. The resolution of the pldtmikfitude and &b h
in MLT, and« is given according to the color bar on the right hand side of each plot. The maps have been determined/froomibenent
of the divergence-free current density (&, in Figs.10and11) using Eq. 6) with C; andC, from Table2. The upmost plot is constructed

using all available data, the plots in the middle row are binned with respect to activity and those in the bottom row with respect to season (the

bin is denoted on the left hand side of each plot).

that in 1-D cases, the ionospheric electric fielgpidirection ~ « from CHAMP and EISCAT data increased with increasing
vanishes. If this is not the case, then, depending of the readlistance between the satellite and the radar. In two cases out
electric field directiong produced by the 1-D SECS method of the total five, however, the two methods gave completely
may be too large or too small. different results. This might be explained by another prob-

A . . lem related to this kind of comparison: spatial resolutions
To further justify the_ 1-D SECS method, obtained this of the two methods are different. EISCAT is able to detect
way was compared with EISCAT measurements. However

; . Structures down to scales of a few kilometers while the res-
there are some problems with such a comparison. One was

. . . Olution of the 1-D SECS method applied to CHAMP data is
that we found only five overflights that passed relatively cIoseN150 km. The radar measures onlv at a sinale point. which
to the radar with EISCAT data available. None of them X y g'e point,

L ; can understandably produce very different results from the
passed exactly above EISCAT, with distances varying from.~ ;
50 to 300 km. If the current distribution really were 1-D, this 1-D SECS method. Unfortunately, EISCAT is the only way

should not be a problem, but in reality the reliability of the to obtain direct measurementscofrom ground.
currents produced by the 1-D SECS method decreases away Compared to other methods, using magnetic field data
from the satellite. To support this, the relative error betweenfrom a satellite to determine the conductance ratio ensures

Ann. Geophys., 25, 72736, 2007 www.ann-geophys.net/25/721/2007/
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reliable data over long time sequences. The statistical studymm, O.: lonospheric elementary current systems in spherical co-
was carried out employing over 6000 1-D overpasses of the ordinates and their application, J. Geomagn. Geoelectr., 49, 947—
CHAMP satellite between 35and 76.8 geomagnetic lati- 955, 1997.

tude. To get a view of the ionospheric currents during thosegAMm. O. and Vilianen, A.: lonospheric disturbance magnetic field
overflights, maps of all three components were included. A continuation from the ground to the ionosphere using spherical
simple relationship (Ecp, Table2) was established between igegrgemary current systems, Earth Planets Space, 51, 431-440,
th? equwglgnt current density amd.durlng different con- Baumjohann, W., Pelunen, R. J., Opgenoorth, H. J., and Nielsen,
dltlor! (activity, season). The relationship b?tween current g - 30int two-dimensional observations of ground magnetic and
density andx was observed to be asymmetric for eastward jonospheric electric fields associated with auroral zone currents:
(Jp>0) and westward currentg<0), or dusk and dawn, Current systems associated with local auroral break-ups, Planet.
and this feature was accommodated by having different co- Space Sci., 29, 431-447, 1981.

efficients for these two types in Tab? Since the resulting Davies, J. A. and Lester, M.. The relationship between electric
curves are quite similar for all bins, the only one actually fields, conductances and currents in the high-latitude ionosphere:

needed is the “all” bin: a statistical study using EISCAT data, Ann. Goephys., 17, 43-52,
207 1999.
o= geer o Jy <0 (8) Folkestad, K., Hagfors, T., and Westerlund, S.: EISCAT: An up-
W +1 dated description of technical characteristics, Radio Sci., 18,
867-879, 1983.
_ 173 J. >0 9) Fukushima, N.: Generalized theorem for no ground magnetic ef-
C1479 . ¢ =% fect of vertical currents connected with Pedersen currents in the
V] uniform-conductivity ionosphere, Rep. lonos. Space Res. Japan,
where the current densities are given ifkfn. Finally as an 30, 35-40, 1976.

app”cation, Eq. Q) and Table2 were used to produce maps Hedin, A.E.: MSIS-86 thermospheric model, J. Geophys. Res., 92,

of the conductance ratio as a function of geomagnetic latitude 4649-4662, 1987. _ _ _
and MLT. lijima, T. and Potemra, T. A.: Field-aligned currents in the day-

side cusp observed by TRIAD, J. Geophys. Res., 81, 5971-5979,

Although the data used in establishing the relationship be- 1976

hNgena and the eqqivalent current derjsity were required toJuusola, L., Amm., O., and Viljanen A.: One-dimensional spher-
fulfil the 1-D _Condltlon, Fhe _sam_e estimates could al_so be ical elementary current systems and their use for determining
used as the first approximation in 2-D cases. Even in 2-D j5nogpheric currents from satellite measurements, Earth Planets
cases, there is practically always a background electrojet, and space, 58, 667-678, 2006.

a could be estimated from that. A draw-back is that since 1-Lester, M. and Davies, J. A.: High-latitude Hall and Pedersen con-
D cases are not very active, the statistics only apply when ductances during substorm activity in the SUNDIAL-ATLAS
the east-west current density does not exceed 10@fA It campaign, J. Geophys. Res., 101, 26 719-26 728, 1996.

should also be borne in mind that since the method is base#uhr, H., Aylward, A., Buchert, S. C., Pajué A., Pajunga, K.,
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