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Abstract. We make a statistical study of ionospheric Joule precipitating particle fluxes as input. The neutral wind is
heating with the Poynting flux method using six months of taken from a model or assumed to be zero.

Astrid-2/EMMA electric and magnetic field data during 1999  Another way to obtain the JHE(J) is to apply the Poynt-
(solar maximum year). For the background magnetic field weing theorem and estimate the field-aligned Poynting flux
use the IGRF model. Our results are in agreement with ear(SH=IS-ExBl/M0), whereB1=B—Bg and Bg is the back-

lier statistical satellite studies using both the £2 method  ground magnetic fieldelley et al, 1997). In earlier studies
and the Poynting flux method. We present a rather compreusing this approach@ary et al, 1994 1995, By was deter-
hensive set of fitted Joule heating formulas expressing thenined from those portions of the data that were outside the
Joule heating in given magnetic local time (MLT) and in- auroral zone.

variant latitude (ILAT) range under given solar illumination  Already in the eightiesFoster et al(1983 andAhn et al.
conditions as a function of th&, index, theAE index, the (1983 statistically gave the hemispheric JH as a function
Akasofu epsilon parameter and the solar wind kinetic energyf the K, and AE/AL indices. Foster et al(1983 used
flux. The study thus provides improved and more detailedAE-C satellite data during four years of solar minimum.
estimates of the statistical Joule heating. Such estimates arghis comprehensive study (25000 orbits) used ¥heE?2
necessary building blocks for future quantitative studies ofmethod, with neutral wind assumed to be zero. They needed
the power budget in the magnetosphere and in the nightsida model of the conductivity depending on precipitating auro-
auroral region. ral electrons, as well as the the solar EUV. It was shown how

Key words. lonosphere (electric fields and currents; the hemispheric JH in GW increases with thig index as
ionosphere-magnetosphere interactions) — Magnetospheritf=4+20K,. The invariant latitude (ILAT) range consid-

physics (magnetospheric configuration and dynamics) ered was 55—85Ahn etal.(1983 r_ep'ort.ed results of JH rate
as a function of the geomagnetic indicé& and AL from

Chatanika radar data using three days of data.

The satellite Poynting flux method was employed by
Gary et al.(1994 to study JH statistically, using 576 DE-2
Joule heating (JH) or frictional heating is a high latitude iono- passes during solar maximum. The study covered dawn-dusk

spheric phenomenon where the drift energy of ionospheriéaredomlnantly in summer/winter and noon-midnight passes

; : - near the equinoxes.
ions turns into thermal and bulk kinetic energy of neutrals Bei . tant ch Lin th tospheric total
due to collisions Richmond 1995. The JH (W nT?) is cal- €ing an important channet in the magnetospheric fota

culated from the product of the electric field and the height- power b_alanc_e (see, e._@anskanen et al2002 for a rgcent
integrated current densiti-J. Alternatively, if there is no dlscu_ssmn), ionospheric JH has always beer_1 an 'mp_o”am
neutral wind, it can be expressed as the product of the heightgue.snpn' One of the reasons that warrgnts mtergst in this
integrated Pedersen conductivity and the square of the eleép pic right now, hqwever, IS t_haF recently, ionospheric power
tric field, = p E2. Global JH has been studied exprimentally Input (JH and particle precipitation) from a global MHD sim-

by radar Yickrey et al, 1982 and low-orbiting satellitefos- ulation was calculated b?glmroth et al(2004. The JH
ter et al, 1983. In the latter case, the E-field is measured di- power as found from the simulation was much smaller than

rectly andX p is computed from a model, using the measuredw_hat is given by th_e4E-|r_1dex formula ofAhn et al.(1983. .
Since the same simulation produces a cross-polar potential

Correspondence td®. Janhunen drop which is in good agreement with SuperDARN radar
(pekka.janhunen@fmi.fi) measurementsl@nhunen et gl1998, it is not self-evident
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that the simulated JH level is wrong. Other MHD simulations The first term vanishes when a time or ensemble average is
may produce larger JH levels, but they also clearly overestitaken:
mate the cross-polar potential drop. The cross-polar potential

drop has also been calculated from the same Astrid-2/EMMAY * (E X Bo) = (V x E) - Bo — (V x Bo) - E, )

database than what is used in this study and was found to bgnere vxE=—9B;/3:—0 and VxBg=0 by assumption.

in good agreement with other studi¢siksson etal.200]).  Thys, only the second term contributes to JH. In that t&m,
In th|s paper we estimate the statistical JH rate from thejs (physically and by data analysis construction) perpendicu-

Poynting flux forrr_1u|a using 6 months of A§tr|d—2/EMMA lar to B and thus nearly perpendicularBg since|B1|<|Bo|.

low-orbiting satellite data. An advantage with this method Fyrthermore,B; is also almost perpendicular 8o since

is that no models for the conductivity or neutral wind effects g, js mainly created by local currents which must be nearly

are needed. The purpose of the paper is not only to presentfge|d-aligned in the low-beta plasma existing at 1000 km alti-

new JH data set and compare it with previously published reyyde. Thus, the cross produgiB; is nearly parallel tdg

sults, but also to express the JH in different regions, definedynq replacing it by the parallel component is a good approx-

by magnetic local time (MLT) and ILAT, and different condi- imation:

tions as a function of different index(, andA E) and solar

wind parameterse(and W defined by Eqgs.8&) and Q) be- wodH =~ _% da- bobg - E x By. (5)

low), thus giving a more complete picture than what a single v

statistical formula would give. ! Here bg is unit vector alongBo. We have also verified the
The structure of the paper is as follows. We first present

he i . dd vsis. We th i goodness of this approximation using our data.
the instrumentation and data analysis. We then consider sta- In principle, the integration volum¥ includes the whole

tistically the global JH and JH in the nominal nightside au- Earth. Knowing that there are intense dynamo currents in
_roral rz]one only (65-74 MLT, 18-06 ILAT; also dect())mﬁosed the liquid core, the first term of Eq3) does not necessarily
'EtOt re? MLT Sbgctorj ]%8_22’ 32_02_’ 32—06). Iln bolt Cgse%anish there. However, Poynting flux arriving from space
the results are inne ), an A_E indices. Global an . cannot penetrate the core region because it is surrounded by
auroral JH as a function of solar wind parameters are COﬂSId-a highly conducting mantle that forcEs<0 and thusS~0 in
ered_ thereafter. The paper ends with summary and discussiqrﬁe mantle region. So, the first term indeed vanishes.
sections. The quantity JH thus represerjt& integrated over the
ionosphere, atmosphere and upper crust. In the atmosphere,
2 Theory no JH occurs, but in the upper c_rust, induction causes
Earth currents to flow. Let us estimate the contribution
The Poynting theorem is derived by computing the time rateof the Earth current JH relative to ionospheric JH. Start-
of change in the electromagnetic energy density and usingng from Eqg. (5.169) ofJackson(1999, one can derive

Maxwell’s equations: for their ratio the expressionl/4)(Zy/Xp)(Xx/(008)),
where £p g is the ionospheric height-integrated Pedersen
9 <}6oE2 + i32> (1) and Hall conductivity, respectivelyy is the Earth conduc-
ot \ 2 2 tivity, 8=+/2/(nooow) the skin depth and» the angular
CE. oE 4 iB B frequency of variations. FOEp=20 Q~1, ©y=60 Q1
T T o 00=102Q Im 1, w=27/(609, 5=39 km one obtains that
1 ) 1 12% of power is consumed in the crust and 88% in the iono-
=—E-VxB—-j-E-—B-VxE sphere. Since the selected numerical values represent a rather
Mo H“o Lo .
1 extreme case, the Earth current contribution to JH is usually
= —%V -(ExB)—j-E negligible and our JH represents mainly the ionospheric JH.

Using vector identities, one can write-ExB in many
equivalent and some numerically nearly equivalent ways,

Taking a time average, or a statistical ensemble average, the9-:

time derivative terms disappear. Integrating the result over R B

a volumeV and using Gauss’ theorem one obtains for thebo-E x B =bo-E x B1 = B_b -E x By, (6)
consumed JH 0

= _V.S—j-E

where B/Bp~1 is a good approximation at low altitude.
JH= f dvj-E= —/ dVV -S= —f da-S, (2 These alternative forms appear in some of the literature.
14 14 v

whereda is an outward surface element.
Writing B=Bg+B1, whereBy is the curl-free background
field, we obtain Kelley et al, 1991)

3 Instrumentation and data analysis

The Astrid-2 satellite was launched in late December 1998
and was orbiting in the ionosphere at apogee around
todH = — /v dVV - (E xBo) — jév da-E x By 3) 1000 km, producing about 6 months of data and completing
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about 3000 nearly polar orbitdiarklund et al, 2001). We

use the DC electric and magnetic field instrument (EMMA, ¢ s
Blomberg et al.2004 to compute JH using the Poynting flux 2 g
method. The full time resolution is at least 16 samples per
second; in this study, however, we use 1-s averaged data for 04 o
bothE andB. As a complement to the previous large statis- % s04P £
tical study Foster et al.1983, we obtain the statistics for -100 3 .
solar maximum conditions. We will not only study tig, —————————————————————
and seasonal dependence on the JH, but also present a more 2%91c e
detailed study of the MLT dependence and ILAT. = 1007 g
The EMMA instrument measures the full 3-D magnetic B B UL SR L
field and two components of the electric field in the spin %8%;" P 5
plane. The electric field is originally given in an inertial = §§§f §
(GEI) coordinate system. Before using it we transform it =1~ *
to a corotating frame to eliminate the corotation electric field 100
contribution. The spin axis is nominally oriented towards the “0le )
Sun. The full 3-D electric field is computed by assuming i§§z s
E-B=0. When theB-field is nearly in the spin plane, this S A L N
method would break down. We therefore use only those data < §§§ f g
for which the angle between the magnetic field and the spin § % 3
plane is at least P5(lvchenko et al.2001). From theE and s 13?‘[‘
B fields, we compute the downward Poynting flux as o f o
o 100 g
A . s ¥ =
Sdownzsibo-ExB(%>,cosl @) SS’X“
Ho S EH o
wheres=+1 ands=—1 in the Northern and Southern Hemi- soor rom2 s o

sphere, respectivelyfo is a unit vector in the direction of
Bo, whereBy is the model background magnetic field. For Fig. 1. Example plot used in visual inspection of eventa—b)
Bo, we use the IGRF model. The fact®; /B takes into spin pIape .elec.tric field in m;p coordinates,—e)IGRF-subtra(.:ted
account Poynting flux convergence due to flux tube scalingnagnetic field in GEI coordinateg) calculated downward field-
from the satellite altitude (1000 km) down to the ionosphere@ligned Poynting flux(g) anglex between spin axis and magnetic
(110km). Finally, cod, where[ is the inclination angle field, Poynting fluxes for 75<«a <105 were not shown in panel (f).
of the magnetic field at the satellite footpoint (sharp angle
betweenBg and vertical), takes care of obtaining the right
amount of power per unit area in the ionosphere. e _—

The total number of Southern and Northern Hemisphere(we.d.eflne n|ght5|d.e to mean 18-06 MLT, regardiess of the
high-latitude traversals having and B field data is 4034. posnpn of the terminator). )
For each crossing we generated a plot displaying the raw " Fig. 2 the average global JH is shown f&t, <2 (ILAT
measured field components, as well as the calculSigeh. 55-90). Nightside JH correlates rather well with the auro-
Each plot was visually inspected to ensure that the field meal@l zone. Significant JH is also seen in the cusp region. In
surements did not contain data errors. An example of such &€ right plot, the corresponding orbital coverage (number of
plot in showed in Figl. A total of 2690 crossings were fully high-altitude traversals contributing to each bin) is shown.

acceptable, 1196 contained parts that were excluded and 1481€ orbital coverage is good in all regions but the highest
were completely rejected. The total length of the accepted AT (>85 or s0). Negative downward Poynting flux values
data is 675 h (2.43 million points). that occur in a few individual bins are displayed as zero.
Figure3 is similar in format to Fig2 but for K ,,>2. The
JH is more intense than for low, and spread over a larger
4 Statistical global JH ILAT range. Significant JH now also occurs near 18 and
06 MLT. Overall, the pattern is more irregular than for low

For the statistical global JH, data are included from all MLT Kp, Which is not surprising.

sectors and for ILAT values covering both the polar cap re- In Fig. 4 a line plot shows how the total global downward
gions and the auroral zone. The regions where the most sigPoynting flux varies in the ILAT range 40-90The flux goes
nificant JH takes place is in the ILAT range 55-90. In this smoothly to zero at about ILAT 55, as it should since we
ILAT range we will be able to compare our results with those calculate the Poynting flux in a reference frame that rotates
of Foster et al(1983 andAhn et al.(1983. In the next sec-  with the Earth. Formulas for the global JH in different solar
tion we specifically study the JH in the nightside auroral zoneillumination conditions are found in Table 1, row 1-3.
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Astrid—-2/EMMA JH Number of contributing crossings
Kp<=2, All conds mw m-2 Kp<=2, All conds Number
12 8.64 12 221
8.1 207
7.56 193
7.02 179
6.48 166
5.94 152
54 138
4.86 124
T 432 T 110
3.78 96.6
324 828
27 69
2.16 55.2
1.62 414
1.08 276
0.54 138
. ° (a) ! ° (b)

Fig. 2. The average Joule heating for ILAT 55-90 %, <2, all MLT (left). MLT 12, 18, 24 and 06 are shown in the plot. The inner circle
corresponds to ILAT 80. The Joule heating is correlated with the auroral zone and in the dayside the intense Joule heating is related to the
cusp region. In the right subplot the corresponding orbital coverage (number of auroral crossings contributing to each bin) is shown.

Astrid—-2/EMMA JH Number of contributing crossings
Kp>2, All conds mwm-2 Kp>2, All conds Number
12

8.64 221
8.1 207
7.56 193
7.02 179
6.48 166
5.94 152
5.4 138
4.86 124

T 432 110
3.78 96.6
3.24 82.8
2.7 69
2.16 55.2
1.62 41.4
1.08 27.6
0.54 138

' ° (@ )

Fig. 3. Same as Fig2 but for K,>2. The average Joule heating is overall higher, often by a factor of 2 and is more significant in wider
ILAT range.

To be able to compare the results from Astrid-2/EMMA shown as dots. The error bars in Figand elsewhere corre-
data with those from previous satellite and radar measurespond to partitioning the data set randomly in two halves and
ments Foster et a.1983 and @Ahn et al, 1983, we again  computing the value separately for each. A linear fit to the
study the global average JH in the ILAT range 55-90. Indata is shown by a solid line. The formula for the fit is seen
Fig.5itis shown how the JH varies witk , for different so-  in the plots, as well as in Table 1, rows 4-6. In the fits we
lar illumination conditions of the satellite footpoint. The JH used only the four lowest data points because beyond those
(in GW) estimated from Astrid-2/EMMA Poynting flux is the error bars become much larger in most cases. The dashed
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Table 1. Joule heating (GW) as a function &f, index in different hemispheric regions.

All MLT MLT 18-06 MLT 18-22 MLT 22-02 MLT 02-06

ILAT 55-90, Allconds 3K, — 7.6
ILAT 55-90, Sunlit 27K
ILAT 55-90, Darkness 24, — 12

ILAT 65-74, All conds 68K, +08 19K,+07 23K,+1 26K,—1
ILAT 65-74, Sunlit 65K, +05 23K,-1 22K,+13 2K,+03
ILAT 65-74, Darkness BKy,—-2 17K, +2 22K, +08 -

Table 2. Joule heating (GW) as a function af£ index (nT) in different hemispheric regions.

All MLT MLT 18-06 MLT 18-22 MLT 22-02 MLT 02-06

ILAT 55-90, Allconds 036AE

ILAT 55-90, Sunlit 037AE

ILAT 55-90, Darkness Q@4AE —7

ILAT 65-74, All conds 007AE +4  003AE 0.017AE +3.6 0025AE

ILAT 65-74, Sunlit 0068AE +4 0.026AE 0.017AE +35 0.024AE

ILAT 65-74, Darkness 08AE +1 0.03AE 0.0134E + 4 0.04AE — 36
line is the JH rate estimated from Bypster et al(1983 for MLT—averaged Poynting flux

ILAT 55-85 (JH=(20K ,+4) GW). The JH estimated from
EMMA data is forkK ,>2 somewhat but not much higher than
the JH estimated oFoster et al(1983. The global JH is
about twice as large for sunlit conditions compared to dark-
ness, which points to the fact that JH due to the cusp region 5]
is a significant source. Estimates for the total global JH for & ]
different solar illumination, and low , (0<K ,<2) and high 81-5-;
K, (K,>2), can be found in Table 4, column 1. =

The data shown in Figh and in other similar plots to fol- ]
low was processed so that the average JH level was first com- 0-27
puted for each ILAT and MLT bin separately and then the 0]
tqtal JH was summed from thqse bins by weighting withthe 7777 s0 60 70 so ILAT
bin area. The ILAT bin size is two degrees and the MLT
binning two hours. An alternative method would be to treatrig. 4.  Average global (ILAT 25-90) Joule heating for al,
the entire desired MLT-ILAT range as one bin. Using this al- values and all MLT sectors. At latitudes above ILAT 60 we have
ternative method, the statistical scatter could be reduced, butn average downward Poynting flux while at lower regions (ILAT
at the expense of not taking properly taken into account the25-60) there is upward Poynting flux, mostly related to the Earth's
nonuniform orbital coverage. rotation. In this study we will, however, mainly discuss the sta-
tistical Joule heating at latitudes in the auroral zone region (ILAT
65-74).

2.5

14

In Fig. 6 the same parameters are used as in¥mt now
for AE. In the left subplot we see that the JH estimated from
EMMA data is somewhat higher than the fitted formula of
Ahn et al.(1983 (JH/GW=0.23AE/nT, dotted line). As
was the case for th& ,, we can see that the JH is higher dur-
ing sunlit conditions compared to darkness. It is interesting(measured byk,, or the JH) increases, and thd¥, being
to notice that forA E>400, the JH shows a tendency to sat- defined as the maximum magnetic perturbation over a set of
urate, or, in other words, IAE is considered as a function stations, reacts superlinearly. The solid line represents a fit
of the JH,AE grows faster than linearly for high values of to the data and the formula for this is seen in each plot, as
the JH. The explanation may be that not only the mean valuevell as in Table 2, rows 4—6. Estimates for the total global
but also the spatial variability of the strength of horizontal JH for different solar illumination can be found in Table 4,
ionospheric currents likely increases when the activity levelcolumn 1.
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Astrid—2/EMMA JH, All conds Astrid—2/EMMA JH, Sunlit Astrid—2/EMMA JH, Darkness

300 L 1 1 1 1 1 300 4L 1 1 1 1 1 300 < 1 1 1 1 1

2504 55-90 ILAT 2504 55-90 ILAT 2504 55-90 ILAT
29.8*Kp-7.55 26.6*Kp-0.224 24*Kp-12.3

- T T 04 T T T T 04
0 1 2 3 4 5 ke(a) 0 1 2 3 4 5 kp(b) 0 1 2 3 4 5 kp(C)

Fig. 5. The average Joule heating dependence&grfor ILAT 55-90, all MLT and for(a) all solar illumination conditions(b) sunlit

conditions andc) darkness conditions. In each subplot, the solid line represents a fit to the data and the corresponding formula is also
shown (see also Table 1, row 4-6). The error bars correspond to partitioning the data set randomly into two halves and computing the value
separately for each. The Joule heating is forkgll somewhat higher during sunlit conditions. In subplot (a) comparisons with the results of
Foster et al(1983 gives that the Astrid-2/EMMA study indicates higher estimates of the Joule heatirg,foP.

Astrid—2/EMMA JH, All conds Astrid—2/EMMA JH, Sunlit Astrid—2/EMMA JH, Darkness

250 455-90 ILAT
0.361*AE-2.36

250 455-90 ILAT
D.372*AE-0.0415

250 455-90 ILAT
0.243*AE-7.44

L]
50 +

0 100 200 300 400 500 600 700 800 AE(a) 0O 100 200 300 400 500 600 700 800 AE(b) 0 100 200 300 400 500 600 700 800 AE(C)

“"" Ahnetal.

Fig. 6. Same as Fig5 but for AE indexes. The Joule heating is for sunlit conditions almost twice as high for sunlit conditions compared
to darkness. A E values above-400 an interesting saturation of the Joule heating occurrs. In su@@lobmparisons with the results

of Ahn et al.(1983 (dotted line) is shown. For ak ;, the Joule heating estimates from Astrid-2/EMMA are always higher than the radar
estimates byAhn et al.(1983.

Astrid—2/EMMA JH, All conds Astrid—2/EMMA JH, Sunlit Astrid—2/EMMA JH, Darkness

65-74 ILAT,18-06 MLT
6.78*Kp+0.765

65-74 ILAT,18-06 MLT 65-74 ILAT,18-06 MLT
309 6.51*Kp+0.539 30 8.51*Kp-2

304

=20 220 =204
o O o
104 104 104
04y T T T T 04y T T T T 04 T T T T
0 1 2 3 4 Ke(a) O 1 2 3 4 k() O 1 2 3 4 kp(C)

Fig. 7. The average Joule heating for the nightside (MLT 18-06) auroral zone (ILAT 65—-7{)fall solar illumination conditions(b)
sunlit conditions andc) for darkness conditions. The solid line shows a fit to the data and the formula for the Joule heating is shown in each
subplot (see also Table 1, row 7-9). The Joule heating is larger for darkness conditions espedigly 2or

5 Statistical JH in nightside auroral zone nightside auroral zone is about 20—-30% of the total global
JH (ratio values are given in parenthesis in the table). This
In this section we study the statistical estimates of the averShows how significant the JH is which lies outside the night-

age JH in the nightside (MLT 18-06) nominal auroral zone side auroral zone, e.g. in the cusp, but studying the dayside
(ILAT 65-74). JH as such is outside the scope of this paper.

In Fig. 7 the dependence of JH dn, is shown for differ- In Fig. 8 we decompose the JH into three MLT sectors
ent solar illumination conditions. A fit to the data is shown (three columns) and for different solar illumination condi-
by the solid line and the corresponding formula is shown intions (three rows). Formulas for the fitted solid line are given
each subplot, as well as in Table 1, rows 4-6. Estimates ofn each plot, as well as in Table 1, rows 4-6, and estimates
the total JH can be found in Table 4, column 2. The JH in theof the total JH are given in Table 4, columns 3-5. The JH
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Astrid—2/EMMA JH, All conds Astrid—2/EMMA JH, All conds Astrid—2/EMMA JH, All conds
154 65-74 ILAT,18-22 MLT 154 65-74 ILAT,22-02 MLT 154 65-74 ILAT,02-06 MLT
1.91*Kp+0.715 2.25*Kp+1.05 2.62*Kp—-0.996
310- ;10- ;10-
) ) 0
- -
54 54 54
0 T T T T T 0 T T T T T O T T T T T
0 1 2 3 4 Kp 0 1 2 3 4 Kp 0 1 2 3 4 Kp
Astrid—2/EMMA JH, Sunlit Astrid—2/EMMA JH, Sunlit Astrid—2/EMMA JH, Sunlit
154 65-74 ILAT,18-22 MLT 154 65-74 ILAT,22-02 MLT 15 65-74 ILAT,02-06 MLT
2.34*Kp-1.07 2.19*Kp+1.29 1.99*Kp+0.317
;10- ;10- ;10- -
O — o )
54 54 54
3
O T T I T T T 0 T T T T T O T T T T T
0 1 2 3 4 Kp 0 1 2 3 4 Kp 0 1 2 3 4 Kp
Astrid—2/EMMA JH, Darkness Astrid—2/EMMA JH, Darkness Astrid—2/EMMA JH, Darkness
154 65-74 ILAT,18-22 MLT 154 65-74 ILAT,22-02 MLT 154 65-74 ILAT,02-06 MLT
1.66*Kp+2.03 2.19*Kp+0.807 4.65*Kp-4.84
;10- ;10- ;10-
o = O - )
54 54 54
0 T T T T T O T T T T T O T T T T T
0 1 2 3 4 Kp 0 1 2 3 4 Kp 0o ® 1 2 3 4 Kp

Fig. 8. Dependence of the average Joule heating grin the auroral zone (ILAT 65-74) for various MLT and solar illumination conditions.

The three columns show the average Joule heating for three different nighttime MLT sectors and the upper row for all solar illumination
conditions, the middle row for sunlit conditions and the bottom row for darkness conditions. The solid lines shows a fit to the data and the
corresponding formula is shown in each subplot, as well as in Table 1, row 7-9. The Joule heating is roughly the same for sunlit and darkness
conditions apart from MLT 18-22, where they are much higher for darkness conditions.

is highest in the midnight MLT sector and smallest in the where B is the magnitude of the interplanetery magnetic
evening sector. There is not much difference in JH in sunlitfield (IMF), v is the solar wind speed,=7 Rg is a length
and darkness conditions, but the variability is larger in dark-scale of the magnetosphere afds the IMF clock angle
ness (larger error bars). (tané=B,/B;).
The solar wind kinetic energy flu¥ incident on one
hemisphere of the Earth in the absence of a magnetosphere

6 Statistical JH and solar wind is defined by

o - w=3(50°) (83) . ©
In addition to using the geomagnetic indicks and AE, 2\2
it is useful for some applications (e.g. for comparison with whereR}, is the Earth’s radius and the first factgf2lcomes
MHD simulations) to know the average JH as a function of from considering only one hemisphere. Theparameter
solar wind parameters directly. Here we consider especialljhas not been traditionally used in discussing magnetospheric
two such parameters, the Akasofu epsilon parameter and thenergetics, but it has recently been found to correlate rather
solar wind kinetic energy flux that would be incident on Earth well with the total ionospheric energy input (JH plus particle
in the absence of a magnetosphere. The epsilon parametgtecipitation) obtained from an MHD simulatioRgImroth
(Akasofy 1981) is given by et al, 2004 in cases where the energy transfer variations are
dominated by solar wind plasma parameters and not IMF di-
rection changes. It may look surprising that the length scale

47 2,2 .4 0
€=_—vBLTsIn{ 5 | () in the definition ofW is the Earth's radius; although the size

o
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Table 3. Joule heating as a function of epsilon parametemfd Astrid-2/EMMA JH, All conds

hemispheric solar wind powé? =0.5((1/2) pv3) (7 R2)).

155-90 ILAT
ILAT 55-90 ILAT 6574, MLT 18-06 200 o SWpower—6.98
€ 057¢+19GW Q15¢+6.7GW 27
W 25W—7GW  046W +3GW Qoo
50
0 T T T T T T T T T
Astrid—2/EMMA JH, All conds GW) 0 10 20 30 40 50 60 70 80 W (@)

Astrid—2/EMMA JH, All conds

1004
55-90 ILAT

.57*epsilon+18.9

+ 4045-74 ILAT,18-06 MLT
.462*SWpower+2.98

2
050+

0
GW) 0 50 100 150  eps (@)

Astrid—2/EMMA JH, All conds 'GW?B P S i v s (b)

Fig. 10. The Joule heating depending on the solar wind power
parameterW (Eq. 9) for (a) ILAT 55-90, (b) ILAT 65-74. All
MLT, all solar illumination conditions are included. The solid lines

25 85-74 ILAT,18-06 MLT
.149*epsilon+6.65

%15 ¢ corresponds to a fit to the data and the corresponding formula is
0 given in each subplot, as well as in Table 3, row 2. Notice Wias
defined for one hemisphere only, as is the JH.
5
O T T T T
GW) 0 50 100 150 eps (b)

Fig. 9. The Joule heating depending on the epsilon parameter . . . .
(Eq. 8) for (a) ILAT 55-90, (b) ILAT 65-74. All MLT, all solar consumption mechanisms. The result is, however, sensitive

ilumination conditions are included. The solid lines corresponds tot0 the employed definition of: had we used the transverse
a fit to the data and the corresponding formula is given in each sub!MF instead of total IMF in its definition arguments favour-
plot, as well as in Table 3, row 1. Notice that the JH value is for oneing the first choice (there are theoreti¢@skinen and Tan-
hemisphere only, whereass a global parameter; hence, the result skanen 2002, the average would have been nearly two
that JH anck are equal in this plot means thatinderestimates the  times smaller, ruining the good agreement. It is likely that
energy input. the agreement is, in any case, fortuitous to some extent.

Similarly, Fig. 10 shows the statistical dependence of
of the planet Earth is probably not significant in determining hemispheric JH on the hemispheric solar wind kinetic en-
how much solar wind energy enters the magnetosphere, it isrgy flux W (Eq. 9). The total hemispheric JH is about 2.5
significant in determining the ionospheric energy input be-times higher than hemispheri¢. Since the JH is an under-
cause the Earth’s “contact area” with its plasma environmentstimate for the total ionospheric energy input, this means
is proportional toRZ. Using the parameteW it is possible  that the magnetosphere does not protect the Earth from the
to discuss an interesting question: is the average net effect afnergy flux of the solar wind, but rather acts as an “antenna”
the magnetosphere to protect the Earth from the energy fluthat magnifies the received power to some (modest) extent.
of the solar wind, or is it rather to act as an “antenna” and
amplify the received energy input? Notice that our statistical analysis does not give any firm

Figure9 shows the statistical dependence of hemispheridndications of how good or how bador W is in describing
JH on the epsilon parameter (a) above H5AT only and the time variations of the energy input, any parameter that
(b) in the nightside auroral zone (ILAT 65-74, MLT 18-06). depends on the solar wind and IMF can be made to agree
The hemispheric JH is roughly half ef i.e. globally JH statistically with our JH results if scaled suitably. Neverthe-
and e are statistically nearly equal. Taken literally, this is less, one notices by comparing the statistical scatter in gigs.
consistent with the idea thatis, indeed, the correct energy and10 that the scatter fow is smaller than foe. This in-
input (sum of JH, particle precipitation and ring current ener-sinuates thav’ is able to describe th&, variations of JH as
gisation) and that JH is the largest among these three energyell ase or even better.
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Table 4. Total Joule heating in designated region. The first column shows the total global (ILAT 55-90) Joule heating. This can be compared
with the total nightside auroral zone Poynting flux (column 2). In parentheses the portion of Joule heating going into the nightside auroral
zone relative to the total global Joule heating is shown. In columns 3-5 the total auroral zone related Joule heating is given for each nightside
MLT sector.

All MLT MLT 18-06 MLT 18-22  MLT 22-02  MLT 02-06
ILAT 55-90 ILAT 65-74 ILAT 65-74 ILAT 65-74 ILAT 65-74
Kp<2,Allconds 27.1 8.07GW (0.30) 2.53GW 3.74GW 1.80GW
K;<2, Sunlit 32.1 7.79GW (0.24) 1.17GW 4.03GW 2.59 GW
K,<2,Darkness 14.4 7.00GW (0.49) 3.75GW 3.20GW 0.05GW
Kp>2,Allconds 114 25.3GW (0.22) 7.61GW 8.94GW 8.76 GW
K,>2, Sunlit 115 24.4GW (0.21) 6.98GW 8.59GW 8.85GW
K,>2, Darkness 92 26.5GW (0.29) 8.94GW 8.86 GW 8.68 GW
7 Summary from the energy flux of the solar wind, but rather acts as
an “antenna” that magnifies the energy input to a modest
We briefly summarise our findings. extent.

1. Our JH results agree witfoster et al(1983 rather well
(Fig. 5a). This is significant, as the studies used quiteg
different satellite-based methods and also the electric
field instrument type was different. Furthermore, the g ¢ Comparison with previous statistical studies
difference that remains may be partly explainable by the
fact that our study is during solar maximum and Fosters this study is the first time ionospheric JH is studied sta-
study was during solar minimum. Our results for JH are tistically using low-altitude double-probe electric field mea-
slightly higher than those dihn et al.(1983. surements. Previous studies using the Poynting flux method

2. We tabulated formulas for JH dependencekon AE, € (Gary etal, 1994 1999 or theEPE_Z method Foster et a.
andW for different solar illumination conditions, global 1983 used drift-meter type electric field instruments. The

and auroral zone ILAT ranges and different nightside time resolution of this study (1s) is higher than that (15s)
MLT sectors (Tables 1-3) used byFoster et al(1983. In terms of size of the database

(3886 auroral crossings), our study falls in between the
3. The nominal nightside (MLT 18-06) auroral oval (65— 25000 orbits offoster et al(1983 and the 576 orbits of

74 ILAT) receives about 1/3 of the total JH above 55 Gary et al.(1995. This study contains a comprehensive set

ILAT (Table 4). ForK,>2 the ratio is closer to 1/4, of fitted formulas (Tables 1-3) where the JH in some ILAT

probably because some auroral substorm electric fieldsind MLT region is expressed as a functionkf, AE ¢ and

then penetrate below 63LAT. W parameters (E).

Despite some differences in details, generally our results
are in rather good agreement wiHloster et al(1983 and
also those ofAhn et al.(1983, although our JH levels are
somewhat higher than those found earlier.

tent (perhaps fortuitously) with the idea that JH domi- WO parts: global JH above 55 ILAT and JH in 18-06 MLT,
nates over other energy consumption channels (particl@5_74 ILAT. The latter is intended to serve future studies of
precipitation and ring current) and that the traditional €nergy budget in the nightside auroral region.

scale parameter (#r) in the definition ofe is statisti- ] ] ) )

cally nearly correct. The data would also be consisten8-2 Comparison with global MHD simulation

with the interpretation that particle precipitation and/or
ring current are/is important as well and tlhainderes-
timates the total energy transfer to some extent.

Discussion

4. In the nightside nominal auroral zone (18—06 MLT, 65—
74 ILAT), the JH is~3 times larger foiK ,>2 than for
K,<2.

As we pointed out in the Introduction, the GUMICS-4 MHD
simulation (anhunen 1996 produces JH levels that are
smaller than the statistical results obtained here and else-
6. The global JH is on the average about 2.5 times highemwhere Palmroth et al.2004 and that any explanation at-
than the solar wind kinetic energy flux that would be tempt of this discrepency must take into account the fact that
incident on Earth in the absence of a magnetospherethe GUMICS-4 cross-polar potential drop is nevertheless in
Thus, the magnetosphere does not protect the Eartiagreement with SuperDARN radar resuliarthunen et al.
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1998. The fact that some other global MHD models pro- Blomberg, L. G., Marklund, G. T., Lindgvist, P.-A., Primdahl, F.,
duce larger JH levels than GUMICS-4 while in turn overesti-  Brauer, P., Bylander, L., Cumnock, J. A,, Eriksson, S., Ivchenko,
mating the cross-polar potential drop underlines the physical N., Karlsson, T., Kullen, A., J. M. Merayo, G., Pedersen, E. B.,
nature of the problem. and Petersen, J. R.: .EMMA — the electric and magnetic monitor
From the inspection of GUMICS-4 and Astrid-2 results, _of the aurora on Astrid-2, Ann. Geophys., 22, 115-123, 2004.
we are inclined to think that at least part of the explanation="kSs0n S., Blomberg, L. G., lvchenko, N., Karlsson, T., and
of the dilemma lies in the fact that GUMICS-4 has rather Makiund, G. T.. Magnetospheric response to the solar wind
. . . as indicated by the cross-polar potentila drop and the low-
We.ak R?Q'O”'Z field-aligned Currents (FACs), prqbably_due latitude asymmetric disturbance field, Ann. Geophys., 19, 649—
to insufficient plasma pressure and ring currents in the inner g3 2001.
magnetosphere, and, consequently, the Region-1 currents ifpster, J. C., St.-Maurice, J.-P., and Abreu, V. J.: Joule heating at
the simulation are mainly close among themselves and not high latitudes, J. Geophys. Res., 88, 4885-4896, 1983.
with the neighbouring Region-2 current sheet. In contrast,Gary, J. B., Heelis, R. A., Hanson, W. B., and Slavin, J. A.: Field-
significant JH in Astrid-2 data is often associated with the aligned Poynting flux observation in the high latitude ionosphere,
area between the Region-1 and Region-2 current sheets in J. Geophys. Res., 99, 11417-11427, 1994.
the auroral oval. The cross-polar potential drop mainly de-Gary, J. B., Heelis, R. A., and Thayer, J. P.. Summary of field-
pends on the net Region-1 minus Region-2 current. By in- aligned Poynting flux observations from DE 2, Geophys. Res.
creasing both Region-1 and Region-2 by the same amoun? Lett,, 22, 1861-1864, 1995.

the JH between them increases, but the cross-polar otentiaYChenkO’ N., Facciolo, L., Lindavist, P.-A., Kekkonen, P, and Hol-
! P P back, B.: Disturbance of plasma environment in the vicinity of

drop remains almost unchanged. the Astrid-2 microsatellite, Ann. Geophys., 19, 655-666, 2001.
. . Jackson, J. D.: Classical electrodynamics, 3rd ed., Wiley, New
8.3 General discussion York. 1999.

Thi L d and detailed . Janhunen, P.: GUMICS-3 - a global ionosphere-magnetosphere
Is paper contains improved and more detailed estimates coupling simulation with high ionospheric resolution, in: Proc.

than have been possible to obtain before of the statistical gpyironmental modelling for space-based applications, 18-20
ionospheric Joule heating as a function of many different pa-  sept. 1996, ESTEC, The Netherlands, ESA SP-392, 1996.
rameters. The results should give useful building blocks forjanhunen, P., Amm, O., and Greenwald, R. A.: Adaptive
future quantitative studies of a global magnetospheric power mesh in global magnetosphere simulation: Comparison with
budget, as well as the power budget in the nightside auro- global convection, Proceedings of the 1998 Cambridge Sympo-
ral region. What still remains a related and open question is sium/Workshop in Geoplasma Physics on ‘Multiscale Phenom-
how the Joule heating depends on space and time and on the €& in Space Plasmas II', Physics of Space Plasmas 15, edited
solar wind. We hope that global MHD simulations eventu-  PY: Chang, T. and Jasperse, J. R., MIT, 1998. .

ally will shed light on this question, provided that they can Kelley, M. C., Knudsen, D. J., and Vickrey, J. F.: Poyntingflux mea-

. . . . surements on a satellite: A diagnostic tool for space research, J.
flrst_ b_e brought into _correspondence with the observational Geophys. Res., 96, 201-207, 1991.
statistical Joule heating.
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