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Abstract. We present an interval whereby we can esti- magnetosphere and ionosphere where the opening of flux
mate the energy dissipation in the ionosphere through arnhrough dayside reconnection ultimately results in the clo-
externally-driven field line resonance. In this paper, we sure of flux on the nightside. The return of this closed flux
utilise an interval described in general by Rae et al. (2005)towards the dayside magnetopause completes the Dungey
where the global magnetospheric cavity was shown to becycle of magnetospheric convection, and also results in the
energised via a high solar wind speed stream. Using the&ompletion of the auroral oval, tracing out an enormous re-
ground-based instrumentation available, we estimate the spajion of the ionosphere which solar wind and magnetospheric
tial extent of the generated pulsations to be at leastin0 plasma can permeate. On the other hand, indirect processes
latitude and 65in longitude, a sizeable fraction of the dusk- tend to focus on Ultra Low Frequency (ULF) perturbations.
sector ionosphere. Using a fortuitous conjunction with theStanding mode ULF oscillations on magnetospheric field
Polar spacecraft, we compare point measurements of the néihes were first postulated by Dungey (1955), and since then
downward Poynting vector to the estimated Joule heating raté¢he magnetospheric field line resonance (FLR) has been stud-
in the ionosphere, and find that model values of the Pederseied extensively, both theoretically (e.g., Southwood, 1974;
conductance are reasonable. In the interval of interest, we e€£hen and Hasegawa, 1974) and observationally (e.g., Sam-
timate the total dissipation rate during a global field line reso-son et al., 1971; Greenwald and Walker, 1980; Allan et al.,
nance to be comparable to that reported in substorm studie4.986). Standing ULF wave modes can be separated into two
Previous studies have estimated the total energy depositionategories; those with excitation mechanisms internal or ex-
via field line resonance to be up to 4% of that deposited durternal to the magnetosphere. Internal excitation mechanisms
ing a small substorm. However, in this paper we find that thecan involve resonance with energetic particle sources (e.g.,
total energy deposited via Joule heating may actually be 30%Gouthwood et al., 1969), or coupling to fundamental plasma
or more of the energy deposited in the ionosphere during anstabilities such as the drift-mirror mode (e.g., Pokhotelov
substorm cycle using a conservative estimate of the pulsatioet al., 1985, 1986; Woch et al., 1988; Rae et al., 2007). Exter-
duration.+ nal FLR sources have been shown to be related to either solar
wind discontinuity driven cavity/waveguide modes (e.g., Al-
jan et al., 1986; Wright, 1994) or the Kelvin-Helmholtz in-
stability on the magnetopause flanks (e.g., Southwood, 1974;
Chen and Hasegawa, 1974; Kivelson and Southwood, 1985,
1986; Mann et al., 2002; Rae et al., 2005 — herein after re-
ferred to as R05). Many of these studies invoked a form
1 Introduction of the magnetospheric waveguide in order to explain their

) results, where the magnetopause forms the outer boundary
Solar wind energy, mass and momentum can be transferreg e \aveguide, and a strong gradient in the Athspeed
into t_he near-Earth enwronme_nt via both cﬂrect and indirectiy .« the inner boundary for the compressional mode waves.
physical processes. Magnetic reconnection (e.g., Dungeeompressional wave energy may then excite FLRs where
1961) permits direct access of the solar wind into the Earth She frequency of the compressional waves matches the local
Correspondence td: J. Rae standing mode FLR field line eigenfrequency. The ultimate
(irae@phys.ualberta.ca) sink for this extracted solar wind energy is the ionosphere,

Keywords. lonosphere (Electric fields and currents) —
Magnetospheric physics (Magnetosphere-ionosphere inte
actions; Solar wind-magnetosphere interactions)
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where it is deposited via energetic auroral particles or Joulanode FLRs and the energy dissipation in the ionosphere
heating. from those perturbations via Joule Heating, and found them
To study the global nature of the magnetosphere-to be~103J and 6<10° W, respectively. As an interesting
ionosphere energy sink due to energetic auroral particles reaside, GW80 were the first authors to predict that the energy
quires remote sensing via Global Imagers, typically from thedeposition through these resonant waves may be enough to
Polar and IMAGE spacecraft (e.g., Fillingim et al., 2002; excite poleward-moving bands of auroral precipitation, a fea-
@stgaard et al., 2002a, b). Keiling et al. (2003) used the Poture validated and so closely studied in recent times.
lar spacecraft to simultaneously image the nightside north- Glagmeier et al. (1984) studied a sudden impulse driven
ern hemisphere ionosphere with the UVI instrument whilst Pc5 pulsation to establish that the dominant damping mech-
the spacecraft was conjugately located in the Plasmasheetism for ULF pulsations was via ionospheric Joule heating,
Boundary Layer (PSBL). In their work, Keiling et al. (2003) where the rate of damping was proportional to both the Ped-
measured both the in-situ Poynting vector and the iono-ersen conductance and the L-shell of the observation (e.g.,
spheric electron energy flux associated with discrete auroNewton et al., 1978). A more continuous series of ULF
ral forms, and found that there was a high correlation be-pulsations must therefore extract sufficient energy from its
tween intense Poynting vector and auroral emission intensitysource mechanism in order to balance the Joule dissipation
Furthermore, Keiling et al. (2003) showed that the magneto-{e.g., Hughes and Southwood, 1976).
spheric in-situ Poynting vector mapped into the ionosphere Allan and Poulter (1984 — herein after referred to as AP84)
was 1-10 times larger than the ionospheric electron energyeported Pc5 FLR activity may deposit #610'3J of en-
flux, confirming that Alfenic perturbations in the PSBL can ergy into the ionosphere, depending on whether the pulsa-
have more than enough energy to produce auroral formstions were wave-particle driven (polodially-polarised), or ex-
Standing Alfen waves, or FLRs, are thought to be an im- ternally excited (toroidally-polarised). Baddeley et al. (2005
portant contributor to the acceleration of auroral electrons in— herein after referred to as B05) studied cases for which the
some types of discrete auroral arcs (e.g., Hasegawa, 1978pule heating could be estimated during two classes of high-
Greenwald and Walker, 1980; Allan and Poulter, 1984; Sam-m FLRs that were driven via energetic particle resonance. In
son et al., 1991, 1996; Milan et al., 1999, 2001). their study, BO5 used a method similar to GW80 — and de-
Few studies have attempted to quantify the total energytailed in Sect. 3 of this paper - to estimate that a high-m reso-
deposition in the auroral oval, either via direct or indirect nance could deposit #8-10'1 J into the ionosphere through
solar wind excitation. @stgaard et al. (2002b — herein afterJoule heating, representing a significant energy sink in the
referred to as @02b) presented several case studies wherebyagnetosphere-ionosphere system.
an estimate of the total energy budget of a substorm could be Buchert et al. (1999) utilised incoherent scatter radar and
estimated from global auroral imaging. In their study, @02b. magnetometer measurements to characterise the modulation
found that the total energy budget during a substorm wasf particle precipitation and ionospheric conductivities via
10'°-10'6J and that energy dissipated into the ionospherepoloidal Pc5 FLR. In their paper, Buchert et al. (1999) de-
via Joule heating may be 40-60% of those values. Interesttermined that ionospheric conductivities varied by a factor of
ingly enough, @02b found the energy dissipation via auro-~2 in the presence of ULF pulsations. These authors con-
ral electrons were 2—4 times larger than previously estimatedluded that these variations in conductivities were due to the
during the substorm cycle. It is important to note that the periodic modulation of electrons into the loss cone, at least
total energy depositions discussed in Jstgaard et al. (2002a their case study. In the same manner, Rae et al. (2007) pre-
b) are not entirely equivalent to the studies presented heresented an interval during which there were contemporaneous
since the substorm cycles analysed by these authors had dobservations of optical, magnetic and riometer absorption
rations of 4-11 h. They are, however, included and discussedignatures of a two discrete toroidal FLRs in the dawn sector.
in Sect. 4 for comparison. In their paper, these authors linked the magnetic signatures
Fewer still have studied energy deposition via ULF wavesof the FLR wave fields with both the soft and hard electron
or a field line resonance, presumably because of its inherprecipitation in that region. These authors also pointed to
ent difficulties; rarely is there sufficient observational cover- the modulation of VLF growth rates by compressional ULF
age to attempt even a rough calculation. Dessler (1959) estiwaves as the likely candidate to scatter these electrons into
mated that shorter period Pc1 (0.2-5 s period — Jacobs et althe loss cone (e.g., Coroniti and Kennell, 1970).
1964) waves dissipatest10t1J into the ionosphere during RO5 presented an interval of high solar wind speed, dur-
the lifetime of the resonance. Greenwald and Walker (1980jng which a remarkable array of instrumentation observed
herein after referred to as GW80) were the first authors toexternally-driven Pc5 ULF wave activity from the dusk-flank
quantify the dissipation from longer period Pc5 (150-600 smagnetopause, through the magnetosphere and into the iono-
period) FLRs. In their paper, GW80 used VHF (Very High sphere. In their paper, Rae et al. focussed on a three hour
Frequency) radar measurements of the E-region ionosphergubset of the interval whereby these authors traced solar
from the STARE (Scandinavian Twin Auroral Radar Ex- wind energy from the magnetopause undulations through the
periment) radar to study both the energy stored in toroidalouter magnetosphere, and into the ionosphere. This event
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Solar wind

/7| 25th November 2001
MLT: MLAT @ 0200 UT

18 MLT | 06 MLT

Fig. 1. A schematic representation of the results reported in R0O5.
This schematic is shown from the post-dusk sector above the equa-
torial plane, with the sun and solar wind in the top left hand corner,
and the magnetotail stretching in the bottom right direction.

is consistent with Kelvin-Helmholtz excitation at the mag- Fig. 2. The ionospheric footprint of the relevant instrumentation on
netopause and excitation of the magnetospheric waveguidehe 25 November 2001 at 02:00 UT in AACGM MLT: MLAT co-
perhaps via the over-reflection mechanism (see Mann et algrdinates looking down on the northern hemisphere with noon at the
1999). In this paper we present an extension of the event retop of the figure. Shown in grey is the field-of-view of the Prince
ported in RO5 in order to quantify the energy deposition into George SuperDARN radar, in grey the ionospheric footprinF _of the
the ionosphere, and compare the resultant Joule heating wito!ar (01:00-04:00 UT), the black crosses denote the positions of
the in-situ Poynting vector observed directly conjugate to thethe CANOPUS (now CARISMA) "Churchill line magnetometers,
FLR region in order to study the energy budget during reso_and the triangle represents the CGO magnetometer utilised in this
. . tudy.
nance. Through this study, we can reasonably estimate botﬁ

point measurements of the Pedersen conductance, and the

energy deposited into the ionosphere, and quantitatively eStifations showed that monochromatic magnetic perturbations
mate the energies associated with the periodic auroral form§Vere excited in the dusk sector. and that00-500 keV
postulated by GW80 and studied by many others in the inter '

) ‘electron fluxes were modulated at the same frequency at
vening years.

all local times. Finally, the resonant behaviour was ob-
served on the ground in an extended region around dusk
with multiple radars of the SuperDARN (Super Dual Auro-
ral Radar Network — Greenwald et al., 1995) HF radar net-
2.1 Event history work and the CANOPUS (Canadian Auroral Network for
the OPEN Program Unified Study — see Rostoker et al.,
Figure 1 shows a schematic representation of the conclusion995 for details) magnetometer chain, since upgraded and
reported in RO5. In this paper, the authors determined that &xtended and is now known as CARISMA (Canadian Ar-
high solar wind speed event,(, >700 kms 1) may have ex-  ray for Realtime Investigations of Magnetic Activity). These
cited the magnetospheric waveguide, and driven monochroground-based measurements of monochromatic ionospheric
matic compressional waves into the cavity, thus excitingflows and ground magnetic perturbations covered a sizeable
FLRs in the vicinity of the Polar spacecraft. During the in- fraction of the dusk-sector ionosphere, betweeb5:00-
terval, the Cluster spacecraft were traversing the dusk-sid@0:00 MLT (Magnetic Local Time).
magnetopause, and observed monochromatic fluctuations in
magnetic field strength, ion spectra, and derived ion veloc2.2 Instrument location
ities (Fig. 4, R0O5) characteristic of Kelvin-Helmholtz exci-
tation of the magnetopause. The Polar spacecraft was sitfhe location of the ground-based and ionospheric instrumen-
uated in the outer magnetosphere between ®R21n ap-  tation used in this study is shown in Fig. 2. This iono-
proximate radial alignment with the Cluster constellation andspheric projection is shown looking down on the northern
observed monochromatic radial electric and azimuthal maghemisphere ionosphere at 02:00 UT on the 25 November
netic field variations which were clearly 96ut of phase and 2001 in magnetic latitude: magnetic local time coordinates
as expected for a standing Aéflm wave. Geosynchronous (MLT: MLAT); the field-of-view of the SuperDARN Prince
observations from the GOES and LANL spacecraft constel-George radar is shaded in grey, and the “Churchill Line” of

2 Methodology

www.ann-geophys.net/25/2529/2007/ Ann. Geophys., 25, 2529-2539, 2007



2532 I. J. Rae et al.: Energy deposition in the ionosphere

2.3 Ground-based and ionospheric observations
25™ Nov 2001: Polar, CARISMA, GIMA and SuperDARN P

Figure 3 shows an overview of the measurements taken

E % - on the 25 November 2001 between 01:00-04:00 UT from
;3 0 [~ ‘ the Polar spacecraft, and conjugate ground-based and iono-
° :; o | ] spheric measurements, reproduced here as a summary of the
— ' ' ! . ' ) key measurements reported in R05 Figs. 5, 8, and 9. In this
1.0 interval, Polar was traversing the dusk magnetosphere close
£ 00 i ] to the equatorial plane at radial distanced.6f9-11. From
W10 n ] top to bottom, Fig. 3 shows in-situ (a) quasi-azimuthal mag-
° T T T T T netic field, (b) quasi-radial electric field perturbation, and
N'E 1 1 (c) field-aligned Poynting vector measured by Polar. The
9 ] data have been band-pass filtered between 1 and 10 mHz.
E :; ] The field-aligned co-ordinate system is described in detail
n 1003 . . . . . in RO5; essentially, the use of a field-aligned co-ordinate sys-
. tem allows the determination of the polarisation of the FLR
E 0 in the equatorial plane, and the net energy transfer via this
T resonance Fig. 3d and e shows thdilteredH-component

ground magnetometer perturbations from the Gillam (GIL)
and CGO magnetometers respectively. Figure 3f shows a
latitude-time plot of line-of-sight-plasma velocity from beam

0 5 of the Prince George radar where red (blue) represents
2100 plasma velocity away from (towards) the radar.
— RO5 showed that the Polar observations were consistent
%’ 78 - with a toroidal-mode FLR; the radial electri¢k,) and az-
2 74 - z imuthal magneticd B,) fields being clearly 90out of phase.
T ' g e P 3 In the equatorial plane, the net field-aligned component of
g2 704 t 1 ' o I A R the Poynting vector should be0. RO5 showed that the net
g g ':l B E RS - field-aligned Poynting vector was0, but slightly in the pos-
é” 66 . ) il i : F e itive field-aligned direction i.e. directed away from the equa-
01%° 013° 02% (230 3% (330 g% tor and towards the northern hemispheric ionosphere, con-

sistent with Polar's magnetospheric location just above the
equatorial plane, and therefore close to the magnetic node
of the FLR. An integration of the field-aligned Poynting

Fig. 3. (a) (b) the in-situ~azimuthal and~radial magnetic oo over the interval 01:30-03:00 UT gives a net value
and electric fields, respectively, as measured by the Polar spaceo-f ~0.3,.Js Im~2 towards the northern hemispheric iono-
craft, and using the field-aligned co-ordinate system outlined in OH P

RO5. (c) shows the in-situ field-aligned Poynting vect(d) the sphgre. )
H-component ground magnetometer data from G), the H- Figures 3d—e show the extent of the monochromatic per-
component ground magnetometer from CGO, éidhe |-o-s ve- turbations observed on the ground and in the ionosphere.
locity from beam 5 of the Prince George HF radar. These datasetfigure 3d shows the H-component measurements from GIL,
have been plotted between 01:00-04:00 UT on the 25 Novembewhich is the location of maximum wave amplitude ob-
2001. served on the ground and conjugate to the Polar measure-
ments, and shows clearly the large-amplitude (150 nT peak-

. to-peak) 1.4—1.6 mHz perturbation in the H-component mag-
the CARISMA magnetometer array 1S denqted by the bIaCknetic field, characteristic of a toroidal mode FLR observed
crosses. The |on.ospher|c footprint of.PoIar is also shown bebn the ground. The reader is directed to Fig. 8 in ROS5 for a
m:%‘oﬁé'oeol_notir?lgt:‘éﬁ;;yézg ghrey “nleb:): inally, data from full description of the ground magnetic perturbations. Fig-
9 physica Sgrvatory MaINCre 3e shows the H-component magnetometer trace from the
tome_:ter (CGO), run by the _Geophyswal Ins_tltutg of the Uni- CGO magnetometer, around the same magnetic latitude as
versity of Alaska Falrpanks is also included in this study, andG“_ but separated by-4 h of local time. Again, a clear large-
denoted by a black triangle. amplitude (140nT peak-to-peak) monochromatic perturba-
tion can be seen. There is a small associated D-component
perturbation (20 nT peak-to-peak, not shown), characteristic
of a toroidal mode FLR observed on the ground. Figure 3f

shows the F-region plasma velocity is also perturbed by these

uT
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ULF wave fields at the same frequency from Prince George (a) SuperDARN Prince George (b) CARISMA “Churchill” Line
beam 5, some 4 h of local time away, and in the post-noon =
ionosphere. Again, we direct the reader to RO5 Fig. 9 for the
entirety of the plasma velocity measurements; beam 5 of the
Prince George radar is taken as representative of these mea- .-
surements. This line-of-sight (I-0-s) plasma velocity is per-
turbed by up tat700 ms1 in the interval 02:00-03:00 UT.
In order to identify the longitudinal extent of the reso-
nant signatures during this period, we present amplitude and R~ ‘ o o e e
phase characteristics of the 1.5 mHz ULF wave component of latitude(©)
the signals in both the SuperDARN Prince George radar and
the CARISMA “Churchill Line” magnetometers. Figure 4 T Phase 250 bbb b b
shows the 1.5 mHz (top panels) amplitude and (bottom pan- | 1% 200 ]
els) phase characteristics as a function of latitude from both
(a) ionospheric measurements of the Prince George |-0-s ver .
locity and (b) H-component ground magnetic perturbations |~
from the CARISMA “Churchill line” magnetometers, repro-
duced from Fig. 8b, R05. Figures 4a and b show that there
are clear peaks in the amplitude of the 1.5 mHz component -180 60 62 64 66 68 70 72
of both the line-of-sight plasma velocity as well as the H- latitude(®)
component magnetic field. Together with thd80°> phase
change across this amplitude peak, this is clear evidencE
that both observations are signatures of a toroidal mode FLR
(e.g. Walker et al., 1979; Samson et al., 1992; Fenrich an@
Samson, 1997) that are separated byi6Qdongitude.
In the following section, we present analysis of these ob-
servations, and their relationship to established theory.

80 Livens Livens Livans Livens Livesy
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S
200

Amplitude
B (o)}
o o

L

T T

[N]
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T

o

5 150 4
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% ]
< 100 o

<

50 o

-90 0O F---------=---- C

ig. 4. (top) the amplitude and (bottom) phase of the 1.5 mHz com-
onents ofa) the SuperDARN Prince George radar I-0-s velocities,
nd(b) the H- (diamonds) and D- (stars) component magnetometer
ata from the Churchill line meridian.

are no E measurements spanning the measurements taken

in the local time sectors between the 17:00-19:00 MLT re-
3 Energy budgets gions shown in Fig. 2. Secondly, using Eq. (1) we can esti-
mate the expected electric field conjugate to the ground mag-
netometer measurements. Using the requisite and em-

Hughes and Southwood (1976) showed that the shielding oPloying Fhe technique of Hughes and SOUthWO,Od (197(_5) and
Glagmeier et al. (1984) to map the ground b into the iono-

the ULF waves by Pedersen currents means that in the iono= X ) i o

sphere, the magnetic field perturbation is: sphere, we find that the |onospher|lc elef:trlcl fle[d gbove the
CGO magnetometer was20 mVm~ -, which is similar to

b = woX,E, 1) the observations of the electric fields observed in the near
o range-gates of beam 5 of the Prince George radar. In practice

wherepo, £, E are the permittivity of free space, the Ped- jt js difficult to measure,, in the ionosphere since this re-

ersen conductivity and the perpendicular root mean squareg|yjres suitable instrumentation conjugate to the area of inter-

|onosphgr|c eIeptnc f|e|q, respectively. est. However, model values can be used, such as the IRI-90

Rewriting this equation, we see that the net downwardnternational Reference lonosphere — Bilitza, 1990) model.

Poynting vector may be balanced by the Joule heating viarypical daytime conductances are greater than 1S, typical

3.1 Joule heating in the ionosphere

Pedersen currents in the ionosphere: nightside conducances are an order of magnitude lower. It
Eb 5 therefore becomes impractical to assume atclose to
o XpE”. (2)  the dawn-dusk terminator on the flanks will be a constant,

and so we must estimate, for the area of deposition. Ta-

Integrating the local dissipation rate on the right hand side ofble 1 shows the variation & ,with local time at 02:30 UT

Eq. (2) with respect to the approximate area over which thisaccording to the IRI-90 model. The Pedersen conductance

deposition takes place, we find the total dissipation rate:  varies with local time betweern0.5-3S. We observe the
FLR signature over at least 656f longitude, and 190f lati-

D= / EpEsz. 3) tude which is bounded by 15:00-20:00 MLT and 66.5-76.5
MLAT. By numerically integrating these values over the sec-

In this paper, we assume that varies only with latitude. tion of spherical area defined by the ULF wave activity and

We justify this assumption in several stages. Firstly, therethe ionosphere, we can estimate the averaglr the FLR

www.ann-geophys.net/25/2529/2007/ Ann. Geophys., 25, 2529-2539, 2007
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Table 1. The ionospheric Pedersen conductances estimated from
21 3 E the IRI-90 model (Bilitza, 1990) for the four hours of local time
that the field line resonance encompasses.

70 E

Local Time (MLT)  (Zp)eese  (Zp)7650

2 5o 3 15 3.0 1.1
; 16 2.0 0.93
< 17 1.3 0.79
s % 3 18 0.96 0.67
19 0.72 0.57
67 - C
66 T T T T
20 30 40 50 . .
Equs(mvm™") sphere. Instead, we make the simple assumption that over

such an extended region of the ionosphere, the Joule dissipa-
Fig. 5. The root mean squared electric field magnitude observedjon of ionospheric currents would be similar in both resistive
in Prince George l:?eam. 5 during the interval 02:00-03:00 UT as Jonospheres, though we caution that this may not necessarily
function of magnetic latitude. be the case, we do not have the instrumental coverage to ver-

ify this.

“““ —_— Ideal MHD allows us to calculate an estimate of the iono-

504 ‘ \ F spheric electric field from the line-of-sight plasma velocity,

- il ‘ or at least a lower boundary on this value given that we do
i 07 ‘ 3 not have sufficient conjugate radar measurements to estimate

50 | 5 a 2-D plasma velocity. Figure 5 shows the maximum elec-

“““ €GO tric field magnitude observed in beam 5 during the interval

0® 02  o0a®  og® 08™ 100 02:00-03:00 UT as a function of magnetic latitude. We take

this latitudinal profile of the electric field as representative of
Fig. 6. The H-component ground magnetometer data from CGO forthe entire interval.
the interval 00:00-10:00 UT on the 25 November 2001. Using Eq. (2) and the measurements and estimates detailed

above, the total dissipation rate is found to/be9.9x 10° W.

We assume that the energy of a global mode will be deposited
region which spans the dusk terminator. The average conin both the northern and southern hemispheres, and will most
ductance in this region i£,=1.080 S; although we use the likely be deposited on both the dawn and dusk flanks. Al-
range of point estimates given in Table 1 in our integration,though no conjugate measurements could be obtained to ver-
this value is useful to compare with the estimateZgfdis- ify this assumption from the southern hemisphere, the Green-
cussed in Section 4. The Pedersen conductance will obvitand and IMAGE magnetometers observed00 nT peak-
ously have a large effect on the local time variation of theto-peak Pc5 ULF oscillations closer to the dawn flank (not
electric field. However, using the technique of Hughes andshown). We can therefore estimate the total energy dissi-
Southwood (1976) and Glal3meier et al. (1984) again, we finghated,Etor=4 DT, whereT is the interval length.
that a similar amplitude FLR at GIL~66°) at~19:00 MLT Obviously, the duration of the interval is of critical impor-
will have Eyax ~80mVn?, a factor of 4 larger than the  tance in the estimation of the total energy dissipated during
same latitude at-15:00 MLT due to the differing=,. Due  field line resonance. RO5 concentrated on a subset of the en-
to the lack of longitudinal coverage, we simply argue that wetire ULF wave interval, but their Fig. 9 showed that the iono-
do not have the instrumental coverage to resolve this probspheric velocity perturbations were observed imé12 h
lem, but use the fact that the electric fields derived at GILUT interval by the SuperDARN radars as the ground stations
are close to that observed by the SuperDARN Prince Georgeotated through the dusk sector15:00-20:00 MLT). For
radar at the same corresponding latitude. Therefore we asexample, Fig. 9f of RO5 shows that the Iceland West radar ob-
sume that the electric field does not vary with longitude. In- served ULF wave activity from 20:00 UT on the 24 Novem-
deed, the estimates of the variationfofabove indicate that  per 2001, though of a slightly different frequency. It is dif-
our calculations of dissipative power and energy may-@e  ficult to determine that the entirety of these ULF perturba-
times larger. tions were resonant. However, using the CGO magnetome-

The damping rate of a guided Al wave is dependenton ter in Alaska, we can show that there were large-amplitude
%, at both ends of the field line (Ozeke et al., 2005), how- magnetic perturbations of the same frequency (1.4—1.6 mHz)
ever, we do not have any information in the conjugate hemi-over the intervar00:00-08:00 UT. Figure 6 shows the H-

Ann. Geophys., 25, 2529-2539, 2007 www.ann-geophys.net/25/2529/2007/
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component magnetic trace from the CGO magnetometer site} Discussion

situated at 65.2and 264.8 magnetic latitude and longitude,

respectively. It is evident that there are large-amplitude H-The dissipation of energy via Joule heating in the ionosphere
component magnetic perturbations (up to 140 nT peak-tois fundamental to the study of the formation of auroral fea-
peak) observed by the CGO magnetometer over the entiréures. It is therefore helpful to estimate both the total energy
8-h period. In this paper, we conservatively estimate of thedeposition into the ionosphere, and the rate at which this de-
duration of the pulsations, since Fig. 9a, b in RO5 demon-position is taking place. In this paper, we estimate the en-
strate that there is ULF wave activity observed for at leastergy deposition in the ionosphere through a “Global mode”
the 00:00-04:00 UT interval. However, since we cannotfield line resonance, using an interval diagnosed as a Kelvin-
verify the latitudinal and longitudinal extent of the pulsa- Helmholtz excited magnetospheric waveguide mode by R05.
tions as rigorously in the later interval (03:00-08:00 UT), Few studies have attempted to quantify the energy de-
we conservatively estimate the pulsation duration to be thregosition via field line resonance, Table 2 summarises these
hours, spanning 01:00-04:00 UT. In this three hour period previous results. It is important to note that GW80 studied
we estimate the total energy dissipated in the ionosphere tsolely toroidal-mode FLRs, AP84 both toroidal and poloidal
be E1o1=4.26x10J. Of course, if the pulsations shown mode FLRs, and BO5 solely poloidal mode FLRs. Since
in Fig. 6 do indeed represent a discrete frequency FLR ofthere are relatively few studies with sufficient observations
8-h duration, then we should adjust this total accordingly,able to estimate this energy budget, we include a study of
and the total energy deposition in the ionosphere may béhe energy budget during the substorm cycle by @02b in Ta-

Etor=1.14x10%J. ble 2. Though a different study, @02b. provides reference
_ _ for a partial energy budget during a substorm and a compar-
3.2 Ground-satellite conjugate measurements ison between the Joule heating rates during a substorm and a

) ) ] ~ global field line resonance. Table 2 shows the local and to-
Since the Polar spacecraft is traversing the resonant regioly) gissipation rates, together with the total energy deposited
conjugate to the ground magnetic perturbations, we can estip, the jonosphere through Joule heating in the previous stud-
mate the accuracy of the IRI-90 mode), estimates through jes where the studies quoted did not give all three values,
comparison of the local dissipation rate to the net downward, some cases it was possible to deduce values from other in-
Poynting vector. Assuming that magnetic flux is conservedisrmation contained in the study. Values are omitted where
along a geomagnetic field line, the cross-sectional area ofhis was not possible.
that flux tube is inversely proportional to the local mag- |; s important to note that each calculation of the en-

netic field strength. Polar was situated close to the equatoérgy storage and release discussed in this paper and by

rial plane, and observed a local magnetic field strength thagoo G\W80 and BO5 are subtly different. GW80 estimated
varied between 40-46nT (not shown). The magnetic fieldyo joule heating using the root-mean squared maximum

strength conjugate to Polar on the ground we&l 100nT,  gjectric field value in their desired frequency range (3.2—
and so the corresponding flux tube would have a crossy g muz) in the ionosphere to give an estimate of the power
_sect|onal area 1330-1530 times smaller on the ground. In thgf the FLR, and used this value as representative of the en-
interval 01:30-03:00 UT, the average net downward Poyntyjre area of interest. Greenwald and Walker also estimated
ing vector is calculated to be Qs "m™*, Wlh'ChZ COIM®- the latitudinal and longitudinal extent of the pulsations to be
sponds to a net Poynting vector of 4004615 "m~ atthe 10,3000 km (~1x30°), respectively, their measurements
conjugate point on the ground. were confined to a small section of the E-region ionosphere
_ Hughes and Southwood (1976) showed that the attenuasyer which the Pc5 pulsation may have been occurring. Fi-
tion of transverse electric fields is minimal throughout the nally, a theoretical fit to the data was employed to obtain an
lower ionosphere and atmosphere (see their Fig. 4). Sincﬁverage value of, over the assumed area, and found to
the perpendicular electric fields do not vary vertically on 4 %,=2.5S. This f/alue is representative of the daylit iono-

scales of~10°km, we assume that the electric fields ob- ghpare however, this may be an overestimate of the aver-
served by SuperDARN are representative of the entire I0N0%ge conductance value on the flanks close to, or spanning,

spheric electric field structure. _ the dawn-dusk terminator, as we see from the model pre-
To compare this net downward Poynting vector to the yictions detailed in Table 1. In their studies of poloidally-
Joule heating in the ionosphere, we use the Pedersen _Cond“&ﬁven FLRs, BO5 used the maximum electric field ampli-
tanceX ,~0.5 S from the IRI-90 model at the mapped iono- y,4e tg estimate the Joule heating present in high-m field line
spheric location of the spacecraft at 02:30 UT, rather thaneggnance to compare to the free energy available in unsta-
the averagex, calculated earher.l We therefore calculate p|q particle distributions observed at the same L-shells in the
the local dissipation rate as 473s™"m~<, which is remark- i agnetosphere by the Polar spacecraft. These authors esti-
ably closie EOZ the net downward Poynting vector400—  ated a dissipation area ok5° in latitude and longitude in
460yJs™"m™* measured by Polar. the ionosphere, respectively, which was taken as typical for a
high-n FLR atL~6 (e.g., Baddeley et al., 2002). Therefore,
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Table 2. A comparison of the previous work on energy deposition into the ionosphere via Joule heating. For the AP84 values, we assume that
the total energy deposition is an hourly rate (through comparison with the GW80 event 7). For comparison, the work of @02b are included,
who studied the Joule heating during a substorm cycle.

Local Dissipation  Total Dissipation  Total Energy

Authors and Event Event Type  Rate (mV\?Irn Rate (W) Deposition (J)
GWS80 Event 7 lows 4.84 6x10° 2x1013
AP84 Event 2 low - 1.7x 108 6x10tt
RO5 lown 1.3 9.9x10° 4.3x 10142
1.1x1015P
AP84 Event 3 highn - 5.6x10’ 2x10t
AP84 Event 4 highw - 8.3x 106 3x1010
BO5 Event 1 highm 0.075 2.%10° ~ 100
BO5 Event 2 highn 0.68 7.9%10° ~ 10t
@02b Event 1 substorm - <7100 4.2x10%%
@02b Event 2 substorm - 4010 2.6x10%
@02b Event 3 substorm - X010 2.3x 1015
@02b Event 4 substorm - ~aL0t0 6.1x 10

* average local dissipation rate
23-h interval duration
b 8-h interval duration

for comparison, the numbers detailed by BO5 must be halvediusk flanks. It is unclear whether Allan and Poulter have ap-
for comparison with the rest of Table 2. This factor makes plied the same assumptions as stated above, but the synthesis
very little difference to their conclusions, since these authorsof these studies indicate that the total energy deposition for
were interested in providing an order of magnitude calcula-low-m FLRs is significantly greater than that during high-

tion. Attempting to discern the deposition throughout an en-FLRs.

tire substorm cycle, @02b estimated the energy deposited in
intervals 4-11 hin duration, rather than the 1-3 h durations of
the FLR events, and so their instantaneous estimates of Jou
heating need to be adjusted accordingly for comparison (se
Table 2).

2. Low-n vs. lowsn. It is clear that with an extended
egion of data coverage from multiple sources and with sim-
Eie modelling of local ionospheric conductance conditions,

e diagnosis of energy deposition due to low-m FLRs can
be substantially improved. We have expanded the analysis
of Greenwald and Walker by retaining the latitudinal ampli-

L. Low-m vs. highm FLRs. The only studies that have tude information of the ionospheric electric field, and usin
provided local dissipation rates are GW80, B05 and the study. b ’ g

presented in this paper. From these studies, the estimated 1§ spatially-varying ionospheric cor_1c_iuctance obtained from
. . e IRI-90 model. Due to the multi-instrument coverage of
cal dissipation rates for high-m FLRs were an order of mag-, . )
this event, we were also able to more accurately determine

nitude lower than for lowsn FLRs, simply because of the . : . ) e
higher electric fields associated with large-scale resonancet.he lonospheric region over which the energy deposition is
: : T . assumed to occur.
In this present study, we find that the minimum and maxi-
mum local dissipation rates in our event are 0.16 mm 3. Low-m vs. substorm. GW80 estimated that a low-
and 7.3mW m?, reflecting both the variation in local con- FLR may deposit up to 4% of the energy that is deposited
ductance as well as the latitudinal variation of electric field during a substorm. @02b estimates that the total deposition
amplitude due to the resonance. Total dissipation rates folrates during a substorm cycle to be larger than those esti-
low this trend, with highm FLR cases depositing at least 2 mated in this present study, primarily because of the extended
orders of magnitude less into the ionosphere than in low-mregion and duration over which a substorm cycle takes place.
FLR cases, since both the electric field amplitude and the obHowever, we have conservatively estimated the total energy
served region over which the ULF waves act is much largerdeposited through a 3-h duration low+LR to be 30% or
in the low-m cases. Finally, it is important to note that the more of the Joule heating measured during a substorm cycle,
calculation for total energy deposition for highwaves as-  which is significantly greater than that estimated by Green-
sumes that the FLR is depositing an equal amount of energwald and Walker. This demonstrates that low-m FLRs are
in both hemispheres, whereas for the low-m case it is also asan important consideration in the energy coupling between
sumed that the energy will be deposited in both the dawn andhe magnetosphere and ionosphere. In Sect. 3.1, we note
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that three hours is a conservative estimate for the duration oA magnetospheric waveguide mode, perhaps excited via the
the ULF pulsations observed on the 24-25 November 2001Kelvin-Helmholtz instability and over-reflection at the dusk-
as can be seen from the ionospheric velocity perturbationside magnetopause. In this paper, we analyse the ground-
detailed in RO5 Fig. 9; however, we do not have a suffi- based and ionospheric measurements more fully, to estimate
cient amount of information to establish whether the pulsa-the energy deposition into upper atmosphere via Joule heat-
tions are ubiquitously resonant. Figure 6 shows the unfil-ing. By comparison of in-situ electric and magnetic field
tered H-component amplitude from the CGO magnetometemeasurements conjugate to ground-based magnetic measure
in Alaska for 00:00-10:00 UT on the 25 November 2001. ments, we can verify the estimate of the Pedersen conduc-
Clearly evident from Fig. 6 is the longevity of the pulsation tance obtained with the IRI conductance model. We find that
as the magnetometer rotates through the dusk sector. Thiie Pedersen conductance required to balance the net down-
frequency of these large-amplitude magnetic pulsations isvard Poynting vector with the ionospheric Joule heating to
constant and around1.5 mHz during the interval, although be consistent with the predicted model IRl Pedersen conduc-
we do not have sufficient information to verify whether the tance. Since, is such a difficult ionospheric parameter to
ULF pulsation is resonant for the entire 8 h interval. How- measure over large-scales we are at least confident that the
ever, if we extend the FLR interval in our analysis to 8 h, aspoint comparison is accurate.
suggested by Fig. 6, the toroidal mode “Global” field line  Previous studies (e.g., GW80) have estimated the total en-
resonance would deposit10'>J of energy into the resis- ergy deposition to be-10*3J, or 4% of the total energy de-
tive ionosphere, remarkably close to the values calculated byosition of a small magnetospheric substorm. In this paper,
@stgaard et al. (2002b) in their substorm studies. we estimate that under favourable conditions and a global en-
In Sect. 3.2, we present a comparison of the net field-ergisation of the magnetospheric waveguide:*200'° J of
aligned Poynting vector and the ionospheric electric fields.energy may be deposited into the ionosphere via Joule heat-
Southwood and Hughes (1983) stated that the net downing, an order of magnitude larger than the GW80 study, and
ward Poynting vector must be balanced by Joule heating of+30% of the energy budget of a substorm cycle reported in
the ionosphere in the steady state. In this interval, we ob4J02b. Indeed, if the resonance interval is of a longer du-
servationally verify this; the net downward Poynting vec- ration, the energy deposited in the ionosphere via field line
tor measured in the equatorial plane, and mapped down intoesonance may be essentially equal to that deposited during
the ionosphere is remarkably close to the point measuremera substorm cycle. As such, this study suggests that any global
of the ionospheric Joule heating rate. Previous studies havexcitation of ULF waves in the magnetosphere must be taken
not had the luxury of conjugate satellite measurements witinto account when estimating the high-latitude and auroral
which to calibrate their estimates of Pedersen conductancenergy budget.
(e.g., GW80; AP84; B05). We are therefore confident that
our estimates of power and energy dissipation are as accuAcknowledgementsThe authors are indebted to M. Lester and
rate as possible. K. H. GlaBmeier for helpful discussions. This work was funded
On a final note, Glemeier et al. (1999) note that: by th'e Canadian Space Agency and the National Science fand Engi-
“definitive proof of the existence of magnetospheric field neering Research Council. We are grateful to the Geophysical Insti-

. . . . . .~ tute of the University of Alaska Fairbanks for providing the College
line resonances requires detailed consideration of Poym'n%ternational Geophysical Observatory magnetometer (CGO) mag-
fluxes in the resonance region where isotropic energy flow is, 1o meter data.
converted into field-aligned energy flow. Suchan observation  topical Editor M. Pinnock thanks F. Menk and another anony-
has not yet been reported and field line resonances need {Qous referee for their help in evaluating this paper.
be regarded as a well argued conjecture, but not as a proven
phenomenon”
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