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Abstract. From simultaneous observations of the European
incoherent scatter Svalbard radar (ESR) and the Cooperative
UK Twin Located Auroral Sounding System (CUTLASS)
Finland radar on 9 March 1999, we have derived the height
distributions of the thermospheric heating rate at the F re-
gion height in association with electromagnetic energy inputs
into the dayside polar cap/cusp region. The ESR and CUT-
LASS radar observations provide the ionospheric parameters
with fine time-resolutions of a few minutes. Although the
geomagnetic activity was rather moderate (Kp=3+

∼4), the
electric field obtained from the ESR data sometimes shows
values exceeding 40 mV/m. The estimated passive energy
deposition rates are also larger than 150 W/kg in the upper
thermosphere over the ESR site during the period of the en-
hanced electric field. In addition, enhancements of the Ped-
ersen conductivity also contribute to heating the upper ther-
mosphere, while there is only a small contribution for ther-
mospheric heating from the direct particle heating due to soft
particle precipitation in the dayside polar cap/cusp region. In
the same period, the CUTLASS observations of the ion drift
show the signature of poleward moving pulsed ionospheric
flows with a recurrence rate of about 10–20 min. The esti-
mated electromagnetic energy deposition rate shows the ex-
istence of the strong heat source in the dayside polar cap/cusp
region of the upper thermosphere in association with the day-
side magnetospheric phenomena of reconnections and flux
transfer events.
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1 Introduction

Various ionospheric and auroral phenomena due to the in-
teraction between the solar wind and the magnetosphere
have been observed in the dayside polar cap/cusp region.
The polar patches, the pulsed ionospheric flows, and the
poleward-moving radar auroral forms are well-known phe-
nomena (e.g., Basu and Valladares, 1999; Provan et al., 1999;
Wild et al., 2001, and references therein). In addition, travel-
ing ionospheric disturbances (TIDs) caused by various forc-
ings have been frequently observed in the polar cap region
(e.g., Macdougall et al.,2001; Prikryl et al., 2005). These
ionospheric and auroral phenomena indicate the presence of
various energy inputs into the dayside polar cap/cusp region
and heating processes for not only plasmas in the ionosphere
but also neutrals in the thermosphere.

The variability of the convection electric field has been
recognized to be one of the most important issues of the
polar ionospheric/thermospheric physics since Codrescu et
al. (1995) pointed out that the electric field fluctuation with
time-scale of several minutes contributes to Joule heating.
Codrescu et al. (2000) and Matsuo et al. (2002) derived bin-
averaged maps of the electric field variability from incoher-
ent scatter radar data and the Dynamics Explorer 2 (DE2)
satellite data, respectively. Matsuo et al. (2002) used an em-
pirical orthogonal function (EOF) analysis to show that the
first two EOFs were related to the variability associated with
the interplanetary magnetic field (IMF) and the third to the
variability in the cusp region.

Shepherd et al. (2003) showed temporal variability of
the ionospheric convection from direct measurements with
the Super Dual Auroral Radar Network (SuperDARN)
radars. They found two distinct regions of variability of the
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Fig. 1. The IMF Bx , By , andBz components measured by the
WIND spacecraft upstream in the solar wind, H-component of the
geomagnetic field at Tromsø (TRO) and Longyearbyen (LYB) and
the quick-look AE index on 9 March 1999, from top to bottom.

ionospheric convection and plasma flow: the region near the
dayside dusk convection reversal boundary characterized by
large (>1 km/s) and rapid (<2 min) fluctuations in line-of-
sight velocity and the region at the higher latitudes in the con-
vection throat characterized by relatively uniform flow over
the polar cap at roughly 600 m/s. Using data obtained from
the satellite CHAMP (Challenging Mini-satellite Payload)
observations, L̈uhr et al. (2004) showed thermospheric den-
sity enhancements of almost a factor of two at about 450 km
altitude when the satellite passed the cusp region. They
also found indications of enhanced small-scale field aligned
currents observed simultaneously with the density enhance-
ments and suggested atmospheric up-welling caused by local
Joule heating in the cusp region.

These features of the electric field variations and/or the
small-scale field aligned currents suggest electromagnetic
energy deposition which results in various dynamical pro-
cesses in the dayside polar cap/cusp region. Maeda et
al. (2002, 2005) showed that the dayside E region ion and
neutral temperatures at Longyearbyen were higher than those

at Tromsø with the European incoherent scatter (EISCAT)
radars. They suggested the heat transport by the polar neu-
tral winds in addition to Joule and/or auroral particle heating
for causing the high temperatures in the polar cap/cusp E re-
gion. Fujiwara et al. (2004) estimated the electromagnetic
and turbulent energy dissipation rates in the lower thermo-
sphere using the EISCAT Svalbard radar (ESR) at Longyear-
byen. They showed that, on the average, the electromagnetic
and turbulent energy dissipations were dominant above and
below about 110 km, respectively. The energetics of neutral
gases in the E region/lower thermosphere has been often in-
vestigated (e.g., Fujii et al., 1999; Thayer, 2000), while stud-
ies of the F region/upper thermosphere were quite few (e.g.,
Wu et al., 1996; Thayer and Semeter, 2004).

In this study, we focus our attention on the electromag-
netic energy input from the magnetosphere into the dayside
polar cap/cusp region of the upper thermosphere. In order to
observe the ionosphere with fine time-resolutions, the ESR
and the Cooperative UK Twin Located Auroral Sounding
System (CUTLASS) Finland radar have been used because
these radars provide the ionospheric parameters with time-
resolutions of a few minutes. Simultaneous observations
with the ESR and CUTLASS are quite useful for studying
origins of ionospheric/thermospheric variations at the F re-
gion height (e.g., Ogawa et al., 2001; Wild et al., 2001).

In the present study, the CUTLASS Finland radar observes
the signatures of cusp plasma and poleward moving pulsed
ionospheric flows during the period of the significant ther-
mospheric heating observed with the ESR, suggesting a rela-
tionship between the thermospheric heating and the dayside
magnetospheric phenomena. The height profiles of the neu-
tral gas heating rate due to the electromagnetic energy de-
position are presented, and the contributions of the particle
precipitation, neutral density, and neutral wind in the cusp
region to heating the upper thermosphere are also discussed
in the following sections.

2 Observational condition and locations of radar sites

We investigate energy inputs into the dayside polar cap/cusp
region during 06:00–12:00 UT on 9 March 1999. The indices
for representing the solar and geomagnetic activities were
as follows: F10.7=125×10−22 W/m2/Hz and Kp=3+

∼4
(Ap=21). The interplanetary magnetic field (IMF)By and
Bz components were predominantly negative for this period.
Although the variations of the IMF and the geomagnetic field
in this period were already shown (Maeda et al., 2002; 2005),
the variations are shown again in Fig. 1. Before 06:00 UT,
prominent IMF variations, which caused the magnetic field
variations at Longyearbyen, are seen in the IMFBx , By and
Bz components. A prominent pulsation starting at about
06:20 UT is also seen in the magnetic field data at Longyear-
byen. The quick-look AE index shows large enhancement at
around 09:00 UT. In the present study, we focus our attention

Ann. Geophys., 25, 2393–2403, 2007 www.ann-geophys.net/25/2393/2007/



H. Fujiwara et al.: Energy deposition in the polar upper thermosphere 2395

on the period of 06:00–12:00 UT when the IMF has small
fluctuations after the large variations.

The ESR site at Longyearbyen, Svalbard is located at
78.09◦ N, 16.03◦ E (75.12◦ N, 113.00◦ E in geomagnetic co-
ordinates). The local solar time (LST) and the magnetic local
time (MLT) at Longyearbyen are approximately UT + 1 and
UT + 3, respectively. Figure 2 indicates the location of the
ESR site and the beam directions of the CUTLASS Finland
radar in the geomagnetic latitude and MLT coordinate sys-
tem. The field of view of the CUTLASS Finland radar con-
sists of 16 beams (Beam 0–15), with Beam 9 over the ESR
site.

Figure 3 shows the high latitude electric potential de-
scribed with the Heppner-Maynard empirical electric con-
vection field model (Heppner and Maynard, 1987) in the ge-
omagnetic latitude and MLT coordinate system when IMF
By andBz are negative. The locations of the ESR site in the
period between 06:00 and 12:00 UT (09:00 and 15:00 MLT
at Longyearbyen) are shown by circle dots with numbers in-
dicating UT. The pattern of the electric field at the ESR site
inferred from the empirical model is approximately consis-
tent with that obtained from the ESR observations. The elec-
tric field obtained from the ESR observations is shown in the
following section. In the present case, the recent electric po-
tential model developed by Weimer (2005) shows a similar
pattern to the Heppner-Maynard model (see e.g., Fig. 2 of
Weimer, 2005). The ESR site seems to be at around the day-
side convection reversal boundary of the dusk convection cell
and/or poleward of the auroral oval during the period.

3 Observational results

3.1 ESR observations

The ESR allows us to observe the ionosphere connected to
several magnetospheric regions, e.g., the polar cap and cusp
region, in the height range from about 100 to several hun-
dreds of km. The details of the radar system were described
by, e.g., Wannberg et al. (1997). In the present study, we
use the EISCAT Common Program 2 (CP-2) mode version L
data obtained in the period of 06:00–12:00 UT on 9 March
1999. Some of the data were already presented by Maeda et
al. (2002, 2005). The details of the ESR observation and the
method for derivation of the ionospheric parameters are de-
scribed in these papers. The ionospheric conductivity tensor
is also derived from the ESR data assuming ion and neutral
compositions, collision frequency between ions and neutrals,
and that between electrons and neutrals in the same way as
Fujiwara et al. (2004). We use data obtained from the vertical
beam observations to derive the vertical profiles of the elec-
tron density and temperature over the ESR site. The methods
for derivation of the ionospheric parameters (quantities) are
briefly mentioned here.

Fig. 2. Location of the ESR site at Longyearbyen (circle dot) and
the field of view of the CUTLASS Finland radar in the geomagnetic
latitude and MLT coordinate system. The field of view of the CUT-
LASS Finland radar consists of 16 beams (Beam 0-15), with Beam
9 over the ESR site.

Fig. 3. High latitude electric potential calculated by using the
Heppner-Maynard electric convection field model in the condition
that IMF By and Bz are negative. The locations of the ESR site
during 06:00–12:00 UT are marked by circle dots with numbers in-
dicating the universal time.

The electron and ion temperatures, the electron density,
and the ion velocity are derived from the ESR observations
(4-beam scanning observations with 8-min antenna cycle).
Full ion velocity vector,V i , is obtained by combining the
three line-of-sight observations of the ion velocity, assum-
ing that the velocity is uniform across the scattering volumes
(spatial scale is∼100 km) and does not vary over a 3-beam
scanning cycle (6 min). The electric field,E, is derived from

www.ann-geophys.net/25/2393/2007/ Ann. Geophys., 25, 2393–2403, 2007



2396 H. Fujiwara et al.: Energy deposition in the polar upper thermosphere

Fig. 4. The derived electric field during 04:00–12:00 UT on March
9, 1999 from the ion velocity at 278 km assuming that theE×B

force drives motions of ions and electrons. The meridional (solid
lines) and zonal (dotted lines) components of the electric field are
positive toward the north and east, respectively.

Fig. 5. The electron density (upper) and temperature (lower) de-
rived from the ESR observations during 06:00–12:00 UT. Note that
the electron density is displayed with logarithmic scale.

the ion velocity at about 278 km assuming that theE×B

force drives motions of ions and electrons,

E = −(V i × B)278, (1)

whereB is the magnetic field. The value of the electric field
is derived by combining the measurements of long pulse F
region monostatic ion velocity with estimates of the mag-
netic field described by International Geomagnetic Refer-
ence Field (IGRF) model [International Association of Ge-
omagnetism and Aeronomy Division I Working Group 1,
1987]. The errors of the electric field are estimated only from
those of the ion velocity which are derived from IS spectrum
fitting procedures. The errors due to spatial inhomogeneity
are not considered here. The average absolute value of the
electric field,|E|, and the error,δ|E|, are 35.7 and 2.5 mV/m,
respectively in the period of 06:00–12:00 UT. The average of

the relative error,δ|E|/|E|, is estimated to be 6.9 % in the
present case. Furthermore, the average of the relative error
of E2, δ(E2)/E2 (=2δ|E|/|E|), is 14%.

Figure 4 shows the electric field obtained by using Eq. (1).
The meridional (solid lines) and zonal (dotted lines) compo-
nents of the electric field are positive toward the north and
east, respectively. In the period of 06:00–12:00 UT, the elec-
tric field is almost in the south-east direction except for some
intervals, in particular during 08:14–08:30 UT.

Figure 5 shows the electron density (upper panel) and tem-
perature (lower panel) derived from the ESR observations.
Note that the electron density is displayed with logarithmic
scale in units of m−3. The electron density gradually in-
creases with the course of the local solar time particularly
above about 300 km altitude. The large increases in the elec-
tron density are seen during about 07:30–11:00 UT (08:30–
12:00 LST or 10:30–14:00 MLT at Longyearbyen) above
about 300 km height with some cessations, which implies
enhancements of precipitating soft electrons during this pe-
riod. The enhancements of the electron temperature (>2500–
3000 K) are also seen above about 300 km altitude. The en-
hancements of the electron density and temperature almost
correspond to each other.

Figure 6a–c show the strength of the electric field,|E|, the
Pedersen conductivity,σP , and the passive energy deposition
rate per unit mass,σP E2/ρ, derived from the ESR data, re-
spectively, whereρ is the atmospheric density obtained from
the MSISE-90 empirical model (Hedin, 1991). The Pedersen
conductivity,σP,is calculated from Eq. (2),

σP =
ene

B

(
νenωe

ω2
e + ν2

en

+
νinωi

ω2
i + ν2

in

)
, (2)

wheree is the electron electrostatic charge,ne is the electron
or plasma density derived from observations,νen is the colli-
sion frequency between electrons and neutrals,νin is the col-
lision frequency between ions and neutrals,ωe is the electron
cyclotron frequency, andωi is the ion cyclotron frequency. It
is noted that the Pedersen conductivity is shown in the height
range between 290 and 490 km, andσP E2/ρ between 100
and 500 km.

The neutral gas heating rate due to the electromagnetic en-
ergy deposition is described by using the electromagnetic en-
ergy transfer rateJ ·E, whereJ=σ (E+U×B) is the electric
current density,U is the neutral wind velocity, andσ is the
electric conductivity tensor. We estimate the passive energy
deposition rate,σP E2, instead ofJ ·E. The quantity ofσP E2

gives the electromagnetic energy deposition rate in the ab-
sence of neutral wind effects. The contribution of the neutral
wind to the energy deposition is discussed later. We present
the neutral gas heating rate per unit mass (W/kg),σpE2/ρ,
which has information of the energy deposition to individual
neutral particles. On the other hand, the heating rate per unit
volume has relevant information for the total energy inputs
into the ionosphere/thermosphere. AlthoughσpE2 shows the
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Fig. 6. (a)The strength of the electric field,|E|, (b) the Pedersen
conductivity above 290 km, and(c) the passive energy deposition
rate per unit mass,σP E2/ρ, obtained from the ESR observations
during 06:00–12:00 UT.E is the electric field,σP is the Pedersen
conductivity, andρ is the neutral mass density obtained from the
MSISE-90 empirical model.

maximum value at around 120 km altitude depending on the
Pedersen conductivity profile,σpE2/ρ shows large values in
the upper thermosphere because of lower neutral density in
the upper thermosphere than that in the lower thermosphere.
Since it would be helpful to have quantities in units of W/m3

for comparison with other studies, we show both the values
in units of W/kg and W/m3.

There are some occurrences of large heating rates
(>150 W/kg) at the following approximate altitudes and
times: e.g., 171 W/kg (8.16×10−10 W/m3) at 385 km and
08:38 UT, 177 W/kg (4.53×10−10 W/m3) at 421 km and
09:18 UT, 320 W/kg (2.56×10−10 W/m3) at 493 km and
10:06 UT, 249 W/kg (1.19×10−9 W/m3) at 385 km and
10:38 UT. The heating rate strongly depends on the elec-
tric field. In particular, the enhancements of the electric field
between about 08:00 and 11:00 UT correlate well with the
large heating rates. As seen in Fig. 6b, the Pedersen con-
ductivity increases after about 09:00 UT corresponding to
the enhancements of the electron density. The increases in
the Pedersen conductivity also contribute to the large heating
rates together with the enhanced electric field.

Fig. 7. (a) The Pedersen conductivity,σP and (b) passive energy
deposition rate,σP E2/ρ, at about 350 km altitude obtained from
the ESR observations during 06:00–12:00 UT. These are the same
as those shown in Fig. 6 except for line plots at a specific height.

In order to clarify the enhancements ofσp andσpE2/ρ,
line plots of their variations at about 350 km altitude are
shown in Fig. 7a and b, respectively. During about 08:30–
11:00 UT, enhancements of the heating rate are seen in
Fig. 7b. Enhancements of the conductivity are also remark-
able during about 09:00–09:50 UT as shown in Fig. 7a.
The enhancements of the heating rate at 08:38, 10:06, and
10:38 UT are due to enhancements of the electric field, while
the enhancements of the heating rate during about 09:00–
09:50 UT are due to enhancements of both the conductivity
and electric field as mentioned above.

3.2 CUTLASS observations

CUTLASS is the HF radar system which covers a part of Su-
per Dual Auroral Radar Network (SuperDARN) (Greenwald
et al., 1995). CUTLASS has two radars at Finland and Ice-
land, and the details of the radar system are described by, e.g.,
Milan et al. (1997). The ionospheric plasma motions were
obtained from the CUTLASS Finland radar observations dur-
ing 06:00–12:00 UT (09:00–15:00 MLT at Longyearbyen).
Unfortunately, the ionospheric back-scatter echoes were not
detected during some time-intervals in this period because of
strong ground back-scatter. Furthermore, no echoes were re-
ceived by the Iceland radar. The CUTLASS Finland radar
observes the line-of-sight ion Doppler motion using the 16-
direction beams with 3.5◦ intervals over an azimuth sector of
52◦. A special high space- and time-resolution scan mode
was run, with the 30-km range gates and with 2-second scan
in 32-s sweep over the 16 beams (from Beam 15 on the east
of the field-of-view to Beam 0 on the west, see Fig. 2). In
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Fig. 8. (a)The echo power,(b) line-of-sight ion Doppler velocity,
and(c) spectral width obtained from the Beam 9 observations dur-
ing 06:00–12:00 UT (09:00–15:00 MLT at Longyearbyen) in the
70◦–82◦ geomagnetic latitude range. The dashed lines denote the
northward and southward edges of the Feldstein statistical auroral
oval atKp=4. The positive (negative) values of the ion Doppler
velocity indicate the motions toward (away from) the radar site,
namely, equatorward (poleward) flows.

this study, we show the observational data from Beam 9 (over
the ESR site) every 2 min.

Figures 8a-c show temporal variations of the echo power,
line-of-sight ion Doppler velocity, and spectral width ob-
tained from the Beam 9 observations, respectively. The ordi-
nate and abscissa shown in Fig. 8 are the geomagnetic lati-
tude and the universal time, respectively. The dashed lines in
each panel show the locations of the poleward and equator-
ward edges of the Feldstein statistical auroral oval (Feldstein
and Starkov, 1967) atKp=4 as a function of the universal
time. Note that Longyearbyen is located at 75.12◦ in geo-
magnetic latitude which is at the north of the statistical auro-
ral oval during 06:00–12:00 UT. The positive (negative) val-
ues of the ion Doppler velocity indicate the motions toward
(away from) the radar site, namely, equatorward (poleward)
flows.

The signature of the pulsed ionospheric flows (PIFs) mov-
ing away from the radar site, i.e., the quasi-periodic variation
of the high-speed plasma motion (>600 m/s) away from the

Fig. 9. The calculated heating rates (W/kg) due to precipitating
electrons (dotted line), protons (dashed line), both particles (solid
line labeled QP ), andσpE2/ρ at 09:10 UT derived from the ESR
observations (dashed-dotted line labeled QJ ).

radar site, is detected during about 07:30–10:10 UT (10:30–
13:10 MLT at and poleward of Longyearbyen) as seen in
Fig. 8b. The recurrence rate seems to be about 10–20 min. A
similar variation is also seen in the spectral width (Fig. 8c).
The high-speed plasma motions more than 800 m/s, which
correspond to the electric field more than 36 mV/m, observed
during about 08:00–09:20 UT and at around 10:10 UT are
consistent with large heating rates or strong electric field ob-
tained from the ESR observation. Sudden and large change
in the flow direction is seen at around 08:30 UT and 75◦ ge-
omagnetic latitude, corresponding to change in the electric
field (form southward to northward) shown in Fig. 4. In ad-
dition, quasi-periodic enhancements of the ionospheric flows
at around 07:50–08:00, 08:20–08:30, 08:30–08:50, 09:00–
09:10, 09:10–09:20, and 10:10 UT almost correspond to
peaks of the electric field strength shown in Fig. 6a.

The PIF signature shown in the present study, namely,
high-speed ion flows (>600–800 m/s) with quasi-periodic
variation (∼10–20 min) away from the radar site, is similar
to those shown by, e.g., Provan et al. (1998, 1999), Neudegg
et al. (1999), and Milan et al. (2000). Provan et al. (1998)
identified the PIFs as being the ionospheric signature of the
flux transfer events (FTEs) occurring at the dayside magne-
topause. The strong echo power and wide spectral width are
also observed at the same time during this period as shown in
Fig. 8a and 8c, respectively. Baker et al. (1995) showed that
the wide spectral width is one of the characteristics of the
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SuperDARN observation in the cusp region. Furthermore,
the Defense Meteorological Satellite Program (DMSP) F11
satellite observed the cusp-type ion precipitation over Sval-
bard during 09:10–09:11 UT (see Maeda et al., 2002) when
the wide spectral width is seen in Fig. 8c. The enhanced elec-
tron density and temperature observed with the ESR are also
consistent with the ionospheric signature of the cusp region
(e.g., Watermann et al., 1992). These suggest that Svalbard
was located in or in the vicinity of the cusp region in the pe-
riod of the high-speed ion flows (07:30–10:10 UT).

3.3 Comparison of the particle heating rate with the Passive
energy deposition rate

In order to evaluate a relative importance ofσpE2/ρ to the to-
tal energy deposition rate, we also estimate the particle heat-
ing rate in the cusp region with the calculation method pre-
sented by Rees (1963, 1982) using the atmospheric density
obtained from the MSISE-90 model. The ionization rates due
to precipitating electrons,Qe, and ions,Qi , are calculated by
using the following Eqs. (3) and (4), respectively,

Qe

F
= qz =

E0

1ε

ρ(z)

R
λ(Z/R), (3)

Qi

F
= qz =

EP

1ε

ρR

R

n(M)z

n(M)R
λ(Z/R)fion, (4)

whereF is the flux of incident electrons or ions per unit
area,E0 and Ep are initial energies of incident electrons
and ions, respectively,1ε is the energy loss per ionization,
taken as 35 eV,λ is the normalized energy dissipation distri-
bution function, Z/R is the fractional depth of penetration (R

is the maximum penetration depth of the electrons or ions).
In Eq. (4)ρR is the atmospheric density at the height of the
maximum ion penetration, andn(M)z and n(M)R are the
effective number densities at atmospheric depths ofz and
R, respectively. See Rees (1963, 1982) and Millward et
al. (1999) for details. Using the above ionization rates and
the heating efficiency,ε, the atmospheric heating rate,QP ,
is calculated as (see Rees et al., 1983),

QP =
q(E) · ε

ρ
1ε · e · F(E) =

Q(E) · ε

ρ
1ε · e. (5)

Both precipitating ions and electrons are assumed to have
Maxwellian flux spectra with energy ranges between 0–
20 keV and 0–5 keV, respectively. Since Eq. (5) describes
the heating rate for mono-energetic particles, we calculate
integration of Eq. (5) over the energy range assuming above
in both cases of electrons and ions. Based on the DMSP
F11 satellite observation during 09:10–09:11 UT, we also as-
sume the incident electrons with the maximum differential
flux of 1.00×109 eV cm−2 s−1 sr−1 eV−1 at the mean energy
of 0.1 keV whilst ions with the maximum differential flux of
1.00×108 eV cm−2 s−1 sr−1 eV−1 at the mean energy of 1
keV. These spectra have the same mean energies and similar

maximum differential fluxes as those assumed by Millward
et al. (1999). The work by Millward et al. (1999) was based
on the DMSP satellite observations of the cusp region pre-
sented by Newell et al. (1991). Figure 9 shows the calculated
heating rates (W/kg) due to precipitating electrons (dotted
line), protons (dashed line), and both particle species (solid
line labeledQP ). The neutral gas heating efficiency is ob-
tained from Rees et al. (1983). The profile ofσP E2/ρ at
09:10 UT derived from the ESR observations is also plotted
in Fig. 9 (dashed-dotted line labeledQJ ).

The peak altitude of the particle heating rate is 370 km,
which is almost the same as that ofσP E2/ρ of 385 km.
The peak magnitude of the particle heating rate is only
8.62 W/kg (5.11×10−11 W/m3), much less than that of
σP E2/ρ (144 W/kg or 6.86×10−10 W/m3). The precipitating
soft electrons would contribute to heating through enhance-
ment of the Pedersen conductivity rather than direct parti-
cle heating in the polar cap/cusp region of the upper thermo-
sphere.

Wu et al. (1996) calculated the Joule and particle heating
rates in the cusp region including effects of the modeled neu-
tral wind with a one-dimensional satellite track model and
the DE2 satellite particle data. They also showed that the
Joule heating rate was greater than the particle heating rate at
all altitudes below the satellite.

4 Discussion

From a thermospheric general circulation model simulation,
Killeen and Roble (1986) showed that parcels transiting the
dayside cusp were heated due to soft particle precipitation
and this energy was then advected over the polar cap. In
contrast to the present result, they estimated a small Joule
heating rate because they assumed the small empirical con-
vection electric field in the cusp region. In order to highlight
the dynamical and thermodynamical effects of the localized
cusp heating, they assumed large energy inputs due to precip-
itating soft particles 5-10 times larger than the typical ones
(see Killeen and Roble, 1986). Their scenario for heating
the polar cap thermosphere by means of the cusp energy will
become more realistic when we consider the large electro-
magnetic energy deposition into the cusp region as shown in
the present study.

We have estimated the passive energy deposition rate
σpE2 instead of the electromagnetic energy transfer rateJ ·E

neglecting the effects of the neutral wind since there are no
observational data for the dayside neutral wind at the F re-
gion height in the present study. We evaluate the importance
of the neutral wind on the electromagnetic energy deposition
with the ratio ofJ ·E to σpE2.

The ratio,R, of J ·E (∼σp·(E+U×B)·E) to σpE2 is rep-
resented as,

R=
J · E

σP E2
∼

σP ((E + U × B) · E)

σP E2
=1+

(U × B) · E

E2
. (6)
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Fig. 10. Global pattern of the horizontal neutral wind derived from
HWM-93 at 400 km altitude and 10:00 UT (30◦ and 210◦ longi-
tudes are noon and midnight, respectively) on 9 March in the con-
dition of F10.7=125 andAp=21. The maximum arrow indicates the
wind velocity of 359 m/s.

Fig. 11. Schematic illustration which shows a relationship between
the neutral windU , electric fieldE, andU×B in the northern high
latitude region in cases;(a) U blows in the direction opposite toE
and(b) U blows in the direction perpendicular toE.

The neutral wind velocity,U , seems to be mostly less than
500 m/s in the polar cap/cusp region (e.g., Hays et al., 1984).
In particular, the empirical neutral wind model of HWM-93
(Hedin et al., 1996) shows winds less than 300 m/s in the
northern dayside high-latitude region in the present condi-
tion. Figure 10 shows the global pattern of the horizontal
neutral wind derived from HWM-93 at 400 km altitude and
10:00 UT (30◦ and 210◦ longitudes are noon and midnight,
respectively) on 9 March in the condition ofF10.7=125 and
Ap=21. The maximum arrow indicates the wind velocity
of 359 m/s. The meridional winds presented by HWM-93
have the northward component in the northern dayside high-
latitude region. We therefore consider only the northward
winds in the meridional direction in the following discussion.

Figure 11a and b are schematic illustrations which show
relationships between the neutral windU , electric fieldE,
and U×B. Since the electric fieldE was predominantly
south-eastward in the present case, Fig. 11a and b show such
a case. WhenU is north-westward (opposite toE), U×B

is perpendicular toE (Fig. 11a). In this case,J ·E equals to

σpE2, namelyR=1 (see Eq. 6). WhenU is north-eastward
(perpendicular toE), U×B is opposite toE (Fig. 11b). In
this case,U contributes to reducing the electromagnetic en-
ergy deposition in the thermosphere most effectively.

As seen in Fig. 10,U tends to blow in the north-west
direction during 07:00–13:00 LST (09:00–15:00 MLT at
Longyearbyen) in the northern high-latitude region. The con-
tribution ofU for reducing the electromagnetic energy depo-
sition seems to be small during this time interval. In general,
the direction of the zonal winds may be variable depending
on the local ion-drag and pressure gradient forces. Assuming
that U is 500 m/s (chosen as a rigid condition for the elec-
tromagnetic energy deposition in the present case, see, e.g.,
Hays et al., 1984) and thatB is perpendicular toU with mag-
nitude of 4.58×10−5 T (based on the value calculated with
the IGRF model which also presents the magnetic inclination
of 82.1◦ over Svalbard at 400 km altitude), the value ofU×B

is obtained to be 22.9 mV/m. The zonal and meridional com-
ponents of the electric field were about 47.0 (eastward) with
error of 1.7 and−67.5 (southward) with error of 3.9 mV/m,
respectively, when the maximum passive energy deposition
rate is obtained at 10:06 UT. WhenU contributes to reduc-
ing the electromagnetic energy deposition most effectively,
namely,U×B is opposite toE (U blows in the north-east
direction whenE is south-eastward),R is estimated to be
0.722 from Eq. (6). SinceσpE2/ρ is estimated to be about
320 W/kg at 10:06 UT, the electromagnetic energy transfer
rate is derived asJ ·E/ρ=σpE2/ρ·R=320·0.722=231 W/kg
(1.84×10−10 W/m3). The electromagnetic energy more than
about 70% ofσpE2/ρ would deposit in and/or in the vicinity
of the cusp region even when the strong neutral wind con-
tributed to reducing the deposition rate.

From the CHAMP observations, Liu et al. (2005) showed
that the MSISE-90 model underestimated the thermospheric
density at 400 km altitude of about 20–30% in the cusp re-
gion while the observations outside the cusp region were
in good agreement with the MSISE-90 predictions. The
present estimation of the heating rates per unit mass may
be overestimated due to the possible underestimation of the
MSISE-90 model density. Owing to the underestimation of
the thermospheric density by about 30% including the neu-
tral wind effect, the electromagnetic energy transfer rate,
J ·E/ρ, is estimated to be at lowest 178 W/kg (=231/(1+0.3)
W/kg ∼1.43×10−10 W/m3) at 10:06 UT. Furthermore, if
we consider the error for the electric field, the relative er-
ror of δ(E2)/E2 is estimated to be 10.3% at 10:06 UT.
Consequently, the possibleJ ·E/ρ more than about 50–
60% (∼178×0.897/320×100 or 178×1.103/320×100) of
σpE2/ρ estimated from the ESR data is expected even when
we consider the neutral wind effect, mass density ambiguity,
and the error of the electric field.

Roble et al. (1987) presented the global mean total heating
rates (including the solar, Joule, and auroral particle heating
rates) per unit volume of∼105.1 and∼105.5 ergs/gm/s at the
solar minimum and maximum conditions, respectively (see
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Fig. 6 in their paper). These values correspond to the rates
per unit mass of 13 and 32 W/kg, respectively, which are
much less than the present result of 160 (=178×0.897)−196
(=178×1.103) W/kg. The heating rate of 160–196 W/kg is
also larger than the zonally averaged Joule heating rate with
the maximum value of about 86 W/kg in the auroral oval
during the geomagnetically disturbed period (Maeda et al.,
1989).

Wu et al. (1996) estimated the Joule and particle heat-
ing rates in the cusp region using a one-dimensional satel-
lite track model with the DE2 satellite data in representative
cases for active (19 September, 1981;Kp=5) and quiet (23
September, 1981;Kp=1) geomagnetic conditions. The cal-
culated Joule heating rate was greater than the particle heat-
ing rate at all altitudes below the satellite and the Joule heat-
ing peaked on the poleward side of the cusp/cleft precipita-
tion region. Their estimates of the Joule heating rates were
about 1.6×10−7 ergs cm−3 s−1 in active and about 1.0×10−7

ergs cm−3 s−1 in quiet geomagnetic conditions at 385 km al-
titude (see figures in their paper). Using the atmospheric den-
sity of the MSISE-90 model, the heating rates per unit mass
are estimated to be about 1.3×103 W/kg and 1.2×103 W/kg
in the two cases, respectively. In the geomagnetically ac-
tive period, the particle heating rate and the Joule heating
rate outside the cusp are also estimated to be about 26 and
75 W/kg, respectively, from their results.

The previous TGCM simulations seem to underestimate
the Joule heating rate because of the fluctuation of the elec-
tric field as pointed by Codrescu et al. (1995), particularly in
the cusp region. Codrescu et al. (1995) pointed out that their
GCM calculations underestimated the Joule heating rate by
about 30 %. On the other hand, the DE 2 and ESR obser-
vations indicate the importance of the Joule heating in the
cusp or in the dayside polar cap region. The discrepancy of
the estimated heating rates between Wu et al. (1996) and the
present study seems to be mainly caused by the difference
of the Pedersen conductivities between the works. Wu et
al. (1996) calculated the ion composition and electron den-
sity to derive the Pedersen conductivity using the particle
data obtained from the DE 2 observation, while we used the
electron density profile obtained from the ESR observations
and assumed ion composition from an empirical model. Be-
cause validation work on the satellite track model by Deng
et al. (1995) showed that the Joule heating rate and electron
density in the F region were overestimated comparing with
those derived from the Chatanika radar observations, there
is a possibility that Wu et al. (1996) overestimated the Ped-
ersen conductivity and the Joule heating rate at the F region
height. This suggests that the Pedersen conductivity is also
important in addition to the fluctuation of the electric field
for estimation of the Joule heating rate at the F region height.

The present study suggests large electromagnetic energy
deposition rates in, and/or, in the vicinity of the cusp region
in the upper thermosphere. It should be noted here that many
previous studies, in particular GCM studies, used the time-

averaged electric field (e.g., hourly averaged one) while the
present results are obtained from the ESR data with fine time-
resolutions. The present electromagnetic energy deposition
rate also suggests the existence of the strong heat source
in the dayside polar cap/cusp region of the upper thermo-
sphere in association with the dayside magnetospheric phe-
nomena of reconnections and flux transfer events. This heat
source/energy input can be a possible source for generating
disturbances in the thermosphere/ionosphere as well as TIDs
originated from the Alv́enic IMF-By oscillations as shown
by Prikryl et al. (2005).

5 Conclusions

In order to investigate electromagnetic energy inputs into the
dayside polar cap/cusp region of the upper thermosphere, we
have focused on significant thermospheric/ionospheric heat-
ing events on 9 March 1999, observed simultaneously with
the ESR and the CUTLASS Finland radar.

During about 07:30–10:10 UT, the CUTLASS radar ob-
served the signatures of the cusp plasma and the pulsed iono-
spheric flows (PIFs): the wide spectral width and the quasi-
periodic variation (with the recurrence rate of∼10–20 min)
of the high-speed plasma motion (>600–800 m/s) away from
the radar site. The pulsed ionospheric flows are the iono-
spheric signature of the flux transfer events (FTEs).

The ESR observation showed the electron density and
temperature enhancements above about 300 km during about
07:30–11:00 UT. Large passive energy deposition rates,
σpE2/ρ, of more than 150 W/kg have been obtained during
the period of the large electric field which sometimes showed
values exceeding 40 mV/m. In addition to the electric field
enhancements, the Pedersen conductivity enhanced by the
precipitating soft electrons also contributed to heating in the
cusp region, while the direct heating due to the particle pre-
cipitation would be small. The maximum heating rate has
been estimated asσpE2/ρ=320 W/kg at about 493 km alti-
tude at 10:06 UT. Even when we take into account the neu-
tral wind effect, ambiguity of the neutral mass density, and
the maximum error of the electric field, the possibleJ ·E/ρ
more than 160 W/kg (∼50% ofσpE2/ρ) is expected from the
above heating rate.

The large thermospheric heating rates have been obtained
from the ESR observations when the cusp and PIF signatures
were observed with the CUTLASS radar. The present study
suggests that a strong heat source would exist in the dayside
polar cap/cusp region of the upper thermosphere in associa-
tion with the dayside magnetospheric phenomena. The ther-
mospheric heating as shown in this study will have signifi-
cant impacts on the energetics and dynamics in the dayside
polar cap/cusp region of the upper thermosphere. In order to
understand physics of the polar thermosphere, more quanti-
tative measurements of energy deposition are needed in the
upper thermosphere (at the F region height).
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