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Abstract. On 1 April 2004 the GUVI imager onboard the emission rates provided by the Trans4 code are compared
TIMED spacecraft spots an isolated and elongated polar cafo the optical observations by TIMED. They are similar in
arc. About 20 min later, the Cluster satellites detect an iso-size and intensity. Data and modelling results are consistent
lated upflowing ion beam above the polar cap. Cluster obserwith the scenario of quasi-static acceleration of electrons that
vations show that the ions are accelerated upward by a quasgenerate a polar cap arc as they precipitate in the ionosphere.
stationary electric field. The field-aligned potential drop is The detailed observations of the acceleration region by Clus-
estimated to about 700 V and the upflowing ions are accomier and the large scale image of the polar cap arc provided by
panied by a tenuous population of isotropic protons with aTIMED are two different features of the same phenomenon.
temperature of about 500 eV. Combined together, they bring new light on the configuration
The magnetic footpoints of the ion outflows observed by Of the high-latitude magnetosphere during prolonged periods
Cluster are situated in the prolongation of the polar cap arc®®f Northward IMF. Possible implications of the modelling
observed by TIMED GUVI. The upflowing ion beam and the results for optical observations of polar cap arcs are also dis-
polar cap arc may be different signatures of the same phecussed.
nomenon, as suggested by a recent statistical study of po'%(eywords. lonosphere (Polar ionosphere) — Magneto-
cap ion beams using Cluster data. spheric physics (Magnetosphere-ionosphere interactions;
We use Cluster observations at high altitude as input topgjar cap phenomena)
a quasi-stationary magnetosphere-ionosphere (Ml) coupling
model. Using a Knight-type current-voltage relationship and
the current continuity at the topside ionosphere, the model
computes the energy spectrum of precipitating electrons at  Introduction
the top of the ionosphere corresponding to the generator elec-
tric field observed by Cluster. The Ml coupling model pro- During prolonged periods of northward IMF optical arcs are
vides a field-aligned potential drop in agreement with Clustercommonly observed above the polar cap ionosphere (e.g.
observations of upflowing ions and a spatial scale of the polaFrank et al., 1982, 1986; Lassen and Danielsen, 1978; Burke
cap arc consistent with the optical observations by TIMED. et al., 1982; Carlson et al., 1988; Marklund et al., 1991).
The computed energy spectrum of the precipitating electron§ hey consist of discrete and elongated optical structures gen-
is used as input to the Trans4 ionospheric transport codeerally oriented in the Sun-Earth direction (e.g. Valladares et
This 1-D model, based on Boltzmann'’s kinetic formalism, al., 1994). Some of them extend across the entire polar cap,
takes into account ionospheric processes such as photoioffrom the nightside to the dayside auroral regions (e.g. Frank
ization and electron/proton precipitation, and computes theet al., 1986). Such polar cap arcs are named “transpolar
optical and UV emissions due to precipitating electrons. Thearcs” or “theta aurora” as they form a pattern looking like the
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Greek letter 8”. Other polar cap arcs have smaller scales. elongated in the Sun-Earth direction, are associated with up-
They are often referred to as “Sun-aligned arcs” and can bevard current sheets and have long lifetimes. PCIB dynamics
completely detached from the auroral oval or connected tashows similar dependency on IMB; as PCA and they are
it by only one end. Optical observations — from ground or associated with relatively weak field-aligned potential drops.
spacecraft imagers — give interesting information about po-Maggiolo et al. (2011) conjectured that PCIB correspond to
lar cap arcs geometry, motion and lifetime (see the review bya high altitude signature of the polar cap arcs.
Zhu et al., 1997). Polar cap arcs have relatively long life- Despite the numerous observations available, there is still
times, they can last for more than one hour with only grad-a controversy about the magnetic topology, i.e. closed or
ual variations of position and intensity (Hardy et al., 1982). open, of the polar cap arcs. Simultaneous observation of pre-
They are elongated in the Sun-Earth direction and thin in thecipitating ions with typical plasmasheet energies (e.g. Hoff-
dawn-dusk direction. Several observations showed that polaman et al., 1985; Frank et al., 1986) suggests a closed field
cap arcs can drift at relatively low velocity in the dawn-dusk line geometry. However, other studies did not detect any ion
direction (e.g. Ismail et al., 1977; Hosokawa et al., 2011). precipitation (e.g. Whalen et al., 1971; Ismail et al., 1977).
There is also clear evidence that they occur during quietOn the other hand, observation of relativistic electrons on
geomagnetic periods, with some delay after a northwardmagnetic field lines connected to polar cap arcs (Gussen-
turning of the IMF — estimated to about 1 h by Troshichev ethoven and Mullen, 1989) or observation of polar cap arcs
al. (1988). However, about 20 % (Valladares et al., 1994) toembedded in the polar rain (e.g. Hardy et al., 1982) clearly
30 % (Rairden and Mende, 1989) of them are observed wheifavour the open field line geometry. The closed field line
the IMF Bz is southward oriented suggesting that there is atopology is often associated with large scale “theta aurora”
delay between a southward turning of the IMF and the disapwhile the open field line topology is preferentially associ-
pearance of polar cap arcs. Such a delay has been estimatated with smaller scale polar cap arcs (e.g. Carlson et al.,
from ground-based optical observations and it varies from2005). Several acceleration mechanisms and source regions
10-15 min (Troshichev et al., 1988) to 30 min (Valladares ethave been proposed for polar cap arcs like the low-latitude
al., 1994; Rodriguez et al., 1997). The influence of IMF boundary layer (LLBL), lobe reconnection tailward of the
By and Bx on the PCA dynamics is even less understood.cusp or plasmasheet extension in the lobe region (e.g. Bon-
There is, however, some evidence that the polar cap arceell et al., 1999, and references therein). Some polar cap
drift may be controlled by the IMBBy component, with a arcs have also been associated with shear flow in the lobe re-
duskward/dawnward drift for positive/negative IMfy (e.g. gion (e.g. Eriksson et al., 2006). A more recent study showed
Ismail et al., 1977; Hosokawa et al., 2011). that the auroral arcs in the dayside auroral oval can expand
In situ observations provide more detailed observations orpoleward and fill the entire polar cap under a strong north-
the electrodynamics of polar cap arcs. Satellite data give unward IMF lasting for hours (Zhang et al., 2009). However
ambiguous evidence that polar cap arc emissions are gerhere is no consensus yet on the generator of polar cap arcs.
erated by precipitating electrons that have been accelerateld may be due to the existence of distinct types of polar cap
along the magnetic field at magnetospheric altitudes. Manyarcs combined with the difficulty to link observations of po-
observations show that the precipitating electrons are accelar cap arcs with in situ observations of the magnetosphere
erated by quasi-static field-aligned electric fields. Electronduring prolonged periods of Northward IMF (e.g. Newell et
inverted-V spectra and potential drops above polar cap arcal., 2009).
were detected by rockets (Berg et al., 1994), by low altitude This study aims to combine in situ measurements by Clus-
spacecraft like S3-2 (Burke et al., 1982), by Dynamic Ex- ter at the top of the acceleration region with optical observa-
plorer for a theta aurora (Frank et al., 1986) or Viking for tions from the TIMED spacecraft. We focus on observations
transpolar arcs (Marklund et al., 1991). Both optical and intaken on 1 April 2004. Around 06:24 UT, the TIMED space-
situ observations show that the field-aligned potential dropcraft images the Northern polar cap and detects an isolated
associated with polar cap arcs is relatively low, generally lesgpolar cap arc. Its width is of the order of tens of kilometres
than 2keV (e.g. Hardy et al., 1982; Robinson and Mendeand it extends over more than 10 degrees of latitude in the
1990; Huang et al., 1994). Furthermore, almost all observaNorth-South direction (see Fig. 1). About 20 min later the
tions associate polar cap arcs with upward field-aligned curion spectrometer onboard Cluster spacecraft detects an iso-
rents (Zhu et al., 1997). lated inverted-V structure inside the lobe region on magnetic
Recently, the Cluster spacecraft provided observations ofield lines mapping outside the field-of-view of the TIMED
locally accelerated ion beams above the polar caps during pemager, but in the prolongation of the polar cap arc. The
riods of northward IMF. These so-called polar cap ion beamswidth and orientation of the inverted-V detected by Cluster
(PCIB) also show clear signatures of field-aligned accelerais similar to the width and orientation polar cap arc imaged
tion by quasi-static electric fields (Maggiolo et al., 2006). A by TIMED.
statistical analysis of 185 PCIB detected by Cluster between In this paper, we propose a new method to compute the
2001 and 2006 revealed that PCIB have properties similaoptical emission rates associated with the field-aligned ac-
to the polar cap arcs (Maggiolo et al., 2011). PCIB areceleration structure probed by Cluster at high altitudes. The
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Cluster observations
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Fig. 1. GUVI image at a wavelength of 135.6 nm of the northern
polar cap around 06:24 UT on 1 April 2004. The blue line shows
the projection of Cluster 1 orbit above the northern polar cap from
04'.40 .to 08'25 UT. Clu§ter 1 orbit has bgen projected along malg-Fig. 2. Block diagram summarizing the data and models used in
netic field lines to an altitude of 200 km using the Tsyganenko 2004this study. The inputs and outputs of each block are indicated

model (Tsyganenko and Sitnov, 2005). The region where Cluster ) '

encounters the inverted-V structure is indicated in red.

Emission rate across the beam at 135.6 nm

] ) ] ~ 2 Instrumentation and method
method is based on three main modules: (i) Cluster data in-
side a PCIB, (ii) a kinetic magnetosphere-ionosphere (Ml)

coupling model providing the spectrum of precipitating elec- The four identical Cluster satellites have been launched in

trons at ionospheric altitudes, given the input data specified?_OOl on an elliptical orbit (@ 19.6 Rg) with an inclina-

by high-altitude Cluster observations; (i) an ionospheric ki- tion of 90°. A detailed description of the Cluster mission

netic modelling package that provides the optical emissionca"! be found in Escoubet et al. (2001). lon velocity dis-

rates from the electron energy spectrum provided by the MItrIbUtlon funcyons and thglr .mOT"e”tS' 'on energy spect.ro-
coupling model grams and pitch angle distributions for ions with energies

1 .
After a brief presentation of the methods and satellite databetweemo and 40 keV g™ are provided by the Cluster lon

we give a detailed description of Cluster and TIMED obser_Spegtrometers (CIS) onboard the Qluster spacepraft L 3 and

vations above the northern polar cap on 1 April 2004. we? (Reme et al., 2001). CIS. consists OT two cﬁfferent lon

describe the MI and ionospheric modelling packages and exSPectrometers, the Composition and Distribution Function

plain how data from Cluster are integrated in these modelsgnalyzer (CODIF), which can resolve the major magneto-

Finally, we compare the modelled optical emission rates forspheric_ion_s z_ind_the Hot lon Analyzer (HIA) which is not
the Ol (135.6 nm) line with the observations by TIMED in mass discriminating but has higher angular and energy res-
h%jutions. Electron data are provided by the PEACE experi-

the same wavelength band. In the last section, we discuss t twhich detects the electron i betw 0 and 26 keV
possible application of this method for the combined analy—men which detects the electron fuxes between © and <o ke
(Johnstone et al., 1997). In addition, we use electric field

sis of optical and in situ data. We also examine the magneto

spheric configuration during this event to portray the broaderd,‘;’ltall fr;)(r)rg);he '\I/:TIectr(i_n fDnIf(; :jnsttrument (E_Ej)l)d(lgastﬁhng:almn
geophysical context of our analysis. etal, ). Magnetic field data are provided by the Clus-

ter Fluxgate Magnetometers (FGM) (Balogh et al., 2001).
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OMNI (1AU IP Data) IMF, Plasma, Indices, Energetic Proton Flux HRO>Definitive Sminute (Zhang et al., 2005a, b, 2006, 2009), ring current aurora
‘ ‘ ‘ (Zzhang et al., 2008) and a new empirical global auroral
model (Zhang and Paxton, 2008).

Data from Cluster, the electric potential from integrated
electric field,®m(xm), the ion and electron density and tem-
peratureNi(xm), Ne(xm), Ti(xm), Te(xm), the magnetic field
Bm(xm), are introduced as the magnetospheric boundary
condition of the magnetosphere-ionosphere coupling model
(Echim et al., 2007, 2008). The MI coupling model is de-
scribed in detail in Sect. 4.1. It provides the electric potential
at ionospheric altitudesp;(x;), and the field-aligned poten-
tial drop ©m(xj) — @i(x), as a function of the distance across
the arcy;. It also provides the energy spectrum of the precip-
itating electrons that is an input for the kinetic modelling of
the ionospheric aurora and airglow. The kinetic model for the
electron transport in the ionosphere (TRANS4) is described
in detail in Sect. 4.2. This model computes the steady-state
3 ionospheric profiles. It uses an input the spectrum of pre-
; ; ; 3 cipitating electrons provided by the MI coupling model and
0 pr 0 pr g 0% hpr 04 hpr computes the resulting optical and UV emissions as a func-

TME RANGE=2004/4/1 (92) to 2004/4/1 (92) tion of the distance across the structure. The TRANS4 emis-
sion rates can then be compared with TIMED-GUVI obser-
vations. A diagram of the coupling between the models and
data is given in Fig. 2.

0E

Fig. 3. IMF components in the GSM frame from the ACE spacecraft
on 1 April 2004 from 03:00 UT to 07:00 UT. Data have been shifted
to 1 AU. The time shift is computed at the bow shock and provided
by the OMNI database.

3 Observations

We also use density measurement from the WHISPER exp, 1 april 2004, between 05:00 UT to 07:00 UT the Cluster
periment (Cecieau et al., 2001). The plasma density can bégnacecraft are located above the northern polar ionosphere
estlmated_ V\_/lthout bias by WH_ISP_ER from the analysis of i, the region mapping to the magnetospheric lobes. Dur-
characteristic plasma frequencies in wave spectrograms. ing this time interval the TIMED spacecraft orbits above
The Global Ultraviolet Imager (GUVI) is one of the four the Northern Hemisphere and images the high latitude iono-
scientific instruments on board the NASA's Thermospheresphere from~06:04 UT to~06:44 UT. In this section we
lonosphere Mesosphere Energetics and Dynamics (TIMEDJjive a detailed description of Cluster and TIMED data during
satellite (see Christensen et al., 2003). TIMED was launchedhis time period.
on 7 December 2001 into a 630 km circular polar orbit with
an inclination of 74. GUVI provides cross-track scanned 3.1 Interplanetary and geomagnetic conditions
images of the Earth’s ultraviolet airglow and aurora emis-
sion in the far ultraviolet (FUV) in five selectable wave- Figure 3 shows the components of the interplanetary mag-
length channels from 115.0 to 180.0 nm wavelength. Ma-netic field measured by the ACE spacecraft on 1 April 2004
jor emission features include H | (Lyman 121.6 nm), Ol  from 03:00UT to 07:00UT and shifted to 1 AU. During
(130.4nm), OI (135.6 nm) lines, NLyman-Birge-Hopfield this period the IMF is relatively steady; a weak negative
short bands (LBHS, 140.0-150.0 nm), anglllyman-Birge-  Bx (~ —0.5nT), and positiveBy (~4nT) and a Northward
Hopfield long bands (LBHL, 165.0-180.0nm). The sensi- Bz (~2.5nT). Bz remains positive for the entire time inter-
tivity of the GUVI instrument at 135.6 nm is approximately val while Bx and By change sign. Indeed, despite these
0.5 counts s Rayleigh ! pixel~1 (Humm et al., 1998), with  relatively steady conditions, we can distinguish three IMF
a typical spectral resolution of 0.4nm (Christensen et al.,regimes: (A) from 03:30 UT to 04:30 UT all components are
2003). The images are generated using a microprocessopositive Bx ~ 1 nT, By ~4nT andBz ~ 2nT), (B) between
controlled cross-track scan mirror mechanism that scans th84:30 UT to~05:30 UT Bx turns negative{ —1nT), By
disk beginning 60 from nadir on the sunward side across is almost null andBz is strongly positive ¢4 nT), (C) from
the disk and through the limb on the anti-sunward side 0f05:30 UT to 07:00 UT the IMF conditions are stable and sim-
the satellite (Paxton et al., 1999). The TIMED/GUVI data ilar to what was observed before 03:30 UT. SuperDARN data
provide opportunities for identifying auroral structures and for this time period (not shown) reveal that the convection
features, such as auroral arcs in the oval and the polar capattern is somewhere in-between the four-cell convection
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Fig. 4. Data from Cluster 1 on 1 April 2004 from 04:40 UT to 08:25 UT. From top to bottom: ion pitch angle distribution from HIA for all

ions; time-energy spectrogram from HIA for all ions; ion velocity perpendicular (black) and parallel (blue) to the magnetic field from HIA;

ion density from HIA; ion temperature from HIA, GSE components and magnitude of the magnetic field from the FGM experiment. The
regions where the ion velocity, density and temperature are highly fluctuating correspond to the magnetospheric lobes where the plasma is
too cold to be measured by the HIA experiment. These fluctuations are mainly due to instrumental noise.

pattern, which is believed to be driven by lobe reconnectionorbits from the nightside magnetosphere to the dayside mag-

during periods when IMBz is dominating, and the distorted netosphere in the Northern Hemisphere. The ionospheric

two-cell pattern typical for periods when IMBy is dom-  projection of the spacecraft orbit during this time period can

inating and drives asymmetrical dayside reconnection (e.gbe found in Fig. 1.

Haaland et al., 2007). ) ) ] )
The low geomagnetic activity expected for such a long pe- Before 05:02UT Cluster 1 is located in the nightside

riod of northward IMF is confirmed by the low values of the Plasmasheet and crosses magnetic field lines mapping to
Kp index (Kp=0" from 03:00-06:00 UT and Kp=1 from the auroral zone. It detects an isotropic plasma population

06:00-09:00 UT) and the low values of the DST index that With typ3ica| plasmasheet density and temperatife(0.1-
takes a minimum value of-12nT between 03:00UT and 0-2¢M>, T ~1-2keV). From 05:02 UT to 06:57 UT Clus-
07:00 UT. A weakly active period, the only one during this ter 1 is located in the magnetospheric lobes above the north-
time interval, is signaled by a slight increase of the AE index € Polar cap. The magnetospheric lobes are filled with cold

from about 50 nT at 06:40 UT to 110 nT at 07:00 UT. plasma which is not energetic enough to overcome the space-
craft positive potential and enter the particle detectors (e.g.
3.2 Cluster observations Engwall et al., 2009; Yau et al., 2007). They are, thus, clearly

identified in HIA data as a region where no plasma is mea-
This study focuses on the analysis of an inverted-V structuresured and, thus, where the density is very low. Consequently
observed above the northern polar cap. This event, referrethe density, velocity and temperature provided by HIA in
to as a polar cap ion beam (PCIB), is extracted from a set othis region are not reliable and are highly fluctuating due to
185 events studied by Maggiolo et al. (2011). the instrumental noise. From 06:06 UT to 06:25UT a tenu-
Figure 4 shows data from Cluster 1 on 1 April 2004 from ous cloud of isotropic plasmaV(< 0.01cnT3, T ~ 1 keV)
04:40 UT to 08:20 UT. During this time period the spacecraftis detected (see first two panels of Fig. 4). At its poleward

www.ann-geophys.net/30/283/2012/ Ann. Geophys., 30, 2862 2012
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Fig. 5. Data from Cluster 1 on 1 April 2004 from 06:38 UT to 06:50 UT. From top to bott@jion pitch angle distribution from HIA for all
ions; (b) time-energy spectrogram from HIA for ions with pitch angles betwe&earl 150; (c) time-energy spectrogram from HIA for all
ions; (d) time-energy spectrogram from CODIF for't(e) time-energy spectrogram from CODIF fortO(f) time-energy spectrogram for
upgoing electronqg) time-energy spectrogram for electrons perpendicular to the magnetiqffigtome-energy spectrogram for downgoing
electrons{i) ion density from HIA (black) and ion density from WHISPER (re(f);electric field components in the GSE frame from EDI;
(k) electric potential along the spacecraft trajectory computed from the EDI electric(f)efthergy of maximum of flux from HIA.

side, two weak upflowing ion beams are measured. Theymplies that they are very thin (less thal5km at iono-
consist of cold plasma strongly field-aligned and presum-spheric altitude).
ably of ionospheric origin. These beams have a low energy

(~100eV) and Cluster crosses them in about 1min which The PCIB of interest for this study is detected by Clus-

ter 1 between 06:41:30 and 06:46:30 UT. This upgoing ion
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Fig. 6. Data from the Cluster spacecraft on 1 April 2004 from 06:40 UT to 06:50 UT. From top to bottom: Pitch angle spectrogram from
HIA for all ions, spacecraft 1; time-energy spectrogram from HIA for all ions, spacecraft 1; GSE components the electric field from the EDI
experiment, spacecraft 1; spacecraft 1 position in earth radii in the GSM frame; pitch angle spectrogram from HIA for all ions, spacecraft 3;
time-energy spectrogram from HIA for all ions, spacecraft 3; GSE components the electric field from the EDI experiment, spacecraft 3;
spacecraft 3 position in Earth radii in the GSM frame; pitch angle spectrogram from HIA for protons, spacecraft 4; time-energy spectrogram
from CODIF for OF, spacecraft 4; time-energy spectrogram from CODIF for protons, spacecraft 4; spacecraft 4 position in Earth radii in
the GSM frame.

beam displays a nice inverted-V structure and the ion energyvith pitch angles comprised between $%hd 180. It ex-
reaches 700 eV in its centre, as shown by the energy districludes upflowing ions and evidences this isotropic popula-
bution in Fig. 4. This structure will be discussed in more tion which has a temperature of about 500 eV and a low den-
detail below. After 06:57 UT the spacecraft exits the lobe re-sity (~0.002cnt3). Such association between PCIB and
gion and enters the dayside auroral zone, a relatively largésotropic ions is very common. About 40% of PCIB are
acceleration region where it detects field-aligned upflowingaccompanied by isotropic ions. The temperature and pitch
ionospheric ion beams with energies up to 2.5 keV. They areangle distribution of this isotropic component suggest that it
accompanied by an isotropic population after 07:05 UT. Thismay originate from the Cold Dense Plasma Sheet. However,
region is adjacent to the poleward side of the cusp wherghe processes that bring it into the magnetospheric lobes are
Cluster enters around 07:22 UT and exits at 08:09 UT. still not understood (Maggiolo et al., 2011). It is very un-
Figure 5 ShOWS an en|arged VieW of the inverted_v Struc-likely that the source of this pOpulation is the UpﬂOWing ions.
ture detected from 06:41:30 UT to 06:46:30 UT by Clus- Indeed, upflowing ions contain a significant proportion 6f O
ter 1. As shown by the ion pitch angle distribution in ions while the isotropic component only consists of.Hrur-
panel (a), it consists of strongly field-aligned upflowing ions thermore, they are only detected in the poleward side of the
(180> pitch angle in the Northern Hemisphere correspondsPCIB and have energy slightly higher that the upflowing ions
to upward flow). The pitch angle distribution evidences the (see Fig. 5d).
presence of another ion population, isotropic, in the right Inthe centre of the PCIB theHand O" density measured
(poleward) side of the inverted-V between 06:44 UT andby CODIF are respectively of0.1 cnT3 and~0.01 cnt3,
06:46:30 UT. Panel (b) of Fig. 5 shows a time-energy spec-The density inside the PCIB is, thus, dominated by the up-
trogram from HIA for selected angular sectors removing ionsflowing H ions (~90 %) with a small amount of upflowing
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O™ ions (~10 %) while the contribution of the isotropic ions ~ The convection electric field inside the PCIB is difficult to
to the total density is almost negligible. A statistical analysis estimate as the electric field is dominated by a strong con-
of the upflowing ion composition and of the density of the vergent electric field associated with the upflowing ion beam
isotropic population inside PCIB can be found in Maggiolo (panel f of Fig. 5). This perpendicular electric field reaches
etal. (2011). values comprised between 10-20 mvinwell above the
Together with their low temperature-(50 eV) and their  surrounding convection electric field level. Such large con-
pitch angle distribution, the presence of @ns confirms the  vergent electric fields located at the edges of the inverted-V
ionospheric origin of the upflowing ions. Because of the low are consistent with a U-shaped potential profile associated
flux of O, it is difficult to estimate precisely the oxygen ions with the presence of parallel electric fields at lower altitudes,
energy using Cluster 1 data (Fig. 5). However, it can be donde.g. Mozer et al., 1977; Johansson et al., 2006). The electric
with Cluster 4 CODIF data which show that boti @nd H" potential along Cluster trajectory computed from EDI elec-
have the same energy profile across the structure (Fig. 6). tric field data is plotted in panel (g). Assuming a reference
Inside the inverted-V structure the density measured by thesalue of the electric potentiadp, = 0, at the left edge of the
HIA ion detector and the density computed from WHISPER inverted V, we obtain a potential drop,; &, of about 700V
wave data are in good agreement, as shown by panel (i) ofcross the structure. Such profile is similar to the electric po-
Fig. 5, indicating that the plasma is accurately measured byential profile advocated by quasi-stationary models of stable
HIA in this region. However, outside the inverted-V, HIA discrete auroral arcs (Lyons, 1980; Echim et al., 2007; de
and WHISPER densities differ significantly. While WHIS- Keyser et al., 2010). These models demonstrateAthe,
PER detects plasma inside and outside the beam, HIA dethe perpendicular potential drop corresponding to a perpen-
tects no ions outside the inverted-V region. This discrepancydicular convergent electric field, sustains a field-aligned po-
is not surprising as lobe ions are too cold to be measured byential dropA & at lower altitudes. It has also been shown
HIA. However, the lobe plasma can be measured indirectly(e.g. Vaivads et al., 2003) that the maximumzsof © is of
by probing the plasma frequency with WHISPER. Thus, thethe order of the maximum ok ®. The maximum ofA | &
comparison between WHISPER and HIA densities gives un{and ofA® as discussed above) is in agreement with the en-
ambiguous evidence that the inverted-V is surrounded byergy of maximum of flux the upflowing ions (panel h) mea-
cold lobe plasma. Furthermore, contrary to what is suggestegured by Cluster. That the upflowingtGand H" have simi-
by particle spectrograms, the density in the outflow regionlar energy profiles which correspond to the electric potential
(~0.1cnt3) is lower than the density in the lobe region (0.2— variation across the PCIB indicates that the ion upward ac-
0.4 cnm3). Using these densities we can estimate the flux ofceleration is caused by a quasi-static electric field parallel
outflowing particles. In the centre of the PCIB, the particle to the magnetic field and located below the Cluster space-
field-aligned velocity is of about 250 kmi$ and the particle  craft. Panels (f), (g) and (h) of Fig. 5 show PEACE data, re-
flux of ~2.5x 10’ cm2s~1 at Cluster altitude. Outside the spectively, for upgoing, perpendicular and downgoing elec-
PCIB, the cold ions field-aligned velocity must be lower than trons. The electrons temperature is of the order of 120 eV.
70km s otherwise it would be detected by the CIS exper- Aimost no electrons are detected in the upward direction. In
iments. Using this velocity and a density of 0.4Chin the  the perpendicular and downward directions the electron en-
lobe region, we obtain an upper estimate of the particle fluxergy peaks between 80 eV and 150 eV except on the left edge
in the lobe similar to the flux inside the PCIB. According of the inverted-V where it peaks around 200 eV. Such elec-
to estimates made with the EFW experiment onboard Clusitron signature is typical for PCIB. It evidences a downward
ter in the same region, the average upward velocity of coldacceleration of electrons which is interpreted as a signature
ions in the lobe is 32kms (Engwall et al., 2009). In that of a field-aligned potential drop located above the spacecraft
case the flux in the lobes may be slightly lower, of the order(e.g. Maggiolo et al., 2006). Cluster is, thus, crossing the
of 1.3x 10’ cm 2s~1. That particle fluxes inside and out- field-aligned acceleration region. Except for the left edge of
side the PCIB are similar reveals that for this particular eventthe inverted-V, most of the acceleration occurs below Cluster
ionospheric processes may not be required to account for thand according to the ion and electron peak energy, less than
observed flux of particles inside PCIB. 25 % of the total field-aligned potential drop is located above
The density in the lobe regions is comparable on the twoCluster altitude.
sides of the PCIB. Similarly on both sides of the PCIB the The orientation of the structure can be obtained by a min-
electric field is comparable. Itis weak{ mV m~1), mainly imum variance analysis (MVA) of electric field data. We as-
directed in the dawnward direction with a weak positive com-sume that the outflow region can be described as a planar
ponent along th&(gsg (the average electric field in the GSE structure parallel to the magnetic field lines surrounded by
frame is [0.3,—0.7, 0.1]mV nT1). The convection around strong convergent electric fields perpendicular to the beam
the PCIB is, thus, directed in the sunward direction with plane and to the magnetic field. The axis of maximum vari-
a low convection velocity of~3kms™! at Cluster altitude ance corresponds to the direction of this strong convergent
(~0.3km st at ionospheric altitude). electric field. The associated PCIB direction is then given by
the cross product between the maximum variance axis and
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the magnetic field direction. The MVA analysis assumes that 1
the quasi-static bipolar electric field dominates the electric

field measured by the Cluster spacecraft and that tempora
variations can be neglected. This assumption is justified by  0.9¢
the stationarity of PCIB (Maggiolo et al., 2011, see also be-
low for this particular event) and by the large amplitude of
the bipolar electric field compared to any other electric field 0.8t
fluctuations observed during this event.

For an accurate estimation of the MVA frame, the eigen-
values of the electric variance matrix must fulfill satisfacto-
rily the conditioni1 >> A2 > A3 whereis, A2 and A3 are,
respectively, the maximum, intermediate and minimum vari-
ances. The three components of the electric field are com- 0.6}
puted from EDI under the hypothesis that there is no electric
field along the magnetic field. Thus, the minimum variance
axis is always oriented along the magnetic field apds al- 0.5}
ways almost null anek A1, A2. Moreover, it implies that the
intermediate variance axis gives the PCIB direction. 0.5 0.4 0.3 0.2 0.1 0

We apply this method to the electric field measured by Y . (R)

Cluster 1 EDI from 06:41:30 to 06:46:30; i.e. from the be- oSM T E

ginning to the end of the bipolar _electrlc f|_eld 5|gr_1ature_. The Fig. 7. Cluster 1 (black), Cluster 3 (green) and Cluster 4 (red) orbits
ratio between the maximum and intermediate variance is 8.3%, the xY GsM plane from 06:40 UT to 06:50 UT on 1 April 2004.
showing that the MVA frame is relatively well defined. The The coloured disks represent the boundaries of the PCIB as identi-
intermediate variance axis{p.9615; —0.232; 0.1219] in  fied by a visual inspection of particle spectrograms. The grey-dotted
the GSE frame), shows that the outflow region extends aptines represent the PCIB orientation as deduced from a minimum
proximately in the Sun-Earth direction as expected for PCIBvariance analysis of Cluster 1 electric field.

(Maggiolo et al., 2011). We obtain a similar orientation for

the MVA frame when applying the MVA analysis to each py minimum variance analysis. Cluster 4 detects the ion
side of the PCIB separately as the electric field on one sidg, erted-V later and slightly shifted in therssy direction,

of the PCIB is almost antiparallel to the electric field on the possibly an effect due to the drift of the arc. In that case the
other side of the PCIB. drift velocity would be low, comprised between 0.42 knt s

Figure 6 displays data from the three Cluster spacecraft\q 1 23 kms? at Cluster altitude (i.e. betweerdOms
on which the CIS experiment is operating from 06:40UT 54 120ms! at a typical ionospheric altitude of 100 km)
to 06:50 UT. During this time interval, the spacecraft SeP- gepending on whether we choose, as a reference, the equa-
aration is relatively small. Cluster 1 and 3 are separatedonyard or poleward side of the PCIB. Note that the motion
by 200km while Cluster 4 is located about 600 km behind 4t the PCIB during this event is in agreement with polar cap
them. The inverted-V structure is clearly identified in the 5rc grift. Several studies reported polar cap arc drift veloci-
particle spectrograms from these three spacecraft. Clusgeg in the range of a few hundred misor less (e.g. Ismail
ter 1 and 3 detect it roughly at the same time (respectivelyg; 51 1977; Hosokawa et al., 2011). Furthermore, the PCIB
from 06:41:37UT to 06:46:16 UT and from 06:41:27UT \,qves in the direction of the IMBy component. This is

to _06_:46:03 uT) r.:md. Cluster 4 about 2min after (from cqngjstent with the observations of Valladares et al. (1994)
06.42.52_ UT to 06.4_8.06 l_JT). No_te that the_se crossing times, 4 Hosokawa et al. (2011) that stable polar cap arcs drift in
are obtained by a visual inspection of particle spectrogramsy,e |MF By direction.

and consequently suffer from uncertainty.

The orbits of the three Cluster spacecraft in (W& )gsm 3.3 TIMED observations
plane for this time period are plotted in Fig. 7. The magnetic
field is mainly directed along thBgsy direction so that the  On the same day and during the same time period, the
(XY)gsm plane roughly corresponds to the plane perpendic-TIMED spacecraft crosses the northern polar cap region
ular to the magnetic field. The orientation of the PCIB de- in the postmidnight-afternoon direction. The GUVI im-
duced from the minimum variance analysis is indicated onager onboard TIMED images the northern ionosphere from
the figure as well as the location of the spacecraft when they6:04 UT to 06:44 UT.
enter/exit the ion inverted-V. The location of the ion inverted- The GUVI image of the Ol emission line at 135.6 nm
V event from Cluster 1 and 3, which cross it at approximately (Fig. 1) reveals the presence of an isolated polar cap arc. The
the same time, is in good agreement with the orientation ofarc is elongated in the postnoon-premidnight direction and is
the convergent electric field structure obtained from EDI datainclined by 20 with respect to the Sun-Earth direction. It
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Fig. 8. Synopsis of the electron/proton/hydrogen kinetic/fluid model TRANS4 (see for instance Simon et al., 2007).

is almost perpendicular to the TIMED orbit and, therefore, located at an invariant latitude of about®7# the nightside

is spatially thin along the orbit. As the GUVI imager scans and of about 80in the afternoon region. The polar cap, i.e.
line by line perpendicularly to TIMED trajectory, it implies the region of the ionosphere connected to the magnetospheric
that the arc has been measured in a very short time periodobes, is identified as dark region located at higher latitude
The detection time is 06:23 in the centre of the image (i.e.than the auroral oval. Some diffuse emission in the nightside
about 20 min before the Cluster spacecraft detect the PCIBat latitudes higher than the auroral oval can be noticed in a
and 06:23:40 at the left edge of the image. Consequently, noegion delimited by the noon-midnight meridian and the po-
significant distortion due to a possible drift of the arc while lar cap arc. However, at latitudes higher thari,88e arc is
GUVI was scanning the polar cap is expected. Thus, the acelearly isolated in the middle of the polar cap.

tual shape and width of the arcs should be well represented

. The projection of the Cluster 1 orbit is superposed to
on the image.

the GUVI image (Fig. 1). Cluster location and the corre-
The polar cap arc detected by TIMED-GUVI is connected sponding times at the transitions between the main regions
to the midnight oval and bends toward the morning sectoridentified with HIA are also indicated. There is a good
This is a characteristic feature of the “hook-shaped” classagreement between Cluster observations and the TIMED im-
of polar cap arcs (Murphree et al., 1982; Ismail and Meng,age. The plasmasheet-lobe boundary detected by Cluster
1982). The arc crosses the whole GUVI field of view and, at 05:02 UT is approximately collocated with the poleward
thus, could possibly connect to the dayside auroral zone angoundary of the auroral oval evidenced by the TIMED-GUVI
form a theta aurora across the entire polar cap as previouslynage. Similarly, Cluster enters the dayside auroral zone at
reported for “hook-shaped” arcs by Frank et al. (1982). 06:57 UT at an invariant latitude of 8@omparable to the lat-
The poleward part of the arc, at the left side of the image isitude of the poleward boundary of the prenoon auroral oval
affected by edge and look angle effect which makes it appearobtained from the GUVI image.
ing brighter and thicker. Actually the width and intensity of  pc|B are associated with field-aligned electric fields that
the arc are fairly constant all along it. Their best estimationgccelerate electrons downwards. These precipitating elec-
is obtained in the centre of the image where GUVI observesyons may trigger photo-emissions as they collide with iono-
at nadw. The nadir mFensﬂy at 135.6_nm is around 230R andspheric particles. Thus, in principle, the PCIB may produce
the width at half maximum intensity is 37 km. optical emissions that can be detected by the GUVI imager.
On the GUVI image the auroral oval is identified as a cir- Furthermore, an association between PCIB and polar cap
cular region of intense emission. Its poleward boundary isarcs has already been suggested because of the similarities
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between PCIB and polar cap arcs statistical properties (Mag4.1 Magnetosphere-ionosphere coupling model
giolo et al., 2011). For this particular event, there are in-
deed several similarities between Cluster and TIMED obserConvergent magnetospheric electric fields play the role of
vations. Red indicates the footprint of the field lines where generators of the auroral current circuit in quasi-static mod-
Cluster 1 detects the PCIB. The two parallel black solid linesels of the coupling between the magnetosphere and the au-
correspond to a projection of the PCIB according to its sizeroral ionosphere. Ad hoc profiles of convergent magneto-
and orientation as estimated with Cluster data. It has a simspheric electric fields sustain field-aligned potential differ-
ilar geometry (i.e. similar size and orientation) as the polarences of the order of several kV and field-aligned current
cap arc imaged by TIMED. In addition, the PCIB is located densities of the order of pAn? (Lyons, 1980, 1981; Echim
in the prolongation of the arc and both are isolated structurest al., 2007; De Keyser and Echim, 2010). Tangential discon-
in the lobe/polar cap region. tinuities (TD) and their associated convergent electric field
These similarities suggest that both spacecraft may obhave been suggested as natural magnetospheric generators
serve the same structure, TIMED imaging its low-altitude for auroral and sub-auroral processes by Roth et al. (1993),
part and Cluster sampling the acceleration region at highePe Keyser and Roth (1998), and Echim et al. (2007). De
altitudes. However, it is difficult to have an unambiguous Keyser and Echim (2010) discussed the formation of conver-
proof of this correlation. Indeed, Cluster is outside the GUVI gent and divergent magnetospheric electric fields and their
field-of-view and about 20 min separate Cluster and TIMED auroral and sub-auroral effects. The model developed by
observations. Consequently, the polar cap arc measured bychim et al. (2007, 2008) describes the coupling between
TIMED may not extend up to Cluster location in the day- auroral arcs and such TD generators located at plasma inter-
side polar ionosphere. Itis also possible that the PCIB meafaces formed at the inner edge of the magnetospheric LLBL,
sured by Cluster is associated with a polar cap arc but disin regions close to the terrestrial magnetopause. In this study
tinct from the one imaged by TIMED. Furthermore, both We adapt this model to describe the coupling between the
structures may have moved, evolved or disappeared duringiagnetosphere and the polar ionosphere for the PCIB jointly
the 20 min separating both observations. However, this deobserved by Cluster and TIMED.
lay between observations must be considered, taking into ac- The flux of magnetospheric particles precipitating into
count the stability of PCIB and polar cap arcs. Both havethe polar cap ionosphere from the magnetospheric generator
been shown to have long lifetimes and may stay stable focontributes to a net field-aligned current with a density
long time periods; more than 20 min for PCIB (Maggiolo et The current-voltage relationship (CVR) givég as a func-
al., 2011) and up to more than one hour for polar cap arcdion of the field-aligned potential drop® = &y — @j, be-
(see, for instance, Zhu et al., 1997, or Kullen and Janhunerfween the generator (described by the electric potesiial
2004). During this event, the IMF is stable, so that such longand the polar cap ionosphere (whose electric potentiby)is
lifetime and stationarity can be expected. This seems to bd he CVR has been derived for magnetospheric convergent
confirmed by Cluster data that show no significant evolutionmagnetic fields and for A® decreasing monotonically with
of the PCIB during the two minutes of the pass. Further-altitude, by assuming that the motion of particles along the
more, the PCIB drift velocity is low and would correspond to flux tube connecting the generator and the load is adiabatic
a displacement of a maximum of 2.5 20 min. (Knight, 1973; Lemaire and Scherer, 1973; Chiu and Schulz,
To further investigate the link between both structures, an1978; Fridman and Lemaire, 1980; Pierrard, 1996). When
estimation of the photo-emissions triggered by the PCIB isthe Hall currents are divergence-free, the current continuity
required. It will be done using models to compute the emis-equation in the topside polar cap ionosphere requires that the
sions at 135.6 nm produced by precipitating electrons accelnet parallel current in the ionospher, is equal to the di-
erated downwards through the field-aligned potential dropvergence of the horizontal height-integrated Pedersen current
observed by Cluster. in the ionospherelp = XpEj):

d d
Jj=-— <Ep—'> 6y
4 Modelling dxi dxi

The UV emissi b d by TIMED-GUVI and the f where J is given by the CVR, a nonlinear function of
e UV .emission observed by -GUVI and the fluxes (®m— i) x; denotes the distance perpendicular to the arc

of precipitating electrons collocated with the PCIB have beenat ionospheric altitude an&p(xi) is the height-integrated

modelled by a com.bination of elect.rostatic modelling Of pedersen conductivity that depends on the flux of precipi-
the magnetosphere-ionosphere coupling (Echim et al., 2007,

I . .~ 'tating electrons (Harel et al., 1977). Equation (1) gives a
2008) and a kinetic-fluid model (TRANS4) for auroral emis- - - :

. . ) ' quantitative description of the coupling between the plasma
sions (Lilensten and Blelly, 2002; Simon et al., 2007). In this q P . .
sect_ion, we discuss in de_tail_ the two numerica_\l models used INgte, however, that a linear regimé, = K (dm— @;) can be
to simulate the photo-emission at 135.6 nm triggered by thedentified, both experimentally and theoretically, as shown by Lyons
PCIB observed by Cluster. et al. (1979); see also de Keyser and Echim, 2010)
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and magnetic field properties of the magnetospheric genera- The nonlinear Eq. (1) is discretized using a finite differ-
tor and the plasma and field properties of the polar cap arcence method and integrated numerically with a damped New-
Equation (1) is solved for the unknown ionospheric potentialton iterative scheme and Dirichlet boundary conditions. In
®; and the input parameters,, and Xp. The ionospheric  Eq. (1) J; is given by the CVR where we introduday, the
feedback effect is introduced in Eqg. (1) via the relationshipmagnetospheric electric potential, from electric field mea-
betweernzp andeen, the energy flux of the precipitating elec- surements by Cluster 1 at, = 5.5 Rg (see Fig. 5). The den-
trons (Harel et al., 1977; Lundin and Sandahl, 1978; see alssity and temperature of magnetospheric electrons and ions
Echim et al., 2008): are also provided by Cluster 1 measurements and introduced
in Egs. (1)—(3). Equation (1) is then solved fby, the iono-
Zp=ZXpo+a/eem (2) spheric potential at an altitude of 500 km. The current carried

wherepo is the base level of the ambient/background Ped-PY ionospheric electrons and ions is also included in Eq. (1)
ersen conductance produced by the solar EUV radiation. 14!SIN9 analytical expressions derived by Lema|r.e and Scherer
our simulation, we use a relatively high background Peder{(1971). Note that we use as a boundary conditipe-0 at
sen conductanceSeo = 3.5 21 in order to simulate the both sides of the PCIB and we model only the upward current
sunlit conditions at the footprint of the magnetic field lines r€9ion ¢ =0 whenA® <0).
where the PCIB is detected. The variation of conductance From the condition that the magnetic flux is conserved
due to precipitating electrons does not exceed 20 % of theand assuming a cylindrical mapping (Lyons, 1980), the dis-
background conductance. tancexn, at the magnetospheric altitudg where the mag-
The energy flux of precipitating electrons in the iono- netic field is By maps tox; at the ionospheric altitudg;,
spheré, sem, is computed by evaluating the down-going adi- where the magnetic field i8;, according to the relationship
abatic motion of electrons in the mirroring magnetic field de-
scribed by a magnetospheric to ionospheric field rBgoB;,
and a field-aligned potential drap® = ®; — &,. The mag-
netic mirror force breaks the field-aligned motion of down-

going electrons while a pos?tivA(D Win accelerate them results of the Ml coupling model are summarized in Fig. 9.
downw?rd. From_”the cr?mblned a(;]tlon of the two forcesHThus, our MI coupling model provides an estimation of the
some electrons will not have enough energy to overpass t Slectrodynamic properties of the polar cap arc coupled to the

magnetlc mirror force, some electrons will precipitate in the_convergent electric field and the associated PCIB observed
ionosphere and some electrons may be trapped (see Lemai (§, Cluster

and Scherer, 1971, 1973, for details on the characteristics o
each class). Assuming that® varies monotonically with _ )
the altitudez, the analysis of particle dynamics of each class €0Tréspond to the accelerating potentiab resulting from

of electrons and the Liouville mapping of the high-altitude e M! coupling model adapted for PCA and to compare
magnetospheric velocity distribution function (VDF) yield these emission rates with the direct observations by TIMED,
the moments of the VDF at each altitude, including in the W& COmpute an eIe'ctron differential energy flux precipitating
topside ionosphere. The second-order moment of VDF proNto the polar cap ionosphere. We take a Maxwellian elec-
vides the energy flux of precipitating electrons at ionospherictron _vglom_ty_ dlstnbujuon fu_nctlon at the_ altltude_of Cluster
altitudez; as a function of the temperature and density of the@d injectitinto the field-aligned potential drapb inferred

magnetospheric source region or generator and the magnetf£2m Solving Eq. (1) subject to Egs. (2)—(3). The Maxwellian
field mirror ratio (Lundin and Sandahl, 1978): is defined such that its density profil&d(xm)) and temper-
ature (e =120eV) are consistent with Cluster observations.

Xi = Xmy/ Bm/Bi. The ionospheric electric potential obtained

from Eq. (1) provides implicitly the field-aligned potential
drop A® which is introduced back in the analytical expres-
sion of J, eem, and Xp at the ionospheric altitudg. The

In order to estimate the optical emission rates that would

B kTo eAD Note that the field-aligned acceleration above Cluster is not
cem = NekTe| — 2+ taken into account as we have no information on its altitude
Bm 27Tme kTe . . . . . .

ro distribution. However, this may only slightly impact the re-
eAD Bm —7( B; _1)”6 sults as it represents a small fraction of the total field-aligned
—[ T +2<1— F)}e Fm (3)  potential drop (less than 25%). This electron VDF is then
e |

Liouville mapped at ionospheric altitudes where we compute
the resulting spectrum of the differential energy flux. The re-
sult shown in Fig. 9 is in good agreement, in terms of spatial
scale, with observations of PCIB by Cluster and with optical
observations of the PCA by TIMED-GUVI. The ionospheric

r%otential is relatively linear as because the field-aligned cur-

rents are relatively low and ionospheric conductivity high.

whereNg andT are the density and temperature of the mag-
netospheric electrons originating in the magnetospheric gen
erator,B;, B is the magnetic field intensity in the ionosphere
and magnetosphere, respectively® is the potential drop

between the magnetospheric generator and the polar cap a

2Equation (2) is, however, valid at any altitugdewith Bj = B(z)
andA®(z) =P (z) — dm
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Therefore, the field-aligned potential drayd is rather sim-
ilar to the magnetospheric potentib}, measured by Cluster.
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The magnetosphere and ionosphere are, thus, decoupled t
field-aligned electric fields confirming that the strong perpen-
dicular electric field observed by Cluster on the sides of the
PCIB is converted into field-aligned electric field at lower
altitude. Consequently, the PCIB is not expected to be asso-
ciated with strong perpendicular electric fields at ionospheric
altitudes.

Electrons [eV]

The energy spectrum of precipitating electrons computed
from this MI coupling model is then used as an input vari- = 500¢ T
able for the TRANS4 model that computes the correspond- e~ |~ ]
ing emission rates to be compared with emission rates from®  [FT7 T ————_ e '
TIMED-GUVI data. % soof )
4.2 lonospheric response: modelling the optical 0.2-(°=)
emissions -

QJE 015} -
The spin-forbidden transition O(8°—2p3P) emits a dou- 5 2f / ‘I'»._F‘_U_JF'_"U"L'\‘
bletin the FUV at 135.6 nm and 135.8 nm, usually appearing == 005;  ~ ~ / N ]
as one line in space-borne and ground-based instruments. | or . . . m
is excited exclusively by electron impact (e.g. Anderson et @ ' ' ’
al., 1980; Avakyan, 1998) and can be considered optically =, ;|
thin when observed in nadir configuration (Strickland and %z A g e
Anderson, 1983; Germany et al., 1990). Extinctiondueto 3 ° [ A/ |/ _~/ A
absorption by @ molecules in the Schumann-Runge contin- g 10} A/ '\f CV '1
uum is important between 100 and 150 km altitude where O B , . . L ns
is the predominant species (Meier, 1991). Contamination by _ .-l ¢e) ' ' ' '
the N (a'Mg-X1= ) LBH (3,0) band at 135.4 nm may also % ' %
occur, especially in the bottom-side of the atmosphere, as 3 200t £ /
explained in Meier et al. (1985) and reaches 8 to 20 % of the = %’ }--{(\ ‘E
overall emission at 200 km altitude depending on solar and & b g&' 0 4n | TRANSCAR
atmospheric conditions. ©-O~ neutralization may also 0 , . e Bep ]
play a role (around 5 % of the total emission), especially in -30 -20 X'Ekﬂm] o 10

the mid-latitude ionosphere (Meier, 1991; Dymond et al.,
2000) and at low altitudes. These two last mechanisms als—ig. 9. Results of the MI coupling model. from top to bottom:

W?” as cascade; frortP upper states (Kani!( et alj' 2003) (first panel) synthetic energy spectrum of precipitating electrons at
will not be considered here as a lower estimate is soughtsog km: this spectrum is obtained by injecting a Maxwellian dis-

The sources of excitation considered here are: tribution function into the field-aligned potential differencad,
illustrated in the second panel,® results from solving the current
O+e— O*+e: electron impact continuity Eq. (1) for®m, the magnetospheric electric potential,
excitation (a) given by Cluster measurements at an altitude offg5the third
Oz2+e— O*+ O*+ e: electron impact dissocia- panel illustrates the field-aligned current density given by the CVR
tive excitation (b) for the computed @; the fourth panel shows the energy flux of pre-

cipitating electrons, computed from Eq. (3). The last panel displays
Ot +e— O*+ hv (135.6nm):  radiative recombination the emission profile at 135.6 nm as computed from our simulation

(©) and as measured by TIMED. The shape and intensities computed
No+e — No* + hv (135.4nm):  contamination from are consistent with the given input spectra and the brightness spa-

LBH band at 135.4nm tial distribution recorded by GUVI.

(d)

Processes (a) and (b) contribute to more than 85 % of the to- To compute the production of €%’) taking into account

tal brightness (Strickland and Anderson, 1983; Strickland etall channels, a 1-D coupled kinetic-fluid electron transport
al., 1993) and processes (c) and (d) to around 10 % or lessiodel, called TRANS4 (Simon et al., 2007), is used. A sim-

(Dymond et al., 2000, and this study). As electron recombi-plified synopsis is shown in Fig. 8. TRANS4 solves the 1-D

nation is mostly important on the nightside, the knowledgeBoltzmann equation for superthermal electrons, taking into
of the electron and ion densities is needed, hence the use @ccount photoionization, photoexcitation and electron trans-
a fluid ionospheric model. port of photoelectrons and precipitated electron (following
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Lilensten et al., 1989), so that the superthermal electron flux Radiative recombination process (c) is included directly
®,, depending on the altitude the energyE and the cosine by calculating the emission rate:

of the electron pitch angle, is expressed by:
) P . g, 1s exp y PGe6(2) = ki ne(z) nos (2) (6)
Mafwe(z,E,M)—neﬁ(L(E) ve(z, E, ;1)) =C(¢e(z, E, 1)) wherene andnoy are the electron density andGon den-
Z

(@) sity, respectively, both calculated by the fluid part of the
TRANS4 model k, is the recombination coefficient equal to

Where L(E), in eVcnr?, is the loss function describing 7.3 x 10-13cmé s~1 for an electron temperatuffe = 1160 K

the dissipative friction between thermalized and supertheras given by Metndez-Alvira et al. (1999a, b).

mal electrons in the approximation of continuous slowing The total volume emission ratgsse including the con-

down (CSDA).ne is the electron density in cn¥. C(pe) is tamination from LBH (3,0) band is:

the collision operator including direct sources of superther- _ j ot Ny

mal electrons (photon, electron or proton impact) and sourceg1356(Z) - Zj:Oz,O Piase(@) + Prase(@) + Praza(@)  (7)

and losses of electrons by collisions with the environment. In order to compare to the nadir-pointing GUVI observations,
Among sources, photoabsorption is computed using ahe volume emission rates are integrated along the vertical

Beer-Lambert law while electron precipitation is directly line of sight (nadir mode) and converted into Rayleigh units

calculated from the precipitation differential fluxes (in of intensity/, following the definition of Hunten et al. (1956)

cm2s1lev1), either measured by satellites or given by (1 R=1F photonscm?s1). Adding the reabsorption of

an external model such as the one described in Sect. 4.1. 135.6 nm photons by £dmolecules, significant at the altitude
The fluid module includes a 8-moment approximation of the emission peak, the integration becomes in Rayleigh:

coupled to the kinetic module and computes electron and 2, _1356 N

ion densities of iy, OF, Ot, N*, NO* and H" (Lilensten 471 =/771356(Z)€_"’“’ (+=1356nm [0, () g (8)

and Blelly, 2002). The neutral atmosphere is given by the o .

semi-empirical model MSIS-90 (Hedin, 1991) and the so-Whereo;.* (1 = 1356 nm) is the value of the photoabsorp-

lar EUV flux is given by the solar model EUVAC (Richards tion cross-section of @at 135.6 nm, measured at24 x

et al., 1994a, b) with the 37 energy boxes of Torr and Torr10~*8cm? by Yoshino et al. (2005).

(1985) modified to take into account higher energies. MSIS- The conditions of the TIMED-GUVI observations are

90 and EUVAC are parameterized in the present study by théadir-pointing for the middle of the arc on 1 April 2004,

decimetric solar inde®107. Photoabsorption, ionizationand 06:44 UT, geographic latitude/longitude (84, 54°W),

electron impact excitation and ionization cross-sections aref107 =112 and a solar zenith angle equal t¢ 86he cor-

for instance, described in Lilensten and Blelly (2002) and Si-responding neutral atmosphere is given by MSIS-90. Fol-

mon et al. (2007) and references therein. lowing Gattinger et al. (1996), atomic oxygen densities are
Prominent auroral emissions such as Ol (557.7 nm)Within the range (F5+0.25 of MSIS-90 original density

Ol (630.0 nm) or OI (135.6 nm) are directly computed from t0 account for high-latitude thermospheric conditions. Input

the production rate of excited states (expressed infent): electron fluxes are computed by the MI model described in
. . Sect. 4.1, with the following relation between electron veloc-
Pejmi(z) =n; (Z)/Uémi(E)we(Z, E)dE (5) ity distrit_)utiontunctionfe(vH, vy, u)at 'Fhe top Qf the _iono-
sphere in cm®s® and the corresponding particle differen-

Wheren  is the density of the parent neutral species,, . is tial flux ®e in cm?s~*eV~* (Baumjohann and Treumann,
the excitation or emission cross section from neutral specie§997)5

j. In the case of Ol (135.6), the two channels (a)—(b) are v2

included in the model in this manner. Pe(E, 1) = — fe(v), vL, 1t) ©)

. me
The most recent cross-sections for processes (a) and (%herev” andv are the velocities parallel and perpendicu-

use(_j in the computation are Laher and Gilmore (199,0) anqar to the magnetic field. Another output of the TRANS4
Kanik et al. (2003), respectively. The recommendation Ofmodel is the Pedersen conductance. In the middle of the arc

Laher a_nd Gjlrr_nore (1.99(.)) for process @’ deduced fromthe integrated Pedersen conductance given by TRANS4 is
calculations, is in qualitative agreement with the laboratory 5+0.5Q~1 which is similar to the empirical value used in
measurements reported by Stone and Zipf (1974), later cort-He Mllmodel

rected by Zipf and Erdman (1985) and Doering and Gulcicek

(1989); the uncertainty reaches 50 %. At 70 eV energy, pro4.3 Comparison between the modelled emissions and
cess (b) is around 50 times less efficient than process (a).  TIMED observations

Emission cross-sections for process (d), i.e..INBH (0,3)

emission at 135.4nm, are initially taken from Ajello and Modelling results are shown in Fig. 9 where the emission
Shemansky (1985) multiplied by 0.892 as recommended byprofile at nadir measured by TIMED is also plotted. The pro-
Itikawa (2006). file of emission across the structure displays a plateau in the
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e’|(+150 eV)

(@) B (b)

Polar cap arc

Fig. 10. (a)Sketch summarizing Cluster observations on 1 April 2004. The particle populations detected by the spacecraft are indicated
together with the electric field topology. According to our modelling, such structure should create optical emissions at ionospheric altitude.
(b) Schematic plot of the magnetosphere on 1 April 2004. The grey dotted line shows the location of the magnetopause according to the
Shue et al. (1997) model in theYggpm and Y Zgsm planes. The green line represents Cluster 1 orbit from 04:40 UT to 08:25UT. The
orange line shows the magnetic field line passing by Cluster 1 when it detects the inverted-V structure. The orange surface is a mapping
along the magnetic field lines of the polar cap arc detected by TIMED. The red line shows the intersection between this surface and the
Xgsm= —20RE plane. Itis extended by a red dotted line which connects it to the magnetic field line passing by Cluster 1 when it detects
the inverted-V structure. The mapping is made using the Tsyganenko 2004 model (Tsyganenko and Sitnov, 2005).

centre with a maximum intensity of about 250 R with uncer- imager onboard TIMED detects a polar cap arc in the po-
tainties of aroundt25 % as derived in Gronoff et al. (2012). lar cap ionosphere, and 20 min later, the Cluster spacecraft
On the sides the intensity sharply decreases and the width atetect an upflowing ion beam with an inverted-V structure.
half maximum intensity from our simulation is about 30 km. Panel (a) of Fig. 10 summarizes Cluster observations of the
This is in good agreement with the values recorded by thePCIB. Due to their relatively high altitude, the Cluster space-
Global Ultraviolet Imager (GUVI) onboard TIMED (respec- craft spent a long time inside it and, thus, received detailed
tively ~230 R and 37 km). observations of the particle and fields. Cluster data show
Simulations show that processes (a) and (b) contribute talear evidence that the upgoing ions are accelerated by a
more than 49 % each of the total calculated intensity, whilequasi-static electric field with U-shaped equipotentials. Such
radiative recombination is a minor process (less than 1 %)outflow structures are frequently detected by Cluster above
O, reabsorption decreases the total intensity by around 2 %he polar caps during prolonged periods of northward IMF
in nadir configuration. (Maggiolo et al., 2011) and are named polar cap ion beams
Furthermore, the simulations show that the two thin and(PCIB).

low energetic ion beams detected around 06:18UT and The PCIB detected by Cluster maps outside the GUVI
06:22 UT are not likely to produce emissions correspondingfig|d-of-view data analysis and modelling, however, reveal
to the arc measured by TIMED. First, their width at iono- gimjlarities with the polar cap arc observed by TIMED.

spheric altitude (estimated to less than 10 km) is much Iower,—herefor& we conjecture that they are both different signa-
than the width of the polar cap arc. Second, they are not engres of the same phenomenon.

ergetic enough to produce intense emissions. Indeed we can A direct confirmation comes from the modelling afb
barely estimate it with the intensity observed on the sides ofth f Ild i :j tl tial d dth Ny di ' UV
the PCIB where the upflowing ion energy ise100 eV. The € Tield-aligned potential arop an € corresponding

corresponding intensity at 135.6 nm should be lower thanoSsion rates. We developed a method based on two

~50R which is well beyond the intensity of the polar cap corgpllelr)nentgry m(t);iels: A) ?quafl-s'gf\tlogary '\gl Coll:.pl",:.g
arc according to GUVI data. model based on the current continuity (1) and a kinetic

current-voltage relationship, a model initially developed for

discrete arcs in the main auroral oval, and (B) a kinetic model
5 Summary and discussion for computing the emission rates corresponding to the flux

of precipitating energy determined from model (A). Elec-
In this study, we compared observations from Cluster andric field measurements by Cluster in the upper segment of
TIMED above the Northern polar cap during a prolonged pe-the acceleration region provide the magnetospheric electric
riod of northward IMF. During this time period, the GUVI potential profile,®y. The latter is introduced into the Mi

www.ann-geophys.net/30/283/2012/ Ann. Geophys., 30, 2862 2012



298 R. Maggiolo et al.: Polar cap arcs from magnetosphere to ionosphere

coupling model that providesA®, the potential drop be- outlook of the polar cap arc spatial structure that we can com-
tween the magnetosphere and the polar cap ionosphere.  bine with Cluster data to infer magnetospheric configuration
In order to estimate the precipitating energy flux in the po- (see Fig. 10b). If, as suggested by the GUVI image, the prop-
lar cap ionosphere, we “launch” electrons with a Maxwellian erties of the polar cap arc do not vary along it, the polar cap
distribution function with a temperature and density as givenarc imaged by GUVI should be associated with a curtain-
by Cluster measurements. The Liouville mapping of this like sheet of warm isotropic ions located inside the magneto-
VDF through the field-aligned potential drop computed by spheric lobes. This sheet, represented in orange in Fig. 10b,
MI coupling model gives the spectrum of precipitating elec- also corresponds to the region of upward current associated
trons at ionospheric altitude. This spectrum is then used awvith the precipitating electrons and upflowing ions measured
input to a kinetic airglow model to compute the emission pro-by Cluster. This sheet is thin (about 300 km at an altitude
file at a given wavelength. We applied this method to theof 4.5Rg) and extends approximately along thesy axis
PCIB using Cluster data as input and compared the modelleth the magnetotail. The polar cap arc detected by TIMED is
emissions to the polar cap emission as measured by TIMERonnected to the auroral oval in the nightside and, thus, this
focusing on the Ol line at 135.6 nm. The spatial scale of thesheet should be connected to the plasmasheet. There is no
field-aligned potential structure and the maximuni\@b are ~ asymmetry between the magnetospheric regions located on
in good agreement with Cluster observations of the PCIB.the two sides of this sheet. The convection is weak and di-
The modelled emission profile computed at ionospheric al-rected sunward and they are populated by cold plasma with a
titudes also shows good agreement with the emission ratedensity of about 0.2—0.4 cm, typical of open magnetic field
measured by GUVI. Thus, experimental and modelling re-lines of the lobe region.
sults suggest that Cluster and TIMED-GUVI observed the The configuration of the magnetic field lines on which the
same phenomenon, an elongated polar cap arc with a widtPCIB are detected is not standard and the topology of these
of the order of 30 km and which extends virtually over the field lines cannot be directly inferred from Cluster measure-
entire polar cap. The polar cap arc brightness is of the ordements (see Maggiolo et al., 2011). The presence of warm
of 250 R, consistent with model results, and the arc is stablésotropic ions favours a closed field line configuration. How-
over a time interval of the order of tens of minutes. The mod-ever, these ions are detected only for 40 % of PCIB and in this
elling results suggest that the mechanism sustaining the polgrarticular event only on one side of the PCIB. On the other
cap arc and its associated ion upflows is quasi-static, similahand, the low temperature of precipitating electrons associ-
to the quasi-static acceleration in the auroral oval. ated with PCIB and the fact that PCIB are very thin structures
It has been already shown that PCIB have statistical propiocated at high latitude in the magnetospheric lobes would
erties similar to polar cap arcs (Maggiolo et al., 2011). Basedsuggest an open field line configuration. This issue goes be-
on simultaneous in situ and optical data, we confirm in thisyond the scope of this paper and will be addressed in dedi-
study that the PCIB observed by Cluster is likely to be a high-cated studies.
altitude signature of the polar cap arc imaged by TIMED. The quantitative analysis of the PCIB and its associated
We can, therefore, conjecture that PCIB and polar cap arcfield-aligned potential drop, as well as the successful mod-
are different signatures of the same phenomenon, hallmarklling of the optical emission rates opens new possibilities for
of magnetospheric dynamics during prolonged periods ofexploitation of in situ spacecraft data for a better understand-
Northward IMF. ing of polar cap arcs. The information we get about the mag-
We can, thus, combine Cluster and TIMED measurementsietospheric configuration and the local electrodynamics are
to get a better understanding of the magnetospheric configudaseful to test polar cap arcs formation models. It can also be
ration during this event. Cluster gives a detailed descriptionapplied to other spacecraft, for instance low-altitude space-
of the PCIB electrodynamics at high altitude. In particular, it craft like DMSP for which the energy spectrum of precipi-
reveals the presence of a population of wardQ0 eV) and  tating electrons can directly be obtained from measurements.
tenuous £0.002 cnt3) ions located inside the quasi-static This possibility can be explored in the future by investigating
acceleration region. Such plasma population is associateddditional conjunctions between in situ spacecraft measure-
with 40 % of PCIB (Maggiolo et al., 2011). The presence of ments and polar imagers.
isotropic plasma filaments in the lobe regions during periods Furthermore, the method described in this paper devel-
of northward IMF has been previously reported, for exam-oped to compute the optical emission rates in polar cap arcs
ple, by Interball (e.g. Grigorenko et al., 2002), ISEE (e.g.from particle and fields observations can give an estimate
Huang et al., 1987) or Cluster (e.g. Petrukovich et al., 2003) of the visibility condition for polar cap arcs. Simulating
However, the spatial coverage of spacecraft measurement isptical emissions would be helpful to confront optical data
limited and inadequate to infer the large scale geometry ofwith in situ measurements avoiding possible bias due to the
these filaments. With the method presented in this study, wémagers’ sensitivity. Indeed, smaller field-aligned potential
relate Cluster high altitude observations to optical emissiongirops would produce fainter emissions and, therefore, un-
at the ionospheric level and overcome the limited coverage ofikely to be observed by ground-based or space imagers. This
in situ observations. The GUVI image provides a large scalemay be particularly useful for the study of polar cap arcs
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