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Abstract. In a previous study, Blockx et al. (2005) showed itation by decreasing the current sheet half-thicknBgsa-
that the SI12 camera on board the IMAGE spacecraft isrameter. We thus conclude that underestimation of the field
an excellent tool to remotely determine the position of theline stretching leads to inadequately prediction of the bound-
isotropy boundary (IB) in the ionosphere, and thus is ableary latitude of the non-adiabatic proton precipitation region.
to provide a reasonable estimate of the amount of stretching

of the magnetic field lines in the magetotail. By combining Keywords. Magnetospheric physics (Auroral phenomena
an empirical model of the magnetospheric configuration with yw ' 9 P phy P ’

. : : A . Magnetotail; Solar wind-magnetosphere interactions
Sergeev’s criterion for non-adiabatic motion, it is also possi- g g P )

ble to obtain a theoretical position of IB in the ionosphere,
for known conditions in the solar wind. Earlier studies have
demonstrated the inadequacy of the Tsyganenko-1989 (T89) |ntroduction
model to quantitatively reproduce the field line stretching,

particularly during growth phases. In this study, we reexam-The isotropy boundary (IB) introduced by Sergeev et
ine this question using the TO1 model which considers they|. (1983) is the low-altitude signature of the transition from
time history of the solar wind parameters. We compare thee region of the magnetosphere dominated by strong pitch
latitude of IB derived from SI12 global images near local gngle scattering to the region of bounce-trapped patrticles.
m|dn|ght W|th that Calculated from the TO1 m0de| and the Th|s transition also marks the equatorward boundary Of Sig_
Sergeev’s criterion. Observational and theoretical results argjficant ion precipitation. Equatorward of this boundary, the
found to frequently disagree. We use in situ measurementgyn distributions on closed field lines may display a strong
of the magnetic field with the GOES-8 satellite to discrimi- fiyx depletion in the loss cone due to collisions in the iono-
nate which of the two Components in the calculation of thesphere_ In the absence of Wave_partic|e interaction, the de-
theoretical position of the IB (the TO1 model or Sergeev’s pleted loss cone will be conserved for adiabatically moving
criterion) induces the discrepancy. For very quiet magneticparticle. However, possible nonadiabaticity or stochastiza-
conditions, we find that statistically the TO1 model approxi- tion of particle motion will lead to the filling of the loss
mately predicts the correct location of the maximum protoncone. In particular, when observing the downgoing parti-
precipitation. However, large discrepancies are observed ifles at low altitude above the ionospheric loss region, the
individual cases, as demonstrated by the large scatter of preg|ative amount of particles inside the loss cone can be used
dicted latitudes. For larger values of the AE index, the modelig measure the amount of pitch angle scattering during one
fails to predict the observed latitude of the maximum pro- phounce between the opposite mirror points. For those parti-
ton intensity, as a consequence of the lack of consideratioR|es that mirror at low altitudes (having small equatorial pitch
of the cross-tail current component which produces a moregyng|es), the deviations from adiabatic motion are strongest at
elongated field configuration at the location of the proton in-the equator in the central current sheet. Adiabaticity is pri-
jection along the field lines. We show that it is possible to marily controlled by the equatorial value of the ra&eRc/p,
match the observed location of the maximum proton precipyhereRc is the curvature radius of the field line, apdis

the particle gyroradius. According to numerical simulations
Correspondence to: C. Blockx of trajectories of small pitch angle particles, the threshold
(c.blockx@ulg.ac.be) condition for strong pitch angle scattering (scattering to the
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162 C. Blockx et al.: FUV remote sensing of magnetotail stretching and the TO1 model

center of loss cone) is approximately as follows (Sergeev eind developed an empirical model for predicting the GOES 8

al., 1993): inclination. Nicholson et al. (2002) used data obtained from
MSPs located at Gillam and Fort Smith, Canada, and Poker
R =Rc/p <8 Flat, Alaska, and demonstrated that ground-based MSPs are

. L . capable of obtaining a large number of simultaneous bound-
Assuming that the magnetic field decreases monotonlcallyary determinations
tailward, the isotropy boundary is located where the equality '
sign holds. Since the location of the IB is controlled by the
magnetic field in the current sheet, the IB position reflects2  The SI112 proton imager
changes in the equatorial magnetic field in the near tail and
can be used to monitor these changes. The latitude of thiSatellite-based observations of the proton aurora (and thus of
boundary depends on the energy of the particles (Sergeev ¢he proton IB) were so far restricted to in situ satellite parti-
al., 1983), with the lower latitudes associated with the highestle detection. Until the availability of the IMAGE satellite,
energies. no capability existed for global remote sensing of the pro-
The IB is well identified from in situ measurements with ton aurora. Consequently, the IB sampling was spatially and
low-altitude polar spacecraft such as NOAA and FAST satel-temporally restricted. To overcome this limitation, Blockx
lites. When these spacecraft cross the auroral oval, they preet al. (2005) proposed to use global data obtained with the
vide the flux inside and outside the loss cone. Direct deter+UV spectrographic proton imager (S112) on board IMAGE
mination of this boundary is not possible from the Defensethat provide snapshots of proton precipitation with a 2-min
Meteorological Satellite Program (DMSP) satellites becauseaesolution. Since the launch of the IMAGE satellite in March
of the lack of pitch angle coverage (only precipitation fluxes 2000 until December 2005, the FUV instrument provided the
are measured). However, Newell et al. (1998) showed a closeapability to simultaneously observe the aurora in three spec-
association between the IB of 30 keV protons detected withtral bands:
NOAA satellites and the2i boundary defined as the latitude
of the ion energy flux precipitation maximum of 3-30 keV
protons observed with the DMSP satellites. The knowledge
of the latitude of this boundary in the nightside proton precip-
itation provides considerable information on the state of the _ The Sj12 spectral imager isolates a narrow region

magnetosphere, as it is an indicator of the level of magnetic (0.2 nm) with a peak sensitivity at 121.8 nm and images

— The Wideband Imaging Camera (WIC) observes the au-
rora in a broad (135-170 nm) ultraviolet band sensitive
mainly to Lyman-Birge-Hopfield Blbands and Nl lines.

field line stretching in the magnetotail. _Actually, Sergg:ey Doppler shifted Lye auroral emission.

and Gvozdevsky (1995) showed that unlike geomagnetic in- .

dices such ax,, the magnetotail (MT) index, defined as  — The SI13 spectral imager selects a 5nm passband cen-
the invariant latitude of the isotropy boundary-e100 keV tered on the O |1 135.6 nm feature.

protons reduced to the midnight meridian, displays a gOOdThe response of these instruments was validated by labora-

correlation ¢~0.9) with the inclination of the magnetic field T ST .
. . . . _tory and in-flight calibrations using hot stars and was updated
measured in the nightside portion of a geosynchronous orbit,; :
daily (Frey et al., 2003).

Ground-based remote sensing of the IB location was de- ; .
. . S112 was designed to monitor the global-scale proton pre-
scribed by Donovan et al. (2003) and Nicholson et al. (2002). . -~ . ; . ; .
cipitation. It includes a grill system to reject the intense

Donovan et al. (2003) used ion data from DMSP overfllghts(>10 KR) geocoronal Ly emission at 121.5nm, which

of the Canadian Auroral Network for the OPEN Program would otherwise appear as an bright diffuse glow, and to iso-
Unified Study (CANOPUS) meridian scanning photometerlate a fraction of the Doppler-broadened auroraloyine

(MSP) located at Gillam, Canada, to develop a simple algo-_ .. ; . N o
rithm to identify the “opticalb2i boundary” in latitude pro- profile (Mende et al., 2000a, b). Since this emission is emit

files of proton auroral g (486 nm) brightness. The latitude ted by ex_c|ted fasthydrogen atoms, the line profile for a given
: . - observation geometry depends on the energy spectrum of the
of this opticalb2i is

incident auroral protons and their pitch angle distribution. In
b2i = Apeak— 140 addition, the response of the SI12 instrument with its mul-
tiple passbands depends on the Ly-a line profilergEd et
whereApeakando are the latitude of the peak and the stan- al., 2001). The shape of this profile is also influenced by the
dard deviation of the Gaussian fit to the brightness profile,orientation of the line of sight with respect to the local mag-
respectively. They found by intercomparisonraf600 near-  netic field lines. The complexity of the atmospheric and in-
simultaneous optical and in sitipi that the opticab2i isa  strumental processes involved makes it necessary to simulate
reasonable basis for an optical equivalent to the MT indexthe SI12 response for a range of parameters describing the
put forward by Sergeev and Gvozdevsky (1995). They alsgproton precipitation and the geometry of the observations.
demonstrated a strong correlation between the ogiftaind  The drop in efficiency of the S112 detector for energy higher
the inclination of the magnetic field as measured at GOES 8&han~10 keV results from the increasing importance of other
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processes such as ionization competing with excitation intd3 Empirical models
the H(2p) state as the initial proton energy increases (Strick-
land et al., 1993; @rard et al., 2000). The emission rates are The Tsyganenko-2001 model (T01) is an empirical magnetic
calculated for a nadir-viewing observation, assuming that thdfield model representing the variable configuration of the in-
pixels are uniformly filled by the Lyr auroral emission. The ner and near magnetosphere for different interplanetary con-
instrument efficiency also drops for low energy proton pre-ditions and ground disturbance level. TO1 is the evolution
cipitation owing to the lack of an extended red-shiftedcLy- Of successive efforts (Tsyganenko and Usmanov, 1982; Tsy-
wing. This rapidly varying sensitivity at low energies also ganenko, 1987, 1989, 1995), resulting in progressively more
limits the accuracy of the signal conversion into energy fluxrefined models (T89, T96), useful in many studies. The gen-
units. The proton energy fluxes are then obtained from theeral approach remained the same as in the earlier models (a
SI12 count rate using the calibrated relationship between théata-based approach), but the mathematical description of all
SI12 signal and the NOAA in situ measurements of protonmajor sources of the magnetospheric field was based on a re-
precipitation (Coumans et al., 2002). This method was val-cently developed new method. In particular, TO1 is the first
idated by comparisons with in situ measurements of the aumagnetospheric model in which the partial ring current and
roral particle energy flux obtained from FAST (Frey et al., the dawn-dusk asymmetry were explicitly taken into account
2001; Gerard et al., 2001; Bisikalo et al., 2003), NOAA (Hu- (Tsyganenko et al., 2002).
bert et al., 2002; Coumans et al., 2002; Meurant et al., 2003), Pulkkinen (1991) studied the magnetic field and electric
and DMSP (Coumans et al., 2004) satellites. current distributions in the magnetotail during the growth
In a previous paper, Blockx et al. (2005) showed the lati- phase of substorms, using Tsyganenko's T89 magnetic field
tude of the isotropy boundary may be determined using Sl12nodel. She constructed a temporally evolving magnetic field
global data from the latitude of the maximum proton precip- model for the growth phase by enhancing the near-Earth cur-
itation observed by this instrument. For this purpose theyrents and thinning the current sheet from the values given by
compared the location of the IB determined from in situ par-the static T89 model. In her model field, both the thinning
ticle measurements with that of the maximum proton precip-of the current sheet and the increase in the tail flux stretch
itation observed with SI12. Parameters such as the magnetiteld lines tailward, thus making the field more tail-like even
local time and the magnetic activity index AE exert control in the near-Earth region. She showed that if a field-aligned
on this location. This first result coupled with the study of mapping is performed from the ionosphere into the magne-
Sergeev and Gvozdevsky (1995) led to the suggestion that totail, the endpoint at the current sheet using the modified
direct relation exists between MAX SI12 and the magneticmodel can vary by more than R}, from the result obtained
elevation angle. Indeed, Blockx et al. (2005) also showedwith the basic T89 model. The ionospheric footprint of the
that MAX SI12, as well as the IB, is a good indicator of the tail-like field lines moved several degrees equatorward. In-
stretching of the magnetic field lines. They found the sameversely, the mapping into the equatorial plane using the un-
level of correlation £~0.9) and a similar standard deviation modified T89 model of an auroral arc recorded by all-sky
(s=0.89) as was obtained by Sergeev and Gvozdevsky (199%ameras moved earthward by seveRal during the growth
on the basis of in situ measurements. Both the IB and MAX-phase of a substorm. This was interpreted as the signature of
SI12, unlike the usual global activity indices (magnetic in- the inadequacy of the T89 model to reproduce the field line
dices like AE,K ,, Dy;), are well suited to predict the instan- stretching occurring during the growth phase: the earthward
taneous magnetospheric configuration in the midnight sectormotion of the mapping can be replaced by field line stretch-
Since the IMAGE satellite performs global remote sensing ofing, so that the mapping of the arc stays at a constant distance
the proton aurora over a long continuous time interval, andfrom the Earth, to correspond to the assumed development
since the latitude of MAX SI112 is closely related to the IB, during the growth phase of the arc. Moreover, if the equa-
Blockx et al. (2005) concluded it is possible to follow the dy- torward motion of the growth phase arc is interpreted as en-
namic evolution of the magnetic field lines on a global scale.tirely due to changes in the tail during the growth phase, this
They showed brief and localized magnetic field perturbationsgives an estimate for the parameters in the modified model.
(even observed at18:00 MLT, where GOES 8 was not at Kubyshkina et al. (1999) introduced and tested a new ap-
the most favorable position) which evolve self-consistently proach suitable to model the magnetotail configuration dur-
with the proton auroral morphology and brightness and wereng individual events. They showed, using multiple energies
also observed with the SI12 imager. The response of thesto deduce the isotropic boundaries, that hecomponent in
perturbations detected by SI12 occurred simultaneously withthe tail typically decreases much faster (over a shorter radial
the magnetic field disturbances. distance) in observations than in the T89 model.

The objective of this study is first to use the SI12 cam-
era to compare the morphology of the auroral proton precip-
itation at all local time during quiet periods with the struc-
ture of the magnetic field provided by the Tsyganenko-2001
(TO1) magnetospheric model. Secondly, the SI12 camera is
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wind conditions (thin solid line) and for the adjust&g) parame-

ter (thick solid line) at 06:30 UT on 5 November 2000. The plus
and diamond symbols indicate the apex of the magnetic field lines
whereR corresponds to 6 and 40.2, respectively.

Fig. 1. Evolution of the magnetic latitude of the SI12 maxi-
mum proton precipitation (red line) during a 4-h quiet period on 5
November 2000, compared with the location of the BB-8) (black
line) and the maximum intensity?E6) (blue line) calculated by the
TO1 model.

used to monitor the motions of the proton precipitation dur- T01 field lines from the latitude of MAX-SI12 in the night-
ing growth phases at all MLT. The growth phases are period§ide sector, a.nd calculate tlevalue, the curvature _raqlus
where the magnetic field moves slowly but with a large am- Rc, and the distanc&gsw at the apex of the magnetic field
plitude, and we compare the changes of latitude of the magline (down-up approach).

netic footprint with SI12 observations during such events. We then examine auroral motions occurring during growth
phases of substorms and address the question: is the equator-

ward motion of the auroral arc well reproduced by the TO1
4 Results model?

We first focus on the comparison between the configuratiord.1 Comparison between SI12 observations and TO1 model
of the magnetic field (position of IB and the value) from during very quiet periods
the TO1 field line model, and the SI12 observations, dur-
ing quiet conditions. For this purpose, we combine the TO1Sergeev’s numerical simulations (Sergeev et al., 1983) indi-
model with the GEOPACK-2003 library, which includes the cate that the IB corresponds R=8 for particles scattered to
subroutines for the current (IGRF) internal geomagnetic fieldthe center of the loss cone. The maximum of the precipita-
models. We use 64-s average ACE data (16-s for the magtion is where the loss cone is completely filled, located where
netic field components) delayed to account for propagationR=6. However, all these simulations were performed for
to the magnetopause, corresponding to the actual values &0 keV protons, while SI12 mostly responds to protons be-
the solar wind parameters in the example plots shown heretween~2 and~20 keV. The choice of high proton energies
after. We both examine case studies and make a statisticéh the Sergeev’s studies was pragmatic since they preferred
approach for this comparison. to simulate energies high enough so that the flux is not signif-
For case studies, we compared MAX-SI12 for each Sl12icantly modified by field-aligned acceleration/deceleration.
image in the nightside sector with the calculated isotropicHowever, Sergeev et al. (1983) showed that these critical
boundary: when moving away from the Earth in the night- R values are energy-independent. Therefore, since the aim
side sector, we look for the TO1 field lines for which the con- of this study is to compare the TO1 model with SI12 data,
dition R=8 is satisfied (down-up approach). We then find we always calculate the particle gyroradipisand the cor-
the ionospheric projections (mlat, MLT) of these field lines, respondingR./p ratio for 10 keV protons. Our assumption
the calculated isotropic boundary in the ionosphere, and wef 10 keV protons is also justified by the value of the plas-
compare it to the MAX-SI12. In the statistical approach, the masheet temperature near the peak location which is around
database includes 17 874 S112 images collected in DecembdiO keV (within a factor 2 for over 90% of the observations).
2000 and January 2001. For each SI12 image, we trace th€he location of the calculated MAX and IB for a 10 keV

Ann. Geophys., 25, 161-170, 2007 www.ann-geophys.net/25/161/2007/
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Fig. 3. Distribution of theR value(a, b), the curvature radiug¢ (c, d), and the distanc&ggwm (e, f) at the apex of the magnetic field line
determined from MAX-SI12 using TO1 as a function of the AE auroral activity index. The data base includes 17 874 SI12 images collected
in December 2000 and January 2001. The left plots (a, c, €) show all cases, and the right plots (b, d, f) AE smaller than 50. The red points
(with standard deviation bars) represent the mean value over a fixed interval of AE, the green line is the expeckegbatibe maximum

of the proton precipitation, and the blue line is the linear regression over the entire data set.

proton energy is thus expected to best matched to the Slighodel at 00:00 MLT. Indeed, the calculated MAX is gener-
observations. ally found several degrees poleward of the observed maxi-
‘mum of the proton precipitation. Figure 1 shows as an ex-
ample a 4 h extremely quiet period with a positi®e on 5
November 2000, between 04:30 UT and 08:30 UT. In this
case, as in the most of quiet cases, the calculated MAX (in
blue), as well as the calculated IB (in black), is located 2—3
degrees poleward of MAX-SI12 (in red). This result implies
that, either the TO1 model underestimates the stretching of

. _ _ the magnetic field, or the IB location is controlled by a ratio
In this approach, this comparison rarely shows a goodr=Rc/, less than 8.

agreement between the latitude of MAX-SI12 in the iono-
sphere and that of the MAX (and IB) calculated from the TO1

As the SI12 observations does not directly provide the po
sition of the IB (we can obtain it with a statistical calcula-
tion), we rather compare MAX-SI12 with the latitude of the
footprint of the TO1 magnetic field line satisfying the con-
dition R=6 (the MAX calculated from TO1). The footprint
of the TO1 magnetic field line which satisfi#&=8 (the IB
calculated from TO1) is sometimes showed as an example.

www.ann-geophys.net/25/161/2007/ Ann. Geophys., 25, 161-170, 2007
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¥
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(degress)

MLT (hours) stretched magnetic configuration during this extremely quiet
20 22 0 o 4 6 period, the current sheet half-thickng3dhas been set equal
UL/ NEE & LA ] to 0.69Rg.
1 The second method is numerically faster and allows to pro-
cess a large number of images. Figures 3a and b show how
the R values deduced from the location of MAX-SI12 us-
1 ing TO1 are distributed as a function of the auroral activity
(measured by the AE index). The red points (with standard
deviation bars) represent the mean value over a fixed interval
of AE, the green line is the critical valuR=6 at the max-
imum of the proton precipitation, and the blue line is the
linear regression over the entire data set. For small values
of AE (AE<50, i.e. quiet conditions) (Fig. 3bR increases
with activity. Similarly, R¢ at the apex of the field line be-
comes larger when AE increases (Fig. 3d) and the apex of
the MAX-SI12 magnetic field line moves closer to the Earth
(Fig. 3e), so the field becomes more dipolar. Indeed, during
such conditions (very small AEs) the magnetic field lines ap-
pear to be stretched to the same extent as when AE is larger
than 500. For more disturbed periods (AE00) (Fig. 3a),
theRc/p ratio remains stable, where®g slightly decreases
as the field configuration stretches (Fig. 3c), while the apex
] does not really move tailwards except when AE reaches very
high value (more than 400) (Fig. 3e). If we consider that
] AE <50 represent mostly quiet periods, the mean valuk of
. deduced from our mapping of the SI12 maximum precipi-
tation during quiet periods is betweerl0 (for smallest AE
indices) and-30 (for AE~50), and can reack50 for largest
AEs. This implies again that the TO1 model does not produce
enough stretching of the field lines, even during quiet cases.
o [MAX T S O ] A large scatter ol values is observed about the mean for
o 2 4 8 8 10 any energy interval. Part of this scatter is linked to inaccu-
U (howurs) racies in the determination of the location of the peak proton
_ _ brightness, and probably to the diversity of particular situa-
Fig. 4. The top panel shows an example of a 12-h period on 5445 gych as substorms or shock-induced aurora which are

November 2000, where the magnetic elevation angle calculated b : ‘i
TO1 at the GOES-8 position (blue line) is close to the GOES-8 mea-ﬁrleasrere]tégr:?r?bitt?gﬁuf)’bzlg O;T::niﬁf?g:ﬁ ?hrz ﬂggrelyfgisi?t'
surements (red line). The panel below showsRhglue calculated 9 P y quacy

from the position of MAX-SI12 in the midnight sector at the same the Tsyganenko model to represent the actual field line ge-

time. The grey areas show the regions wheris close to the ex- ~ OMetry in the vicinity of the plasma sheet for a givgp spe_ci_fic
pected value =6 for the maximum, showed by the red line). time. Such models cannot reproduce the variability arising

due to the internal dynamics, e.g. substorm phase). A con-
siderable fraction of this scatter can be explained/reduced
Figure 2 shows the TO1 magnetic field lines calculatedby monitoring the concurrent magnetic field in the magne-

at 06:30 UT on 5 November 2000 (during the quiet periodtosphere as was shown by Ganushkina et al. (2005).
shown previously). Their footprints coincide with the lati-  Coming back to the same quiet period on 5 November
tude of MAX-SI12 at the same time (64.BILAT). The thin 2000, the top panel of Fig. 4 shows the TO1 model is in a
line is the output of the unmodified TO1 model, which gives good agreement with the GOES-8 measurements of the field
the value of theRr./p ratio of 40.2 at the apex (at the dia- inclination angle during at least a few hours, which is a rare
mond). The current sheet half-thicknedss assumed to be occurrence. The red line is the magnetic elevation angle as
a constant parameter in the TO1 model and its best-fit valueneasured by GOES-8 during a geostationary orbit, while the
derived from the entire body of data is equal to 234 blue line represent the calculated (TO1 used only) magnetic
The thick line is the result of the model where we have ad-elevation angle at the GOES-8 position. The bottom panel
justed the thickness of the model current sheet to match thehows ther value calculated from the position of MAX-SI12
expected value oR./p=6 for the maximum of the proton inthe midnight sector at the same time. The green areas show
precipitation at the apex. In this case, to force a sufficientlythe regions where is close to the expected value (i.e. 6 for
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the maximum). It is seen thdt is generally overestimated,
as in many other comparisons, but in this case it remains rea:
sonably close to the measurements. However, the best agree¢
ment between the TO1 model and the in situ measurements
is not exactly coincident with conditions wheReis closest
to the theoretical value. The TO1 model rarely provides a
magnetospheric configuration where the calculated magnetic
elevation angle is close (within 3—4 degrees) to that observed
by GOES-8 d“,”“g m(?re than a'feW mlnutes. Moreover, eVenFig. 5. Sketch of a TO1 magnetic field line (red line) which is not
when the TO1 inclination angle is quite close to the measureyyeched enough and has a too large radius of curvature value at the
ments such as this example between 00:00-868:00 UT,  apex, while the magnetic elevation angle at the GOES-8 position
the Sergeev criterion may be mistaken by a factor of 2 or 3.(blue square) is close to the actual configuration (black line).
This suggests that, even though the actual field is sometimes
well reproduced by the TO1 model at the geostationary orbit,
it is insufficiently stretched at the apex distance (as shownmum of the proton precipitation, and the dotted line is the
in Fig. 5). Therefore Pulkkinen’s (1991) conclusion that the value of the calculated IB for the solar wind conditions and
magnetic field is in a more tail-like configuration than pre- ground disturbance at this event. Both boundaries and the
dicted by the T89 model during growth phases also appliess|12 maximum have an unequivocal equatorward motion (by
to the TO1 model, including during non growth phase quietmore than 3 MLAT), whereas the calculated 1B does not
periods. show any clear motion during the growth phase of this sub-
We conclude that the TO1 model is inadequate to predictstorm. This behavior is typical of the 26 growth phases ana-
the actual geometry of the stretched field lines outside geolyzed between May 2000 and December 2001. These events
stationary orbit in the vicinity of the plasma sheet. One thushave been selected because they show a strong equatorward
cannot expect to find the calculated IB location to be close tomotion of the equatorial and polar boundaries, but the cal-
the observed S112 maximum. The actual field lines are moreculated 1B almost never exhibits significant latitudinal mo-
stretched than those predicted by TO1, so thaRwedue cal-  tion. Moreover, the IB calculated from the TO1 model and
culated with the model will generally exceed the actual valuethe Sergeev’s criterion is typically found close to the polar

OES-8 position

associated with the isotropy boundary. side of the maximum. This result also confirms the stud-
ies of Pulkkinen (1991) and Pulkkinen et al. (1992) indicat-
4.2 Growth phases ing that any equatorward motion of the magnetic field lines

during the growth phase, modeled with the TO1 as well as

The growth phase is an interesting period to study the bethe T89 models, requires an increase of the near-Earth cur-
havior of the magnetic field lines in the tail of the magne- rents to progressively adjust toward a more tail-like config-
tosphere. Indeed, during the 30 min or more preceding theiration. The resulting stretching is already underestimated
substorm onset, the magnetic field slowly stretches, and thene hour before the onset, as we previously noted for non
degree and rate of the stretching can be easily correlategrowth phase quiet periods.
with the solar wind conditions and other geomagnetic in-
dices. The stretching also produces an equatorward motion
of the footprint of the magnetic field lines, which can be ob- 5 Discussion
served with a global imager such as SI12 on board IMAGE.
Figure 6 shows an example of a growth phase observed oRecent studies have shown that a direct relation exists be-
26 August 2000. Figure 6a is a keogram of the proton pretween the maximum proton precipitation observed with a re-
cipitation located observed with SI12 in the midnight sector mote sensing imager such as SI12 and the magnetic eleva-
(between 23:30 and 00:30 MLT). Figure 6b is the keogramtion angle (Blockx et al., 2005). Indeed, the location of the
in the onset sector (between 21:30 and 22:30 MLT). Dur-SI12 maximum intensity (MAX-SI12) was shown to be, as
ing the growth phase preceding the substorm onset, a wellvell as the isotropy boundary (IB) determined from in situ
marked equatorward motion of the precipitation is observedmeasurements, a good indicator of the stretching of the mag-
until about 09:30 UT when the substorm onset appears in theetic field lines. Blockx et al. (2005) demonstrated that both
22:00 MLT sector. The equatorward motion extends furtherthe IB and MAX-SI12, unlike the usual global activity in-
in time, until~09:50 UT in the midnight sector. dices (magnetic indices like AE,, D), are well suited

In Fig. 7, we show the equatorial (triangles) and polarto predict the instantaneous magnetospheric configuration in
(pluses) boundaries in the one-hour wide sector around midthe midnight sector. Taking into account these results, we
night during the same event as before. These boundaries ateave compared the S112 observations with the results of the
found were the S112 signal falls to zero, following removal TO1 empirical model of the magnetospheric tail structure. An
of the background counts. The diamonds represent the maearlier version of the Tsyganenko model (T89) was already
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Fig. 6. Example of a growth phase observed on 28 August 2000 event. @aish keogram of the proton precipitation observed with S112
in the midnight sector (between 23:30 and 00:30 MLT). Pélokis the keogram in the onset sector (between 21:30 and 22:30 MLT in this
case).

T T 1 by the static T89 model. In this work, we focused on the 2001
r 1 version of the Tsyganenko model (TO1) and its comparison
with global view of auroral proton precipitation provided by
the SI112 images.

The comparison with the location of MAX-SI12 showed
that the TO1 model underestimates the stretching and is not
enough tail-like, as was found for T89. This conclusion ap-
plies to growth phases, and during quiet conditions as well.
The latitude of the magnetic field line footprint of the line
which meets the Sergeev’s criterioR-£6 for the maximum
proton precipitation) is generally higher than the latitude of
] the observed MAX-SI12. However, we showed that it is pos-
Lo o sible to match the observed location of MAX-SI12 by forc-

-40 -20 0 ing the model using a decreased current sheet half-thickness

time before onset (min) D parameter, down to 0.69; in the case illustrated, in-

] ) ) ) stead the default value of 2.3. With this smaller cur-
Fig. 7. Evolution of the equatorial (triangles) and polar (pluses) ro¢ sheet thickness, the geometry of the magnetic field lines

boundaries in the one—hourwlde sector around mldnlght.dunng thebecomes more stretched (more tail-like), as was found in a
same event as before. The diamonds represent the maximum of the

proton precipitation, and the dotted line is the value of the calculateqq'“"te similar approach by F_’ulkkinen (1991), and Kubyshk-
IB for the solar wind conditions an, . ina et al. (1999) for the static T89 model. Indeed, Kubyshk-

ina et al. (1999) found a minimal current sheet half-thickness

D between 0.1 and ORg just before substorm onset for

several events. The study of growth phase events confirms
confronted with the location of auroral arcs recorded by all-that using TO1 during pre-onset periods provides adequate
sky cameras or with the magnetic field Bnd B, compo-  results only by adding a sheet current to the model or chang-
nents observed by GOES-5 by Pulkkinen (1991) and Pulkki-ing parameters such as the current sheet half-thickness. In-
nen et al. (1992). They showed that the geometry of the T83eed, the principal reason of the discrepancy between the ob-
magnetic field lines is not enough tail-like, in particular dur- served IB positions and the corresponding model values of
ing the growth phase of a substorm event. They found, bythe R parameter is the excessively large value of the current
studying several growth phase events, that the observed corsheet half-thicknes® in the TO1 model, equal to 2.3z
figuration may be reproduced by enhancing the near-Eartland assumed independent of the magnetospheric state. The
currents and thinning the current sheet from the values givemesultant large systematic overestimate Ryf clearly seen
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Fig. 8. Same plot as Figs. 3a, b, except the@alue has been obtained using a smaller tentative fixed value of the current sheet half-thickness
D (0.5Rp).

in Figs. 3a, b, can be eliminated by setting a significantly  Topical Editor I. A. Daglis thanks T. Pulkkinen and N. Tsyga-
smaller half-thickness: Figs. 8a, b is a modified version ofnenko for their help in evaluating this paper.

the two top panels (a, b) of Fig. 3, obtained using a smaller

tentative fixed value oD (0.5Rg). It definitively results

in much a better agreement between the blue (model valu&eferences

of R) and green (theoretical value) lines. However, such a_ _
correction cannot remove the residual noise, because of thgiSikalo, D. V., Shematovich, V. I., &ard, J-C., Meurant, M.,
largely unpredictable nature of the deviations in each indi- g/luerrc;?ae‘cﬁézgt:rri"sjtizef%o: KAAEET:CS@ s:rr::mgeoofptsssprgtf :
vidual case since the TO1 model does not consistently predict 2165-2173, 2003, ' ' R
the same discrepancy with observation. This noise, as well http://www.ann-geophys.net/21/2165/2003/.

as the relatively large value @b derived in the TO1 model  pgjockx, C., Gerard, J.-C., Meurant, M., Hubert, B., and Coumans,
from data, is a natural consequence of the highly unstable and v.: Far ultraviolet remote sensing of the isotropy boundary
variable field in the near plasma sheet (e.g. Borovsky et al., and magnetotail stretching, J. Geophys. Res., 110, A11215,
2003) and a large variety of possible scenarios in the dynam- doi:10.1029/2005JA011103, 2005.

ics of the inner magnetosphere. As demonstrated by SergeeRorovsky, J. E. and Funsten, H. O.: MHD turbulence in the Earth’s
(2003) on the basis of Cluster data, the magnetic structure of Plasma sheet: Dynamics, dissipation, and driving, J. Geophys.
the tail plasma sheet is indeed highly dynamical and turbu-_ Res: 108(A7), 1284, doi:10.1029/2002JA009625, 2003.

lent, which is far from the idealized model with a regular and Coumans, V., @ra.rd;..].-C., Hubert, B., and Evans, D. S. Electron
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. - L . and NOAA observations, J. Geophys. Res., 107(Al11), 1347,
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be faithfully reproduced by any empirical model with a sim- o mans, v,, @rard, J.-C., Hubert, B., Meurant, M., and Mende,
ple external input, such as in the TO1 model. This viewpoint s B.: Global auroral conductance distribution due to electron
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