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Abstract. We study the altitude dependence of plasma deplessoon, 1988), thus the density depletions are probably inti-
tions above the auroral region in the 5000—-30 000 km altitudemately related to the inverted-V and auroral arc formation
range using five years of Polar spacecraft potential data. Was has also been demonstrated using simulations (e.g. Ergun
find that besides a general decrease of plasma density witht al., 2000). The density depletions are also suggested to be
altitude, there frequently exist additional density depletionsthe source regions of the auroral kilometric radiation (AKR)
at 2-4Rp radial distance, wherBp is the Earth radius. The (Strangeway et al., 2001). The association with inverted-V
position of the depletions tends to move to higher altitudephenomena whose scale sizes are usually less than 100 km is
when the ionospheric footpoint is sunlit as compared to dark-also in line with the facts that the deepest depletions typically
ness. Apart from these cavities at 2R4 radial distance, have scale sizes less than 100 km (Hilgers, 1992) and that
separate cavities aboveR4; occur in the midnight sector for these depletions are most common in the nightside. Density
all K, and also in the morning sector for high,. In the depletions of more than 40% of the background density are
evening sector our data remain inconclusive in this respectobserved in 70% of the nightside crossings of DE-1 (Persoon
This holds for the ILAT range 68—74. These additional de- et al., 1988). Density depletions with AKR are often stable
pletions may be substorm-related. Our study shows that aufor at least several tens of minutes (Bahnsen et al., 1989).
roral phenomena modify the plasma density in the auroral The purpose of this paper is to study statistically the al-
region in such a way that a nontrivial and interesting altitudetitude variation (1.5-&x radial distance, where by radial
variation results, which reflects the nature of the auroral acdistance we mean the direct distance from the center of the
celeration processes. Earth) of plasma density in the auroral zone, using five years
(1996-2001) of spacecraft potential data from the Electric
Field Investigation (EFI) onboard Polar (Harvey et al., 1995).
We will study this density variation as a function of magnetic
local time (MLT) sectors, invariant latitude (ILATK , index

and solar illumination. A statistical study on auroral density
depletions at R altitude has been published recently, using
one year of measurements by the same instrument (Johnson

Key words. Magnetospheric physics (auroral phenomena,;
magnetosphere—ionosphere interactions)

1 Introduction

Plasma density appears to be considerably variable in the aus ol 2001)
roral zone. While crossing that region, satellites commonly h '
observe deep density depletions of various spatial and tem-

poral scales. In this paper we use the word cavity as meanin Observations

the same as a density depletion, i.e., an occurrence of lo
plasma density in an absolute sense, without regard to ho
spatially or temporally localized it is. In addition to iono-
spheric plasma density depletions (Doe et al., 1993), den
sity depletions often occur in the nightside auroral region
at a few thousand kilometer altitudes (Benson and Calvert - . .
1979; Calvert, 1981) and above (Persoon et al., 1988). Thenlﬂ.OW 1000 crrr?), IS llluminated by the Sun, continuous pho-
toelectron emission from the surface of the spacecraft causes

is a correlation between the depletions and upflowing ionsh tellite to b itively ch d with o th
and precipitating auroral electrons (Persoon et al., 1988; Per- € satellite fo become posilively charged with respect to the

surrounding plasma. An equilibrium is reached when the
Correspondence td?. Janhunen (Pekka.janhunen@fmi.fi) thermal flux of electrons from the surrounding plasma equals

\Af'he basic principle of using the spacecraft potential for

studying plasma density variations is as follows (Pedersen,
1995; Laakso and Pedersen, 1998; Johnson et al., 2001):
when a satellite, immersed in a tenuous plasma (density be-
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the photoelectron flux. It can be shown that the spacecraft SCpot =25V, T1=5eV

potential is larger (more positive) when the plasma density is ntot (cm -3)

small. The exact relationship between the spacecraft poten-
tial and the density remains uncertain because it depends on 0,06
the details of the photoelectron energy spectrum and thus on '
the properties of the satellite surface material and solar spec- 0.055
trum, although one can calibrate the relationship by using
comparisons with more direct ways to calculate the plasma 0.05
density (Scudder et al., 2000). In the present study we as-
sume that a spacecraft potential versus density relationship 0.045
exists, but knowing the relationship in detail is not necessary 0.04
to draw our conclusions. <

In this study we use the Polar/EFI spacecraft potential %1-0“02 0.035
measurements, sampled at 2.5 times per second. To keep tHe
statistical analysis to a manageable size we take every 30th 0.03
sample of the raw data, thus yielding one data point every 0.025
12 s. We follow the usual convention and always display the
negative of the spacecraft potential. Eclipse periods are re- 1.0x10’ 0.02
moved because in those the spacecraft potential is not an in-
dicator of plasma density. We call the negative of the space- 0.015
craft potentialVsc, measured in volts. To get information 0.01
about density variations we selected three threshold values '
for Vsc: —11V, —18 V and—25 V (corresponding to densi- 1.0x10M4 . . . L
ties of roughly 0.3 cm?3, 0.1 cm~3 and Q06 cnT 3, respec- 0.01 0.1 1

. tot
tively (Scudder et al., 2000). However, our results are not n2/nto

sensi_tive to t_he ca_libration of the spacef:raft potential VerSU$ig 1. Density value corresponding to a spacecraft potert2s V
density relationship because only relative changes are cong 4 model containing two Maxwellian electron populations, called
sidered. We only ask questions like what is the occurrenceot and cold. The horizontal axis is the hot versus total density ratio
frequency ofVsc < —11 V as a function of altitude etc., and the vertical axis is the hot component temperature. The cold
without having to know exactly what density valuell V component temperature is set to 5 eV.

actually corresponds to.

In principle the spacecraft potential depends not only on
density but also on electron temperature (Laakso and Peder- L
sen, 1998; Johnson et al., 2001). To evaluate this effect quarjf—Ota! den5|t_y fixed at 0.05 cnf and plot the_ s_pacec_raft po-
titatively we use Egs. (1)—(4) of Johnson et al. (2001) gen_te_ntlal for different hot temperatures and_mlxmg ratios. Fr_om
eralizing them to the case of two Maxwellian electron pop- Flgs._l_ and 2, Wwe can draw the conclusion that for the given
ulations, one representing the background plasma (the Colgens[tles, the increase of the temperature of the h(.)t compo-
component) and the other, if any, representing the energetif‘:‘ent increases Vsc, as expected, but the change is not very

plasma (the hot component). The Debye length needed irc[iramatic unless we have only a hot population and its tempe_r—
the shielding distance calculation in Eq. (2) of Johnson et al_gture approaches 1 keV and goes beyond that. More specif-

S - -2 \— lly, a region with 0.05 cm® density (a “deep” cavity),
(2001) is given byAp, = (272 +272%) Y2 whereipy '@ \
and .z are the cold and ho?i:lompgrizent Debye lengths, re_whlch normally should have the spacecraft potential about
spectively —25V, may have a spacecraft potential of orit8V and

In Fig. 1 we show the density corresponding to a spacecraf{hus be classified only “medium-deep” if it contains 20% of

potential value of-25V, for varying mixtures of hot and cold 10 keV gle(_:t_rons. In practice, the_ temperature should not
plasma. The cold electron temperature is fixed and set t ave a_5|g_n|f|cant effect on our stafistical results, e_xcept per-
5 eV, and the hot electron temperature is varied between aps within and b_elow_ the bottom of th_e acceleration region
eV and 10 keV. The mixing ratio (hot density versus total bglovy 2-3Rg _rgdlal distance, ergndlng on the solar illu-
density) is varied between 1% and 90%. When the electror{n'n?‘_t'on c.ond|t|on qf the footpoint ionosphere) where some
temperatures are below some hundred electronvolts, the tot&lav't'es_ might be missed because of the abundance of high-
density corresponding te25V is almost independent of the energy inverted-V electrons.
temperature and density mixing ratio and equal to about 0.05 We stress that although we for definiteness use a specific
cm3 (in the specific model of spacecraft and photoelectronsmodel (Johnson et al., 2001) to compute explicit density val-
used by, Johnson et al., 2001). To reach 50% deviation fronues, we do not need the exact spacecraft potential versus den-
this total density value, i.e. density 0.025 thone should, sity relationship to reach the conclusions of this study, but
for example, have 35% of 2 keV plasma. only the relative changes of this relationship are of impor-
Figure 2 is rather similar to Fig. 1, but now we keep the tance.
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Fig. 2. Spacecraft potential value corresponding to density 0.05
cm~3in a model containing two Maxwellian electron populations,
called hot and cold. The horizontal axis is the hot versus total den-_. . .
. : 3 o Fig. 3. Occurrence frequency of cavities for three different thresh-
sity ratio and the vertical axis is the hot component temperature. .

. olds as a function of MLT and ILAT. The lowest panel shows the
The cold component temperature is setto 5 eV.

orbital coverage.

10 15

3 Results . ;
that smallK , index values (G6< K, < 2) are shown by solid

For an overview, we show in Fig. 3 the dependence of cav-ines with filled circles, largek, index values K, > 2) by
ity occurrence rate on MLT and ILAT for threshold values solid lines with open triangles, and &l,’s put together by
—11V, —18V and—25V. The occurrence rate is defined as dotted lines with no symbol. The orbital coverage is also
the number of data points where the spacecraft potential ishown on the top. The occurrence frequency was first cal-
more negative than the given threshold, divided by the totalculated separately for each ILAT bin (the ILAT bin width is
number of data points in the, MLT, ILAT, etc. bin in ques-  1°), then linearly averaged over ILAT. Because of this, the
tion. All radial distance bins, including measurements duringresults are not sensitive to possibly nonuniform ILAT cov-
all magnetic conditions, are put together in this plot. The or-erage. Error bars are shown except when the error is in-
bital coverage is also shown in the bottom panel. The occursignificantly small. The error estimates are calculated from
rence rate of large satellite potentials, or low plasma densithe number of orbital crossings visiting the,(ILAT, MLT)
ties, follows the general pattern of the auroral oval (Feldsteinbin. If the number of data points ¥, the number of points
and Starkov, 1967) in the nightside MLT sectors. (In the day-satisfying the cavity threshold condition isand the num-
side MLT sectors the mean oval is poleward of 74 ILAT and ber of orbital crossings contributing to the binAs the oc-
so cannot be seen in our plot). This result is in agreemengurrence frequency i§ = n/N and its standard deviation
with Johnson et al. (2001). The lowest densities (highest ocAf = +/f(1 — f)/K. This method of error estimation con-
currence rate for cavities) are found above ILAT 68. siders measurements made during one orbital crossing within
In Fig. 4 we show the occurrence frequencies of auroralthe bin as fully correlated. Thus itis likely that the true errors
cavities at 18:00-06:00 MLT sector for the cases where theare somewhat smaller than our error bars.
ionospheric footpoint is in darkness (left subplot) or sun- From the second panels of Fig. 4 (shallow cavities, space-
illuminated (right subplot). Again, three different spacecraft craft potential more negative thanll V) we see that cavi-
potential thresholds are used{1V,—18V and—25V) rep- ties are rare, i.e., plasma densities are on the average high,
resenting shallow, medium-deep and deep cavities, respeclose to the Earth and that the region of higher plasma den-
tively. Geomagnetic activity is binned into two groups so sities extends to a higher altitude when the ionospheric foot-
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Fig. 4. Occurrence frequency of nightside auroral cavities for conditions when the ionospheric footpoint is in darkness (left subplot) and
sun-illuminated (right subplot). The top panel of each subplot is the orbital coverage in hours while the remaining panels give the occurrence
frequency for spacecraft potential thresholdkl V, —18 V and—25V. Low K, (< 2) is shown by blue lines with filled dots, high, (> 2)

by red lines and open triangles and &l)’s put together by solid black line with no symbol. The horizontal axis in each subplot is the radial
distance from 1.5 to & . Error bars are shown except when they are insignificantly small. If the orbital coverage is less than 20 min, the
corresponding occurrence frequencies are not shown.

point is illuminated by the sun. The occurrence frequencya large range of values.

of the shallow cavities is almost constant at higher altitudes. The peak in occurrence frequency at arourRiz3is seen
Deeper cavities (third and fourth panels) are, on the contraryin many of the subplots of Fig. 5, especially in the pre-
concentrated near a specific radial distance. The maximunmidnight sectors below P1 and it becomes clearer when
occurrence frequency is at around 3Rbradial distance for  the spacecraft potential threshold is made more negative
darkness conditions and at 4.Rp for sunlit conditions. The (Vsc < —18 V andVsc < —25 V). The occurrence rate of
solar illumination condition is calculated at the 110 km alti- cavities naturally becomes lower when the threshold is made
tude. It thus seems that cavities of about 1-#z5radial  more negative. Otherwise the altitude of the peak does not
extent tend to exist at this altitude and that their preferredseem to depend on the threshold. Also, the peak altitude does
altitude is lifted up by about Rz when the footpointis illu-  not much depend on th&,, index.

minated by the sun. Comparison of different ILAT ranges (different rows in
Fig. 5) shows that cavities are rare for ldwy, for low ILAT
3.1 Darkness conditions (65...68), especially in the evening and morning MLT sec-

tors, while highk , cavities are more common even for low
Since the effect of solar illumination is seen to be impor- ILAT. This has been inferred earlier in the 2R4 radial dis-
tant, we from now on separate all our statistics in dark-tance range from DE-1 (Persoon, 1988). A natural explana-
ness and sunlit conditions. In Fig. 5 we show an MLT and tion for this is the expansion of the auroral oval to lower ILAT
ILAT-decomposed view of the statistics. We have three 4-hduring disturbed conditions (Feldstein and Starkov, 1967).
MLT sectors (18:00-22:00, 22:00-02:00 and 02:00-06:00) The peak altitude is lower by 08 (residing at 2.7Rg
and three 3-degree ILAT ranges (652688—-7TF and 71— radial distance) in the midnight sector as compared to the
74°). Notice that the scales are different for all panels due tomorning sector (3.2Rr) if one looks at allK,, values and
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Fig. 5. Occurrence frequency of spacecraft potential being more negative than a threshold. Same format as Fig. 4 but for darkness conditions
only and decomposed into three MLT and three ILAT ranges. The MLT and ILAT ranges are shown in the title of each of the nine subplots.
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MLT changes along the rows and ILAT along the columns. As before,Kgws shown by blue, higlk , as red and alK ,’s put together

by black.
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Fig. 6. Same as Fig. 5, but for conditions when the ionospheric footpoint is sun-illuminated.
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at the medium-deep and deep cavities in which the peak is 4. The peak is clearest for the deepest cavities.

most clearly seen. For the evening sector we cannot make )

this comparison because of lack of orbital coverage. The 5- TheK) index does not have a clear effect on the peak
tendency of deep cavities to occur only aroungl3radial altitude.

distance if very strong for low ILAT (65. . 68).

Apart from the cavities occurring nearR3} radial dis-
tance, there are more irregularly occurring cavities also at
higher altitude, especially in the midnight sector, but also in
the morning sector when th&,, index is above 2 and when
ILAT > 68. These high altitude cavities have a tendency of
being separated from the lower altitude ones, e.g. in the mid-
night sector (22..02) and in the main auroral oval ILAT
(68...71) there are no deep cavities at all in the 3RE5
radial bin. Because of their MLT an&, dependence, it
seems possible that these high-altitude cavities are substorm-
related. To confirm this we would need better coverage inthe 7 | the midnight sector there are cavities also in the 4—
evening sector, however. 6 R radial distance range for both low and higf,.
They also occur in the morning sector, but only for high
K,. This holds for ILAT range 68—74. These cavities
may be related to substorms.

6. For low ILAT, cavities occur mainly only for larg& ,,
probably because the auroral oval extends equatorward
during disturbed conditions. For other ILAT, however,
cavities are more common for loi,, than for highk ,.

This has been inferred earlier in the 2R4 radial dis-
tance range from DE-1 (Persoon, 1988). A possible rea-
son is that it takes time for an auroral arc-associated cav-
ity to develop low densities, and under disturbed condi-
tions, the arcs may move faster to a new location before
a really deep cavity has been set up in the old location.

3.2 Sunlit conditions

Figures 6 is similar to Fig. 5, but it describes sunlit condi-
tions. The overall occurrence frequency of cavities is not
much lower in sunlit conditions than in darkness, except for
the deepest{25V) cavities. For sunlit conditions we have
good coverage in the evening sector, but not so good in the
midnight and morning sectors. In the evening sector there is
a clearly defined island of cavities which is best visible in the
—25V threshold and 71 . 74 ILAT bin. In this ILAT bin the
island is centered at 4.28 radial distance. For lower ILAT The overall behavior of the plasma density in the auro-

the island altitude gets a bit lower and it becomes less regulat.| ;one in the 5000—30 000 km altitude range thus seems to
In the 65.... 68 ILAT bin there is no longer a clearly defined o that (1) in general, density decreases with altitude, and
island, at least not for smak’,. We think that this island ) syperposed on this basic trend, auroral density depletions

of cavities is the same as the3 R occurrence frequency  occyr, These density depletions have an upper boundary at
peak seen in the darkness statistics, but which is now raised, >4 990 km altitude, in addition to having a lower boundary

to higher altitude because of increased ionospheric plasmgg o ~ 10000 km altitude. As shown above, the average
density. Because of incomplete orbital coverage we do oty des of the boundaries of the auroral density depletions
attempt to analyse to what extent the island exists in sunlifyeneng on the solar illumination condition. This is natural,
conditions in the midnight and morning MLT sectors. since the increased ionospheric plasma density during sun-
lit conditions makes it harder to create deep cavities at low
altitude.
Our results suggest that density cavities associated with
Our statistical study of density depletions using Polar spaceauroral processes do not usually continue beyoRg 4adial
craft potential reveals the following main conclusions: distance, except perhaps in substorm-related cases. Since
auroral density cavities at low altitude are associated with
1. Cavities show an auroral zone dependency, which indi-ayroral potential structures (Strangeway et al., 1998), they
cates that most of them are associated with auroral progould also plausibly have a similar relationship with each
cesses. The low-altitude’(~ 2Rg) part of this result  other at higher altitude. In this light, the recent suggestion
has been found earlier (Johnson et al., 2001). that auroral potential structures are primarily confined be-
low 4 R radial distance (Janhunen et al., 1999) is consis-
tent with the density cavity statistics presented here. In a
recent work modelling the potential structure above an auro-
3. In darkness, there is a peak in cavity occurrence fre+al arc (Janhunen and Olsson, 2000), an O-shaped potential
quency at about 3.28¢ radial distance. The region of together with a self-consistent maintenance mechanism was
cavities ends at about 4.25;, apart from the midnight  suggested. In this model, magnetospheric few hundred elec-
sector (see item 7 below). In sunlit conditions the maxi- tronvolt electrons would be repelled by a downward parallel
mum is at 3.7%Rg and the region of cavities extends up electric field associated with the upper part of the potential
to 5.25RE. structure. An electron cavity of similar shape as the potential

8. The influence of the electron energy on the spacecraft
potential versus density relationship is such that in our
statistics, some cavities might be missed within and be-
low the bottom of the acceleration region (about 253
radial distance, depending on whether the footpoint is
sun-illuminated or not).

4 Summary and discussion

2. Cavities are raised te- 1 Rg higher altitude in sunlit
conditions as compared to darkness conditions.
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would thus be the result of this filtering effect. lons would Lett., 19, 237-240, 1992.

move faster within the negative O-potential due to electro-Janhunen, P., Olsson, A., Mozer, F. S., and Laakso, H.: How does
static forces and thus their density would also be reduced, the U-shaped potential close above the acceleration region? A
thus quasineutrality would remain. In other words, the mode|  Study using Polar data, Ann. Geophysicae, 17, 1276-1283, 1999.
suggested by (Janhunen and Olsson, 2000) predicts an ardanhunen, P. and leson, A.: New modc_al for_auroral acceleration:
associated density cavity to exist at a limited altitude range, O-Shaped potential structure cooperating with waves, Ann. Geo-

DO . L. - ; physicae, 18, 596—607, 2000.
which is in harmony with the statistical findings reported in Johnson, M. T.. Wygant, J. R., Cattell, C., Mozer, F. S., Temerin,
the present paper.
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