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Abstract. We report on the unexpected detection of consid-carries a very sensitive accelerometer, the data of which can
erable structure in high latitude thermospheric densities, ade used to derive neutral densities. Details of the processing
derived from an accelerometer onboard the CHAMP satelprocedure have been reported elsewhere (Liu et. al., 2005)
lite. The width of the structures, which can either be maximaand will not be repeated here. We simply want to mention
or minima, varies between a few hundred km and 2000 km here the basic principles.
The amplitudes of these density extrema can reach 50% of The densityp has been derived here from the measured
ambient. Maxima cluster around 78N and S), while min-  acceleration along the ram direction,
ima are found closer to the poles. In a magnetic latitude—
magnetic local time frame the maxima are found mainly x = 1/2CpApV;? 1)
around the cusp region. Overall, the observed structures
somewhat resemble so-called density cells previously foun
in model calculations. However the models generate their
cells around 140-300 km altitude and show little, if any rem-
nant at 400km or above. This has to be contrasted wit
the fact that the CHAMP observations were obtained near . e 7.62 km/s) and M is the neutral head or tail wind
430 km altitude. We have explored Joule heating as a p053|—long the orbit.
ble mechanism for the generation of the structures, at least in . .
density enhancement regions, using Hall currents measured Variations in the drag can be easily derived from Hj1¢

y g g
on CHAMP and simultaneous incoherent scatter measure yleld the result
rrrlents ¥Vlth EI”S((jZAT Ht(r)1wever ;hefelsctrlc ftlelds Wekre utsr:J Aay/ay = Ap/p +2AV/V + ACp/Cp + AAJA
ally quite small during the period of observation, making the
quilagt for an explana%on f(?r the structures all the moregchal X Ap/p+2A8Vax/Vi+ ACD/Cp . 2)

lenging. Possible variations in the effective area may in principle re-

Keywords_ Meteoro'ogy and atmospheric dynamics (Ther- sult from attitude Changes of the satellite. Since the satel-
mospheric dynamics) — Magnetospheric physics (Po|ar Caﬁte is stabilised in attitude to fractions of a degree during

phenomena) — Atmospheric composition and structure (Predis flight, we can neglected such changes. There are there-
sure, density, and temperature) fore 3 factors that can be responsible for any observed vari-

ations in the drag. The first one, which is the focus of the
present paper, is a variation in the neutral mass density. The
second possible cause for a change in the drag is neutral
wind variations. However, while locally high neutral ve-
locities exceeding 1 km/s have occasionally been reported in
the high latitude thermosphere during disturbed conditions

lite does more than 15 orbits per day. During the campaign (Klllgczngeli al/ 1995)’,{';: o(;thcaseny pt)r;)t?ab(ljyddogs not ex- et
described here its altitude varied between 390 km at perlgeg m/s, since the data was obtained during very quie

: onditions. A value less than 0.3 km/s is also supported by
440k A h h Il
and 440km atapogee. Among other instruments, the sate |t8 eutral wind models such as HWM1993 and the first princi-

Correspondence tK. Schlegel ples model discussed below. With \0.3 and \V=7.6 km/s,
(schlegel@linmpi.mpg.de) the second term in Eg2) would thus be smaller than 0.1 and

here x indicates the ram directionpGs the so-called drag
coefficient, A is the effective area of the satellite in the ram
dlrect|0n and V is the velocity of the satellite relative to
the ambient air along the track. It should be noted that
=V,+V,, where \; is the satellite orbit velocity (mean

1 Introduction

The CHAMP satellite was launched on 15 July 2000 in an
almost circular orbit with an inclination of 87.25The satel-
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would introduce at most 10% changes in the drag (a moren the pre-noon sector. We should emphasize that the days
detailed calculation was provided by Schoendorf and Crow-of the SIRCUS campaign were relatively quiet from the geo-
ley, 1995). Our relative drag variations are generally consid-magnetic activity point of view. The daily Ap was 4.8, 11.6,
erably greater than 10%, and we have therefore simply nei0.6, 5.9, 7.8, 7.8, 7.8 during this week.
glected neutral wind effects below. This should nevertheless A small subset of the data discussed in the present work
be kept in mind when we interpret the acceleration change$as already been presented elsewheiigh(let al., 2004),
solely as neutral density changes in this paper. A third factompointing out density enhancements in the northern cusp re-
that also has nothing to do with density variations can influ-gion. Here we extend that study by examining a larger
ence the drag in the ram direction, namely, as BYillus- data set covering an entire week for both hemispheres, and
trates, changes in the drag coefficient itself. With the satelliteby examining both density maxima and minima. Thermo-
not even close to being spherically symmetric, any change irspheric neutral density structures have been observed before,
attitude is liable to change the drag coefficient, possibly sig-although not with the high resolution of the CHAMP data:
nificantly. There are two strong arguments that changes ifn OGO6 density data (Taeusch and Hinton, 1975; Taeusch
Cp cannot explain our experimental results: First, a correla-1977) in ESRO4 densities (@lss, 1981; Rilss et al., 1988;
tion test of the measured data with all three attitude angles Caspers and BIss, 1999), and onboard the S85-1 and SETA
performed for a number of cases was negative. Second, theatellites (Crowley et al., 1989a, b, 1995, 1996; and Schoen-
time scale of attitude changes are large (several 10 min) comdorf et al., 1996a). Except for the OGO6 data gathered at
pared to the observed short-time changes ifl@-30s), due  an average altitude of 450 km all the previous measurements
to the large inertia of the satellite and the comparatively weakhave been performed at a substantially lower altitude than the
attitude control jets. CHAMP data. The first predictions by a model, the Thermo-
We are left to conclude that any relative change in the dragspheric General Circulation Model were reported by Crowley
well in excess of 5% are probably caused by variations in theet al. (1989a, b).
neutral atmospheric density. To take into account the changes Our main results are presented in the next section. This is
in densities that were simply related to altitude variations,followed by a comparison with model calculations in Sect. 3
we have normalized the results such that the inferred densiwhere we find that, for some reason, the model is unable
ties were all referred to a mean satellite height of 430 km.to reproduce the observations at the altitudes of interest. In
This reference was chosen because it represented the me&ect. 4, we also attempt to link the density enhancements
altitude at high latitudesg(>60° and ¢<—60°). The ac-  with Joule heating, only to conclude that there were no obvi-
tual height in these regions actually varied slowly (timescaleous Joule heating events that could be seen in our particular
~1h) between 408 km and 440km. We used a barometridata set.
law for the normalization, assuming the scale height to be
59 km which is deduced from the MSIS model for the pre-
vailing conditions. It can easily be shown that uncertain-
ties in T, of the order of 100-200 K would introduce errors . . N
less than 5% in our calculated densities. Again it should beWe start our presentation W'th an example, in Fig. 1, of
. results obtained for a satellite trajectory over the northern
remembered that the time scales of the observed accelera-

tion changes interpreted as density structures are less thanpOIar region in a geographic latitude-local time frame. In
minute 9 P y tRis example, the satellite crosses the *&Qitude circle at

Besides the accelerometer data, results from a highly a099:33 LT on the day side and at 20:54 LT on the night side.

T - In the lower panel of the figure we have plotted as a solid line
curate magnetometer were used in this study. By assumin : . X
: AP . e density derived from the drag data along the satellite path.
a series of infinite line currents Hall currents can be derive

from the magnetometer results (see Ritter et al., 2004, for h.e dashed line Sh.OWS an average und|.stu_rbed dep@ty
. .~ which has been derived for the whole orbit with a smoothing
details). We have used these Hall currents together wit

conductances obtained from ground based incoherent sca echnique described below. In this particular example, den-

ter measurements to estimate local electric fields and Jouls'ty enhancements are evident on both sides of the pole (up

0 ! : : . i
heating rate in at least parts of the Northern Hemisphere. to 506 at about 80in the morming) with a weak density re

The ground based data were obtained during a 7-day Camqluctmn near the pole (more examples are presented in Figs. 3

paign, called SIRCUSHtellite and ncoherent Scattdadar and 9).

CuspSudies, Watermann etal. 2005), from 16-22 February, w2 (20 SIESER O Bb e (08 EREREIEE B0 1S
2002. In this campaign three of the EISCAT radars wereP"oP y ' Y

operating: the VHF radar located at Tromso and the twoSIRCUS campaign. Each significant maximum or minimum

UHF radars located on Spitsbergen. Since the main aim of'as fitted to a Gaussian viz
this campaign was the study of cusp phenomena, the radars ( (s = 50)° In(Z))
T2 ’

2 Polar density structures

operated every day between 08:00 and 13:00 UT, i.e. durf (8) = aexp @)
ing the time interval when the cusp is usually located above
Spitsbergen. The days of the campaign were chosen so thatheres is a distance along the track which was derived by

CHAMP was passing through this area several times a daynultiplying the flight time with the average satellite velocity
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Northern Hemisphere 21 Feb 2002 orbit no. 5
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.»;‘ panel) and Southern (lower panel) Hemisphere.
5
[a]
4. 1 : : ; :
06:20 06116 06143 06:09 06:05 UT as a workable uncertainty far(see below).
20:54  20:25 14:25 09:59  09:33 LT It should be noted that CHAMP’s orbital plane moves
19:31  17:48 13111 10:28  09:34 MLT . :
6275 7747 8059 7158 5631 MLAT through local time at a rate of 1 h per 11 days. This means

that the local time when crossing the°6l@atitude circle as

Fig. 1. Example of a CHAMP trajectory over the northern polar re- 9Iven in Fig. 1 changes by only a few minutes during one

gion in a geographic latitude—local time frame. The lower panelday. Due to the separation between the geographic and

shows the density along this trajectory as obtained from the acimagnetic poles, the CHAMP tracks cover a range of about

celerometer data. The dotted line indicates an average undisturbedh in magnetic local time (MLT) across the poles, which

densitypgy - does not change very much during the 7-day campaign (see
Figs. 6a, b).

The distributions of the absolute density amplitudes are
of 7.62km/s. The accelerometer data were averaged ovetlisplayed in Fig. 2 for the Northern (upper panel) and
10s, corresponding tas=76.2km. The parameteris the  the Southern Hemisphere (lower panel). We used only
amplitude of the density structure (“density amplitude” in the density amplitudes in excess @f;,;;=0.5x 10~ 12kg/m?
following). It will be expressed here either as an absolutein the following (corresponding to relative amplitudes
density amplitude, obtained by subtracting, from the ac-  (o—p.y)/0qav=4-6%). We adopted this limit because uncer-
tual densityp, or as the magnitude of the relative density tainties associated with the method used to obtain as
amplitude(p—pqv)/pav- The parameteriRis called width  well as those associated with our neglect of neutral wind ef-
throughout the paper, and is expressed in km. Please notiects make smaller amplitudes guite uncertain in terms of an
that we defined the width at the point where the exponen-actual density perturbation.
tial function had decreased to a/2 which explains the factor For the Northern Hemisphere the density amplitude dis-
In(2). The center of the Gaussian, & expressed in terms tribution is remarkably symmetric, i.e. the number of den-
of geomagnetic latitude and magnetic local time. sity maxima (112) equals roughly the number of den-

Great care was taken to characterizg, the undisturbed sity minima (115). The average of the density max-
density along the track. We approximated it by successivelyima is 1.3%10 12kg/m?, and the average of the min-
applying a third order polynomial twice for a whole orbit. We ima is —1.3<10~?kg/m®. Since the mean density over
also tried polynomials of higher orders and other smoothingthe Northern Hemisphere (geomagnetic latitud60°) is
procedures, but the results for the density amplituded! 7.6x10 12kg/m?, this means that the absolute average
agreed within a few per cent. We therefore accepted 4—6%lensity amplitudes correspond to relative average density
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Hemisphere, and therefore fewer minima are likely to be en-

29 Fet? 200‘2 countered if minima cluster near the pole

12] 190 : i
: ] Two of the extreme cases of maxima and minima are de-
“? 10 f85 picted in Fig. 3. The upper plot shows a large, but narrow
S T maximum with a density amplitude af=3.5x10~1?kg/m?
< 8f 180 = (a/p4»,=53%) and a width of 800 km. The lower part depicts
‘9 6L 575 S the broadest structure that was found during the seven days
— ;o \ ] <) of the campaign, a deep and broad minimum with an am-
> 4f / Width=800km \ 170 plitude of a=3.0x 10 12kg/m? (a/p.,=42%) and a width of
2 : / Ge=53 % 12 ,5\«\ 1 © 2620km. In this latter case, the minimum is adjacent to a
s 2r )/ Ogps=3-5+ 107 kgm 965 maximum (after 21:08 UT).
or.. /., ‘ ‘ ‘ N 60 The distribution of density structures as a function of geo-
150 1155 11.60 11.65 11.70 11.75 11.80 UT magnetic latitude is shown in Fig. 4. In the Northern Hemi-
10.34 1086 1229 16.77 19.68 20.53 20.87 MLT sphere (upper row) the occurrence in density maxima reaches

8517 67.48 77.91 81.47 7336 62.03 50.00 MLAT a distinct peak at 75-78, with the average at 754 The

distribution in the minima is not as sharp, though the av-

18 Feb 2002 erage latitude, 81% is distinctly higher than for the max-

12 ‘ ‘ ‘ 190 ima. Thus, density minima are found at latitudes closer to
5ok 185 the magnetic north pole than enhancements. In the Southern
E 1 o Hemisphere (lower row) the maxima occur mainly between
S 8r 180 3 —69 and —82, while the average latitude is —78.6I'he min-

s 1 % ima are even more broadly distributed than in the Northern

= 6r 175 j Hemisphere, with a latitudinal range covering betweerr—66

> a4l ; \ 190 é" and —82 and an average latitude of —75.3Thus, by con-

K /. width=2620km \ 10 trast with the Northern Hemisphere, there is no significant

S 2t ) Oe=42 % L 165 difference between the average location of the maxima and
ol S Oubs‘:io”‘o k?m | \ ;60 the minima. For the sake of completeness we also prepared

20.85 20.90 2095 2100 21.05 2110 2115 UT S|m|lar pIo'Fs versus geographic Iantude_(not shown). They

08.63 08.36 07.62 0258 22.34 21.65 21.39 MLT cover in principle about the same range in degrees, although

5259 64.94 77.17 8523 76.28 64.22 51.25 MLAT their distribution is somewhat broader and not as distinct as

when the plots are made as a function of geomagnetic lati-
tude. We conclude that the description of the location of the
density structures is more appropriate in terms of geomag-
petic rather than geographic latitude. A similar conclusion
was reached by Taeusch and Hinton (1975) and, purely from
modelling results, by Crowley et al. (1995, 1996).

Figure 5 displays the distribution of the widthsb{2of
the density structures. The figure shows that density en-
amplitudes of 17.6% and —17.3%, respectively. The am-hancements are generally narrower than 1000 km in both the
plitude distribution for the Southern Hemisphere is, by con-Northern and Southern Hemispheres, with average widths of
trast, rather asymmetric. We found 132 density maxima and790 km and 860 km, respectively. The density minima on the
only 72 density minima. The average amplitude of the max-other hand are broader. They are, in addition, more broadly
ima is 1.48<10~12kg/m?, and the average of the minima — distributed. Their average width is 1070 km for the northern
1.08x 10~ 12kg/m? (corresponding to relative density ampli- and 970 km for the Southern Hemisphere. This being stated,
tudes of 15.4% and —11.5%). The asymmetry may be due to & has to be underscored that the “width” reported here only
bias in the mean undisturbed density,, defined above, i.e. corresponds to the diameter of a structure when the satellite
pay May be systematically too low over the Southern Hemi- moves exactly through the center of a structure. In that sense,
sphere. However, we did not treat the Southern Hemisphergéhe widths reported here may be smaller than the actual struc-
differently in this respect, as the mean undisturbed densityture sizes.
pav Was always calculated for the whole orbit. A more proba- In Fig. 6a we summarize the local and temporal behaviour
ble explanation for the asymmetry stems from the orbital ge-of the density structures observed over the Northern Hemi-
ometry of CHAMP during our campaign: As will be shown sphere (magnetic latitude 60°) during the SIRCUS cam-
in what follows, the minima are mostly located quite close paign. The coloured tracks display the relative density
to the magnetic pole in the Northern Hemisphere. For the(p—p4y)/pqy for each 10-s data point (i.e. not only for the
Southern Hemisphere, fewer CHAMP orbits get close to theGaussian-fitted extrema). The pattern which emerges is the
magnetic south pole (see Fig. 6b), because of the larger offsdbllowing: strong density maxima generally occur around
between the geographic and magnetic poles in the Southeri5® magnetic latitude (c.f. also Fig. 4) between about 10:00

Fig. 3. Two examples of large-amplitude maxima and minima (solid
line). The dotted line is the average undisturbed density the
dash-dotted line indicates the geographic latitude. The legend give
the absolute and relative density amplitude and the width.
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Fig. 4. Distribution of the maxima (left column) and minima (right Fig. 5. Same as Fig. 4 but as a function of the width of the max-
column) as a function of geomagnetic latitude for the Northern (up-ima/minima.
per row) and Southern (lower row) Hemisphere.

and 11:00 MLT on the day side. This turns out to corre- gince CHAMP moves very fast in MLT over the pole, not
spond to the cusp region. Indeed, similar structures have alévery bin contains a data point close to the poles, particu-

ready been reported around the cusp tiiLet al. (2004). 50y for the Southern Hemisphere where there is much more

On several days strong maxima can also be found SOmegnace petween individual tracks (Fig. 6b). The white circles
what earlier, between 08:00 and 09:00 MLT. Apart from the 54nd the poles indicate the MLT range that is never reached
cusp area, density maxima can also be seen between 21:00 cjaMP, These summary plots offer a clear and succinct
and 22:00 MLT on the night side at lower magnetic lati- g\ mmary of the results discussed so far. That is to say: for
tudes (66-72). By contrast, density minima are found t0 o Northern Hemisphere (top), higher-than-average densi-
be closer to the magnetic north pole, i.e. aboveEMBAT, on ties occur mostly in the cusp region arounc® FELAT at

the day as well as on the night side, sometimes even stretchyg.on_11:00 MLT, while lower-than-average densities occur
ing over the polar regions. . close to magnetic pole mostly at MLAT75° in the morn-

~ The corresponding summary for the Southern Hemisphere, g sector. Elevated densities can also be seen in the morn-
is displayed in Fig. 6b. Clearly, because of the larger oﬁ‘—ing at 08:00-09:00 MLT and weakly in the evening around
set between magnetic and geographic poles in that case, the .00 MLT at auroral latitudes, MLAE72°. Over the South-
CHAMP tracks cover a wider range of MLT than for the o Hemisphere (bottom) we again have elevated densities in
Northern Hemisphere. This leads to the hemispheric dif-\he cusp region, although we also can see other instances of
ference in the distribution discussed above. Neverthelessspnancements scattered over the morning sector. Minima oc-
strong maxima occur frequently at MLAT70-80 between ¢y at various locations but do seem to cluster in the high lat-
10:00 and 11:00 MLT, i.e. over the southern cusp. In addi-jyyde morning sector, just as they did in the Northern Hemi-
tion we have strong maxima below 7MILAT in the early  gphere. Note that we assume the cusp remaining at the same

morning between 02:00 and 04:00 MLT. A clustering of yosition during the whole 7-days period, due to the quiet con-
minima seems to occur in the morning between 04:00 ancﬁitions.

07:00 MLT.

A summary for the whole week is displayed in Fig. 7.  Finally, we also looked for a correlation between the den-
Here we divided the two hemispheres into 30 MLAT and sity amplitude and the solar zenith angle, in order to check
72 MLT bins (i.e. each bin is°lbroad and 20 min in an- if solar heating affects the density structures. No correlation
gular direction) and computed an average relative densityas found, although we also have to state that, during our
(p—pav)/pav from all orbits from 16 February 00:00 UT campaign, the solar zenith angles were quite high and cov-
to 22 February 24:00 UT for each bin. The coloured areasered only a limited range between°8hd 120 in the north,
correspond to the MLAT-MLT region covered by CHAMP and between 63-100 in the south. Corresponding results
during the 7-day campaign. There are generally one or mordor summer times and thus smaller zenith angles might yield
data points in each bin, except for those that are left white different results.
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Fig. 6. (a) The relative density along the CHAMP trajectories in a magnetic latitude—magnetic local time frame for the days 16 to 21 Febru-
ary 2002, Northern Hemisphere. The density along the tracks is colour coded according to the scale in thébyi8diae as Fig. 6a but
for the Southern Hemisphere.
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3 Comparison of CHAMP and TIMEGCM results Average Neutral Density Enhancements and Reductions
16.02.2002 - 22.02.2002

Thermospheric General Circulation Models (TGCMs) were

developed by the National Center for Atmospheric Research Northemggg“isphere

(NCAR) beginning in the early ‘80s to study the global tem-

perature, circulation, and chemical structure of the thermo-
sphere and its response to solar and auroral activity. A
3-D coupled thermosphere-ionosphere general circulation
model (TI-GCM) was developed by Roble et al. (1988), and

extended to include self-consistent electrodynamic interac-
tions (TIE-GCM) between the ionosphere and thermosphere
(Richmond et al., 1992). The model now extends down to

1800

30km, to include the mesosphere and upper stratosphere and 0.25
is known as TIMEGCM (Roble and Ridley, 1994). It predicts
winds, temperatures, major and minor composition, electron L 0.125
densities and electrodynamic quantities globally from 30 km 0000
to about 600 km altitude. In this paper, we present simula- MLT
tions using the TIMEGCM for comparison with the CHAMP Southern Hemisphere —0 Ap/pay
data. 1200

Crowley et al. (1989a, b) discovered the organized den-
sity (and pressure and composition) cell structure in the neu- — -0.125
tral thermosphere at high latitudes using simulations from
the TGCM. The morphology of the cells predicted by the 025

TIMEGCM is substantially the same as from the TGCM and

TIGCM. The number, location and amplitude of the density 1800

cells depend on magnetic activity level, and altitude. The

morphology of the density cells for equinox solar minimum

conditions was presented by Crowley et al. (1996) and for so-

lar maximum conditions by Schoendorf et al. (1996a), using

the TIGCM. The cells are also predicted by other global ther-

mosphere models (e.g. Fuller-Rowell et al., 1999). The pre- 0000

ceding work focused on altitudes below about 250 km, and MLT

no effort has previously been made to observe the cells at

altitudes above 400 km, where CHAMP makes its measurefig. 7. Average of the CHAMP derived relative densities for

ments. the whole 7-day interval of our campaign in a magnetic latitude—
Figure 8 summarizes the results from the presentmagneticlocaltime frame for the Northern (top) and Southern (bot-

TIMEGCM simulation for 21 February 2002. It shows four tom) Hemisphere. The average densities are calculated in bins of

polar plots of the neutral density in a geographic latitude—L" in MLAT and 20 min in MLT. The white areas are not covered

local time frame for the altitudes 450 and 200 km (rows) and?Y the satellite during the 7 days.

for the Northern and the Southern Hemisphere (columns) at

two different UT times. In the upper row we also plotted

the trajectory of the CHAMP satellite. Recall that CHAMP In the Southern Hemisphere the minimum circles around the

passes from morning to evening over the Northern and fromPole during the day (from about 09:00 LT at 00:00 UT, to

evening to morning over the Southern Hemisphere_ 23:00 LT at 11:00 UT, to 06:00 LT at 21:00 UT), because of
The density structures predicted at 200 km (lower panelsfhe large offset of the geographic and magnetic poles. These

are typical of those discussed in earlier papers (e.g. CrowleyPparent motions of the cells in geographic coordinates were

et al., 1996). For magnetically quiet and moderate condi-discussed by Crowley et al. (1996).

tions, the density minima produced by the model are gener- The model-produced density maxima around 200 km are

ally well defined, and are almost circular in shape. Therenot as well isolated as the minimum. They spread out more,

is also always only one minimum, with an average den-forming either one elongated enhancement opposite to the

sity decrease of about 14% of the average density polewardhinimum, or two separated maxima. The average enhance-

of 60°/—6C° latitude. The width of this minimum is typ- ment in Fig. 8 is about 9%, implying that the amplitude of

ically about 1500km and it never appears equatorward othe maxima, at least for the relatively quiet period under con-

60°/—6C latitude. In the Northern Hemisphere the mini- sideration, is significantly smaller than the amplitude of the

mum is confined to the sector 05:00 LT-10:00 LT during mimima. At some UT times (not shown) the model-deduced

the whole day (travelling from 08:00 LT at 00:00 UT, to maxima extend equatorward of B06(° latitude. In the

05:00 LT at 08:00 UT, to 10:00 LT at 20:00 UT and back). Northern Hemisphere the maxima are confined to the sector
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Fig. 8. Results from the TGCM model for the 21 February 2002. The upper row shows the density at 450 km altitude over the Northern
(right) and the Southern (left) Hemisphere, the CHAMP trajectory is indicated with crosses. The lower row shows the density at 200 km
altitude for both hemispheres, clearly structured in “cells”. Perimeter latitudes areNb2rid 52.5 S.

15:00 LT-02:00 LT, while in the Southern Hemisphere they structures observed by CHAMP were in qualitative agree-
circle the pole during the day, just as the minimum does.  ment with the lower altitude cells identified by TIMEGCM.
The upper pane|s of F|g 8 depict the model predictionsA'thOUgh a comparison of results from very different helght
for 450km, near the height of the CHAMP satellite. Un- levels is problematic, Schoendorf et al. (1996a) have pre-
fortunate|y (but interestingw)' the thermosphere produceodicted that above about 170 km, the MLT/latitude locations
by the TIMEGCM at 450 km is completely devoid of any Of the cells does not change significantly with altitude. We
of the structures described for lower altitudes and those obtherefore compared the CHAMP results at 400 km altitude
served by CHAMP around 430 km. The same is true for thewith the structures predicted by TIMEGCM for 200 and
TIMEGCM at 400 km altitude (not shown here). This re- 300 km altitudes.
duction in the amplitude of the modelled structures above For a detailed comparison of the measured and the
300 km was described by Schoendorf et al. (1996a), and thenodelled densities we plotted the density along the CHAMP
CHAMP data represent the first opportunity to test the pre-trajectory during six 1-h UT intervals (Fig. 9). We selected
diction. While the failure of the model to reproduce the ob- intervals during which CHAMP crossed the hemispheres
servations is puzzling, we have nevertheless checked if thelose the north pole as well as close to the south pole (but
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Fig. 9. Comparison between CHAMP and TGCM results for six 1-h intervals on 21 February 2002, upper panels: satellite orbit as a function
of time and geographic (solid) and magnetic (dashed) latitude, middle panels: CHAMP-derived densities (solid) and TGCM densities at
430 km altitude (mean satellite height) (dashed), lower panels: TGCM densities at 200 km altitude (solid) and 300 km altitude (dash-dotted).
The values at 300 km have been multiplied by 10 in order to fit into the same density scale.

the results discussed below apply to all 24 intervals). Thethan those obtained by the model by a factor of 2 on average,
upper panel indicates the geographic latitude of the orbitwith sometimes considerably larger differences. This seems
The middle panel shows the measured densities (solid linelike an unexpectedly large discrepancy, but is not the focus
normalized to an altitude of 430 km together with the model of the work described here.

densities at this height. The observed densities are greater
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In the lower panel we plotted the model densities alongbe waves, and in addition, the variable high latitude forcing
the same path but at 200 km altitude (solid line) and 300 kmencountered in the real atmosphere may set up variable re-
altitude (dash-dotted line, multiplied by a factor of 10 to per- sponses, whereas the high latitude forcing in the model is
mit plotting on same scale as 200 km results). While thererelatively smooth.
is no agreement between the model and data at 450 km, the
following details emerge from the lower panels of the figure: . ) .
some of the structures observed by CHAMP appear to havé Possible connection to Joule heating

corresponding structures predicted by the model at 200 ang .
i . Inasmuch as the density enhancements seen by CHAMP
fhoeogt%-k?rcjiﬁiz?%lezgt 1%1—;332 ?—|c2)\7ve\1/2rogor117e§r?1e(\§”ttr:‘ were due to a vertical motion of the atmosphere, one would
¥), £U. 54, £0.99. ' ebF tempted to look for a heating rate that could be responsible

measured and the modelled structures are shifted by SEVETEr these enhancements. The most obvious heating sources

100km (re_member that- the satellite travels with 7'5 km/S)for the high latitude thermosphere are: solar EUV radiation,
€.g. at UT=3.1-3.2. Quite often they are almost ani Corre'particle precipitation, Joule heating, and, possibly, dissipa
lated e.g. at UT=3.96, 6.18, 6.98, 10.04, 10.90 13.12, 13.82] T ' ' !
. . tion of atmospheric gravity waves (AGW) propagating from
In this respect it should be noted however, that also the mod- . ' X
: e[s)ources in the lower atmosphere. The first mechanism can
e.g. at UT= 4.0, 10.9, 13.1, 13.95, 17.8. Only two qualita- ¢ 25Sumed to be well described by the TIMEGCM mode,
. . . iven the predictability of the process and the mature state
tive agreements remain: (1) the CHAMP satellite sees thes . T
of the model. The second process, particle precipitation, is

density structures only at high latitudes, like the model pre- . T
dictions: (2) both the data and the model indicate that theIess predictable and has taken a back seat to Joule heating in

. N : . recent years, given that many studies have inferred that the
density minimum is closer to the pole than the density max- . . ' .
ima Joule heating rate should dominate. The final mechanism,

There are other noticeable differences of a different kindUpWard propagation of waves generated in the lower atmo-

between the CHAMP data and the model predictions for 200sphere, is the hardest to investigate: one has to decide where

and 300 km. Most notable is the fact that the clustering Ofg]seszvrz;\ézstr?;?Aggr\}\?’rsa\t;gﬁIzlnr?asz \évlzglt thz(zjetjs.tl!]telii:’loerrt?]?ly
density maxima in the cusp region observed by CHAMP P y y

(see Fig. 7) cannot be found in the TIMEGCM simulation Leoaeiffilc'itzre]t:pper thermosphere, owing to the large diffusion
results. In addition, the measured structures are smaller in Nonetheless, having made a comparison with TIMEGCM,

scale and often ;how multiple extrema whereas the quellegve are led to conclude from Sect. 3 that neither EUV radia-
structures are wider and form generally only one maximum

or minimum. The data from the S85-1 and SETA satelites. o "0 1a10¢ scale global processes are responsible for the
showed similar effects (Crowley et al., 1996; Schoendorf et y ) ' paig

al., 1996a). Another significant difference is the amplitude Ofwas_ planned in such a way that it cquld provide some |nf<_)r-
) - o . mation about Joule heating. In particular, CHAMP itself is
the structures; the modelled densities exhibit relative changes : .
able to produce good estimates of Hall currents through its
of 9-14% at 200 km and about the same at 300 km, whereas
magnetometers, and the ground-based data from three EIS-

siderably larger, sometimes exceeding 50% (c.f. Sect. 2) "EAT radars were available to provide estimates on conduc-
y larger, 9 0\ “ =" _tance and electric fields. The radars also measured the ion

It remains the most obvious result of the comparison, thattem erature, which gives a handle on frictional heating rates
TIMEGCM does not produce structures above 350-400 km P ' g 9

altitude where CHAMP observes them. This is difficult to and theref_ore on Joule heating rates in the area.
o : . . The (height-integrated) Pedersen current can be expressed
explain, since according to the conservation of energy ampli-

tudes of extrema should increase with altitude. The mech-m. terms of conductanc&p, electric field E, and neutral
. . . wind V, as
anisms producing the density cells are not fully understood
(Schoendorf et al., 1996b), but it is difficult to imagine that Jp = Zp(E +V, x B) or
the mechanisms producing the density cells at 300 km are not ;. _x, (E+V, x B, 4)
present at 450km. The discrepancy may be due to imper-
fect upper boundary conditions in the model. On the othersince we are dealing only with the magnitudes in the follow-
hand it is clear that all diffusive scales become very largeing discussion. If we separate the current in an E- and an
above 250km, so that particle diffusion may wipe out den-F-region part, the Joule heating is then
sity structures. Another explanation may be that the observed 2 2
structures are caused by waves that are not properly include@ = 5 ‘(E +VEx B)‘ +x5 ‘(E +VExB)| . (5)
in the model. They may be the agent which counteracts the )
overwhelming influence of diffusion at high altitudes. The Hall current measured onboard CHAMP is

Regarding the mu_ch smaller scales of the structures whicty,, — 5, ‘(E +VEx B)‘ ) (6)
CHAMP observes, it is clear that the model cannot resolve
them, since its resolution is limited t6 # latitude and lon-  We use only the E-region part here, since the Hall currents
gitude (about 500 km). The observed multiple structures mayare dominated by contributions from this region. This means
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Average Hall Current Magnitude 16. - 22.02.02 quiet conditions here can also be seen in the contracted auro-
Northern Hemisphere ral oval: during disturbed conditions the electrojet would be
1200 located much further equatorward.
* ~0.15 Figure 10 can be compared with Fig. 7, which showed
I the CHAMP relative density enhancements in the same for-
mat. It is quite obvious that the MLAT-MLT range where the
density maxima occur does not really agree with the MLAT—
MLT range of the maximal Hall currents. Whereas the max-
0600 | | | Jy | (A/m) imal currents correspond reasonably well to the enhanced
densities between 08:00-09:00 MLT and to the weaker en-
- 0.05 hanced ones around 21:00-22:00 MLT, no current enhance-
ments are found in the 10:00-11:00 MLT sector, where we
MLAT see strongly elevated densities. From this result we may in-
Lo fer that these latter density enhancements are probably not
0000 caused by Joule heating due to the large-scale Pedersen cur-
MLT rents flowing perpendicular to the magnetic field, at least not
in the E-region. A connection to the strong and fast varying
Fig. 10. Hall current magnitude averaged for all orbits of the seven |ocal field-aligned currents observed by CHAMP and other
days of our campaign in a magnetic latitude—magnetic local timegatelites in the cusp areaifhr et al., 2004) or with F-region
frame. heating by fields and winds or by soft precipitation might be
more appropriate.
Since we have conductivities from ground-based incoher-
ent scatter measurements we have also attempted to make a
more quantitative estimate of the Joule heating rate. With

- 0.10

1800

that the Hall conductivity is negligible in the F-region. Com-
bining Egs. ) and @) we have

xEJ2 F F 2 the EISCAT VHF radar (location 69.58eogr. lat., 19.21
Q= 2 TEZp|(E+V, xB)| . (7) geogr. long.) we obtained electron density profiles on ev-
H ery day of our campaign (except 17 February) between about

Whereas the neutral wind in the E-region is usually quite90km and 600 km altitude along the radar beam which was
small during quiet conditions, in the F-region the wind term directed almost north (azimuth=—0)%t an elevation of 30
may actually dominate over the electric field term. Unfortu- The density profile ranged thus between about &td 75
nately we have no information about the neutral wind duringgeographic latitude. The measurements were taken every day
our measuring interval. between 08:00 UT and 12:00 UT, i.e. around the time when
We had all the data necessary to evaluate the Hall currenthe cusp was expected to be north of the radar. From these
and both E- and F-region conductances, and could checklensity profiles we derived the Hall and the Pedersen con-
whether the Joule heating rate was large enough to matteductances with the standard procedure (e.g. Schlegel, 1988,
The derivation of the Hall currents from the CHAMP mag- 1997), using the MSIS neutral model (Hedin, 1991) for each
netic field measurements has been described in detail by Riday to compute the necessary ion-neutral collision frequen-
ter et al. (2004) and verified with the help of the IMAGE cies. Since we used the electron as well as the neutral den-
ground-based magnetometer array. As a result we have awities for the whole height range of 90-600 km we could es-
cepted the derived currents as reliable estimates. Also notémate the conductance contributions from the E-, as well as
that the following comparison was only performed for the from the F-region. The contribution of the Pedersen conduc-
Northern Hemisphere due to the lack of ground-based datéance in the F-region is important, because the soft particle
for the other hemisphere. precipitation present in the cusp region enhances particularly
We first plotted, in Fig. 10|Jg| in a magnetic latitude— the F-region ionisation.
magnetic local time frame averaged over all orbits of the Strictly, the conductances so derived are only valid be-
seven days of our campaign. Two areas of maximal Halltween about 7172 geographic latitude and at the geo-
currents can be seen: one in the morning sector aroundraphic longitude of the radar beam around.1Due to
MLT ~08:00 at 69>MLAT >75° and another in the evening the quiet conditions however we assumed that these conduc-
around 21:30 MLT at 70<MLAT <74°. It is unfortunate tances did not vary strongly in latitude and longitude and
that the data don’t cover a broader local time range, but thestook them for a latitude range of 7975° and a longitude
seem to be parts of the well-known areas of the westwardange of 0-40° (geographic). Within this area we had on
and the eastward electrojet in the auroral zone. It should beach day at least one CHAMP pass (on 16 and 18 Febru-
noted, furthermore, that even the observed average peak cuary two passes) during the time of the measurements i.e. be-
rent densities 0&0.17 A/m are quite small. This is consis- tween 08:00 and 11:00 UT. We therefore used the conduc-
tent with the quiet conditions during which the observationstances derived during this interval together with the CHAMP
were taken. During magnetic storndg can easily exceed Hall currents to derive the electric field magnitude and the
several A/m (e.g. Ritter et al., 2004). The fact that we haveJoule heating according to Egs. (4-7).
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0.12F . Together with the measured Hall currents this yields elec-
a o.wo§— 1 tric fields less than 20 mV/m for most of the time, except
> 0.08F 1 on 20 February where we estimated one value that exceeded
: 0.06F 1 30mV/m. We conclude that the Joule heating rates stayed
2 0.04F /\/ 1 below 10-3W/m?, with the exception of the one value on
S 0o02F — £ 20 February. As explained above, additional contributions
0.00F ] from the F-region winds can also be expected. Since we have
— 8l ] no handle on the neutral winds with our data set, an upper
2ok . o b limit estimation could nevertheless be obtained from the fol-
s v ] lowing considerations: for the term,f x B a neutral wind of
é Al /\» - N ] the order of 300 m/s can add a contribution of 10-20 mV/m,
3, a wan ' 1 if it flows in the proper direction. This means that we have to
S b bedersen ] consider that the effective electric field may have been twice
0 as large as the values shown in Fig. 11. This could lead to
a 4o§ ] Joule heating rates of up to a factor of 4 larger than those
> 30F E quoted above.
£ 20; E Our point is however, that even if we took such a neutral
. Vs wind contribution into account, the Joule heating rates would
7 10 f/‘ / E remain 1-2 orders of magnitude smaller that those observed
° ok V during geomagnetic disturbed conditions when Q can exceed
&7 0.0040F 3 0.1 W/n? (Vickrey et al., 1982; Schlegel, 1997).
£ In order to further check for possible Joule heating we
= 0.0030F 3 . .
= : e also have examined the F-region ion temperatures. The tem-
£ 0.0020 F 3 peratures were fairly constant during the observation time
o E (08:00-12:00 UT) and did not show significant enhance-
£ 00010 7/J / E ments during the six intervals regarded in Fig. 11 with one
T 0.0000E — ] exception: on 21 February; Tncreased from about 1450 K
16Feb  18Feb 19 Feb 20Feb 21 Feb 22Feb before to 1650K (at 430 km altitude) within the interval in

question. The implication would be that some Joule heating

Fig. 11. Several quantities for the time interval when CHAMP was was not showing up in Fig. 11. There was therefore perhaps
within the area 79< geogr. lat.< 75°, 0° < geogr. long.<40° on a strong neutral wind contribution there.

six days of the SIRCUS campaign (16—22 February 2002). Upper It is absolutel iaht f d to inf ibl
panel: Hall current from the CHAMP magnetometer, second panel: t s absolutely not straight forward to infer possible up-

conductances derived from EISCAT VHF data, third panel: magni-Welling of the atmosphere from these low heating rates.
tude of the electric field obtained from Eq. (4), fourth panel: Joule Fuller-Rowell et al. (1994) and Rishbeth et al. (1985), for
heating rates obtained from Eq)( instance, reported model results of upwelling for storm con-
ditions, but only for altitudes below about 300 km. The for-
mer quoted heating rates of up to 0.05W/as a cause.
Regarding this number it seems unlikely that the large den-

ity enhancements observed with CHAMP during the cor-
. X : , responding passes over the cusp area can be attributed to
Ijnai;n((tar?axl/reItlrn(eg]ilr)g%esseﬁ’j:ﬁdtéazgjr?:)-Io'rr]r?gul?;p:;rrl?:s:og;na;lt e low heating rates of Fig. 1}. It should be noted that
shows the magnitude of the Hall eurrent as derived fromWe also made conductance estlmates' on tW.O days (21 and
the CHAMP magnetometer, the second panel the EISCAT—22 February) from measurements optalned with the EISCAT

. . . .Svalbard radar using the 42-m dish (78.1&eogr. lat.,

derived conductances, the third panel the electric field magniz ¢ o geogr. long., looking along the local field line with
B1.6 elevation), i.e. a few degrees north of the range covered

heating rate obta_med with Edr)t A. possmle neutral vymd with the VHF. These conductances were also around 5 S to
was neglected, since we have no information about it as al;

ready mentioned. The conductances plotted here are the su8 S, similar to the VHF-derived ones. Thus we do not expect
y ' ; nces p L \r}ery different heating rates at this latitude.

of the E- and the F-region contribution. The relative impor-

tance of the Pedersen conductivitiEg /=5 +* varied be-

tvveen 0.4 end 0.6 during t.he |.ntervals shown mlFlg. 11, |nd|—‘._-> Summary and conclusions

cating the important contribution from the F-region, whereas

the corresponding ratio for the Hall currerfig, /=517 re-

mained always around 0.995.

The results are presented in Fig. 11, where the absciss
corresponds to the time interval during which CHAMP re-

Our observations (together with some earlier results based

on low-resolution data) establish the existence of pronounced
The total> remained between about 3 S and 6 S during alldensity structures in the high latitude thermosphere. In con-

days, typical for quiet conditions. trast, the model predicts a relatively smooth density variation
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at CHAMP altitudes, with none of the density structures pre-the area where we found density enhancements. We are also
dicted for lower altitudes. The CHAMP data provide the unable to exclude atmospheric waves as a possible cause of
first opportunity for detailed testing of model density pre- the density enhancements and reductions.
dictions for high altitudes (above 300 km). Furthermore, we Our study shows that density maxima and minima oc-
find that the observed density structures near 430 km do noturred every day during our campaign. It should be noted
agree with the morphology of modelled thermospheric den-that apart from this very quiet period we also analysed one
sity cells predicted at lower altitudes, as outlined in Sect. 3.day with an average geomagnetic storm (not shown here).
The latter have been predicted by models for the 140—-350 kn©n this day too we observed the typical pattern of density
altitude region at high latitudes. Their existence at these alimaxima and minima as described here. From this limited
titudes was previously confirmed by satellite data for solarexperience it seems that this phenomenon is almost indepen-
maximum and minimum conditions. The mechanisms driv-dent of geomagnetic activity. This would be consistent with
ing the cell structures in the model are still not fully under- a statistical study of CHAMP data taken for a whole year and
stood. Schoendorf et al. (1996b) explained their modelledwhich revealed only small changes in the appearance of po-
density cells as a result of thermosphere-ionosphere couplintar density structures between quiet and moderate conditions
in terms of dynamic meteorology (their Fig. 10). Caspers(see Liu et al., 2005).
and Pblss (1999) found moderately supporting evidence for At the beginning of the paper we mentioned the possibility
the model results by comparing them to mass spectrometethat part of the density excursions may be explained by neu-
data from the ESRO4 and DE2 satellites at heights aroundral winds. Nevertheless it is fairly obvious from the present
200km. These authors stress however, that they are all buinalysis that unrealistic horizontal neutral wind speeds along
convinced that the above concept of cells is correct. They ofthe satellite path exceeding 2 km/s have to be assumed in or-
fer an alternate explanation which is based on localized headler to explain the data in Fig. 3, for example. Such wind
input. speeds would only be expected during the most magnetically
Similar ideas have been proposed before by Taeusch angctive conditions.
Hinton (1975, quiet conditions), Taeusch (1977, disturbed The main purpose of this study was to present the CHAMP
conditions). These authors examined 8kensity data ob-  observations and to identify the relevant patterns and charac-
tained near 450km in the polar region with a mass specteristics of the density maxima/minima. More work remains
trometer onboard OGO6. They observed local density ento be done for a detailed explanation of the observed density
hancements with a width of several 100 km and tried to re-structures and the mechanisms that drive them. We conclude
late them to polar energy deposition. They found that thethat in spite of the fact that it has been somewhat neglected in
density enhancements (30-50% with respect to a modeljecent experimental and modelling studies, on the basis that
were strongly magnetically controlled in terms of magnetic we “understand the thermosphere”, the upper thermosphere
local time and magnetic latitude. For quiet conditions thestill seems to hold surprises.
density enhancements were mainly observed between 00:00
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