
Chapter 111

High-latitude thermospheric density and wind2

dependence on solar and magnetic activity3

Hermann Lühr and Stefanie Marker4

Abstract Processes in the high-latitude thermosphere are strongly controlled by5

the activity of the sun and by the geomagnetic field geometry. The CHAMP satel-6

lite, with its sensitive tri-axial accelerometer, provided detailed information about7

thermospheric dynamics over its mission life-time (2000-2010), thus contributing8

significantly to the CAWSES (Climate And Weather of the Sun-Earth System) pro-9

gramme. In this chapter, studies on thermospheric winds and density anomalies at10

high magnetic latitudes are presented. Thermospheric winds above the poles are11

directed predominantly from day to night side. Observations, however, reveal a dis-12

tinct difference between winds on the dawn and dusk sides at auroral latitudes.13

While on the dawn side fast zonal winds towards night are prevailing, an anti-14

cyclonic vortex is formed on the dusk side. For the explanation of these local time15

dependent features various thermodynamic and electrodynamic influences have to16

be considered. As an example for mass density variation the cusp-related density17

anomaly is studied. The amplitude of this prominent local peak in mass density is18

influenced by the level of solar flux (F10.7) and by the solar wind input into the19

magnetosphere as quantified by the electric field caused by reconnection. A prereq-20

uisite for the appearance of density anomalies is the presence of soft-energy parti-21

cle precipitation. By combining CHAMP and EISCAT measurements, it has been22

shown that Joule heating, fuelled predominantly by small-scale field-aligned cur-23

rents (FACs), causes a strong increase in temperature at altitudes below 200 km.24

As a consequence molecular-rich air is up-welling. A density anomaly is recorded25

at 400 km altitude. Combining different observations and numerical model results26

provides a plausible chain of processes leading to the observed cusp-related density27

anomaly.28

Hermann Lühr
GFZ German Research Centre for Geosciences, Telegrafenberg, D-14473 Potsdam, Germany, e-
mail: hluehr@gfz-potsdam.de

Stefanie Marker
now at Technische Universität Berlin, ILS Kraftfahrzeuge, Gustav-Meyer-Allee 25, D-13355
Berlin, Germany, e-mail: stefanie.marker@tu-berlin.de

189



190 Lühr and Marker

11.1 Introduction29

The term thermosphere is generally used for the upper atmospheric layer in the30

range of about 100 to 1000 km altitude. Embedded in it is the exobase at around31

600 km above which altitude lightweight particles do not behave as a fluid anymore32

and start to follow ballistic trajectories. There is a steep temperature increase over33

the lower part of the thermosphere, 100 to 300 km, due to absorption of solar ex-34

treme ultraviolet (EUV) and x-ray radiation. Above, the temperature approaches35

asymptotically the exospheric temperature of about 1000 K. For further general36

characteristics of the thermosphere the reader is referred to Prölss [2004]. Solar37

EUV is the most important energy input to the thermosphere. The expansion and38

contraction of the upper atmosphere in response to solar activity over a solar cycle39

is quite prominent. The other important energy source is the solar wind. When the40

charged particles of the solar wind interact with the geomagnetic field, a part of41

the wind energy is converted to electric currents which are routed down along the42

magnetic field lines to the ionosphere at high latitudes. These currents partly dissi-43

pate and partly drive plasma convection vortices in polar regions. Another part of44

the solar wind input is converted to mechanical energy accelerating electrons and45

ions earthward. When these particles hit the atmospheric atoms and molecules they46

are excited and subsequently emit light, the well-known aurora. This process also47

deposits an appreciable amount of energy in the thermosphere. In a comprehen-48

sive review, Prölss [2011] has described the perturbations of the upper atmosphere49

caused by the dissipation of solar wind energy.50

This chapter deals with thermospheric phenomena at high magnetic latitudes.51

In particular, observation and interpretation of the wind system and local density52

anomalies are presented. In auroral regions the neutral particles in the thermosphere53

are strongly coupled with the plasma of the ionosphere. Therefore, both thermo-54

dynamic and electrodynamic processes have to be considered simultaneously for a55

proper interpretation.56

In the past, detailed studies of the thermosphere were suffering from a lack of57

sufficient and accurate measurements. This situation has improved significantly with58

the availability of air drag measurements on board of satellites like CHAMP (CHAl-59

lenging Minisatellite Payload) and GRACE (Gravity Recovery And Climate Experi-60

ment) by means of sensitive tri-axial accelerometers. In particular, the accelerometer61

data from CHAMP collected over a period of 10 years have been used to identify a62

number of new phenomena in the upper atmosphere. In this chapter we provide an63

overview and assessment of the main results published during recent years. For most64

of them the long and continuous CHAMP data set is used for revealing insight into65

the wind patterns at polar latitudes and to investigate the prominent mass density66

anomaly related to the ionospheric cusp.67
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11.2 Measuring the Thermosphere68

Opposed to the ionospheric properties, neutral particle dynamics is difficult to be69

sensed remotely from ground. There have been rather few satellites in orbit carrying70

mass spectrometers (e.g., Atmospherics Explorer-C, ESRO-4). Important features71

of the thermosphere have been deduced from precise orbital tracking of space ob-72

jects like satellites, rockets, and debris. Since the effects on the ephemeris are small,73

integration has to be performed over fairly large arcs. For that reason only gross74

features of the thermosphere had been deduced. For example, the dependence of75

the mass density on external forcing, like solar EUV flux or magnetic activity, was76

determined from orbit-average effects. That means regional or latitudinal variations77

cannot simply be resolved. In comprehensive studies, Emmert [2009] and Emmert78

and Picone [2010] have deduced a globally-averaged climatology of the thermo-79

spheric mass density based on orbital elements of a large number of space objects,80

covering the years 1967–2007. From them thermospheric features like seasonal and81

solar cycle variations, magnetic activity dependence and long-term trends have been82

derived.83

Detailed observations of thermospheric phenomena have become possible since84

sensitive accelerometers are operated on spacecraft like CHAMP and GRACE. They85

have sampled the upper atmosphere on a global scale since 2000. The in situ mea-86

surements enable the resolution of local features. A first overview on the mass den-87

sity distribution derived from CHAMP data was given by Liu et al. [2005]. The88

authors presented mass density anomalies both at low and high latitudes. In this89

chapter we focus on thermospheric characteristics at high latitudes deduced from90

CHAMP measurements.91

CHAMP, a German satellite, was launched on 15 July 2000 into a circular, near-92

polar (inclination: 87.2◦) orbit at 456 km altitude [Reigber et al., 2002]. Over its 10-93

year life time the orbit slowly decayed, and the spacecraft re-entered the atmosphere94

on 19 September 2010 at an altitude of 150 km. A schematic picture of CHAMP95

with all the science instruments is shown in Figure 11.1. Of particular interest for the96

topics addressed here is the accelerometer, which is accommodated at the satellite’s97

centre of gravity. The measurement principle is based on a proof-mass of about98

100 g that is kept floating in the centre of a vacuum cage by electrostatic forces.99

Non-gravitational forces acting on the satellite are deduced from the accelerometer100

readings. From the air drag experienced by the satellite in orbit the thermospheric101

mass density and wind can be retrieved. The basis equation is102

a =−1
2

ρ
Cd

m
Aeff v2 (11.1)

where a is the measured acceleration vector, ρ is the mass density, m is the satellite103

mass, Aeff denotes the effective cross-section area in ram direction and v the velocity104

of the satellite. Cd represents the drag coefficient vector with different values for105

along-track and cross-track directions. Equation 11.1 can be solved for the mass106

density, ρ , since the other quantities are known or measured. Further details about107

the interpretation of accelerometer data can be found in Doornbos et al. [2010].108
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Fig. 11.1 Schematic illustration of the CHAMP satellite with its scientific instruments.

For the estimation of the thermospheric winds we make use of the acceleration109

vector components. Under the assumption that the experienced acceleration, a, is110

aligned with the velocity, v, we can relate the components of the two vectors:111

−
ay

ax
=

vy

vx
(11.2)

where the x component is aligned with the spacecraft-fixed along-track axis and y112

with the cross-track axis. Vertical wind contributions are not considered because (1)113

they are generally weak (except in the auroral zone during active periods) and (2)114

the vertical component of CHAMP’s accelerometer did not work properly. Since115

CHAMP had a polar orbit, the zonal wind velocity can be derived from the effect116

on the cross-track axis.117

vy =−vx
ay

ax
(11.3)

when vx is assumed to be the orbital velocity (7.6 km/s), the cross-track wind veloc-118

ity, vy, can be calculated. A more sophisticated approach for deriving wind was later119

developed by Doornbos et al. [2010]. The new data reveal wind speeds that are in120

general lower by a few percent, but the relative variations stay practically the same.121

CHAMP data of the 4 years 2002–2005 have been used to study thermospheric122

features at high latitudes.123
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11.3 Wind distribution at polar regions124

A first statistical study of zonal winds at low latitudes, based on CHAMP data, was125

presented by Liu et al. [2006]. Typical features emerged from it, such as the strong126

eastward wind during evening and night hours and the westward wind during morn-127

ing and noon time. Later the zonal wind study was extended by Liu et al. [2009]128

up to subauroral latitudes. These authors found that the thermosphere at the equa-129

tor rotates on average faster than the planet. The topic of super-rotation has been130

discussed controversely in the literature [see Rishbeth, 2002, for an overview]. Liu131

et al. [2009] report a diurnally averaged eastward wind of about 35 m/s, which is132

in good agreement with the prediction (30-40 m/s) of Rishbeth [2002] based on the133

electrodynamics at the magnetic equator. Conversely, at higher latitudes the thermo-134

sphere rotates slower than the planet. For an outside observer, the upper atmosphere135

exhibits a differential rotation like, for example, the sun.136

The wind distribution in the polar region, as observed by CHAMP, was first137

studied by Lühr et al. [2007]. Twenty years earlier Thayer et al. [1987] presented138

a similar study based on DE-2 satellite data. Due to the short DE-2 mission du-139

ration and sparse sampling, detailed features could not be resolved at that time.140

At high latitudes all the different cross-track measurements are combined in a141

statistically-significant way such that the average horizontal wind vector can be142

derived (for more details see Lühr et al. [2007]). A prominent result of such an143

approach is the strong day-to-night wind over the polar cap with speeds in excess of144

600 m/s. In this region hydrodynamic forces and plasma drifts point approximately145

in the same direction. The primary cause is the cross-polar cap potential differ-146

ence which drives the plasma into the anti-sunward direction at speeds of more than147

1 km/s. The plasma drift velocity, v, in the ionospheric F region can be expressed as148

v = E×B/B2. At CHAMP altitude we obtain for a typical polar cap electric field149

of E = 50 mV/m and an ambient magnetic field, B = 50000 nT, a plasma velocity of150

v = 1 km/s. The relevant terms of the equation describing the momentum transfer151

from ions to neutral particles by collisions [e.g., Rishbeth, 2002] can be written152

ρ
du
dt

=−∇P+ρvi,n(v−u) (11.4)

where ρ is the mass density, u is the wind velocity, P is the thermal pressure and vi,n153

is the ion/neutral collision frequency. From this equation we note that the accelera-154

tion of neutral particles is proportional to the collision frequency and to the velocity155

difference between ions and neutrals.156

The average wind distribution in the polar region for the four months centred on157

June solstice 2003 is shown in Figure 11.2. For the presentation a magnetic latitude158

vs. magnetic local time frame has been chosen. We find similar distributions at both159

hemispheres, but in the northern (summer) hemisphere winds are stronger and sig-160

natures are clearer. The higher plasma and neutral densities during summer cause a161

higher collision frequency thus make the coupling between ions and neutrals more162

efficient. At auroral latitudes there is a clear asymmetry between the dawn and dusk163

sides. On the dawn side we observe fast winds from day to night. This effect is at-164
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Fig. 11.2 Distribution of mean thermospheric wind vectors in the northern (summer) (left) and
southern (winter) (right) hemispheres for June solstice 2003. Concentric rings mark magnetic lati-
tude at 10◦ spacing (80◦, 70◦, 60◦, 50◦). (from Lühr et al. [2007], Fig. 4)

tributed to a combined action of Coriolis and centrifugal forces. Fuller-Rowell and165

Rees [1984] argue that particles starting at noon and moving westward experience166

an equatorward centrifugal force, but at the same time a poleward Coriolis force.167

The velocity at which the two forces according to Fuller-Rowell and Rees [1984]168

cancel depends on the polar distance, θ169

sinθ = v/985 (m/s) (11.5)

where 985 m/s is twice the Earth rotation speed at the equator. At a geographic170

latitude of 65◦(θ = 25◦) we obtain v = 416 m/s for the critical velocity. This value is171

close to the wind speed observed on the dawn side (cf. Fig. 11.2). Obviously, many172

air particles move on the stable paths in this latitude range. Note that magnetic173

latitudes are shown in Figure 11.2, while the force balance discussed above is valid174

in geographic coordinates. But over many Earth rotations the latitude difference175

averages out.176

Conversely, on the dusk side the Coriolis and centrifugal forces act in the same177

direction deflecting particles into an anti-cyclonic spiral motion. Such a feature ap-178

pears in Figure 11.2 near 70◦of magnetic latitude and 18:00 local time. In the early179

evening time sector the sunward plasma flow along the auroral oval causes a stag-180

nation of the wind. Particularly clear is the effect of plasma drift on thermospheric181

winds during times of Subauroral Polarization Streams (SAPS) events. Wang et al.182

[2011] report that SAPS, occurring preferentially in the evening sector, cause the183

neutral wind to switch from anti-sunward to sunward at magnetic latitudes around184

60◦to 65◦. A typical occurrence rate of SAPS is 30%. SAPS-type phenomena are185

not observed on the dawn side. This may also contribute to the dawn/dusk differ-186

ence. On the night side the wind is deflected westward. This is consistent with the187

Coriolis force acting on air parcels moving away from the pole.188
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The high-latitude plasma drift pattern is closely controlled by the interplanetary189

magnetic field (IMF) components By and Bz. Förster et al. [2008] clearly showed190

that the wind direction over the polar regions depends a lot on the plasma dynamics.191

Over the northern hemisphere polar cap highest wind speeds are observed for a192

combination of negative IMF By and Bz components. In the southern hemisphere193

wind speeds maximise for positive IMF By and negative Bz. Under these conditions194

the plasma flow is best aligned with the cross-polar cap wind at high latitudes on195

the dawn side. Furthermore, the clockwise wind vortex on the dusk side increases196

in the northern hemisphere when IMF By is positive, while the opposite By polarity197

causes the vortex to grow in the south. This behaviour also proves the close control198

of the plasma drift on thermospheric winds.199

11.4 Cusp-related mass density anomaly200

In their initial paper on the global mass density distribution Liu et al. [2005] reported201

also about thermospheric density anomalies at high magnetic latitudes both on the202

day and night sides. The night side features were associated with magnetospheric203

substorms since their intensity increased with magnetic activity. This suggestion was204

later confirmed by a dedicated study about thermospheric responses on substorms205

by Ritter et al. [2010]. The day-side feature was identified as the cusp-related den-206

sity anomaly that had been introduced earlier by Lühr et al. [2004]). These authors207

reported that CHAMP detected quite frequently a localized enhancement in air drag208

whenever it passed the polar cusp region. When interpreting this signal in terms of209

mass density they obtained local enhancements up to a factor of 2. In a quest for210

the drivers of these air density peaks at 400 km altitude they suggested as one cause211

Joule heating by intense small-scale FAC. Figure 11.3 shows CHAMP observations212

of cusp-related density anomalies collocated with intense bursts of kilometre-scale213

FACs for three examples. Nowhere along the orbit have FACs been observed with214

comparable amplitudes. In order to test the Joule heating hypothesis Demars and215

Schunk [2007] tried to reproduce the density anomaly with their high-resolution216

thermosphere model. They had to increase the heating in the E region by an unrealis-217

tic factor of greater than 100, in order to achieve a local doubling of the mass density218

near the cusp. Otherwise the model simulated quite realistically the up-welling of air219

in the heated region and the subsequent poleward and equatorward divergence. Mo-220

tivated by the open questions concerning the root causes of the cusp-related density221

anomalies Rentz and Lühr [2008] performed a dedicated study on the climatologi-222

cal properties of the anomaly. Important findings of that study will be summarised223

below.224
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Fig. 11.3 Three examples of cusp density anomalies observed by CHAMP. Collocated with the air
density enhancements intense bursts of kilometre-scale field-aligned currents appear. (from Lühr
et al. [2004], Fig. 3)

11.4.1 Climatology of the density anomaly225

For a systematic survey of the mass density distribution at polar regions, data226

have been sorted into 918 equal-area bins of 222 x 232 km size. For the binning of227

the CHAMP measurements we considered the range 60◦- 90◦of magnetic latitude228

(MLat) in both hemispheres. A detailed description of the binning approach is given229

in Lühr et al. [2007]. From Figure 11.4 it is evident that the density distribution at230

auroral latitudes is well-ordered when sorting the data by geomagnetic latitude and231

magnetic local time (MLT). Conversely, a data representation in geographic latitude232
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Fig. 11.4 Statistical survey of the density anomaly amplitude (in 10−12 kg/m3) within the day side
polar region of the northern (left panel) and the southern (right panel) hemisphere in 2003. Yearly
averaged solar flux values (P10.7) are listed below the plots.

and solar local time does not show a clear maximum around noon [see Rentz, 2009].233

As a consequence, the geomagnetic frame was used throughout the analysis.234

The density enhancement at cusp latitudes is superposed on top of the large-235

scale (diurnal, latitudinal) density variations. The considered effect has been iso-236

lated by removing the background according to the NRLMSISE-00 atmospheric237

model density. In addition a systematic difference between model and observation238

was removed by allowing for a bias term and a latitude-dependent trend. As a re-239

sult the density anomaly, ∆ρ , is obtained [for details of the approach see Rentz240

and Lühr, 2008]. The climatological properties of the density anomaly were de-241

rived from a systematic survey over four years (2002–2005) of CHAMP air drag242

measurements. Figure 11.4 shows, for example, the average anomaly location and243

amplitude, as deduced from 2003 data. In both hemispheres density peaks cluster244

in the latitude range 70◦ – 80◦MLat and the 12± 2 h MLT time sector. It is inter-245

esting to note that the amplitude of the anomalies is smaller by a factor of 1.4 in246

the south compared to the northern hemisphere. Rentz and Lühr [2008] suggest that247

the obtained hemispheric difference is primarily caused by the larger offset between248

the magnetic and geographic pole in the south. Over the course of a day the cusp249

moves from the South Pole down to -60◦geographic latitude and back again. Largest250

density anomalies appear typically at lowest latitudes. But CHAMP was sampling251

the region around the pole more than 10 times denser than the -60◦latitude zone,252

where the larger effects occur. This selective sampling accounts for a good part of253

the north/south amplitude difference.254

Since the anomaly location coincides rather well with the mean position of255

the ionospheric cusp, an energy source near the day side magnetopause is sug-256

gested to be an important driver of this phenomenon. We investigated the solar257

wind input, quantified by the electric field caused by reconnection at the magne-258

topause, commonly termed merging electric field, Em. In our study we have de-259

fined Em = vsw(B2
y + B2

z )
0.5sin2(θ/2), where By and Bz are the IMF components260
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Fig. 11.5 Dependence of the northern hemispheric cusp-related density anomaly on the solar flux
index, P10.7, and the merging electric field. (left) Amplitude of anomaly (in 10−12 kg/m3), (right)
relative amplitude of anomaly with respect to background density.

in GSM coordinates, vsw is the solar wind speed, and θ is the IMF clock angle261

(tanθ = By/Bz).262

The amplitude of the anomaly depends also on the solar flux index, as can be seen263

in Figure 11.5 (left frame). The index is defined as P10.7 = 0.5(F10.7+F10.7a),264

where F10.7 is the daily solar flux index and F10.7a is its 81-average It seems that265

below a certain flux level, e.g. P10.7 < 100, no clear anomalies form anymore. A266

similar effect can be found for Em < 0.5 mV/m. A superposed epoch analysis yields267

that Em at the magnetopause is enhanced on average for about an hour before the de-268

tection of the anomaly [Rentz and Lühr, 2008]. This time delay might be explained269

by two effects, partly by the upward propagation of the density front from the lower270

thermosphere to orbital altitudes (ca. 400 km) and partly by the infrequent sampling271

of the cusp once per orbit (93 min). For the upward propagation one may assume272

the thermal speed which ranges around 600 m/s, resulting in a travel time of order273

10 min. Also the background air density seems to play a role for the anomaly am-274

plitude. In order to test that Figure 11.5 (right frame) shows the relative size of the275

anomaly with respect to the ambient density. In this case the dependence on P10.7 is276

much reduced because the solar flux controls directly the background density. From277

this perspective the important role of Em for the cusp-related anomaly becomes even278

clearer.279

11.4.2 CHAMP-EISCAT campaign on Joule heating280

A dedicated CHAMP-EISCAT campaign was scheduled and executed in order281

to observe simultaneously thermospheric characteristics with CHAMP and iono-282

spheric parameters with the EISCAT radar facility. The aim was to monitor directly283

the Joule heating in the ionosphere that may be responsible for driving the neutral284

fountain effect. The campaign lasted from 1 to 13 October 2006 and included the285
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Fig. 11.6 Electron and ion temperature derived by EISCAT VHF on 13 October 2006. The ver-
tical lines mark the times of CHAMP overpasses (green orbit 6, red orbit 7). VHF was looking
northward at an elevation of 30◦.

ESR (EISCAT Svalbard Radar, 78.1◦N, 16.0◦E, 75.6◦MLat) at Longyearbyen and286

the VHF (Very High Frequency, 69.5◦N, 19.2◦E, 66.9◦MLat) radar near Tromsø.287

When CHAMP passed close to the radars the ESR 42 m antenna measured the iono-288

spheric parameters along the magnetic field line while the ESR 32 m and VHF radars289

were used to track the cusp position. The EISCAT measurement programme was290

nearly the same as the one described by Schlegel et al. [2005].291

Most favourable results were obtained on 13 October 2006. Particularly outstand-292

ing on that day is a band of strongly enhanced ion temperature, up to 4000 K, ob-293

served by the VHF radar. As can be seen in Figure 11.6, the apparent height of the294

high temperature region varies with time. At the start of the measurements, 07 UT,295

it is detected near 600 km, 1.5 hours later, around 08:30 UT, it has reached its low-296

est altitude at 260 km. Subsequently it rises again until reaching 550 km at 10 UT,297

after which the high temperature feature disappears. A similar structure is observed298

for the electron temperature, but in that case the hot electrons are observed up to299

great heights everywhere. For electrons the field lines are very good temperature300

conductors. Due to the low elevation of the VHF radar beam (30◦above horizon),301

echoes plotted at different heights come from different latitudes. For the following302

interpretation apparent heights are converted to latitudes.303

CHAMP crossed on that day the magnetic latitude of ESR three times at lon-304

gitudes 28.0◦E, 6.7◦E, -14.5◦E on orbits 5, 6, 7, respectively. Times of closest ap-305

proach are marked by vertical lines in Figure 11.6 (green: orbit 6, red: orbit 7).306

Figure 11.7 shows CHAMP measurements. In the left frame recorded mass density307

anomalies are shown. Most prominent is the density peak of orbit 7 appearing near308

74◦MLat. But also during the earlier passes density peaks, although smaller, were309

recorded at 75◦and 70◦MLat on the orbits 5 (blue) and 6 (green), respectively. In310

the right frame of Figure 11.7 CHAMP derived field-aligned currents are shown.311

It is interesting to note that intense small-scale FAC bursts with current densities312

up to 10 µA/m2 appear right at the latitudes of the mass density peaks in all three313
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Fig. 11.7 CHAMP-observed density anomaly, ∆ρ (left) and kilometre-scale field-aligned currents
(right) along three passes near the EISCAT facilities on 13 October 2006. Density peaks are accom-
panied by FAC bursts. The separation of CHAMP passes from ESR are 12◦, 9◦, 30◦in longitude
for the orbits 5, 6, 7, respectively.

cases. This observation lends support to the suggestion of Lühr et al. [2004] that314

small-scale FACs are commonly accompanying cusp density anomalies.315

By comparing the EISCAT and CHAMP observations new insight into the driv-316

ing processes may be expected. CHAMP passed by the EISCAT facility on orbit317

6 shortly before 08:30 UT. At that time the high temperature echoes came from an318

altitude of 260 km or 73.5◦Lat. (cf. Fig. 11.6). During the next orbit, 7, high tem-319

perature was detected at 550 km altitude corresponding to 78◦Lat. This latitude320

coincides with the position of the ESR radar. Inspecting the measurements from the321

field-aligned ESR 42 m radar reveals that for a short time around 10 UT high ion322

temperatures up to 4000 K were observed in a height range from 120 up to 200 km.323

This confirms the reliability of interpreting VHF height ranges in terms of latitudes.324

One may speculate that the ion heating is caused by intense FACs. To test that the325

latitudes of the hot ions can be compared with those of the small-scale FAC bursts.326

For the two CHAMP passes marked in Figure 11.6 we obtain for the latitude of327

hot ions versus magnetic latitude of intense FACs, orbit 6: 73.5◦Lat vs. 70◦MLat,328

orbit 7: 78◦Lat vs. 74◦MLat, respectively. In the Scandinavian sector the magnetic329

latitude is by about 3◦lower than the geographic latitude. The remaining small dif-330

ference of about 1◦in latitude between CHAMP and EISCAT observations can be331

explained by the mapping of the signal along the field lines. Since field lines are332

inclined equatorward, CHAMP detects the FACs somewhat southward of their foot-333

print in the E region. A similar inference on collocation between small-scale FACs334

( 75◦MLat) and high ion temperature can be made for orbit 5. Although CHAMP335

passed 10 minutes before EISCAT was switched on, the latitude of hot ions ( 79◦Lat)336

can be estimated. These three examples demonstrate the close relation between in-337

tense FAC bursts and local ionospheric heating.338

A viable process for a local heating of the thermosphere is Joule heating. In order339

to see where it takes place we examine the Pedersen conductivity. Figure 11.8 shows340

vertical profiles of the Pedersen conductivity as derived from ESR measurements on341
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Fig. 11.8 Vertical profiles of Pedersen conductivity from EISCAT measurements (left) and SHL
model (right). Minor peaks in the observed profiles are not considered as significant.

13 October 2006 in the left frame. It can be noted that the peak conductivity contin-342

uously increased until 10 UT. Furthermore, it is obvious that the high-conductivity343

layer appears at greater altitude, reaching up to 150 km. Typically the Pedersen con-344

ductivity peaks in the E-layer at about 115 km. Joule heating can be expressed as345

WJ = σPE2. Since the electric field, E, varies little with altitude, the vertical distri-346

bution of heating is determined by the height profile of the conductivity, σP. The ver-347

tical profile of the local ion temperature enhancement observed by ESR at 10 UT fits348

well the expected heating profile, in particular, when considering the thermospheric349

density decay with altitude. Rentz [2009] has deduced numbers for the heating rate350

by estimating the electric field from CHAMP current measurements. She obtained351

14×10−7 W/m3 for the heating at 140 km altitude around 10 UT and 16 mW/m2
352

for the height-integrated heating rate. Both these values are by a factor of about 5353

larger than earlier reports [e.g., Schlegel et al., 2005] although her measurements354

took place close to solar minimum. Previous authors did not take into account the355

important contribution from small-scale E-field (FAC) variations.356

11.4.3 Comparison with numerical modelling357

A remaining question concerns the elevated altitude of maximal Pedersen conduc-358

tivities. Here, particle precipitation may play a role. The ionospheric response to359

precipitating particles varies markedly with altitude: the higher the electron en-360

ergy the lower the altitude of penetration and peak ionisation. Ion precipitation in361

the cusp can lead to an elevated conductivity at lower altitudes, especially at the362

equatorward edge of the cusp. The influence of particle precipitation has earlier363

been addressed by numerical modelling. With the CTIP (Coupled Thermosphere-364

Ionosphere-Plasmasphere)-style Sheffield High Latitude (SHL) model, Millward365

et al. [1999] have simulated the effect of particle precipitation on the electron366

density distribution in the cusp region using typical particle populations, i.e. a367
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Maxwellian energy distribution of 50 eV electrons and 500 eV ions. From their ob-368

tained electron density profiles Pedersen conductivity and Joule heating rate have369

been calculated. The modelled example matches very well the geophysical con-370

ditions of 14 December 2002 (Kp = 2.7, F10.7 = 167, winter solstice). Figure 11.8371

(right frame) shows results for the cases with particle precipitation (black) and with-372

out precipitation (grey). It is quite evident that the Pedersen conductivity is signifi-373

cantly enhanced in case of particle precipitation, especially in the height range above374

150 km. When comparing the modelled conductivity curves with the profiles derived375

from EISCAT observations (left frame), in particular the profile at 10 UT, reasonable376

agreement is found with the modelled case of precipitation. There is a systematic377

difference in altitude between the conducting layers that can be explained by the dif-378

ference in solar activity. While the model run considers solar maximum conditions379

(F10.7 = 167), the solar flux on 13 October 2006 was quite low, F10.7 = 72.9. Fur-380

thermore, there is a seasonal difference between the observed and modelled event.381

Both the solar insolation and the intensity of small-scale FACs vary with season.382

Rother et al. [2007] showed that kilometer-scale FACs in the cusp region are three383

times more intense during equinoxes than during winter season.384

The region of enhanced ion temperature does not appear as a continuous band in385

Figure 11.6, but as a series of patches. High temperatures within a patch have the386

tendency to move to more northward range gates with time. This is a typical iono-387

spheric signature of pulsed reconnection at the Earth’s magnetopause [e.g., Lock-388

wood et al., 1993]. The cusp density anomaly thus seems to be related to the day389

side reconnection process. At altitudes below 300 km the ion and neutral temper-390

atures are much the same. Around 10 UT ESR observed a strong temperature en-391

hancement. This is assumed to cause an up-welling of molecular-rich (N2, O2) air.392

As a consequence the composition of the upper atmosphere is expected to change.393

Crowley et al. [2008] reported that GUVI (Global Ultraviolet Imager) observations394

on the TIMED satellite indicate an up-welling of molecularly rich air into the upper395

atmosphere at day side auroral regions during times of cusp-related density anoma-396

lies. This adds another piece of evidence for the local ionospheric heating as source397

for the density enhancement.398

11.4.4 Resumé on cusp-related density anomaly399

From the observations and modelling results, a rather complete picture of the mech-400

anisms responsible for the described high-latitude density peaks emerges. The chain401

of processes driving the thermospheric anomaly in the cusp region starts with the re-402

connection of solar and terrestrial magnetic field lines at the day side magnetopause.403

This process accelerates solar wind plasma earthward. As a consequence high fluxes404

of soft particle precipitation occur in the cusp region. In particular, electrons with405

energies below 100 eV cause significant ionisation at altitudes above the E region.406

During high solar activity when the thermosphere is expanded, ionisation occurs at407

higher altitude than during low activity in a shrunk atmosphere. The reconnection408
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process, in addition, drives strong field-aligned currents which tend to break up in409

filaments with small transverse scales (<10 km). FACs of this size are very efficient410

in dissipating their energy in the ionosphere [e.g., Vogt, 2002]). Also the precipi-411

tating particles deposit energy in thermosphere. Clemmons et al. [2008] claim that412

these might even contribute the major part to energy input. As a consequence of413

the various kinds of heating the ion temperature is observed to rise strongly and we414

suggest that this rises also the neutral temperature in the height range 150-200 km.415

This causes an up-welling of molecular-rich air from the lower thermosphere and416

reduces the O/N2 ratio column density, as diagnosed by GUVI. Satellites at 400 km417

and above (CHAMP and GRACE) record significant mass density anomalies when418

passing the cusp region.419

The amplitude of the density anomaly is found to increase with the solar flux level420

(F10.7). An increase of EUV radiation causes larger thermospheric scale heights and421

correspondingly, a reduction in penetration depth of the precipitating particles. The422

heating per particle is higher at greater altitudes, thus causing a larger temperature423

increase. Consequently, the density anomaly in the upper thermosphere becomes424

larger. The other important controlling parameter is the electric field. This quantity425

is a measure for the reconnection rate at the day side magnetopause, thus a proxy for426

the flux of precipitating particles. Furthermore, Em reflects the transfer of momen-427

tum to the ionospheric plasma. In regions of high ion/neutral collisions (here caused428

by precipitation) kinetic energy of the convecting plasma is converted into heat. The429

confinement of the density anomaly occurrence to the vicinity of the cusp can be430

explained by its magnetic connection to the major reconnection sites at the magne-431

topause. Watermann et al. [2009] showed that the cusp at ionospheric altitudes can432

be characterised by soft particle precipitation and intense small-scale field-aligned433

currents. These two phenomena are regarded as a key for generating cusp-related434

density anomalies.435

11.5 Summary436

In this chapter CHAMP and EISCAT measurements of ionospheric and thermo-437

spheric parameters have been considered, together with numerical model results,438

for explaining the mechanisms that cause the prominent cusp-related mass density439

anomalies. Main findings are:440

1) The amplitude of the cusp density anomalies depends on both the solar wind441

input (reconnection rate) and the solar flux level (F10.7). When considering the442

relative density enhancement with respect to ambient mass density the dependence443

on solar flux largely disappears. This shows that primarily the reconnection rate and444

the ambient neutral density are responsible for the anomaly amplitude.445

2) The cusp-related density anomalies are commonly accompanied by bursts of446

small-scale field-aligned currents. These contribute considerably to Joule heating447

in the ionosphere. Another feature of the cusp is the intense precipitation of soft448

particles. These facilitate an enhanced ionospheric conductivity.449
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3) Numerical simulations confirm that soft particle precipitation can create a450

prominent conducting layer at about 150 km altitude. Here the Joule heating rate451

per particle (or the temperature increase) is larger by about an order of magnitude452

compared to the E-layer. This causes an up-welling of molecular rich air.453

4) Composition estimates derived from GUVI measurements on TIMED confirm454

decreased O/N2 ratios during times of enhanced magnetic activity (density enhance-455

ment) in the cusp/cleft region.456

With the presented chain of processes we offer an explanation why the cusp457

region is predestined for local thermospheric mass density anomalies. Some of458

the indirect conclusions such as the intense small-scale Poynting flux and the co-459

located ion (neutral) temperature enhancement should be confirmed by direct mea-460

surements, for example, with the help of the upcoming Swarm mission.461
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