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Abstract. Strong and localized thermospheric mass den-
sity events are observed in the polar cap region by the
CHAMP satellites at about 400 km altitude during geomag-
netic storms. During the 4 years considered (2002–2005) 29
storms with Dst< −100 nT occurred, in 90% of them polar
cap density anomalies were detected. Based on the altogether
56 anomaly events a statistical analysis was performed. The
anomalies are of medium scale (500–1500 km) and seem to
have a short dwell-time (<1.5 h) in the polar cap. The rela-
tive density enhancement is found to range around 2 in both
hemispheres. The peak density is in the Northern Hemi-
sphere by a factor of 1.4 larger than in the southern. Also
the number of detected events in the north is twice as large
as that in the south (37 vs. 19). Mass density anomalies in the
polar cap occur under all interplanetary magnetic field (IMF)
directions. Numerous strong anomalies have been detected
in positive and negative IMFBz conditions when the mag-
netic field strength is above 5 nT. Rather few events occurred
for small|Bz| (<5 nT) or for positiveBz combined with van-
ishingBy. Some of the density anomalies are accompanied
by intensive small-scale field-aligned currents (FACs). But
about as many show no relation to FACs. If FACs are present
there, the current density is believed to be correlated with the
strength of the IMFBz. Although this paper concentrates on
the presentation of the observations, we show for one event
that the ion outflow mechanism could be responsible for the
mass density anomalies in the polar cap.
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1 Introduction

The thermospheric mass density and composition experi-
ence dramatic changes globally during magnetic storms (e.g.
Burns et al., 1995; Forbes et al., 1996; Prölss, 1997). The
reaction of the thermosphere to changes in solar and geo-
magnetic conditions occurs through a series of complex pro-
cesses. Storm-related inputs are deposited primarily at high
magnetic latitudes in the form of Joule heating, momentum
transfer by enhanced plasma convection or energetic particle
precipitation. These thermospheric disturbances are propa-
gated subsequently to lower latitudes for example via travel-
ing atmospheric disturbances (TADs).

Only recently detailed studies of the thermospheric den-
sity have become possible by employing measurements of
accelerometers such as on CHAMP and GRACE (e.g. Bru-
insma et al., 2004; Liu et al., 2005). Quite a number of stud-
ies have been devoted to the study of thermospheric storm
effects (e.g. Liu and L̈uhr, 2005; Forbes et al., 2005; Sut-
ton et al., 2005; Bruinsma et al., 2006; Burke et al., 2007).
They have revealed important responses of the mass density
on global scales. As expected, the effects differ significantly
from storm to storm. All these listed studies have focused
on a few prominent storms of the last solar cycle, while an
identification of typical features was not possible so far.

In this study we are focusing on density anomalies occur-
ring at high latitudes. A very prominent feature in that region
is the cusp-related density enhancement (Lühr et al., 2004;
Schlegel et al., 2005). An extensive statistical analysis of
the cusp-related density anomalies was performed by Rentz
and L̈uhr (2008). They clearly identified the merging elec-
tric field as a suitable controlling parameter for the relative
enhancement of the density at least during non-storm times.
Another important finding is the hemispheric asymmetry. On
average the Northern Hemisphere is more sensitive to the
identical solar wind input. Rentz and Lühr (2008) exclude
storms from their analysis and considered only the latitude
range 60◦–80◦ Mlat on the day side.

Published by Copernicus Publications on behalf of the European Geosciences Union.



166 R. Liu et al.: Storm-time related mass density anomalies in the polar cap

A detailed study about the dependence of the Southern
Hemisphere high-latitude thermospheric density on the ori-
entation of the interplanetary magnetic field (IMF) was per-
formed by Kwak et al. (2009). By focusing on the months
around the December 2001 solstice they found on average an
overall enhancement of the thermospheric density for neg-
ative IMF Bz. For negative IMFBy an enhancement is re-
ported in the early morning sector while they find a depletion
in that region for positiveBy. All the main density varia-
tions are preferably confined to the auroral region, whereas
the polar cap remains largely featureless.

This study will focus on mass density anomalies in the
polar cap occurring during magnetic storms. These have so
far not been studied in sufficient depth. For our investiga-
tions we consider all magnetic storms occurring during the
4 years, 2002 to 2005. Densities derived from the CHAMP
accelerometer are analyzed and interpreted for this purpose.

In the following sections, the data used and the processing
applied are first introduced in Sect. 2 before some instruc-
tive examples of density anomalies are presented in Sect. 3.
Section 4 presents a statistical analysis of important features
deduced from the whole sample of events. In Sect. 5, the
obtained results are discussed in the context of previous pub-
lications.

2 Dataset

The Challenging Minisatellite Payload (CHAMP) spacecraft
was launched on 15 July 2000 into a circular near-polar or-
bit with an inclination of 87.25◦. The orbit plane precesses
at a rate of one hour in local time per 11 days, covering all
the local times in 131 days. The time period considered in
our present study covers complete four years from 2002 to
2005. During the four years, the orbital altitude declined
from 425 km to 360 km. Owing to its low altitude and the
coverage of all latitudes and local times, CHAMP is very
suitable for a long-term monitoring of ionospheric and ther-
mospheric characteristics.

2.1 CHAMP data

The dataset we have primarily used in this paper is the Level-
2 data of CHAMP’s STAR (Space Triaxial Accelerometer for
Research missions) non-gravitational acceleration measure-
ments. The time resolution of the data is 10 s, which corre-
sponds to a sampling distance of 76 km. The data prepro-
cessing eliminates spurious spikes, and accelerations which
are caused by attitude maneuvers. Since we focus on the ac-
celeration related to air drag, the component caused by solar
radiation pressure is subtracted from the readings as well. As
the spacecraft is flying, it experiences the drag force by the
air pointing opposite to the flight direction. The acceleration
a produced by atmospheric drag can be expressed as:

a = −
1

2
ρ

CD

m
AeffV

2v (1)

the minus indicates that the spacecraft is actually decelerated
by the air drag force. So the total mass density of the air,ρ,
is given by

ρ = −
2ma ·v

CDAeffV 2
(2)

where CD is the drag coefficient,m the spacecraft mass,
V the spacecraft velocity relative to the atmosphere, andv

is the unit vector of the velocity in ram direction,Aeff =

Axcosα +Aysin|α|, is the effective cross-sectional area of
the satellite with tanα =

ay
ax

, whereα is the angle between the
spacecraft along-track axis and the ram direction (in the x-y
plane) (Liu et al., 2005). The total velocity isV 2

= Vx
2
+Vy

2,
whereVx is the spacecraft mean velocity along the orbit,
which amounts to 7.62 km/s, andVy is the wind velocity
in the cross-track direction. This wind component is deter-
mined as described by Liu et al. (2006). The along-track
wind is neglected. The z component of the accelerometer is
malfunctioning on CHAMP. Therefore it is not considered.
But since the vertical wind is generally small, the contribu-
tion of az to Eq. (2) can be regarded as negligible.

Measurements of the accelerometer are influenced by both
density and wind. Errors are incurred by neglecting the in-
track wind. The accuracy of derived density during high
geomagnetic activities is estimated to be 10%–20% at high
latitudes where along-track wind speeds are of order 500–
750 m/s (e.g. L̈uhr et al., 2007; F̈orster et al., 2008). In
this study measurements during geomagnetic storm time are
used. Therefore reduced accuracy has to be taken into ac-
count. Despite the somewhat lower accuracy, the observa-
tions still allow a significant level of physical interpretation,
given that the considered density enhancements reach several
hundred percent in polar cap regions during storm time.

Additional CHAMP data considered are the electron den-
sity and temperature. They are derived from Planar Lang-
muir Probe (PLP) measurements (Cooke et al., 2003; McNa-
mara et al., 2007). The PLP is a 152×203 mm rectangular
plate with a 106×156 mm sensing area, which is mounted
on the lower front panel of the spacecraft. It alternatively op-
erated at floating potential for 14 s, to track the spacecraft po-
tential and in voltage sweep mode for 1 s between−2.5 and
+2.5 V to measure the ion saturation current and to determine
the electron temperature. Therefore both the electron density
and temperature data are available only at 15 s intervals.

Of particular interest for this study are the field-aligned
currents (FACs). These are derived from the CHAMP mag-
netic field measurements. The standard approach for deriv-
ing FACs from single satellite observations is

j// =
∂By

µ0∂t
·

1

vS/Csinγ
, (3)

whereBy is the magnetic field eastward component,µ0 the
susceptibility of free space,vS/C the spacecraft velocity and
γ the angle between the current sheet and the velocity vector.
We are following the approach of Wang et al. (2005) where
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Table 1. Characteristic features of the mass density anomaly events from 2002 through 2005. Peak and relative peak density along with date,
universal time (UT) and magnetic local time (MLT), geomagnetic latitude and FWHM separately for the Northern and Southern Hemisphere.

Date UT MLT Mlat ρpeak ρrel FWHM
(yyyymmdd) (h) (h) (◦) (10−12kg/m3) (◦) (km)

Northern Hemisphere

20020418 12.55 2.28 81.06 13.71 1.83 1012
20020511 11.58 19.2 85.67 12.3 1.56 410
20020523 13.67 16.03 84.04 16.61 1.85 1150
20020802 6.02 8.8 82.38 5.38 1.58 520
20020904 5.15 5.66 82.38 10.66 1.78 770
20021004 0.02 7.65 85.04 11.15 1.72 630
20021004 1.55 11.31 79.74 10.63 1.56 1090
20030530 4.8 5.1 82.2 12.98 2.61 1230
20030617 6.3 0.86 78.11 8.96 1.99 650
20030712 4.6 13.98 85.47 8.73 1.59 550
20031029 14.67 23.87 81.45 15.97 1.45 1100
20031029 23.91 5.53 79.73 21.53 1.48 740
20031120 17.88 4.48 83.88 27.49 1.96 790
20031120 19.45 7.69 78.16 38.21 2.55 1280
20040211 16.63 23.03 80.02 7.83 1.74 1090
20040727 7.37 23.1 81.79 15.82 3.04 960
20040727 15.12 23.21 82.08 21.72 2.79 300
20040830 23.22 0.83 79.84 10.44 1.90 680
20041108 6.02 14.5 83.72 20.68 1.29 490
20041108 9.11 19.49 84.16 20.84 1.53 710
20041109 21.83 13.37 83.56 20.91 2.32 1040
20041110 8.76 0.89 79.76 17.86 2.23 520
20050117 17.7 21.06 79.77 14.24 1.68 1060
20050122 1.87 15.74 84.15 14.81 2.18 2270
20050508 15.28 8.66 82.16 13.42 1.28 600
20050515 10.82 12.13 84.32 17.41 1.93 980
20050515 13.83 21.7 79.49 21.4 2.06 1450
20050515 15.42 5.93 83.81 20.87 2.09 550
20050531 1.38 5.78 85.21 11.56 1.54 1360
20050612 19.17 3.04 79.04 15.19 2.53 2240
20050613 2.82 7.2 78.91 15.59 1.95 820
20050613 10.5 6.9 82.66 13.28 1.90 550
20050824 12.23 19.62 79.39 19.54 1.95 1530
20050824 16.76 17.35 85.61 21.61 1.73 980
20050831 22.95 1.01 79.33 15.58 1.95 820
20050911 13.97 20.09 79.5 12.83 1.51 600
20050912 15.89 18.43 87.10 11.39 1.90 820

Average 15.70 1.88 928
Standard deviation 6.21 0.37 440

the current sheet is assumed to be aligned with the auroral
oval. FAC densities are calculated at a rate of 1 Hz. This is
equivalent to a spatial resolution of 7.6 km.

2.2 ACE data

Interplanetary magnetic field (IMF) and solar wind data
are taken from the Advanced Composition Explorer (ACE)
spacecraft, which was launched on 25 August 1997. ACE

is positioned near the L1 Lagrangian point approximately
220RE in front of the Earth. We have used data from the
Magnetic Field Experiment (MAG) (Smith et al., 1998) at
16 s resolution and the Solar Wind Electron, Proton, and Al-
pha Monitor SWEPAM (McComas et al., 1998) at 64 s res-
olution. MAG and SWEPAM data are re-sampled to one
minute time resolution. Thereafter they are time shifted using
the approach of phase front propagation technique (Weimer
et al., 2003) to represent solar wind and IMF conditions at
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Table 1. Continued.

Date UT MLT Mlat ρpeak ρrel FWHM
(yyyymmdd) (h) (h) (◦) (10−12kg/m3) (◦) (km)

Southern Hemisphere

20020417 17.39 7.81 −82.16 12.5 1.30 680
20020419 10.96 9.24 −80.61 13.96 3.88 680
20021001 17.2 13.11 −80.3 11.88 1.80 540
20021001 18.67 23.31 −78.18 9.03 1.81 740
20030529 20.25 16.57 −78.13 9.61 2.67 2080
20040122 9.98 14.87 −78.68 9.16 1.53 630
20040211 18.87 10.32 −86.67 8.87 1.64 1170
20040725 14.83 6.16 −88.5 7.71 1.93 540
20040727 12.88 3.68 −81.23 8.62 1.72 680
20041110 3.27 23.36 −80.01 26.44 2.94 1500
20050117 13.82 10.9 −81.75 17.49 3.50 1010
20050508 12.93 20.94 −88.32 10.82 2.16 830
20050515 13.13 12.74 −85.31 17.82 1.71 820
20050530 7.82 3.88 -78.15 7.67 1.78 770
20050530 12.48 16.73 −80.15 6.35 1.51 820
20050612 22.92 19.17 −88.5 6.92 1.38 900
20050831 22.17 17.51 −78.07 8.65 1.54 1370
20050911 2.57 4.07 −84.77 11.23 2.04 490
20050913 0.42 11.10 −78.28 12.54 1.31 580

Average 11.44 2.01 886
Standard deviation 4.85 0.73 399

the front side magnetopause, which is assumed to be located
at a distance of 10RE at the sub-solar point. The transit time
to the magnetopause of each event was computed individu-
ally using the actual solar wind speed data. An additional
average delay of 15min has been considered for the thermo-
spheric response to solar wind input at the magnetopause.

2.3 DMSP data

The Defense Meteorological Satellites Program (DMSP)
has launched a series of spacecraft to investigate among
others the ionospheric plasma at about 840 km altitude.
They were all put into Sun-synchronous orbits (inclination
∼97 degrees). In this study data from DMSP F13 have
been used (http://cindispace.utdallas.edu/DMSP/dmspdata
at utdallas.html). F13 is roughly in a dawn-dusk orbit. The
data considered here is theVz component of the plasma bulk
flow at 4 s resolution.

3 Observations

In this study, we focus on the mass density anomalies in the
polar cap occurring during geomagnetic storms. For the def-
inition of a storm we made use of the storm time index, Dst.
All disturbed periods reaching Dst< −100 nT were classi-
fied as major magnetic storms. A similar threshold for major

storms is used also by Zhang et al. (2007). In their Table 1
detailed characteristics of all the major storms from 1996 to
2005 are listed. During the 4 years considered here (2002–
2005) 29 such storm events occurred. Before starting a sta-
tistical analysis of all storms we will present four events in
detail pointing out the features that may be of interest for the
interpretation.

3.1 The storm of 17–19 January 2005

This event is special since it exhibits density anomalies both
in the northern and southern polar cap. The variations of the
Dst index, interplanetary magnetic field (IMF) components
By andBz in GSM (Geocentric-Solar-Magnetospheric) co-
ordinates, solar wind velocity and solar wind dynamic pres-
sure during the geomagnetic storm of 17–19 January 2005
are presented in Fig. 1 from top to bottom. They are plot-
ted as functions of universal time (UT), which starts from 17
January 2005, 00:00 UT.

From the solar wind data we can deduce that the storm
lasted for almost 40 h. Interestingly, the Dst index attained
only moderate values, hardly going below−100 nT. The
IMF, however, became strong (>20 nT) and the components
vary rapidly between positive and negative values. Particu-
larly large solar wind speeds, surpassing 1000 km/s, are ob-
served. The dynamic pressure is a derived quantity, there-
fore also here a gap shows up where the solar wind data are

Ann. Geophys., 28, 165–180, 2010 www.ann-geophys.net/28/165/2010/
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Fig. 1. Geophysical conditions during 17–19 January 2005. From top to bottom are Dst index, IMFBy, Bz, solar wind velocity and dynamic
pressure plotted as functions of UT time. The vertical solid lines mark the times of the thermospheric density anomalies in the polar cap.

missing. An outstanding feature is the high pressure. The
pressure rose to 16 nPa shortly after 12:00 UT and jumped
up again to 50 nPa around 14:00 UT. The two vertical lines
mark the times of the thermospheric density anomalies in the
polar cap. During the days 17 to 19 January 2005 the corre-
sponding F10.7 solar flux index, as the proxy of solar EUV
radiation, was 133, 120 and 128, respectively.

The thermospheric mass density inferred by CHAMP dur-
ing this storm is shown in Fig. 2. Data from each CHAMP
orbit are divided in the descending and the ascending part.
Therefore the top panel shows the descending half and the
bottom panel the ascending half. In the following they are
referred to as the evening and the morning side recordings,

respectively, according to the equatorial magnetic local times
(MLT) given in the header of each panel. For the presen-
tation inter-orbit interpolation is performed to derive the 2-
dimensional colored distribution, which is apparently con-
tinuous both in time and geomagnetic latitude. One has to
keep in mind that the actual satellite measurements are only
confined to individual orbit tracks.

Pronounced mass density enhancements are detected dur-
ing the magnetic activity. On the evening side, the densities
begin to rise shortly before 12:00 UT, first at higher southern
latitudes, and about four hours later it shows up in the North-
ern Hemisphere. In both panels of Fig. 2 large scale traveling
atmospheric disturbances (TADs) can be found, especially
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Fig. 2. The thermospheric density (in units of 10−12kg/m3) inferred from CHAMP accelerometer data, versus geomagnetic latitude and
time, during the 17–19 January 2005. The top panel shows the density on the evening side (20:00 MLT) and the bottom on the morning side
(08:00 MLT).

in summer hemisphere. They are typically separated by 6–
7 h, which fits reasonably well the major southward turnings
of the IMF (see Fig. 1). The propagation speed is around
700 m/s, which is consistent with the results of Bruinsma and
Forbes (2007).

The investigation of the local time dependent global re-
sponse of the thermosphere to geomagnetic storms is def-
initely an attractive problem, but in this study we will fo-
cus on the density anomalies in the polar cap region. In
Fig. 2 there appear two isolated high density features at po-
lar cap latitudes, at 13:50 UT in the Southern Hemisphere
(lower panel) and 17:42 UT in the Northern Hemisphere (up-
per panel). There are no other prominent features detected
poleward of 75◦ magnetic latitude (black lines in Fig. 2) dur-
ing that storm.

The density anomalies in the polar caps of both hemi-
spheres are replotted in Fig. 3, along with the field-aligned
current (FAC), electron density and electron temperature, as
measured by CHAMP. The quantities are plotted versus geo-

magnetic latitude of the CHAMP orbit. The gap near the geo-
magnetic pole represents the region not sampled by CHAMP.

Figure 3a shows in the top panel the density anomaly in
the Southern Hemisphere along with the other parameters.
CHAMP is approaching from the night side. At around 11
magnetic local time (MLT) (see figure heading) it passes the
anomaly. In this region the mass density has almost tripled
compared to the background. The FACs are moderate on
the night side, but they increase dramatically when CHAMP
passes the density anomaly. The electron density and temper-
ature are enhanced simultaneously as well. This coincidence
of the density anomaly with strong FACs and high tempera-
tures suggests Joule heating as the cause of the air upwelling.

In the same format as before, Fig. 3b shows the CHAMP
observations in the vicinity of the density anomaly in the
northern polar cap. The satellite coming from the morning
side passes through the noon sector to the evening side. The
secondary maximum in density, just beyond 70◦, marks the
cusp anomaly (Rentz and Lühr, 2008). Around 16:00 MLT
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Fig. 3. The density anomalies on 17 January 2005 in the south-
ern (a) and northern(b) polar cap. The x-axis of the diagram in-
dicates the geomagnetic latitude of the CHAMP observations. The
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CHAMP. The magnetic local times shown in the headings are for
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CHAMP passes the polar cap anomaly. Here the density is
enhanced about 1.8 times above the ambient. The panel be-
low indicates intense FAC activity within the dayside auroral
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Fig. 4. Comparison of geophysical conditions during the storm on
26–28 July 2004 with the ionospheric/thermospheric response at the
time of the polar cap density anomaly. Panel(a) shows the Dst
index, IMFBy andBz components, solar wind speed and dynamic
pressure. Panel(b) shows the thermospheric density anomaly, along
with FAC, electron density and temperature as observed along the
CHAMP track.
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Fig. 5. Same format as Fig. 4, but for the storm on 8 May 2005.

region and in particular at cusp latitudes. Some weaker FACs
are observed in the late evening auroral region. Interestingly,
there is a total void of FACs at the location of the polar
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Fig. 6. Same format as Fig. 4, but for the storm on 23 May 2002.

cap anomaly. Similarly, the electron density and tempera-
ture are low at the latitude of the mass density peak, whereas
they show some correlation to the FAC activity. This density
anomaly event obviously requires quite a different explana-
tion than that previously shown.

In this context we may check the interplanetary conditions
during the two events, as shown in Fig. 1. The anomaly in the
southern polar cap coincided with strongly positive (∼20 nT)
IMF By and Bz components and with a largely enhanced
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dynamic pressure. During the Northern Hemisphere event
the dynamic pressure is even higher, while the IMFBy and
Bz components varied around zero. An attempt to explain
the difference will be offered in Sect. 5.

3.2 The storm of 26–28 July 2004

A large anomaly in the northern polar cap is found during
the storm of 26–28 July 2004. Figure 4a presents the pre-
vailing geophysical conditions. The storm started shortly
after 22:00 UT on 26 July 2004 with a pronounced sud-
den storm commencement (SSC). Subsequently the Dst de-
creased, reaching−200 nT at the end of the main phase 15 h
later. The IMF is strong with magnitudes exceeding 30 nT.
The componentsBy andBz exhibit bipolar variations sug-
gesting the passage of a solar flux rope. Solar wind speeds up
to 1000 km/s are reached. Consequently, the dynamic pres-
sure is enhanced. The occurrence of two polar cap anoma-
lies is marked by vertical lines. Both are accompanied by
strongly negative IMFBz and fluctuating dynamic pressure
around 5 nPa.

Figure 4b presents the CHAMP observations associated
with the later and more prominent polar cap event. The
satellite comes from the night side, detects the major density
anomaly poleward of 80◦ Mlat around midnight and subse-
quently encounters the cusp anomaly at 73◦ Mlat. Intense
FAC activity is observed within the auroral regions on the
night- and dayside. At the latitude of the polar cap anomaly
no significant FACs are present. In this case we find electron
density peaks close to the polar cap and cusp density anoma-
lies. No particular signatures are observed in the electron
temperature in connection with the anomalies. The earlier
polar cap event (not shown here) occurred also in the North-
ern Hemisphere. About 9 h after the SSC a rather broad mass
density maximum is observed at 83◦ Mlat close to midnight.
Concurrent with the event intense FACs are detected at auro-
ral latitudes on the day and night side. Here again the FAC
activity is confined to a small latitudinal range on the day-
side, while spanning a wide range from 55◦ to beyond 80◦

Mlat on the night side. The role of the FACs for the anomaly
can therefore not clearly be decided. There are no peaks in
electron density and temperature concurrent with the mass
density.

3.3 The storm of 8 May 2005

Observations associated with a mass density anomaly occur-
ring at the southern geomagnetic pole on 8 May 2005 are
shown in Fig. 5. Prevailing conditions during this storm are
presented in Fig. 5a. The event time is marked again by a
vertical line. The IMFBy andBz components switched from
positive to negative about 2 h prior to the event. The solar
wind speed has attained its peak value and the dynamic pres-
sure is high, exceeding 10 nPa.
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Fig. 7. One example of the background density derived by visual in-
spection. The blue solid line denotes the density along one CHAMP
orbit, the red dashed line denotes the background density. The black
arrow marks one density anomaly within northern polar cap on 11
May 2005.

The CHAMP observations in Fig. 5b show a nicely iso-
lated density anomaly right at the southern geomagnetic pole.
In the panel below, the FACs on the dayside are well con-
fined to the cusp latitude, but there is no associated den-
sity anomaly. On the night side intense FACs are observed
throughout the auroral latitudes reaching poleward deep into
the polar cap. There may be a connection with the anomaly.
Electron temperatures are enhanced, in particular, on the
night side in regions of strong FACs. None of the plotted
parameters show a specific feature confined to the density
anomaly.

3.4 The storm of 23 May 2002

A prominent and large scale density anomaly in the northern
polar cap is found during the storm of 23–25 May 2002. The
prevailing geophysical conditions are presented in Fig. 6a.
The anomaly event is again marked by a vertical solid line.
The geomagnetic storm started shortly after 11:00 UT on 23
May 2005 with a pronounced SSC. The Dst index declined
shortly thereafter, reaching its minimum at around 17:00 UT
at a value of−110 nT. At the event time the IMF components
By andBz both attained strong positive values around 20 nT.
These IMF conditions are quite similar to the ones prevailing
during the earlier event, as shown in Fig. 1. The solar wind
speed is also high, reaching 800 km/s. The dynamic pressure
is, however, moderate during the event, below 5 nPa.

Figure 6b presents the CHAMP observations associated
with the isolated polar cap event. The satellite comes from
the nightside, detecting the density anomaly poleward of 84◦

Mlat at 16:00 MLT. Strongly enhanced FACs are observed
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Fig. 8. Location and relative density amplitude of the anomaly peaks in geomagnetic coordinates(a, b) and geographic coordinates(c, d) in
both hemisphere. Geomagnetic latitude circles are drawn at 10◦ spacing.

throughout the high latitudes, especially at latitudes of the
anomaly peak, where the electron temperature is also high.
With these features the CHAMP observations are quite simi-
lar to the ones shown in Fig. 3a.

4 Statistical study

In this section we intend to present some statistical char-
acteristics of the detected mass density anomalies in the
polar cap region. We make use of CHAMP data during
2002 to 2005. Within those 4 years we considered 29 mag-
netic storms which exhibited Dst< −100 nT. In 26 storms
(90%) we found density anomalies. The remaining 3 storms
were rather weak, hardly exceeding Dst= −100 nT. If the
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Fig. 9. Latitudinal width at half-maximum of the polar cap mass
density anomalies.

maximum of density enhancement reached at least 120%
of the prevailing background value, and if it was detected
poleward of|78◦

| Mlat by CHAMP, then it is regarded an
anomaly event in the polar cap region. Geomagnetic rather
than geographic latitudes are used for the description because
we are interested in storm-related effects.

Altogether 56 density anomalies are found within the polar
caps. Table 1 lists their peak amplitude and relative ampli-
tude, along with date, universal time (UT) and magnetic local
time (MLT), geomagnetic latitude and the full width at half
maximum (FWHM) separately for the Northern and South-
ern Hemispheres. Relative density,ρrel, is calculated as:

ρrel =
ρ

ρamb
(4)

where ρ is the mass density peak andρamb is the corre-
sponding background density. The background density is
determined by visual inspection. This means we draw a
line connecting the background densities before and after the
anomaly. For our study we consider this approach to derive
background information more appropriate than taking run-
ning mean or using quiet-day level. Figure 7 presents an
example how the background densities is derived by visual
inspection.

Table 1 indicates that 29% of the density peaks have a rel-
ative density larger than 2, while 59% of them are between
1.5–2, and the rest is below 1.5. This indicates that we are
dealing with major enhancements.

When looking at the peak amplitudes separately for the
two hemispheres we find on average 15.70× 10−12 kg/m3

and 11.44× 10−12 kg/m3 for the Northern and Southern
Hemisphere, respectively. The standard deviation amounts in

both cases to about 40%. From the observed amplitudes we
see that the anomalies are larger by about 37% in the north
than in the south. However, the relative density in North-
ern Hemisphere is 7% smaller than in the southern. This is
an indication for the role the ambient density plays for the
anomaly peak.

The location in geomagnetic coordinates and the relative
amplitude of the density anomalies are plotted in Fig. 8a, b.
The coordinate frame we are using is the apex coordinate
system Richmond (1995). The dashed circles in each panel
denote geomagnetic latitudes at 10◦ spacing, starting from
±80◦ Mlat at the innermost circle. It can be seen that in the
Northern Hemisphere the anomalies occurred not only more
frequently (37 events compared to 19 events in the Southern
Hemisphere), but the amplitudes are also larger.

Figure 8c, d shows the relative anomaly peaks in both
hemispheres now in geographic coordinates. In this frame a
possible influence of the solar zenith angle (SZA) with its de-
pendence on latitude can be considered. The SZA is a mea-
sure for the amount of solar illumination, which influences
directly the conductivity of the ionosphere and the thermo-
sphere density. There is no evidence from the two dial plots
that the sunlight has direct effects on the occurrence and am-
plitude of density anomalies in the polar cap region.

Another characteristic quantity is the horizontal scale size
of the anomaly. Figure 9 shows the distribution of full width
half maximum (FWHM) as listed in Table 1. Highest count
(30%) is found in the range 500 km–700 km. The occurrence
of events decreases towards larger scales. Beyond 1500 km
and below 500 km it can be regarded as negligible. With
typical scale sizes of 900±400 km we may classify them as
medium-scale phenomenon.

Since the polar cap anomalies only occur during magnetic
storms, the dependences on storm-related parameters should
also be investigated in a statistical way. First let us take a look
at the storm phase, during which an event occurs. Out of 56
events 23 anomalies are observed during the main phase of
the storms, 28 of the events are observed during the recovery
phase, while only 5 events are observed at the initial phase or
SSC of the storms. This indicates that the anomalies require
a few hours for forming.

In the next step the dependence on IMF orientation is in-
vestigated. We divide IMFBy andBz into 3 different ranges,
respectively, negative, zero, positive. Then we sorted the 56
density peaks into the 3×3 subsets. SinceBz has symmetric
effects in both hemispheres, whileBy is expected to have op-
posite effects in both hemispheres, all the density events are
sorted according to northern hemispheric conditions. This
means, we have used for all peaks in the Southern Hemi-
sphere an opposite sign forBy. Figure 10 shows the location
and relative amplitude of the density anomaly peaks with re-
spect to the 9 subsets. From the left column to the rightBy
is classified byBy < −3 nT, −3 nT< By < 3 nT, By > 3 nT,
while Bz is classified from the bottom row to the top by
Bz < −5 nT, −5nT< Bz < 5 nT, Bz > 5 nT. The threshold
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values have been chosen in order to obtain a reasonable dis-
tribution of events. There are several things to notice. First,
few anomalies occurred for smallBy or Bz, except whenBz
is negative. Second, anomalies occurred more frequently un-
der positiveBz whenBy had a substantial amplitude. Third,
the distributions show no clear local time dependence.

Since the occurrence of density anomalies has a strong de-
pendence on the orientation ofBz, we investigate the rela-
tionship betweenBz orientation and FAC intensity. In many
cases the FAC density varies rapidly between strongly pos-
itive and negative values. We calculated therefore the root
mean square (RMS) values of FAC density within the full
width at half maximum (FWHM) of the density anomalies
and regarded them as the representative values of FAC inten-
sity for each anomaly. Figure 11 shows the obtained FAC in-
tensity for each density anomaly versus IMFBz. The dotted
vertical line marks FAC density= 0.5 µA/m2. These small
intensities are regarded as quiet time value of the small-scale
FACs (e.g. Rother et al., 2007). Pronounced FACs can be
found for both positive and negativeBz. About half of the

FACs have a value less than 0.5 µA/m2. For the remaining
events the figure implies that strong FACs tend to appear
whereBz is also strong, and the rate of increase for strong
FACs is almost equal for positive and negativeBz.

5 Discussion

To our knowledge very few studies have been carried out on
thermospheric density anomalies in the polar cap region dur-
ing geomagnetic storm time. Here we make use of CHAMP
accelerometer measurements covering the four years 2002
to 2005 during the declining phase of the solar cycle. Prime
purpose of this paper is the presentation of the observed char-
acteristics of the anomalies.

5.1 Relation of the density anomaly with magnetic
storm

We regard the polar cap anomalies as a magnetic storm re-
lated phenomena. This is concluded from the study of Rentz
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Fig. 11. RMS values of FAC intensity for each density anomaly
as function ofBz. The dotted vertical line marks FAC den-
sity=0.5 µA/m2, which is regarded as quiet-time limit.

and L̈uhr (2008) who investigated polar cusp related mass
density anomalies making use of the same CHAMP ACC
data set. They restricted their analysis to periods with Kp≤4.
From their Fig. 10 one can see that there is a blank area at
polar cap latitudes void of density anomalies. Our Fig. 8
can thus be seen as an extension to high activity. In 90%
of the occurring storms we detected density anomalies with
enhancement factors larger than 120%.

According to our observations, the same anomaly was in
general only detected within one CHAMP orbit. Detections
of anomalies in successive orbits are rare and are not consid-
ered to be related. Therefore it may be concluded that their
dwell-time within the polar cap is less than 1.5 h. This, how-
ever, implies that we may have missed a number of them.
Therefore, density peaks in the polar cap seem to be a typi-
cal storm-time phenomenon. With regard to the storm phase
the polar cap anomalies tend to prefer later storm phases, as
mentioned in Sect. 4. This suggests that the conditions for
the anomalies to occur in the polar cap require some time for
setting up.

5.2 Characteristics of the anomalies

Important features of polar cap anomalies are listed in Ta-
ble 1. The parameters have been sorted by hemisphere. It is
obvious that many more events were found in the Northern
Hemisphere. Also the measured peak density is clearly larger
there. Both features higher occurrence rate and larger ampli-
tude in the Northern Hemisphere were also reported by Rentz
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Fig. 12. Occurrence distribution of magnetic storms during
2002∼2005.

and L̈uhr (2008) for the cusp density anomalies. The thermo-
spheric density is strongly dependent on several parameters
such as altitude, solar flux or season. During the considered 4
years the CHAMP altitude decayed from 425 km to 360 km
which corresponds to approximately one scale height. The
yearly-averaged solar flux F10.7 declined from 179 in 2002
to 92 in 2005.

In order to check for a possible influence of the back-
ground density on the size of the anomaly we calculated also
the relative enhancement. A value ofρrel = 1.2 had been
chosen as the threshold for an anomaly. When we compare
the numbers between the two hemispheres, we notice that, al-
though the peak density in the north is on average 37% larger
than that in the southern, the average of relative amplitudes
is well balanced between the hemispheres. This implies that
the differences in ambient thermospheric density may play
a role in the preference of the Northern Hemisphere for the
formation of anomalies. In order to check that assumption
we have a look at the seasonal distribution of the events.
As can be derived from Table 1, about half of the anomalies
were detected during the months around June solstice (May–
August). The rest equally distributed between December
solstice (November–February) and equinox (March, April,
September, October). This partitioning is approximately the
same for both hemispheres, and it reflect the seasonal distri-
bution of the considered storms, as shown in Fig. 12. This
somewhat surprising result, the missing seasonal difference
between the hemispheres, suggests that the solar insulation
has no influence on the formation of anomaly. Also the am-
bient Thermospheric density does not seem to have a sig-
nificant influence. It had earlier been shown by Liu et al.
(2007) that the thermospheric density is severely reduced in
the Southern Hemisphere compared to the northern during
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the months around June solstice. The difference between the
detection rates may just be a consequence of the larger offset
of the southern geomagnetic pole. Lühr et al. (2007) have
shown in their Fig. 2 that CHAMP samples the northern po-
lar cap region twice as dense as the southern.

The typical scale size of the anomaly is about 700 km,
which makes it a rather localized phenomenon. Prevailing
ambient conditions such as FACs, electron density or elec-
tron temperature are generally not confined to the enhanced
region, which suggests that some other mechanisms must be
responsible for the local uplift of the atmosphere.

5.3 Suggestions for driving mechanisms

A classical mechanism for atmospheric up-lift is Joule heat-
ing. For the cusp-related mass density anomalies Rentz and

Lühr (2008) have identified Joule heating as the most likely
driving process. For depositing the energy in the thermo-
sphere field-aligned currents and particle precipitation are vi-
tal candidates. Our extensive survey revealed that about half
of the anomaly events are not accompanied by FACs, which
means that other processes must also be considered. Bru-
insma and Forbes (2007) found that large scale traveling at-
mospheric disturbances sometimes propagate across the po-
lar cap. Based on the density variations along CHAMP orbit,
some density peaks in the polar cap are found accompanied
by depletions at one or both sides. This suggests that trans-
polar propagation could be an explanation. In recent years it
has been observed that during great storms large amounts of
plasma are convecting from the day to the night side via the
polar cap (e.g. Stolle et al., 2006, and references therein).
When crossing such a tong of dense plasma a local peak

Ann. Geophys., 28, 165–180, 2010 www.ann-geophys.net/28/165/2010/



R. Liu et al.: Storm-time related mass density anomalies in the polar cap 179

in electron density is recorded. The drifting dense plasma
could help to move, due to the enhanced collision frequency,
up-welling air from the cusp into the polar cap. Also winds
can have an influence on the density distribution. We would,
however, need wind observations for assessing their contri-
bution.

Another mechanism for atmospheric upwelling is the ion
upflow at high latitudes. It has been known for quite some
times that during magnetically disturbed periods H+ and O+
ions are accelerated upward and leave the atmosphere along
the field lines (see Pollock et al., 1990, for an overview).
Due to ion-neutral collision this can set up a vertical motion
of neutral particles and cause local density enhancements.
Obviously, this mechanism is also effective for our density
anomalies. We found one event where the ion upflow fea-
tures observed by DMSP match very well the mass density
enhancement detected by CHAMP (see Fig. 13). At the same
location also intense FACs are observed. A detailed discus-
sion of this driving mechanism goes, however, beyond the
scope of this study. Herein, we just wanted to point out the
coexistence of these phenomena.

Further studies are needed for identifying the roles of the
different driving mechanisms for the storm-time mass den-
sity anomalies in the polar cap.

6 Summary

We have presented observations of mass density anomalies
in the polar cap region during geomagnetic storms. Practi-
cally, in each of the 29 major storms in 2002–2005 strong
thermospheric mass density enhancements were detected by
CHAMP at about 400 km. Characteristic features observed
are:

1. The anomalies are of medium scale size (typically
<900 km) and seem to have a short dwell time (<1.5 h)
in the polar cap.

2. The ratio of density enhancement, on average by a fac-
tor of 2, shows little dependence on the solar flux level
(F10.7).

3. The peak density in the Northern Hemisphere is by a
factor of 1.4 larger than in the southern. However,
the relative enhancement is comparable in both hemi-
spheres.

4. Mass density anomalies in the polar cap occur under
all interplanetary magnetic field (IMF) directions. They
show some preference for a southward IMF orientation
or for strong northward. No clear local time dependence
on IMF orientation is observed.

5. About half of the anomalies are accompanied by strong
FAC for northward IMF.

6. Some density anomalies are accompanied by intense
ion upflows, which could be a possible cause for the
density enhancement. The local mass density anomaly
in the polar cap during storm time is a complex phe-
nomenon. There are probably several different mecha-
nisms responsible for their formation.
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Stolle, C., Lilensten, J., Schlüter, S., Jacobi, Ch., Rietveld, M., and
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