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Abstract. The input of energy and momentum from the mag-
netosphere is most efficiently coupled into the high latitude
ionosphere-thermosphere. The phenomenon we are focusing
on here is the magnetospheric substorm. This paper presents
substorm related observations of the thermosphere derived
from the CHAMP satellite. With its sensitive accelerome-
ter the satellite can measure the air density and zonal winds.
Based on a large number of substorm events the average high
and low latitude thermospheric response to substorm onsets
was deduced. During magnetic substorms the thermospheric
density is enhanced first at high latitudes. Then the distur-
bance travels at an average speed of 650 m/s to lower lati-
tudes, and 3–4 h later the bulge reaches the equator on the
night side. Under the influence of the Coriolis force the trav-
elling atmospheric disturbance (TAD) is deflected westward.
In accordance with present-day atmospheric models the dis-
turbance zonal wind velocities during substorms are close to
zero near the equator before midnight and attain moderate
westward velocities after midnight. In general, the wind sys-
tem is only weakly perturbed (1vy < 20 m/s) by substorms.

Keywords. Ionosphere (Ionosphere-atmosphere interac-
tions) – Magnetospheric physics (Storms and substorms)
– Meteorology and atmospheric dynamics (Thermospheric
dynamics)

1 Introduction

The energy input from the solar wind into the upper at-
mosphere is most efficiently coupled into the high-latitude
ionosphere-thermosphere system. Several mechanisms chan-
nel part of the disturbances to low and mid-latitudes. Some
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of these mechanisms cause a prompt response (e.g. the pene-
tration electric field (Kikuchi et al., 1996)). Other processes
require hours before the perturbation has reached the equator
(e.g. travelling atmospheric disturbances). Here we focus on
the thermospheric response to substorm onsets, i.e. density
anomalies and thermospheric disturbance winds at high, mid
and low latitudes as observed by CHAMP.

Substorms are regarded as an important part of the magne-
tospheric activity cycle and occur on average every 3 h during
active periods. The loading by the solar wind is followed by
an impulsive unloading of energy, previously stored in the
magnetospheric tail, via currents flowing along the magnetic
field lines into the ionosphere (Akasofu, 1964). Above the
ionospheric footpoints of these field-aligned currents (FACs),
a thermospheric mass density enhancement can be observed
in the pre-midnight MLT sector (Liu et al., 2005).

Lühr et al.(2004) found that small-scale FACs in the cusp
region can be associated with Joule heating and may thus be
considered as one of the reasons for an air uplift and density
enhancement in this region. In the meantime a number of
dedicated studies have been devoted to the density anomaly
related to the cusp (e.g.Schlegel et al., 2005; Demars and
Schunk, 2007; Rentz and L̈uhr, 2008).

The issues we want to address here are the mass den-
sity anomalies caused by a substorm and their propagation
to low latitudes. Large scale travelling atmospheric distur-
bances (TADs) are known to represent one mechanism to
redistribute energy and momentum within the thermosphere
in connection with magnetic activity (Hocke and Schlegel,
1996; Bruinsma and Forbes, 2007). Prölss (1982) investi-
gated density perturbations at low latitudes during magneti-
cally active periods. He found equatorial density humps de-
veloping only 4 h after substorm-related disturbances in the
polar region and suggested TADs and large-scale wind circu-
lation as driving mechanisms for the disturbance transport.

Many characteristics of TADs found in literature were de-
rived from modelling efforts (e.g.Richmond and Matsushita,
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1975; Fujiwara and Miyoshi, 2006, and references therein).
From their global scale wave model they deduced several fea-
tures: (1) TADs propagate towards the equator at a speed of
500–800 m/s at altitudes above 300 km; (2) the propagation
path is bent westward by the Coriolis force; (3) the attenu-
ation of the TAD amplitude on the dayside is larger than on
the nightside.

For the variations of thermospheric winds caused by sub-
storm injectionFujiwara et al.(1996) deduced from their
model the formation of a vortical wind pattern in the merid-
ional plane. It consists of upwelling air at high latitudes and
of equatorward directed meridional winds at mid latitudes
with velocities around 60 m/s. The transient pattern is asso-
ciated with the formation of TADs.

We will compare our observations with these model re-
sults. Also the disturbance winds following a substorm are
of interest. For both quantities we study the temporal and
spatial variations which are obtained using CHAMP satellite
accelerometer data. There are very few superposed epoch
analyses performed on these parameters in literature. Com-
pared to studies presented earlier by e.g.Burns and Killeen
(1992) or Emmert et al.(2002) which are dealing with the ef-
fect of magnetic activity on thermospheric winds in general,
our studies are based on higher time resolution and on a large
number of discretely identified substorm events.

CHAMP accelerometer measurements provide the oppor-
tunity for detailed statistical studies of substorm-related ther-
mospheric effects at all latitudes and Magnetic Local Times
(MLT). Significant results for several aspects were obtained
by using the extensive substorm onset catalogue ofFrey and
Mende(2006) with its more than 4000 entries of identified
events. The time span covered by this catalogue overlaps
well with the high-resolution accelerometer measurements
of CHAMP (2001 to present). Thus it can be used broadly
to perform statistics aiming to disclose substorm-related fea-
tures in satellite data.

In the following Sect.2 we introduce the substorm cata-
logue and the CHAMP data used in this study. In Sect.3 we
present the observations of a single substorm event. We show
mass density and zonal wind velocity readings along consec-
utive orbits at high and low latitudes. Section4 describes the
statistical studies of these quantities for magnetically active
and quiet periods. In Sect.5 we discuss the observational
results and compare them to model predictions found in lit-
erature. Section6 provides a summary of this study.

2 Datasets

2.1 IMAGE FUV – substorm catalogue

Substorm onset times are identified from the images of the far
ultra-violet (FUV) instrument on board the IMAGE space-
craft, using the Wideband Imaging Camera (WIC) and the
Spectrographic Imager Channel (SI-13). For the statistical

study we used the catalogue of substorm onset times byFrey
and Mende(2006) listing approximately 4200 events dur-
ing the years 2000–2005. For the substorm recognition three
conditions were used: i) a clear local brightening of the au-
rora; ii) its expansion to the poleward boundary of the auro-
ral oval and a minimum azimuthal spread of 20 min in local
time; iii) a gap of 30 min between events. The IMAGE space-
craft observed the auroras of the Northern Hemisphere in
2000–2003 and then moved to the Southern Hemisphere. In
the Northern Hemisphere, 2760 substorm onsets were iden-
tified, while in the Southern Hemisphere 1430 events were
detected.

The mean substorm onset location is the same in both
hemispheres when averaged over all seasons and years: it oc-
curs at 22.9 h MLT (magnetic local time) and 66.4◦ of mag-
netic latitude, regardless of the different general magnetic ac-
tivities of the two subsets (Wang et al., 2005, 2007). Most
substorms occur at Kp<4 (Ritter and L̈uhr, 2008).

2.2 CHAMP orbits and data

The thermospheric mass density and zonal wind data used
in this study are derived from the STAR (Space Three-axis
Accelerometer for Research Missions) acceleration measure-
ments on board the CHAMP satellite. CHAMP (Reigber
et al., 2002) was launched on 15 July 2000 into a circular,
near-polar (87.3◦ inclination) orbit. From its initial altitude
at 456 km the orbit decayed to about 350 km during the first
5 years. The orbital plane of the low Earth orbiting (LEO)
spacecraft precesses by 1 h of local time (LT) in 11 days,
thus after 131 days all local times are covered.

The accelerometer dataset employed for this study was
recently newly calibrated, and subsequently processed into
density and wind datasets (Doornbos et al., 2010). The cal-
ibration of the in-track accelerometer axis was performed
by solving for daily accelerometer biases using independent
GPS satellite-to-satellite tracking data (VanHelleputte et al.,
2009). This procedure was performed for data from 5 May
2001 onwards. For the cross-track axis calibration, an aero-
dynamic model of the satellite was applied to get more accu-
rate results. In addition, extreme outliers, spacecraft attitude
manoeuvre effects, and accelerations due to solar radiation
pressure were removed. The data were averaged over a time
interval of 10 s which results in a spatial resolution of 76 km.

The thermospheric mass density and zonal wind are de-
rived from the in-track and cross-track axes acceleration
measurements by means of a newly developed processing ap-
proach. In an iterative procedure, the modelled aerodynamic
force is varied until it coincides with the observed acceler-
ation. The magnitude of the acceleration is fit by adjusting
the air density entering the prediction model, while the di-
rection of the acceleration is fit by adjusting the crosswind
speed. Special emphasis was put on the proper characteriza-
tion of the aerodynamic interaction of the thermospheric par-
ticles with CHAMP’s outer surfaces. For full details of the
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processing algorithm we refer the reader toDoornbos et al.
(2010).

With these refinements, the accuracy of the density and
wind measurements were improved over previous studies.
The resolution of the density measurements is estimated at
around 5× 10−14 kg/m3 and the wind speed resolution is
about±10 m/s. The studies presented subsequently rely pri-
marily on the comparison between the conditions before and
after a substorm. For that reason the absolute accuracy of the
density and wind measurements is of minor concern for the
conclusions drawn.

All density data were normalized to 400 km altitude to
exclude variations due to orbital height (h) changes dur-
ing the time span used for the statistics. The normaliza-
tion ρ(400 km) = ρ(h) · (ρM(400 km)/ρM(h)) was done us-
ing model densities,ρM , determined from the NRLMSISE-
00 atmospheric model (Picone et al., 2002).

2.3 Magnetic coordinates

All CHAMP satellite readings used for the superposed epoch
analyses presented in the following sections are treated in
magnetic quasi-dipole (QD) coordinates as defined byRich-
mond (1995). The substorm onset locations identified by
IMAGE FUV are given in apex latitudes and magnetic lo-
cal times according to the same system as proposed byRich-
mond(1995).

3 Example of a substorm event

Before presenting the statistical study we introduce as an
example the thermospheric mass density and wind observa-
tions of a single substorm event at high and low latitudes
by the CHAMP satellite. IMAGE FUV auroral observa-
tions identified the onset time of this example substorm at
T0 =18:34:29 UT on 14 November 2003. Its onset location in
the Mlat/MLT frame is at 67.89◦ Mlat, 00:53 MLT. Figure1
presents the zonal wind velocity (top panel) and mass density
(second panel) of 4 consecutive CHAMP orbits, starting with
the orbit preceding the substorm onsetT0 (marked by an as-
terisk). The panels below show the geomagnetic latitude and
magnetic local time of the satellite trajectory. The spacecraft
crosses the equator in northward direction shortly before lo-
cal midnight and in southward direction close to noon.

The strongest variations of the zonal wind and mass den-
sity can be observed at polar latitudes. Outside the auroral
regions we find some common features repeatedly in each
orbit. On the dayside the density, rho, is higher by a factor of
approximately 1.5 compared to the nightside.

The winds at mid and low latitudes are directed, as ex-
pected (Drob et al., 2008), predominantly eastward on the
nightside and westward on the dayside. Generally, the wind
speeds reach a local maximum near the equator. However,
the predominant features are the negative peaks on the day-

side, surpassing−400 m/s at high latitudes. These strong
westward winds blowing from the day to the night side across
the dawn sector in the auroral region have been reported ear-
lier (e.g.,Lühr et al., 2007; Förster et al., 2008).

In this study we are interested in substorm related phenom-
ena. For a better visualization of the temporal and spatial
effects we use a common colour coding for the successive
orbits throughout this paper. As can be seen in Fig.1, the
nightside pass before the substorm onsetT0 is marked black,
the first one afterT0 is red, the second one blue, and the third
one green. The related parts of the wind and density observa-
tions are highlighted in Fig.1 using the same colour scheme.
No strong thermospheric effects can be discerned during the
passes following the substorm onset. However, some sub-
tleties still emerge. The eastward wind at the equator gets
weaker from the black pass through the red one to the blue
one, but it recovers during the green one. When looking at
the densities the only significant feature seems to be the peak
near the equator during the green pass.

From this one event we may conclude that a substorm ini-
tiates a westward disturbance wind on the nightside at low
and mid latitudes, as well as a density enhancement travel-
ling equatorward and reaching it after 3–4 h. In order to test
the significance of these findings we performed a statistical
analysis, making use of all close encounters of the CHAMP
satellite with substorms reported in the catalogue.

4 Statistical analysis

For our statistics we used the large number of substorm
events (> 4000) available in the catalogue ofFrey and Mende
(2006) and subjected the related data to superposed epoch
analysis. Usually this method is used to stack time series
relative to a key-time defined by the event to be analysed.
For satellite data, however, it can be used to estimate event-
related mean data profiles along certain latitudinal sections.
In our study superposed epoch analysis was used as a tool to
obtain mean mass density and wind velocity profiles at the
northern polar region and at mid/low latitudes in the night-
time MLT sector after substorm onsets. As we wanted to
obtain a comprehensive picture of the temporal and spatial
effects on thermospheric dynamics, we selected the events
according to several criteria. One of them is the prevailing
magnetic activity: substorms occurring during active (Kp>4)
and quiet (Kp≤2) periods were considered separately. Fur-
thermore, we sorted the observations into three consecutive
MLT bins extending from 2h MLT before the onset location
to 4 h MLT past it.

Due to the fact that the satellite crosses various MLT sec-
tors in the polar regions on its pass, the selection of suit-
able orbit sections was performed separately for polar and
mid/low latitude profiles. At high latitudes, nighttime data
of intervals[40...80◦

] Mlat were stacked. For the analysis
at lower latitudes nighttime sections of±50◦ centred at the
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Fig. 1. Example of thermospheric density and wind variations along subsequent orbits before and after a substorm onset. The substorm
onsetT0 takes place on 14 November 2003 at 18:34:29 UT. It is marked by an asterisk on the curves. Top frame: zonal windvy ; second
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Fig. 2. Scheme of LT binning. Observations are sorted into three
local time sectors wrt. the individual onset location. bin 1: 0–2 h
MLT before substorm onset; bin 2: 0–2 h MLT past onset; bin 3:
2–4 h MLT past onset.

geomagnetic equator were used. This separation ensures also
a minimum blending of temporal and spatial information.

Generally, the nighttime data were selected from orbits
within the local time sector from 21 h to 3 h MLT i.e. they
cross the average substorm onset latitude within a time in-
terval of −2 h and +4 h with respect to meanT0. Further-
more, the actual MLT difference between the satellite pass
and the individual onset location was used to group the data
into three further subsets: [−2...0 h], [0...2 h], and [2...4 h]
MLT sectors relative to the onset. For this sorting the MLT of
the satellite at the magnetic latitude of the average onset loca-
tion was used. As the substorm location depends on the mag-
netic activity (Wang et al., 2005) we used an equation given
therein to determine the average onset latitude for the low
and high activity datasets separately:|θ |0 = 73◦

−5.2
√

Em.
As a proxy for the geomagnetic activity the merging electric
field was assumedEm = 4 mV/m for Kp>4 conditions, and
Em = 0.8 mV/m for the low activity dataset with Kp≤2. In
the following, the results of the three MLT subsets are re-
ferred to as bins 1, 2, 3, respectively, as illustrated in Fig.2.

Orbital arcs before and after a substorm onset were com-
pared. To obtain well-timed “after” arcs, substorm onsets had
to occur before the satellite sampled the latitudinal profile on
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Fig. 3. Mean thermospheric density at low (left frame) and high (right frame) latitudes for Kp>4 of data subsets in bin 2. Black line: orbit
arc before substorm onsetT0; red line: 0.25–1.25 h after substorm onsetT0; blue line: 1.75–2.75 h afterT0; green line: 3.25–4.25 h afterT0.
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Fig. 4. same as Fig.3, but for low magnetic activity (Kp≤2). Calculated mean MLT: 24 h.

the night side. The satellite needs approximately 10 min to
cross the high latitude profile, and about 25 min to cross the
mid/low latitude profile. The previous night-side pass, occur-
ring 1.5 h earlier, was declared “before” pass. According to
this definition CHAMP sampled the magnetic field variations
at the nightside equator at its first pass after the break-up with
a delay ranging between 12 and 77 min afterT0.

Following this procedure, more than 1000 substorm events
from the substorm catalogue could be used for the CHAMP
superposed epoch analysis (1120 events on the mid latitude
profile, 1290 on the polar profile). Since we subdivided the
data according to several criteria, there are about 50 events
in every local time bin for active periods and around 100
events for quiet periods. We regard these numbers sufficient
for retrieving statistically significant results. The difference
between the “before” and “after” passes reflects the average
latitudinal wind velocity or density variations associated with
a substorm onset.

4.1 Thermospheric mass density

Before analysing the substorm-related effects a look at the
average prevailing condition during the considered events
helps to judge and interpret the significance of the substorm
effects. Figure3 shows the average density profiles of the
high activity events for the subset around midnight (bin 2).
At mid latitudes (left frame) the pre-substorm pass exhibits a
rather flat latitude profile with a shallow maximum near the
equator. Such a pre-midnight density anomaly has been re-
ported earlier (e.g. Liu et al., 2005). The density increases
towards high northern latitudes, as is confirmed by the frame
on the right side. Passes after the substorm onset show higher
densities. The affected latitudes seem to depend on the la-
tency after the substorm onset. During the third pass a quite
prominent density bulge at the equator emerges. An indica-
tion of that process is evident already in the example pre-
sented in Fig.1. In the subsequent Fig.4 we present the
average density curves for substorms occurring during quiet
periods of Kp≤2 in a similar way.

The difference curves of thermospheric mass density for
the first three satellite passes after substorm onset are shown
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Fig. 5. Differences of thermospheric density, data before a substorm onset are subtracted from data afterT0, at low (left column) and high
(right column) latitudes for Kp>4. Frames from top to bottom contain subsets of bins 1,2,3 with calculated mean MLT 22.5 h, 24.0 h, 1.0 h,
respectively. Red line: 0.25–1.25 h after substorm onsetT0; blue line: 1.75–2.75 h afterT0; green line: 3.25–4.25 h afterT0. The mean
uncertainty of the density curves is±0.1×10−12kg/m3.

in Fig. 5, for the mid/low latitude (left column) and the po-
lar profiles (right column). From top to bottom the curves
represent the data subsets of the MLT bins 1,2,3 (see Fig.2).
The three curves in each graph show the average of the dif-
ferences between the first, second, and third passes after the
substorm onset to the curves beforeT0. The color codes fol-
low the scheme given in Fig.1. Subsequent passes are sepa-
rated by 93 min, respectively. The datasets for the polar and
equatorial profiles are not based on exactly the same events
because the MLT requirements for nighttime selection were
applied to the entire length of each profile. Nevertheless, po-
lar and equatorial mean variations agree rather well in the
overlapping parts.

For the discussion of the mass density modification after a
substorm we start with the observations in the northern polar
region (right column of Fig.5). The top frame contains the
observations from the local time sector centred at 1 h west
of the substorm onset location. On the first pass after the
onset (red curve) we observe a broad enhancement reaching
from 55◦ to 80◦ Mlat. On the second pass the density is ele-
vated over the whole latitudinal range. The green curve (3rd
pass) exhibits a peak near 65◦ Mlat and drops off consider-
ably towards high latitudes. This issue will be discussed in
Sect.5.1.

In bin 2, which is centred around local midnight, we find
the largest mass density enhancements reaching about 20%
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Fig. 7. Mean thermospheric wind velocity at low (left frame) and high (right frame) latitudes for Kp>4 of data subsets in bin 2. Black line:
orbit arc before substorm onsetT0; red line: 0.25-1.25h after substorm onsetT0; blue line: 1.75–2.75 h afterT0; green line: 3.25–4.25 h after
T0. Calculated mean MLT: 24 h. The mean uncertainty of the zonal wind curves is±15 m/s.

of the ambient value. All curves peak at 74◦ Mlat. This in-
dicates the latitude where the main heating process may be
assumed to take place. As expected, the largest and most
confined density maximum is recorded on the first pass af-
ter onset. The blue, second curve shows again a broad en-
hancement over all latitudes. The late, green curve reveals a
surprisingly peaked shape for which we will offer an expla-
nation in Sect.5.

The substorm effect in the local time sector past midnight
(bin 3) is much reduced. In general we observe only narrow
peaks near 75◦ Mlat.

The substorm related mass density observations at mid and
low latitudes (left column of Fig.5) reveal a number of in-
teresting features. Most prominent is the density bulge at the
equator detected on the third pass after onset. This feature is
strongest around midnight but present also in the local time
sector west of the onset location. Interestingly, we hardly
find any density modification at mid latitudes in the past-
midnight sector (bottom frames). The sequential change of
the curves in the two upper frames suggests an equatorward
propagation of the high-density bulge from both auroral re-
gions. At the time of the red curve the front has reached about

40◦ Mlat, on the next pass (blue) 20◦, and finally both bulges
pile up at the equator by the time of pass 3, about 4 h after the
substorm onset. When placing the heating region at 74◦ we
obtain an average propagation velocity of 650 m/s towards
the equator (travelling path: 2πrsat· 74◦/360= 8745 km,
with rsat= 6766.5 km being the mean satellite altitude on the
path from 74◦ Mlat to the magnetic equator; travelling time:
3.75 h on average). The timing uncertainty of±0.5 h results
in an error of 15%.

The minor equatorial density bulge of the red curve in the
top frame is slightly unexpected. We will return to this fea-
ture in Sect.5.

A comparison of the thermospheric density variations be-
fore and after substorms during magnetically quite periods
(Kp≤2) is shown in Fig.6. Obviously the amplitudes of these
variations are much smaller than those of the high activity
data in Fig.5. The pattern of density enhancement moving
from the North Pole to the equator with increasing time lag to
the substorm onset, however, can also be observed. The low
activity curves show smoother variations. This is probably
partly due to the larger sample number of substorms for con-
ditions with Kp≤2. The subsets presented in Fig.6 contain
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Fig. 8. same as Fig.7, but for low magnetic activity (Kp≤2). Calculated mean MLT: 24 h.

almost twice as many events as those for higher activity. Due
to the marginal effect we will not discuss these low activity
results further.

4.2 Thermospheric zonal wind disturbance

Similar to the density results we start with presenting the av-
erage background wind during the selected events. Positive
velocities represent eastward winds. As shown for active pe-
riods in Fig.7 (left frame) we observe prevailing eastward
winds at low latitudes on the night side that peak at the equa-
tor. Poleward of 40◦ Mlat they switch to westward direc-
tions. All four curves are close to each other indicating that
substorms do not have a strong influence on the zonal wind
at mid latitudes. At high northern latitudes we find westward
wind velocities peaking around 53◦ and 74◦ Mlat. At 63◦

Mlat the zonal wind dies down.
For comparison, the average zonal wind velocities during

the low activity substorm events are shown in Fig.8.
Figure 9 shows the difference curves of thermospheric

zonal wind velocity of the first three satellite passes after sub-
storm onset with respect to the pre-event condition at mid and
low latitudes (left column) and the polar profiles (right col-
umn). As for the density curves in Fig.5, the frames from
top to bottom present the data subsets of the 3 MLT bins,
and each graph contains the difference curves of the first,
second, and third passes after the substorm onset. The data
were sampled after substorms occurring during magnetically
active periods (Kp>4).

As stated earlier the substorms-induced wind modifica-
tions are rather weak. At low latitudes we observe almost
no deviation in all three local time sectors. At mid latitudes
most of the significant disturbance winds are found in the
local time sector west of the substorm onset location. The
westward component increases from approximately 20 m/s
on the first pass after onset to around 40 m/s on the third pass.
Within the other time sectors no clear wind signature could
be deduced.

At high northern latitudes the disturbance winds have a
slightly different character. While equatorward of 55◦ they
are weakly westward in all three local time sectors, the delta
wind at auroral latitudes tends to be directed eastward in
MLT bin 1, varies around zero in bin 2, and exhibits a clear
westward component in bin 3. When relating these observa-
tions to the background winds shown in Fig.7 (right frame)
we may conclude that the sub-auroral westward winds are
enhanced by the substorm. Conversely, the high-latitude
westward winds are weakened in the late evening and sig-
nificantly enhanced in the post-midnight sector by substorm
activity.

At lower magnetic activities, shown for substorm events
with Kp≤2 in Fig. 10, the disturbance wind patterns have
only small amplitudes. As these variations are of the order
of the uncertainty range we do not subject them to further
interpretation.

5 Discussion and conclusions

The aim of this study is to identify the average thermospheric
mass density and zonal wind disturbances caused by a sub-
storm over the entire range of latitudes. We used the mul-
titude of substorm events catalogued byFrey and Mende
(2006) covering the period from the middle of 2000 to the
end of 2005.

The input of energy and momentum from the magne-
tosphere into the atmosphere occurs during geomagnetic
storms and substorms primarily at high latitudes. In this re-
gion, field aligned currents (FACs) connect the auroral iono-
sphere with the magnetopause, the tail and the ring current
systems.

During active periods there is a continuous energy influx
from directly driven processes and impulsive energy injec-
tions from loading and unloading processes in the magneto-
tail take place. Magnetospheric currents, directly driven by
the solar wind, are connected predominantly to the dayside
auroral region. Conversely, the transient substorm-related
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Fig. 9. Differences of zonal wind velocity, data before a substorm onset are subtracted from data afterT0, at low (left column) and high
(right column) latitudes for Kp>4. Frames from top to bottom contain subsets of bins 1,2,3 with calculated mean MLT 22.5 h, 24.0 h, 1.0 h,
respectively. Red line: 0.25–1.25 h after substorm onsetT0; blue line: 1.75–2.75 h afterT0; green line: 3.25–4.25 h afterT0. The mean
uncertainty of the zonal wind curves is±7 m/s.

currents are routed through the nightside auroral ionosphere
(Caan et al., 1975; Ritter and L̈uhr, 2008).

As a consequence of magnetic activity the thermospheric
mass density is enhanced in the cusp region and near the mid-
night sector (e.g.,Liu et al., 2005; Kwak et al., 2009), i.e. in
regions of the main Region-1 and Region-2 FACs footprints.

The cusp-related mass density anomaly has been studied
in detail byRentz and L̈uhr (2008). Due to its directly driven
character the thermospheric effect in this region can be cor-
related straight-forward with the solar wind input. In the case
of substorms we are dealing with discrete injection. There-

fore, techniques other than plain correlations between activ-
ity indices and thermospheric effects are required. In the
study presented here, superposed epoch analysis is used with
satellite data on a large number of substorm events for the
determination of the temporal and spatial evolution of ther-
mospheric disturbances caused by a substorm.

5.1 Thermospheric mass density effects

For our analysis we divided the nightside data related to
substorms into two subsets, one containing all events dur-
ing periods of high magnetic activity (Kp>4) and one that
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Fig. 10. same as Fig.9, but for low magnetic activity (Kp≤2). Calculated mean MLT: 24 h.
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Fig. 11. Sketch of the longitudinal coverage by the various data
subsets, selected by orbit sequence and bins. Red: 0.25–1.25 h after
substorm onsetT0; blue: 1.75–2.75 h afterT0; green: 3.25–4.25 h
afterT0. Solid lines: bin 1; dots: bin 2; crossed lines: bin 3. The
pink background marks the path of the TAD front deflected by Cori-
olis force.

contained only low activity substorms (Kp≤2). The finite
number of suitable substorms prevented a further break-
down of the subsets. We also tested a classification by the
auroral activity index AE, with AE>500 nT for active peri-
ods and AE<200 nT for quiet times, respectively. The re-
sulting thermospheric disturbances are very much the same
as shown in Fig.5. Since AE is derived solely from Northern
Hemisphere measurements we prefer to use Kp for grouping
our data. The use of these two datasets facilitates a compari-
son with earlier thermospheric studies that sorted the data by
the same activity index.

We present the average mass density distribution around
midnight (bin 2) in Figs.3 and4 for the events during active
and quiet periods, respectively. The shapes of the curves at
the two activity levels are quite similar, but the mean level is

enhanced by approximately 40% at low latitudes and by 20%
at high latitudes during active times. We relate this change in
background mass density to the influence of direct driving by
the solar wind.Müller et al.(2009) quantified the increase of
mass density at low latitudes. According to their Fig. 11 the
density enhancement by magnetic activity is given by

ρ = ρquiet+0.0121ap

whereρquiet is the average density in [10−12 kg/m3] during
quiet periods. For our samples we obtain average magnetic
activity indices ofap = 5 andap = 65 for quiet and active
events, respectively. From that difference we expect an en-
hancement of the low latitude density of 0.7×10−12 kg/m3.
The actually observed difference between the black curves
in Figs. 3 and 4 (before substorm arcs) amounts to 0.6×

10−12 kg/m3, which explains the influence of magnetic ac-
tivity reasonably well.

At high latitudes the differences between the black curves
is smaller. In this region two processes are known to be
driven by Joule heating: (1) thermal expansion of the atmo-
sphere and (2) composition change. Vertical winds move up
heavier molecules (N2 and O2) across pressure levels. At a
given altitude well above the heating region, the first effect
always causes a mass density enhancement, while the sec-
ond one may cause a density reduction due to a smaller scale
height of the heavier particles. Both increases and decreases
have been observed over active regions (Prölss, 1982; Prölss
et al., 1988; Lei et al., 2010). This competition of effects
may also explain the lack of density enhancement reflected
by the green curve in the upper right frame of Fig.5 at high
latitudes.

Details of the substorm-related mass density disturbances
are presented in Fig.5. For the three different local time
sectors we see clearly the temporal/spatial evolution of the
density anomaly. The density bulges generated at auroral lat-
itudes propagate equatorward at an average speed of 650 m/s
as travelling atmospheric disturbances (TADs). TADs occur-
ring during times of magnetic activity have been reported
early (e.g.Prölss, 1982, 1993; Prölss and Ŏcko, 2000, and
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references therein). More recently,Bruinsma and Forbes
(2007) investigated the dynamics of TADs occurring in con-
nection with the magnetic storm on 29 May 2003. However,
in our study, we present TADs as a direct response to a sub-
storm onset as seen by a LEO satellite. In the time sector
around midnight we observe the clearest signal. The density
peaks occur first at 74◦ Mlat, approximately 10◦ poleward
of the average onset latitude, and in longitude about an hour
later in local time than the break-up. This implies that the
main part of the energy may be dumped after the poleward
leap of the aurora in the sector around midnight. In the sector
past midnight (bin 3) substorms seem to have little effect on
the density. The dominantly downward directed FACs in that
region are obviously less efficient in heating.

For visualizing the dynamics of the thermospheric distur-
bance in an Earth-fixed frame we consider all six frames in
Fig. 5 simultaneously.

This allows us to separate to a certain degree the temporal
and spatial effects on the thermospheric mass density. Fig-
ure 11 illustrates schematically the measurement setup as
seen from the ground. Successive CHAMP passes are sep-
arated by 23◦ in longitude and proceed westwards. The ab-
scissa in Fig.11represents relative longitudes, i.e. for a given
event a certain constant value has to be added. Measurements
from the three local time sectors (bins) are marked by differ-
ent line styles. (bin 1: full line, bin 2: dotted line, bin 3:
crossed line). Again, the colours of the lines indicate the
sampling time after the substorm onset.

The results of the three local time bins may be interpreted
as simultaneous measurements from three spacecraft flying
side-by-side, separated by 23◦ in longitude. The pink shaded
band marks the path of an equatorward TAD wave front when
the propagation speed and the Coriolis force are taken into
account. The TAD path was determined using

λ(n)=λ0(n)−

[
n∑

i=1

(
vErot cos(θ0−i)−v0

) 1

vTAD

]
1

cos(θ0−n)
(1)

where (λ,θ) denote longitudes and latitudes, respectively,
and(λ0,θ0) are the starting values. The starting latitude for
the wave front is chosen atθ0 = 74◦, where density peaks oc-
cur first (see Fig.5). n is the distance the TAD has travelled
equatorward in discrete steps of 1◦ latitude.vErot denotes the
rotation speed of the Earth at the equator, 490 m/s.v0 is the
rotation speed atθ0 = 74◦, vErot cos(θ0)=135 m/s, whilevTAD
is set 650 m/s. Horizontal, coloured lines mark the position
of the TAD at the times of the first, second and third CHAMP
pass after substorm onset.

By comparing the observations in Fig.5 with our straight-
forward predictions illustrated in Fig.11we may get a better
insight into the dynamics of the thermospheric disturbance.
For an observer on the ground the TAD is propagating equa-
torward and westward. The latter motion is caused by the
Coriolis force. For verifying this motion we check Fig.5.
The initial longitude of the substorm onset (red horizontal

line in Fig. 11) was deliberately chosen to cover LT bins 1
and 2. At the time of the second pass afterT0 (blue lines) the
TAD can be found in Fig.5 at mid latitudes in bins 1 and 2.
There is almost no effect in bin 3. When turning to Fig.11
the TAD wave front (blue horizontal line) is crossed by the
blue dotted and solid lines that correspond to bins 2 and 1
observations, respectively. The blue crossed line is east of
the disturbance zone, in accordance with the observations in
bin 3. At the time of the third satellite pass (green curves)
the TAD has reached the equator.

The largest effect is observed in bin2 and a smaller one in
bin1 (cf. Fig.5). Bin 3 is practically left unperturbed. This
observation is not consistent with the prediction in Fig.11.
The westward shift of consecutive CHAMP orbits should
have overtaken the westward propagation of the TAD. As
a consequence, the crossed green line (bin 3) crosses now
the TAD front at the equator, but the solid green line (bin 1)
does not (cf. Fig.11). This apparent discrepancy with the ob-
servations can be reconciled if we assume a faster westward
drift of the TAD than the one caused by the Coriolis force.
At this stage we have no conclusive explanation to offer. A
possible suggestion is that the heating region expands west-
ward with increasing time after onset in accordance with the
westward travelling surge. This will cause the TAD front to
be tilted slightly from north-west to south-east. Such a dis-
turbance front should have an additional propagation compo-
nent in westward direction. Supporting evidence is provided
by Shibata and Schlegel(1993) who report a wave propaga-
tion oriented normally about 200◦ in azimuth (i.e. 20◦ west of
southward direction) for atmospheric gravity waves excited
at auroral latitudes.

When comparing the observed features with the TAD char-
acteristics outlined in Sect.1, we find agreement in all three
points: propagation velocity, westward drift and little ampli-
tude attenuation towards low latitudes on the nightside.

Some of the curves in Fig.5 show unexpected variations.
For example the red one in the top left frame exhibits an
equatorial maximum right after the substorm. We interpret
this as a remnant of a substorm that occurred about 3 h before
the considered event.Ritter and L̈uhr(2008) showed a recur-
rence tendency of substorms every three hours during active
periods. During quiet periods events are more isolated. In
order to test this assumption we re-ran the superposed epoch
analysis for the bin1 dataset with isolated events only, i.e. no
substorms occurred during a period of 4 h prior to the sub-
storm onset (for Kp>4). For this reduced dataset the air den-
sity amplitude near the equator of the first passes after the
substorm onset is close to zero (not shown).

We may classify the presented TADs as large scale wave
phenomena with a mean phase velocity of 650 m/s. Our re-
sults can be compared with storm-induced large-scale travel-
ling ionospheric disturbances (LSTID).Borries et al.(2009)
reported recently about LSTID observations over Europe.
Their waves are also excited in the auroral region and propa-
gate equatorward at a similar speed (680 m/s on average).
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5.2 Thermospheric wind disturbances

In order to bring the substorm-related disturbance wind into
the context of prevailing winds we first have a look at the
latitude distribution of the average zonal wind around mid-
night for active and quiet magnetic conditions, as shown in
Figs.7 and8, respectively. From the comparison of the ac-
tivity states it becomes obvious that a westward directed dis-
turbance wind results from the difference between the two
graphs. The velocity of the delta wind increases from about
20 m/s at the equator to 50 m/s towards higher latitudes. At
latitudes poleward of 58◦ Mlat the difference oscillates about
zero. This behaviour of the disturbance wind is consistent
with predictions derived from the recent DWM07 empirical
wind model (Emmert et al., 2008).

It should be noted here that the difference of the wind pro-
files before and after the substorm in Figs.7 and8 is much
smaller than the delta zonal wind caused by enhanced back-
ground activity. This impression is confirmed when looking
at the wind differences caused by substorms (cf. Fig.9). At
low and mid latitudes the clearest westward delta winds are
detected in the local time sector west of the substorm on-
set. Variations in other local time sectors cannot be regarded
significant when considering the uncertainty of±10% of the
wind estimates. As mentioned in Sect.2.2CHAMP can only
detect zonal winds.

At high latitudes beyond 60◦ Mlat we observe systematic
substorm-related differences between the local time sectors
(bins). In bins 1 and 2 positive deflections are found while
bin 3 exhibits negative deflections. In all bins the blue curves
(≈2 h after onset) show this effect best.

This signature implies that a substorm evokes a converg-
ing delta zonal wind at auroral latitudes with a focus shortly
after midnight. Such a zonal wind pattern is consistent with
the simulation results ofFujiwara and Miyoshi(2006). Af-
ter a transient enhancement of the cross-polar cap potential to
60 kV, their general circulation model (GCM) predicts strong
equatorward winds of the order of 300 m/s around midnight.
From their Fig. 2b we may deduce weak converging zonal
winds as observed in our study. This wind pattern forms in
connection with TADs.

Substorms occurring during magnetically quiet periods
have no appreciable influence on thermospheric zonal winds.

6 Summary

We have investigated the disturbance of the thermosphere by
geomagnetic substorms. Based on a large number of sub-
storm events the average effects on mass density and zonal
winds at CHAMP altitude were determined in a statistical
study. Superposed epoch analysis was applied with satellite
data to obtain the characteristic temporal and spatial varia-
tions based on a large number of these transient events. Sep-
arate analyses were performed for events under quiet (Kp≤2)

and disturbed conditions (Kp>4). Substorms during quiet
times have a negligible effect on the thermosphere. During
magnetically active periods, however, a number of features
due to substorms have been identified.

1. Mass density enhancements by about 15% occur first at
auroral latitudes some 10◦ in latitude poleward of the
onset in the local time sector 22–01 MLT.

2. A density bulge propagates as TAD equatorward at a
mean velocity of 650 m/s. About 3.5 h after onset the
bulges from the Northern and Southern Hemispheres
meet and pile up at the equator. The attained density
enhancement is almost 20%. This substorm-related ef-
fect probably contributes to a certain extent to the well-
known equatorial midnight density anomaly.

3. For an observer on ground the TAD front propagates
equatorward and westward. The effect of the Coriolis
force is not sufficiently large to support the observed
westward displacement of the bulge at the equator. An
additional westward velocity of the order of 150 m/s is
required to explain the satellite measurements.

4. Substorms do not have a large influence on thermo-
spheric zonal winds. However, overall magnetic activity
in the range of Kp=5 adds a westward wind component
of the order of 50 m/s to the zonal wind at mid latitudes.

5. Substorm-related zonal winds at mid latitudes were only
identified in the sector west of the substorm onset. Here,
we find a westward disturbance wind of about 20 m/s.

6. At high latitudes (poleward of 60◦ Mlat) eastward dis-
turbance winds of the order of 20 m/s are recorded in
the pre-midnight and midnight sector in response to a
substorm. These converging zonal winds are associ-
ated with the formation of TADs and they are accom-
panied by strong equatorward winds, as GCM simu-
lations predict (Fujiwara and Miyoshi, 2006). In the
post-midnight sector we observe westward disturbance
winds of 50 m/s.

The results obtained here are regarded a suitable benchmark
for testing ionospheric-thermospheric dynamics models dur-
ing magnetically active periods.
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thermospheric wind patterns over the polar regions, as observed
by CHAMP, Ann. Geophys., 25, 1093–1101, 2007,
http://www.ann-geophys.net/25/1093/2007/.

Müller, S., L̈uhr, H., and Rentz, S.: Solar and magnetospheric forc-
ing of the low latitude thermospheric mass density as observed
by CHAMP, Ann. Geophys., 27, 2087–2099, 2009,
http://www.ann-geophys.net/27/2087/2009/.

Picone, J. M., Hedin, A. E., Drob, D. P., and Aikin, A. C.:
NRLMSISE-00 empirical model of the atmosphere: Statistical
comparisons and scientific issues, J. Geophys. Res., 107(A12),
1468, doi:10.1029/2002JA009430, 2002.

Prölss, G. W.: Perturbation of the low-latitude upper atmosphere
during magnetic substorm activity, J. Geophys. Res., 87, 5260–
5266, 1982.

Prölss, G. W.: Common Origin of Positive Ionospheric Storms at
Middle Latitudes and the Geomagnetic Activity Effect at Low
Latitudes, J. Geophys. Res., 98(A4), 5981–5991, 1993.
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