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Abstract. The input of energy and momentum from the mag- of these mechanisms cause a prompt response (e.g. the pene-
netosphere is most efficiently coupled into the high latitudetration electric field Kikuchi et al, 1996). Other processes
ionosphere-thermosphere. The phenomenon we are focusirmgquire hours before the perturbation has reached the equator
on here is the magnetospheric substorm. This paper presengs.g. travelling atmospheric disturbances). Here we focus on
substorm related observations of the thermosphere derivethe thermospheric response to substorm onsets, i.e. density
from the CHAMP satellite. With its sensitive accelerome- anomalies and thermospheric disturbance winds at high, mid
ter the satellite can measure the air density and zonal windsand low latitudes as observed by CHAMP.
Based on a large number of substorm events the average high Substorms are regarded as an important part of the magne-
and low latitude thermospheric response to substorm onset®spheric activity cycle and occur on average every 3 h during
was deduced. During magnetic substorms the thermospheriactive periods. The loading by the solar wind is followed by
density is enhanced first at high latitudes. Then the disturan impulsive unloading of energy, previously stored in the
bance travels at an average speed of 650 m/s to lower latimagnetospheric tail, via currents flowing along the magnetic
tudes, and 3—4 h later the bulge reaches the equator on theld lines into the ionospherédkasofu 1964. Above the
night side. Under the influence of the Coriolis force the trav-ionospheric footpoints of these field-aligned currents (FACs),
elling atmospheric disturbance (TAD) is deflected westward.a thermospheric mass density enhancement can be observed
In accordance with present-day atmospheric models the disin the pre-midnight MLT sectorl{u et al, 2005.
turbance zonal wind velocities during substorms are close to Liihr et al.(2004 found that small-scale FACs in the cusp
zero near the equator before midnight and attain moderatgegion can be associated with Joule heating and may thus be
westward velocities after midnight. In general, the wind sys-considered as one of the reasons for an air uplift and density
tem is only weakly perturbed\v, < 20 m/s) by substorms. enhancement in this region. In the meantime a number of
dedicated studies have been devoted to the density anomaly

Keywords. lonosphere (lonosphere-atmosphere  interac-'elated to the cusp (e.&chlegel et a).2005 Demars and

tions) — Magnetospheric physics (Storms and substormsPCchunk2007 Rentz and Lihr, 2008.

— Meteorology and atmospheric dynamics (Thermospheric The issues we want to address here are the mass den-
dynamics) 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 activityHocke and Schlegel
1996 Bruinsma and Forbef007. Prolss (1982 investi-

The energy input from the solar wind into the upper at- ; i X i )
mosphere is most efficiently coupled into the high-latitude gated density perturbations at low latitudes during magneti-
lly active periods. He found equatorial density humps de-

ionosphere-thermosphere system. Several mechanisms chafV ¢ . :
nel part of the disturbances to low and mid-latitudes. Some'€/OPINg only 4h after substorm-related disturbances in the
polar region and suggested TADs and large-scale wind circu-

_ lation as driving mechanisms for the disturbance transport.
Correspondence tcP. Ritter Many characteristics of TADs found in literature were de-
BY (pritter@gfz-potsdam.de) rived from modelling efforts (e.qRichmond and Matsushita
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1975 Fujiwara and Miyoshi2006 and references therein). study we used the catalogue of substorm onset timésdy
From their global scale wave model they deduced several feaand Mende(2006 listing approximately 4200 events dur-
tures: (1) TADs propagate towards the equator at a speed ahg the years 2000-2005. For the substorm recognition three
500-800 m/s at altitudes above 300 km; (2) the propagatiorconditions were used: i) a clear local brightening of the au-
path is bent westward by the Coriolis force; (3) the attenu-rora; ii) its expansion to the poleward boundary of the auro-
ation of the TAD amplitude on the dayside is larger than onral oval and a minimum azimuthal spread of 20 min in local
the nightside. time; iii) a gap of 30 min between events. The IMAGE space-
For the variations of thermospheric winds caused by sub<craft observed the auroras of the Northern Hemisphere in
storm injectionFujiwara et al.(1999 deduced from their 2000-2003 and then moved to the Southern Hemisphere. In
model the formation of a vortical wind pattern in the merid- the Northern Hemisphere, 2760 substorm onsets were iden-
ional plane. It consists of upwelling air at high latitudes and tified, while in the Southern Hemisphere 1430 events were
of equatorward directed meridional winds at mid latitudes detected.
with velocities around 60 m/s. The transient pattern is asso- The mean substorm onset location is the same in both
ciated with the formation of TADs. hemispheres when averaged over all seasons and years: it oc-
We will compare our observations with these model re-curs at 22.9 h MLT (magnetic local time) and 66ef mag-
sults. Also the disturbance winds following a substorm arenetic latitude, regardless of the different general magnetic ac-
of interest. For both quantities we study the temporal andtivities of the two subsets/fang et al. 2005 2007). Most
spatial variations which are obtained using CHAMP satellite substorms occur at kp4 (Ritter and Lithr, 2008).
accelerometer data. There are very few superposed epoch
analyses performed on these parameters in literature. Con2.2 CHAMP orbits and data
pared to studies presented earlier by 8grns and Killeen
(1992 or Emmert et al(2002 which are dealing with the ef-  The thermospheric mass density and zonal wind data used
fect of magnetic activity on thermospheric winds in general, in this study are derived from the STAR (Space Three-axis
our studies are based on higher time resolution and on a largéccelerometer for Research Missions) acceleration measure-
number of discretely identified substorm events. ments on board the CHAMP satellite. CHAMRgigber
CHAMP accelerometer measurements provide the oppor€t al, 2002 was launched on 15 July 2000 into a circular,
tunity for detailed statistical studies of substorm-related ther-N€a@r-polar (88° inclination) orbit. From its initial altitude
mospheric effects at all latitudes and Magnetic Local Timesat 456 km the orbit decayed to about 350 km during the first
(MLT). Significant results for several aspects were obtained® Years. The orbital plane of the low Earth orbiting (LEO)
by using the extensive substorm onset catalogu&ref and spacecraft precesses by 1h of local time (LT) in 11 days,
Mende (2008 with its more than 4000 entries of identified thus after 131 days all local times are covered.
events. The time span covered by this catalogue overlaps The accelerometer dataset employed for this study was
well with the high-resolution accelerometer measurementdecently newly calibrated, and subsequently processed into
of CHAMP (2001 to present). Thus it can be used broadlydensity and wind dataset®gornbos et a).2010. The cal-
to perform statistics aiming to disclose substorm-related feaibration of the in-track accelerometer axis was performed
tures in satellite data. by solving for daily accelerometer biases using independent
In the following Sect2 we introduce the substorm cata- GPS satellite-to-satellite tracking dataqHelleputte et a).
logue and the CHAMP data used in this study. In Saete 2009. This procedure was performed for data from 5 May
present the observations of a single substorm event. We shogQ01 onwards. For the cross-track axis calibration, an aero-
mass density and zonal wind velocity readings along consecdynamic model of the satellite was applied to get more accu-
utive orbits at high and low latitudes. Sectiduescribes the rate results. In addition, extreme outliers, spacecraft attitude
statistical studies of these quantities for magnetically activemanoeuvre effects, and accelerations due to solar radiation
and quiet periods. In Sedh we discuss the observational Pressure were removed. The data were averaged over a time
results and compare them to model predictions found in lit-interval of 10 s which results in a spatial resolution of 76 km.

erature. SectioB provides a summary of this study. 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-

2 Datasets proach. In an iterative procedure, the modelled aerodynamic
force is varied until it coincides with the observed acceler-
2.1 IMAGE FUV - substorm catalogue ation. The magnitude of the acceleration is fit by adjusting

the air density entering the prediction model, while the di-
Substorm onset times are identified from the images of the farection of the acceleration is fit by adjusting the crosswind
ultra-violet (FUV) instrument on board the IMAGE space- speed. Special emphasis was put on the proper characteriza-
craft, using the Wideband Imaging Camera (WIC) and thetion of the aerodynamic interaction of the thermospheric par-
Spectrographic Imager Channel (SI-13). For the statisticaticles with CHAMP’s outer surfaces. For full details of the
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processing algorithm we refer the readeiDoornbos et al.  side, surpassing-400 m/s at high latitudes. These strong
(2010. westward winds blowing from the day to the night side across
With these refinements, the accuracy of the density andhe dawn sector in the auroral region have been reported ear-
wind measurements were improved over previous studiedlier (e.g.,Luhr et al, 2007, Forster et al.2008.
The resolution of the density measurements is estimated at In this study we are interested in substorm related phenom-
around 5x 10-14kg/m® and the wind speed resolution is ena. For a better visualization of the temporal and spatial
about+10 m/s. The studies presented subsequently rely prieffects we use a common colour coding for the successive
marily on the comparison between the conditions before andrbits throughout this paper. As can be seen in Ejghe
after a substorm. For that reason the absolute accuracy of thaightside pass before the substorm orfgas marked black,
density and wind measurements is of minor concern for thethe first one aftefp is red, the second one blue, and the third
conclusions drawn. one green. The related parts of the wind and density observa-
All density data were normalized to 400 km altitude to tions are highlighted in Fidl using the same colour scheme.
exclude variations due to orbital height)(changes dur- No strong thermospheric effects can be discerned during the
ing the time span used for the statistics. The normalizapasses following the substorm onset. However, some sub-
tion p (400 km = p(h) - (om (400 km)/pyr (h)) was done us-  tleties still emerge. The eastward wind at the equator gets
ing model densitiespy, determined from the NRLMSISE- weaker from the black pass through the red one to the blue

00 atmospheric modePfcone et a].2002). one, but it recovers during the green one. When looking at
the densities the only significant feature seems to be the peak
2.3 Magnetic coordinates near the equator during the green pass.

From this one event we may conclude that a substorm ini-
All CHAMP satellite readings used for the superposed epochtiates a westward disturbance wind on the nightside at low
analyses presented in the following sections are treated imnd mid latitudes, as well as a density enhancement travel-
magnetic quasi-dipole (QD) coordinates as defineRizp-  ling equatorward and reaching it after 3—4 h. In order to test
mond (1999. The substorm onset locations identified by the significance of these findings we performed a statistical
IMAGE FUV are given in apex latitudes and magnetic lo- analysis, making use of all close encounters of the CHAMP
cal times according to the same system as propos®idhy  satellite with substorms reported in the catalogue.
mond(1995.

4 Statistical analysis
3 Example of a substorm event

For our statistics we used the large number of substorm
Before presenting the statistical study we introduce as arevents & 4000) available in the catalogueféfey and Mende
example the thermospheric mass density and wind observg2006 and subjected the related data to superposed epoch
tions of a single substorm event at high and low latitudesanalysis. Usually this method is used to stack time series
by the CHAMP satellite. IMAGE FUV auroral observa- relative to a key-time defined by the event to be analysed.
tions identified the onset time of this example substorm atFor satellite data, however, it can be used to estimate event-
To=18:34:29 UT on 14 November 2003. Its onset location in related mean data profiles along certain latitudinal sections.
the Mlat/MLT frame is at 67.89Mlat, 00:53 MLT. Figurel In our study superposed epoch analysis was used as a tool to
presents the zonal wind velocity (top panel) and mass densitpbtain mean mass density and wind velocity profiles at the
(second panel) of 4 consecutive CHAMP orbits, starting with northern polar region and at mid/low latitudes in the night-
the orbit preceding the substorm on3gt{marked by an as- time MLT sector after substorm onsets. As we wanted to
terisk). The panels below show the geomagnetic latitude an@btain a comprehensive picture of the temporal and spatial
magnetic local time of the satellite trajectory. The spacecrafteffects on thermospheric dynamics, we selected the events
crosses the equator in northward direction shortly before lo-according to several criteria. One of them is the prevailing
cal midnight and in southward direction close to noon. magnetic activity: substorms occurring during active £<4)

The strongest variations of the zonal wind and mass denand quiet (Kp<2) periods were considered separately. Fur-
sity can be observed at polar latitudes. Outside the aurorahermore, we sorted the observations into three consecutive
regions we find some common features repeatedly in eacMLT bins extending from 2h MLT before the onset location
orbit. On the dayside the density, rho, is higher by a factor ofto 4 h MLT past it.
approximately 1.5 compared to the nightside. Due to the fact that the satellite crosses various MLT sec-

The winds at mid and low latitudes are directed, as ex-tors in the polar regions on its pass, the selection of suit-
pected Drob et al, 2008, predominantly eastward on the able orbit sections was performed separately for polar and
nightside and westward on the dayside. Generally, the windnid/low latitude profiles. At high latitudes, nighttime data
speeds reach a local maximum near the equator. Howeveaof intervals[40...80°] Mlat were stacked. For the analysis
the predominant features are the negative peaks on the dagt lower latitudes nighttime sections #50° centred at the
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substorm event 2003/11/14, 18:34:29 UT,eSub=67.90, MLTSub:O'gh
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Fig. 1. Example of thermospheric density and wind variations along subsequent orbits before and after a substorm onset. The substorm
onsetTy takes place on 14 November 2003 at 18:34:29 UT. It is marked by an asterisk on the curves. Top frame: zongl seiadnd

frame: mass density; third frame: Quasi-Dipole latitude; bottom frame: MLT. The orbit sections used for the superposed analysis (equatorial
profiles) are marked with black, red, blue, and green colors for the passes before, first, second, third Fassexfperctively.

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 3h MLT i.e. they
cross the average substorm onset latitude within a time in-
terval of —2h and +4 h with respect to medh. 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:—p...0h], [0...2h], and [2...4 h]
pole MLT sectors relative to the onset. For this sorting the MLT of
) N the satellite at the magnetic latitude of the average onset loca-
e — 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 separatel§lo =73 —5.2/Enm.

As a proxy for the geomagnetic activity the merging electric

field was assumed, = 4 mV/m for Kp>4 conditions, and

Fig. 2. Scheme of LT binning. Observations are sorted into threeEm =08 mV/m for the low activity dataset with kg2. In
local time sectors wrt. the individual onset location. bin 1: 0-2h the following, the results of the three MLT subsets are re-

MLT before substorm onset; bin 2: 0-2h MLT past onset; bin 3: ferred to as bins 1, 2, 3, respectively, as illustrated in Eig.

2—4h MLT past onset. 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

bin2

Ann. Geophys., 28, 120722Q 2010 www.ann-geophys.net/28/1207/2010/



P. Ritter et al.: Substorm-related thermospheric disturbances

1211
CHAMP 2001-2005, N=53 , bin 2, Kp>4 CHAMP 2001-2005, N=67, bin 2, Kp>4
4 T T T T T T T 4 T T T
— b — 35 [ N
% >° \ E //>
S 2 -~
4 X
g S —
Io 3 L B \a 3 L B — i
£ — orbit arc before TO é —orbit arc before T0
% ——1. orbit arc after T I — 1. orbitarc after T
X 25H 0 1 @25k ) oy
——2. orbit arc after T0 — 2. orbit arc after To
3. orbit arc after T0 3. orbit arc after TO
2 T T T L L L L L L 2 L L T
-50 -40 -30 -20 -10 0 10 20 30 40 50 40 50 60 70 80
6. . 0 L
Quasi-Dipole Quasi-Dipole

Fig. 3. Mean thermospheric density at low (left frame) and high (right frame) latitudes ferdkgf data subsets in bin 2. Black line: orbit
arc before substorm onsgj; red line: 0.25-1.25 h after substorm onggtblue line: 1.75-2.75 h aftefy; green line: 3.25-4.25 h aftép.
Calculated mean MLT: 24 h. The mean uncertainty of the density cur¢e8.&x 10~ 12kg/md.
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Fig. 4. same as Fig3, but for low magnetic activity (Kg2). Calculated mean MLT: 24 h.

the night side. The satellite needs approximately 10 min to4.1 Thermospheric mass density
cross the high latitude profile, and about 25 min to cross the
mid/low latitude profile. The previous night-side pass, occur-Before analysing the substorm-related effects a look at the
ring 1.5 h earlier, was declared “before” pass. According toaverage prevailing condition during the considered events
this definition CHAMP sampled the magnetic field variations helps to judge and interpret the significance of the substorm
at the nightside equator at its first pass after the break-up witi¢ffects. Figure3 shows the average density profiles of the
a delay ranging between 12 and 77 min affgr high activity events for the subset around midnight (bin 2).
Following this procedure, more than 1000 substorm eventdt mid latitudes (left frame) the pre-substorm pass exhibits a
from the substorm catalogue could be used for the CHAMPrather flat latitude profile with a shallow maximum near the
superposed epoch analysis (1120 events on the mid latitudequator. Such a pre-midnight density anomaly has been re-
profile, 1290 on the polar profile). Since we subdivided theported earlier (e.g. Liu et al., 2005). The density increases
data according to several criteria, there are about 50 event®wards high northern latitudes, as is confirmed by the frame
in every local time bin for active periods and around 100 on the right side. Passes after the substorm onset show higher
events for quiet periods. We regard these numbers sufficier@iensities. The affected latitudes seem to depend on the la-
for retrieving statistically significant results. The difference tency after the substorm onset. During the third pass a quite
between the “before” and “after” passes reflects the averag@rominent density bulge at the equator emerges. An indica-
latitudinal wind velocity or density variations associated with tion of that process is evident already in the example pre-
a substorm onset. sented in Figl. In the subsequent Figt 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

www.ann-geophys.net/28/1207/2010/ Ann. Geophys., 28, 122P3-2010
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CHAMP 2001-2005, N=53, bin 1, Kp>4 CHAMP 2001-2005, N=63, bin 1, Kp>4
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Fig. 5. Differences of thermospheric density, data before a substorm onset are subtracted from dagaatftew (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 22.5h, 24.0h, 1.0h,
respectively. Red line: 0.25-1.25h after substorm offgeblue line: 1.75-2.75h aftefy; green line: 3.25-4.25h aftdy. The mean
uncertainty of the density curves40.1 x 1012 kg/m3.

in Fig. 5, for the mid/low latitude (left column) and the po- For the discussion of the mass density modification after a
lar profiles (right column). From top to bottom the curves substorm we start with the observations in the northern polar
represent the data subsets of the MLT bins 1,2,3 (se€2fig. region (right column of Fig5). The top frame contains the
The three curves in each graph show the average of the difebservations from the local time sector centred at 1 h west
ferences between the first, second, and third passes after tloé the substorm onset location. On the first pass after the
substorm onset to the curves bef@ie The color codes fol-  onset (red curve) we observe a broad enhancement reaching
low the scheme given in Fid. Subsequent passes are sepa-from 55 to 80° Mlat. On the second pass the density is ele-
rated by 93 min, respectively. The datasets for the polar andiated over the whole latitudinal range. The green curve (3rd
equatorial profiles are not based on exactly the same eventzass) exhibits a peak near°6Bllat and drops off consider-
because the MLT requirements for nighttime selection wereably towards high latitudes. This issue will be discussed in
applied to the entire length of each profile. Nevertheless, poSect.5.1

lar and equatorial mean variations agree rather well in the | pin 2, which is centred around local midnight, we find

overlapping parts. the largest mass density enhancements reaching about 20%

Ann. Geophys., 28, 120722Q 2010 www.ann-geophys.net/28/1207/2010/



P. Ritter et al.: Substorm-related thermospheric disturbances 1213
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Fig. 6. same as Figb, but for low magnetic activity (Kg2). Calculated mean MLT: 24 h.
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Fig. 7. Mean thermospheric wind velocity at low (left frame) and high (right frame) latitudes for&Kgf data subsets in bin 2. Black line:
orbit arc before substorm onsEf; red line: 0.25-1.25h after substorm on%gt blue line: 1.75-2.75 h aftéfy; green line: 3.25-4.25 h after
Tp- Calculated mean MLT: 24 h. The mean uncertainty of the zonal wind cur¢#e$5sn/s.

of the ambient value. All curves peak at®/Mllat. This in- 40° Mlat, on the next pass (blue) 20and finally both bulges
dicates the latitude where the main heating process may bpile up at the equator by the time of pass 3, about 4 h after the
assumed to take place. As expected, the largest and mostibstorm onset. When placing the heating region atwe!
confined density maximum is recorded on the first pass af-obtain an average propagation velocity of 650 m/s towards
ter onset. The blue, second curve shows again a broad erthe equator (travelling path: n2sa;- 74°/360= 8745 km,
hancement over all latitudes. The late, green curve reveals with rs5;= 67665 km being the mean satellite altitude on the
surprisingly peaked shape for which we will offer an expla- path from 74 Mlat to the magnetic equator; travelling time:
nation in Sectb. 3.75h on average). The timing uncertainty46d.5 h results
The substorm effect in the local time sector past midnightin an error of 15%.
(bin 3) is much reduced. In general we observe only narrow The minor equatorial density bulge of the red curve in the

peaks near 75Mlat. top frame is slightly unexpected. We will return to this fea-
The substorm related mass density observations at mid anéire in Sect>.
low latitudes (left column of Fig5) reveal a number of in- A comparison of the thermospheric density variations be-

teresting features. Most prominent is the density bulge at thdore and after substorms during magnetically quite periods
equator detected on the third pass after onset. This feature &p=<2) is shown in Fig6. Obviously the amplitudes of these
strongest around midnight but present also in the local timevariations are much smaller than those of the high activity
sector west of the onset location. Interestingly, we hardlydata in Fig.5. The pattern of density enhancement moving
find any density modification at mid latitudes in the past- from the North Pole to the equator with increasing time lag to
midnight sector (bottom frames). The sequential change othe substorm onset, however, can also be observed. The low
the curves in the two upper frames suggests an equatorwaraktivity curves show smoother variations. This is probably
propagation of the high-density bulge from both auroral re-partly due to the larger sample number of substorms for con-
gions. Atthe time of the red curve the front has reached aboutlitions with Kp<2. The subsets presented in Fégcontain
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CHAMP 2001-2005, N=83, bin 2 (MLT 0.0h), Kp<=2 CHAMP 2001-2005, N=110, bin 2 (MLT 0.0h), Kp<=2
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Fig. 8. same as Figz, but for low magnetic activity (Kg2). Calculated mean MLT: 24 h.

almost twice as many events as those for higher activity. Due At high northern latitudes the disturbance winds have a
to the marginal effect we will not discuss these low activity slightly different character. While equatorward of°Shey

results further. are weakly westward in all three local time sectors, the delta
_ _ _ wind at auroral latitudes tends to be directed eastward in
4.2 Thermospheric zonal wind disturbance MLT bin 1, varies around zero in bin 2, and exhibits a clear

o . ) ) westward component in bin 3. When relating these observa-
Similar to the density results we start with presenting the av+ions to the background winds shown in Fit(right frame)

erage background wind during the selected events. Positivg . may conclude that the sub-auroral westward winds are
velocities represent eastward winds. As shown for active pegnhanced by the substorm. Conversely, the high-latitude
riods in Fig.7 (left frame) we observe prevailing eastward \yestward winds are weakened in the late evening and sig-
winds at low latitudes on the night side that peak at the equapicantly enhanced in the post-midnight sector by substorm
tor. Poleward of 40 Mlat they switch to westward direc- activity.

tions. All four curves are close to each other indicating that At lower magnetic activities, shown for substorm events

substorms do not have a strong influence on the zonal Win%vith Kp<2 in Fig. 10, the disturbance wind patterns have
at mid latitudes. At high northern latitudes we find westward only small amplitudes. As these variations are of the order

. " . .
wind velocities peaklpg around 5&and 74 Miat. At 63 of the uncertainty range we do not subject them to further
Mlat the zonal wind dies down. ; :
. . . .__interpretation.

For comparison, the average zonal wind velocities during
the low activity substorm events are shown in Fg.

Figure 9 shows the difference curves of thermospheric . . .

i : . i 5 Discussion and conclusions

zonal wind velocity of the first three satellite passes after sub-
storm onset with respect to the pre-event condition at mid an

low latitudes (left column) and the polar profiles (right col- dI'he aim of this study is to identify the average thermospheric

. o mass density and zonal wind disturbances caused by a sub-
umn). As for the density curves in Fi§, the frames from . )
._storm over the entire range of latitudes. We used the mul-
top to bottom present the data subsets of the 3 MLT bins,.
titude of substorm events catalogued Bsey and Mende

and each graph contains the difference curves of the first . . .
second, and third passes after the substorm onset. The daé%%o(?f gg\clglng the period from the middle of 2000 to the

were sampled after substorms occurring during magnetically The input of energy and momentum from the magne

active periods (Kp-4). . X .
P (Kp4) tosphere into the atmosphere occurs during geomagnetic

As stated earlier the substorms-induced wind modifica- ; d subst ! iiv at high latitud In thi
tions are rather weak. At low latitudes we observe almos s_orms and substorms primarily at high fatitudes. in this re-

no deviation in all three local time sectors. At mid latitudes 9'°™ field aligned currents (FACs) connect the auroral iono-

most of the significant disturbance winds are found in theSphere with the magnetopause, the tail and the ring current

local time sector west of the substorm onset location. TheSyStemS'

westward component increases from approximately 20 m/s Duripg active. periods there is a cgntinuqus energy @nflux
on the first pass after onset to around 40 m/s on the third pas&/0m directly driven processes and impulsive energy injec-

Within the other time sectors no clear wind signature couldions from loading and unloading processes in the magneto-
be deduced. 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 dafg,adtelow (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 22.5h, 24.0h, 1.0h,
respectively. Red line: 0.25-1.25 h after substorm offgeblue line: 1.75-2.75h aftefp; green line: 3.25-4.25h aftd. The mean
uncertainty of the zonal wind curves4s7 m/s.

currents are routed through the nightside auroral ionospheréore, techniques other than plain correlations between activ-
(Caan et a].1975 Ritter and Lithr, 2008. ity indices and thermospheric effects are required. In the
As a consequence of magnetic activity the thermosphericswdy.'Oresented here, superposed epoch analysis is used with

o . 4 .Satellite data on a large number of substorm events for the
mass density is enhanced in the cusp region and near the rnld'etermination of the temporal and spatial evolution of ther-
night sector (e.gl.iu et al, 2005 Kwak et al, 2009, i.e. in P P

regions of the main Region-1 and Region-2 FACs footprints.mOSIOherIC disturbances caused by a substorm.
The cusp-related mass density anomaly has been studiesll Thermospheric mass density effects
in detail byRentz and Lihr (2008. Due to its directly driven
character the thermospheric effect in this region can be corFor our analysis we divided the nightside data related to

related straight-forward with the solar wind input. In the casesubstorms into two subsets, one containing all events dur-
of substorms we are dealing with discrete injection. There-ing periods of high magnetic activity (Kp4) and one that
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CHAMP 2001-2005, N=83, bin 2 (MLT 0.0h), Kp<=2 CHAMP 2001-2005, N=110, bin 2 (MLT 0.0h), Kp<=2
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Fig. 10. same as Fig9, but for low magnetic activity (Kg:2). Calculated mean MLT: 24 h.

9 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 windMdller 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

801 T

~
=}
T
I

@
=)
T
I

@
=)
T
I

p= pquiet+ OOlZAap

Mlat [deg]

I
S
T
I

where pquiet is the average density in [182kg/m?] 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 o7& 10~2kg/m?.
ok ‘ ] The actually observed difference between the black curves

° z “ % ue 1 in Figs. 3 and 4 (before substorm arcs) amounts t® &

10-12kg/m?3, which explains the influence of magnetic ac-
Fig. 11. Sketch of the longitudinal coverage by the various data tivity reasonably well.
subsets, selected by orbit sequence and bins. Red: 0.25-1.25 h after At high latitudes the differences between the black curves
substorm onsely; blue: 1.75-2.75h aftefo; green: 3.25-4.25h  jg smaller. In this region two processes are known to be
after Tp- Solid lines: bin 1; dots: bin 2; crossed lines: bin 3. Thg driven by Joule heating: (1) thermal expansion of the atmo-
p|_nk background marks the path of the TAD front deflected by Cori- sphere and (2) composition change. Vertical winds move up
olis force. heavier molecules (Nand Q) across pressure levels. At a
given altitude well above the heating region, the first effect
) o . always causes a mass density enhancement, while the sec-

contained only low activity substorms (Ki2). The finite  ond one may cause a density reduction due to a smaller scale
number of suitable substorms prevented a further breaknejght of the heavier particles. Both increases and decreases
down of the subsets. We also tested a classification by thgaye peen observed over active regidPisiss 1982 Prolss
auroral activity index AE, with AE500nT for active peri- ¢ al, 1988 Lei et al, 2010. This competition of effects
ods and AE200nT for quiet times, respectively. The re- may also explain the lack of density enhancement reflected

sulting thermospheric disturbances are very much the samgy the green curve in the upper right frame of Fat high
as shown in Fig5. Since AE is derived solely from Northern |4titudes.

Hemisphere measurements we prefer to use Kp for grouping petails of the substorm-related mass density disturbances
our data. The use of these two datasets facilitates a comparige presented in Figs. For the three different local time
son with earli_e_r th_ermospheric studies that sorted the data b¥eactors we see clearly the temporal/spatial evolution of the
the same activity index. density anomaly. The density bulges generated at auroral lat-
We present the average mass density distribution arounitudes propagate equatorward at an average speed of 650 m/s
midnight (bin 2) in Figs3 and4 for the events during active as travelling atmospheric disturbances (TADs). TADs occur-
and quiet periods, respectively. The shapes of the curves atng during times of magnetic activity have been reported
the two activity levels are quite similar, but the mean level is early (e.g.Prdlss 1982 1993 Prolss and @ko, 2000 and

w
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references therein). More recentByruinsma and Forbes line in Fig. 11) was deliberately chosen to cover LT bins 1
(2007 investigated the dynamics of TADs occurring in con- and 2. At the time of the second pass affg(blue lines) the
nection with the magnetic storm on 29 May 2003. However, TAD can be found in Fig5 at mid latitudes in bins 1 and 2.
in our study, we present TADs as a direct response to a subFhere is almost no effect in bin 3. When turning to Fig.
storm onset as seen by a LEO satellite. In the time sectothe TAD wave front (blue horizontal line) is crossed by the
around midnight we observe the clearest signal. The densitplue dotted and solid lines that correspond to bins 2 and 1
peaks occur first at P4Mlat, approximately 10 poleward  observations, respectively. The blue crossed line is east of
of the average onset latitude, and in longitude about an houthe disturbance zone, in accordance with the observations in
later in local time than the break-up. This implies that the bin 3. At the time of the third satellite pass (green curves)
main part of the energy may be dumped after the polewardhe TAD has reached the equator.
leap of the aurora in the sector around midnight. In the sector The largest effect is observed in bin2 and a smaller one in
past midnight (bin 3) substorms seem to have little effect onbinl (cf. Fig.5). Bin 3 is practically left unperturbed. This
the density. The dominantly downward directed FACs in thatobservation is not consistent with the prediction in Hid.
region are obviously less efficient in heating. The westward shift of consecutive CHAMP orbits should
For visualizing the dynamics of the thermospheric distur-have overtaken the westward propagation of the TAD. As
bance in an Earth-fixed frame we consider all six frames ina consequence, the crossed green line (bin 3) crosses now
Fig. 5 simultaneously. the TAD front at the equator, but the solid green line (bin 1)
This allows us to separate to a certain degree the temporaloes not (cf. Figll). This apparent discrepancy with the ob-
and spatial effects on the thermospheric mass density. Figservations can be reconciled if we assume a faster westward
ure 11 illustrates schematically the measurement setup aglrift of the TAD than the one caused by the Coriolis force.
seen from the ground. Successive CHAMP passes are sepM this stage we have no conclusive explanation to offer. A
arated by 23in longitude and proceed westwards. The ab- possible suggestion is that the heating region expands west-
scissa in Figllrepresents relative longitudes, i.e. for a given ward with increasing time after onset in accordance with the
event a certain constant value has to be added. Measurememg@stward travelling surge. This will cause the TAD front to
from the three local time sectors (bins) are marked by differ-be tilted slightly from north-west to south-east. Such a dis-
ent line styles. (bin 1: full line, bin 2: dotted line, bin 3: turbance front should have an additional propagation compo-
crossed line). Again, the colours of the lines indicate thenent in westward direction. Supporting evidence is provided
sampling time after the substorm onset. by Shibata and Schlegé1993 who report a wave propaga-
The results of the three local time bins may be interpretedtion oriented normally about 20t azimuth (i.e. 20 west of
as simultaneous measurements from three spacecraft flyingouthward direction) for atmospheric gravity waves excited
side-by-side, separated by°28 longitude. The pink shaded at auroral latitudes.
band marks the path of an equatorward TAD wave frontwhen When comparing the observed features with the TAD char-
the propagation speed and the Coriolis force are taken int@cteristics outlined in Sect, we find agreement in all three

account. The TAD path was determined using points: propagation velocity, westward drift and little ampli-
tude attenuation towards low latitudes on the nightside.

Am)=o(n)— Xn:(”E cosB—i)—vo0) 1 1 (1) Some of the curves in Fig‘p show unexpected varigtigns.
P rot vTAD | COSB0—n) For exa_mple the red one in the top left frame exr_ublts an
equatorial maximum right after the substorm. We interpret
where (1,0) denote longitudes and latitudes, respectively, this as a remnant of a substorm that occurred about 3 h before
and(Ao,600) are the starting values. The starting latitude for the considered everRitter and Liihr (2008 showed a recur-
the wave front is chosen 6§ = 74°, where density peaks oc- rence tendency of substorms every three hours during active
cur first (see Fig5). n is the distance the TAD has travelled periods. During quiet periods events are more isolated. In
equatorward in discrete steps Sflatitude. vg,,, denotes the  order to test this assumption we re-ran the superposed epoch
rotation speed of the Earth at the equator, 490 myds the  analysis for the binl dataset with isolated events only, i.e. no
rotation speed &l = 74°, vg,,, C090p)=135 m/s, whilevtap substorms occurred during a period of 4 h prior to the sub-
is set 650 m/s. Horizontal, coloured lines mark the positionstorm onset (for Kp-4). For this reduced dataset the air den-
of the TAD at the times of the first, second and third CHAMP sity amplitude near the equator of the first passes after the
pass after substorm onset. substorm onset is close to zero (not shown).

By comparing the observations in Figwith our straight- We may classify the presented TADs as large scale wave
forward predictions illustrated in Fig.1 we may get a better phenomena with a mean phase velocity of 650 m/s. Our re-
insight into the dynamics of the thermospheric disturbance sults can be compared with storm-induced large-scale travel-
For an observer on the ground the TAD is propagating equaling ionospheric disturbances (LSTIDBorries et al (2009
torward and westward. The latter motion is caused by thereported recently about LSTID observations over Europe.
Coriolis force. For verifying this motion we check Fi§. Their waves are also excited in the auroral region and propa-
The initial longitude of the substorm onset (red horizontal gate equatorward at a similar speed (680 m/s on average).
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5.2 Thermospheric wind disturbances and disturbed conditions (Kp4). Substorms during quiet
times have a negligible effect on the thermosphere. During

In order to bring the substorm-related disturbance wind intomagnetically active periods, however, a number of features
the context of prevailing winds we first have a look at the due to substorms have been identified.
latitude distribution of the average zonal wind around mid-
night for active and quiet magnetic conditions, as shown in 1. Mass density enhancements by about 15% occur first at
Figs.7 and8, respectively. From the comparison of the ac- auroral latitudes some 10n latitude poleward of the
tivity states it becomes obvious that a westward directed dis- ~ onsetin the local time sector 22—-01 MLT.
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 58Mlat the difference oscillates about
zero. This behaviour of the disturbance wind is consistent
with predictions derived from the recent DWMO7 empirical
wind model Emmert et al.2008.

It should be noted here that the difference of the wind pro-

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.

files before and after the substorm in Figsand8 is much 3. For an observer on ground the TAD front propagates
smaller than the delta zonal wind caused by enhanced back-  equatorward and westward. The effect of the Coriolis
ground activity. This impression is confirmed when looking force is not sufficiently large to support the observed
at the wind differences caused by substorms (cf. 8jg At westward displacement of the bulge at the equator. An

low and mid latitudes the clearest westward delta winds are additional westward velocity of the order of 150 m/s is
detected in the local time sector west of the substorm on-  required to explain the satellite measurements.
set. Variations in other local time sectors cannot be regarded

significant when considering the uncertainty4f0% of the 4. Substorms do not have a large influence on thermo-
wind estimates. As mentioned in Se22 CHAMP can only spheric zonal winds. However, overall magnetic activity
detect zonal winds. in the range of Kp=5 adds a westward wind component

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
(~2h after onset) show this effect best.

This signature implies that a substorm evokes a converg- 6. At high latitudes (poleward of 60Mlat) eastward dis-
ing delta zonal wind at auroral latitudes with a focus shortly turbance winds of the order of 20 m/s are recorded in
after midnight. Such a zonal wind pattern is consistent with the pre-midnight and midnight sector in response to a

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.

the simulation results dfujiwara and Miyosh{2009. Af- substorm. These converging zonal winds are associ-
ter a transient enhancement of the cross-polar cap potentialto  ated with the formation of TADs and they are accom-

60 kV, their general circulation model (GCM) predicts strong panied by strong equatorward winds, as GCM simu-
equatorward winds of the order of 300 m/s around midnight. lations predict Eujiwara and Miyoshi2006. In the

From their Fig. 2b we may deduce weak converging zonal  post-midnight sector we observe westward disturbance
winds as observed in our study. This wind pattern forms in winds of 50 m/s.
connection with TADs. _ .

Substorms occurring during magnetically quiet periodsThe results obtained here are regarded a suitable benchmark

have no appreciable influence on thermospheric zonal windOr testing ionospheric-thermospheric dynamics models dur-
ing magnetically active periods.
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