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Abstract. We present in a statistical study a comparisonthe thermosphere causing air upwelling and at the same time
of thermospheric mass density enhancemepts)) (with heating of the electron gas that pulls up ions along affected
electron temperaturef), small-scale field-aligned currents flux tubes.
(SSFACs), and vertical ion velocityV4) at high latitudes
around noon magnetic local time (MLT). Satellite data from
CHAMP (CHAllenging Minisatellite Payload) and DMSP
(Defense Meteorological Satellite Program) sampling the
Northern Hemisphere during the years 2002—2005 are used.
In a first step we investigate the distribution of the measured
quantities in a magnetic latitude (MLat) versus MLT frame. 1 Introduction
All considered variables exhibit prominent peak amplitudes
in the cusp region. A superposed epoch analysis was perthe thermosphere is part of the upper atmosphere and lo-
formed to examine causal relationship between the quanticated in the altitude range between about 90 km and 1000 km.
ties. The occurrence of a thermospheric relative mass denWe note that the exobase is located near 500 km altitude. The
sity anomaly,prel > 1.2, in the cusp region is defining an thermospheric dynamics is affected by many different com-
event. The location of the density peak is taken as a referplex processes and has a large variability in temperature and
ence latitude £ MLat=0°). Interestingly, all the considered density depending upon solar extreme ultraviolet (EUV) ra-
guantities, SSFAC,, andV, are co-located with the den- diation and geomagnetic disturbances. Its dynamics and re-
sity anomaly. The amplitudes of the peaks exhibit differentsponse to solar activity, including ionosphere—thermosphere
characters of seasonal variation. The average relative densigoupling, has been studied theoretically, experimentally, and
enhancement of the more prominent density peaks considebservationally for decades (e.g. Roble, 1988, 1997).
ered in this study amounts to 1.33 during all seasons. Aslhe influence caused by the dissipation of the solar wind en-
expected, SSFACs are largest in summer with average angrgy on the upper atmosphere was outlined in a comprehen-
plitudes equal to 2.56 uAN?, decaying to 2.00 HA MY in sive review by Pilss (2011). In particular, the morphology
winter. The event related enhancement&dndV, are both  and the dependence on the level of geomagnetic activity of
largest in winter ATe = 730K, V, = 136 ms1) and small-  density perturbations were presented. Also perturbations of
est in summerATe = 377K, V; =57ms L. Based on the air composition were investigated.dss (2011) indicated a
similarity of the seasonal behaviour we suggest a close relastrong correlation of density perturbations on the AE (auro-
tionship between these two quantities. A correlation analysigal electrojet) index and weaker on the Dst (disturbance storm
supports a linear relation with a high coefficient greater thantime) index and the interplanetary electric field at high lati-
or equal to 0.93, irrespective of season. Our preferred extudes.
planation is that dayside reconnection fuels Joule heating of Understanding the variability of the neutral mass density
and its relationship to upwelling ions in the high-latitude
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upper thermosphere is a crucial part of this research. Howsphere in different ways below and above 250 km altitude.
ever, the study of the neutral mass component was ofteMherefore, Streak is expected to observe very little density
limited or not taken into account because of a lack of suit-increase. Because of this difference in heating, Clemmons
able in situ measurements. Since, 2000 with the launch o€t al. (2008) interpreted the relative density depletions as
the CHAMP (CHAllenging Minisatellite Payload) and later counter-parts to enhancements in adjacent regions. The au-
the GRACE (Gravity Recovery And Climate Experiment) thors proposed a direct heating mechanism, caused by the
satellites it became possible to study thermospheric densitgusp precipitation, in order to explain density enhancements
in detail (Luhr et al., 2004; Liu et al., 2005; Schlegel et for both altitudes.
al., 2005; Bruinsma et al., 2006; Liu et al., 2011). Unfor-  Prolss (2008) has studied perturbations of the upper atmo-
tunately, GRACE (Tapley et al., 2004) does not provide elec-sphere using the DE-2 satellite (Hoffman and Schmerling,
trodynamic quantities, e.g. field-aligned currents (FACs) and1981) observations. Additionally the relationship between
electron temperature data; however, CHAMP (Reigber et al.density changes, temperature changes, and ion velocity in
2002) gives us a unique possibility to investigate these andhe cleft region were investigated. The unexpected decrease
neutral thermospheric density data simultaneously at somef thermospheric mass density (observed by DE-2 at about
400 km altitude above the ground. 350 km altitude) was explained by the heating of the lower
The CHAMP mission made the new and surprising ob-thermosphere, which creates divergent winds that reduce the
servation of localized peaks in thermospheric mass densitynass density locally. To explain the density enhancements
measurements. These air drag peaks were observed in botibserved by CHAMP the author suggested an altitude de-
hemispheres. lihr et al. (2004) were the first to empirically pendent mass density perturbation with a transition height
investigate these thermospheric density anomalies occurringetween 300 and 400 km above which the temperature effect
within the polar cusp region in some detail. The polar cusp iscauses a density enhancement. Earligy93r(2006) had re-
the dayside funnel-shaped region in both hemispheres, whengorted significant enhancements of the electron temperature
magnetosheath plasma has near-direct access to the lower @ithe upper cusp-related ionosphere. Soft electron precipita-
titude ionosphere (Russell, 2000). Also, the simultaneous oction and heat conduction were suggested as controlling pa-
currences of neutral density anomalies and ionospheric currameters depending on geomagnetic activity level and sea-
rents were observed in both hemispheres. Density anomaliesonal variations.
are mostly accompanied by intense small-scale field-aligned Rentz and kihr (2008), motivated by the above discussed
currents (SSFACs); thereforejibr et al. (2004) suggested open issues, performed a systematic statistical analysis of the
Joule heating associated with intense SSFACs as a primargusp-related density anomalies based on CHAMP observa-
source for the neutral mass density upwelling. tions for the years 2002—2005. The average density enhance-
Demars and Schunk (2007), motivated by the densityment distribution for both hemispheres is considered only
enhancements presented byihr et al. (2004) used a in the dayside auroral region, which covers the local time
high-resolution model of the global thermosphere (Ma andsector 08:00-16:00h in MLT and the latitude range of 60—
Schunk, 1995) and sought to reproduce the density anomal@0° MLat. Also geomagnetic storms were excluded from the
in the northern dayside cusp region. Their model used an ionpresented analysis. It was shown that the magnitude of the
neutral frictional heating approach, which led to the thermo-yearly averaged density enhancement decreases with the re-
spheric upwelling. The authors had to increase the heatingluction of the solar EUV flux level. It was also identified
factor artificially by a nonrealistic factor of 110 in order to that the solar wind and interplanetary magnetic field are pa-
reproduce a local doubling of the thermospheric mass denrameters that play a significant role for the formation of den-
sity at dayside polar latitudes. Their aim was to investigatesity anomalies. Enhancements of the merging electric field
the response of the neutral density on the heating rather thawere observed about one hour before the anomaly detection.
to study the heating mechanism itself. Rentz and ihr (2008) suggested Joule heating as the most
Clemmons et al. (2008) presented thermospheric denfavourable driving mechanism for the formation of the den-
sity enhancements in the southern cusp region observed bsity anomalies, where together with SSFACs the particle pre-
the Streak mission in the altitude range of 123-325km.cipitation was suggested as an essential part of the energy
The Streak mission (Clemmons et al., 2009) was accomdeposition mechanism.
plished during a ten month period in 2005-2006. Measure- Liuhr and Marker (2013) suggested an explanation for the
ments made by this mission, which has a lower altitudeoccurrence of prominent mass density peaks in association
than CHAMP (about 150 km), showed density depletionswith the ionospheric cusp, which is based on particle precip-
rather than enhancements, as observed by CHAMIRr(et itation. Comparisons of DMSP particle measurements with
al., 2004; Liu et al., 2005). Nevertheless, these observationthe FAC estimates from the CHAMP and drsted satellites
(Clemmons et al., 2008) were described as complementary tmade by Watermann et al. (2009) during the SIRCUS (Satel-
those of CHAMP and the differences were interpreted as arlite and Incoherent scatter Radar Cusp Studies) campaign
altitude effect. Clemmons et al. (2008) explained this effectshowed that high fluxes of cusp-type particle precipitation
by the precipitation of soft particles, which heat the thermo-are commonly accompanied by intense SSFACs. Therefore,
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the intense precipitation of low energy particles was regarde® Data set and observations
as the key process for controlling the location of the anomaly.
Rentz and fihr (2008) and Lihr et al. (2012) showed a The data sets used here are from the CHAllenging Minisatel-
strong dependence of the anomaly amplitude observed bijte Payload (CHAMP) satellite and Defense Meteorological
CHAMP on the merging electric field, which can be regarded Satellite Program (DMSP) F13 and F15 satellites. The obser-
as a proxy for both the reconnection rate and the cross-polayations presented in this study were sampled by the CHAMP
cap potential. satellite from March 2002 to March 2006 and by the DMSP
Liu et al. (2010) in contrast to Rentz andlhr (2008) stud- F13 and F15 satellites from March 2002 to December 2005
ied density anomalies only during geomagnetic storms forin the Northern Hemisphere. The magnetic coordinates MLat
the same time period (2002—2005). During this 4 yr periodand MLT used in this paper are based on the Apex coordi-
about 30 storm events were considered with Dst100nT.  hate system as described by Richmond (1995). Of interest for
A statistical analysis showed that the anomalies have sizes dhis study are the relative enhancement of the thermospheric
500-1500 km and dwell-times of less than 1.5 h. lon up-flowmass density, the SSFAC intensity, electron temperature, and
was suggested as a possible driving mechanism for thermdon vertical drift. The data acquisition techniques will be de-
spheric upwelling at high latitudes. scribed in the following subsections for each satellite sepa-
Burchill et al. (2010) investigated the relationship be- rately.
tween ion up-flow and precipitating magnetosheath electron )
energy flux based on observations delivered by the Cusp—z'1 CHAMP satellite data
gggi)szu;de'ggagg::t/g;dsg;c;il?ézaffﬁ?ofgigsegzlﬁttg; HAMP is_a German sate_llite mission for g(_aoscientific apd
emergéd from the relationship between ion up-flow and elec-, tmospherlc research, WhICh was Igunghed in July 2000 into
flux. A ding to thi hanism th I la_l cwcular,_near-polar orbit (87°.chl|ne_1t|0n) at 460 km al- _
tron energy Tiux. According fo this mechanism the paraliel | qq (Reigber et al., 2002) and continued to function until
glegtnc fields that are _estabhshed bY the soft electron partlc'September 2010. The satellite provides an excellent latitudi-
ipation determine the ions acceleration.

. . nal coverage of polar regions. Due to the given inclination it
Sadler et al. (2.0}2)'suggested a multl-gtep meChanlsr[Pakes eleven days for the orbital plane to sample one hour of
(soft electron precipitation in cooperation with ion up-flow) local time. Therefore it takes about 130 days to pass through
for the thermospheric neutral density enhancements abov

. : : &il local times when combining ascending and descending
me F—regtlﬁ n otiﬁerv;a]d by thebCII-|AMP s?]'gelrl:tg. ACtC%rIQ'Eg(;Oborbital arcs. The CHAMP scientific instruments, among oth-
these au dqrs ? Ct arge |mha atnge’bwtr"c |sﬁes Ia tls €d Ddrs are, a tri-axial accelerometer, a vector magnetometer, and
e expanding electron gas heated by the soft electron pre- planar Langmuir probe (PLP).

cipitation, pulls ions upward and then neutrals are draggeda The tri-axial accelerometer data with time resolution of

upwards by the momentum carried by the up-flowing ions. 10's (equivalent to a sampling distance~o76 km) are used

Of patrticular interest for our investigation are the density to calculate the thermospheric mass density. The basic equa-

anomalies and their relationship to the electron temperaturet1on of the acceleration (deceleration) produced by the air
SSFACs, and upwelling ions occurring at high latitudes in drag can be expressed as

the Northern Hemisphere. This paper provides the first de-
tailed comparison of CHAMP (neutral density, electron tem- _ CdAet 5 1)

perature, SSFACs) and DMSP (ion vertical velocity) satellitea ~ o PV

observations, which have been made during 4yr of continyherea is the measured acceleration (decelerati@hy,is

uous measurements, 2002 to 2006. In order to represent th@e drag coefficient vector with different values for along-
influence of different atmospheric conditions, the obtainedtrack and cross-track directionde is the effective cross-

results are sorted into three local seasons (winter, combinegectional area in the ram directiom, is the satellite mass

equinoxes, sgmmer). _ ~ (m ~500kg), p is the thermospheric mass density, anis
Section 2 introduces the satellites used and processinghe total speed of the satellite. The thermospheric mass den-

steps applied to the given data set. Section 3 presents a stgity p can be solved from Eq. (1), because all other quantities
tistical analysis of the density anomaly, electron temperatureare known or measured (Doornbos at al., 2010),

SSFAC intensity, and ion vertical drift. A systematic survey

of the data set based on a binning approach and the supep= ————a-v, @)

posed epoch analysis (SEA) are presented in Sects. 3.2 and CaAeftv

3.3, respectively. There follows a correlation analysis be-wherev is the unit vector for velocity in the ram direction.

tween electron temperature and vertical ion drift variations The FAC density is derived from the CHAMP magnetic

(Sect. 3.4). In Sect. 4 different density enhancement scenaffield measurements (Wang et al., 2005; Rother et al., 2007).

ios are discussed. Finally, the main results of our study arer'he standard approach for deriving FACs from single satel-

summarized in Sect. 5. lite observations (lihr at al., 1996) is based on the Ampere—
Maxwell law
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of the cross-track horizontal ion flow and the vertical ion flow
V; (Rich and Hairston, 1994). The F13 and F15 vertical ion
flow data are available at the DMSP SSIES data distribution
webpage lfttp://cindispace.utdallas.edu/DM3$RL the Cen-

ter for Space Sciences at the University of Texas at Dallas
and are provided at a 4 s resolution. This corresponds to a
spatial resolution of- 30 km considering the spacecraft ve-
locity of 7.45km s 1. All the DMSP data used here have the
IDM best quality number, equal to 1 (for more details see
http://cindispace.utdallas.edu/DMSP/intro.jitm

CHAMP, 28/Jul/2003, Northern Hemisphere

MLat 90 70 50
MLT 953 1547 2112 3 Statistical results
UT 15:05 15:27

Fig. 1. Example for the background density and relative density en-3'1 Data selection and processing approach

hancement determination procedures. The blue line indicates deri-n order to characterise the high-latitud tral d it
sity from CHAMP data, the dashed black corresponding model den- . gh-latitude neutra . ensity
sity from NRLMSIS-00, the dashed cyan the linear bias function, a_nomal_'es_ mea_sured t_)y CHAMP’_ we used the relative den-
and the red line the calculated backgromgek= PMSIS + Obias sity variations since this quantity is less dependent on sam-
pling height (CHAMP orbit decayed from 460 to 320 km)
and from the seasonal scale height variations. We adopted
the definition for the relative density enhancement, as speci-
fied by Rentz and ithr (2008)

j= £ B, (3)
o Prel = ) (%)
and applied to satellite data Pback
1 9B yvhere,o is _the density derived f_rom the CHAMP read-
j2= -y (4) ings according to Eq. (2), anghack is the background den-
Movx 0t Sity pback= PMsIS + Pbias HEre ppias is a linear bias func-

tion derived from the difference between observation and
model density, angyss is the NRLMSISE-00 (Naval Re-
search Laboratory Mass Spectrometer and Incoherent Scat-

Here uo is the vacuum permeabilityy is the velocity per-
pendicular to the current sheet, aBglis the magnetic com-

ponent parallel to the current sheet in the projected xy plane ; i i )
The SSFAC densities used here are calculated at a rate &ff) Modeldensity (Picone etal., 2002). The technique of bias

1Hz and have a spatial resolution 6f7.6 km. The addi-
tional CHAMP observation considered is the electron tem-
perature derived from the PLP measurements with a tim
resolution of 15s (Rother et al.,
spatial resolution of- 115 km.

2.2 DMSP F13 and F15 satellite data

density determination has been applied to every CHAMP
satellite orbit. We use an orbit arc stretching from 49 t6 49

Hf MLat across the geomagnetic pole. The differences in den-
2010). This corresponds to Sity between the model and observations are taken at the end

points 49 and 49 MLat and at the highest MLat point of or-
bit. The two linear functions between these three values are
regarded as the bias densityas (Fig. 1).

FACs are an important mechanism for transferring en-
DMSP is a long-term operational meteorological, oceano-ergy to the high-latitude ionosphere. It was shown that den-
graphic, and solar-terrestrial physics program of the US DoDsity anomalies in the cusp region are accompanied by SS-
(Department of Defense). The DMSP F13 and F15 satellite$=ACs during both quiet (tthr et al., 2004; Ritter andilhr,
were launched in March 1995 and in December 1999, re22006) and active (Liu et al., 2010) geomagnetic periods. The
spectively, into circular, Sun-synchronous, near-polar orbitsSSFACs have a filamentary structure and vary rapidly be-
(9% inclination) at 840 km altitude and continue to function tween positive and negative values. Because of this fluctuat-
to present. Both satellites have an orbital periogdf02 min ing character we use the root mean square (RMS) values of
and fixed local times with F13 in a roughly dawn—dusk ori- the SSFACs to represent their intensity. We calculated RMS
entation and F15 in the 09:00-21:00 h local time sector. Thevalues from intervals of 18 s at distances of 10s.
F13 and F15 scientific instruments, among others, include The electron temperature data derived from CHAMP and
the special sensor ions, electrons, and scintillation (SSIES)he vertical plasma drift data derived from DMSP F13
thermal plasma analysis package. and F15 satellites are used as provided. Nevertheless, the

We are particularly interested in the measurements take®MSP IDM data come with a quality IDM number from

by the ion drift meter (IDM), which provides measurements 1 to 4, referring to good, caution, poor, and undetermined,

Ann. Geophys., 31, 541554, 2013 www.ann-geophys.net/31/541/2013/


http://cindispace.utdallas.edu/DMSP/
http://cindispace.utdallas.edu/DMSP/intro.htm

G. N. Kervalishvili and H. L thr: Relationship of pr with Te, SSFACs, and ion up-flow 545

2002 2003 width of 2° in MLat. Ea_ch ring is sgbdivi.ded into equal-arga
o | e | Peymee | sy rvreeys —_— : bins starting from the innermost ring with 6 sectors and fin-
b o -J B ishing with the outermost ring with 120 sectors. Therefore,
— =-|= . =_|ﬂ-| eachN-th ring is subdivided intaV x 6 sectors and each bin
I ] JL has an area of about 220232 km. The readings gfel, e,
1 Y [Combined Equinoxes P—r SSFACs, and/; are binned according to the satellite posi-
1%t Jul£65 Days 15t Apr32 Days 15t Jan£65 Days tion in MLat and MLT coordinates, after having subdivided
1 Oct+32 Daye the data into the three local seasons. Finally, the bin-averaged
2002 median values are used to present the statistical properties of

: . ) the given data in the MLat-MLT frame (Figs. 3 and 4).
Fig. 2. The seasonal subdivision shown for the year 2002 in the Figure 3 shows the resulting distribution of the relative
Northern Hemisphere. Three seasons of about 130 days each a(r]e it | SSFAC d elect t oy
shown: local winter (1 January65 days); combined equinoxes ensity anomalyorel, » ana electron temperature

(1 April +£32 days and 1 Octobe32 days); local summer (1 July from top to bottom, respectively, for the three local seasons:
+£65 days). winter, combined equinoxes, and summer from left to right.

The density anomaly peaks (top row) appear in every sea-

son and their amplitudes show practically no seasonal de-

respectively. The vertical velocity data used here have allPendence. However, their locations tend to expand from win-

IDM quality 1. ter to summer more towards the equator and in local time
To examine seasonal variations we subdivided the availthey have a width of about2 h centered at 12:00 MLT. This

able data into three seasons of about 130 days each, loc&Pnfined dayside cusp signature of the density anomalies is
winter (1 January:65 days), combined equinoxes (1 April clearly visible in all three seasons. During winter the den-
+32 days and 1 October32 days), and local summer (1 July Sity anomaly peaks are located betweeft @3d 80 MLat,
+65 days). The interval of 130 days corresponds to the timevhich expand to about 64-8MLat towards the summer.
needed by CHAMP to visit all local times. Figure 2 shows |n addition to these major peaks there are secondary maxima
as an example the seasonal subdivision for the year 2002 iWith values well above the ambient level, which are observed
the Northern Hemisphere. As can be seen, the local wintef" the midnight/premidnight region at about°MLat. The
for 2002 is centred at 1 January 2003. This is done to avoidntensity of these peaks shows some seasonal dependence:
a combination of largely separated parts from January antrong to week from winter to summer. These enhancements
December 2002 with quite different geomagnetic and solathave been related to the substorm process by Liu et al. (2005)
conditions. and studied by Ritter et al. (2010). Interestingly, there are
To investigate the statistical properties and to obtain thedlso mass density depletions observed. They are most promi-
internal relationship between density anomaly, electron ~ nent in the dawn sector and visible in all seasons. Conversely,
temperaturde, SSFACs, and vertical velocity,, statistical ~ On the dusk side we find a seasonal dependence. Here we ob-
surveys based on a binning procedure (Sect. 3.2) and a supeerve a density enhancement during winter and depletion in
posed epoch analysis (SEA) methods (Sect. 3.3) are appliegummer. These density structures are probably caused by the
However, only the Northern Hemisphere is taken into con-combined action of Joule heating and thermospheric circula-
sideration because DMSP satellites cover the cusp region iffon. However, a detailed discussion of this topic is beyond

the Southern Hemisphere very poorly. the scope of this paper.
Enhanced SSFAC activity can be observed in the dayside
3.2 The spatial distribution of the anomalies cusp region covering about 4> latitude, between 74and

80° MLat, and stretching along local time, between 06:00
In this section, we present an investigation of the statisticaland 14:00 MLT (Fig. 3, middle row). The current density
properties of the density enhancemepts, electron tem-  shows strong seasonal intensity variation from weak in win-
peratureT,, SSFACs, and vertical velocity;, which cov-  terto strong in summer. Electron temperature is shown in the
ers 4yr of CHAMP (March 2002—March 2006) and DMSP bottom row of Fig. 3. Also, here strong seasonal variations
(March 2002—-December 2005) measurements. The survegre evident in the dayside cusp region. They are superposed
results are presented in MLat versus MLT dial plots reach-on the strong background temperature increasing from win-
ing from 49 to 89 MLat. They are based on a binning proce- ter to summer.
dure similar to the one applied byabr et al. (2007). We take Figure 4 shows bin-averaged median values of ion vertical
into consideration measurements made by satellites aboveelocity V, for the DMSP F15 (Fig. 4a) and the DMSP F13
49 MLat, since we are interested in high-latitude features.(Fig. 4b middle row) satellites. Local seasons are presented
The MLat—MLT coordinate frame is used here to present thein the same way as in Fig. 3. As expected, DMSP satellites
bin-averaged results, which cover the 24 h of MLT and 40 do not cover the full MLat-MLT frame, because of their Sun-
of MLat. The given area is divided into 20 concentric rings synchronous, fixed local time orbits. Fortunately, both F13
centered on the geomagnetic pole. Each of these rings hasand F15 satellites provide good coverage of the cusp region.

www.ann-geophys.net/31/541/2013/ Ann. Geophys., 31, 58%4, 2013
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CHAMP, Mar/2002-Mar/2006, Northern Hemisphere
12h 12h 12h

SSFACs [pA/m?] Pre

T.[K]

00h
Local Winter Combined Equinoxes Local Summer

Fig. 3. The bin-averaged median values of density anomgaly SSFACs, and electron temperatdiefrom top to bottom, respectively, for
the three local seasons: winter (left column), combined equinoxes (middle column), and summer (right column). The white circles mark the

MLat at 10 spacing.

The quality of the cusp region coverage can be improved bycan be seen at dayside latitudes for all three seasons. Ac-
combining F13 and F15 observations (Fig. 4b bottom row). cording to Hartman and Heelis (2007) the upward flow in the
Although both satellites show on average positive, upwardpolar cap region could arise from uncertainties of F15 alti-
flow in the cusp region, this is about twice as high in the tude pointing. The authors have estimated this uncertainty in
case of F15 (Fig. 4a) and there is a different seasonal deperthe equatorial region and found out that it results in veloc-
dence of vertical ion velocity in the cusp region: F13 showsity biases of 70ms! to 140 ms1, which could explain the
a stronger seasonal variation than F15. In the cusp region thebserved differences in velocity. To solve this problem for
F13 observations indicate the positive ion up-flow intensitiesour study we have applied another procedure, which is based
that decrease from strong to week from winter to summeron a comparison with F13 data (Wang et al., 2012). Namely
(Fig. 4b, middle row). A positive up-flow is observed also we have used the F13 data as a reference and have rescaled
in other regions during winter and the equinox, while in lo- the F15 data applying a linear relationship, which is derived
cal summer the positive upward flow is present only in thefrom a correlation of overlapping F13 and F15 satellite read-
cusp region. In the polar cap the ion drift is downward at all ings. Median values are taken only from bins to which both
seasons, as expected (Coley et al., 2006). A somewhat diffeisatellites have contributed. Outliers were rejected based on
ent picture emerges in Fig. 4a from F15 observations. Duringheir standard deviation values. After the third iteration the
equinox and summer the expected downward drift is not obfollowing linear scaling expression has been derived for the
served in the polar cap region. Also, high intensity stripesion vertical velocity in m st

Ann. Geophys., 31, 541554, 2013 www.ann-geophys.net/31/541/2013/
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a) DMSP F15, Mar/2002-Dec/2005, Northern Hemisphere
12h

06h

F15, V,[m/s]

00h
b) DMSP F13 and F15 (rescaled), Mar/2002-Dec/2005, Northern Hemisphere

X 1402 12h

1.63,
O,T?I

-0.10

06h

F15, V,[m/s]

06h

F13, Vz[m/s]

06h

Merged, V,[m/s]

Local Winter Combined Equinoxes Local Summer

Fig. 4. The bin-averaged median values of ion vertical velocity for the three local seasons: winter (left column), combined equinoxes (middle
column), and summer (right columr{z) DMSP F15;(b) rescaled DMSP F15 (according to Eq. 6), DMSP F13, and their merged plots from
top to bottom. The white circles mark the MLat at’1§pacing.

SEA analysis in Sect. 3.3. As we can see from Fig. 4b (top

p— " row) the rescaled F15 data_shows downward ion drift in the
vz =084V, —1137 (6)  polar cap, as expected, during all seasons. The merged plots

f F13 and F15 satellites data are shown in Fig. 4b (bottom

with a correlation coefficient 0.93. These rescaled values o ow)

F15 (Fig. 4b, top row) ion vertical velocity are used for the

www.ann-geophys.net/31/541/2013/ Ann. Geophys., 31, 58%4, 2013
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CHAMP, Mar/2002-Mar/2006, Northern Hemisphere

pr
rel

Sample Number for p

Local Winter Combined Equinoxes Local Summer

Fig. 5. Sample number distribution per bin fpfgl normalized by the number of passes over that bin is shown for the three local seasons:
winter (left column), combined equinoxes (middle column), and summer (right column). The white circles mark the MPaadng.

We can easily identify the cusp signature at all seasons andlose approach demands that: (a) DMSP passes the reference
in all quantities shown in Figs. 3 and 4b. The density anomalylatitude at a universal time withig-0.5 h of the reference
has a clearly visible confined dayside cusp signature (Fig. 3time; (b) ion velocity,V,, data must fall in at5° MLat by
top row). Also SSFACs, electron temperature, and ion ver-+1 h MLT window centered at the reference location of the
tical velocity show a confined stretched shape of maximumanomaly. lon vertical velocitiesy; used here for the SEA

value distributions in the cusp region. analysis include readings from both the F13 and F15 satel-
lites. The used/J 15 values have been rescaled according to
3.3 The spatial correlation of the various parameters Eq. (6).

. . . . . Figure 6 shows the average latitude profiles @,
To investigate the relationship between the various pre-gspacs 7, andv; values with respect to the reference lat-
sented quantities in more detail we have performed a Suy,qe separately for local winter, combined equinoxes, and
p_erposed epoch analysis (SEA) between thermosphenc de,'lbcal summer (from left to right). The error bars represent
sity anomaly, SSFACs, electron temperature, and ion Verlithe standard deviations of MLat bins. The reference MLat
cal drift. The time and location of the peak in thermosphericpomt defined by th@prl maximum, is presented asMLat
1 re 1

mass density from CHAMP data are used as reference pgsq | o zero. Positive values on this scale represent poleward

rameters for the SEA method. _ latitude. The mean density enhancement shows peak values
We take into account only prominent (pr) density enhance-q¢ 1 33 and no seasonal variations (Fig. 6, top row). As ex-
ments,orel With values larger than 1.2 pected, cleaprperI peaks can be identified at all three seasons.

pr_ thr _ Mean seasonal variations of SSFACs related to the density

Prel = Prel > Prg| = 1.2. (7) A
anomaly are shown in Fig. 6 (second row). There are pro-

Such a density anomaly threshold (thr) has earlier been usedounced peaks betweenl® and 0 AMLat at all seasons.
by Liu et al. (2010). Figure 5 shows the sample distribution The seasonal dependence of SSFAC intensity is observable
of pferl separately for the seasons. Here the sample numbewith increasing amplitudes towards local summer. The RMS
of ply per bin is normalized by the number of passes overvalues are equal to 2.00, 2.38, and 2.56 wArfor winter,
that bin. As we can see, the density anomaly shows a clearlfombined equinoxes, and summer, respectively. Therefore,
confined cusp signature at all seasons. the intensity has increased by 19 % and 36 % in equinox and

Time and location of the prominent density enhancemengummer, respectively.
phy define the “reference time” and “reference latitude” if the ~ Figure 6 (third row) presents the derived latitude profiles
anomaly falls into the window confined to 08:00-16:00 MLT ©f electron temperature. As expected, the seasonal depen-
and 60—80MLat. We have treated these events separatelydence of the temperature is evident, but alsbegeak at
for northbound and southbound passes, but afterwards thedge reference latitude can be identified. The total tempera-
results were joined. Around every density anomaly we con-ture increases towards summer including the peak value at
sider a data interval a4 min (£1800 km arc length). Con- 0°AMLat, while the shape of this peak changes from rela-
current CHAMP measurements of SSFAC and electron temiively high and narrow in winter to low and broad in summer.
perature for all the events are stacked, centered at the refer- Figure 6 (last row) presents the SEA profiles of the ion
ence latitude, and then the average curves are resampled ¥rtical velocity at DMSP altitude. The strong seasonal vari-
1° in MLat. For the consideration of ion drift from DMSP, ation of the velocity peak at the referencé AMLat) can be
only observations from close approaches have been used. #€€n. The maximum velocity decreases by more than 50 %
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Fig. 6. The superposed epoch analysis results for latitude profilggepf SSFACS,Te, and V; values from top to bottom, respectively,

for the three local seasons: local winter (left column); combined equinoxes (middle column); local summer (right column). The error bars
represent the standard deviations ®MLat averages. Used data covers 4 yr (March 2002—March 2006) of CHAMP and 4 yr (March 2002—
December 2005) of DMSP observations in the Northern Hemisphere.

from winter to summer. It is equal to 136, 102, and 57ths  Table 1. The full latitudinal width at half maximum (FWHM) of

in winter, combined equinoxes, and summer, respectively. prel, SSFAC,Te, andVz in the Northern Hemisphere covering 4 yr
An important observation, clearly visible at all three sea- (March 2002-March 2006) of CHAMP and 4yr (March 2002-

sons in Fig. 6, is that all considered variables show a cleaPecember 2005) of DMSP observations for different local seasons.

peak centered at thé AMLat, which was defined according

to phy at CHAMP altitude. Also, for all discussed variables _S€asons prel ] SSFAC[P]  Tel®] Vz[°]
the presented SEA results show the same seasonal depentocal winter 6 5 5 5
dence, as they were evident in Figs. 3 and 4. The possible re-Combined equinoxes 6 6 6 4
lationship derived from the SEA between the quantities Local summer 6 6 7 5
SSFACs T, andV; will be discussed in the subsequent sec-

tions.
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Fig. 7. Electron temperature ris&Te (top row) and ion vertical velocity; (bottom row) with the background removed for the three local
seasons. Data are the same as in Fig. 6.

3.4 Similarity between electron temperature and verti-  exactly at the same locations, and thus the temperature peak
cal ion drift variations is somewhat smeared out by the SEA. This seems to be most
prominent during summer season.
Before we focus on the electron temperature seasonal varia- A comparison of the electron temperature with the ion ver-
tions, emerging from the SEA analysis, we calculate the fulltical velocity is the next logical step. Figure 7 shows curves
width at half maximum (FWHM) of the peaks atAMLat of the electron temperature riael, and ion vertical velocity
shown in Fig. 6. The FWHM is a statistical characteristic of v, where the background values are removed (see discussion
the horizontal scale size. The results are listed in Table 1 folabove) for the different seasons. We can clearly identify the
the values oforel, SSFAC,Te, and V. In order to calculate same seasonal variations for both of them. Their peak inten-
FWHM, the background values have to be removed from thesities decrease towards summer by 20 % and 48 ¥ ffy
curves presented in Fig. 6. This is done by using a linear in-and by 25% and 58 % foV, in combined equinoxes and
terpolation taken between the two minimum values at differ-local summer, respectively. The similarity we find suggests
ent sides of the reference latitude (MLat). An exception  that there may be a certain linear correlation between elec-
is the case of vertical velocity, where all the negative valuestron temperature and ion vertical velocity variations.
from the polar cap region are replaced with zeros. Derived Table 2 lists the linear regression functions= a ATe+b
values are then normalized by their maxima. This means thand correlation coefficients separately for the local seasons
peak has a value equal to one, and therefore the MLat widtland for a combined analysis (last row). Heseis a slope
at 0.5 is equal to FHWM. As we can see from Table 1, theandb is an offset of the regression line. The linear regres-
FWHM values show practically no seasonal variation and aresion and correlation coefficients are calculated using data
about 6 for prel and SSFAC, and about %or V,. The elec-  around the peak location from5 to 3 AMLat in Fig. 7.
tron temperature FWHM value shows a slight increase to-For different seasons the slope varies between 0.22 n{sK)
wards summer from 5 to°7 This together with Fig. 6 (third and 0.24 m (sK)?, and offsets vary betweea21 ms?! and
row) suggests that the peak value of the electron tempera-38 ms1. The correlation coefficient varies between 0.93
ture rise decreases and smears out from winter to summeand 0.96 among seasons and is highest at local winter, when
Electron temperature features in the cusp region have ealemitting two outliers (Fig. 8). If we make a correlation anal-
lier been studied by Biss (2006). He also found a confined ysis using the data from all seasons together (without two
Te enhancement in the cusp region with a mean value of theutliers), the convincing linear regressign= 0.23ATe—31
FWHM of about 4 in latitude. This is somewhat less than with a correlation coefficient 0.96 emerges. Figure 8 shows
the width reported here. From the difference between the re-
sults we conclude that the mass density @ngdeaks are not
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Table 2. Correlation analysis between the ion vertical velodifyand electron temperature riaefe in the Northern Hemisphere. The linear
regression function¥z = a ATe + b and correlation coefficients for the seasons separately and for all seasons togethes, istzestope
andb is an offset.

Seasons Vz;=aATe+b Correlation coefficients
ms Y =[msKH YK +[ms]
Local winter a=022b=-21 0.96
Combined equinoxes a=024,b=-38 0.95
Local summer a=022;b=-27 0.93
All seasons together a=023h=-31 0.96
correlation analysis results for all local seasons together with Northern Hemisphere

and without the two outliers, which come from local winter. 160
— Without Outliers
corr = 0.96

120

4 Discussion
80

[m/s]

The main purpose of this paper is to present the relation->"
ship of the thermospheric density anomaly with small-scale 40
FAC, electron temperature, and ion vertical velocity using

ece=
P
e

4 yr of observations from CHAMP and DMSP in the North- 0 oo T e Lt
ern Hemisphere. The statistical study allows us to have a 0 200 400 600 800
closer look at the seasonal variations of the coordinated AT, [K]

CHAMP and DMSP data at two different altitudes (400 km

and 840km). An important finding of the SEA analysis is and electron temperature rig€fe in the Northern Hemisphere. The

that the ionospheric quantities SSFAG,and Vz exhibitlo-  eqression line and correlation coefficient (“corr”) apply to the total
cal maxima in close temporal and spatial vicinity to the massgata set independent of season.

density peak in the cusp region. However, there are differ-
ences in intensity variations of the seasonal behaviour be-
tween the SSFACT,, andV; curves, whileoye Shows no sig-
nificant seasonal variation (Fig. 6). Namely, the peak inten-ing disturbed conditions (Blss, 2008). The author suggested
sity of the SSFAC tends to increase towards summer, whileghe electron density drop as the main cause for the electron
V, decreases. In general, the total electron temperature vatemperature enhancement. We plan to investigate this inter-
ues also increase from winter to summer, but the behaviouesting effect in a later study using CHAMP electron den-
of the temperature enhancement an®Lat is somewhat sity and electron temperature data. Sadler et al. (2012) con-
different (Fig. 6, third row). cluded, based on a single event observed by the CHAMP and
Another important finding is the close similarity between FAST (Fast Auroral Snapshot) satellites and by an enhanced
electron temperature and vertical ion drift variations in the data simulation, that soft electron precipitation caugsesn-
cusp region. A high degree of correlation (Fig. 8) suggestshancement, and in cooperation with ion up-flow it is a possi-
that there could be a causal relationship betwiéesndA T, ble driver also for mass density upwellingi(hr et al., 2004)
which varies only little from season to season (Table 2). Thein the cusp region.
possible relationship between these two variables was ear- Rentz and lihr (2008) and bihr and Marker (2013) sug-
lier discussed, e.g. by Moen et al. (2004) and Strangeway egested Joule heating as the primary driving mechanism for
al. (2005) based on observations made on 20 December 1998e density anomalies observed by CHAMP at high lati-
and between 24 and 25 September 1998 during geomagnettades during moderately active and quiet geomagnetic times
storms, respectively. Electron precipitation was suggested a2002—-2005). SSFACs and particle precipitation were identi-
the controlling parameter for ion upwelling, based on elec-fied as energy deposition mechanisms. Liu et al. (2010) stud-
tron heating and an associated ambipolar electric fiellsPr ied density anomalies in the polar cap during geomagnetic
(2008) investigated the correlation between density changestorms (2002—-2005) and showed that half of the events are
temperature changes, and ion velocity perturbations usingot directly accompanied by SSFACs. The authors suggested
DE-2 satellite observations. In most of the considered casean ion up-flow mechanism as an alternative driver for neutral
the electron density decrease was observed at the location afpwelling.
the temperature enhancementiBs, 2006, 2008). Addition- Our investigation is not limited to certain geomagnetic
ally an increase in the vertical ion velocity was observed dur-conditions, the density anomalye at high altitudes was

Fig. 8. Correlation analysis results between ion vertical velogity
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observed by the CHAMP satellite during both quiet and ac- 2. The mean amplitude of the prominent relative density
tive geomagnetic conditions. Therefore, in our SEA analysis enhancement peak shows no seasonal variations and
we take into account only prominent mass density enhance-  amounts tqoly ~ 1.33.

ments,o", (Eq. 7), for event selection.

Our preferred suggestion is that intense soft particle pre- 3. The dependence of the small-scale FAC intensity on
cipitation has several effects influencing the ion and neutral ionospheric conductivity causes an increase of the
dynamics in different ways. But still, the two phenomena, SSFAC peak values towards local summer. The RMS
neutral upwelling and ion up-flow occur at the same time and value is equal to 2.00 uA T in local winter and ex-
same location, as our study has shown. On the one hand soft  hibits a 19 % and 36 % increase in combined equinoxes
electron precipitation creates a conducting layer well above  and local summer, respectively.
the E-layer (100-130 km). Intense Joule heating fuelled by
SSFACs causes a significant temperature increase at altitudes4. Values of electron temperature enhancementy,

below 200 km, as shown byilbr and Marker (2013). The strongly decrease towards local summer. They are equal
hot air parcel then starts to lift up air and causes the mass to ~ 730K in winter and decrease by about 20 % and
density anomaly at CHAMP altitude. Another effect of the 48 % during combined equinoxes and local summer, re-

intense electron precipitation is heating of the electron gas  spectively.
in the auroral acceleration region. These hot electrons can
expand rapidly along the magnetic field lines. As an effect 5. The mean vertical plasma velocity, shows a pro-
the plasma scale height is significantly increased in these  nounced seasonal variation with a strong decrease by
flux tubes due to intense heatflux, which accelerates the ions  more than 50 % of its peak value over the seasons, and it
moving upward. Further down in the ionosphere the elec- is equal to 136, 102, and 57 msin local winter, com-
tron cooling mechanisms become effective (e.g. Schunk and  bined equinoxes, and local summer, respectively.
Nagy, 2009), slowing down the vertical ion acceleration. The
electron cooling mechanisms depend strongly on the ambient 6. There exist a clear linear relationship betwéénand
ion density. In the cusp region the plasma density is strongly ~ ATg, which varies only slightly from season to season
enhanced during summer months compared to winter. This  (Table 2). Taking all seasons together, the following lin-
may well explain the largeATe enhancement and vertical ear regressiofir; [ms~1]=0.23A T, — 31 emerges with
ion drift at wintertime. a correlation coefficient 0.96.

When taking the relationship betwe&T, and V, shown
in Fig. 8 literally, the vertical velocity is increased by 1 mts ~ We suggest a common driver for the density anomaly and
for every 5K electron temperature rise. Furthermore, thethe ion up-flow in the cusp region. The root cause for both is
electron temperature enhancement has to surpass 150 K bBagnetic reconnection at the dayside magnetopause. Result-
fore the ions are lifted up. A detailed discussion of the mech-ing soft electron precipitation enhances the ionospheric con-
anisms causing the ion up-flow will be part of a follow- ductivity, which allows for strong heating and upwelling of
up paper. Also any quantitative assessments of the relatiodir parcels. At the same time precipitating electrons heat the
between electron temperature rise and vertical plasma drifelectron gas, which causes an uplift of the plasma. Although
should await confirmation by the Swarm constellation mis-the two effects occur concurrently in the cusp region, the

sion, which will provide measurements of all the consideredmechanisms for moving the neutral and the charged particles
quantities (Friis-Christensen et al., 2008). may be quite different, as reflected in the different seasonal

variation. Further studies are needed to fully understand and

) explain the mechanisms.
5 Conclusions
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satellites in the Northern Hemisphere. The main conclusions
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