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Abstract. A data set of the Cluster cusp crossings over a 5-region in the magnetopause are likely to have some effect on
year period is studied for the interhemispheric comparison ofthe position of the cusp, the response of the two cusps should
the dipole tilt angle effect on the latitude of the mid-altitude be different.

cusp. The result shows that the dipole tilt angle has a clear |t has been theoretically predicted that the cusp would be
control of the cusp latitudinal location. Although, the north- gayeral degrees lower in the hemisphere whose dipole axis
ern cusp moves 0.084LAT for every 1° increase in the  pointed away from the solar wind ram velocity direction
dipole tilt angle at the mean altitude of 32, the southern  (choe et al., 1973). Based on the OGO4 data (700 km of
cusp moves 0.031LAT for every 1° increase in the dipole  aititude), Burch (1972) first investigated the effect of dipole
tilt angle at the mean altitude of 6/. The northern cusp it angle on the cusp equatorward boundary and found a cusp
dependence agrees with the trend formed by other observasifted by approximatelyin the invariant latitude (ILAT)
tions of different satellites for different altitudes, whereas thegyer the total yearly range of dipole tilt angles. A survey
southern cusp does not. We therefore suggest that there is & the cusp crossings observed by DMSP FBQ0km of
inter-hemispheric difference in the dipole tilt angle depen- 5jtitude) has shown that the cusp is found to moveH®y
dence of cusp, latitudinal location, which has an impact onmagnetic latitude (MLAT) from the mean position, which is
other observations of different satellites in different altitudes. |pcated between 752%nd 76.8 MLAT, in response to the
changing dipole tilt angle (Newell and Meng, 1989).

Keywords. lonosphere (Polar ionosphere) The cusp has also been studied from high-altitude and
mid-altitude satellites. Bmerek et al. (2000) found the foot-
print positions of the cusp-like plasma, which is determined
1 Introduction by the observation of the MAGION-4 satellite (altitudes 5 to
15RE), to have a substantial latitudinal dependence on the
The magnetosheath plasma can directly access the highdipole tilt angle with a slope of 0.29VILAT per 1° of dipole
latitude ionosphere through the two narrow funnel-shapedilt angle. This slope increases for observations made in the
cusp regions (Heikkila and Winningham, 1971; Frank, vicinity of the magnetopause (0.18MLAT per 1° of dipole
1971). Accordingly, the two cusps are generally recog-tilt angle). The observations of the Polar Spacecraft (alti-
nized as being key regions for the solar wind-magnetospheretudes 5 to 1Rg) suggested the same dipole tilt angle effect
ionosphere coupling. Because of the solar wind interactionon the location of the northern cusp, with roughly 0.07AT
with the magnetosphere, the two cusps are always changinfpr every T of dipole tilt angle at mid-altitude (Zhou et al.,
in their locations and shapes to respond to the time varyingl999). In a recent paper, Pitout et al. (2006) conducted a
solar wind. As the Earth’s dipole axis has an angle to its spinstatistical study of the four years Cluster crossings of the
axis, the ram pressure of the solar wind, the IMF orientationmid-altitude cusp. Their results showed that an increase of
(i.e. By, andBy) and the Sq current system around each cusp~11° in dipole tilt angle results in an increase &fih ILAT.
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Fig. 1. Example of cusp crossings of Cluster on 10 August 2002: from the upper to bottom panel show the residual of the magnitude of
Cluster FGM data with the T96 model, the PEACE electron density and energy, the HideHsity, and the He™ density, respectively.
The shadow indicates the polar cusp region based on the criteria.

But they did not take into account the interhemispheric dif- tion in the magnetic field because of the diamagnetic effects
ference in the effect of the dipole tilt angle on the cusp lo- of the incoming magnetosheath plasma and the weak back-
cation. Newell et al. (2006) checked the difference betweerground magnetic field in the mid-altitude cusp region. We
the two hemispheres in the dipole title angle effect by thecan also see the magnetosheath-like (high density and low
DMSP satellite observations at theé800 km altitude. They energy) plasma in this region. Based on these expectations
gave a slope of 0.04%usp latitude per<ldipole tile angle  our criteria to identify the cusp region are as follow: a de-
by a large number of cases (1857), mostly from the Southcrease of the magnetic field strength from the background
ern Hemisphere. The smaller subset of data from Northerrfield greater than 1 nT associated with some fluctuations; a
Hemisphere (407) has a slope of 0.046isp latitude per?l ~ sudden increase in the proton and electron density (greater
dipole tile angle, so they conclude that Northern and Souththan 5cnv3); an electron thermal energy less than 100 eV;
ern Hemispheres act similarly. the presence of significant Fi& (greater than 0.5cn),
Indeed, the Cluster satellites provide a good opportunitywhich signifies a solar wind origin. This method was also
to research the location of mid-altitude cusp region (Be8  used by Zhou et al. (1999), who utilized the Polar satellite
in both hemispheres. In this paper, we mainly focus on thedata in studying the cusp. As we know, the altitude of the
inter-hemispheric comparison of cusp location dependenceusp crossing for the Polar satellite is different from that for
on dipole tilt angle. Our results suggest an inter-hemisphericCluster satellites, both in the Northern Hemisphere and the
asymmetry of the dipole tilt angle effect on the latitude loca- Southern Hemisphere. Nevertheless, we still use the broad
tion criteria at the Polar altitude to identify the cusp region. In-
deed, when we used the criteria to identify the cusp region
in this study, we found the parameters varied in a consistent

2 Data presentation fashion according to the criteria used for the earlier study in-
o o volving Polar, such that it is easy to identify the cusp region.
2.1 Identification criteria This demonstrates that the criteria for the Polar crossings are

. . . . also effective for the Cluster crossings. When we use these
One way to discern the cusp region is by a diamagnetic de-

. criteria to identify the cusp region in our study, we make use
pression (Tsyganenko and Russell,_19_99). We can expect t8f the Cluster magnetic field, ion and electron data from the
see a decrease of the total magnetic field and some fluctua-
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Flux Gate Magnetometer (FGM) (Balogh et al., 2001), Clus- ) (a)
ter lon Spectrometer (CIS) @ne et al., 2001) and Plasma Northern Hemisphere ;47
Electron and Qurrent Experiment (PEACE) (Johnstone etal,, -~ o0’ 85" s0° 75’ _70_ _65_ _60
1997), respectively. L e e e e L N 18"
: , RS S S
Figure 1 shows an example of a cusp crossing by Cluster. | | | \//( )6\ Iy
The shadow indicates the cusp region based on the criteria  \ \ LN N4 < /\ \// I
It extends from 16:19-16:32 UT on 10 August 2002, corre- D SN @\ SN
sponding to 14.22-14.41 MLT. The upper trace shows that 08" (\ b \\4/ g‘&é ’/g\/// o /> 16"
the residual of the magnitude of Cluster FGM data with the NN // Sl p N ;
Tsyganeko 96 model (Tsyganenko and Stern, 1996). The AN : //>\ e
second and the third traces show the PEACE electron den S T >
sity and energy. The highest electron density is 35%m 10" S~—~_1l_--7" 4
and the highest electron energy is about 100 eV. The fourth 2"
trace shows the HIA H density. The bottom traces show the MLT
He*+ density. The highest proton density is about 20ém (b)
These are all consistent with the criteria we have used above Southern Hemisphere ;7 ,r
2.2 Data set 06"~~~ ==\~ _\jﬁ?g:‘ﬁ A _65_ _60 18"
S T U SR WP A LN A L !
. . . U W U w N S A A
It is well known that the interplanetary magnetic field (IMF) v \//\/ . \// | /\</ ;\\ /o
plays a significant role in controlling the cusp location. For b SN N ,% °ogy " N S
increasingly southward IMF, the cusp location is observed NN JSIS=ESeN el
to move to lower latitudes, while for increasingly northward 08 N B e _1_--\ 4 s L
IMF, the cusp displays a slight tendency to move to higher AN \,\/\\ : //\/\/ 7
latitudes (Newell and Meng, 1989). To limit the contribution SO Ty YT
of the IMF, we investigate the dipole tilt angle dependence 10" S~—_1__-"" 14"
on the cusp location only for northward IMF cases, for which 12"
the cusp is almost immune to the IMF variation (Newell and
Meng, 1989; Palmroth et al., 2001; Pitout et al., 2006). MLT

For each of the years 2001 through 2005, all the mid-gjg 2 | ocation of all the cusp crossings as a function of MLT and

altitude cusp passes used here come from July to Octoy AT, (a) for the Northern Hemisphere, arft) for the Southern
ber. Then the Cluster spacecraft orbit has a good coverHemisphere.

age at a wide magnetic local time (MLT) range (from 08:00

to 16:00 MLT) in the dayside magnetosphere (Pitout et al.,

2006). magnetic field lines down to the surface of the Earth from

Adding all these selection criteria together, we obtain aeach cusp position.

data set containing 95 polar cusp crossings (54 Northern We note at this point that in the two most closely re-

Hemisphere crossings and 41 southern crossings) for nortHated studies to the present work, slightly different criteria

ward IMF. The actual solar wind key parameter data for thesevere adopted. Zhou et al. (1999) chose to find ILAT val-

events are available from the NASA's Space Physics Data Fades by mapping from the T89 model, in order to center the

cility (SPDF). cusp crossings to the implied magnetic funnel from the field
model. Pitout et al. did not use the mid cusp region to identify
position, but used the poleward boundary in order to better

3 Data analysis reveal the effects of northward and southwa&d In the first
case, the use of T89 shifts the effective ILAT values of each

Cluster, with a polar orbit, crosses both the northern andposition higher, but we expect the dipole tilt dependence to

southern cusp regions each year. Since apogee lies slightlye similar. In the second case, it is possible that the poleward

south of the equator, the southern crossings are sampled Abundary has a higher dependence on the dipole tilt since the

slightly higher altitudes than the northern crossings and thecusp tends to widen during negative tilts, moving the pole-

local time coverage is also slightly different. Figure 2 depictsward edge more poleward than the central cusp region.

all the center position of the cusp crossings on a MLT vs. At first glance in Fig. 2, most of the recorded cusps are lo-

ILAT plot. Crossings occurring in the Northern and Southern cated in a region extending from about 10:00 to 14:00 MLT

Hemispheres are shown in Fig. 2a and b, respectively. Hereand from about 75to 80 ILAT, while the spatial distribu-

the MLT and ILAT are calculated by using the T96 model tion of northern cusp crossings seems more scattered than

(Tsyganenko and Stern, 1996) in SM coordinates to trace théhat of southern cusp crossings, and also it seems there is
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Fig. 3. The ILAT of the cusp location versus dipole tilt angle for cusp crossings corresponding to northwar@.)Xéf.the northern cusp,
(b) for the southern cusp.

an inter-hemisphere asymmetry. The center of the distribuprevious authors have considered the Northern and Southern
tion for northern cusp crossings is located at 12:00 MLT andHemispheres together to study the dependence of the cusp
78 ILAT. For southern cusp crossings the center of distribu-location on the dipole tilt angle. In our statistical study, the
tion is located at 11:30 MLT and 78LAT. cusp crosses are divided into two groups, i.e. Northern Hemi-
Figure 3 shows the ILAT of the center of the northern sphere and Southern Hemisphere (here we should note that
(Fig. 3a) and southern (Fig. 3b) cusp location as a functiorthe average altitudes are not the same in the Northern and
of the dipole tilt angle for cusp crossings corresponding toSouthern Hemisphere). The result shows that the cusp does
northward IMF. The dipole tilt angle is defined as the angle not behave the same way for the two hemispheres, since dif-
between the north dipole axis and the GSM Z-axis. This anferent slopes are found from the linear fits. This result sug-
gle is positive when the dipole tilts toward the Sun, and neg-gests an inter-hemispheric difference in the dependence of
ative when the dipole tilts away from the Sun. Here we justcusp latitudinal location on the dipole tilt angle. Figure 3a
multiply the dipole tilt angle by-1 for the southern cusps. also shows a set of points with slightly lower ILAT values
In Fig. 3 the dots show the cusp crossings according to theifrom the main distribution, but we have not attempted to sep-
ILAT and dipole tilt angle. The linear fit of these dots in each arately analyze these.
panel in Fig. 3 gives the following relations:

Anc = 77.9540.0540 1 ) . .
NC + (1) 4 Discussion and conclusion

Asc=7800+0.051® (2

As we mentioned above, some authors have studied the de-
Equation (1) is for the northern cusp and Eq. (2) is for the pendence of cusp locations on the dipole tilt with other dif-
southern cusp. HereAnc and Asc represent the ILAT  ferent satellites observation at different altitudes. If we con-
of the northern and southern cusp center, respectively, angider the previous results for different altitudes together, we
® is the dipole tilt angle. From Egs. (1) and (2), we can can find that the higher the altitude of the satellite crossing,
see some properties for the cusp location in the Cluster orthe larger the slope (Newell et al., 2006; Pitout et al., 2006;
bit. The mean cusp position (for Gilt angle) is 77.95  Zhou et al., 1999; Bmetek et al., 2000).
ILAT in Northern Hemisphere and 78.90LAT in South- Figure 4 summarizes the dipole angle tilt dependence of
ern Hemisphere. The slope of the fit line is 0.0%dr the  the cusp location in terms of the altitude. The slope observed
Northern Hemisphere and 0.05for the Southern Hemi- in this study and other studies are represented by filled and
sphere, respectively. This means that the northern cusppen triangles (and lines indicating the range of altitudes), re-
moves 0.052 ILAT for every 1° increase in the dipole tilt  spectively. Point 1 is from Newell et al. (2006), point 2 from
angle and the southern cusp moves 0°0RAT for every 1° Pitout et al. (2006) (we should note that the point 2 in Fig. 4
increase in the dipole tilt angle. The overall behavior of theis placed high, compared to the other studies, since they used
cusp is the same (within the uncertainties) as that reportedhe poleward boundary of the cusp, rather than the center of
by some authors before (Newell and Meng, 1989; Zhou etthe cusp region, to identify position), point 3 (northern cusp
al., 1999; Nemeek et al., 2000), i.e. the slope is positive, only) from Zhou et al. (1999) and points 4 and 5 are from
which implies that the greater the dipole tilt angbeis, the ~ Némeek et al. (2000). The altitudes of the points in Fig. 4
higher the ILAT of the center of the cusp will be. However, are just the typical values. From Fig. 4, we can see that the
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slope increases monotonically with the increasing altitude. In 020 - IRRARASSES T IRRSASASAN R A IARARARSRM

Fig. 4 the points ¢ and d indicate the results from our study ] AOther studies

for Northern and Southern Hemisphere at different average I 1 Rewellct 2| [2906] ]
. . | 2 Pitout et al.[2006] 5

altitudes respectively, and do not follow the result from pre- =71 5715, et al[1999] i

vious authors that the slope increases monotonically with the {4 Nemecek et al.[2000] (MP 4is>3Re)

increasing altitude. ] 5 Nemecek et al.[2000] (MP 4i<3Re)
It should be also noted that the cusp crossings of the Clus- ]

ter in this study are from 2001 to 2005. During this time GSJ' 010

period the line of apsides of the Cluster orbit changes, caus-p

ing the apogee to occur progressively at higher altitudes in

the Southern Hemisphere. Thus, the cusp crossings will oc- 5] 1 4
cur at different altitudes in the two hemispheres from one < AThis studies

year to the next. In this study, the mean altitude of the cusp ] a Northern hemisphere |
crossings in Cluster obit was 58 in the Northern Hemi- ] b Southern hemisphere .
sphere and 6.8k in the Southern Hemisphere (the two mean ~ ®® T Sl i i s /i il

altitudes are different in the Northern and Southern Hemi-

sphere). Therefore, the slopes for the Northern and Southerr
HemISph.erehare axer?ge Vall.'les ang thehvaI;Je f?]r the Sr?mrl"—:ig. 4. The dependence of cusp location on the dipole tilt angle
ermn Hemisphere should be bigger than that for the Nort €M different studies. Here we noted that point 2 should be lower

Hemisphere according to the trend in Fig. 4. According 10 pecayse it corresponds to the poleward boundary of the cusp.
this trend of the slope increasing with altitude, in Fig. 4 the

point d should have a value of about 0.06&hich is higher

than its actual value of 0.05]1therefore, it gives a reversed crossings seems more scattered than that of southern cusp
result. Thus, our result in this study is contrary to the trendcrossings and it seems there is an inter-hemisphere asymme-
in Fig. 4 and suggests an inter-hemispheric asymmetry of thery. In Fig. 3, the distribution of the northern cusp crossings
dipole tilt angle effects on the latitude location. clearly more scattered than that of the Southern Hemisphere.
As mentioned above, for each of the years 2001 througlror the fit line for the two hemispheres, the standard devi-
2005, all the Cluster cusp crosses in this study come fromation is 2.20 in the Northern Hemisphere and 1°0@ the
July to October (Pitout et al., 2006). This period is just in Southern Hemisphere. Therefore, the difference of the two
the summer and autumn for the Northern Hemisphere anghemispheres may be resulted from the solar wind ram pres-
the amount the solar EUV radiation reaching the ionospheresure or the IMF orientation. It seems reasonable to attribute
should be much different from that in the Southern Hemi- the inter-hemispheric difference in the dipole tilt angle effect
sphere (which is in the winter and spring). This will resultin to the ram pressure of the solar wind or the IMF orientation
some different effect of the solar radiation on the two hemi-(j.e. By and By).
spheres. One plausible cause of the variation of the currents sys-
Choe et al. (1973) predicted the dipole tilt angle effect by tems is the ionospheric conductivity changes (Fuijii et al.,
a simple magnetic dipole model plus magnetopause current9g1: Ohtani et al., 2005). The variation of the dipole tilt
It has also been found that the daYSide ﬁ9|d-a|ign6d Currentang|e could control the amount of EUV radiation reaching
(FACs) move poleward and equatorward in the summer andhe jonosphere and thus changing the amount and distribu-
winter hemispheres, respectively (Fujii et al., 1981; Chris-tijon of conductivity. But Christiansen et al. (2002) offered a
tiansen et al., 2002; Ohtani et al., 2005). That is consis-gifferent explanation. They argued that the seasonal depen-
tent with the cusp location shift reported here. Newell andgence in the global FACs system is generated and maintained
Meng (1989) supposed that the effect of the dipole tilt an-py various solar wind-magnetosphere interaction processes,
gle on the cusp location could be induced by the variation insuch as quasi-viscous interaction and reconnection. This is-

the dayside current systems with changing dipole tilt angle.sye requires further investigations in the future.
However, because the Cluster cusp crossings in this study

are just in the summer and autumn for the Northern Hemi-

sphere and the solar wind interact with Earth which keep are  Summary

attitude of spin axis towards the sun, it may have some sys-

tematically different affected for the two hemispheres during In summary, we investigate the inter-hemispheric asymmetry
this period (July to October) of each year. The ram pres-of the location of the cusp and its dependence on the dipole
sure of the solar wind or the IMF orientation (i.By and tilt angle by analyzing the Cluster data obtained in the mid-
Bx) may have a different effect on the position of the cuspaltitude cusp region at the altitude of 4R8. The results
and on the dependency. These can be seen clearly in Figs.show the northern cusp moves 0.03UAT for every 1° in-

and 3. In Fig. 2, the spatial distribution of northern cusp crease in the dipole tilt angle at the mean altitude off:2

Geocentric Distance (Re)
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while the southern cusp moves 0.03LAT for every 1° in- Némeek, Z., Merka, J., and Safnko\a, J.: The tilt angle control

crease in the dipole tilt angle at the mean altitude off:6 of the outer cusp position, Geophys. Res. Lett., 27, 77-80, 2000.

However, the previous observations of different satellites atNewell, P. T. and Meng, C.-I.: Dipole tilt angle effects on the lat-

different altitudes showed that the slope increases monoton- itude of the cusp and cleft/low-latitude boundary layer, J. Geo-

ically with the increasing altitude, i.e. the higher the altitude __PhYS- Res., 94, 6949-6953,1989. _

is; the larger the slope will be (this will be studied further NeWell. P- T., Sotirelis, T., and Liou, K. Cusp latitude and the

in the other paper). The contrast between our results and the optimal solar wind coupling function, J. Geophys. Res., 111,

. ’ . . . ... A09207,doi:10.1029/2006JA011732006.

previous results, therefore, suggests an |nFer—hemlsphgrlc d'thtani, S., Ueno, G., and Higuchi, T.. Annul and semi-

ference in the dependence of the cusp latitudinal location on  gnnual variations of the location and intensity of large-

the dipole tilt angle, which may reflect the inter-hemispheric  scale field-aligned currents, J. Geophys. Res., 110, A01216,

asymmetry of the magnetospheric configuration, current sys- doi:10.1029/2004JA010632005.

tem and solar wind interaction with magnetosphere betweerPalmroth, M., Laakso, H., and Pulkkinen, T.: Location of high-

the Northern and Southern Hemispheres. altitude cusp during steady solar wind conditions, J. Geophys.
Res., 106, 21109-21122, 2001.
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