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[1] The systematic analysis of the interplanetary magnetic field (IMF) B, and B.
influences on observed thermospheric density is presented. For this purpose, the
high-latitude southern summer thermospheric total mass density near 400 km altitude,
derived from the high-accuracy accelerometer on board the Challenging Minisatellite
Payload (CHAMP) spacecraft, is statistically analyzed in magnetic coordinates. The
difference density distributions, which are obtained by subtracting values for zero IMF
from those for nonzero IMF, vary strongly with respect to the direction of the IMF:
Difference densities for negative B, show significant enhancements in the early morning
hours and hours around dawn but show reduced values in the dusk sector. For positive B,
the difference densities are opposite in sign to those for negative B,. Density differences
for negative B, show significant increases in the cusp region and premidnight sector but a
small decrease in the dawn sector. The difference densities at high latitudes tend to be
weakest when B, is positive. We suggest that the high-latitude thermospheric density
variations for different IMF conditions, especially in the dawn and dusk sectors, can be
strongly determined by thermospheric winds, which are associated with the ionospheric
convection and vary strongly with respect to the IMF direction. We also suggest that
density variations, especially in auroral and cusp regions, are also influenced by the local
heating associated with ionospheric currents, which vary with IMF conditions.

Citation: Kwak, Y.-S., A. D. Richmond, Y. Deng, J. M. Forbes, and K.-H. Kim (2009), Dependence of the high-latitude

thermospheric densities on the interplanetary magnetic field, J. Geophys. Res., 114, A05304, doi:10.1029/2008JA013882.

1. Introduction

[2] Thermospheric density is important not only for
predicting the atmospheric drag in the context of satellite
ephemeris prediction, but also in understanding the
thermosphere-ionosphere coupling process as well. Since
magnetic storms and substorms cause significant changes in
the compositional distribution of the thermosphere, the
thermosphere responses to the ensuing geomagnetic activity
have been the topic of a number of papers [e.g., Mayr and
Volland, 1973; Prélss, 1980; Miller et al., 1990; Burns
et al., 1991, 1995a, 1995b; Fuller-Rowell et al., 1994,
1996; Forbes et al., 1996; Liu and Liihr, 2005; Sutton et al.,
2005; Bruinsma et al., 2006].

[3] The direction and strength of the interplanetary mag-
netic field (IMF) exert strong influences on the high-latitude
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ionospheric plasma convection and current [e.g., Heppner,
1972; Heppner and Maynard, 1987; Foster et al., 1986;
Ruohoniemi and Greenwald, 1996; Weimer, 1995, 2001], so
it is generally believed that they influence the high-latitude
thermospheric wind [e.g., McCormac and Smith, 1984;
McCormac et al., 1985, 1991; Killeen et al., 1985, 1995;
Meriwether and Shih, 1987; Thayer et al., 1987; Rees and
Fuller-Rowell, 1989, 1990; Sica et al., 1989; Hernandez
etal., 1991; Niciejewski et al., 1992, 1994; Won, 1994,
Richmond et al., 2003], forcing on the wind [Kwak and
Richmond, 2007; Kwak et al., 2007] and Joule/particle
heating [e.g., McHarg et al., 2005; Zhang et al., 2005].
From the relationship between the IMF and the thermo-
spheric wind and heating, we can expect that the thermo-
spheric density driven by the high-latitude forcing and
heating is also strongly modulated by the IMF variation.
Crowley et al. [2006] investigated the effect of IMF B, on
thermospheric composition at 140 and 200 km at high and
middle latitudes in northern hemisphere through numerical
experiments. Their simulations showed that a clockwise
rotation of the ionospheric convection pattern resulting
from a change from Bj-negative to B,-positive drives a
corresponding rotation in the wind, neutral density, and
composition distributions.

[4] To date, no systematic analysis of observed IMF
influences, which include effects of B. component as well
as B, component, on the thermospheric density has been
carried out. This is the subject of this study. For this
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Figure 1. Variations of (a) solar EUV flux proxy, F10.7 (in units of 107>> W m 2 Hz "), the hourly
IMF (b) B, and (c) B. values, and (d) Kp index during 17 October 2001 through 24 February 2002.

purpose, the high-latitude thermospheric total mass density
around 400 km altitude, derived from the high-accuracy
accelerometer on board the Challenging Minisatellite Pay-
load (CHAMP) spacecraft during 17 October 2001 through
24 February 2002, is statistically analyzed in magnetic
coordinates as a function of the direction and strength of
the IMF for southern summer hemisphere.

2. Data Analyses

[5] In this study, we use total mass density measurements
from accelerometers on board CHAMP to interpret the
response of the thermosphere to the IMF. The data for the
present study come from the period during the southern
summer of 17 October 2001 to 24 February 2002 centered
on the December solstice. During this period, CHAMP was
in a near-circular high-inclination orbit, precessing in local
time at a rate of 5.6 min per day and providing approx-
imate measurements of total mass density along the orbit
with 10s resolution. Eventually CHAMP covered almost
all magnetic latitudes and magnetic local times during this

study period of 131 days. Along-track axis data are used
for density calculations. The derivation of thermosphere
densities from these data involves consideration of such
effects as radiation pressure, satellite shape and orienta-
tion, thruster firings, etc.. The detailed procedure for
deriving thermospheric total mass densities from the
CHAMP accelerometer has been described by Sutfon
et al. [2007]. Density variations due to changes in orbital
altitude (the CHAMP orbit altitude ranges from 390 km to
460 km) have been removed via normalization to a
common altitude of 400 km using the NRLMSISE-00
thermospheric density model [Picone et al., 2002]. All
the quantities are then converted into Quasi-Dipole (QD)
coordinates (QD-latitude and magnetic local time (MLT))
[Richmond, 1995].

[6] Omission of winds in the process of deriving the
thermospheric densities from in-track accelerations gener-
ally causes errors in the derived densities. Bruinsma et al.
[2004] found that density errors due to neglect of zonal
winds ranged from 4% per 100 m s~ ' at the equator to 0%
near the poles and that errors due to neglect of meridional
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Figure 2. Distributions of the hourly IMF B, and B, values
during 17 October 2001 to 24 February 2002.

winds ranged from 2% at the equator to 5% per 100 m s~

near the poles. Under strongly geomagnetic disturbed con-
ditions, these errors can be high at high latitudes, where
large thermospheric winds exist.

[7] In addition, we use hourly values of the IMF B,
(positive duskward) and B. (positive northward) compo-
nents in Geocentric Solar-Magnetospheric (GSM) coordi-
nates from the National Space Science Data Center
(NSSDC) OMNIWeb (http://nssdc.gsfc.nasa.gov/omniweb).
Figure 1 shows the distribution of the IMF B, and B.
components with the solar EUV flux proxy, F10.7 and Kp
index, for 17 October 2001 to 24 February 2002. As
shown in Figure 2, the IMF values during this study
period are distributed evenly, allowing us to investigate
effects of different IMF conditions on the thermospheric
density.

[8] Tt is expected that changes in the thermospheric
neutral density are lagged behind changes in the IMF
due to inertia of the air. Therefore, the densities are
correlated with lagged, time-averaged IMF values. The
lagged time-averaged IMF B, and B. components are
defined as

t

/ B[y,z] (t/)e(t’—t)/Tdt/
E[y.z](ta T) =2 : (1)

/ e(t’—t)/rdt/

0

where the IMF B, and B. components By, 1(¢) are treated as
continuous functions of time ¢ and where 7 is the effective
averaging and lag time for the exponential weighting
function in the integrands. We use a value for 7 of 1.5 h at
400 km, which is estimated by considering the energy in the
B,-dependent and B.-dependent components of the fitted
density in a manner similar to that used by Richmond et al.
[2003]. By using the entire data set, we integrate the energy
in this component over the area poleward of —57.5° QD
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latitude for different values of 7, and search for values of
that tend to maximize the integrated energy.

[9] In this study, we classify the entire data set into five
overlapping subsets, similar to those used by Richmond
et al. [2003]. For each subset a linear regression of the
data with respect to B, and B, is performed, and then
the regression relation is evaluated for reference values
of B, and B.. Table 1 lists IMF reference values and
selection criteria for the data subsets. Subset 1 represents
when the magnitudes of the IMF are small, for which
the reference values of B, and B. are zero. The magni-
tudes of the nonzero reference values of B, and B. for
subsets 2—5, that is, 4.4 nT and 3.4 nT, respectively, are
their respective root-mean-square (RMS) values for the
entire data set when the time constant 7 = 1.5 h. Figure 3
shows the distribution of CHAMP observations versus MLT
with intervals of 10° from —90° to —50° latitude for the five
subsets. The average values of F10.7 are 214, 219, 208, 215
and 214 for the five subsets, that is, for IMF 0, IMF Ey(—),
IMF B,(+), IMF B.(—) and IMF B_(+), respectively.

3. Effect of the IMF on the Thermospheric
Density Variations

[10] In this section the high-latitude thermospheric den-
sity distributions for different IMF orientations are
addressed. Figure 4 shows the average high-latitude ther-
mospheric total mass density distributions at 400 km over
the southern summer hemisphere for Subset 1 (zero IMF)
from CHAMP data. As for Figures 5 and 6, this projection
is as if one were looking up on the thermosphere from
below. The thermospheric density shows the maximum and
minimum in the postnoon sector (~1400 MLT) and early
morning sector (~0400 MLT), respectively. Density pat-
terns having the postnoon maximum and early morning
minimum at high latitudes have been seen in previous
studies [e.g., Jacchia and Slowley, 1968; Liu et al.,
2005].

[11] Figure 5 shows the average thermospheric total mass
density distributions at 400 km for IMF (B,, B.) values of
(—4.4, 0.0), (+4.4, 0.0), (0.0, —3.4), and (0.0, +3.4) nT. For
all IMF conditions, there is the classic picture of total mass
density, reaching a maximum in the postnoon sector, and a
minimum in the early morning sector. And large thermo-
spheric density peaks are clearly visible in the cusp region
around noon and —75° magnetic latitude. This feature and
its strengthening with increasing magnetic activity have also
been seen in previous studies [Liihr et al., 2004; Liu et al.,
2005; Rentz and Liihr, 2008]. In Figure 5, particularly, it is
found that the enhanced thermospheric density near the cusp

is most pronounced when the IMF B, is negative. The

Table 1. IMF Reference Values and Selection Criteria for Data
Subsets

Reference IMF

Subset B, B. Data Selection Criterion

1 0 0 (B,/6.223)* + (B./4.808)* < 1
2 —44 0 B, < —0.647|B.|

3 4.4 0 B, > 0.647|B.|

4 0 —34 B. < —0.386[B,

5 0 34 B. > 0.386|B,)
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Figure 3. Number of CHAMP observations for each magnetic latitudinal range of 10° for IMF (Z_fy, B.)
values of (a) (0.0, 0.0), (b) (—4.4, 0.0), (c) (+4.4, 0.0), (d) (0.0, —3.4), and (e) (0.0, +3.4) nT during 17
October 2001 through 24 February 2002 versus magnetic local time (MLT).

highest thermospheric densities are 16.56 x 107'? kg m—>

near the cusp region at 400 km altitude for negative B.. The
densities poleward of —60° tend to be weakest when B. is
positive. The densities poleward of —60° also tend to be
stronger when B, is negative than when it is positive. In
particular, the thermospheric densities for negative B, show
larger values around the noon sector and in the early
morning hours including the dawn side than when B, is
positive.

[12] As known well, the main source driving the variation
of the thermospheric density is solar radiation. Although not
shown here, the correlation between the solar radiation
proxy F10.7 and the total mass density from MSIS00 is
high. So by subtracting the densities from MSIS00 from the
CHAMP observations, we can consider the nonsolar radi-
ation effect. Then by considering the difference thermo-
spheric densities, obtained by subtracting values with zero
IMF (for subset 1) from those with nonzero IMF (for
subsets 2—5), we can emphasize the IMF dependency in
order to examine more closely how the thermospheric
densities are influenced by the orientation of the IMF.
Figure 6 shows the difference of thermospheric densities
at 400 km over southern hemisphere high latitudes for the
four IMF (B,, B.) values. As shown in Figure 6, the
thermospheric density variation patterns in the high latitudes
depend on the orientation of the IMF. The difference
densities for negative Fy show an increase in almost the
whole polar regions except for the dusk sector. In particular,
there are significantly enhanced densities in the early
morning hours including the dawn side and around noon
when B, is negative. The positive-B, difference densities
have opposite signs from those for negative B). In other

words, under the positive—Fy condition, although there is an
increase of difference density in the afternoon including the
dusk side, there is a significant decrease in the early
morning hours including the dawn side and around noon
equatorward of —70°. The difference of the thermospheric
densities for negative B, shows a strong enhancement in the
cusp region and premidnight sector with maximum value of
3.49 x 107'? kg m around the cusp region, but decreases
in the dawn sector. In the dusk sector, although densities are
not significantly enhanced, those values are relatively larger
than those in the dawn sector. The positive-B. difference
densities show decreases generally, although there are weak
increases on the dawn side and evening sector. The nega-
tive-B. difference densities are more significant than the

IMF = 0 nT

400 km 17

. 8
in 7.06 7
max 14.07 6

Figure 4. The thermospheric densities at 400 km altitude
over the southern hemisphere for zero IMF (Subset 1) from
CHAMP data.
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Figure 5. The thermospheric densities at 400 km altitude over the southern hemisphere for IMF (B,, B.)
values of (left to right) (—4.4, 0.0), (+4.4, 0.0), (0.0, —3.4), and (0.0, +3.4) nT from CHAMP

observations.

positive-B. difference densities, indicating that negative B.
has a stronger effect on the thermospheric density than does
positive B..

[13] A possible interpretation for different neutral density
patterns for different IMF conditions is that the density
around the dawn and dusk sectors can be strongly deter-
mined by thermospheric winds, which are associated with
the ionospheric convection and vary strongly with respect to
the direction of IMF [Crowley et al., 2006; Richmond et al.,
2003; Kwak et al., 2007]. The IMF effect on the winds is
stronger in summer than winter [Kwak and Richmond,
2007; Liihr et al., 2007]. Geostrophic adjustment theory,
as it applies to the thermosphere [e.g., Larsen and Mikkel-
sen, 1983; Walterscheid and Boucher, 1984], indicates that
winds and horizontal pressure gradients tend to be linked,
such that a cyclonic wind vortex tends to have a low
pressure and density at its center, while an anticyclonic
vortex tends to have a high pressure and density at its center.
This link is apparent in the force analysis of Kwak et al.
[2007]. Additionally, density variations can be influenced
by the local heating associated with ionospheric currents,
which vary with IMF conditions, especially in auroral and
cusp regions [Liihr et al., 2004; Neubert and Christiansen,
2003].

[14] Crowley et al. [2006] examined the effect of the IMF
B,, component on thermospheric composition and density at

140 and 200 km at high and middle latitudes in the northern
hemisphere by using numerical experiments. Their simula-
tions showed a stronger cyclonic wind vortex and lower
density on the dawn side of the polar cap for B,-negative
than for B -positive. If applied in the southern hemisphere,
where the difference between effects of B,-positive and
B,-negative tend to be opposite to those in the northern
hemisphere, we would expect B,-positive to drive a more
cyclonic wind and a lower neutral density on the dawn side
of the polar cap than B -negative. This generally agrees with
the density observations in Figure 6 and with the wind
observations presented by Richmond et al. [2003] for
altitudes above 140 km and by Forster et al. [2008] for
altitudes around 400 km. Similarly, the dawnside minimum
difference density around —70° for negative B., and max-
imum difference density for positive B., are related to the
strength of the cyclonic vortex there seen in the results of
Richmond et al. [2003] and Forster et al. [2008]. In
contrast, the difference densities around 1800 MLT are not
much larger for negative B. than for positive B., despite the
fact that the dusk sector anticyclonic winds shown by
Richmond et al. [2003] and Forster et al. [2008] are
considerably stronger for negative B. than for positive B..
The possible reason can be that the horizontal advection of
momentum, or centrifugal force, is strongly divergent in the
dusk sector for B. negative, reducing the need for an

Difference Total Mass Density from CHAMP: IMF#0-IMF=0
B, = 4.4 nT

4

A b NM X o =~ oW

Figure 6. Difference densities at 400 km altitude over the southern summer hemisphere for IMF (B,, B.)
values of (left to right) (—4.4, 0.0), (+4.4, 0.0), (0.0, —3.4), and (0.0, +3.4) nT. These are obtained from
subsets 2—35, respectively, by subtracting the IMF = 0 densities of Subset 1.
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outward pressure gradient force to help balance the Coriolis
force [Kwak et al., 2007].

[15] From their results, Liihr et al. [2004] suggested Joule
heating due to very intense small-scale Field Aligned
Currents (FACs) near the cusp region at a lower level
causes upwelling and enhanced neutral mass densities at a
higher level. In particular, Neubert and Christiansen [2003]
pointed out that small-scale FACs are strongest in the cusp
region when the IMF is strongly southward, which may
explain why the strongest thermospheric density peaks near
the cusp region occur for negative B.. Recently, it has been
shown by Rentz and Liihr [2008] that the increased positive
anomaly in cusp density is detected for about an hour after
the enhancement of the merging electric fields, which are
proportional to amplitude of southward IMF.

4. Summary and Conclusion

[16] In this study we have carried out the systematic
analysis of observed IMF B, and B. influences on the
thermospheric density by using the high-latitude southern
summer thermospheric total mass density near 400 km
altitude, derived from the high-accuracy accelerometer on
board the CHAMP spacecraft during 17 October 2001
through 24 February 2002 centered on the December
solstice.

[17] This study shows that the thermospheric density
distribution depends on the orientation of the IMF: The
densities poleward of —60° tend to be strongest when B. is
negative, and stronger when B, is negative than when it is
positive. A thermospheric density peak in the cusp region is
most pronounced when B, is negative. The densities pole-
ward of —60° tend to be weakest when B. is positive. In
particular, the difference densities, which are obtained by
subtracting values for zero IMF from those for nonzero
IMF, show a significant IMF dependence as follows: The
difference density for negative B, shows significantly
enhanced values in the early morning hours and hours
around dawn, as well as a smaller enhancement around
noon, but reduced values in the premidnight and dusk
sectors. For positive B, the difference densities are oppo-
site to those for negative B,. The difference densities for
negative B, show general enhancements at most locations,
with a significant increase in the cusp region, but show a
small decrease in the dawn sector.

[18] From previous studies referenced in section 3 and
this study we suggest that the IMF variations of high-
latitude thermospheric density, especially in the dawn and
dusk sectors, can be strongly determined by thermospheric
winds, which are associated with the ionospheric convec-
tion and vary strongly with respect to the direction of the
IMF. We also suggest that the density variations, especially
in auroral and cusp regions, are also influenced by the local
heating associated with ionospheric currents, which vary
with IMF conditions. The heating may generate upward
neutral motion and cause an increase of total mass density.
However, further study is needed to determine the sources
responsible for driving the thermospheric densities and their
IMF B. and B, variations. Numerical experiments using
model simulations can provide insight into these sources. A
future paper will conduct and analyze numerical experi-
ments with the NCAR TIE-GCM.
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