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[2004b], which show large thermospheric density peaks in
the cusp region. In the Southern Hemisphere, the density at
55!S maximizes around 12 MLT. Some fine structures
appear in the polar cap, with one arc-shaped high-density
region between 75! and 80!S at 11–18 MLT and another
one in the postmidnight sector at slightly lower latitudes
between 71! and 74!S. These stripes of high density seem
to be collocated with the upward field-aligned currents
[e.g., Iijima and Potemra, 1976]. The asymmetry between
the northern and southern polar density could be partly
due to different displacement between the geomagnetic
and geographic poles. Under moderately disturbed con-
ditions, the cusp feature in the northern polar region is
greatly enhanced. In addition, an area of enhanced density
in the premidnight sector between 50! and 72!N, which is
less obvious under quiet conditions, becomes prominent as
well. This premidnight enhancement also occurs in the
southern polar region between 60! and 75!S. The dayside
high-density stripe seen in the southern polar cap under
quiet conditions now increases not only in magnitude, but
also expands in latitudes both equatorward and polarward.

[17] The MSIS90 model is capable of reproducing the
large-scale structures seen in the observations at high
latitudes, but with a larger deviation than at low latitudes.
Shown in Figure 6 is the percentage difference between
the observed density and the modeled one under quiet
conditions. In the northern polar region, large differences
are seen in the cusp region and the premidnight sector,
with values between 20 and 30%. Regions of strong
underestimation in the Southern Hemisphere occur mainly
in the noon sector between 70! and 80!S and the midnight
sector between 60! and 75!S.
[18] An overall difference including all latitudes between

the CHAMP and MSIS90 is estimated by defining the
difference as the average of loge(CHAMP/MSIS90). The
values of 5.9% and 8.0% are obtained for quiet and
moderately disturbed conditions, respectively.

3.4. F10.7 Influence on the Thermospheric Density

[19] It is known that the solar EUV radiation has a strong
influence on the thermospheric density. To check its influ-
ence on the particular data set used above, we have carried

Figure 5. Distribution of the thermospheric mass density in polar regions for both hemispheres (in units
of 10!12kg m!3) for (a) quiet and (b) moderately disturbed conditions. It shows the classic distribution in
the northern polar region, with high density at "14 MLT and low density at "04 MLT. Enhanced density
in the cusp region is also visible. The density in the southern polar region is more structured, with an arc-
shaped enhancement in the auroral region. Under moderate conditions a patch of enhanced density is
evident in the premidnight sector in both hemispheres.
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out a simple correlation analysis between these two quan-
tities using F10.7 as a proxy for the solar EUV radiation.
The analysis shows that the correlation at high latitudes is
generally poor, with insignificant correlation coefficient
below 0.2. The correlation at lower latitudes (30!S–30!N)
is much better as shown in Figure 7, with correlation
coefficient (indicated by ‘‘r’’) above 0.6. In addition, the
effect of F10.7 is stronger on the dayside than on the
nightside. This is not surprising, since the dayside atmo-
sphere is more directly heated and thus controlled by the
solar EUV radiation.
[20] The average F10.7 for individual MLT bins varies

within 170–200, except for 07 MLT and 20 MLT, where it
drops to 160 (see Figure 1). On the basis of the above
results, some of the MLT variation of the density on dayside
shown in Figures 2 and 8 may partly be explained by the
variation of the F10.7. For instance, the relatively lower
density at 13 MLT and 15 MLT is likely due to the lower
F10.7 corresponding to these MLT bins. However, the
maximum at 14 MLT is probably a phenomenon on its
own, rather than an effect of the F10.7. Because the F10.7 at
14 MLT is lower than that at 13 and 15 MLT. It is also
important to note, however, that owing to the high inclina-

tion of the CHAMP orbit, this MLT variation of F10.7 has
little influence on the latitudinal structure of the derived
density, which is the main interest of the present study.

4. Discussion

[21] The thermospheric total mass density observed by
CHAMP is found to maximize in the vicinity of 20!N and
25!S magnetic latitudes, with a trough at the geomagnetic
equator. This anomalous distribution confirms our expecta-
tion based on the neutral plasma coupling. That is, the
neutral density shows a structure similar to that of the
thermospheric temperature and of the electron density.
The equatorial anomaly in the thermospheric density
obtained statistically in our study is consistent with the case
studies of Philbrick and McIsaac [1972] and Hedin and
Mayr [1973]. Using mass spectrometers, they found a
similar latitudinal variation at 17 LT in the individual
atmospheric compositions of N2 and O. Our results show
a global picture of this anomaly in the total thermospheric
mass density. The thermospheric density crests stretch
between 10 and 20 MLT, centering at about 20!–25! on
both sides the geomagnetic equator. This anomalous distri-
bution in the thermospheric mass density, together with the
EIA, ETWA, and the equatorial electrojet [e.g., Lühr et al.,
2004a], form a relatively complete picture of the neutral-
plasma coupling in the equatorial region.
[22] Despite the similarity between the distributions of the

electron and neutral density, differences are noticeable, as
shown in Figure 4. First, on either side of the geomagnetic
equator the thermospheric density maximizes at higher
latitudes (20!S and 25!N) than the electron density does
(15!S and 15!N). The neutral density crests are, however,
located at similar latitudes as the thermospheric temperature
shown both in observations [Raghavarao et al., 1991] and
simulations [Maruyama et al., 2003]. Second, the width of
the electron density crests in the north-south direction is
much smaller than that of the thermospheric density. The
southern electron density crest has a width of !1500 km,
and the northern one about 3000 km, in comparison to
2500 km and 4000 km for the neutral density. Third, the
double-peak structure of the thermosphere density disap-
pears after 20 MLT, in contrast to 01 MLT for the electron
density. It is known that the equatorial plasma fountain
causing the electron density anomaly is active before
20 MLT, and at later local times only a sedimentation of the
plasma along the field lines remains [Fejer, 1991]. Therefore
it seems that the thermospheric density responds only to the
active phase, but not to the passive one. These differences
indicate that there are obviously more processes influencing
the neutral-plasma coupling than merely the ion drag [e.g.,
Hedin and Mayr, 1973; Raghavarao et al., 1991]. Partic-
ularly, the chemical heating process fuelled by charge
exchange between O+ and O2 or N2 [Fuller-Rowell et
al., 1997], seems able to explain the first difference in the
following way. The electron density crests map down
along the magnetic field lines and have their footprints
in the E region at about ±20! magnetic latitudes. This is
close to the peak latitudes of our neutral density crests.
The chemical heating in the E region from the charge
exchange of O+ ! O2

+ is especially effective and the
released energy is equivalent to a radiation at l = 806 nm.

Figure 6. Distribution of the percent difference between
the thermospheric mass density from CHAMP and MSIS90
in polar regions for both hemispheres during quiet
conditions. Large differences are seen in the cusp and
midnight sector.
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Drivers for Thermospheric Mass Density�
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  (CMIT)	
  
energy source to the atmosphere that was not included here.
Significant changes in the conductance (and thus Joule
heating) can be caused by proton precipitation [e.g., Fang
et al., 2007], and significant heating by oxygen ion pre-
cipitation [e.g., Ishimoto et al., 1992] that might also be
contributing to the observed event, but this is beyond the
scope of the current study.
[14] This paper has focused on the dayside density

enhancements for a single event during an interval of strong
BY positive. However, we have examined the entire August
24–25 period, and found similar enhancements in the cusp‐
region Poynting flux, and Joule heating between about
15:45–23:00UT on August 24, during times when the IMF
BY was strongly negative. The isolated heating near the pole
resulted in another density enhancement that was observed
by CHAMP over several consecutive orbits. This later period
will be the topic of another, more extended, paper.

[15] The intervening period between about 09:00 UT and
15:45 UT was a period of strong negative BZ. During this
time, the KP index jumped to 9−. Therefore the interval cannot
be classified as quiet. Figure 1 depicted the KP index along
with the IMF conditions, and showed that even the interval
between 06–09 UT was at moderately active KP levels
(KP = 6), even though DST did not go negative until 8.30 UT.
Lühr et al. [2004] found that many of their CHAMP density
enhancements occurred during quieter conditions, and it will
require more work to determine whether those quiet‐time
events were likewise caused by high latitude (cusp) heating
from strong northward BZ or BY conditions.
[16] Finally, we have also examined the wind patterns (not

shown) during the density enhancements reported here, to
determine whether these events could have been formed by
the fluid‐dynamical mechanisms associated with the Crowley
“cells”. The high density region is not consistent with the

Figure 3. Electrodynamic quantities for 07:50 UT. (a) DMSP track from 07:38–07:58 UT with Poynting flux superposed,
after Knipp et al. (manuscript in preparation, 2010). (b) AMIE convection pattern with locations of DMSP from 07:38–
07:58 UT (solid curve) and CHAMP from 07:30–07:39 UT (symbols). (c) Height‐integrated Joule heating distribution from
AMIE. (d) Downward field‐aligned currents from AMIE. In Figures 3b–3d, DMSP. Outer latitude is 40° magnetic latitude.
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The Aug 23-24, 2005 Storm Simulation �
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Data-Model Comparison (CMIT vs CHAMP/GRACE) �
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Figure 7. a) Distribution of average soft electron precipitation number flux. Average

height profiles of b) electron number density and temperature, c) Pedersen conductivity

and d) the ratio of Joule heating per unit mass and mass density enhancement calculated

where the soft electron precipitation flux peaks. Solid lines - Baseline simulation; dashed

lines - controlled simulation with soft electron precipitation. Red curves - cusp; green

curves - nightside.
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Enhancement of Mass Density by Soft Electrons�
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Effects of soft electrons: Thermospheric Neutral Density�
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Effects of soft electrons: Height Profiles�
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Effects of soft electrons: Neutral Density@400km �
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Effects of soft electrons: Energy Dependence �
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2000	
   125	
   -­‐10	
   9.7	
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  distribu6on	
  of	
  Joule	
  Hea6ng	
  SoZ	
  precipita6on	
  distribu6on	
  

0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  

km	
  

2	
  

3	
  

4	
  

5	
  

FN~	
  5x108	
  #/cm2s-­‐1	
  

108	
  #/cm2s-­‐1	
   12	
  MLT	
  

• 	
  SoZ	
  electrons	
  change	
  the	
  al6tude	
  
	
  	
  	
  distribu6on	
  of	
  Joule	
  hea6ng,	
  Joule	
  	
  
	
  	
  	
  hea6ng	
  above	
  200	
  km	
  has	
  significant	
  
	
  	
  	
  influence	
  on	
  neutral	
  density	
  	
  
• 	
  As	
  the	
  average	
  energy	
  of	
  soZ	
  	
  
	
  	
  electrons	
  increases,	
  the	
  effect	
  on	
  the	
  
	
  	
  neutral	
  density	
  at	
  400	
  km	
  decreases	
  
• 	
  The	
  magnetospheric	
  response	
  	
  
	
  	
  increases	
  as	
  average	
  energy	
  increases	
  



How does soft electrons “heat” the thermosphere?�

soZ	
  electron	
  precipita6on	
  

Electron	
  Temperature	
  

Ions	
   Neutrals	
  

Electron	
  Density	
  

Ioniza6on	
  	
  

Conduc6vity	
  

Joule	
  Hea6ng	
  

Neutrals	
  

Direct	
   Indirect	
  

Ques6on:	
  	
  
Which	
  pathway	
  is	
  more	
  efficient?	
  
-­‐	
  use	
  controlled	
  simula6ons	
  from	
  CMIT	
  



Test Simulations Setup �

To	
  test	
  the	
  efficiency	
  of	
  the	
  two	
  pathways	
  of	
  thermospheric	
  hea6ng	
  through	
  soZ	
  electrons,	
  
Four	
  test	
  simula6ons	
  are	
  used:	
  
•  Baseline	
  :	
  No	
  soZ	
  electron	
  precipita6on	
  	
  	
  

RUNS	
   Soa	
  Electrons	
   Change	
  Te	
   Change	
  Ne	
   Physical	
  

BASELINE	
   NO	
   -­‐	
   -­‐	
   Yes	
  

HEATING	
  ONLY	
   YES	
   YES	
   NO	
   No	
  

IONIZATION	
  ONLY	
   YES	
   NO	
   YES	
   No	
  

HEATING	
  &	
  IONIZATION	
   YES	
   YES	
   YES	
   Yes	
  

N(cc)	
   Vx(km/s)	
   Vy(km/s)	
   Vz(km/s)	
   Bx(nT)	
   By(nT)	
   Bz(nT)	
   Cs(km/s)	
   Tilt(o)	
  

5	
   400	
   0	
   0	
   0	
   0	
   -­‐5	
   40	
   0	
  

SW/IMF	
  driving	
  condi6ons	
  

Cusp	
  precipita6ng	
  electron	
  flux:	
  Fe	
  ~	
  2	
  mW/m2,	
  Eo	
  ~	
  150	
  eV	
  



Results�
Cusp	
  Electron	
  Flux	
  

At	
  400	
  km	
  al6tude	
  
•  HEATING	
  ONLY	
  RUN	
  

causes	
  ~	
  10%	
  mass	
  
density	
  enhancement	
  

•  IONIZATION	
  ONLY	
  RUN	
  
causes	
  >	
  40%	
  mass	
  
density	
  enhancement	
  

	
  

Ne	
  

Te	
  

Tn	
  

DEN	
  



Results�
Plasma	
  profiles	
  

Hea6ng	
  profiles	
   Neutral	
  Temperature	
  

The	
  INDIRECT	
  pathway	
  
is	
  more	
  efficient	
  than	
  
the	
  DIRECT	
  pathway	
  of	
  
thermospheric	
  hea6ng	
  


