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Abstract This paper presents a quantitative assessment of high-latitude energy input and its partitioning
in the polar cap by synthesizing various space and ground-based observations during the 17 January 2005
geomagnetic storm. It was found that Joule heating is the primary form of magnetospheric energy input,
especially during active times when the hemispheric-integrated Joule heating can be an order of
magnitude larger than the hemispheric-integrated auroral power. Most of magnetospheric energy is
dissipated in the auroral zone rather than in the polar cap. On average, only about 22–25% of the total
hemispheric energy input is dissipated into the polar cap region bordered by the convection reversal
boundary (CRB) and the poleward auroral flux boundary (FXB). The impact of high-latitude energy input
was also investigated to unveil the causal relationship between Joule heating and the formation of polar
cap mass density anomalies. Our numerical simulation demonstrated that thermosphere dynamics readily
redistributes composition, temperature, and mass through upwelling and atmospheric gravity waves.
The polar cap mass density anomalies observed by the CHAMP satellite during the storm were largely a
result of large-scale atmospheric gravity waves. Therefore, an increase in local thermospheric mass density
does not necessarily mean there is direct energy input.

1. Introduction

The high-latitude ionosphere plays a key role in solar-terrestrial energy transfer processes. Through solar
wind-magnetosphere interaction, a fraction of the solar wind energy is transmitted into the magneto-
sphere and subsequently dissipated into the high-latitude ionosphere to power the aurora and other
geomagnetic phenomena. Energy input from the magnetosphere to the high-latitude ionosphere has a
major impact on the dynamics and chemistry of the thermosphere [e.g., Rishbeth, 1991; Prölss, 1995,
1997; Schunk and Sojka, 1996; Fuller-Rowell et al., 1997; Richmond and Lu, 2000]. Therefore, an accurate
specification of high-latitude energy input is critical to understand how solar and magnetospheric forcing
affects the upper atmosphere.

The high-latitude region includes both the polar cap, where the magnetic field lines are directly connected to
the solar wind, and the auroral zone, where the field lines are considered closed, that is, both ends of the field
lines are connected to the Earth. Joule heating and auroral precipitation are the two main forms of magneto-
spheric energy input. Efforts to estimate high-latitude energy dissipation traditionally rely on empirical mod-
els, for example, the models of auroral precipitation by Hardy et al. [1985, 1991], Fuller-Rowell and Evans
[1987], Newell et al. [2009, 2010], Mitchell et al. [2013], and Zhang and Paxton [2008], and the models of
Joule heating by Foster et al. [1983], Chun et al. [2002], and Weimer [2005]. With the improvement in data
coverage and advancement in data assimilation techniques, the high-latitude energy input can also be esti-
mated for specific events by combining various observations [e.g., Waters et al., 2004; Richmond et al., 1988;
Emery et al., 1990; Lu et al., 1996, 1998, 2001]. These efforts have revealed that both Joule heating and auroral
precipitation mainly reside in the auroral zone. However, more recent studies show that the polar cusp, in
addition to the auroral zone, is a region of significant energy input [e.g., Knipp et al., 2011]. Some studies
[e.g., Huang et al., 2014] even suggest that the polar cap, rather than the auroral zone, is the primary location
of energy input. It has also been pointed out that the height distribution of the heat deposition is important
for the high-altitude density response, with heat deposited at higher altitudes having a stronger influence on
the high-altitude density than the same amount of heat deposited at lower altitudes [Deng et al., 2011; Huang
et al., 2012]. These recent studies have prompted new interests in energy partition over the high-
latitude ionosphere.
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Indeed, large neutral mass density enhancements have been observed by the CHAMP satellite near the
polar cusp, accompanied by intense small-scale field-aligned currents (FACs) as first reported by
Lühr et al. [2004]. It has been suggested that Alfvénic waves associated with small-scale FACs produce
Ohmic heating that causes thermospheric upwelling [Lühr et al., 2004]. But the relationship between den-
sity enhancement and local energy dissipation is far from conclusive. A statistical survey of the CHAMP data
over a 4 year period of 2002–2005 found that nearly 50% of polar cap density enhancement events did not
show any concurrent increase in energy input as represented by FACs [Liu et al., 2010]. What would then be
the cause of density enhancement in the absence of direct energy dissipation? To answer this question would
require a full, quantitative understanding of the energetic coupling between the ionosphere and thermo-
sphere, including realistic specification of energy input over the entire high-latitude ionosphere, and the che-
mical and dynamical processes responsible for the thermospheric density redistribution. Several modeling
studieshaveshownthe important roleof thermosphericdynamics inaltering thehorizontaldistributionof tem-
perature and density [e.g., Richmond andMatsushita, 1975;Millward et al., 1993; Burns et al., 1995; Crowley et al.,
1996, 2006;Denget al., 2009]. It iswell known that travelingatmospheric disturbances (TADs) launchedbyhigh-
latitude thermospheric heating can produce transient density structures that are not directly linked to local
heating[e.g.,Forbesetal., 2005;BruinsmaandForbes, 2010].Density structuresassociatedwithTADsare typically
observed at midlatitude and low latitude, and they propagate equatorward at a speed close to local sound
speed, e.g., 500–1000m/s in the upper thermosphere [Mayr et al., 1990; Bruinsma and Forbes, 2009, and refer-
ences therein]. However, the manner in which TADs may affect specific observed high-latitude density struc-
tures has not been determined [Liu et al., 2010]. Some studies have attributed changes in mean molecular
mass as an important contributing factor to neutral mass density variations [e.g., Lei et al., 2010; Qian et al.,
2010; Thayer et al., 2012; Liu et al., 2014].

Because of the limited field of view and the cadence of measurements by an individual platform, e.g., satel-
lites or ground-based instruments, estimation of high-latitude energy input is commonly obtained through
statistical analysis of data collected over a long period of time and then averaged with regard to geophy-
sical conditions. Although the average patterns of high-latitude ionospheric convection and auroral preci-
pitation are good representations of solar wind/magnetosphere conditions in terms of average behavior,
they are inadequate to replicate individual storm events owing to the dynamic nature of the high-latitude
ionosphere. The need for accurate specification of high-latitude energy input has been clearly demon-
strated by Fuller-Rowell et al. [1999]. In that study the authors had to arbitrarily rotate the peak Joule heat-
ing location based on an empirical model by 70° in order to reproduce the polar cap density holes
observed by the Satellite Electrostatic Triaxial Accelerometer. Huang et al. [2014] also noted that the energy
input based on the Weimer model [Weimer, 2005] not only misplaced the locations of the peak energy dis-
sipation but also underestimated the total energy input when compared with the Defense Meteorological
Satellite Program (DMSP) satellite measurements. In order to unravel the array of dynamic processes
responsible for the global- and regional-scale features in the thermosphere and their relationship to solar
wind/magnetosphere conditions, it is critically important to specify the high-latitude energy input as accu-
rately as possible both in space and in time. This importance has been illustrated in the recent study by
Liuzzo et al. [2015], who assessed quantitatively how the different high-latitude inputs may affect thermo-
spheric winds and temperature.

The purpose of this paper is to quantify the high-latitude energy input and its impact on the thermo-
sphere during a specific storm event on 17 January 2005. This was one of several events during which
some peculiar thermospheric density anomalies were observed in the polar region by the CHAMP satellite
[Liu et al., 2010]. We first use the assimilative mapping of ionospheric electrodynamics (AMIE) procedure
to characterize the height-integrated Joule heating and auroral energy dissipation by combining the
various observations from both space- and ground-based instruments, with a particular focus on the
energy input to the polar cap region. We then proceed with numerical simulation of the thermospheric
response to the high-latitude energy input using the well-established thermosphere-ionosphere-
electrodynamics general circulation model (TIEGCM) developed at the National Center for Atmospheric
Research (NCAR). By applying realistic time-dependent high-latitude energy input derived from AMIE, we
show that the TIEGCM is capable of reproducing thermospheric density anomalies observed by CHAMP.
The underlying physical processes responsible for the observed density anomalies are discussed in light of
the model simulation.
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2. Results
2.1. High-Latitude Energy Input

The AMIE procedure is specifically designed to obtain time-dependent global distributions of high-latitude
ionospheric convection and auroral precipitation by synthesizing various ground- and space-based measure-
ments [Richmond and Kamide, 1988]. Over the years the AMIE algorithm has undergone several updates to
improve its ability to ingest new types of data [e.g., Lu et al., 1998, 2001]. For this case study, the data input
to AMIE includes magnetic field perturbations at 215 ground magnetometer stations worldwide, ion drift
measurements from the DMSP satellites (F13 and F15), and from the Super Dual Auroral Radar Network
(SuperDARN) high-frequency coherent scatter radars. Energy flux and mean energy of auroral precipitating
electrons are obtained from the in situ particle measurements by the DMSP and NOAA-POES (NOAA-15,
16, and 17) satellites. In addition, auroral images from the Global Ultraviolet Imager (GUVI) on board the
Thermosphere-Ionosphere Mesosphere Energetics and Dynamics satellite and from the Special Sensor
Ultraviolet Spectrographic Imager (SSUSI) on board the DMSP-F16 satellite are also used to determine the
energy and energy flux of precipitating auroral electrons. Another important data input to AMIE comes from
the CHAMPmagnetometer (smoothed to 20 s resolution), which helps constrain the AMIE outputs of electro-
magnetic fields especially along the satellite track. The ground magnetometer data are averaged to 1min
resolution, and the SuperDARN data have a 2min cadence. The satellite ion drift and in situ particle data
are averaged to 15 s resolution, while the GUVI and SUSSI auroral images are binned to 1° in latitude and
0.3 h in local time. The AMIE outputs are saved at a 5min cadence, and the time window for the satellite data
is ±3min of themodel time. The spatial resolution of the AMIE outputs is determined by the order of the poly-
nomial functions as well as the total number of basis functions. The current version employs a set of 244 basis
functions, which allow a representation of features of the electrodynamic fields down to about 1.5° in latitude
and 10° in longitude. Accordingly, the AMIE spatial grid is set to 1.67° in latitude and 10° in longitude.

The region poleward of the auroral zone is referred as the polar cap where geomagnetic field lines are con-
nected with the interplanetary magnetic field (IMF). The polar cap boundary is thus also considered as the
boundary that separates open field lines (i.e., field lines that have one end rooted on the Earth and the other
end connected to the IMF) and closed field lines (i.e., field lines with both ends on the Earth). Themorphology
of the polar cap is strongly controlled by the interaction between the solar wind and magnetosphere so that
it serves as an important indicator of magnetospheric dynamics. Changes in the polar cap size have been
used to infer changes in magnetic energy storage and release during substorms [e.g., Baker et al., 1997;
Kamide et al., 1999]. However, identifying the polar cap boundary is not a simple task, which depends on what
methodology is being applied and how the boundary is defined. Several different observational methods
have been developed in the past to determine the polar cap boundary. A direct (and arguably, most accurate)
method to identify the polar cap boundary is based on particle spectrometers aboard polar-orbiting satellites
such as DMSP. Automated algorithms have been developed by Newell et al. [1996] to classify the various
plasma regimes by analyzing the detailed energy spectrograms of precipitating electrons and ions. The main
disadvantage of this method is the limited spatial coverage due to the lack of adequate polar-orbiting satel-
lites. There are also a number of indirect methods to identify the polar cap boundary. One commonly used
indirect method is based on satellite-borne auroral imagers, in which the polar cap boundary is defined as
the location where the auroral luminosity falls below a certain threshold value [e.g., Brittnacher et al., 1999;
Kauristie et al., 1999; Baker et al., 2000; Longden et al., 2010; Hubert et al., 2010]. This method has a great
advantage of global coverage and high temporal cadence but suffers from large uncertainties since the exact
relationship between auroral emissions and the polar cap boundary has not been fully established. Other
indirect methods include the poleward boundary of auroral electrojets and the region-1 currents inverted
from ground magnetometers [Akasofu and Kamide, 1976; Mishin, 1990], the estimate of auroral boundaries
from small-scale FAC intensity [Xiong and Lühr, 2014], the equatorward edge of HF radar backscatter [Milan
et al., 1999, 2003], the Doppler spectral width boundary measured by the SuperDARN radar measurements
[Chisham and Freeman, 2004; Chisham et al., 2005], and the convection reversal boundary from SuperDARN
and DMSP [e.g., Sotirelis et al., 2005; Chen et al., 2015]. In this study, we apply three different boundaries as
proxies for the polar cap boundary: (1) the convection reversal boundary (CRB), defined as the most poleward
boundary between 60° and 80° MLAT where the north-south component of the E field flips sign at a given
magnetic local time (MLT); (2) the poleward auroral flux boundary (FXB), defined as the location where the
energy flux drops by a factor of e�1 of its peak value at a given MLT; and (3) the circle boundary at a constant
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MLAT of 78°. Though this 78° MLAT is somewhat an arbitrary choice, as discussed in the next section, it is
commensurate with the identification of the polar cap mass density anomaly, which is defined as an
increase in mass density poleward of |78°| MLAT that is more than 20% above the prevailing background
value [e.g., Liu et al., 2010].

Figure 1 shows samples of AMIE outputs at selected UT times on 17 January 2005. Figure 1 (top row) shows
the Northern Hemispheric patterns of ionospheric convection, auroral precipitating electron energy flux, and
the height-integrated Joule heating at 11:35 UT, and Figure 1 (middle and bottom rows) shows the similar
AMIE patterns at 15:10 UT and 21:50 UT, respectively. The red solid line corresponds to the CRB, and the
yellow dashed line represents the FXB. Our identification of the FXB is analogous to the poleward boundary
of auroral emissions based on the Ultraviolet Imager (UVI) aboard the Polar satellite [Baker et al., 2000].
According to Baker et al. [2000], the poleward auroral emission boundary was better defined using a normal-
ized flux ratio of 0.30 with respect to the peak UVI auroral emission intensity at each MLT than using a fixed

Figure 1. AMIE patterns of convection, auroral precipitating electron energy flux, and height-integrated Joule heating over
the Northern Hemisphere at (top row) 11:35 UT, (middle row) 15:10 UT, and (bottom row) 21:50 UT, respectively. The
patterns are plotted in magnetic latitude versus magnetic local time coordinates, with the center of the pattern corre-
sponding to the magnetic North Pole. The red line represents the convection reversal boundary (CRB), and the yellow
dashed line indicates the poleward auroral flux boundary (FXB).
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flux threshold, although there was a
standard deviation error of approxi-
mately 1° in latitude between the
UVI and DMSP defined poleward aur-
oral boundaries in the evening sec-
tor. Sotirelis et al. [2005] also noted
that the CRB nearly coincides with
the DMSP defined open-closed
boundary at local noon but shifts
equatorward by ~1° near dawn and
dusk. This 1° offset, however, is smal-
ler than the latitude grid size of AMIE
and, therefore, should not have a sig-
nificant effect on our investigation.
By comparing the red and yellow
contour lines in the Joule heating
patterns, the difference between the
CRB and FXB can be as large as 10°
in some MLT sectors. The resulting
difference in the calculated polar
cap power based on these two differ-
ent boundaries should give us a
range of variability. The Joule heating
and auroral power integrated pole-
ward of the CRB (FXB) are defined as
JH_crb (JH_fxb) and HP_crb
(HP_fxb), respectively, and their
values are given at the lower left
(right) corner of the corresponding
patterns. The Joule heating and aur-
oral power integrated above 50°
MLAT are defined as JH_total and
HP_total, respectively, and their
values are shown in the upper right
corner of the patterns. The difference
between the hemispheric power

(i.e., JH_total and HP_total) and the polar cap power (i.e., JH_crb or JH_fxb and HP_crb or HP_fxb) is the
energy input into the auroral zone. Similarly, Joule heating and auroral energy input above the 78° MLAT
circular polar cap boundary are denoted as JH_78° and HP_78°, respectively. Their values (not listed in
Figure 1) are smaller than the corresponding polar cap powers based on the CRB and FXB since these bound-
aries generally lie equatorward of the 78° MLAT circle.

Figure 2 shows the variations of the various energy inputs as defined above, together with the IMF By and Bz
components over the period of 17 January 2005. The high-latitude energy input is strongly modulated by the
IMF orientation: both Joule heating and auroral precipitation increase during southward IMF and decrease
during northward IMF. HP_total has a minimum value of ~30GW and a maximum value of ~270GW. For
JH_total, its minimum value is of ~50GW and its maximum is of ~850GW. The ratio of JH_total over
HP_total varies from about 1.5 during quiet time to over 9 during active time. Thus, Joule heating is the more
significant energy input compared to auroral power. This is consistent with previous findings. For example, Lu
et al. [1996, 1998] found that, on average, the hemispheric-integrated Joule heating is about twice the
hemispheric-integrated auroral power. Knipp et al. [2004] estimated the hemispheric-integrated Joule heat-
ing and auroral power based on empirical formulas, and their calculations yielded an average daily value
of 95GW for Joule heating and 36GW for auroral power over solar cycle 22–23. Other theoretical and empiri-
cal estimates also indicated that Joule heating exceeds auroral power by a factor of 2 to 6 [e.g., Akasofu, 1981;
Ahn et al., 1983, 1989].

Figure 2. Time series of (a) the IMF By and Bz components. (b) HP_total in
black, HP_crb in magenta, HP_fxb in green, and HP_78° in brown,
(c) JH_total in black, JH_crb in red, JH_fxb in blue, and JH_78° in grey, (d) the
ratio of JH_total overHP_total, and theblue dashed line corresponds to a ratio
value of 1.5, and (e) the ratio of the polar cap auroral power and Joule
heating over the respective hemispheric power for the different polar cap
boundaries, and <R> represents the mean value of the different ratios. The
vertical dotted lines mark the times when the hemispheric auroral power
peaks at 11:35 UT, and when the ratio of JH_crb/JH_total exceeds 0.6 at
15:10 UT and 21:50 UT.
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High-latitude energy input is usually estimated over the entire hemisphere or over the globe. So far, there has
been no systematic assessment on the energy partition in the polar cap with respect to the total hemispheric
energy input. Motivated by recent interests in the polar cap energy dissipation, this study takes a first step in
that direction. As shown in Figure 2e, the fraction of energy input over the polar region is mostly less than
40% of the total hemispheric energy input. The average energy partition over the polar cap ranges from
11% to 29% for Joule dissipation, and even smaller for auroral precipitation (ranging from 2% to 16%),
depending on which polar cap boundary is applied. In terms of total energy input (e.g., the sum of Joule heat-
ing and auroral power), the average polar cap energy partition (not shown in Figure 2) is 25% when applying
the CRB, 22% for the FXB, and 8% for the 78° MLAT circular boundary.

The vertical dotted lines in Figure 2 correspond to the times when HP_total peaks at 11:35 UT, and when the
ratio of JH_crb/JH_total exceeds 0.6 at 15:10 UT and 21:50 UT, respectively. At 11:35 UT, IMF Bz is about�2 nT
and By is about 20 nT. The corresponding ionospheric convection pattern (Figure 1, top row) consists of two
cells that are asymmetric about the noon-midnight meridional plane due to the large By effect. At 15:10 UT,
shortly after Bz has turned from ~25 nT to �4 nT, the convection pattern (Figure 1, middle row) becomes
highly distorted, with a dominant positive (clockwise) cell centered at the magnetic North Pole. The auroral
precipitation is much weaker compared to that at 11:35 UT when the IMF has persisted southward for several
hours. At 21:50 UT, the IMF changes to northward, with Bz~ 15 nT and By~ 2nT, and the convection pattern
(Figure 1, bottom row) is dominated by a negative potential cell centered around the magnetic North Pole,
and there is no convection reversal between 60° and 80° MLAT in the prenoon sector. As a result, the polar
cap boundary in the prenoon sector is simply an extrapolation of the CRB near dawn and local noon, which
places the CRB about 5–10° equatorward of the FXB in the prenoon sector. The CRB on the nightside is also
farther equatorward of the FXB in the same location, extending as low as 63° MLAT near local midnight. The
size of the polar cap shrinks substantially when IMF is northward. Therefore, the CRB in this case would not be
a good representation of the polar cap boundary. As shown in Figure 2, the large ratio of JH_crb/JH_total
takes place only when IMF Bz is northward and the overall energy input is very small, with HP_total typically
less than 50GW and JH_total less than 100GW.

Our estimation of polar cap energy input depends on which polar cap boundary is applied. For the case at
15:10 UT, the CRB places the entire dayside region of enhanced Joule heating as part of the polar cap,
whereas the FXB nearly coincides with the peak Joule heating. As a result, the calculated polar cap powers
based on the CRB and FXB are quite different: 26GW for HP_crb versus 10 GW for HP_fxb, and 176GW for
JH_crb versus 132GW for JH_fxb. Correspondingly, the ratio of the polar cap Joule heating versus the hemi-
spheric Joule heating is 0.65 for JH_crb/JH_total and 0.48 for JH_fxb/JH_total. Situations like this call for
further examination to determine which polar cap boundary is most appropriate under the given condition.
Note that, at 15:10 UT, IMF Bz has turned from northward to southward just about 10min earlier and By is
about 20 nT. The AMIE convection pattern shows large eastward converging flows in the postnoon sector.
Large Joule heating is found in the region of strong converging flows (and thus large electric fields), whereas
the CRB is located more than 5° farther equatorward of the main heating region. The FXB, on the other hand,
resides just equatorward of the peak Joule heating in the postnoon sector. A number of previous observa-
tional studies [e.g., Knipp et al., 2011; Lühr et al., 2004] have shown that the dayside cusp is a region of large
energy input and heating. Although no DMSP satellites passed the region of intense Joule heating at that UT
time to directly measure the plasma properties there, it is reasonable for us to assume this region to be the
dayside cusp for the given IMF condition. Since the cusp is located at the equatorward edge of open mag-
netic field lines [Newell and Meng, 1988], the FXB should more suitably represent the polar cap boundary
on the dayside in this case. As a comparison, if one applies the constant 78° MLAT circle as the polar cap
boundary in this case, it would yield 1GW for HP_78° and 74.7 for JH_78°, and a ratio of 0.01 for HP_78°/
HP_total and 0.27 for JH_78°/JH_total.

It shouldbenoted that theCRBand the FXBareusedmerely asmeasures of thepolar cap size, and theymaynot
coincidewith the boundary between open and closed field lines. However, the identification of the true open-
closed boundary requires detailed measurements of precipitating particle energy spectra from satellites such
asDMSPat all local times simultaneously,which is practically impossible. Takingadvantageof theglobal nature
of the AMIE patterns, the polar cap boundary as defined by the CRB and/or FXB should afford us a systematic
assessment of the partition of energy input over the polar cap versus that into the auroral zone.
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2.2. Impact on the Thermosphere

The ionosphere and thermosphere are a tightly coupled system through the complex energy and momen-
tum exchanges between ions and neutrals. The difficulty of simulating thermospheric response in first-
principle models lies largely in specifying the magnitude, spatial distribution, and temporal evolution of
the high-latitude energy input [e.g., Fuller-Rowell et al., 1999]. Coupled with realistic high-latitude electrody-
namic outputs from AMIE, we show below the TIEGCM simulation of the 17 January 2005 storm event that
features prominent polar cap density anomalies as described in Liu et al. [2010].

The TIEGCM [Richmond et al., 1992; Qian et al., 2013] is a global model of the thermosphere-ionosphere sys-
tem, extending from ~97 km to about 500–800 km altitude (depending on solar activity). In this study we use
the latest high-resolution version of the model which has a horizontal resolution of 2.5° × 2.5° in geographic
latitude and longitude and a vertical resolution of one fourth scale height, with a total of 59 constant pressure
levels ZP from �7 to 7, where ZP= ln(P/P0), and P0 is a reference pressure of 50μPa. The model incorporates
aeronomical, dynamical, and electrodynamical processes that are appropriate for these regions. The model’s
lower boundary is specified by climatological migrating and nonmigrating tides based on the Global Scale
Wave Model (GSWM) [Hagan and Forbes, 2002, 2003]. The upper boundary inputs to the model include the
solar UV and EUV fluxes, energetic particle precipitation, and polar ionospheric electric fields or convection.
For the coupled AMIE-TIEGCM simulation in this case, two of the model upper boundary conditions, namely,
auroral precipitation and ionospheric convection, are derived from AMIE. The 5min AMIE outputs are spa-
tially and temporally interpolated to TIEGCM’s grids as it steps in time. The model time step is 1min for quiet
geomagnetic conditions and 30 s during storm intervals, and the model outputs are recorded every 5min.

Figure 3 shows the neutral mass density measurements during two separate CHAMP polar passes. Figure 3
(left column) shows mass density from the CHAMP accelerometers and FACs derived from the CHAMP mag-
netometer over the southern polar region between 13:41 and 13:56 UT, and Figure 3 (right column) corre-
sponds to the satellite crossing over the northern polar region between 17:23 and 17:48 UT. According to
Figure 2, there are two pulses of enhanced Joule heating and auroral precipitation centered around 12 UT
and 17 UT, respectively. So the density anomalies were observed by CHAMP shortly after the high-latitude
energy input peaks. The most distinct difference between these two CHAMP polar passes is that while the
density anomaly over the southern polar cap around�80° MLAT was accompanied by intense FACs, the den-
sity anomaly over the Northern Hemisphere around 80° MLAT was absent of FACs. Thus, the northern polar
cap density anomaly can be decoupled from FACs and local energy dissipation.

Figure 4 shows the TIEGCM outputs of neutral mass density and the height-integrated Joule heating prior to
and during the CHAMP southern pass shown around 13:50 UT. The plotted neutral mass density corresponds
to an altitude of 380 km, which is the average orbital altitude of CHAMP at that time. As shown in Figure 2, the
hemispheric-integrated Joule heating starts to increase rapidly around 10:00 UT when IMF Bz turned south-
ward. At 10:50 UT, increased Joule heating can be seen on the sunward side of the CHAMP trajectory. A mod-
est density enhancement is also found equatorward of the main heating zone but no obvious density

Figure 3. CHAMP neutral mass density and field-aligned currents (left column) over the southern polar region from 13:41
to 13:56 UT and (right column) over the northern polar region from 17:32 to 17:47 UT. The red lines in Figure 3 (top row)
indicate the corresponding magnetic latitude of the satellite trajectories, and the red lines in Figure 3 (bottom row) are the
20 s running average of FACs.
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increase along the satellite track as indicated by the small colored dots. By 12:20 UT Joule heating has
increased significantly around the auroral zone. Enhanced mass density is mostly located sunward of the
CHAMP trajectory, and the satellite only encountered some modest increase associated with the tail of the
tadpole shaped high mass density region over Antarctica. In addition to the region of increased mass density,
a reduced mass density zone is formed at midlatitudes on the nightside. At 13:30 UT, about 20min prior to
the observed CHAMP polar cap density anomaly, a large density enhancement is present across the
Antarctic continent above the region of strong Joule heating. But the density enhancement can also be
clearly seen equatorward of Antarctica where there is no direct Joule heating dissipation. Again, two patches
of reduced mass density are formed just off the Antarctic coast near dusk and on the nightside. Around
13:50 UT, CHAMP observed a large density anomaly near �80° MLAT. The simulation shows that the
anomaly roughly coincides with a narrow band of intense Joule heating, which seems to have been
significantly reduced over a time span of 20min from 13:30 to 13:50 UT. The modeled density enhance-
ment in central Antarctica is very similar to that in the CHAMP observations although the modeled
value is somewhat smaller than the observed value. Farther equatorward of Antarctica, a modest density
enhancement was observed by CHAMP. While the simulation depicts a similar midlatitude density
enhancement, it overestimates the magnitude compared to observations. According to the simulation,
the most intense density enhancement is located sunward of the CHAMP satellite track where Joule heat-
ing is largely absent.

Figure 5 shows the TIEGCM mass density and the height-integrated Joule heating maps before and during
the CHAMP northern pass around 17:40 UT. At 11:40 UT, no significant density enhancement along the satel-
lite track can be seen, neither by CHAMP nor in the simulation. Instead, a very modest density increase is
located in the early afternoon sector above a region of increased Joule heating at that time. At 14:40 UT, weak
and spotty Joule heating exists just sunward of the satellite track. The density enhancement can be found at
midlatitudes in the prenoon sector, consistent with the CHAMP measurements. At 17:20 UT, more intense
Joule heating appears near the dawnside auroral zone, yet enhanced density is mainly in the premidnight
sector and at midlatitudes. Though enhanced density is also present on the dawnside, its main band resides
equatorward of the heating zone. About 20min later at 17:40 UT, it appears that the previous dawnside den-
sity enhancement has split into two patches: the portion poleward of the dawnside Joule heating zone has
moved to near the north magnetic pole, whereas the equatorward density band has moved farther equator-
ward and also expanded in size. Over the same time period, the Joule heating pattern has changed very little,

Figure 4. Maps of (top row) neutral mass density at 380 km and (bottom row) height-integrated Joule heating over the
Southern Hemisphere. The small colored dots indicate the CHAMP trajectory, with the color of each dot corresponding
to the mass density value measured by CHAMP using the color scale from Figure 4 (top row). The outer circle corresponds
to 40°S, and the triangle in each map indicates the magnetic South Pole.
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and there is little energy dissipation over the polar cap where the density anomaly was observed by CHAMP.
In addition to the polar cap, the simulation also exhibits density enhancements equatorward of the Joule
heating zone, which is also consistent with the CHAMP observations but with overestimated values.
Despite the complex and very dynamic redistribution of neutral mass density, our simulation seems to agree
well with the CHAMP observations, at least qualitatively.

3. Discussion

It is apparent that the density variations have a complex relation to the Joule heating distribution. This
occurs because dynamics rapidly redistributes the heat and changes the composition and temperature
[e.g., Rishbeth et al., 1987; Lei et al., 2010]. In order to investigate some of the physical processes responsible
for this complex relation, we show in Figure 6 the distributions of mass density (ρ), total number density (N),
neutral temperature (TN), and mean molecular mass mð Þ at 380 km, along with the height-integrated Joule
heating for the 1 h interval proceeding the CHAMP observed density anomaly in the Northern Hemisphere.
For reference purpose, we also show the same quantities for the quiet time at 07:30 UT on 17 January. From
a different perspective, latitude-height slices of Joule heating and of the change of mean molecular mass
across the polar region in the dusk-dawn meridional plane are shown in Figures 7 and 8, along with winds
and pressure-surface heights. In Figure 7 the colors indicate heating per unit mass, while the red contours
in the lower thermosphere represent heating per unit volume. In Figure 8 the difference mean molecular
mass shown by the colors is Δm ¼ m t; θ; φ; zð Þ �m t0; zð Þ½ �, where m t; θ; φ; zð Þ is the mean molecular mass
at the given time t, latitude θ, longitude φ, and altitude z, andm t0; zð Þ is the globally averaged mean mole-
cular mass at the corresponding altitude z during the quiet time at 07:30 UT on 17 January. The colored
dots, which are used to illustrate the displacement of individual air parcels, are discussed later. According
to the perfect gas law, P=NkTN, where P is the pressure, k is the Boltzmann constant, and N and TN are
anticorrelated with each other at a constant pressure level. However, at a fixed altitude as shown in
Figure 6, the relationship between N and TN becomes more complex due to three processes occurring that
influence thermospheric variations.

First, heating increases the temperature and expands the atmosphere through barometric motion
[i.e., Rishbeth et al., 1969]. In this process, neutral mass density is positively correlated with temperature
change at higher altitudes, though the detailed correlation may be modulated by variations of mean mole-
cular mass [Rishbeth and Müller-Wodarg, 1999; Lei et al., 2010].

Figure 5. Similar to Figure4but for theNorthernHemisphere. Theouter circle corresponds to40°N, and the triangle indicates
the magnetic North Pole.
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Second, localized heating makes the air more buoyant so that it tends to rise and bring molecular-rich air to
higher altitudes [Fuller-Rowell et al., 1997]. Associated with this upwelling is horizontal outflow at higher
altitudes and downflow at latitudes outside the heating region that act toward eliminating horizontal
pressure gradients and maintaining horizontal uniformity of the density and the scale height, although
horizontal gradients of pressure, density, and scale height are not totally eliminated. The temperature adjusts,
partly through adiabatic changes associated with the vertical motions, so as to reduce horizontal variations of
TN=m. Because m is horizontally nonuniform, TN tends to be nonuniform owing to this circulation. Lei et al.
[2010] showed how horizontal density variations at 400 km would be considerably greater if only the storm
time temperature changes but not the composition changes (i.e., under the approximation of barometric
motion) were taken into account in the hydrostatic relation. It is apparent in Figure 6 that both TN and m
are generally enhanced over the polar region by comparable amounts. The fact that the enhancements of
TN andm appear broadly over the polar region, whereas the height-integrated Joule heating is concentrated
in the auroral region, may be due partly to horizontal spreading of the composition enhancements created
by upwelling. But it is also due partly to the fact that it is primarily Joule heating at F region altitudes, and
not total height-integrated Joule heating, that has the greatest impact on the temperature and composition
at 380 km [e.g., Deng et al., 2011; Huang et al., 2012]. As shown in Figure 7, at 16:45 UT, intense heating
(per unit mass) above 300 km near the North Pole is evident, even though most of the total Joule heat is
deposited at E region heights at auroral latitudes between 70° and 75°N on the dawnside (right). The F region
heating is only a minor (~10%) portion of the total Joule heating, and is comparable over the polar cap and

Figure 6. Maps of (first column) height-integrated Joule heating, (second column) neutral temperature, (third column) mean molecular mass in atomic mass units
(1 amu = 1.66 × 10�27 kg), (fourth column) neutral number density, and (fifth column) neutral mass density. All maps are plotted at a fixed altitude of 380 km above
40°N. The contours represent the percent changes of neutral parameters with respect to their quiet time values shown in Figure 6 (top row).
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auroral zone, unlike the total Joule heating. The polar cap F region heating leading up to the time at 16:45 UT
is responsible for the large increase of mean molecular mass in the polar cap, at this time seen in Figure 8.

The third main process affecting the high-altitude thermospheric variations is atmospheric gravity waves
(AGWs) generated by the impulsive Joule heating. These AGWs are generated mainly in the lower thermo-
sphere [Richmond, 1978] andpropagatehorizontally andvertically into theupper thermosphere as TADs, creat-
ing transient horizontal gradients. The associated vertical winds produce variations of TN and m that are
approximately out of phase, in contrast to the in-phase variations producedby the upwelling anddownwelling
induced by local Joule heating discussed above. The AGWs produce both augmentations and diminutions of
density, so that an observed density peak represents not simply a density increase, but rather a local density
increase that is flanked by density troughs. The AGWs and their effects are discussed in more detail later.

The variations seen in Figure 6 are a combination of these three processes. The storm time heating causes a
general increase of TN, N, and ρ. However, the increase in TN is not uniform, nor does it maximize where the
height-integrated Joule heating is located. Instead, TN increases mainly over the central polar region where
total Joule heating is relatively small, and only a modest TN increase (about 200°K or 20% above the quiet time
background) is found over the dawnside auroral zone where Joule heating is most intense. The mismatch
between locations of high TN and total height-integrated Joule heating peak is due to the disproportionate
importance of F region Joule heating mentioned earlier, to adiabatic heating and cooling through vertical
winds, to the presence of AGWs, to temporal lags between heating and thermospheric responses, and to spa-
tial redistributions by horizontal winds. As explained by Lei et al. [2010], the density change at high altitude
depends exponentially on the average change of scale height over the multiple scale heights existing
between the main heating region and the high-altitude observing location, and this exponential effect dom-
inates over local changes of TN or m. Since the scale height is proportional to TN=m, fractional changes of

Figure 7. Vertical distributions of Joule heating along the dusk-dawn meridian at selected UT times, with the heating per
unit mass represented by colors and the heating per unit volume plotted as contours. The cyan lines correspond to the
heights of the pressure levels from�4 to 4, and the white arrows represent the meridional and vertical winds. Note that the
plotted vertical winds are amplified by a factor of 5. Dawn is to the right and dusk to the left.
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either TN or m below the observing height affect the density by comparable magnitudes, but in opposite
directions. The fractional changes of TN and m vary with height, but the values at 380 km indicated by the
contours in Figure 6 can be considered representative of changes in the upper thermosphere. These contours
show roughly comparable changes of TN andm, consistent with the tendency for vertical motions to reduce
horizontal variations of the scale height, and thus of the ratio TN=m. However, the presence of gravity waves
produces small-scale variations of TN=m. The patterns of N and ρ at 380 km are similar, albeit they differ by an
amount proportional to m. The largest increase in N is confined to the nightside, but there is also a gradual
increase on the dawnside both poleward and equatorward of the main auroral zone where Joule heating
intensifies. By 17:45 UT, N across the polar region has reached a magnitude more than 100% of its quiet time
value. At the quiet time of 07:30 UT, the mean molecular mass is around 16 atomic mass units (amu) at
380 km, indicating that the neutral composition is dominated by atomic oxygen. During the active period
from 16:45 to 17:45 UT, the mean molecular mass has increased above 20 amu as a result of upwelling of
heavier, molecular-rich air from below. To further elucidate the dynamic response to high-latitude energy
input, we also plot in Figures 7 and 8 the neutral winds (white arrows) and the heights (cyan contour lines)
of pressure levels from �4 to 4. Note that since the vertical winds are generally much smaller than the
meridional winds, we have amplified the wind vectors by a factor of 5 in the vertical direction in order to bet-
ter depict the vertical wind variations. During the rapid increase of Joule heating that starts around 16:30 UT
(see Figure 2) there is strong upper thermosphere heating in the polar cap at 16:45 UT as shown in Figure 7.
At that time there is also intense Joule heating between 70° and 75° latitude in the dawnside (right) auroral

Figure 8. Vertical distributions of difference mean molecular mass along the dusk-dawn meridian at selected UT times. The red contours correspond to volumetric
Joule heating intensity, and the white arrows represent themeridional and vertical winds. The colored dots are used to symbolize the individual air parcels, which are
initially launched at 16:45 UT at a constant altitude of 350 km and evenly spaced in latitude.
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zone. The volumetric heating indicated by the red contours is centered around 115 km in altitude where
Pedersen conductivity peaks, while the heating per unit mass is also large in the upper thermosphere.
Upward vertical winds start to develop in the upper thermosphere at this auroral location around 16:45
UT because of the heating. At 17:00 UT, the upward vertical winds in the auroral heating region further
intensify. Temperature and composition changes below a given pressure level raise or lower the pressure
level height to maintain hydrostatic equilibrium in the model. The variations of the pressure level height
produce large latitudinal gradients, which in turn drive meridional winds. Between 17:00 and 17:30 UT
the meridional winds above the heating region are divergent and couple with upward winds in a manner
that preserves mass continuity. In fact, the upward winds at 17:00 UT and 17:15 UT produce adiabatic cool-
ing that overcompensates the Joule heating, such that the upper level pressure surfaces subside. From
17:15 to 18:00 UT the contour lines of pressure level height above ~150 km become wavier, exhibiting a
clear signature of propagating large-scale AGWs. The amplitude of the pressure level height fluctuations
increases with altitude, which is another characteristic of AGWs that have been launched from lower
altitudes and propagate upward [Hines, 1960].

Figure 9. Vertical distributions of mass density variations (percent changes over a 10min interval) along the dusk-dawn meridian. The Arabic numerals highlight the
main phase fronts of AGWs.
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In Figure 8 it is seen that the meanmolecular mass gradually increases with time in regions of upward vertical
winds and decreases in regions of downward winds. To highlight the transport effect by the winds, the
colored dots symbolize the individual air parcels that are launched at 16:45 UT at a fixed altitude of
350 km and are initially evenly spaced in latitude. The air parcels are then transported by the meridional
and vertical winds (the zonal wind effect is ignored). At 17:30 UT the black dot that is originally located near
the primary maximum of the difference mean molecular mass has fallen to ~320 km, whereas the white dot
near the secondary maximum of the difference mean molecular mass has risen to 390 km. By 18:00 UT the
order of the original primary and secondary maxima of the difference mean molecular mass has reversed,
and the latitudinal space between the colored dots becomes uneven due to the variations of the meridional
winds experienced by the different air parcels. But the overall horizontal displacement is much smaller than
the lateral motion of the mass density features over the polar region as illustrated in Figure 6, which travel at
the AGW propagation speed. Thus, the formation of the polar cap density anomaly observed by CHAMP
appears to be predominately a manifestation of the AGWs.

Further examination of AGWs is presented in Figure 9, which shows the dusk-dawnmeridional distributions of
the neutral mass density variations. The mass density variation is defined as Δρ t; θ;φ; zð Þ ¼
ρ t þ Δt; θ; φ; zð Þ � ρ t � Δt; θ;φ; zð Þ½ �=ρ t; zð Þ, where Δt= 5min (e.g., the model output cadence) and ρ t; zð Þ is
the globally averaged mass density at the given time t and height z. It should be noted that this quantity
represents the normalized time rate of change (or “tendency”) of mass density and is amean to better capture
the temporal variations associated with AGWs than the simple difference field with respect to the quiet time
background (such as the contour plots shown in Figure 6). Thewhite contours at the bottomof each panel cor-
respond to the volumetric Joule heat distribution. Themass density tendencies form vertically tilted structures
that are reminiscent of the phase fronts of AGWsgeneratedby Joule heating [Richmond, 1978]. Themainphase
fronts are marked in Figure 9, and they apparently propagate away from the heating source both
duskward/polewardanddawnward/equatorward intheformofTADs.Ofparticular interest tousarethepositive
density tendenciesmarkedas5and6,whichfirst appear at 17:00UTabove theheating sourceon thedawnside.
These two positive tendencies propagate laterally away from the heating region. By 17:45 UT, the
duskward/poleward moving tendency 5 has just passed the north geographic pole, whereas the
duskward/equatorward moving tendency 6 has reached 50° in latitude. A maximum density anomaly occurs
when the tendency reverses from positive to negative. The positive density anomaly observed by CHAMP
around17:40UTover thenorthernpolarcap isassociatedwith thepositive tendency5duringtheprecedinghalf
hour and therefore is a result of a propagating TAD rather than generation by local Joule heating. Over the 1 h
period from 17:00 to 18:00 UT, tendency 5 has moved about 20° in latitude from the dawnside at ~75°N to the
duskside at ~85°N, corresponding to an averagephase speedof ~650m/s above 300 kmwhere theAGWphase
fronts become vertical. Our simulation has thus demonstrated the importance of nonlocal responses to energy
inputs, in the formof TADs, for explaining the frequent lackof correspondencebetween the locationsof energy
inputs and density enhancements in the polar region. However, it is clear that TAD effects must be considered
alongwith quasi-stationary dynamical effects associated with upwelling/outflow and barometric motion.

4. Conclusions

We carried out a quantitative assessment of high-latitude energy input and its partitioning in the polar cap
during the 17 January 2005 geomagnetic storm based on various space- and ground-based observations
with the aid of the AMIE data assimilation procedure. Among the main findings on magnetospheric energy
input were as follows. 1. Consistent with studies of other storms, Joule heating is the dominant form of the
high-latitude energy input compared to auroral precipitation. The ratio of the total hemisphere-integrated
Joule heating versus the hemispheric-integrated auroral power is about 1.5 during quiet times and reaches
a magnitude of as high as 9 during active times. 2. As defined by the CRB and FXB, the energy input over
the polar cap only occasionally exceeds 50% of its hemispheric-integrated value. This occurs when the IMF
is northward and the overall energy input is very low. 3. On average, the energy input over the polar cap
accounts for 22–25% of the total hemispheric energy input. Therefore, we concluded that the polar cap is
not the main location of magnetospheric energy input into the IT system. Had one used a simpler polar
cap boundary as defined by the 78° MLAT circle, the energy input into the polar cap would be less than
10% of the total hemispheric energy input on average.It is worth noting that Finding (1) is not new; rather,
it reaffirms the conclusion by several previous studies [e.g., Akasofu, 1981; Ahn et al., 1983, 1989; Knipp
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et al., 2004; Lu et al., 1996, 1998]. Findings (2) and (3) were based on a single event, and their generality has yet
to be substantiated with more event studies under different solar wind and geomagnetic conditions.

To understand and elucidate the subsequent effects of high-latitude energy input on the thermosphere, par-
ticularly its relation with the observed polar cap density anomaly, we conducted a TIEGCM simulation to
determine the underlying physical processes responsible for the formation of polar cap mass density anoma-
lies as observed by the CHAMP satellite. Using time-varying, realistic specifications of plasma convection and
auroral precipitation derived from AMIE, our model was able to reproduce the observed polar cap density
anomaly, although quantitative model-data differences still exist. Further examination of simulation results
revealed that three processes were mainly responsible for horizontal structuring of high-latitude tempera-
ture, composition, and density: (1) general temperature increase and atmospheric expansion (barometric
motion) that led to high-altitude density increases, (2) upwelling induced by Joule heating that locally
increased the mean molecular mass and led to coincident local temperature increases; and (3) large-scale
AGWs were launched by the impulsive Joule heating energy input that propagated both poleward and equa-
torward and modulated thermospheric properties everywhere. The polar cap mass density anomalies
observed by the CHAMP satellite during the storm were largely a result of large-scale atmospheric gravity
waves. In general, depending on the location and time of the observation by a satellite with respect to the
time history of energy input, density anomalies may or may not coincide with the heating source. Thus,
caution must be taken when interpreting thermospheric dynamics based on localized observations.
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