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[1] The Center for Integrated Space Weather Modeling’s (CISM) suite of models was run
together to simulate the passage of an idealized coronal mass ejection (CME) from the Sun’s
corona to geospace. The resulting interplanetary magnetic field (IMF) pattern included a
period during which Bz was southward. The effects of this CME were then propagated
through the Lyon-Fedder-Mobarry (LFM)model of the magnetosphere to study its influence
on the Earth’s ionosphere and thermosphere. The effect of these changes on the
thermosphere ionosphere nested grid (TING) model was to drive a large ionospheric and
thermospheric storm. This storm had higher potentials than one would expect from the
magnitude of the southward excursion of Bz. Changes in N2 mmrs were analyzed to
investigate their height variations rather than attempting to make any detailed
comparison with data. Several conclusions were drawn from this study: (1) The results
were consistent with previous data and modeling studies of composition changes on a
horizontal surface; (2) neutral composition was severely affected by this storm with large
increases in the relative densities of the molecular species first being seen in the high
and middle latitudes of the night and early morning sectors and later at all local
times; (3) the observed changes were larger than might be expected from the IMF;
(4) most upwelling occurred in the dayside auroral oval; far less upwelling occurred in the
nightside auroral oval; (5) the large-scale circulation of the storm on the nightside
created an overturning in the middle latitudes; (6) this overturning was primarily the
result of molecular-rich air being transported horizontally over air that was not as rich in
the molecular species; (7) the overturning acted as a diffusive barrier that prevented
molecular diffusion from driving recovery to the thermosphere’s quiet time
compositional distribution; (8) the large-scale circulation has the potential to directly mix the
thermosphere on relatively short timescales.
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1. Introduction

[2] Changes of neutral composition in the thermosphere
during geomagnetic storms have been the subject of numer-
ous studies since Seaton [1956] first postulated that changes
in O2 density could explain observed depletions of electron
densities. A consensus on the nature and causes of many of
the features of composition changes has been built up in the
years since Seaton’s work was published.
[3] Prölss [1981] gave a general description of the com-

positional disturbance at high latitudes in the upper thermo-
sphere: the molecular species, such as N2 and O2, increase
relative to the lighter atomic species such as O. Enhance-

ments do not spread far away from the auroral oval on the
dayside or in the evening hours. Near midnight the distur-
bance extends far into the middle and low latitudes. This
extension of the disturbance is found throughout the early
morning hours and extends into the daylight hours. This work
was confirmed in a later study by Hedin and Carignan
[1985].
[4] In recent years the general pattern that Prölss [1981]

developed from in situ mass spectrometer measurements has
been supported by hemispheric observations of the UV
airglow, which have the ability to calculate O/N2 variations
in daylight only. Strickland et al. [2001] and Immel et al.
[2001] used Dynamics Explorer 1 data to show the overall
pattern of negative storm effects and found an extension of
the disturbance into the morning sector that behaved like the
Prölss pattern. More recent studies, that were made using the
both IMAGE measurements and the GUVI instrument on
the TIMED satellite, have confirmed the Strickland et al.
[2001] and Immel et al. [2001] observations [e.g., Zhang et
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al., 2003; Kil et al., 2003]. Variations in this overall pattern
can occur as a result of a number of factors, such as seasonal
effects, time of the onset of the storm, storm magnitude, and
solar cycle variations.
[5] Mayr et al. [1978] and Prölss [1980] cited a number of

papers that described seasonal effects. In general the distur-
bance reaches much lower latitudes in the night and early
morning sector in summer than it does in winter. These two
review papers also documented some of the effects of storm
size on the disturbance. Universal time variations were also
discussed, but our understanding of these variations is far less
developed than our understanding of other features of the
disturbance.
[6] Crowley et al. [1989], Burns et al. [1989], and Fuller-

Rowell et al. [1994, 1996] used general circulations models
(GCMs) to show that the compositional disturbance persisted
for a considerable time after the end of the main phase of the
geomagnetic storm. Fuller-Rowell et al. [1994, 1996] also
showed that the disturbance was better ordered in longitude
than in local time in this recovery phase.
[7] Burns et al. [2004a] described the effects of solar cycle

on the disturbance. Their results indicated that the disturbed
area was larger at solar minimum than it was at solar
maximum. Burns et al. [2004a, 2004b] also indicated that
this general pattern was sometimes modified when the
disturbance ‘‘bled’’ into the middle latitudes of the afternoon
sector at solar minimum.
[8] A further modification of the morphology of com-

position changes during geomagnetic storms was sug-
gested by Burns et al. [2004b], who showed that a
‘‘tongue’’ of neutral composition could be set up over
the polar cap when the interplanetary magnetic field
(IMF) was steady and its Z component was southward.
[9] The first theories that were created to explain this

pattern were developed before the pattern itself was under-
stood. Hays et al. [1973] suggested that Joule heating could
generate upward winds that would cause large enhancements
of the densities of the molecular species relative to the atomic
ones. By the time that Prölss [1981] published his horizontal
distribution of the disturbance, the role of transpolar winds in
redistributing the disturbance was partially understood.
[10] Considerable work was done in the 1980s both to

develop a better understanding of the neutral convection
pattern [e.g., Hays et al., 1984; Killeen et al., 1984, 1988]
and to develop three-dimensional GCMs that were able to
describe the thermosphere and ionosphere [Fuller-Rowell
and Rees, 1980, 1983; Dickinson et al., 1981, 1984; Roble
et al., 1982].
[11] By the early 1990s, these thrusts were sufficiently

mature to permit the GCMs to be analyzed to study the
disturbance. Crowley et al. [1989], Burns et al. [1991], and
Fuller-Rowell et al. [1991] all found that GCMs could
simulate the pattern that Prölss [1981] developed. Burns et
al. [1991] and Fuller-Rowell et al. [1994, 1996] studied why
and how the disturbance changed and developed a descrip-
tion of the causes of the disturbance and an understanding of
the timing of its development.
[12] The basic evolution of the disturbance is the follow-

ing. In the first 1 to 2 hours of the storm, horizontal advection
is not very effective at transporting air away from the auroral
oval. However, strong upwelling occurs around the auroral

oval, and downwelling occurs just outside it and in the polar
cap. This has two effects. First, a large gravity wave is
launched toward the equator. Second, air that is rich in the
molecular species (N2 and O2) is brought up from low in
the atmosphere in the auroral oval. Immediately outside the
auroral oval, and in the polar cap, air that is poor in these
species is transported downward.
[13] Horizontal winds develop as a result of ion-neutral

coupling after a few hours [Ponthieu et al., 1988], driving
them in a convection pattern that is similar to that of the ions
[e.g., Killeen and Roble, 1988]. The winds in this pattern are
antisunward over themagnetic pole; sowinds blow across the
region of enhanced molecular species equatorward of the
auroral oval near midnight, dragging out a tail of disturbed
composition into the middle latitudes [Prölss, 1981; Hedin
and Carignan, 1985; Burns et al., 1991]. The disturbance
then corotates with the Earth bringing it into the dawn sector.
Other factors, like the rising parcels of air trapped in the early
morning Joule heating region that bring molecular rich air
upward, complicate this simple picture, but, by-and-large, it
provides a good description of the mechanisms causing the
compositional disturbance.
[14] The previous paragraphs describe the basic evolution

of the horizontal development of a compositional disturbance
in the thermosphere, but heretofore the vertical structure of
the compositional response to geomagnetic storms has
received far less attention. Therefore this paper takes an
initial look at changes in the vertical distribution of the
major gases during geomagnetic storms.

2. CISM End-to-End Run

[15] CISM is being developed to model and forecast the
environment from the surface of the Sun to the bottom of the
Earth’s ionosphere. It consists of a suite of different models
that are linked together to simulate this complex system.
Recently, the primary CISM models were linked together to
simulate the passage of a coronal mass ejection (CME) from
the solar atmosphere, through the solar wind until it affected
geospace [Luhmann et al., 2004]. Several different models
were used in this simulation: the Magnetohydrodynamics
Around a Sphere (MAS) model described the solar corona
[Linker et al., 1999]; ENLIL was used to simulate the solar
wind [Odstrcil and Pizzo, 2002]; the Lyon-Fedder-Mobarry
(LFM)model [Lyon et al., 2004] provided a description of the
magnetosphere; and the Thermosphere Ionosphere Nested
Grid (TING) model [Wang et al., 1999] gave a simulation of
the ionosphere and thermosphere. The CMEwas an ideal one
that was launched into MAS and was then propagated
through ENLIL. The IMF values at the L1 point are those
that ENLIL calculated for the CME. Interest in this paper is
centered on the LFM and TING models, which together
described the effects of the CME on the geospace environ-
ment. Unlike the other linkages in this modeling suite, the
coupling between the TING and LFM models (which is
called the coupledmagnetosphere-ionosphere-thermosphere,
or CMIT, model) is two-way, so various feedback effects can
occur. It has been shown in previous publications [Wang et
al., 2004; Wiltberger et al., 2004] that this coupling, which
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will be described more fully later, is stable and robust. The
models themselves are described in the next two sections.

3. TING Model

[16] The TING model is an extension of the National Cen-
ter for Atmospheric Research–Thermosphere/Ionosphere
General Circulation Model and Thermosphere/Ionosphere
Electrodynamics General Circulation Model (NCAR-
TIGCM/TIEGCM) [Roble et al., 1988; Richmond et al.,
1992]. The NCAR-TIGCM/TIEGCM is a time-dependent,
three-dimensional model that solves the fully coupled, non-
linear, hydrodynamic, thermodynamic, and continuity equa-
tions of the neutral gas self-consistently with the ion energy,
ion momentum, and ion continuity equations using a finite
differencing scheme for spatial and temporal variations
[Roble et al., 1988; Richmond et al., 1992]. The TINGmodel
simultaneously calculates a global TIGCM/TIEGCM
‘‘coarse grid’’ (5�� 5�) and one or more embedded or nested
‘‘fine grids’’ (1.67� � 1.67�), which are capable of higher
spatial and temporal resolution. The nested-grid code within
the TING model adapts the same set of TIGCM/TIEGCM
equations and solvers to the limited area over which the
nesting occurs. The outputs from the global model are used as
the horizontal boundaries of the nested grid at each vertical
level. During model run time, both the coarse grid and the
nested grid parts are linked dynamically so that variations in
the background geographical fields can pass through the fine
grid boundaries [Wang et al., 1999]. The upper and lower
boundary conditions of the TING model are the same as the
TIGCM/TIEGCMs. Both the coarse grid and the nested grid
have 25 constant pressure levels in the vertical extending from
approximately 97 km to 500 km in altitude. The TINGmodel
is very flexible: the size and location of its high-resolution
grid is adjustable, as is the number of nested levels it has. A
new polar cap model has recently been developed [Wang et
al., 2005]. Unlike the earlier versions of TING, this version of
the model is always centered on either the north or the South
Pole, although the low-latitude boundary can bemoved to any
latitude. In addition the TING model has proved to be very
robust, being able to run successfully over a wide range of
conditions.
[17] The input parameters for the TINGmodel are the solar

EUV and UV spectral fluxes, parameterized by the F10.7cm

index, auroral particle precipitation, an imposed magneto-
spheric electric field, and the amplitudes and phases of tides
from the lower atmosphere. In this simulation, the particle
precipitation and high-latitude electric field came from the
LFMmodel and the TINGmodel provided conductivities for
the LFM model. Only the course grid, which was coupled
with LFM, is used here.

4. LFM Model

[18] TheLFMcode solves the idealmagnetohydrodynamic
(MHD) equations for the magnetosphere in a conservative
form using the Partial Interface Method on a distorted
spherical mesh and Yee type grid [Lyon et al., 2004]. Its
domain extends a distance of 30 RE from the Earth toward the
Sun and a distance of 300 RE away from both the Sun and the
Earth. Its other boundaries (Y and Z directions) extend to

±100 RE from the Earth in both the y and z planes. There is an
additional boundary around the Earth that is typically spec-
ified at 3 Earth radii, but it can be lowered to 2 Earth radii.
[19] Different conditions are applied to the various

boundaries. Solar wind data are used for the upstream and
side (Yand Z) boundaries. Supersonic outflow is assumed at
the downstream (away from the Sun on the Sun-Earth axis)
boundary. The inner boundary is defined by the ionospheric
specification used. The default specification at this bound-
ary is to assume an empirical description of ionospheric
conductivities [Fedder et al., 1995] assuming that the
ionosphere can be represented as a thin spherical shell.
When the LFM and TING models are coupled the TING
ionosphere is substituted for the default LFM ionosphere in
a way that is outlined in the next section.

5. Coupling the LFM and TING

[20] Coupling between the LFM and TING models has
been undertaken in a number of steps [Wang et al.,
2004; Wiltberger et al., 2004]. The first step involved
one-way coupling: the flux and characteristic energy of
precipitating electrons and the potential pattern derived
from LFM outputs were used to drive the TING model,
but there was no feedback from the TING model to the
LFM model, which was included in the second step. A
third step was the inclusion of the effects of thermospheric
neutral winds on the magnetosphere, which is now included
in the model [Wang et al., 2006]. Later coupling will
involve more sophisticated physics including ion and
neutral outflows at high latitudes, a plasmaspheric model,
and an exosphere that is calculated using physical equations
and ballistic trajectories to describe the behavior of helium
and hydrogen.

6. IMF at the L1 Point in the CISM End-to-End
Run

[21] The aim of the CISM end-to-end run was to simulate
the passage of a coronal mass ejection (CME) as it traveled
from the Sun’s corona through the solar wind and impacted
geospace. This CME had simplified characteristics, as can be
seen in Figure 1, but was useful for the purposes of this paper.
There was no variation in Bx, and Bz varied from 0 to a most
negative value of about �10 nT at 1400 UT, through zero at
1800 UT to a maximum positive value of about 10 nT at
0200 UT on the second day. By varied in a way that was
out of phase with the Bz variations. The most negative
values occurred at 2000 UT, after which By gradually
relaxed back to 0.
[22] The other components shown in Figure 1 also show

dramatic changes. It is notable that increases in density and
antisunward velocity (�Vx) occur much earlier than the
changes in magnetic field. Analysis of the ionosphere and
thermosphere showed that large changes in this region did not
occur until Bz was strongly negative, near 1200 UT.

7. Potential Pattern for This Simulation

[23] The Bz variations that occurred at the L1 point
correspond to a small geomagnetic storm (Kp values of
about 5 would be appropriate and a typical potential for this
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Kp would be about 100 kV). Figure 2 shows the potential
that the LFM model output at 1200 UT. The TING model
has been driven by such potentials. The outer circle of this
plot is 20�N and it is in geographic coordinates. The total
cross polar cap potential in this plot is approximately 160 kV,
a value that is more appropriate for a large geomagnetic
storm. Note also that there is a large dusk to dawn asym-

metry. Thus the TING model is being driven by a level of
Joule heating that is appropriate for a large geomagnetic
storm.

8. Composition on the z === 2 Pressure Surface

[24] Before discussing composition changes in the vertical,
we need to ensure that composition changes on a horizontal
pressure surface near the F2 peak (z = 2 pressure surface at
about 320 km in this simulation) behave as expected. The
pattern of N2 mass mixing ratios (henceforth N2 mmrs)
shown in Figure 3 (composition at 600 UT and 1200 UT) is
very similar to the one described by Prölss [1981] and Hedin
and Carignan [1985]. They found that the region of enhance-
ments of the molecular species rich air did not extend far
equatorward of the auroral oval in the daytime or in the
evening but that these regions extended far equatorward in the
midnight to dawn sector. Geophysical conditions are quiet at
0600 UT, but this pattern is produced even in relatively quiet
times if Bz is southward [Hedin and Carignan, 1985].
[25] The enhancements at 1200 UT (Figure 3b), which is

soon after the onset of the storm, are qualitatively similar to
those at 0600 UT but much larger. There are enhancements of
the N2 mmrs to the early morning and dawn sectors equator-
ward of the auroral oval but little in the way of enhancement
in the daytime and evening sectors equatorward of the auroral
oval.
[26] A detailed discussion of the causes of this behavior

can be found in the work of Burns et al. [1991] and Fuller-
Rowell et al. [1994], but much of the information needed
can be seen in Figure 4, which describes the terms respon-
sible for the increases of N2 mmrs at 1200 UT, near the
beginning of the storm. Throughout the rest of the paper, the
three processes that can cause changes in N2mmrs are used to
describe why the changes that are seen happen. The first of
these processes is vertical advection. This term represents the

Figure 2. The potential that the LFM model output
1200 UT in kV. These potentials were used to drive the
TING model. The outer circle of this plot is 20�N and it
is in geographic coordinates.

Figure 1. L1 solar inputs to the LFM model. The top panel is the density of the solar wind in ions/cc, the
second panel is the x component of the solar wind velocity (negative away from the Sun) in km/s, the third
panel is the y component of this velocity (dusk positive), the fourth panel is its z component (upward
positive), the fifth panel if the x component of the interplanetary magnetic field in nanoTeslas, the sixth
panel is the Y component (dusk positive), and the lat panel is the z component of this field (upward
positive).
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effect of vertical winds on the mass mixing ratio. N2 mmrs
decrease as pressure surfaces get higher almost everywhere in
this simulation. In this case upward winds act to increase the
mass mixing ratio on any particular pressure surface by
blowing N2 rich air upward. Downward winds decrease N2

mmrs by blowing N2 poor air downward through a pressure
surface. An analogous process occurs with horizontal advec-

tion. If the winds blowing into a region come from another
region that is rich in N2 mmrs, then the N2 mmrs in a
particular region are increased. This is referred to as blowing
down gradients of N2 mmrs in the rest of the paper. Similarly,
when air blows into a region from another region in which the
N2 mmrs are smaller then the N2 mmrs in the first region will
decrease. This is referred to as blowing up gradients of N2

mmrs in the rest of the paper. Molecular diffusion is the
tendency of the N2 mmrs to return to a state of diffusive
equilibrium.
[27] Vertical advection (Figure 4a) results in the uplifting

of N2 rich air in those regions near the auroral oval where
Joule heating is strong. Downward advection acts to decrease
N2 mmrs near midnight adjacent to those regions where
upwelling occurs. This tendency to decrease the N2 mmrs
is counteracted to a certain extent by the effects of horizontal
advection. Vertical advection has significant effects at low
latitudes, not because it is strong, but rather because it acts on
the thermosphere for a long time; instantaneous vertical
advection is weak in these low-latitude regions. For example,
as the thermosphere heats up at middle latitudes during
daylight, vertical winds change from being downward to
being upward. These upward winds advect molecular nitro-
gen-rich air upwards, increasing mass mixing ratios [Burns et
al., 1989]. At night, cooling dominates, so vertical winds
become downward and molecular nitrogen-rich air is
advected downward, decreasing N2 mass mixing ratios.
[28] Horizontal advection (Figure 4b) acts to redistribute

the increases in N2 mmrs. Without the horizontal gradients of
N2mmrs set up by upwelling and downwelling, no horizontal
advection would occur. Similarly, no horizontal advection
would occur without horizontal winds. Because of the strong
upwelling around the auroral oval and the strong neutral
winds that are driven by the high-latitude ion convection cells
[e.g., Killeen and Roble, 1988], by far the strongest horizon-
tal advection occurs in this region. The neutral wind pattern is
comprised of antisunwardwinds blowing across themagnetic
polar cap in an antisunward direction, with a strong sunward
flow near the evening auroral oval and a much weaker one
near the dawn auroral oval. The interaction of this wind
pattern with the regions where vertical winds cause
molecular-nitrogen-rich air to upwell and downwell deter-
mines the effects of horizontal advection. These mmrs
decrease where horizontal winds blow up increasing
gradients of N2 mmrs; the opposite effect occurs when
these winds blow down these gradients. Because of the
strength of the transpolar antisunward winds are they
dominate this plot of horizontal advection as they blow
down gradients of N2 mmrs, producing large enhance-
ments of N2 mmrs in the postmidnight sector.
[29] Molecular diffusion (Figure 4c) acts to partially com-

pensate for this advection. On the dayside, horizontal and
vertical advection tend to balance out, although vertical
advection is a little stronger. To compensate for this, very
weak molecular diffusion acts to decrease the N2 mmrs.
However, the greatest decreases in N2mmrs due to molecular
diffusion are seen in the postmidnight sector equatorward of
the auroral oval, into which horizontal winds have trans-
ported molecular nitrogen rich air from the region of upwell-
ing around the auroral oval.
[30] The behavior of N2 mmrs (Figure 5) is much more

complicated at 1800 UT for a number of reasons. First, the

Figure 3. Two Northern Hemisphere plots of N2 mass
mixing ratios (mmrs) on the z = 2 (�350 km) pressure surface
are overlaid by the neutral winds (m/s). The outer circle of
these plots is at 20�N geographic and they are centered on the
geographic pole. (a) The plot for 600UT, some 6 hours before
the storm started; (b) the plot for 1200 UT, a short time after
the storm began. N2 mmrs are a dimensionless quantity.
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effects described above are integrated over time and corota-
tion causes the disturbance to move into the daytime (this
delay always occurs in theO/N seen byUVimagers). Second,
the severe heating that occurred around the auroral oval
during this storm has lead to significant changes in horizontal
circulation. Hot regions have grown very strong around the
auroral oval, increasing pressure gradient forces and negative
storm effects in electron density (decreases of electron
density associated with geomagnetic storms) have greatly
reduced ion drag. The consequence of these changes in
forcing is that instead of the neutral winds being able to be
defined by a simple twin-celled convection pattern at high

latitudes, their forcing has a significant pressure driven
component and is thus quite complicated. Third, the changes
in Joule heating that occurred during the storm lead to
changes in the distribution and strength of both vertical and
horizontal winds and hence to changes in vertical and
horizontal advection. The net effect of these three changes
in the processes that drive neutral composition is a fairly
complex pattern of N2 mmrs (Figure 5), although the region
of enhanced densities of the molecular species at high
latitudes still occurs. Enhancements are confined to roughly
the outer boundary of the auroral oval in the afternoon and
evening sectors, but enhancements have spread far equator-

Figure 4. Compositional forcing terms on the z = 2 pressure surface at 1200 UT in the Northern
Hemisphere. The outer circle of these plots is at 20�N geographic and they are centered on the geographic
pole. All of these terms are �10�5 and are /s. (a) Vertical advection of N2; (b) horizontal advection of N2;
and (c) effects of molecular diffusion on N2. Compositional forcing terms are in units of/s. The dashed line
indicates the approximate position of the auroral oval.
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ward of the auroral oval in the midnight to dawn sector. The
pattern of this equatorward spread is fairly complex in that
there are three local times where the expansions reach a
maximum: soon after midnight, at dawn, and in the late
morning.
[31] Given the complex pattern of enhancements of the

N2mmrs in Figure 5 and their integrated nature, canwe expect
their instantaneous compositional forcing terms (Figure 6) to
tell us very much about why this pattern is occurring?
Certainly, they provide less insight into the morphology of
N2 mmrs than they did at the earlier UTs because the
integrated effects of other changes hide their signal. Never-
theless, there are interesting features in these plots.
[32] One of the most prominent changes is that vertical

advection (Figure 6a) is mainly acting to reduce N2 mmrs
(i.e., it is negative in most places). By this time, Joule heating
is weak so that it cannot drive strong upward advection.
There are still large regions of upwelling, but much of this
upwelling occurs at low latitudes, indicating that complicated
dynamics are seen globally.
[33] The instantaneous horizontal advection and molecular

diffusion terms (Figures 6b and 6c) are similar to those in the
earlier equivalent plots, but themain effects of these terms are
seen at much lower latitudes. Horizontal winds still sweep
from the dayside to the nightside over the polar cap, but they
now cover the entire Northern Hemisphere. On the dayside
they blow up gradients of increasing N2 mmrs, reducing
those mmrs. N2mmr gradients are small and variable over the
polar cap, so the effects of horizontal advection are also small

in this region. However, horizontal advection forces large
increases of N2 mmrs at midnight and in the early
morning at low latitudes. Horizontal winds blowing down
these mmr gradients in this region cause these large
increases in N2 mmrs.
[34] Molecular diffusion (Figure 6c) is mostly weak at this

UT, suggesting that the thermosphere is not far from diffusive
equilibrium over much of the Northern Hemisphere on this
pressure surface at this time. There is little response on the
dayside, where horizontal winds blow up gradients of mmrs
and little response at high latitudes, where downward winds
cause quite strong decreases in N2 mmrs. However, molec-
ular diffusion does respond to the horizontal winds blowing
down gradients of N2 mmrs in the early morning sector. The
response of molecular diffusion in this region is the opposite
to that of horizontal advection; it is negative.

9. Changes in the Vertical: Vertical Variations
in N2 mmrs and Winds

[35] Figures 7 and 8 are plots of N2 mmrs with the neutral
winds superimposed on them at 1200 local time (LT) for
3 UTs and the terms at 1200 UT, respectively. The
vertical axis is in pressure coordinates running from z =
�6 (about 100 km) to z=4 (about 450 km). The z=�3 surface
corresponds to a height of about 135 km and the z = 0 surface
corresponds to a height of about 280 km. Vertical winds have
been multiplied by a factor of 50 to ensure that they can be
seen on the scale that has been chosen.
[36] The first panel of Figure 7a shows the behavior of the

N2 mmrs at 0600 UT, before the storm started. Generally, the
N2 mmrs decrease with altitude with little horizontal struc-
ture. There is a very weak poleward wind flow from the
equator to the auroral oval and a stronger poleward flow in
the polar cap. Weak upwelling occurs near the equator and in
the auroral oval, elevating N2 mmrs slightly on constant
pressure surfaces at both of these locations.
[37] At the storm onset (1200 UT, Figure 7b), weak

poleward flow at low latitudes is replaced by a weak
equatorward flow on the higher pressure surfaces presumably
as a result of the increased temperatures at high latitudes
during the storm setting up pressure gradients that drive this
equatorward flow. Upwelling in the auroral oval is much
enhanced, causing N2 to flow upward, and poleward winds
across the auroral oval have become very strong.
[38] By 1800 UT, N2 mmrs are considerably larger

(Figure 7c), reaching saturation levels (where the value of
N2 is itsmixing ratio in the lower atmosphere, 0.8) even on the
z = 3 pressure surface near the auroral oval. Upwardwinds are
still strong in the auroral region, as is antisunward transport.
Low-latitude winds are very weak on the higher-pressure
surfaces, but a small circulation cell occurs at lower surfaces,
creating a knee of enhanced N2 mmrs that extends to
lower latitudes on these pressure surfaces. Greatly disturbed
N2 mmrs were still seen 6 hours later (at 0000 UT, not shown
here) despite the northward turning of Bz before 1800 UT.
[39] The N2 mmr forcing terms behave much as they are

expected to at local noon at 1200 UT (Figure 7). Vertical
advection (Figure 8a) acts to increase N2 mmrs in the high
latitudes at this UT because the upward winds in the dayside
auroral oval (and into the dayside polar cap) transport
molecular-nitrogen-rich air upward.

Figure 5. N2 mass mixing ratio on the z = 2 (�350 km)
pressure surface is overlaid by the neutral winds (m/s). The
outer circle of this plot is at 20�N geographic and it is
centered on the geographic pole. The plot is for 1800 UT, at
the end of the main phase of the storm. N2 mmrs are a
dimensionless quantity.
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[40] Horizontal winds blow into the region of enhanced
N2 mmrs in the dayside auroral oval and reduce the N2

mmrs there (Figure 8b), mainly countering the effects of
upward advection. These effects extend down to just
below the z = �2 level, below which the horizontal winds
areweak, so horizontal advection is alsoweak. Elsewhere, the
horizontal gradients of the N2 mmrs and/or the winds are
weak, also causing horizontal advection to be weak. Molec-
ular diffusion is small at this time, so it is not included here.
The compositional forcing terms at 1800 UT and local noon
do not show any major differences from those at the earlier
UT. Therefore their plots are omitted from this paper.

[41] Figure 9 displays vertical cuts of N2 mmrs, with the
neutral winds superimposed on them, at 0000 local time for
3 UTs. Quiet time behavior is similar to that at 1200 UT, so
it is not shown here. Upwelling creates a small composition
bulge at the highest latitudes at 1200 UT (Figure 9a); this
bulge is significantly enhanced compared with its size at
quiet times. The disturbance is still largely confined to the
region immediately around the auroral oval, although there
are indications that it may be propagating to lower latitudes
both through direct advection and as the result of propagating
waves. By 1800 UT (Figure 9b) the situation has become
much more complicated. Composition changes are saturated
even on the upper pressure surfaces near the North Pole and

Figure 6. Compositional forcing terms on the z = 2 pressure surface at 1800 UT. The outer circle of these
plots is at 20�N geographic and they are centered on the geographic pole. All of these terms are� 10�5 and
are /s. (a) Vertical advection of N2; (b) horizontal advection of N2; and (c) effects of molecular diffusion
on N2. Compositional forcing terms are in units of /s. The dashed line indicates the approximate position
of the auroral oval.
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Figure 7. Changes in N2 mass mixing ratio in the vertical. The y coordinate is pressure surfaces, ranging
from�100 km at z=�6 to�450 km at z= 4. The z=�3 surfaces corresponds to an altitude of about 135 km.
All plots are for 1200 Local Solar Time (LT) and for the following UTS: (a) 0600 UT; (b) 1200 UT, just after
the start of the storm; and (c) 1800 UT, just at the end of the main phase of the storm. N2 mmrs are a
dimensionless quantity. The dashed line indicates the approximate position of the auroral oval.

Figure 8. Compositional forcing terms (molecular diffusion is not important at this UT and LT and is
not plotted) on the same vertical grid as Figure 6). All of these terms are �10�5 and are/s. LT is 1200, UT
is also 1200. (a) Vertical advection and (b) horizontal advection. Compositional forcing terms are in units
of /s. The dashed line indicates the approximate position of the auroral oval.
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in themiddle altitudes. Perhaps themost interesting feature of
these plots is the region of N2 mmr poor air that underlies the
region of N2 rich air. This feature is found in the middle
latitudes at pressures of around z = �3 at both 1800 UT and
0000 UT (Figures 9b and 9c). It is associated with the
poleward return flow of the neutral winds on these lower
pressure surfaces. This feature is discussed further later.
Neutral compositional structure is similar at both 1800 UT
and 0000 UT, although the winds are quite different. The
compositional disturbance has moved somewhat farther
southward at 0000 UT and the region where low values of
N2 mmrs underlay higher values still occurs. The neutral
winds are much weaker at this UT than they were at quiet
times. It is clear from this figure that the disturbance is still
maintained despite much weaker forcing.
[42] The forcing terms at midnight local time and 1200 UT

are shown in Figure 10. Vertical advection (Figure 9a) of
N2 mmrs has a pattern that is typically seen early in a
geomagnetic storm. Strong upwelling occurs at the geo-
graphic pole, which corresponds to the dayside auroral

oval. Strong downwelling occurs over the magnetic pole and
much weaker upwelling occurs in the midnight auroral oval.
In this simulation, Joule heating is much stronger during the
day than it is at night. There is also a region of moderate
downwelling at low latitudes at this UT.
[43] There are two regions where horizontal advection

(Figure 10b) acts strongly to increase N2 mmrs at this UT.
One is over the magnetic polar cap, where antisunward winds
blow N2-rich air away from the dayside auroral oval and one
is equatorward of the midnight auroral oval where antisun-
ward winds push the N2-rich air away from the nightside
auroral oval. This second area of forcing is much weaker than
the first one, suggesting that most of the compositional
changes seen in this simulation are the result of air upwelling
on the dayside and being advected across the magnetic pole.
[44] Molecular diffusion is mostly weak at 1200 UT

(Figure 10c), suggesting that the changes driven by vertical
and horizontal advection are roughly in balance. There are
some noticeable decreases due to this term near the top
boundary but nowhere else.

Figure 9. Changes in N2 mass mixing ratio in the vertical. The y coordinate is pressure surfaces,
ranging from �100 km at z = �6 to �450 km at z = 4. The z = �3 surfaces corresponds to an altitude of
about 135 km. All plots are for 0000 (LT) and for the following UTS: (a) 0600 UT; (b) 1200 UT, just after
the start of the storm; and (c) 1800 UT, just at the end of the main phase of the storm. N2 mmrs are a
dimensionless quantity. The dashed line indicates the approximate position of the auroral oval.
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[45] The N2 mmr forcing terms at 1800 UT behave in a
similar way to the terms seen in horizontal planes in Figure 5.
Vertical advection (Figure 11a) plays a role in reducing
N2 mmrs at high latitudes where strong downward winds
occur but is of minor importance elsewhere at this time.
The saturation of N2 mmrs to high altitudes in the high
latitudes ensures that the upward winds associated with Joule
heating cannot have a major effect on N2 mmrs at this time,
but these upward winds were critical in setting up the original
saturation.
[46] Horizontal advection (Figure 11b) is the dominant

N2 mmr forcing term at 1800 UT, occurring at the sharp
low-latitude boundary between regions of low N2 mmrs
and regions of high N2 mmrs. Note that horizontal
advection does not cause decreases in N2 mmrs in the
region in Figure 8b on the z = �4 to z = �3 pressure
surfaces (�120–140 km) at 30� N where the winds blow
back toward the pole in a return flow. Therefore the
region in which N2 poor air lies under N2 rich air must
be primarily caused by the equatorward flow of air that is
rich in N2 on the higher-pressure surfaces.

[47] Molecular diffusion (Figure 11c) acts to compensate
for the increases in N2 mmrs caused by horizontal advection
at low latitudes but has little effect elsewhere. Note that in the
region where N2 poor air underlies N2 rich air, there are
rapid transitions from positive to negative to positive
effects for molecular diffusion with increasing pressure
surface (although molecular diffusion is weak in all of
these regions). Thus this region acts as a diffusive barrier
that prevents molecular diffusion from easily restoring
quite time vertical composition profiles.

10. Discussion

[48] There was a very large thermospheric and ionospheric
response to a relatively small southward IMF in this simula-
tion, with neutral winds being produced that are appropriate
for a cross polar cap potential that is more usual in larger
storms than those that should be produced for this magnitude
of Bz. Thus the results of this study are more appropriate for a
large geomagnetic storm than for the IMF values used.
Understanding the interaction between the two components

Figure 10. Compositional forcing terms on the same vertical grid as Figure 6). All of these terms are
�10�5 and are in units of /s. LT is 0000, UT is 1200. (a) Vertical advection; (b) horizontal
advection; and (c) molecular diffusion. Compositional forcing terms are in units of /s. The dashed
line indicates the approximate position of the auroral oval.
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of the CMIT model and magnetosphere ionosphere thermo-
sphere coupling is a continuing challenge for both the
community and more specifically for the CISM team. In
the course of validating and improving the CISM suite of
models a variety of coupling issues, including this one, will
be addressed. However, this discrepancy has no effect on this
study as it is a numerical experiment designed to investigate
the vertical structure of the response of N2 mmrs to strong
high-latitude forcing.
[49] The behavior of the simulation in the horizontal plane

is very similar to that seen both in data and in previous
theoretical studies. N2 upwells at high latitudes and this
molecular-rich air is then advected into the early morning
sector by the antisunward winds blowing over the polar cap.
[50] The most interesting feature of this study is the region

where small N2mmrs lay under large N2mmrs. This created a
very unusual vertical compositional profile. The persistence
of this feature for such a long time is also surprising. It is also
notable how far this feature is from the representation of the
neutral atmosphere that was derived by Bates [1959]. The
steady decrease of mean molecular mass with altitude in the

Bates profile is replaced by a decrease of mean molecular
mass under an increase of this mass under yet another
decrease in the CMIT simulation. This represents a partial
mixing action by the thermospheric large-scale circulation.
[51] Although there are too few observations in this region

to either confirm or deny such behavior, it seems likely that
processes that cannot presently be included in general circu-
lation models would lead to its rapid dissolution. For exam-
ple, gravity waves (e.g.,Gross andHuang [1985]; seeForbes
et al. [2005] for an updated reference list) are also present in
the atmosphere but not in CMIT. It is expected that these
waves will help to mix the atmosphere in the place where the
region of small N2 mmrs lies under a region of large N2 mmrs
and cause the effect to rapidly disappear. Note these layers
serve as a diffusive barrier; molecular diffusion cannot
restore the thermosphere to its normal equilibrium state in
this region while this structure persists.
[52] This compositional structure at low latitudes is forced

by an influx of N2-rich air coming from higher latitudes on
the higher-pressure surfaces. It represents an overlay of
N2 mmr-rich air over a region of N2 mmr-poor air. An

Figure 11. Compositional forcing terms on the same vertical grid as Figure 6). All of these terms are
�10�5 and are in units of/s. LT is 0000, UT is 1800. (a) Vertical advection; (b) horizontal advection;
and (c) molecular diffusion. Compositional forcing terms are in units of/s. The dashed line indicates
the approximate position of the auroral oval.
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implication of this advection is that the large-scale
circulation may be capable of rapidly mixing the thermo-
sphere during a geomagnetic storm.
[53] The compositional forcing terms calculated in this

study are consistent with previous understanding of the
processes that give rise to compositional changes in the
thermosphere with vertical advection dominating at high
latitudes, horizontal advection moving the disturbance to
lower latitudes at night, and molecular diffusion acting to
counteract the two advective terms. Therefore it is likely that
the physics behind the undercutting is sound and that it
represents something that happens in the upper atmosphere
in some form.

11. Conclusions

[54] A CISM end-to-end run was made that simulated the
passage of a CME from the Sun’s corona to geospace. The
interaction of this CME with the Earth’s magnetic field
produced a large geomagnetic storm. This storm appears to
be too large for the Bz negative excursion that occurred at L1.
However, this does not bear on the results of this study as its
aim is to perform a numerical experiment to understand how
large inputs of energy into the high latitudes impact N2mmrs.
[55] This simulation was used here to investigate the

effects of large geomagnetic storms on the vertical structure
of major species neutral composition. The following con-
clusions were drawn from this study:
[56] 1. The horizontal structure of the compositional

disturbance and the development of this structure were
consistent with previous experimental and theoretical studies
of the thermosphere. The mechanisms by which these struc-
tures were formed are the same as those that have been
calculated in previous theoretical studies and deduced from
observations.
[57] 2. These features appear to be somewhat stronger

than might be expected from the applied IMF parameters
but which are consistent with the polar cross cap potential.
This indicates that the CMIT model may be overestimating
the energy input into the thermosphere and ionosphere. The
impact on the current study is that the results are more likely
to be consistent with compositional changes that could be
seen in a major geomagnetic storm, rather than those that
might be seen during a minor event.
[58] 3. Neutral composition is severely affected by this

storm with large increases in the relative densities of the
molecular species initially being seen in the middle latitudes
in the night and early morning sectors at later local times.
[59] 4. Changes in N2 mmrs on the z = 2 (�300–320 km)

pressure surface during the storm period resulted from the
upwelling of N2-rich air and its subsequent redistribution into
the postmidnight and early-morning sector by the transpolar
antisunward winds driven by the ion convection pattern.
[60] 5. Most upwelling occurs in the dayside auroral oval,

with far less upwelling occurring in the nightside auroral
oval. Therefore in this simulation the compositional distur-
bance was triggered on the dayside and transported to the
nightside by antisunward winds at higher altitudes. The
location of the upwelling is highly dependent on where Joule
heating occurs, so this is not a universal result.

[61] 6. The large-scale circulation of the storm on the
nightside created overturning in the middle latitudes. This
overturning represents a strong deviation from a Bates
profile.
[62] 7. This overturning is primarily the result of molec-

ular rich air being transported horizontally over air that is
not as rich in the molecular species. Thus the large-scale
circulation has the potential to directly mix the thermo-
sphere during geomagnetic storms.
[63] 8. The overturning and acts as a diffusive barrier that

hinders molecular diffusion from driving recovery of the
thermosphere to its quiet time compositional distribution.
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