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Abstract—Rocket and satellite studies have demonstrated that nitric oxide (NO) in the thermosphere is
almost always more abundant at higher than at lower latitudes. The ultraviolet nitric oxide spectrometer
(UVNO) on the Atmosphere Explorer C (4E-C) spacecraft observed longitudinal asymmetries in thermo-
spheric NO with greater abundances existing in the longitudinal sector associated with the magnetic
poles of both hemispheres. This asymmetry persists even in geomagnetic coordinates. In this paper, we
suggest an explanation for the longitudinal asymmetry, using neutral parcel trajectories calculated from
the NCAR thermospheric general circulation model (TGCM). It is evident from a study of these calculated
trajectories that certain longitudes are favored for equatorward transport out of the auroral zone in the
E-region. These favored longitudes are those associated with the magnetic poles, where NO is most

abundant.

1. INTRODUCTION

Rocket and spacecraft studies have demonstrated that
nitric oxide (NO) is almost always more abundant at
higher than at lower latitudes (e.g. Rusch and Barth,
1975 ; Gérard and Barth, 1977 ; Cravens and Stewart,
1978 ; Cravens et al., 1979, 1985; Gérard et al., 1984;
McCoy, 1983a,b; Cleary, 1986; Gérard and Noél,
1986), especially in the auroral regions where con-
centrations in excess of 10® cm ~ ? have been measured.
Cravens et al. (1985) presented NO densities vs lati-
tude and altitude derived from NO (1-0) gamma band
intensities measured by the ultraviolet nitrix oxide
spectrometer, UVNO (Barth et al., 1973) on the Atmo-
sphere Explorer D (AE-D) spacecraft. The observed
NO concentrations typically reached a maximum
between altitudes of 100 and 110 km, with more NO
observed at higher than at lower latitudes. An earlier
study using UVNO data from the 4E-C spacecraft
(Cravens and Stewart, 1978) demonstrated that the
NO concentration at both mid- and high-latitudes
(and sometimes even at low-latitudes) is positively
correlated with the 4, index of magnetic activity. Fur-
thermore, Cravens and Stewart (1978) found that the
NO abundance at a given geographic or geomagnetic
latitude exhibits a longitudinal dependence, with mini-
mum densities near 0°E longitude in the Southern
Hemisphere and near 60°E in the Northern Hemi-
sphere, and with maxima near —70°E longitude in
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the North and 160°E in the South. The longitudinal
asymmetry in geographic coordinates is not unex-
pected due to the offset of the magnetic poles and the
consequent longitudinal asymmetry of auroral pre-
cipitation. However, the observed NO longitudinal
asymmetry in geomagnetic coordinates does not have
such a simple explanation.

Cravens et al. (1979) demonstrated that the large
observed latitudinal gradient of NO could not be
explained using the current one-dimensional theories
of odd nitrogen and they concluded that significant
horizontal transport from the auroral regions to lower
latitudes was required. Roble and Gary (1979) used a
relatively simple horizontal transport model to show
that this was possible. More recently, Gérard et al.
(1984) calculated zonally averaged NO densities using
a two-dimensional odd nitrogen model that includes
the meridional transport of NO and atomic nitrogen
by thermospheric winds. This two-dimensional model
is able to explain many of the features of the observed
NO distribution such as the latitudinal gradients of
zonally-averaged NO. However, a model restricted
to zonal averages is not able to explain longitudinal
asymmetries such as those described in the Cravens
and Stewart (1978) study. This latter study concluded
that, ... the asymmetry about the magnetic pole has
no obvious explanation and is perhaps associated with
horizontal transport of NO from the auroral zone by
thermospheric winds”. The purpose of this paper is
to demonstrate, using a three-dimensional, time-
dependent, numerical model of the thermosphere, that
NO can indeed be transported away from the auroral
regions in a longitudinally asymmetric manner.
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Theoretical general circulation models for the ther-
mosphere have become increasingly sophisticated
over the last several years. The two most advanced
models are (1) the National Center for Atmospheric
Research (NCAR) thermospheric general circulation
model (TGCM) (Dickinson et al., 1981 ; Roble et al.,
1982) and (2) the University College London (UCL)
TGCM (Fuller-Rowell and Rees, 1980). Recently
wind fields generated by these models have been com-
pared with the global wind measurements made at F-
region altitudes by instruments on board the Dynam-
ics Explorer 2 (DE 2) spacecraft (c.g. Reeseral., 1983;
Hays et al., 1984 ; Roble et al., 1984 ; Killeen et al.,
1986). Good general agreement between the theor-
etical predictions and averaged spacecraft measure-
ments has been obtained in these various studies indi-
cating that the TGCMs contain valid descriptions of
the most important physical processes that control
thermospheric dynamics, at least at F-region altitudes.

Killeen and Roble (1984) created a diagnostic pack-
age to analyze the output of the NCAR TGCM and
Killeen and Roble (1986) have used this package to
track the trajectories (in space and time) of individual
parcels of neutral gas as they move through the
TGCM grid. There are very strong indications in the
trajectories described by Killeen and Roble (1986)
that there is enhanced equatorward transport of E-
region gas from the auroral regions at those longitudes
associated with the magnetic poles.

In this paper, we will re-examine E-region tra-
jectories from the Killeen and Roble (1986) paper
and evaluate their significance for the longitudinally
asymmetric transport of thermospheric NO. Section
2 is a brief review of the Cravens and Stewart (1978)
NO data. Relevant trajectories from the Killeen and
Roble (1986) study are then presented in Section 3
and used to explain the observed longitudinal asym-
metries in the NO distribution. Section 4 is a brief
summary.

2. DISTRIBUTION OF NITRIC OXIDE IN THE E-REGION

The zonally-averaged distribution of NO with lati-
tude and altitude will be discussed before considering
longitudinal variations. Cravens et al. (1985) pre-
sented zonally-averaged NO density profiles derived
from NO (1-0) gamma band intensities measured by
the UVNO instrument on the Atmosphere Explorer D
(AE-D) spacecraft using an averaging and inversion
procedure. These measurements were made during
the period from late November 1975 through early
February 1976 with local time varying from 05:30 to
~10:00 h; that is, the data are characterized by morn-
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F1G. 1. CONTOUR PLOT OF THE BASE 10 LOG OF THE NITRIC OXIDE
NUMBER DENSITY (PER CUBIC CENTIMETER) AS A FUNCTION OF
ALTITUDE AND LATITUDE (ADAPTED FROM CRAVENS ef al.,
1985).
The dashed line indicates the location of the maximum NO
concentration as a function of latitude.

ing solstice conditions. Figure 1 is taken from Cravens
et al. (1985) and shows contours of NO concentration
vs latitude and altitude. Gérard and Noél (1986) have
recently published a similar contour plot using mag-
netic rather than geographic latitude. Several features
should be noted in Fig. 1.

The densities of NO at the higher altitudes near
200 km exhibit a North-to-South gradient with NO
being more abundant in the Southern than in the North-
ern Hemisphere. The NO concentration at these alti-
tudes can be explained in terms of local composition
and temperature (Cravens, 1981). The maximum of the
NO distribution is located between 100 and 110 km,
and the maximum density has a latitudinal minimum
near 20°N with a sharp gradient towards the North
(winter) and a relatively gradual gradient towards the
South (summer). Furthermore, the width of the NO
peak is broader in the winter hemisphere than in the
summer hemisphere.

We next review the theory of NO pertinent to this
data set. Nitric oxide in the 100-150 km region is
primarily produced by the reaction of metastable
atomic nitrogen, N(?D), with molecular oxygen, and
the N(°D) is produced by electron impact (by photo-
electrons and/or auroral electrons) (cf. Oran et al.,
1975 ; Gérard et al., 1984). Photodissociation of N, is
another possible source of N(°D) (Richards et al.,
1981). NO is chemically removed from the thermo-
sphere in two ways: (1) by reaction with atomic
nitrogen, N(*S)+ NO — N, + O [this is the major sink
of N(*S)], and (2) by photodissociation, NO+hv —
N+0O. NO has a long lifetime, of the order of 1 day,
in the lower thermosphere (Oran et al., 1975), and is
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especially long-lived at higher latitudes where it is
most abundant. This latter feature of NO chemistry
arises from the fact that NO and N(“S) destroy each
other so that where NO becomes abundant [due, for
example, to auroral enhancements in N(?D)] N(*S)
consequently becomes scarce, leading in turn to a
reduction in the loss rate for NO. In addition to this
chemical feedback, a further consideration becomes
important at high latitudes. In the polar winter night
NO cannot be lost by photodissociation and, there-
fore, in the absence of both of its loss mechanisms,
the NO density can build up to extremely high values.
The long chemical lifetime means that NO in the lower
thermosphere can be transported appreciable
distances, in either the vertical or horizontal direc-
tions, especially at higher latitudes. Most NO in the
lower thermosphere diffuses downward (via both
molecular and eddy diffusion) from where it is created
between 100 and 150 km, through the 100-110 km
region (where the distribution reaches a maximum)
and into the mesosphere, or even into the upper strato-
sphere in the polar night region (see Solomon and
Garcia, 1984, and references therein). Furthermore,
strong equatorward thermospheric winds can remove
NO from the auroral region and transport it towards
the equator (Gérard et al., 1984). The two-dimensional
model of Gérard et al. (1984) can reproduce the most
important features of the zonally-averaged data
shown in Fig. 1.

We next review the previously unexplained longi-
tudinal variations of NO in the lower thermosphere.
Figure 2 is a reproduction of the two polar maps of
NO distributions from Cravens and Stewart (1978).
The reader is referred to this article for details con-
cerning the maps, although we discuss the germane
features here. The contours shown are for instru-
mental counts registered by the UVNO instrument on
the AE-C spacecraft for a tangential ray height of 105
km ; the NO densities at 105 km which approximately
correspond to the instrumental counts are also indi-
cated in the figure. Note that there are no data within
about 22° of the geographic poles due to the incli-
nation of the AE-C orbit. Figure 2a includes data for
the Northern Hemisphere and for days 2145 of 1974
(basically winter solstice) with an average 4, of 20.
Figure 2b includes data for the Southern Hemisphere
and for days 212-249 (conditions between winter
solstice and equinox but closer to equinox). The average
A, is 23 for this data set. Two significant trends
are evident in Fig. 2: (1) NO is more abundant at
higher latitudes and the maximum appears to be
located between 60° and 70° latitude, although this is
difficult to determine unambiguously due to the data
gap, and (2) NO is most abundant at those longitudes

associated with the geomagnetic pole for the par-
ticular hemisphere in question and this longitudinal
asymmetry persists when magnetic coordinates are
used, at least in the Southern Hemisphere and in the
summer. For instance, the 1000 count contour in Fig.
2b (Southern Hemisphere) extends well beyond the
50°S geomagnetic latitude circle in the “favored”
longitudinal sector (i.e. the sector containing the south
geomagnetic pole). However, the asymmetry for the
Northern Hemisphere data set is not so pronounced.
The 1000 count contour in Fig. 2a is approximately
concentric with the 50°N geomagnetic latitude circle,
although there is still a slight “shift” towards the
favored longitudes. A northern summer/equinox data
set in the Cravens and Stewart (1978) study (their
Fig. 3 not reproduced here) shows the longitudinal
asymmetry in both geographic and geomagnetic coor-
dinates clearly. The implication is that the longi-
tudinal asymmetry is more pronounced in the summer
and/or the Southern Hemisphere. Furthermore, the
latitudinal gradient appears to be steeper in the winter
and more gradual in the summer. For example, the
contours in Fig. 2b (not summer but closer to it than
in Fig. 2a) are further apart than in Fig. 2a (winter).

3. NEUTRAL PARCEL TRAJECTORIES FROM THE
NCAR TGCM

The NCAR TGCM is a three-dimensional, time-
dependent model of the Earth’s neutral upper atmo-
sphere that runs on the CRAY-1 computer at the
National Center for Atmospheric Research. The full,
coupled, nonlinear, hydrodynamic, thermodynamic
and continuity equations of the neutral gas are solved
on a three-dimensional grid using a finite differencing
scheme to step forward in space and time. The hori-
zontal grid size is 5° in both latitude and longitude
and there are 24 pressure surfaces in the vertical from
approximately 97 to 500 km. The magnetospheric
convection model of Sojka er al. (1979) including
displaced geomagnetic poles (North geomagnetic
pole: 78.3°N latitude and 291.0°E longitude, and
South geomagnetic pole : 74.5°S latitude and 127.0°E
longitude) is used for the specification of the ion drift
velocity field. The neutral gas gains or loses momen-
tum from or to the ions via ion—neutral drag and tends
to mimick the two-cell circulation pattern of the polar
ionospheric/magnetospheric circulation, albeit with
time lags etc. The heating and conductivity enhance-
ments due to particle precipitation in the auroral oval
are also included in the model description. Dickinson
et al. (1981) and Roble et al. (1982, 1983, 1984) have
described the model and the reader is referred to these
articles for details. Roble et al. (1983) used the TGCM
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Fi1G. 2. MAPS IN POLAR COORDINATES SHOWING (a) THE NORTHERN HEMISPHERE AND (b) THE SOUTHERN
HEMISPHERE MEASUREMENTS FROM GROUPED ORBITS (ADAPTED FROM CRAVENS AND STEWART, 1978).
The 70° geographic parallel is shown, as is the 50°S (N) geomagnetic parallel. The South (North) geo-
magnetic and dip poles are indicated by the triangle and the cross, respectively.

to investigate the influence of magnetospheric con-
vection on the high-latitude neutral circulation and
temperature structure and Killeen ez al. (1986) have
recently used output from the TGCM to compare
with extensive F-region wind measurements from
ground and space.

Killeen and Roble (1984) developed a diagnostic
package to study the output of the TGCM and
analyzed the terms in the basic equations describing
different physical processes. This package also traces
the trajectories of individual neutral gas parcels, and
this is just what is needed in order to follow the trans-
port of long-lived species such as NO. In this section
we will review the E-region (z = —4 constant-pressure
surface near 120 km) trajectories presented in Killeen
and Roble (1986), since this is the altitude region
relevant to odd nitrogen in the lower thermosphere.
Figure 3 is adapted from Fig. 5 of their paper and

shows three representative parcels for the Southern
Hemisphere, calculated using geophysical input con-
ditions appropriate for 21 October 1981 (midway
between the equinox and summer solstice). Wind
fields at several Universal Times (U.T.s) are also
shown to illustrate the global-scale circulation pattern
within which the individual parcels move. The wind
vectors are plotted with respect to the corotating
Earth, as discussed by Killeen and Roble. The geo-
physical inputs for the specific model run are also
discussed in the Killeen and Roble (1986) paper and
include a steady cross-polar cap potential of 60 kV
and steady auroral forcings corresponding to a K, of
3—4. The geomagnetic inputs are held steady over the
24 h period of the model run, producing the basic
“diurnally-reproducible” wind field which has been
shown to resemble averaged DE-2 measurements at
F-region altitudes (Hays er al., 1984 ; Roble er al.,
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F1G. 3. POLAR DIALS FOR THE SOUTHERN HEMISPHERE (POLE TO —40° LATITUDE) ILLUSTRATING THE LOCUS
OF THREE NEUTRAL PARCEL TRAJECTORIES CALCULATED USING THE NCAR TGCM FOR A DIURNALLY-
REPRODUCIBLE MODEL RUN FOR 21 OCTOBER 1981.

The trajectories are for the z = —4 (~ 120 km) constant pressure surface. (a) Plot in geographic coordinates
(latitude and longitude) showing the loci for the three parcels. The numbers on the loci refer to hours of
Universal Time. The circled symbols on the periphery of the plot indicate the direction towards the Sun at
the U.T. indicated by the subscript. The approximate location of the auroral oval is indicated by the
hatched area, (b), (c) and (d) illustrate the locations for the individual parcels at 09:00, 15:00 and 21:00 h
U.T., respectively, together with the TGCM-calculated neutral wind field (wind scale at lower right). The
wind fields in (b), (c) and (d) are plotted with respect to the rotating Earth—i.e. winds as would be observed
from the ground. The polar plots are in geographic latitude and local solar time coordinates and the solar
terminator is indicated by the curved line. This figure is an adaptation of Fig. 5 of Killeen and Roble (1986).

1984). The approximate location of the auroral oval
is indicated in Fig. 3a by the cross-hatching.

Two characteristics are required for a given tra-
jectory if it is to imply significant transport of NO
from the auroral region to lower latitudes. These are :
(1) the residence time of the parcel in the auroral oval
must be relatively long (many hours) in order to give
the particle precipitation production of N(*D) a
chance to build up the NO abundance, and (2) the

parcel must reach latitudes significantly equatorward
of the auroral region, and do this in a reasonably
short time (i.e. about 24 h, a typical lifetime for NO at
mid-latitudes in the sunlight). For such equatorward
transport of NO to have a systematic bias towards a
given longitude sector, a parcel with the above two
characteristics must be somehow preferentially “pum-
ped” out of the high-latitude region in the specific
sector. We propose to show that parcels of E-region
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gas which both dwell in the auroral oval for appreci-
able periods and are transported by thermospheric
winds to lower latitudes do indeed have a natural
preference for the longitude sector containing the geo-
magnetic pole. Furthermore, the trajectory analysis
provides a simple explanation for the observations
that have shown that NO longitudinal asymmetries
are more pronounced in the Southern Hemisphere
than in the Northern Hemisphere and in the summer
than in the winter.

Consider the parcel labelled 1 in Figs 3a—d. This
parcel starts at 00:00 U.T. in the auroral oval and
remains in the oval until 18:00 U.T.—that is, the resi-
dence time is very long, ~ 18 h. At about 16:00 U.T.,
the parcel undergoes an equatorward surge, crosses
the oval, and continues down to mid-latitudes by
about 23:00 U.T. Notice that the longitude where this
burst of meridional transport takes place is 1 10°E—in
the same longitudinal sector as the South geomagnetic
pole, which is where NO has an enhanced concen-
tration. The two other parcels, labelled 2 and 3, which
start in different locations (approximately polar cap),
meander in and out of the auroral oval and never
make it out of the oval/polar cap region (at least not
in the 24 h period considered here). These three parcels
are just representative examples of a much larger num-
ber (hundreds) of parcels that have been followed for
this diurnally-reproducible, summer, Southern Hemi-
sphere simulation; all have the characteristic that
those that escape to lower latitudes do so only in the
favored longitude sector.

In order to understand why the equatorward “escape”
of parcels occurs at favored longitudes, one must
examine the wind fields shown in Figs 3b—d for several
U.T.s. We note first that, as discussed by Killeen and
Roble (1986), the E-region wind velocities (plotted
here with respect to the rotating Earth) are, in general,
smaller in magnitude than the velocity of corotation
and that, therefore, the parcels on the L.T./latitude
plots (Figs 3b—d) follow principally clockwise (coro-
tational) trajectories modified by the magneto-
spherically-driven twin-cell wind pattern shown. Let
us look more closely at the trajectory of parcel 1.
At 03:00 U.T. this parcel resides in the region of
sunward neutral flow associated with the dusk cell of
the circulation pattern. This sunward velocity is
largely cancelled by the oppositely-directed velocity
of corotation and the parcel drifts out of the region of
strong sunward flow and to slightly lower latitudes
where corotation is even more dominant (Fig. 3b).
The parcel continues to corrotate until, near 15:00
U.T. (Fig. 3¢) it enters the region of maximum anti-
sunward neutral wind associated with the central
region of the twin-cell ion convection pattern. It is in

the U.T. period 15:00-21:00 h that parcel 1 obtains
the meridional (equatorward) momentum that is
sufficient to eject the parcel from the high-latitude
region. Of significance is the fact that the insertion of
meridional momentum for parcel 1 occurs just in the
U.T. period when the twin-cell circulation pattern is
at its maximum displacement towards midnight (or,
equivalently, when the geomagnetic pole is maximally
offset from the geographic pole in the antisunward
direction). Thus, parcel 1 acquires equatorward
momentum in a region that is already biased to lower
latitudes and this burst of momentum is sufficient to
allow the parcel to escape from high-latitudes. Other
parcels that enter the anti-solar jet (such as parcels 2
and 3) do so at times when the meridional velocity
imparted is insufficient to overcome the combined
effects of corrotation and sunward forcing associated
with the dawn sunward ion convection. These latter
effects tend to sweep the parcel back towards high-
latitudes and once more into the twin-cell circulation
pattern as discussed by Killeen and Roble (1986).

Now let us consider some Northern Hemisphere
parcel trajectories, also for 21 October (and therefore
equinox/winter solstice conditions). These are shown
in Fig. 4 which is adapted from Killeen and Roble
(1986). Notice that almost the whole circulation pat-
tern is in darkness which means that the neutral wind
velocities are much lower because the night-time iono-
spheric densities are low and ion—neutral drag is there-
fore much weaker. The pattern is rotated by about
90° due to the increased importance of neutral inertia
relative to drag. Because of the reduced wind speeds
when compared with the summer case, one might
suppose that equatorward transport would be weaker,
regardless of the longitude. Indeed, none of the three
representative parcels shown here have both of the
characteristics (discussed above) necessary for sig-
nificant equatorward transport of NO. Parcel 1
meanders back and forth across the polar cap; parcel
2 does linger in the auroral oval but only makes it to
the southern edge of the oval (this at least is prom-
ising). Parcel 3 never resides in the oval at all, but does
have some slight equatorward transport. Clearly, in
the quiet-time winter polar E-region modelled here
there is less net equatorward transport of neutral par-
cels than in the summer. Furthermore, in the absence
of such transport, the only NO loss mechanism for the
winter polar night E-region (where photodissociation
does not occur) is via downward diffusion, as dis-
cussed by Solomon et al. (1982).

We note here that, at geomagnetically active times,
the winter circulation pattern becomes much more
like the summer pattern shown in Fig. 3 due to the
enhanced conductivities and ion-drag forces associ-
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FIG. 4. SAME CAPTION AS FOR FIG. 3, WITH THE EXCEPTION THAT THE PARCEL TRAJECTORIES ILLUSTRATED
ARE FOR THE NORTHERN HEMISPHERE.

ated with the greater degree of magnetospheric forcing
of the thermosphere. Thus a similar longitude pref-
erence for NO equatorward transport might be
expected in the winter hemisphere for geomagnetically
active conditions. The longitudinal asymmetry in the
Northern Hemisphere would, however, be expected
to be weaker than in the Southern Hemisphere for the
same geomagnetic/seasonal conditions in part because
the equatorward displacement of the circulation pat-
tern in the Northern Hemisphere is smaller than for
the Summer Hemisphere due to the smaller separation
of the geographic and geomagnetic poles in the North
than in the South.

We also note that even for the most significant case
of E-region parcel transport presented here (parcel 1

of Fig. 3), the meridional wind speed is not large and
most NO contained in the parcel would be pho-
todissociated long before reaching equatorial
latitudes. Thus the occurrence of significant quantities
of NO observed at low latitudes by the Solar Meso-
sphere Explorer spacecraft (Barth, 1986) is considered
to be due to either considerably enhanced (storm-
time) meridional transport or to ir situ production
(perhaps aided by neutral temperature enhancements,
R. G. Roble, 1985, private communication). A full
three-dimensional chemical/dynamical model of NO
production and transport will be necessary to explain
fully such global distributions. The high-latitude tails
of NO reported from the Atmosphere Explorer data,
however, are qualitatively explained by the diurnally-
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reproducible parcel trajectory calculations presented
here.

4. SUMMARY

A consideration of previously published neutral
parcel trajectory calculations made using the NCAR
TGCM provides a qualitative explanation for the
summer/winter and longitudinal asymmetries in the
high-latitude NO concentrations reported by Cravens
and Stewart (1978). In particular the longitudinal
asymmetries that show significant “tails” of NO at
the longitudes of the geomagnetic pole in either hemi-
sphere can be explained in terms of direct neutral
parcel transport from the auroral oval. Parcels at
the favored longitudes are subject to equatorward
forcing by the anti-sunward convecting ions in the
central region of the ionospheric convection pattern
at the time that the pattern is displaced maximally in
the equatorward direction. The combination of the
geometrical alignment of the convection pattern and
the magnitude of the anti-solar winds provides
sufficient meridional momentum for such parcels to
escape the high-latitude region. Other parcels are
successively drawn back into the high-latitude region
and do not acquire the “escape velocity”.

In addition to the natural longitude selection for
NO equatorward transport reported here, the TGCM
calculations indicate that such transport will be more
important for summer than for winter conditions due
to the higher wind speeds.

While providing a simple and intuitive explana-
tion for previously reported NO concentration
asymmetries, the present work points to the need
for a comprehensive three-dimensional chemical/
dynamical model to describe fully the
morphology of thermospheric NO.
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