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NUMERICAL SIMULATIONS OF THE SEASONAL/LATITUDINAL VARIATIONS

OF ATOMIC OXYGEN AND NITRIC OXIDE IN THE LOWER THERMOSPHERE AND MESOSPHERE

D. Rees and T. J. Fuller-Rowell

Department of Physics and Astronomy, University College London
Gower Street, London WCIE 6BT, United Kingdom

ABSTRACT:

‘A 2-Dimensional zonally-avsragsd thermospheric modsl and the global UCL thermospheric model
have besn used to investigate the seasonal, solar activicy and gesomagnetic variacion of

atomic oxygen and nicric oxide. The 2-Dimensional modsl 4includes detailed oxygen and
nitrogen chemistry, with appropriats completion of the anergy equation, by adding the
thermal infrared cooling by [0] and ([NO]. This solution includes solar and surorsl

production of odd nitrogen compounds and metastable speciss. This model has been used for
three investigations: firstly, to study the interactions between stmospheric dynsmics and
minor species transport and density, secondly, to examine the sessonal variscions of stomlc
oxygen and nitric oxide within the upper mesosphere and thermosphere and their response to
solar and geomagnetic sctivity variations; thirdly, to study the factor of 7 - B peak nitric
oxide density increase as solar Fj5 5 cm flux increases from 70 to 240 reported from the
Solar Mesospheric Explorer. Auroral production of [NO] is shown to be the dominant source
at high latitudes, generating peak [NO] densities a factor of 10 greater than typical number
densities ar low latitudas. At low laritudes, the predicted variation of the pesk {NO}
density, near 110 km, vith the solar P10.7 ¢m flux is rather smaller than is observed. This
i3 mwost likely due to an oversstimate of the soft X-ray flux at lov solar activity, for
times of extremely lov sunspot number, as occurred in June 1986. As observed on pressure
levels, the variation of (0] density is small. The global circulation during solstices and
pariods of elevated geomagnetic activity causes depletion of [0] in regionas of upwelling,
and enhancements in regions of downwelling.

DU OR.

This paper provides a brief reviev of some tvo and three-dimensionsl model studies of the
inter-relationships betveen the major and minor species of the lowver thermosphere and upper
mesosphere. Several timely questions are addressed by the model simulations. The data from
the Solar Hesospheric Explorer (SME /1/) show a factor of about 7 - 8 variation of peak low-
latitude number density as the solar Fyq ; cm flux increases from 70 to 240 units, compared
vith a variation of spproximately s factor of 4 found in previous numerical studies /2/.
The degree of possible variabiliey of atomic oxygen number densities {in the lower
thermosphere and upper mesosphore consistent with major meteorological, sessonal and
geomagneric variability of the stmosphere is also of interest. Previous studies (for
example & special issue of Planetary and Space Science, 1988) have shown up to a factor of
st least 100 varisbility in the density ~f atomic oxygen at and belovw the peak density of
the species, normally observed around 105 ka.

GEl E; OR C:

Atomic oxygen {3 created by the photodissociation of molecular oxygen within the
thermosphere. Having approximately half the molecular masa of 0, and N,, fits scale height
is double thet of O, and N, for the same temperature. Since rucolblnn:ion {3 very slov at
middle and upper thermospheric densities and collision rates and {f diffusfive equilibrium
prevails, {(0) becomes the major constituent above around 150 km /3,4,5,6/. Given the long
recombination time, the species can be transported globally by mean winds. WVhen large-scale
upwelling and advection occurs, particularly at solstice, and also associated with the
intense large-scale heating during geomagnetic storms, diffusive equilibrium no longer fully
controls the vertical profiles of [0] and [Nz, 02]' Under such condiclons 7.8/, the
process known as vind-driven diffusion may cause large relative departures of individual
light or heavy spscies from diffusive equilibrium, slthough hydrostacic equilibrium will
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still be generally observed. Relative to dens{ty values which would be sxpected for ths
sppropriste kinetic tempersture, N, is strongly enhanced in regions of persistent upwelling
and outflow, vhere atomic oxygen is strongly depleted, In resgions of peraistent convergence
and downwelling, the convarss is trus. The major direct conssquences ars an excass of
molecular nitrogen at the summer pole, particularly at times of high geomagnstic actlivity,
whils the winter pole (at quiet times) and winter mid-latitudes (under more disturbed
conditions) contsins the highest densities of atomic oxygen snd helium.

Thess perturbations of minor speciss denaity extend to lower thermosphere altltudes, and
wvind-driven diffusion {s one significant cause of varisbility of stomic oxygen in the lower
thernosphere. Eddy diffusion cen also cause vertical transport of minor specles, and can
change the vertical profile of atomic oxygen and other minor constituents /8/.

Nitric Oxide {s primarily created through the reaction of the atomic nitrogen specles N(ZD)
and N('S) with molecular oxygen /3,%/. N(“D) and N('S) are produced by auroral dissociation
/107, by photodissociation /11/ and various ion chemicsl reactions tnvolving Nz' /12/7.

Although nitric oxide is chemically and radistively active, its chemicel lifetime in the

lover ‘thermosphere 1is long snough for wind transport to be important. Its diffusion into
the mesosphere iz also important, and it has been shown /13/ thst in the winter polar
stratosphere, it also has a long effective 1lifetime 1in non-sunlit reglons. Increascd

production, at times of high solar activity, or essociated vith enhanced asuroral production
during geomagnetic storms, may create very large lover thermospheric densities of {[NOJ.
Given enhanced vertical transport due to turbulence, this may result in large [NO] densities
in the mesosphere and even in the upper sctracosphere at wvinter high-lacftudes, where there
is no solar photodestruction of nitric oxide. There ars » number of major consequences of
suchk enhancements, affecting the chemical and rtadiative balance of the mesosphere and
thermosphere, and properties of the ionosphere.

THE NUMERICAL MODEL.

The three-dimensional atmospheric model has been well-described in a number of papers,
including Fuller-Rowell and Rees /14,15/ and Fuller-Rowvell et al /16/. The zonally-averaged
modsl evolved from the nested grid model of Fuller-Rowell /17/ and {s further descrided in
Rees and Fuller-Rowell /B/.

The seasonal, latitudinal and solar activity variations of atomic oxygen density wvill be
considered, as will the responae to variable pgeomagnetic forcing at high geomagnetic
lar{tude. Llarga-scale Hadley-type circulation cells are generated within the thermosphere,
closing i{n the upper mesosphere, as the result of the solar diurnmal heating varlation, the
seasonal / hemispheric asymmetry of solar heating, and due to geomagnetic heating, usually
st high latitudes. Thess large-scale circulsation asystems force a psrtial breakdown of
diffusive equilibrium a3 the result of the combination of vertical convection and horizontal
advection. The full 3-dimensional global coupled fonosphere - thermosphere UCL model will
be used for these simulactfons f14,15,16/.

A second sories of simulations uses the zonally-averaged 2-dimensional model. Nitric oxide
and othar 'odd nitrogen’ compounds are included as minor specles. With this model, {t is
possible to exsmine, in addition, the seasonal, latitudinal, solar activity snd geomagnetic
response of ({NOJ. It is also possible to evaluate the transport and thermal effects of
variable eddy turbulence within the lowver thermosphers and upper mesosphere. The model
takes into account the thermal radiation from nitric oxide, vhich has very important effects
on the thermal balance, and consequences for the mean circulation,

The tvo-dimensional, zonally-averaged model of the thermosphere solves the non-linear
energy, momentum, continuity end three-constituent composition equation self-conslstently
and tinme-dependently. Tha finice-difference grid covers the latitude renge from the north
to the south geographic pole in steps of 5° latitude, and the seventeen pressure levels, one
scale height apart, cover altitudes from 70km to approximately 500km, depending on solar
activity. Tha model has been adapted from the high-resolution, nested-grid model of Fuller-
Rowell /17/, wvhich contains a complete description of the numerical procedure, the set of
squstions, boundary conditions and parameterisation required to simulate the thermospheric
neutrsl wind, temperature and density. The same paper also deacribes the photochemtiscry,
and the dissociation and recombination rate constants included in the computation of the
vass mixing ratio of the major species of atomic oxygen, and of molecular nitrogen and
oxygen.

A {urshcr ldtttton has been made to the model to include the production, loss and transport
of N(“D), N('S), and NO (Nitric Oxids). The evolution of the concentrations of thess minor
specles ars computed mself-consistently in parallel with the development of the structuru,
dynauics and energy budget of the major species. The creation of nitric oxide occurs through
the odd-nitrogen chemistry primarily through the reactions of N(“D) and N(4>) with molecular



oxygen. The N(ID) and N(*S) are produced by iom chemical reactions involving Nz', and by
direct dissocistion of N, by auroral particles /10/ or solar radiation /11/. The odd-
nitrogen chemistry, branching ratios, and rate coefficienta, included in the model are as
described in Roble et sl /2/.

All thres production lourccz of atomic nitrogen are included in the zonally sveraged modsl.
The sources of N(“D) and N('S) through the ion chemical reactions are svaluated within the
UCL-Sheffield coupled tharmosphere-ionosphere modsl. The reference spectra appropriate for
high and lov solar activicy, together with the ionisation frequencies of the major specles,
are taksn from Torr st al /18/. The solar production function thus produced i3 ussd within
the zonally avarsged code, wherse solution of the odd nitrogen chemistry snd transport
procesds in parallel with that of the dynamics, energy budget and composition of the major
species.

Ths particle precipitation source 13 derived from the TIROS/NOAA sstellits data /19/ and i3
used to describe the high-lactitude auroral heating rats, lonization rate, and moleculsr
nitrogen dissociation /10/, self-consistencly vithin the model. The direct particle heating
aces in addition to the Joule dissipation vhich together modify the global circulation
psttern. The circulatlon, which trsnsports snd mixes the major specles and is described
fully in Fuller-Rowvell /17/, also acts as a source of transport to the minor specles. The
distribution of nitric oxide, as a strong radiative cooler /9/, has a strong influence on
the latitudinal temperature gradient, and on the global mean thermospheric Cemperature as

has been shown by Roble and Emery /20/. The latitudinal distribution of temperature and NO,
and the global circulation pattern, iz a highly coupled and interacting system of variables.

The asuroral precipitation also produces tonization which enhances the iomn densitios above
the quiet background levels described by Chiu /21/. This additionsl source of ionization has
been included, where the auroral enhancement i1s assumed to be in chemical equilibrium, and
ts sdded to the background solar-produced values of Chiu /21/ by the square root of the sum
of the squares. This is a less sophisticated approach than is used in tha 3-D fully-coupled
fonosphere - thermosphere model, but produces an overall result wvhich is adequate for the
purposes of these 2-D simulations, vhere we are not yet concerned with the details of the
tonospheric predictions.

RESULTS OF THE SIMULATIONS.
Clobal distributions with seasonal, lacitudinal and geomagnetic variations.

Figure 1 shovs the global distributions of temperature, mean molecular mass, atomic oxygen
density and molecular nitrogen density ac pressure level 7 (125 km) of the UCL three-
dimensionsl, time-dependent model (E-Region, spproximately 125 im}, The seasonal /
jatitudinel variation of atomic oxygen density shows a very distinct minfmum at cthe summer
pole, and a maximum at the winter pole. For moderately active solar (lv'u)'7 - 185), and
quiet geomapnetic activicy condicions, there is a factor-of more than 2 variation of E-
reglon atomic oxygen density from global minimum to global maximum. This simulation
{ncludes the effect of lover atmosphere tides introduced via lover boundary foreing /22/.

Figure 2 shows the global distributions of temperature, mean molecular mass, atomic oxygen
density and molecular nitrogen density at pressure level 12 of the UCL threc-dimensional
time-dependent model (F-Region, approximately 320 km). There 1s a very large seasonal /
latitudinal variation of atomic oxygen density. The minimum oxygen density is at the summer
pole, however, the maximum values are displaced from the winter pole, towvards high winter
mid-latitudes, as a result of high-latitude energy input. This simulation is for moderately
active solar (Fyq 5 - 183), and moderately disturbed geomagnetic activity conditions (Xp =
1). Atomic oxygen number density varies by more than & factor of 6 from globLel minimum to
global maximum, consistent with empirical model results /187

Figure 3 shovs the global distributions of tempersture, mean molecular mass, atomic oxygen
density and molecular nitrogen deansity at pressure level 7 of the UCL three-dimensional,
time-dependent modsl (E-Region, approximately 125 xm) taken from the same simulation as that
shown in Figure 2. It shows that & similar, if somevhat smaller sessonal / lstitudinal
varistion of atomic oxygen density occurs at the lowver altitudes. The minimum oxygen
density is again at the summer pole and, as at F-region altitudes, the maximum values are
displaced from the winter pols, towards high wincer mid-latitudes, as a result of high-
latituds energy input. There 1is a surprisingly large varistion of atomic oxygen density
from global minimum to global maximum, about a factor of 5, resulting from the saasonal
ssymmetry of solar insolation, combined with the high-latitude geomagnetic ensrgy input.
This factor of 5 atomic oxygen density varlstion atwN125 km altitude greatly exceads the
latitudinal / seasonal total densicty variation,. It is necessary to
recall that the wmajority of species density profiles are measured with sole reference to
geometric altitude, and no refarence to pressure lavel or to total gas density.
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Latitudinal distributions for equinox and varistions vith solar and geomagnetic activity.

Figure 4 shows variations of atmospheric structure and composition a3 a function of altitude
and latitude simulated using the tvo-dimensionsl, time-dependent model. Panel A shovs the
density distributions of atomic oxygen, nitric oxide, molecular oxygen and molecular
nitrogen. Panel B shows Temperaturs, Meridional and vertical neutral wvind, snd mesn
molecular mass. Pansl C displays nitric oxide density distribution fros 100 to 160 km, for
comparison with the results obtained from SHE /1/. The conditions depicted sre equinox, lov
solar (Fyjg 7 @ = 80) and lov geomagnetic (Kp = 1) activity. There is a wesk lstitudinal
variation of atomic oxygen density, caused by the high-latitude geomagnatic energy inputs.
Mitric oxide density 1is scructured by two pesks, ons at lov-latitudes, dus to solar
production, and tha othsr in the auroral oval, resulting from auroral particle dissoclation.

Figure 5 shows varistions of stmospheric structure and composition as & function of sltitude
and latitude simulated using the two-dimensional, time-dependent model. The displays are sas
for Figure 4. The conditions simulsted ars lov solsr (P1°.7 ca = 80) and moderate
geomagnetic activity (Kp = 3), at equinox. There is now s small lstitudinal variatlion of
atomic oxygen density, with decreased density in reglons of increased high-latitude
geomagnetic ensrgy inputs. The major feature tn nitric oxide density i{s the enhsnced high-
latitude peaks, resulting from incressed suroral production. Thare is a ratio of about 4:1
betvaen low-latitude and high latitude values of nitric oxide.

Figure 6 shovs veriations of atmospheric structure and composition as a function of sltitude
and latitude simulated using tha tvo-dimensional, time-dependent model. The displays are as
for Flgure 4. The conditions which are simulated sre lov solar (Fy5 5 cm = 80) and high
geomagneric asctivity (Kp -5), at equinox. The latitudinal variation is further enhanced.
Atomic oxygen is further depleted, and moleculsr nitrogen further enhanced, in those reglons
which correspond to the enhanced surorsl energy and particle inputs. Nieric oxide densities
vary by an order of magnitude from low to high latitudes. The broad latitude extension of
elevated nitric oxide densities correspond mainly to the extended regions of emergetic
particle precipitation described by the statistical models of ensrgetic electron
precipitation. Marked changes of nitric oxide extend to the lower altitude limits (70 km)
of the modal, vhile significant changes of atomic oxygen density extend below 86 km. These
low-altitude disturbances are primarily due to intense geomsagnatic energy inputs within the
auroral oval.

Figure 7 shows variations of atmospheric structure and composition as a function of sltitude
and latituds sizulated using the two-dimensional, ctime-dependent model. The displays are as
for Figurs 4. The conditions which are simulated are high solar activity (Fy5 7 om = 200),
and lov geomsagnetic activity (Xp = 2) at equinox. There are considersble enhancements of
molecular nitrogen, molecular oxygen and nitric oxide densities and a marked decrease of
atomic oxygen density within both auroral ovals. At this high level of solar activity, the
low latitude values of nitric oxide demsity are considerably increased, by about a fmctor of
4, compared with those for low solar sctivity (F1°.7 cm = B0). This factor is smaller than
the factor of 7 - 8 reportad for the same Tange of solar activity by Barth /1/. This
apparent discrepancy will be discussed {n the folloving section. Even st high scolar
sctivity, the low latitude values remain below the peak auroral oval values, except for very
quiet geomagnecic conditions, Kp = 1 or lower. This indicates that except for prolonged
periods of geomagnetic quiet during perfods of high solar radio and UV / EUV fluxes, high
lstitude peaks, corresponding to enhanced auroral production, will still be a distinctlve
feature of the global distribution of nitric oxide.

Latitudinal distributions for solstice.

Figure B shows variations of atmospheric structure and composition as s function of sltitude
and latituds simulared using the two-dimenslional, time-dependent model. The displays are as
for Figure 4. The conditions which are simulated are moderately high solar activity (Fyg 5
cm = 150), and lov geomagnetic activicy (Kp = 2) at the December solstice. A significant
seasonal / lacitudinal asymmetry develops in the distribution of all constituents. There is
a large summer high latitude enhancement of molecular nitrogen and of nitric oxide, and
depletion of atomic oxygen. For nitric oxide, there 1is approximately s factor of 30 %
summer high latitude enhancement, the combination of solar and auroral production. For
atomic oxygen and molecular nitrogen, the behaviour in the sumesr and winter hemispheres fis
quite opposite, due to the influence of global, pole to pole circulation. For nitric oxide,
there is still an enhancement in the winter auroral oval, as wvcll as the rather larger
enhancement in the summer auroral oval.

DISCUSSION.
Atomic oxygen in the upper thermosphere shows large seasonal / lstitudinal variations in

response to asymmetric solac insolation, Such varistions have been well known for many
years, and have now been successfully simulated by theoretical and numerical modelling.
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Figure 4. Variations of atmospheric structure and composition as a function of altitude and
latitude, simulated using the UCL twc-dimensional, time-dependent model. Pane!l A
shows the density distributions of atomic oxygen, nitric oxide, molecular oxygen and
molecular nitrogen. Panel B shows temperature, meridional and vertical neutral wind, and
mean molecular mass. The conditons depicted are equinox, low solar (Fjg 7 cm = 80) and
low geomagnetic activity (Kp = 1). Panel C depicts the distribution of nitric oxide between
100 and 160 km, for direct comparison with the data from SME.
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Figure 5. Variations of atmospheric structure and composition as a function of altitude and
latitude simulated using the two-dimensional, ime-dependent model. The display is as for
Figure 4. The conditions simulated are low solar (Fjg7 cm = 80) and moderate

geomagnetic activity (Kp = 3) at equinox.
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Figure 6. Variations of atmospheric structure and composition as a function of altitude and
latitude simulated using the two-dimensional, ime-dependent model. The display is as for
Figure 4. The conditions which are simulated are low solar (Fjp 7 cm = 80) and
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latitude simulated using the two-dimensional, time-dependent model. the display is as for
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geomagnetic activity (Kp = 2) at equinox.
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Vind-driven diffusion /23/ caused by systematic upwelling over the summer pole, dovmwalling
near the winter pole, wvith an interconnecting mean meridional flow of the order of 50 m/sec,
partly overcomes diffusive equilibrium within the thermosphare. Thiz causes the enhsncement
of heavy stomic and molecular spscies relative to light acoalc species in ths summer polar
region and the converss in the reglon of dovnwelling near the wvinter pole.

At higher levels of geomagnetic activity, the wind-driven diffusion process is enhanced,
csusing a further enrichment of heavy and molscular spscies in the summer geomagnetic polar
cap, vhers the strongest combined solsr and geomagnetic heating occurs. At such times, the
Jatitudinal varistions of the stouic oxygen mixing ratlo in the upper tharmosphera become
both larger and more complex, particularly at the solstlce. Using coupled lonosphere -
thermosphers models, the structures observed during major disturbances can be reasonably
vell simulatsed, and reslated to the locally-enhanced heating and upvelling caused, in the
polsr regions, by enhanced ion-neutral coupling (ion drag / frictional / Joule heating)
resulting from the enhancement of E-region plasma densities by particle precipitation.

Under disturbed geomagnestic conditions at solstice, there can be a factor of 10 latitude
variation in atomic oxygen concentration at the sames F-region altitude (300 km). Even at E-
region altitudes (around 125 ikm), a factor of 5 wvarfation can occur. In both cases,
minimum [0] values are within the summer geomagnetic polar cap, wvhile maximum {O} values are
at high vinter mid-latitudes, equatorvsrd of the auroral oval.

It is clear from the figures that the dominant influence on global (NO] production is from
the suroral dissoclation of N, st high latitudes. For all but the mosc quiet geomagnstic
conditions, the high latitude peak NO number density is considerably greater than values
observed at equatorisl latitudes. At low latltudes, however, a large variation over the
solar cycle has been observed s1/. This is a direct resule of the solar cycle-relared flux
fncrease {n the wavelength range up to 100 nm.

The solar production of N(zb) and (N‘S), the precursors of {NO], occurs primarily through
the lon chemical reactions, particularly Nz' with neutral oxygen. A small additional source
has also baen idencified by Richards et al /1y, namely the predissociation of Ny in the
vavelength range B0 - 100 nm. The peak [NO] density, near 105 km, is strongly controlled at

lov latitudes by the strength of the solar ifonising flux able to penetrate to these levels
The wavelength region of most interest therefore, is the 1 - 14 nm soft X-ray flux.

The present simulations have used the solar fluxes and ilonisation frequencies of the major
speciss described by Torr et al /18/. The reference spectrum for low solar sctiviry is from
rocket-borne measurements in April 1974, vhen the Fyq ; cm radio flux vas sbout 70 units.
For high solar activiry, the pertod in June 1979 was used, vhen the Fy4 5 cm flux was in
excess of 240 units. Using these reference spectrs to define the range of solar flux in the
model, ths peak low-latitude {NO] density around 110 km varied from 0.8 * 106 cm-3 at low
solar activity, to 3 ¥ 106 cm-3 at high solar sctivity. The [NO] values differ from the
observations of Barth /1/ over the last solar cycle. He reported a variation of a factor of
7 - 8 for the ratio of peak equatorial [NO] from high to lov solar activity. The only
fundamental difference wvith the present results is thac the model appears to underestimate
the minimum values by a factor of 2, and hence underestimates the ratio of equatorial {NO]
density from high to low solar activicy.

%ne must plausible explsnacion is that the soft X-ray flux vas actually lover during rhe
last solar cycls minieum in June 1986, than in the April 1974 minimum period, when direct
sclar EUV radisnce messuraments wvere available. Although the Fyj 5 c& radio flux vas
similar during the two periods, the sunspot numbers differed considerably. 1In April 1974,
the sunspot number was 40, in 1986, the minimum value was 1 during June, and the 1986
average only l4. In view of the strong correlation of the E-region critical frequency with
the Zurich sunspot number, a direct relstionship between [NO) density snd the soft X-ray
flux appears the most likely explanation. The Fy4 5 cm radio index is thus not s
particularly good indicator of [NO] equatorial density, and sn index related to sunspot
number might provide a better key for predictlion.

We have previously shown /8/ that incressed eddy turbulence causes enhanced downvard
transport of nitric oxide from the upper thermosphere to the mesosphere. The number density
of nitric oxide is increased in the lower thermosphere, at the mesopauss, and in the upper

mesosphere by more than a factor of 10 by enhanced values of eddy turbulence (within
published values).

The dominant conssquance of the enhanced downward transport of nitric oxide {ix strong
mesopauss cooling in the vicinity of the region of enhanced sddy diffusion coefficlent. The
cooling is dus to incressed I.R. radiation from reglons of elevated nictric oxide density.
Thers is a change in thes mean meridionsl wind and flov tovards regions of increased eddy
turbulence, which causes a complex sequence of inter-related effects.
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If eddy turbulence 1s increased systemstically on a lasrge scale
days, mesospheric nitric oxide densities increass. This cau s, via increased radiative
cooling, mesopauss cooling of the ordar of 30 K, in the region of enhanced eddy turbulence.
The incresssed addy tr port also h 85 upper mesospheric atomic oxygan densities, but
less dramatically than for nitric oxide, since atomic oxygen is removed rather rapidly bdelow
about 93 to 100 im.

SUMMARY .
In this study, we have attempted to use the numerical modsls to study the range of

variability of atomic oxygen and nitric oxide which might be expected to occur ss the result
of .four fundamental processes of change affecting the lover and upper thermosphere.

for a period of several

(1) Seasonsl / latirudinal variations.

The sffect of global convection and advection induced by asymmetric solar isolatfen near
solstice causes a strong latitudinal variatlon in the composition of the thermosphere.
Systematic upwelling and outflow near the summer pole, the connecting circulstion and
systematic convergence and downwvelling towards the vinter pole disturb diffusive
equilibrium. The result is the enhancement of heavy atomic and molecular speclies, a3 viewed
at constant pressure levels, in the summer polar regions, and a complementary enhancement of
light atomic species near the wvinter polar region (again relative to constant pressure
levels). The effects are well-determined ezpirically, snd the seasonal / latitudinal
variation s further enhanced by the high latitude heating during periods of high
geomagneric accivicy.

In the summer polar region, the mean molecular mass at pressure level 12 (F-region, around
300 xm) may incresse to above 24 / 25 amu (high solar accivicy, F 0 - 185, and for
modarstely disturbed geomagnetic conditions, Kp = 3% . 5). The minimum mesn molecular mass
At pressure level 12 (around 260 km) Is now ac high winter mid-latitudes {rather than {n the
vinter polar regfon) but still has a value close to 17 amu.

Such compositional disturbances are not confined to cthe F-region, and even at 125 km,

varistions of a factor of 5 in atomfc oxygen denslty can be generated at high geomagneric
activity levels.

For nitric oxide, there {1 spproximately a 50 Yt modulation in number density caused by
seasonal variattons.

Solar Activity variations.

The latitude variations observed at constant pressure levels in atomic oxygen and molecular
nitrogen caused by seasonal osymmetries of {llumination and heating are only marglnally
chenged by varistions of solar activity. However, nitric oxide responds quite dramatically.
The simulated variation of a factor of 4, as solar F10'7 cm flux Increases from 70 to 240,

is saaller than tha ratio reported from SHE observations - a factor of 7 - 8. This
difference {s most likely associated wlth smaller X-ray fluxes during the 1986 solar mintmum
than during 1074, the previous solar cycle minimum. During 1986, the sunspotr number was

exceptionally low.
Ceomagnetic Activity Varistions.

The relatively localised enexgy inputs essocfated wvith elevated levels of geomagnetic
activicy generally decrease atomic oxygen concentrations (vhen observed on constant pressure

levels). In che summer polar cap, this decrease can be an order of magnitude at F-region
altitudes (around 2300 kn), and a facror of 5 at E-reglon altitudes (125 kmy . Normally,
molecular nitrogen densities are elevated as the atonic oxygen density decreases. Nicrtc

ox{de generally responds quickly and increases rapidly in response to an {ncrease of suroral

production, varying by more than one order of magnitude from quiet to disturbed geomagnet!ic
conditions,

Effacts of eddy turbulence transporc:
Atomic Oxygen.

Increassd eddy turbulsnce causes enhsnced downward transporet of atomic oxygen from the upper
thermosphere fnto the masosphers. Where eddy turbulence 1is enhanced, the mixing retfo of

[0] 13 increased at all altitudes, not only in the vicinity of the mesopause and lower
thermosphere.



Nicric Oxide.

Nitric Oxide is readily transported d rd by enh d addy diffusion around and above the
mesopauss, This may enhance rtadiative cooling of the upper mescsphers caused by nitrie
oxide, vith further signatures in temperature and wind discribucions.

A combinstion of sessonal, solar activity and geomsgnetic variations discussed in this paper
can cause unusual values or profilss of nitric oxide or stomic oxygen within the lover
thersosphere and upper mesosphers, Generally, cthere should be a corrvelation or
snticorrelation betwvesn variations of different major snd minor constituecit . within the
lover therwmosphsre and uppar mesosphers, which may also leave a signature in temperature,
density or wind profiles. VWe have previously shovn that varistions in the eddy diffusion

coefficient, can cause a wide range of significant correlated composition, tHermal and wind
changes.
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