Annales Geophysicae (2004) 22: 441-452 © European Geosciences Union 2004 ~ "K

6\ Annales
\ 5 Geophysicae

Variations of thermospheric composition according to AE-C data
and CTIP modelling

H. Rishbeth!, R. A. Heeli&, and I. C. F. Miiller-Wodarg 3

1School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, UK

2william B. Hanson Center for Space Sciences, The University of Texas at Dallas, P. O. Box 830688, Richardson, Texas
75083-0588, USA

3Atmospheric Physics Laboratory, University College London, 67-73 Riding House Street, London W1W 7EJ, UK

“now at: Space and Atmospheric Lab, Imperial College London, Prince Consort Road, London SW7 2BW, UK

Received: 12 February 2003 — Revised: 16 June 2003 — Accepted: 18 June 2003 — Published: 1 January 2004

Abstract. Data from the Atmospheric Explorer C satellite, of the thermosphere that largely determine this behaviour of
taken at middle and low latitudes in 1975-1978, are usedNmF2.

to study latitudinal and month-by-month variations of ther-  According to the generally accepted theoNfF2 de-
mospheric composition. The parameter used is the “compends on the atomic/molecular ratio (in particular, the /N
positional P-parameter”, related to the neutral atomic oxy- ratio) of the ambient neutral air, and, of course, on the
gen/molecular nitrogen concentration ratio. The midlatitudeflux of solar ionizing radiation. Rishbeth and Setty (1961)
data show strong winter maxima of the atomic/molecular ra-suggested that the seasonal anomaly is caused by changes
tio, which account for the “seasonal anomaly” of the iono- in the atomic/molecular ratio in the neutral thermosphere
spheric F2-layer. When the AE-C data are compared withat F2-layer heights. Duncan (1969) suggested that these
the empirical MSIS model and the computational CTIP composition changes are caused by a global summer-to-
ionosphere-thermosphere model, broadly similar features arginter circulation in the thermosphere, with the atomic oxy-
found, but the AE-C data give a more molecular thermo-gen/molecular nitrogen (OA) ratio being decreased by up-
sphere than do the models, especially CTIP. In particularwelling of air in the tropics and summer mid-latitudes,
CTIP badly overestimates the winter/summer change of comand greatly enhanced in zones of downwelling that lie just
position, more so in the south than in the north. The semi-equatorward of the winter auroral ovals. The location of
annual variations at the equator and in southern latitudesthe auroral zones, of course, depends on geomagnetic co-
shown by CTIP and MSIS, appear more weakly in the AE-C ordinates and, as a (rather complicated) consequence, the
data. Magnetic activity produces a more molecular thermo-(O/N,) ratio andNmF2 vary annually in some longitude
sphere at high latitudes, and at mid-latitudes in summer.  sectors, semiannually in others. This was demonstrated in

Key words. Atmospheric composition and structure (ther- theoretical modelling by Millward et al. (1996a) and more

mosphere — composition and chemistry) comprehgnsively by un et al. (2000). The .patterns of
downwelling and upwelling were modelled by Rishbeth and

Miller-Wodarg (1999). On the experimental side, the sea-
sonal changes in the OgNatio at mid-latitudes were de-
tected experimentally by von Zahn et al. (1973), using the

. . . ESRO 4 Analyzer, an Mauersberger l. (197
The seasonal anomaly in the ionospheric F2-layer was re- SRO 4 Gas Analyzer, and by Mauersberger et al. (1976),

" “using the Open-Source Spectrometer on the Atmospheric Ex-
ported by Berkner et al. (1936) and has been EEXtenSIVe%lorer AE-C satellite launched in November 1973 (Dalgarno

%1?'?%’7;(” Itesxizge:efézgyr(\a(('):tehzscvrr?e(13a7|<129|2rc]tdro1r;odr<rar?sr']':jet al., 1973). In this paper, we use data from the AE-C Neu-
( ): : urel P "Yral Atmosphere Temperature Experiment (NATE) (Spencer

i'\rl]r::izh'sm%?gﬁ trugqe\;wmet;];hilrc])rl; ijr;ngr]ii;nr?é)j:on?;cnezzg etal., 1973) to investigate how the Q/Matio varies with sea-
9 P son, latitude and longitude. In particular, we look for Dun-

ﬁ)l;sgtiii?eséanarﬁgcﬁgea;esr?lee:zllrlgaiﬁlr:::/vn;r E:i)'zﬁg\e/ir, t'r:'eog?s_rcan’s zones of enhanced Q/katio near the Wlnte_r auroral

dominant \}ariation oNmF2 is more or less semiannl'JaI with ovals. The AE-C data pre_sel_"nt a gqod_opportymty to search

maxima at or soon after the equinoxes. This paper is’mainIJor th(_ase zones, though, with its orbital inclination of gthe

concerned with the seasonal changes ‘in neutral compositiorsffjlte'“f[e does npt reach the equatorward edge of the auroral
ovals in all longitudes.

Correspondence td: C. F. Muller-Wodarg In Sect. 2 we describe in outline the instruments, the satel-

(i.mueller-wodarg@imperial.ac.uk) lite orbit, and how we treated the data. We also briefly recall

1 Introduction
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the main features of the Coupled Thermosphere-lonospheret0.7 cm flux was quite low, in the range of 70-100 units,
Plasmasphere (CTIP) model (Fuller-Rowell et al., 1996,and we have not divided the data according to solar flux. The
Millward et al., 1996b) as used by Rishbeth andilidr- NATE instrument was chosen to provide the largest continu-
Wodarg (1999) and Zou et al. (2000), and in the present paeus data set during that period. The spectrometer has a closed
per for comparison with the AE-C data. We then present andsource in which the collected gases are in equilibrium with
discuss the composition data and model outputs in two bathe chamber walls. The atomic oxygen is, therefore, detected
sic formats: plots versus latitude and longitude, for quiet andas molecular oxygen, and the atomic oxygen concentration is
storm conditions (Sect. 3), and plots versus month and londerived by accounting for the factor of 2 in producing molec-
gitude (Sect. 4); in both sections we first present the dataular oxygen and the ram pressure increase in the chamber
and then the CTIP results, and in Sect. 5 we compare thesproduced by the supersonic motion of the spacecraft through
with values from the well-known MSIS-86 empirical model the gas. The ambient molecular oxygen concentration can
(Hedin, 1987). Section 6 discusses the results in more deeontribute up to 5% of the signal at the lowest altitudes con-
tail and Sect. 7 summarizes the main findings. Appendixsidered, so the atomic oxygen concentration may be slightly
A explains the “compositionaP-parameter” that we use to overestimated. The neutral composition is derived directly
present both the data and the model results. from the spectrometer outputs, while the neutral temperature
is derived by examining the change in pressure as a baffle
is scanned across the entrance aperture. The associated fit-

2 Data, parameters and models ting procedure yields temperature data with reliability that
depends upon conditions and delivers a data set that is less
2.1 The NATE instrument on AE-C extensive than the composition data.

The AE-C satellite was launched in November 1973 into an2.2 Treatment of the data

elliptical orbit with an inclination of 67.3with an apogee

of 4000km and a perigee between 160 km and 130km. InThe data are recovered from unified abstract files that con-

April 1975 the orbit was circularized near 310 km and main- tain values for each pass averaged over a 15-s time interval

tained near this altitude until March 1977, when a circular or about 110 km along the satellite path. The data are thus

orbit near 390 km was established. The orbit finally decayedspaced about°lin latitude at low and middle latitudes and

in November 1978. about 2 in longitude at the highest latitudes, with each 15-
We use data from the Neutral Atmosphere Temperatures sample representing the average of about 4 points. In this

Experiment, NATE (Spencer et al., 1973) operating at alti-work we examine the global behaviour of the neutral com-

tudes between 200 km and 450 km. Thus, the data are preposition by collecting the data in cells of 2.1 latitude and

dominantly collected from the circular orbit phases during 10° in longitude. This bin size was chosen to provide a rea-

1975-1978. During this period, the monthly mean solarsonable spatial resolution with a sensible sample size in most
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Fig. 2. Contour plots for geographic latitudes®38 to 68> N for K, <3, versus longitude and month. Above: Neutral @fdncentration
ratio at heights 390 km (left), 280-400 km (right). BeloR=parameter at heights 390 km (left), 280—400 km (right).

bins. The AE-C satellite was not operated continuously, andof quiet conditions during the northern winter and equinox
the planned operations resulted in the majority of the datamonths. Note that above S0atitude there are at least 10
being taken at latitudes above®58 each hemisphere. samples through each latitude and longitude cell, reducing to
During this study we examine variations in composition as/ust 2-10 points at lower latitudes. Approximately 10% of
a function of latitude and longitude for a given season and aghe cells at lower latitudes contain only one sample. When
a function of longitude and season in a given latitude rangethe data are collected in specific latitude regions for detailed
The number of data points is insufficient to examine globalStudy of seasonal variations, the point distribution is such that
distributions separated by local time. However, by compar-eaCh month/longitude cell contains at least 10 points and usu-
ing the data obtained at 09:00-15:00 LT with that obtainedally more than 20 points.
for all local times, we found that the composition does not The restricted operations schedule for the AE-C satellite
vary greatly from day to night (in line with theoretical re- leads to non-uniformity in longitude samples at low latitudes.
sults, see Sect. 5), so we have combined data from all local'hus, empty cells with no data samples may reside adjacent
times. Although separating the data Ky, produces some to more frequently sampled locations, and in such cases large
gaps in the global distributions, we are able to illustrate theand unphysical longitude gradients may appear (as will be
first order effects of magnetic activity. seen in the figures presented in Sect. 3).

In studying latitude and longitude variations, we group
the months November—February as northern winter, May-2.3 The O/N ratio and theP-parameter
August as northern summer, and March—April/September—
October as equinox. Figure 1 shows the point distributionThe data used in this study are largely obtained at altitudes
in latitude and longitude for the northern summer monthsnear 300 km and 400 km. The upper contour plots in Fig. 2
during quiet times. This distribution is also representativeshow the neutral O/pNconcentration ratio versus longitude
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and month at geographic latitude 55268 The left panel ionospheric composition and dynamics, such as those by
is for heights near 390 km, the right panel combines dataRishbeth and Nlller-Wodarg (1999), Zou et al. (2000) and
for heights between about 280 and 400 km. Both show theRishbeth et al. (2000). For this study, the program is run to
largest values of the (OA ratio in winter, particularly the reach a stable condition for each month, which takes about
left-hand panel which has a greater range of values. To im20 days of scale time and, therefore, does not accurately
prove the sample statistics we should include data taken ovarepresent any seasonal phase lags.

a range of altitude; but since the Q/Katio increases rapidly

upward, typically with an exponential scale height of 80 km,

the average values are compromised by changes in the saté- AE-C maps of P-parameter vs. latitude and longitude

lite height and the details are different.

To overcome this problem, we use the composi- Figure 3a and b shows the distribution in latitude and lon-
tion P-parameter, as defined by Rishbeth andillit- gitude of theP-parameter derived from the AE-C data, for
Wodarg (1999), which enables us to combine data from alinorthern summer and for low and high magnetic activity
heights sampled by the satellite. This parameter is height(K » =3, above;K,>3 below). The red curves show the po-
independent if atomic oxygen and molecular nitrogen aresitions of magnetid.-values 3.5, 4, 4.5 which correspond to
distributed vertically with their own scale heights (Eqs. A3 Magnetic invariant latitudes of 3860°, 62°. As previously
and A4 in Appendix A), as should be the case above abouffentioned, large spatial gradients may appear in the vicinity
120 km, except perhaps in strongly disturbed conditions. AsOf cells with few or no data samples. In these and all sub-
explained there, we do not include the temperature term of€duent plots, redder colours mean increaBehd a more
the full P-parameter, as doing so reduces the size of the datgtomic thermosphere; bluer colours mean decre&sadd a
set and increases the variability due to uncertainties in the dgnore molecular thermosphere.
rived neutral temperature. As a rough guide, a change in A predominant summer-to-winter (north-to-south) in-
of +1 unit increases the OA\ratio by about 5% or a factor crease ofP, and, therefore, of the O/Nratio at fixed
of 1.05; a change 0§10 units increases the OfNatio by ~ Pressure-levels, is seen at all longitudes. As discussed in
about a factor of 1.8. The use of théparameter is benefi- Sect. 6, we attribute this to the glObal thermospheric circu-
cial at all locations, since it increases the sample size whildation. The greatest values @f occur just equatorward of
retaining information about the OgNatio. At low latitudes ~ the auroral zone in the winter (southern) hemisphere. This
the sample size is still quite small, leading to apparently morelS most visible at longitudes between®4¢nd 180 E, where
spatial structure. the southern auroral zone has its most equatorward excur-

In the lower part of Fig. 2, we see that the details of the Sion, but the magnetic control of the-parameter maximum
left-hand and right-hand panels are very similar, except in thdS evident at all longitudes.
auroral regions in western longitudes. Here the high winter The most obvious effect of magnetic activity is the bluer
values of P may be expected to be variable, and affected bycolour at high magnetic latituded,>4, in the north-west

differences in sampling between the left and right panels. ~ (summer) sector of Fig. 3b and, to a lesser extent, in the
south-east (winter) sector. The changesHnare 5-10,

2.4 The CTIP model greater in winter than in summer. This is consistent with
the expected upwelling of the atmosphere in the auroral zone
The Coupled Thermosphere-lonosphere-Plasmasphereaused by Joule and particle heating. This heating also mod-
(CTIP) model (Fuller-Rowell et al., 1996; Millward et erates the summer to winter flows, with the result that the
al., 1996b) calculates globally the coupled thermospheremaxima ofP are higher and are shifted equatorward of their
ionosphere system by solving the equations of energyguiet-time locations. At mid-latitudes, the magnetic distur-
momentum and continuity for neutral particles (G, ®l2) bance has less effect, but there is evidence of redéced
and ions (3, H*) through explicit time integration. The summer and possibly slightly increasdn winter.
model has its lower boundary at 80 km altitude and for ion Figure 4a and b showg at northern winter, at low and
calculations reaches out to 10000km in regions of openhigh magnetic activity. The same features described in Fig. 3
magnetic field lines (at high latitudes) ahe=3.5 in regions  can be seen here, but the picture is less clear because of the
of closed magnetic field lines (at low to mid-latitudes). The slightly poorer sample statistics. Agai®, increases from
dynamical, energetic and chemical neutral-ion coupling issummer to winter (south to north), but the peak value ap-
calculated self-consistently. In addition to solar heating, thepears less well aligned with the magnefievalues. During
atmosphere calculated by CTIP is driven externally by adisturbed conditionsP is reduced at high magnetic latitudes
high latitude convection pattern, as parameterized by Fostein the southeast (summer) sector, as before, and to some ex-
et al. (1986) and a high latitude patrticle precipitation modeltent in northern (winter) high latitudes, too, but the displace-
by Fuller-Rowell and Evans (1987). It can be run for any ments of the peak i®® cannot be resolved because of small
season and level of solar and geomagnetic activity, andample numbers.
produces global values of neutral and ion winds, tempera- Figure 5a and b showB at low and high magnetic activ-
tures and composition. CTIP has been used in numerougy at spring and fall equinox. These two seasons are suf-
studies examining the morphology of thermospheric andficiently similar to be combined, and are fairly symmetrical
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Fig. 3. AE-C: Maps of P-parameter for northern summer f@a) quiet magnetic conditionsk(, <3 above) andb) disturbed magnetic
conditions K ,>3, below). Red curves show magnelievalues.

with respect to the edge of the auroral zones, particularly inmagnetic dip pole is at lower geographic latitude than in the
disturbed conditions. The effect of magnetic activity is to north (67 S as compared to 7&8), but is also seen in north-
increaseP at low latitudes and decrease the minimum val- ern winter (Fig. 4a). The minimum values Bfoccur in the
ues in the auroral zones. The detailed variations with latitudesummer hemisphere, near the longitudes where the auroral
and longitude are due partly to the geomagnetic field configzone is at its lowest latitude. We do not show maps in mag-
uration, but they may also be influenced by seasonal varianetic coordinates, because at higher southern latitudes there
tions that are not entirely removed by averaging over the fouris a large data gap at longitudes 30=90where the satellite
equinox months, in addition to the effects arising from the does not reach high-values.
I|m|ted_b_|r_1 samples _mentlo_ned m_Sect. 2.2._ There remains ¢ \ve take P as an indicator of thermospheric upwelling
a possibility of genuine regional differences in composition, and downwelling, the plots suggest that upwelling exists at
on top of the above, but more study would be needed 10 eSpjgh magnetic latitudes, strongly in summer and weakly in
tablish their reality. winter, too, and is enhanced by magnetic activity (northwest
Figures 3 and 4 clearly illustrate that peaks in the  corner of Fig. 3b, southeast corner of Fig. 4b). At both sol-
parameter occur in the winter hemisphere at longitudesstices, the winter zone of strongest downwelling (the greatest
where the auroral oval is at its highest geographic latitude.P-values and the most atomic thermosphere) is also magneti-
This is most obvious in the south (Fig. 3a and b), where thecally aligned. It lies af.-values of 2.5-3 (magnetic latitudes
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a) Northern Winter, Kp<3
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Fig. 4. AE-C: Maps of P-parameter for northern winter fdg) quiet magnetic conditionsk(;, <3 above) andb) disturbed magnetic
conditions K ,>3, below). Red curves show magnefievalues.

51-55), equatorward of the auroral zones, as predicted by The colour ranges are chosen to encompass the full sea-

Duncan (1969). sonal variation seen in the satellite data and the model data.
A slight difference between their scales facilitates a compar-
ison over latitude within a data set, with a little compromise

4 AE-C and CTIP maps of P-parameter vs. month and o the comparison of features seen in the satellite and model

longitude data. If we use the same colour scale for every panel, the five

AE-C panels are noticeably bluer in colour (indicating lower

Figure 6 displays the data and model results in plotg?of P-values) than the five corresponding CTIP panels. To ad-

versus month and longitude at low magnetic activity, to showjust the colour scales to obtain a better colour match between

how the variations of composition vary throughout the yearthe two sets of panels, we first computed the mean value of

in five broad zones of latitude. There is some overlap, in? for all ten panels, with the following results for the five

that December is shown twice (months 0 and 12) and so idatitude ranges (north to south, rounded to nearest integers):

January (months 1 and 13). AE-C data are on the left, CTIP

model results on the right. Not surprisingly, the CTIP results — AE-C: 425, 426, 431, 427, 423; mean 427;

are fairly smooth, and lack much of the detail shown by the

AE-C data. — CTIP: 450, 443, 438, 441, 443; mean 443.
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a) Spring/Fall Equinox, Kp<3
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Fig. 5. AE-C: Maps of P-parameter for equinox (March, April, September, October(#@quiet magnetic conditionsk{, <3, above) and
(b) disturbed magnetic condition&(, >3, below). Red curves show magnefievalues.

The difference between the overall mean AE-C and mearthe model at Atlantic/American longitudes 0—2Q9. CTIP
CTIP values is 443- 427 = 16, which is the adjustment we clearly overestimates the winter values Bf this indicates
made in the colour scales. The mean valueB &fr the data  that the winter downwelling, which increas@s is less pro-
and the model now match quite well in colour, but the rangenounced in the AE-C data than in CTIP. At 30250the sea-
of P is smaller in the data than in the model, and the highestsonal variations are smaller, both in data and model, but are
P-values in the AE-C panels only reach orange colours, asn the same sense as at 50=RD Again, the summer mini-

compared to the reds in the CTIP panels. mum is over the Pacific in the data, but over the Atlantic in
the model.
4.1 Mid-latitudes Turning to southerly mid-latitudes (two bottom rows of

Fig. 6), summer months are at the top and bottom of the pan-
At50-70 N (top row), where summer months are in the cen- els and winter months in the centre. At 30250the summer
tre of the panels and winter months are at the top and bottonminima in the AE-C values are now in east longitudes in the
the summer/winter variation stands out strongly. Both sum-African/Indian Ocean sector, 30-8B. In west longitudes,
mer and winter values aP are greater in eastern longitudes greatestP tends to occur around or after equinox (April and
than in western. The lowest summer value®aire found at  October), giving a semiannual pattern superimposed on the
Pacific longitudes 130-18@V in the data, but further eastin winter/summer variation. The semiannual tendency also ap-
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Fig. 6. P-parameter from AE-C data (left) and CTIP (right) vs. month and longitud&for3, for five ranges of geographic latitude. Top
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Table 1. P-parameters at midday from models and data.

Station Dec Mar June Sept Mean Dec-June Equx-Solstice
Slough:

MSIS 442 434 418 434 432 24 4
AE-C 435 420 416 423 424 19 -4
CTIP 452 450 422 448 443 30 12
Port Stanley:

MSIS 424 438 437 438 434 -13 8
AE-C 430 437 431 431 432 -1 3
CTIP 423 446 451 447 442 -29 9
Equator:

MSIS 432 437 429 437 434 3 6
AE-C 425 427 432 434 429 -5 2
CTIP 432 438 432 437 435 0 5

pears weakly in western longitudes in the AE-C panel for As discussed by Rishbeth et al. (2000), the equinox max-
50-70 S, but rather as a broad plateau extending from auima of P indicate that the thermosphere is less disturbed at
tumn (months 3—4) to spring (months 9-10). In the southerrequinox than it is at solstice, when solar input is continuous
CTIP panels, any semiannual tendency is hidden by the unat high summer latitudes and drives the strong summer-to-
realistically high mid-winter maxima af. winter circulation (Fuller-Rowell, 1998).

Though not shown here, the distributions Pfplotted in
magneticL-coordinates are quite similar at mid-latitudes to
those in geographic coordinates but, as previously remarkeor?
they lack complete longitude coverage at high latitudes in the

south. We used the MSIS-86 model (Hedin, 1987) to compute the
) P-parameter from Eqg. (A4) for Slough (5%, 1° W) and
4.2 The equatorial zone Port Stanley (52S, 58 W), for solar 10.7 cm flux of 100
units and low magnetic activity4, = 4). We found that,
The centre row of Fig. 6 shows the equatorial zone, betweerys expectedp is almost height-independent above 200 km,
20° S and 20N geographic. The range éf-values through-  \hile from 200 km down to 120km it increases by about
out the year is smaller than at mid'latitudes, particularly in 7 units. In contrast, using the more Comp|ete formula (A3),
the CTIP panel where the range 4s10. The semiannual  p js virtually height-independent down to 150 km, and de-
variation in the CTIP results (right), of about 5 units, ap- creases by only about 5 units from 150 to 120 km. At 300 km
pears very weakly in the AE-C data (left). In western lon- height, we found that MSI® is smaller at midnight than
gitudes the AE-C plot shows an annual variation of aboutat noon, but only by about 4 units, which supports our deci-
5units inP, with maximum in November—February and min- sjon (Sect. 2.2) to use all local times in analysing the AE-C
imum in June—August. The hemispheric differences may ijata_ We also used MSIS to Compufefor an “equator”
connected with differences in the magnetic latitude, since inpoint near (0, 40° W), which is approximately where the
the American sector the magnetic equator is south of the gegeographic and magnetic equators cross (the MSIS values
ographic equator and the data in Fig. 6 come mostly fromat >, 160° W, the other longitude where the equators cross,
north magnetic latitudes. Conversely, in the Asian equatorialyre just 1 unit lower than at 4QV). Table 1 shows the noon
sector the data come mostly from south magnetic latitudes. yalues of P at these places from the MSIS and CTIP mod-
A plot of the AE-C P-values for the magnetic equato- els and the AE-C data for December and June solstices and
rial zone (Rishbeth, 2003), covering magnetic latitudes-20 March and September equinoxes. In the case of AE-C, the
2(° N, also shows a strong annual (December—June) variadata are averages over an area witlfio&he required point,
tion of P in most longitudes, which tends to conceal any to remove some of the point-to-point variations. Consider the
semiannual pattern. However, at°69(Q° E the pattern is means of the four seasonal valuesfofshown in the column
weakly semiannual. The greater strength of the annual patheaded “Mean”. At Slough and Port Stanley, these CTIP
tern in the “magnetic” plot may be attributed, at least partly, means are markedly higher than the others, except in local
to summer/winter differences of composition, bearing in summer, which implies that the CTIP thermosphere is too
mind that the “magnetic equatorial zone” extends into ge-atomic (recall that each unit @f corresponds to about 5% in
ographic midlatitudes in some longitude sectors. the O/N ratio). This is mainly because CTIP gives too big a

Comparisons of AE-C, CTIP and MSIS values of
P-parameter
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winter/summer variation, especially at Port Stanley. At Portal., 2000). In “near-pole” longitudes, the downwelling zones
Stanley and at the equator, the semiannual (equinox/solsticeggre at relatively low geographic latitudes (arouné)5®hich
variation in the AE-C data is much smaller than that given byare sunlit at noon in mid-winter (though at large solar zenith
MSIS and CTIP; at Slough the equinox/solstice differenceangles), and winteNmF2 is large because of the high GQ/N

in the AE-C and MSIS values af is small and not signifi- ratio. But in “far-from-pole” longitudes, the downwelling
cant, with the larger difference in CTIP being due to the smallzones are at high geographic latitudes and receive little or no
summer value ofP. In most cases the March and Septem- direct sunlight in winter. So the electron density is very low
ber values ofP are equal or nearly so, with the exceptions of at mid-winter, despite the high OfNatio, and this accounts
the AE-C data for Port Stanley (greater in March) and at thefor the tendency towards equinoctial (semiannual) maxima
equator (greater in September). Since the AE-C data weref NmF2 in “far-from-pole” longitudes.

used in constructing the MSIS model, we might expect the Thege features appear in CTIP noon maps, Fig. 5 of Zou
MSIS and AE-C values of to agree, but we have no expla- gt a1, (2000), in which the high latitude areas of depressed
nation as to why they do not, beyond the slight overestimatenp2 are centred about 78, 9¢° E geographic in Decem-
of the atomic oxygen concentration mentioned in Sect. 2.1. per and 79S, 90 W in June. Although the satellite did not
At the equator, MSIS and CTIP agree well, with a marked reach latitudes of total winter darkness, the AE-C data do
semiannual variation not seen in the AE-C VaIUeS, Whichshow h|gh values oP_parameter (|arge O/Nano) in these
peak in September. The annual variation is not promi-jongjtudes at latitudes above GOespecially in the north
nent in the AE-C data at longitudes around’ 8% and the  (Figs. 3 and 4), as predicted by CTIP. Clearly, composition

(December—June) difference may not be typical of low lat-data from higher latitudes are needed to confirm our interpre-
itudes generally; in any case the data in this vicinity havetation.

rather poor statistics. However, the summer/winter range Bfis clearly greater

in the model than in the data. Wint&-values in CTIP are
too large because the model overestimates the downwelling
there, the reason being that the model lacks any mechanism,

The most obvious result is that, in both hemispheres butsuch as an additional heating source, for generating sufficient

especially the north, the OMratio and the derivedp- upwelling in winter. This lack is most noticeable in regions

parameter are greater in winter than in summer at all lon-where there is no sunlight at all, but it has little effect in the

gitudes, denoting substantial seasonal changes in the neutraf mmer he-mlsphere or at equinox. Obviously, downwelling
atomic/molecular composition. We find that the MSIS atmo- and upwel[llng must balaqce globally; but our _results' suggest
sphere is more atomic than the AE-C data indicate, typicallythat the winter downwelllng is agtua}lly less mtgnswe, and
by about 5 units o, corresponding to a difference of about must, therefore, be more widely distributed than is portrayed
30% in the O/N ratio. On the other hand, the CTIP compu- by CTIP.
tations give a substantially more molecular atmosphere than We should note that our CTIP simulations do not consider
the AE-C data indicate; at northern mid-latitudes (Slough)the effects of tidal forcing from below. Tides generated in the
the seasonally averaged difference amounts to about 20 unit§oposphere and stratosphere propagate into the lower ther-
of P, which corresponds to a difference of about 3:1 in themosphere, dissipating their energy at 100-150 km altitude,
O/N, ratio. We do not pursue the reasons for these differ-thus releasing considerable amounts of momentum and en-
ences. ergy into the region. This may generate additional upwelling
With the level of smoothing we used, the coverage of lati- &t mid-latitudes, thus potentially reducing the @Adtio and
tude and season is reasonably complete. The general patterfisin the winter hemisphere — a possible reason for the dis-
of the O/N, ratio and theP-parameter are similar (Fig. 2), crepancy between CTIP and MSIS.
but the P-parameter is much more useful, because it enables The AE-C maps (Figs. 3-5) show some alignment with
data from a great range of height to be combined. OmittingmagneticL-shells, which also appears in the CTIP results.
the temperature term in the-parameter (Eq. A4) avoids dif-  This is not surprising, since the model is driven by high lat-
ficulties with incomplete temperature data, without seriouslyitude energy inputs as well as by solar heating. However,
affecting the most valuable property &f namely its inde- it is probably not useful to relate the CTIP maps in detail
pendence of height. to L-values. Our version of CTIP relies entirely on the sta-
The “winter downwelling” and its effects on the O/Na- tistical high latitude inputs, as given empirically by Foster
tio andNmF2 are well displayed by CTIP modelling. Ac- et al. (1986) (from averages of Millstone Hill observations
cording to Duncan (1969), the downwelling zones are justof convection fields) and by Fuller-Rowell and Evans (1987)
equatorward of the auroral ovals. Consequently, the situatiorffrom Tiros satellite data on particle precipitation). These
in longitude sectors adjacent to the (geographic) longitudesre limited data sets that have undergone much processing,
of the magnetic poles (which we call “near-pole” longitudes) including averaging over many seasons and binning with
differs from that in sectors remote from the (geographic) lon-K ,. Finally, the CTIP profiles are smooth because the model
gitudes of the magnetic poles (which we call “far-from-pole” omits any physical processes of fine spatial scale or short
longitudes) (Rishbeth and Mler-Wodarg, 1999; Rishbeth et time-scale. The only source of short-term variability in CTIP

6 Discussion
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is the diurnal variation of solar heating; even the magnetic 8. The latitude/longitude maps give no evidence of any
forcing is UT-independent. equatorial effect in thermospheric composition, so com-
position plays no part in forming the F2-layer equatorial

. anomaly.
7 Conclusions

L In summary, we have shown that the NATE data from
1. The AE-C data show strong seasonal variations of neu- : ; . o
. . the AE-C satellite provide a useful means of investigating
tral composition, with greategt-parameter and O/N . o .
Lo ; . thermospheric composition; these data show marked win-
ratio in winter near solstice, though not necessarily at

. ter/summer variations of composition, which broadly con-
solstice. : P " »
firm the “composition change” theory of F2-layer seasonal
2. The solstice maps show that and, therefore, the OAN ~ and magnetic storm variations, and the results agree quite
ratio at fixed pressure-levels, increases steadily fromwell with both the theoretical CTIP and empirical MSIS
summer to winter. models of the thermosphere with regards to the mean compo-

: i sition, though not necessarily in the details of its variations.
3. The AE-C data confirm fairly well the results of

the CTIP modelling of Rishbeth et al. (2000), which acknowledgementswe wish to thank the National Space Science
indicate strong summer/winter variations of tiie Data Centre A for providing the AE-C unified abstract data. The
parameter (O/ ratio) in longitude sectors near the work at UT Dallas is supported by NASA grant NAG 5-10271.
magnetic poles, but a tendency towards equinoctiallM-W was funded by the British Particle Physics and Astronomy
maxima of P elsewhere. In the data, however, semi- Research Council (PPARC) grant PPA/G/0/1999/00667 and since

annual variations of appear weak, except perhaps in 2002 by the British Royal Society. All CTIP model calculations
western mid-latitudes in the Southern Hemisphere were carried out on the High Performance Service for Physics,
' Astronomy, Chemistry and Earth Sciences (HiPer-SPACE) Silicon

4. Magnetic disturbance decreasgsat high latitudes.  Graphics Origin 2000 Supercomputer located at University College
There are smaller effects at midlatitudes, namely some-ondon and funded by PPARC.
decrease in summer and a small increase in winter, Topical Editor M. Lester thanks C. Fesen and R. Balthazor for
consistent with the well-known seasonal variations of i help in evaluating this paper.
F2-layer disturbances. We have not studied individual

storms. Appendix A The compositional P-parameter

5. We combine data from all local times, and, therefore, o . )
cannot discuss local time effects in detail; but by com- 10 overcome the difficulty that the OfNratio varies
paring daytime values of with values for all local rapidly with height, we express our res_ults in terms of the
times, we found that the composition does not vary P-parameter’, much as defined by Rishbeth andlléf-
greatly from day to night. This agrees with CTIP mod- Wodarg (1999). Let denote “reduced height”, measured
elling by Rishbeth and Kller-Wodarg (1999), which from a base heighto in units of the pressure scale height of
gave day-to-night changes i of only about 5 (their ~ &tomic hydrogen. This scale height is givenBy = RT /g,
Fig. 2), consistent with the time constant for composi- and is about 1000 km, wheteis the universal gas constant,
tion changes, which is estimated to be of the order 207 IS temperature, ang is the gravitational acceleration (as

days (Rishbeth et al., 2000). The MSIS day-to-night H1 varies with height, the relation betweéhand the real
changes oP, too, are typically 5 units. heighth involves an integration, but this is a detail we need

not consider here).

6. The CTIP model overestimates the winter increases in The base heighto is at around 120km, above which
the P-parameter (or O/bl ratio) produced by down-  height the gases O and:Nhay be assumed to be distributed
welling at high winter mid-latitudes, more so in the ith their own scale heights in the ratio 28/16. Let the suf-
south than the north. This Implles that the model |aCkaiX “o" denote values of parameters at the base lgvelln
some process, such as an additional energy sourc&erms of natural logarithms, the gas concentrations vary with
which opposes the dOWnWG”ing in the winter hemi- he|ght abovéio according to the equations:

sphere.
IN[O]=In(To/T) + In[Olo—1 Al
7. Values of theP-parameter computed from the MSIS [O1=In(To/T) + In[Olo—16 (A1)
model, for places at northern and southern mid'ln[Ng]:In(To/T)+In[N2]o—28{. (A2)

latitudes, broadly agree with values given by AE-C,

but in general portray a more molecular thermosphereyytiplying Eq. (A1) by 28 and Eq. (A2) by 16, and subtract-
than do the AE-C data, while the CTIP thermospherejng g cancel the terms i, we have

is rather more molecular than is shown by MSIS. This

may imply some systematic error in the derived @/0 28In[O]—16In[N2] + 12InT=P

ratios, but we do not attempt to pursue the matter in this

paper. = 28In[OJo—16In[N2Jo + 12InTo. (A3)
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The left-hand side of Eq. (A3) is the-parameter, as defined Fuller-Rowell, T. J. and Evans, D. S.: Height-integrated Pedersen
by Rishbeth and Niller-Wodarg (1999). The numerical val- and Hall conductivity patterns inferred from the TIROS-NOAA
ues of P depend on the O/Nratio and also on the units of ~ satellite data, J. Geophys. Res., 92, 7606-7618, 1987.
concentration (here:—3). The relation betweer® and In Fuller-Rowell, T J., Rees, D., Quegan, S., Moffett, R. J.., Codrescu,
[O/N2] is not quite linear, and depends weakly on the ©/N M. V., and Mlllwa_lrn?l, G. H.: Acoupled thermosphere-!onosphere
ratio. For the O/N ratios prevalent at the F2-peak, a 5% model (CTIM), in: STEP Handbook of lonospheric Models,

increase in the O/pratio corresponds to a change by gigiggt;y fgggnk, R. W., Utah State University, Logan, Utah,

abou&l unit. Larger Cha”ges iR, for example, by 10 and Hedin, A. E.: MSIS-86 thermospheric model, J. Geophys. Res., 92,
25 units, change the OANatio by factors of about 1.8 and 4, 4649_4662, 1987.

respectively. Mauersberger, K., Kayser, D. C., Potter, W. E., and Nier, A. O.:
The temperature term 12 this not particularly important Seasonal variation of neutral thermospheric constituents in the
and, as explained in Sect. 2.3, we omit it for the purposes of northern hemisphere, J. Geophys. Res., 81, 7-11, 1976.
this paper. Instead, we take Millward, G. H., Rishbeth, H., Moffett, R. J., Quegan, S., and
Fuller-Rowell, T. J.: lonospheric F2-layer seasonal and semian-
P = 28In[0]—16 In[N2]. (A4) nual variations. J. Geophys. Res. 101, 5149-5156, 1996a.

. . ) ) . Millward, G. H., Moffett, R. J., Quegan, S., and Fuller-Rowell,
This modifiedP is not exactly height-independent, because 1 ;. A coupled thermosphere-ionosphere-plasmasphere model

the temperature term 121fi in Eq. (A3) changes by 1.2 (CTIP), in: STEP Handbook of lonospheric Models, edited by

if the temperature changes by 10%. However, this has lit- Schunk, R. W., Utah State University, Logan, Utah, 239-280,

tle effect on our results. According to the empirical MSIS ~ 1996b.

model (Hedin, 1987), for the range of solar activity spannedRishbeth, H.: Questions of the equatorial F2-layer and thermo-
by our AE-C data and for moderate geomagnetic activity Sphere, J. Atmos. Solar-Terr. Phys., accepted, 2003.

(Kp<3), the temperature at F2-layer heights (not much dif- Rishbeth, H. and Setty, C. S. G. K.: The F-layer at sunrise, J. Atmos.

ferent from the “exospheric temperature”) varies at mid- 1€ Phys., 21, 263-276, 1961. o .
latitudes by about 30% between day and night and 20%Rlshbeth, H. and Nller-Wodarg, I. C. F.: Vertical circulation and
thermospheric composition: a modelling study, Ann. Geophysi-

between summer and winter. These temperature changes cae, 17, 794805, 1999,

cause our “simplified®” to vary by about+-1.8 diurnally and Rishbeth, H., Miller-Wodarg, I. C. F., Zou, L., Fuller-Rowell, T. J.,
+1.2 seasonally. In comparison, the seasonal and latitudinal \jjard, G. H., Moffett, R. J., Idenden, D. W., and Aylward,

changes ofP span some tens of units, so the temperature A p.: Annual and semiannual variations in the ionospheric F2-

term does not appreciably contribute to these variations. layer: Il. Physical discussion, Ann. Geophysicae, 18, 945-956,
2000.
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