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other parameters. The magnitude of this vertical wind was 100 
rn/s. This was done for June solstice conditions. The F2 peak 
electron density went up by a factor of about 2.4 at 1200 LT 
and by a factor of about 8.5 at 2400 LT. The peak height 
increased by about 50 km at 1200 L T and by about 20 km at 
2400 LT. The plasmaspheric density increased considerably 
when the vertical wind was included, by a factor of about 6.1 at 
1200 L T and 6.4 at 2400 LT. This is further evidence of the 
considerable control that ionospheric 0+ has on plasma­
spheric density levels. It should also be noted that the model 
results of Rippeth et al. [1992] show that the ·degree of correla­
tion between N mF2 ratios and plasmaspheric density ratios 
depends on the neutral wind profile. 

4.2. Interchange of Neutral Densities and 
Temperatures Between Hemispheres 

The dependence of the annual variation on neutral parame­
ters was tested by switching the neutral densities and tempera­
tures between hemispheres. However, the calculated photo­
ionization production rates were not switched. This change 
would affect the production rates of 0+ due to charge exchange 
with H+ and also the 0+ loss rates. This was done for both June 
and December solstice conditions. It was found that the equa­
torial density at 2400 L T increased by a factor of about 1.5 in 
June and about 1.2 in December. The December to June ratio 
was somewhat lower in this case, about 1.2; originally the 
December to June ratio was about 1.5. 

4.3. Interchange of Photoproduction Rates 
Between Hemispheres 

Finally, the dependence of the annual variation on photo­
production rates was tested by switching the photoionization 
production rates between hemispheres, without changing the 
neutral densities and temperatures. This was done for June and 
December solstice conditions. The equatorial density at 2400 
LT increased by a factor of about 1.3 in June and about 1.1 in 
December. The December to June ratio was about 1.3. 

In summary, three numerical tests were done. The most 
striking results were found when a vertical wind, with magni­
tude equal to lOOmis, was included in order to raise the 0+ pro­
me. In this case the plasmaspheric density went up by a factor 
of about 6, showing how ionospheric 0+ can control plasma­
spheric density levels. The other two tests involved inter­
changing first the neutral densities and temperatures and then 
the photoionization production rates between hemispheres, 
for both June and December solstice conditions. In each case 
the December to June density ratio was lowered (by about the 
same amount in each case) but was still greater than one. This 
happened because plasmaspheric densities in June increased 
considerably, whereas those in December only slightly in­
creased. This probably reflects the much larger value that the 
average photoionization coefficient (the ratio of the photo­
production rate to the atomic oxygen density) has in the 
December summer hemisphere compared to other hemispheres 
(as a result of more exposure to sunlight), which means that 
the December summer 0+ levels would be higher and not as 
affected by changes in other parameters. In tum, the December 
plasmaspheric density would be determined largely by the 
summer 0+ density in the upper ionosphere and hence would 
not change as much as the June plasmaspheric density. That 
the results were about the same in the second and third cases 
suggests that the neutral atmosphere and solar illumination are 

equally important for producing the annual variation in 
plasmaspheric density. 

s. Discussion 

Torr and Torr [1973] did a global study of the seasonal be­
havior of electron density in the F2 layer, where 0+ is the 
dominant ion. They found that during solar maximum condi­
tions, most of the northern hemisphere and a region in the 
southern hemisphere have the highest F2 peak electron densi­
ties during the winter rather than the summer, and the term 
winter anomaly has been applied to this relationship. In the 
South Pacific and South Atlantic regions the highest iono­
spheric densities occur during the summer; this appears to be 
due to charged particle precipitation in regions surrounding 
the geomagnetic anomaly. However, over much of the 
southern hemisphere the highest electron density occurs near 
the equinoxes. During solar minimum conditions the South 
Atlantic anomaly plays an important role for field lines whose 
southern end is in this region. Particle precipitation in this 
region causes enhanced heating, which enhances convection 
of atomic oxygen from the southern summer hemisphere to the 
northern winter hemisphere and inhibits the reverse flow 
(northern summer to southern winter). 

Previous modeling studies [Rees et al., 1988; Sojka and 
Schunk, 1989] have shown the existence of the winter 
anomaly for solar maximum conditions. Rees et al. [1988], 
using a coupled thermosphere/polar ionosphere model, found 
the winter anomaly in the northern polar ionosphere for 
magnetic latitudes greater than 55°. Sojka and Schunk [1989] 
used a global ionosphere model, with neutral densities taken 
from the MSIS 77 model [Hedin et al., 1977], to show that the 
winter anomaly existed in the northern hemisphere at all 
universal times between magnetic latitudes of 30° and 60°. 

Our study, for solar minimum conditions, showed that 
average 0+ density in the northern hemisphere exhibited the 
winter anomaly when the geomagnetic longitude was 300° but 
not when the geomagnetic longitude was 120°; in the southern 
hemisphere the winter anomaly was not present at either 
longitude. Since the southern end of a field line with geomag­
netic longitude equal to 300° is approximately in the South 
Atlantic anomaly region, this would be consistent with the 
results of To" and To" [1973] for solar minimum conditions. 

We suggest that the observed annual variations in plasma­
spheric density near 300° geomagnetic longitude are due to the 
lack of a winter anomaly in the southern hemisphere. 0+ 
densities are higher in December than in June for both the 
northern hemisphere (for which there is a winter anomaly) and 
the southern hemisphere. This is supported by observational 
results of Lal [1992], which show that globally averaged F2 
peak densities are higher in December than in June, with the 
ratio being approximately 1.2. 

Finally, the question remains as to why 0+ levels vary. The 
0+ densities will depend upon the amount of time that an iono­
sphere is sunlit and also upon neutral species densities, par­
ticularly atomic oxygen and hydrogen in the upper iono­
sphere. To" et al. [1980] have shown that the observed varia­
tions in 0+ density at the F2 peak, including the seasonal 
anomaly, can largely be explained in terms of seasonal and 
geographic variations in neutral densities if the correct 
thermospheric chemistry is assumed. In addition, for solar 
maximum conditions, production of N2 vibrational excita­
tions is high enough to reduce the peak electron density by an 
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additional 30% in summer [Torr et al., 1980]. It can be seen 
that the neutral atmosphere plays a very large role in determin­
ing the annual variation in plasmaspheric density, not directly 
through H+ density levels, but indirectly by controlling 0+ 
densities. In addition, neutral wind profiles and photoioniza­
tion rates also have a role in determining the annual variation. 

6. Conclusions 

We have shown that for a field line whose geomagnetic 
longitude is 300°, the modeled plasmaspheric density in 
December is greater than that in June, and the December to 
June ratio is in rough agreement with observations (for L = 2). 
For this longitude the field line tilt is such that the southern 
end of a flux tube is farther from the geographic equator than 
the northern end, and the ionospheres are exposed to sunlight 
longer in December than in June. In contrast, for a field line 
whose geomagnetic longitude is 1200

, the modeled plasma­
spheric density in June is greater than that in December. For 
this longitude the field line tilt is reversed, so that the iono­
spheres are exposed to sunlight longer in June than in 
December. 

While our results might seem to support the hypothesis that 
annual variations are caused by solar flux variations which are 
due to the tilt of the magnetic dipole axis, it should be noted 
that for both longitudes, diurnally averaged 0+ levels in the 
upper ionosphere vary in the same sense as plasmaspheric 
densities. This, together with the theoretical analysis given 
above, would suggest that plasmaspheric densities are sensi­
tive to 0+ levels in the upper ionosphere. This was tested by 
raising 0+ levels with a vertical neutral wind and seeing the 
rise in plasmaspheric density. It should also be noted that 
interchanging the photoionization rates between hemispheres 
did not change the December to June ratio significantly. 
Furthermore, observational results [Clilverd et al., 1991] and 
previous modeling work [Clilverd et al., 1991 ; Rippeth et al., 
1992] have shown that the annual variation of plasmaspheric 
density is correlated with the annual variation of F2 peak 
density. Therefore we conclude that annual variations in 
plasmaspheric density are due to similar variations in iono­
spheric 0+. 

Acknowledgments. This work was supported by NSF grant A TM-
9116858. One of us (S.M.G.) was supported by NASA Marshall Space 
Flight Center through the graduate student training grant NGT-50368 for 
part of this work. Acknowledgment is also made to the National Center 
for Atmospheric Research, sponsored by the National Science 
Foundation, for the computing time used in this research. 

The editor would like to thank A. Yau and one other referee for their 
assistance in evaluating this paper. 

References 

Carpenter, D. L., Electron density variations in the magnetosphere 
deduced from whistler data, J. Geophys. Res., 67,3345, 1962. 

Clilverd, M. A., A. J. Smith, and N. R. Thomson, The annual variation in 
quiet time plasmaspheric electron density, determined from whistler 
mode group delays, Planet. Space Sci., 39, 1059, 1991. 

Comfort, R. H., J. H. Waite, Ir., and C. R. Chappell, Thermal ion 
temperatures from the retarding ion mass spectrometer on DE 1, J. 
Geophys. Res., 90, 3475, 1985. 

Geisler, I. E., On the limiting daytime flux of ionization into the protono­
sphere, J. Geophys. Res., 72, 81, 1967. 

Guiter, S. M., T. 1. Gombosi, and C. E. Rasmussen, Diurnal variations 0 

a plasmaspheric flux tube: Light ion flows and F region temperarur: 
enhancements, Geophys. Res. Lett., 18, 813, 1991. 

Hedin, A. E., C. A. Reber, G. P. Newton, N. W. Spencer, H. C. Brinton, 
H. G. Mayr, and W. E. Potter, A global thennospheric model based 
on mass spectrometer and incoherent scatter data, MSIS 2 
Composition, J. Geophys. Res., 82, 2148, 1977. ' , 

Helliwell, R. A., Exospheric electron density variations deduced from 
whistlers, Ann. Geophys., 17, 76, 1961. 

Killeen, T. L., R. G. Roble, and N. W. Spencer, A computer model of 
global thermospheric winds and temperatures, Adv. Space Res., 
7(10),207, 1987. 

Krinberg, I. A., and A. V. Tashchilin, Refilling of geomagnetic force 
tubes with a thermal plasma after magnetic disturbance, Ann. 
Geophys., 1, 25, 1982. 

Lat, C., Global F2 layer ionization and geomagnetic activity, J. 
Geophys. Res., 97, 12,153, 1992. 

Park, C. G., Some features of plasma distribution in the plasmasphere 
deduced from Antarctic whistlers, J. Geophys. Res., 79, 169, 1974. 

Rasmussen, C. E., S. M. Guiter, and S. G. Thomas, A two-dimensiOnal 
model of the plasmasphere: Refilling time constants, Planet. Space 
Sci., 41, 35,1993. 

Rees, D., T. I. Fuller-Rowell, S. Quegan, R. J. Moffet, and C. J. Bailey, 
Simulations of the seasonal variations of the thermosphere and iono­
sphere using a coupled, three-dimensional, global model, including 
variations of the interplanetary magnetic. field, J. Atmos. Terr. Phys., 
50,903,1988. 

Richards, P. G., and D. G. Torr, Seasonal, diurnal, and solar cyclical 
variations of the limiting W flux in the Earth's topside ionosphere, J. 
Geophys. Res., 90, 5261, 1985. 

Rippetb, Y., R. J. Moffet, and G. J. Bailey, Seasonal and longitudinal 
effects on plasmaspheric tube content, Adv. Space Res., 12(6), 179, 
1992. 

Sojka., J. I., and R. W. Schunk. Theoretical study of the seasonal behav­
ior of the global ionosphere at solar maximum. J. Geophys. Res., 94, 
6739,1989. 

Song, X.-T., and G. Caudel, Electron density near the plasmapause 
measured over one year by GEOS-2: A statistical analysis, J. Atmos. 
Terr. Phys., 49, 135, 1987. 

Tarcsai, G., P. Szemeredy, and L. Hegymegi, Average electron density 
profiles in the plasmasphere between L = 1.4 and 3.2 deduced from 
whistlers, J. Atmos. Terr. Phys., 50, 6(J7, 1988. 

Taylor, H. A., Jr., Evidence of solar geomagnetic seasonal control of 
the topside ionosphere, PlaMt. Space Sci., 19, 77, 1971. 

Torr, M. R., and D. G. Torr, The seasonal behaviour of the F2-layer of 
the ionosphere. J. Atmos. Terr. Phys., 35,2237, 1973. 

Torr, D. G., P. G. Richards, and M. R. Torr, Ionospheric composition: 
The seasonal anomaly explained, in The Physical Basis of the 
Ionosphere in the Solar-Terrestrial System. Cont Proc. 295, Advis. 
Group for Aerosp. Res. and Dev., Brussels, 1980. 

T. I. Gombosi and C. E. Rasmussen, Space Phy~:::s Research 
Laboratory, University of Michigan, Ann Arbor, MI 48109. (e-mail: 
tamas@sprlc.sprl.umich.edu; rasmussn@jupiter.eecs.umich.cdu) 

S. M. Guiter, Space Sciences Laboratory, NASA Marshall Space 
Flight Center, Huntsville, AL 35812. (e-mail: guiter@mpb.msfc.nasa. 
gov) 

R. W. Schunk and I . J. Sojka. Center for Atmospheric and Space 
Sciences, UUb State University, Logan, UT 84322. (e-mail: 
schunk@cc.usu.edu; sojka@cc.usu.edu) 

(Received May 21, 1993; revised September 12, 1994; 
accepted October 3, 1994.) 


