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Field-aligned plasma flow in the quiet, mid-latitude ionosphere deduced 
from topside soundings 
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Abstraet--A method for quantifying diffusive flows of O + ions in the topside ionosphere from satellite 
soundings is described. A departure from diffusive equilibrium alters the shape of the plasma scale-height 
profile near the F2-peak where ion-neutral frictional drag is large. The effect enables the evaluation of ~, the 
field-aligned flux ofO + ions relative to the neutral oxygen atom gas, using MSIS model values for the neutral 
thermospheric densities and temperature. Upward flow values are accurate to within about 10~, the largest 
sources of error being the MSIS prediction for the concentration of oxygen atoms and the plasma temperature 
gradient deduced from the sounding. Downward flux values are only determined to within 20~. From 60,000 
topside soundings, taken at the minimum and rising phase of the solar cycle, a total of 1098 mean scale-height 
profiles are identified for which no storm sudden commencement had occurred in the previous 12 days and for 
which Kp was less than 20, each mean profile being an average of about six soundings. A statistical study of q~ 
deduced from these profiles shows the diurnal cycle ofO ÷ flow in the quiet, topside ionosphere at mid-latitudes 
and its seasonal variations. The differences between ~b and ion flux observations from incoherent scatter radars 
are considered using the meridional thermospheric winds predicted by a global, three-dimensional model. The 
mean interhemispheric flow from summer to winter is compared with predictions by a numerical model of~e. 
protonospheric coupling of conjugate ionospheres for up to 6 days following a geomagnetic stoj;mf.xT ~ 
observed mean (of order 3 x 1016 ions day- 1 along a flux tube of area i m 2 at 1000 km) is larger tha~lSJt_~te-'d 
for day 6 and the suggested explanation is a decrease in upward flows from the winter, daytime/10j~phl~¢" 
between the sixth and twelfth days. 

1. I N T R O D U C T I O N  

It is known that fluxes of plasma along geomagnetic 
field lines have important consequences for both the 
ionosphere and protonosphere. By means of such flows 
the ionosphere is a source of the high density, cold 
plasma of the plasmasphere which in turn acts as a 
reservoir, indirectly coupling conjugate F-layers and 
contributing to their maintenance at night. Although 
this coupled system has been modelled numerically by 
various workers (e.g. BAILEY et al., 1978, 1979; 
MARUBASm, 1979), relatively few observations of the 
field-aligned plasma fluxes have been made. Incoherent 
scatter measurements are restricted to alimited number 
of locations (VICr, R~Y et aL, 1979; EVANS and HOLT, 
1978) and roll-modulation oflSIS 2 mass spectrometer 
data has been used to measure light ion flows at outer 
plasmaspheric latitudes (FosTER et al., 1978). 

The global morphology of plasma fluxes has mainly 
been inferred from observations of cold plasma 
densities. Whistler observations give both the plasma 
content of a geomagnetic flux tube and the density near 
the equatorial plane. From the diurnal variations in 
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these quantities at L-values betwee/kBA~A~nd 5 PAgg" 
deduced daytime flows out of t h N ~ ~ j ;  (1 970) 

about 3 x 1012 ions m -  2 s-1 (at 1000 k m ) , ~ r n  
fluxes at the lower latitudes of roughly half this 
magnitude on nights of low magnetic activity: This flow 
pattern for the quiet, inner plasmasphere is confirmed 
by observations of the polarization rotation and group 
delay of signals from the ATS 6 geostationary satellite, 
which yield the total contents of th¢ ionosphere and 
protonosphere along the slant path (K~RSLEY et al., 
1978; POULa~R et aI., 1981). The H + density 
morphology observed by ESRO4 in the topside 
ionosphere was interpreted in terms of these regions of 
inflow and outflow by RArr'r and DORLING (1976) with 
upward flow at all local times into the outer 
plasmasphere. The penetration of permanently upward 
flows to equatorward of the plasmapause field line was 
also inferred from topside soundings by BANKS and 
DOUPNIK (1974) and TITHERIDGE (1976a,c), and was 
observed directly using ISIS 2 observations of light ion 
velocities (GREBOWSKY et al., 1978; FOSTER et al., 1978). 

The quiet-time behaviour is subject to considerable 
modification during geomagnetic activity. That the 
plasmasphere is rapidly depleted following a storm 
sudden commencement has been demonstrated using 
density data from whistlers (PARg, 1970) and OGO 5 
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(CrmN and GREBOWSKY, 1978) and using total content 
data from ATS 6 observations (KERSLEY and 
KLOBUCHAR, 1980). Magnetic flux tubes have much 
greater volume at higher latitudes, and consequently 
the time taken to recover to pre-storm plasma densities 
is considerably larger. Estimates for this time vary; 
however, a figure of the order of 1 day can be taken to 
be appropriate to L near 2.5, whereas at L = 4 
replenishment typically takes 8 days (PARK, 1974). 
Hence at low latitudes the recovery time is much 
smaller than the mean interval between storms, and 
there is a saturated inner plasmasphere. This is 
generally in a form of equilibrium with the ionosphere, 
in that the integrated flux over 24 h is close to zero 
(PARK et al., 1978). The outer plasmasphere is always in 
a state of post-storm recovery and plasma flows out of 
the ionosphere at all times of the day (MARoBASm, 
1979). 

Recently particle experiments on board ATS 6, 
GEOS and then ISEE satellites have revealed that the 
ionospheric plasma found within the plasmasphere is 
not just cold and isotropic with energies below about 3 
eV, as would be expected for adiabatic bulk flow along 
the magnetic field lines. Warm plasma components of 
energies 3-30 eV and composition characteristic of 
ionospheric origin are found with a variety of pitch 
angle distributions, particularly in the outer plasma- 
sphere (CHAPVELL et al., 1980). The energizing 
mechanisms are not yet understood, nor are the 
implications for the ionosphere-plasmasphere coup- 
ling fluxes and the various observations of the bulk 
plasma parameters. The pitch angle distributions of the 
ions observed by ISEE imply the replenishment flux is 
larger from the summer than the winter ionosphere 
(HoRWITZ et al., 1981), a feature also noted by VIGKREY 
et al. (1979) from incoherent scatter observations. 

One theoretical model of plasmaspheric replenish- 
ment following a storm depletion leads to the concept of 
flux tubes 'filling from the top' (see references given by 
CHAPPELL et al., 1980). Supersonic flows of protons 
from the ionospheres of both hemispheres meet near 
the equatorial plane in the initial recovery phase and 
establish shock fronts between which high density 
plasma forms. The fronts propagate earthward, 
replenishing the flux tubes from the top downwards, as 
indicated by some plasmapause observations (FosTER 
et al., 1978). The existence of any interhemispheric 
plasma flow means that either the interaction of 
supersonic flows from the opposite hemispheres is not 
completely effective in preventing flow across the 
equatorial plane, or that as the replenishment proceeds 
the flows quickly become subsonic. The coupling of 
conjugate ionospheres by such interhemispheric flows 
has been modelled numerically by BAILEY et al. (1978). 

2. OBSERVATIONS 

In a previous paper LOCKWOOD and TITHERIDGE 
(1982) described a method for the detection of field- 
aligned O + ion fluxes using topside soundings. The 
shape of the plasma scale-height profile is altered by 
such flows only at heights near the F2-peak, where ion- 
neutral drag is large. Because the changes in scale height 
are caused by this frictional drag it was found useful to 
express the O ÷ flux, ~b, as a fraction of its limiting value 
due to the ion drag, q5 L, and to define ~b as 

¢ = Ni(VII- UI)), (I) 

where Ni is the 0 + density and Vii and Ull are the 
upward field-aligned velocities of O + ions and neutral 
atoms, respectively. Values of (~b/qSL) can then be 
determined, to within a few per cent, from each 
experimental sounding using the neutral exospheric 
temperature from the MSIS empirical model (HEoIr~ et 
al., 1977). The deduced values are not very sensitive to 
errors in the MSIS prediction and were used to study 
the global morphology of departures from diffusive 
equilibrium in the topside ionosphere near sunspot 
minimum. 

In this paper the absolute magnitudes of ~b are also 
calculated from the topside soundings. This requires 
further use of MSIS predictions, and hence the deduced 
value of q5 is subject to additional errors which are not 
present in the (~/~b 0 case. Since the largest errors arise 
from the combined use of model predictions with 
experimental observations, a limitation on the analysis 
presented here is that greater numbers of samples must 
be averaged, and hence the morphology of q~ cannot be 
studied with as much detail as that of (~b/q~L). 

2.1. Calculation of  field-alighed flux, 

A total of 60,000 topside electron-density profiles 
have been calculated at the Communications Research 
Centre, Ottawa, from ionograms obtained between 
1962 and 1968 by the Alouette 1 satellite. Consecutive 
plasma scale-height profiles were corrected for 
horizontal gradients and averaged in groups of about 
six to obtain mean field-aligned variations (as described 
by TITHERIDGE, 1976a). This yielded 10,000 mean 
experimental profiles H(h), for altitudes above about 
400 km. An example is given in Fig. l(a). The curve Hp is 
the best-fit diffusive equilibrium model profile 
produced using the model of TITHERIDGE (1976a). The 
fit was obtained by varying the plasma temperature, 
temperature gradient and ion composition inputs to 
the model. The presence of any vertical H ÷ flux is 
effectively allowed for by the composition adjustment 
which alters the O+/H + transition height. However, 
Hp(h) does not include the effects of any O ÷ flux. It also 
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Fig. 1. Example set of plasma scale-height profiles: (a) H is the 
observed plasma scale-height, (b) Hp is the best-fit, diffusive 
equilibrium model value and (c) Ha is the true diffusive 

equilibrium value. 

omits F-layer production and loss processes; Hp does 
not become infinite at the F2-peak and it is therefore not 
fitted to values of H below 400 km. 

In most cases the agreement between H and Hp is 
considerably closer than in Fig. 1. The example does, 
however, illustrate an effect which is observed in 37% of 
all cases in that the observed scale height, H, is 
consistently less than Hp at altitudes just above the F2- 
peak. The decrease occurs in the 400-700 km altitude 
range and can be modelled by including the effect of 
field-aligned O ÷ flow. This alters the scale-height 
profile only in the lower topside ionosphere where ion- 
neutral drag is important. Equation (6) of LOCKWOOD 
and TITrmPdDGE (1982) shows that 4, as defined by 
equation (1), is given by 

Ni {sin 1"~ 1- fdTt'~l [(~o) ] 
+=mtw)L ",o+'< \ d h / / J  --1, (2) 

where N,  is the density of neutral oxygen atoms, mi the 
mass of O ÷ ions and D the frictional drag coefficient for 
O ÷ ions moving through O atoms ; I is the geomagnetic 
dip; g is the acceleration due to gravity; k is 
Boltzmann's constant, Tt is the sum of the electron and 
ion temperatures (T~ and Ti respectively) and Ha is the 
value of the scale height for diffusive equilibrium 
conditions. When the concentration of the friction- 
producing gas, N,,  is large then an upflux of ions 
(4 > 0) causes H to be less than Ha (4 = 0). At 
greater altitudes the ionized fraction (NJN,)  be- 

3 

comes very large and H approaches Ha independent 
of the value of 4- Equation (2) neglects ion-inertial 
terms, and the error introduced by this assumption is 
studied in Appendix B of LOCKWOOD and TITI-mRIDGE 
(1982). 

The true diffusive equilibrium profile, Ho(h), can also 
be produced using the model of TIXrmRIDGE (1976a), by 
correcting the inputs which generated Hp(h) for the 
effects of the O + flow (LOCKWOOD and TITHERIDGE, 
1982). Figure 1 demonstrates that in general H o differs 
from Hp. The deviation of H from Hp was scaled off, as in 
LOCKWOOD and Tm-mRtDGE (1982), at a height h a where 
H o differs from H by A and from Hp by p (as in Fig. 1). In 
the previous work A and p were calibrated for steady- 
state conditions, enabling the calculation of(0/0r) from 
a scaled value for (A--p). These calibrations (see Fig. 2) 
are used here to evaluate p and this first-order 
correction applied to Hp to give the value of H o at the 
altitude ha. Magnitudes of (4 /40  were found to be 
generally less than 0.5, and Fig. 2 illustrates that for this 
range p is a small fraction of A. By equation (2) the value 
4 is proportional to Ho/H and hence the error 
introduced by p is small. 

The drag coefficient for O ÷ ions moving through a 
neutral atmosphere of O atoms is given by BA~qKS and 
HOLZER (1969) to be (MKS units) 

D = (1.6 x 10-17)mi 

x [Ti + T, + (4.3 x 10- 4) (U - 11) 2] t/2. (3) 

By assuming that at the height h a the vector difference 
between the velocities of ions and atoms is field-aligned, 
equations (1)-(3) can be used to generate a quadratic in 
4- The relevant root is positive for upward flows and 
negative for downward ones. 

The values of the plasma parameters, Ni, Tt, dTt/dh, 
can all be deduced from the experimental sounding 
(TITHERIDGE, 1976a). The neutral temperature, Tn, and 
density N n were taken from the MSIS empirical neutral 
atmosphere model (HEDIN et aL, 1977). The ion 
temperature, T~, was deduced using the equation of 
thermal balance of the ions (ignoring conduction 
effects) given by BANKS and Kocr, ARXS (1973) 

T. + (6 x 10 6 Ni/Nx)T~- 1/2 
Ti = 1 +(6 x 106 NJNx)Te- ale, (4) 

where N x is the total neutral density, also taken from 
the MSIS model. T~ was iterated to a solution satisfying 
equation (4) such that 

mig d Tt 

Hence 4 can be calculated from the values of 
parameters deduced from the plasma sounding and 
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Fig. 2. Calibration curves of A and (A- p) as a function of (q~/~bL) for plasma temperatures of 1000, 2000, 3000 
and 4000 K. The neutral temperature is 1000 K, the plasma temperature gradient is zero, and the electron and 

ion temperatures are equal. 

predicted by the MSIS model, using equations (1)-{5). 
During magnetic storms large changes can occur in 

the composition of the neutral thermosphere, which 
also cause depletion of the ionospheric plasma. In most 
cases the only important contribution to the frictional 
drag on O ÷ ions remains that due to neutral O atoms. 
However, to ensure that other neutral atmospheric 
gases do not cause any error, a first-order correction to 
~b was applied, calculated by neglecting the term in 
equation (3) allowing for the velocity difference between 
O ÷ and O, and by assuming that the field-aligned 
velocities of all neutral constituents are the same. The 
correction for additional drag, due to molecular oxygen 
and nitrogen densities of No2 and NN2, is then (using the 
values for the collision frequencies given by BANGS and 
HOLZER, 1969) 

4~ = cdp, = dp,[l +(6"6N~ +6"9No2~ -1, 
L \l.6No~/2 (6) 

where ~b' is the flux value calculated from equations (2) 
and (3), i.e. by assuming that the drag on O + ions is due 
to O atoms alone. Using the neutral densities predicted 
by the MSIS model for the values of the F10.7 and Ap 
indices at the time of sounding, the value ofc is found to 
be only slightly reduced from unity on a few winter 

nights, during the negative phase of a severe magnetic 
storm. 

2.2. Direction of flow 
The fitting of a model profile, Hp, in the general case 

when both O + and H + ions are present, results in a 
positive value o f (A-  p) for ~b of either sense (see Fig. 7 of 
LOCKWOOD and TITHERIDGE, 1982). For q~ < 0 the 
height of h d (see Fig. 1) is larger than in the 
corresponding case when ~b > 0, and this can be used to 
determine the sense of the field-aligned flow. 
TITrmRmGE (1976a)deduced the ion transition height, 
hx, from the same data set as used in the present study 
and found values between about 600 and 1400 km at 
mid-latitudes. From model profiles giving h T in this 
range it was seen that h a was always closer to the F2- 
peak than it was to hT for upward flows, but never for 
downward flows. In addition (h a -  h,) (see Fig. 1) never 
exceeded 140 km for upward flows. From these two 
criteria the sense of the detected flow could be 
determined; the few mid-latitude profiles for which 
they gave differing results were discarded. 

From the model profiles the value of (A-p),  for a 
given magnitude of the O + ion flux, was found to be 
independent of the ion transition height when ¢ is 
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positive but not when it is negative. In principle it is 
possible to calibrate for this effect, however, 
interpretation difficulties when ~ < 0 (LOCKWOOD and 
TITHEPdDGE, 1982) mean that such a complex 
correction is not justified. For  any given downward 
flow there is a unique hr for which ( A -  p) at ha = A at h. 
(see Fig. 1); this lies in the range 600-800 km which is 
typical of the ion transition heights deduced by 
TITHERIDGE (1976a) for the profiles in this database for 
which ~b < 0. If this value for the ion transition height is 
assumed, Ho at the height h. can be estimated and ~b 
evaluated using the same procedure as is used for 
upward flows. The error in negative (k values 
introduced by this assumption is discussed in the 
following section. 

2.3. Accuracy of flux values 
Neglecting the small correction term in equation (3), 

for the velocity difference between oxygen ions and 
neutral atoms, equations (2) and (3) give a first-order 
approximation for ~. The first derivatives of this yield 
estimates of the errors in the flux (due to uncertainties in 
Ni,  Nn, no, H, Ti, T n and dTddh), maxima of which are 
shown in Fig. 3, as a percentage of ~b. 

The plasma temperature gradient is determined from 
the sounding with an accuracy of 209/o or ± 0.1 K k m -  1, 
whichever is the larger (T~THERIt)GE, 1976b). The error 
in (k caused by this uncertainty, Ctg, varies with (d Tt/dh) 
as shown in Fig. 3(a). The errors due to the observed and 
diffusive-equilibrium scale heights, ctf and %, depend 
on (dTt/dh) and the ratio (Ho/H). These are plotted as 

a function of kb/~bLI in Fig. 3(b) for the case of upward 
flows with (dTv/dh) of 0.4 and 8.0 K kin-  1. This range 
covers over 95~ of the plasma temperature gradient 
values observed from this data set by TITHERIDGE 
(1976b). For  the lower temperature gradient ctg is 
smaller than the errors due to the scale heights, however, 
for the larger value it is greater for the range I~/~LI 
which is observed (LocKWOOD and TITHERIDGE, 1982). 

Also shown in Fig. 3 are estimates of the maximum 
errors due to the predicted neutral temperature and 
density, the observed plasma density, and the ion 
temperature derived using equations (4) and (5) (ctt, %, 
% and % respectively). These values are combined into 
the total error in q~ shown in Fig. 4 as a function of 
(dTt/dh) for l~/~i.l = 0.1 and 0.8. The error can be seen 
to be slightly larger for larger I~/~LI, however, over the 
observed range of about 0-0.5, values are ap- 
proximately constant. At low temperature gradients 
the error due to the neutral density prediction 
dominates. For  (dTddh) exceeding 6 K k m -  1 the error 
in this gradient becomes the greater but this is only the 
case in a small fraction of the observations. Overall, 
individual positive values of (k can be taken as being 
accurate to within 10%, the most important sources of 
error being the use of the MSIS neutral density 
prediction and the deduced plasma temperature 
gradient, in that order. 

The values of the ion transition height, hr, at mid- 
latitudes during periods of downward flow (as deduced 
by TITHERIDGE, 1976a) vary between approximately 
600 and 800 km, this causes an additional error 
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which it was observed) since a selected SSC, was 
evaluated. 

From his study of whistler data PARK (1974) found 
that the time taken to replenish the protonosphere 
following a geomagnetic storm varied from about 1 day 
at L = 2.5 to 8 days at L = 4. Theoretical modelling of 
the plasma flow by MuRPr~ et al. (1976) showed a net 
flux from the ionosphere to the plasmasphere which 
persisted for 8 days following the SSC at L = 3 for 
sunspot minimum. This is considerably longer than the 
period of about 3 days taken for a magnetic flux tube of 
about this L to recover to its pre-storm total content, as 
observed by Park. KERSLEY and KLOBUCHAR (1980) 
found that the total protonosphere content along a 
slant path to the ATS 6 geostationary beacon satellite 
took up to 14 days to recover fully. This path covers a 

1'0 range of L; however, the total content measured is 
applicable to the lower values (POuLa~a et al., 1981). 
The study presented here is restricted to observations 
made at latitudes below 55 ° (geomagnetic) at which the 
ionosphere should have largely re-established equilib- 
rium with the protonosphere (in the diurnal sense, in 
that the daily integrated flux between them is zero) 
within 12 days of a storm depletion. Magnetically quiet 
conditions are defined here as when 

Kp < 20 and Da > 12. 

This gives sufficient observations to allow a study of 
quiet-time O ÷ fluxes, yet contamination by storm 
effects is minimized. The total number of mean profiles 
available in the 30 ° to 55 ° and - 3 0  ° to - 5 5  ° 
geomagnetic latitude ranges under these conditions is 
1098. 

dTt/dh (K km 1 ) 

Fig. 4. Total error in each positive value of q~ as a function of 
temperature gradient for I@/@d = 0.1 and 0.8. 

in Ho, and hence ~b, of up to about 20% for the range 
0 > ~/~L > --0.7. Hence s o is the major error in 
negative values of q~, which can only be regarded as 
being accurate to within about 20%. 

The equations used to calculate ~b from H and Ho do 
not assume steady-state; however, the correction 
applied to Hp to obtain H o is based on model profiles 
obtained for steady-state conditions. Hence large 
departures from steady-state could be responsible for 
some additional error in the value of q~, which is 
unknown. In additionit is assumed that the H + density 
is sufficiently low to make the contribution to the total 
field-aligned flux by H ÷ ions negligible, even if they 
have large velocities. In nearly all cases h T exceeds h d 
(for upward flows) or hx (for downward flows) by an 
amount sufficient to make this error in the total flux less 
than 10% for H ÷ velocities which are an order of 
magnitude larger than the O ÷ velocities. 

2.4. Analysis 

The database of 60,000 profiles was used to 
investigate the diurnal variation of field-aligned O + ion 
fluxes in the mid-latitude, topside ionosphere under 
quiet geomagnetic conditions. Successive soundings 
were averaged together in groups of about six, as in 
LOCKWOOD and T1THERIDGE (1982). All storm sudden 
commencements (SSCs) during the period of obser- 
vation (1962-1968) were identified and those for which 
the Kp index subsequently exceeded 4+  in the 
proceeding 24 h were selected. For each mean profile 
Da, the number of whole days (including the one on 

3. RESULTS 

Mean values of ~ and ~/~L are given here for the 
30°-55 ° geomagnetic latitude ranges of both hemi- 
spheres and are labelled summer, winter and equinox 
for all observations taken within 50 days of the 
summer and winter solstices and the equinoxes, 
respectively. Profiles showing no departure from 
diffusive equilibrium are included in the mean values, 
with ~b set equal to zero. Only the means of in excess of 
20 samples are given. Error bars are plus and minus one 
standard error, indicating the spread of values about 
each mean; they do not contain the measurement 
uncertainties discussed in Section 2.3. All flux values are 
normalized to the 1000 km level by assuming a dipolar 
geomagnetic field. 

3.1. Quiet diurnal variations 

Figure 5 shows mean values of ~ in 2 h LT bins for 
summer, winter and equinox data from both 
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Fig. 5. Mean values of ~b as a function of local time in 2-h bins for geomagnetic latitudes +(30°-55°), 
Kp < 20 and D a > 12. 

hemispheres for which Kp < 2o and D a > 12. The 
general pattern of quiet-time, mid-latitude O ÷ flows 
observed by incoherent scatter radars (VIcr~EY et al., 
1979 ; EVANS, 1975) is reflected in the mean values of ~b 
with upward flows during the day and downward flows 
mainly before local midnight. The differences between 
the observations of ~b presented here and those of ion 
flux by incoherent scatter will be discussed in Section 
4.1. 

For  all seasons large downward ion flow, relative to 
the neutral gas, occurs between sunset and local 
midnight with peak magnitudes of about  

0.3 x 1013 m -2 s -1. 

The largest positive values of q~ (upward) are of the 
order of 0.4 x 1013 m -  2 s - 1 and occur following sunrise 
at equinox and in the afternoon in summer;  in winter q~ 
never exceeds +0.1 x 1013 m -2 s-1. 

The departures from diffusive equilibrium which give 
the above diffusive flows are demonstrated by Fig. 6. 
For  all seasons the large downward flow before 
midnight gives large values of IW~LI, equal to about  
0.25. Hence at these local times the limit set on the O ÷ 
flow by frictional drag is of the order of 

1.2 x 1013 m - 2  s -1 

and has relatively little seasonal variation. Before 

sunset larger O ÷ flows are achieved with smaller 
departures from diffusive equilibrium, part icularly in 
summer;  this is due to the high plasma density at these 
times. For all seasons the mean of IW@LI is a min imum 
following sunrise, indicating that the rise in (k due to the 
onset of solar heating and photo-ionization is smaller 
than that in ~bL. The seasonal variation of~b near noon is 
small but that in I~bAbLI is large. Together these 
observations require that ~b L be sharply depressed for a 
few hours around noon in summer, with a min imum 
value of about  0 .5x10  la m -2 s -~. At these times 
minima in total content and foF2 are observed, and 
from the equation given by TXa~aER]DGE (1973) this 
midday biteout should reduce ~b L. 

3.2. qntegrated ion flow on quiet days 

The diurnal variations of ~ shown in Fig. 5 give 
evidence of a net diffusion of plasma in a day. For  
example in winter 6 is positive after 08 h LT and before 
18 h and then again briefly between 02 and 04, the 
integrated value of the mean flux, I4,, during these 
periods is 2.3 x 1016 ions m -  2 and the integrated value 
of the standard errors in the means, I~, is 0.2 x 1016 
m -  2. The corresponding values for the remainder of the 
night are - 4 . 5 x 1 0 1 6  m -2 and 0.8x1016 m -2 
respectively, indicating a net mean diffusive flow of 
- 2 . 2  x 1016 ions m -2 day -1. The integrated value of 
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every case the effect of measurement errors is less than 
the statistical spread of the data. 

4. D I S C U S S I O N  

4.1. Quiet-time diurnal variations 

By definition, qb is the O ÷ flux due to diffusion alone 
(LocKwooD and Tm-IERmGE, 1982). Thermospheric 
winds do not  affect ~b directly by momentum transfer to 
the ions, but  only indirectly via redistribution of the 
plasma and the subsequent diffusive flow. No previous 
observations of q~ at mid-latitudes have been reported, 
but  it is constructive to compare the results presented in 

Table 1. Integrated mean values of ~b, lff; experimental error in I4,, ~; and the 
integrated standard error, I ,  (all in units of 10 t6 m-  z at 1000 kin) 

Local times I4, ~ I o 

Summer 04-18 ; 00-02 5.9 0.3 1.1 
> 0 Winter 02-04; 08-18 2.3 0.1 0.2 

Equinox 02-04; 06-18 4.5 0.3 0.7 

Summer 02--04; 18-24 - 4.6 0.3 0.4 
< 0 Winter 04-08; 18-02 -4.5 0.5 0.8 

Equinox 04-06; 18-02 -4.2 0.5 0.7 

Summer 00-24 1.3 0.4 1.5 
Total Winter 00-24 -2.2 0.5 1.0 

Equinox 00-24 0.3 0.6 1.4 

the standard errors for the whole day is 1.0 x 1016 m -  2, 
showing a large spread in the data, but  that the net 
downward diffusion is significant. These values and the 
equivalent values for summer and equinox are 
summarized in Table 1. The data for summer suggest a 
net upward diffusion, with a large statistical spread in 
the data and for equinox no total flow of significance is 
observed. 

The effects of the measurement errors in each value 
for ~ on the values of I~ given in Table 1 are estimated 
by assuming each positive value of ~ is subject to the 
maximum empirical uncertainty of 10~ and each 
negative value has the maximum error of 20~.  The 
resultant errors in I~, 4, are also given in Table 1. In 

~. 8 12 16 20 0 6 4 8 12 16 20 0 4 8 

Local  Time (hours) 

Fig. 6. Mean values of I~/~LI as a function of local time in 2-h bins for geomagnetic latitudes +(30°-55°), 
Kp < 2o and Da > 12. 
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the previous section with observations of field-aligned 
flow made using incoherent scatter techniques. The 
latter yields the product (NiviI) which can also be 
calculated from ~b by subtracting the product (N i U tl ) 
[equation (1)]. Only Ni and not U II is available from the 
soundings. However, an order of magnitude was 
calculated for each ~b value using the meridional 
component of the thermospheric wind predicted by the 
global, three-dimensional model of FULLER-ROWELL 
and REIn (1980). The wind predictions used here are for 
steady-state conditions and allow for the effects of solar 
EUV heating (for a single value of F1o.7 ) and of Joule 
heating for a model high-latitude convection electric 
field. The prediction for a solstice or equinox is used for 
every day in the 100-day periods analysed. 

The diurnal variations of the mean values of (N i VII) 
obtained in this way are shown in Fig. 7. The solid 
curves give the variations t~ for comparison. The 
difference between the two is usually a small fraction of 
~, i.e. although h a varies it is always sufficiently large to 
ensure N i and the difference term (NiUll) are 
comparatively small. 

During the day ion flows are upward and the 
thermospheric winds are generally poleward, hence U II 

and VII have opposite senses and by equation (1) ~b 
exceeds NiviI. Likewise at night the winds are generally 
equatorward, with greater velocities due to the 

reduction in ion drag, and the ion diffusion may be 
downward. At such times $ is again smaller in 
magnitude than NiVII and both are negative. Owing to 
the phase lag of the diurnal variation of the winds with 
respect to sunrise and sunset, there are also times when 
ions and neutrals have field-aligned velocity com- 
ponents in the same direction. In particular this causes 
I~1 to be less than [NiVII I following summer sunrise and 
winter sunset. 

Although the values of NiviI have unknown 
uncertainties due to the application of the model wind 
values, Fig. 7 does give some understanding as to how q~ 
compares with the ion flux that would be observed by a 
co-located incoherent scatter radar. Figures 8 and 9 
show published observations from two such radars. 
Solstice observations of the vertical O + flux at 
Millstone Hill (after EVANS, 1975) are shown in Fig. 8(a) 
and the field-aligned flow at Arecibo (after VICKREY et 
al., 1979) in Fig. 8(b). These two radars are at invariant 
latitudes of 56 ° and 32 ° respectively, and are near the 
edges of the latitude range studied here. The 
observations are made at 650 and 544 km and all fluxes 
are normalized to 1000 km by assuming a dipolar 
magnetic field. For  the magnetic dip at Millstone Hill 
and observed magnitudes for east-west electric fields 
and plasma densities the vertical fluxes represent field- 
aligned values to within 0.1xl013 m -2 s -1. For  
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Fig. 7. Variations of the means of(NiVii) and ~b as a function of local time in 2-h bins for geomagnetic latitudes 
+__(30°-55°), Kp < 20 and D a > 12. The product (NiVII) is inferred from the topside soundings using model 

values for the meridional thermospheric wind. 
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westward electric fields the given fluxes are larger than 
the field-aligned value and for eastward electric fields 
they are smaller. 

Although the general diurnal pattern of flow for the 
three sets of observations are similar there are also 
considerable differences. The values of NIVII deduced 
from the sounding and the thermospheric models are 
generally smaller than the flows observed at Arecibo. 
This is consistent with the increase of 05 with latitude 
across the 30°-55 ° range (the effects of which can be seen 
in the results of LOCKWOOD and TITHERIDGE, 1982). 
However, before noon in summer the difference is very 
large. The means should also be slightly larger than the 
field-aligned flow at Millstone Hill but Fig. 8(a) 
indicates that this may only be true in the afternoon. 
The Millstone Hill results also show large vertical flows 
for about 3 h following sunrise for both summer and 
winter, and these peaks are not reproduced in the means 
of (NiVII). The averaging over 2 h LT bins for 25 ° of 
latitude and 100-day periods would cause some 
smoothing of these peaks. Additional differences may 
be due to east-west electric fields. 

Figure 9(a) compares the diurnal variation of mean 
(NiVII) with an example equinox day observed at 
Millstone Hill (after EVANS, I975 ; VIcrdtEY et al., 1979 
give no equinox results from Arecibo). Agreement near 
sunrise is much closer than for the solstice results but 
poorer for all subsequent daylight hours. The right 
hand side of Fig. 9 compares the mean values of (NiVit) 
for equinox with various diurnal variations of ion flux 
modelled by BAILEY et al. (1979) and MURPI-IV et al. 
(1976) for sunspot maximum and minimum, respect- 
ively. Sunspot maximum conditions are only of limited 
relevance to the data set employed here, however, for 
this case the authors quote results for the O ÷ flux 
variation on day 6 following a magnetic storm, which 
are shown in Fig. 9(c). Figure 9(d) shows the effective 
proton flow into the protonosphere at the times of the 
O + fluxes given in Fig. 9(c); it can be seen that the O + 
flow does not give a good indication of the effective flow 
into the protonosphere. Electric fields giving cross-L 
drifts cause additional differences between the two 
flows (MURPHY et al., 1980). For example when the drift 
is equatorward (after local midday) tubes of higher total 
content drift through a given L-value and an apparent 
large upward flow into the protonosphere is deduced 
from the rise in total content at that L. However, the H + 
gas at low altitudes is compressed by the drift and for 
quiet conditions (many days after a storm) this is 
sufficient to force H ÷ down the field lines. This in turn 
indirectly affects the field-aligned O ÷ flow via the 
charge exchange reaction. After midnight the drift is 
poleward and the converse of each process occurs. 

Figure 9(b) gives the model field-aligned proton flow 
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at 1000 km for sunspot minimum conditions on day 6 
following a storm. Complete recovery from the 
protonospheric depletion is nearly achieved by this day 
as the characteristic time for replenishment is smaller 
for sunspot minimum than for sunspot maximum. If 
steady-state conditions applied to all local times the 
proton flux at any height hp, which is well within the 
protonosphere (such that the O ÷ ion density there is 
negligible) would always equal the O + flux at h d (where 
the proton density is assumed negligible) with suitable 
allowance for the divergence of the geomagnetic field 
lines (EVANS and HOLT, 1978). Generally, however, the 
O + flow is a poor indicator of the simultaneous proton 
flow at hp (see references given in LOCKWOOD and 
TITHERIDGE, 1982). 

4.2. Integrated ion f low in a whole day 

If recovery from the preceding storm depletion could 
be fully achieved the ionosphere and protonosphere 
would be in equilibrium in a diurnal sense, in that the 
total integrated flux between them in both hemispheres 
is zero in a whole day. In this event the protonosphere 
between hp in opposite hemispheres, as well as both 
topside ionospheres between hp and ha, would show no 
nett growth or depletion in a whole day and the total 
O + flow at ha would equal the total H + flow at hp, when 
integrated over a whole day. Considering an hp equal to 
the height of the intersecti~an of the flux tube and the 
equatorial plane shows that under such conditions the 
total O + flow also equals the net interhemispheric flux. 

The models of MtrRPriY et al. (1976), (1980) and 
BAILEY et al. (1979) simulate equinox conditions by 
imposing a boundary condition of zero flux at the 
equatorial plane and for solstice the flow out of one 
hemisphere must equal that into the other. Inspection 
of Table 1 indicates that although no significant value 
ofl~ is found for equinox, the magnitude of the positive 
Iq~ value for summer does not equal that of the negative 
value for winter. Hence although there is some evidence 
of a flow from the summer to the winter hemisphere, the 
data do not al~pear to be consistent. However, for Table 
1 the effects of neutral winds have not been included. 
Table 2 gives the values of/i, the integrated value of the 
means of(NiVii) as discussed in the previous section. No 
errors are quoted for these values as that due to the 
neutral wind prediction is unknown; however, the 
small differences shown in Fig. 7 indicate that these 
are relatively minor. By integrating over a whole day, 
errors in the amplitudes predicted for the diurnal 
variation of meridional wind give no error in I i. If the 
integrated value of U IL is predicted to better than 30~o, 
the error in li, is less than e in each case and the total 
uncertainties are still smaller than the statistical spread 
of the data, as in Table 1. With the correction for Utl the 
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Table 2. Integrated mean values of (NiVII), Ii (in units of 1016 
m-2 at I000 km) 

Local times I i 

Summer 04-18; 22--02 6.3 
~1 > 0 Winter 02-04; 08-18 1.4 

Equinox 02-04; 06-10; 12-14 3.5 

Summer 02-04; 18-22 - 3.7 
~l < 0 Winter 04-08; 18-02 -4.2 

Equinox 04-06; 10-12; 14-02 -3.7 

Summer 00-24 2.6 
Total Winter 00-24 -2.8 

Equinox 00-24 -0.2 

integrated flux for equinox is still close to zero and the 
net daily flow out of the summer hemisphere agrees 
closely with that into the winter hemisphere (compared 
with the scale of the errors given in Table 1). 

The near zero value for equinox conditions is 
interesting as it sets a limit to the net effect of the 
various assumptions. Even for/)a > 12 there will be a 
small amount of protonospheric replenishment 
occurring, either residual from large storms or from 
small storms not selected in evaluating Da. Errors may 
also have arisen from the analysis procedure applied to 
the topside profiles, from the MSIS predictions, from 
the thermospheric wind model values, and from an 
uneven distribution of samples in the north and south 
hemispheres and about each equinox. The effect on the 
value of I~ for equinox is 0.2 × I016 m -2.  

Both summer and winter data presented here are 
consistent with a flow of plasma from the summer to the 
winter hemisphere of 2.7 x 1016 ions day -  1 along a flux 
tube of 1 m 2 cross-sectional area at 1000 kin. This value 
is a form of average for the magnetic latitude range 
30o-55 ° and for a 100-day period about the solstice. 
As the interhemispheric flow must fall off between the 
solstice and equinox, the above value applies on days 
between the two. Assuming a sinusoidal seasonal 
variation of the interhemisphere flux gives a peak 
value of 3.1 x 1016 m -2  at the solstice itself. 

V I C ~ Y  et al. (1979) have compared the integrated 
field-aligned ion flux (both O + and H +) through 750 
km observed at Arecibo during the summer and winter 
days shown in Fig. 8(b). The summer data show a net 
upward flow and the winter data, although incomplete, 
indicate a downward flow. The magnitude of the 
implied interhemispheric flux is about the same 
as the value given in Table 2, although Fig. 8(b) shows 
the amplitude of the diurnal cycle of flow is 
approximately twice as large. Observations of the pitch 
angle distributions of low energy ions within the 
plasmasphere by ISEE 1 (HoRwtTZ et al., 1981) also 
reveal plasma flows from the summer to the winter 

hemisphere. The O + fluxes at Millstone Hill observed 
by EVANS and HOLT (1978) show that for most of the 
solar cycle the night-side protonosphere acts as a 
plasma source for the winter ionosphere while it is 
replenished by the summer ionosphere. Hence the 
protonosphere is able to act to aid the maintenance of 
the nocturnal winter ionosphere without suffering a 
large depletion, as suggested by TITHERIDGE (1976a) 
from the morphology of ion transition heights. The 
effects of interhernispheric flows on the total 
plasmaspheric content can be seen in the results of 
KERSLEV et al. (1978). The content of the northern 
hemisphere increases following sunrise in the conjugate 
(summer) ionosphere for December and January. Also 
for the summer hemisphere the daily reduction in total 
content commences following sunset in the conjugate 
(winter) ionosphere and before that in the local, 
summer ionosphere. These two local time periods are 
two major contributors to the total summer-winter 
interhemispheric transport in one day. 

BAIt.~v et  al. (1978) have numerically modelled the 
flow of plasma along a geomagnetic field line between 
conjugate ionospheres for the solstices at solar 
minimum. For  times between 20 h LT and midnight the 
flow is found to be upward in summer and downward in 
winter in agreement with the conclusions of 
TrrrmRIDCE (1976a) and EVANS and HOLT (1978). These 
results are for up to six days following a magnetic storm 
for which the protonospheric density in the summer 
hemisphere never becomes large enough to force 
plasma to back down into the ionosphere at night. 
Figure 7 indicates that for the very quiet conditions 
used here sufficient pressure is produced to push the O + 
downward in the summer night ionosphere, but H + 
may still simultaneously counterstream upward (see 
references given in LOCKWOOD and Tia~ar~looE, 1982). 

The results of B~aLEY et al. (1978) indicate that the 
protonosphere at mid-latitudes acts as a reservoir of 
plasma, rather than directly coupling conjugate 
ionospheres as is the case at lower latitudes. LocKwooD 
and TIrr~moo~ (1982) have shown that the transition 
between these two regions is marked by a large increase 
in departures from diffusive equilibrium in the top- 
side ionosphere. The model predicts that for L = 3 the 
difference in the daily integrated flux of H + through 
1000 km in the summer and winter hemispheres is 
1.95 × 1016 m -2 on day 2 following a magnetic storm 
falling to 1.38 × 1016 m -2 by day 6. Much of this 
difference is due to the difference in replenishment rates 
from the two ionospheres, the actual flux across the 
equatorial plane on these two days totalling 0.93 × 1016 
and 0.15 x 1016, respectively for a flux tube of area I m 2 
at 1000 km. Hence by day 6 the predicted 
interhemispheric flow in one day has fallen to an order 
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of magnitude lower than the value given in Table 2. The 
variation of ion fluxes with latitude discussed above 
may cause some deviation from the model predictions, 
which apply close to the poleward edge of the range 
used here, however, the discrepancy appears too large 
for this to be the only cause. The model was not run to 
predict for more than 6 days following a storm. By this 
time the protonospheric plasma pressure is sufficient to 
give downward H + flows in the winter hemisphere both 
before midnight and again before sunrise. The total 
interhemispheric flux in one of these first six days is 
mainly due to the difference between the flows at night 
and decreases from one day to the next as the rise in 
protonospheric plasma pressure reduces this difference. 
For the conditions studied in this paper (more than 12 
days after a major storm and for a lower latitude range) 
the pressure is higher still and the difference between the 
night-time flows is further reduced. Tables 1 and 2 show 
that most of the deduced interhemispheric flow arises 
because of the smaller total for the upward O + flow in 
the winter dayside ionosphere. This suggests that 
following day 6 the continuing rise of protonospheric 
plasma pressure causes a reduction of the upward flows 
in the dayside ionospheres, affecting the winter 
hemisphere before the summer and causing the total 
interhemispheric flow to rise again. 

5. CONCLUSIONS 

Using MSIS model values for neutral thermospheric 
densities and temperature, the field-aligned diffusive 
flux of O + ions in the topside mid-latitude ionosphere 
can be determined from satellite soundings. Upward 
fluxes are accurate to within 109/o, downward flows are 
only determined to within about 20%. Results for very 
quiet geomagnetic conditions reveal mean upward 
flows during the day at magnetic latitudes between 30 ° 
and 55 ° , with return flows at night; chiefly before 
midnight with smaller downward flows prior to sunrise 
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in all seasons. Using model predictions for the 
meridional component of thermospheric winds, the 
mean values are found to be generally consistent with 
incoherent scatter observations, and the major 
differences can be explained in terms of the spatial and 
temporal averaging required to give sufficient samples. 

The integrated flux in one day can be used to 
investigate the daily interhemispheric transport of 
plasma by assuming that the quiet geomagnetic activity 
criterion adopted ensures that post-storm replenish- 
ment of the protonosphere is negligible. No net 
interhemispheric diffusion of plasma is found under 
equinox conditions, however, a summer-winter flow is 
suggested. The observed difference between the total 
upward diffusion from the summer hemisphere and the 
total downward diffusion in the conjugate winter 
ionosphere is explained by model thermospheric winds. 
Allowance for such winds reduces the difference in the 
ion flows to zero and the data are consistent with an 
interhemispheric flux at the solstices of 3 x 1016 ions 
day- 1 along a flux tube of area I m 2 at 1000 km. This 
value is an order of magnitude larger than the 
prediction of a numerical model of the coupling of 
conjugate ionospheres by the protonosphere during the 
first six days following a major magnetic storm. The 
upward flows in the dayside ionospheres may be 
reduced during any subsequent days, due to the 
enhanced protonospheric plasma pressure. Inter- 
hemispheric flow would then increase as further 
replenishment is effected if the reduction in the upward 
daytime flow in the winter hemisphere occurs prior to 
the equivalent reduction in the summer hemisphere. 
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