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Abstract—Seasonal mean night-time variations of ion and electron temperatures, electron density, ion
drift velocity, and light ion composition of the F2 region are derived from incoherent scatter
observations at Arecibo based on 19 nights of observation over the latest sunspot minimum years
1974-1976. It is shown that the'downwaid flux of ionization is sufficient to maintain the nocturnal F2
region against recombination at low latitudes. The difference in the electron density decay rate from
summer to winter is consistent with the seasonal variation in magnitude of the ionization flux. The
mean eastward electric field, which is responsible for any vertical component perpendicular to B, is
very small throughout the night, However, the southward electric field, i.e. east—west ion drifts, shows
a substantial systematic variation during the night, being southward (eastward ion drifts) before
midnight and northward after midnight, with a mean amplitude of 1-2mV m~ !, The H" ion
concentration shows a marked seasonal variation. The mean relative concentration of H” jon to
electron density at 500 km sometimes exceeds 50% before sunrise in winter. A strong anti-correlation
of H* ion concentration with magnetic activity is observed. The observed ion temperatures average
about 20-30 K higher than the prediction of the JaccHia (1971) nedtral model for the observed range

of the 10.7 cm solar flux.

1. INTRODUCTION

There are several synoptic studies of the night-time
F2 region at Arecibo, Puerto Rico (18.3°N,
66.75°W). Moorcrort (1969) and Prasap (1968)
obtained the night-time and seasonal variations of
the ionic composition and temperature from the
analysis of incoherent scatter spectra gathered near
the sunspot minimum vyears of solar cycle 20
(1965-1967). The works of Ho and MoorcrorT
(1971, 1975, 1977) are concerned with data from
the same period, while Hagen and Hsu (1974)
discussed the vertical drift velocities along with
other ionospheric parameters during the decaying
period of the solar activity (February 1972). The
analysis which follows is based on 19 nights of
Arecibo data obtained during the latest sunspot
minimum years 1974~1976. First we define the mean
night-time variations of the ionospheric basic
parameters for different seasons, including ion drift
velocities as well as electron density, ion and elec-
tron temperatures, the altitnde of the F2 region
and light ion concentrations.

Then we discuss the observed characteristics,
especially the strong anti-correlation of light ion

concentration with magnetic activity and the inter-
relation between the observed temperature and the
exospheric temperature parameter of the Jaccuia
1971 model.

Finally the maintenance of the night-time
ionosphere is discussed in connection with the
question of the vertical flux of ionization. The
present analysis confirms the results of Hagen and
Hsu (1974) that the observed flux very closely
matches the loss of ionization due to recombina-
tion, The difference in the electron density decay
rate from summer to winter will be shown to be
consistent with the seasonal variation in the ioniza-
tion flux.

2. OBSERVATION AND ANALYSIS
2.1 Observational technique

The measurements are made by transmitting two
different pulse schemes:

{1) Complex auto-correlation functions (ACFs)
are measured by a single 296 ps pulse with altitude
resolution of 45km. The technique is essentially
the same as that used by Beunke and HARPER
(1973). The ACFs are calculated for a total of 11
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altitudes spaced at 29 km intervals over the 200-
500 km region. Eleven time delays (including the
zero delay) are calculated with a spacing of 16 us,
giving a maximum time delay of 160 ps. Seventy
per ceint of the observation time is spent on this
pulse scheme.

(2) A single 24 ps pulse is used to measure a
power profile with a 3.5 km altitude resolution. The
echo power is observed at 120 altitude levels with a
1.2 km spacing over the 80-156 km region and a
5.8 km spacing over the 156-457 km region. Thirty
per cent of the observation time is used in order to
measure accurately electron density profiles in the
F1 region valley.

The Arecibo antenna must be pointed in at least
three directions in order to measure the ion drift
velocity vector. The antenna is tilted 15° from the
zenith and alternately directed at 180°, 270° and
360° azimuth (measured clockwise from the north).
At any given position the 296 us pulse is transmit-
ted for about 10 min. The antenna is then rotated
to the next position, during which time (about
5min) the 24 ps pulse is transmitted.

Line-of-sight velocities are determined by a least
squares fit to a change in the phase of the complex
ACF with time delay. All those velocity data are
analyzed for simplicity under the assumption that
the phase shiit of the ACF is linearly proportional
to time delay, i.e. that the entire plasma is assumed
to move with a single velocity. The present analysis
is not ideal, as the relative velocity between O* and
H* ions appears to be large during periods of rapid
temperature change in the O"/H" transition region
(Vickrey et al.,, 1976). The line-of-sight velocities
at the three positions are interpolated in time and
combined to give the ion drift velocity vector.
There is a systematic offset in the line-of-sight
velocities due to a transmitter frequency change
during the transmitted pulse. This offset affects the
vertical velocity but not the horizontal velocity
components, since the offsets cancel in transforma-
tion of the measured line-of-sight velocities into the
velocity vector (Hareer et al, 1976). It was not
possible to measure the offset during cach observa-
tion, and all the data were corrected for a fixed
offset. This can introduce a systematic uncertainty
of the order of Sms™ in the vertical velocity
component. The random error in the inferred vel-
ocity components is smaill when the ionosphere is
uniform over scales of several hundred km, but it
may be large when slab instabilities are present
(Beunke, 1979). However, our use of highly aver-
aged data should reduce the errors that may be
present on individual nights,
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2.2 ACF analysis

The experimental ACFs are matched with
theoretically generated ACFs in a least-mean-
squares sense. The present procedure is a direct
descendant of that employed by WarpTEUFEL
(1971) at Arecibo. The ions at the lowest altitude
(~200 km) are assumed to be pure O%, so that the
ion and electron temperatures can be inferred from
the first zero crossing and the depth of the first
minimum of the ACF. This assumption may cause
another error in derivation of ionospheric parame-
ters below about 250 km, where the presence of the
molecular ions such as O, and NO" is not negligi-
ble (e.g. Wann and Perxins, 1970). The final
values obtained by the least-mean-squares fitting
procedure at this lowest altitude then become the
starting point for the fitting at the next altitude, and
S0 on.

It is assumed that the ion species. present in the
200-500 km region are OF, He* and H' ions. The
theoretical ACFs are functions of ion mass, ion
temperature T, electron temperature T,, and elec-
tron density N,. The electron density N, is not
important except when the Debye length D is
greater than about 0.01A, where A is the radar
wavelength (e.g. Evans, 1969). For the present
case where D <(0.01A, the actual parameters used
in the fitting procedure are T, TJ/T, [O"IN,,
[He™/((He*1+[H*]) and the normalization factor
of the ACF (number densities are indicated by [ ]).
Of these parameters, T;, [Q*]/N, and the normali-
zation factor are always treated as unknowns. The
remaining two are strongly correlated and at least
one is normally ‘frozen’ (Hagen and Hsu, 1974),
ie.

) T/T=1,
or
(i) [He*]=0.

The former assumption leads to the night-time
estimation of T,(=T;) and the relative concentra-
tions of O", He* and H* ions. This assumption will
be practically valid, since the magnitude of the
difference between T; and T, is relatively small
below 500 km, although perceptible thermal non-
equilibrium is evident at the higher altitudes
(Prasap, 1970). The latter assumption gives the
daytime estimates of T, and T, as well as the
relative concentrations of O* and H* ions. The
assumption which gives the smaller square error in
the fitting is used near sunrise and sunset and near
conjugate sunrise and sunset in the northern
hemisphere winter,
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Electron densities are determined from the
measured power profile (e.g. Evans, 1969). The
value determined is corrected for T,/T; and Debye
length (MoorcrorT, 1964), and normalized to the
F2-region peak clectron density as determined by
an on-site ionosonde.

2.3 Averaging

Table 1 lists the dates and times for which meas-
urements were successfully carried out and
analyzed. Included in the table is the 3 h average of
planetary magnetic index K, in each period of
observation. Of the 19 nights observed, three
nights belong to summer (May-July), six nights to

autumn (August-October), nine nights to winter

(November—January), and the remaining one night
to spring (February-April). In the following the
mean nocturnal variation of ionospheric parameters
will be derived for summer, antumn and winter
conditions, with the one night in spring included in
the autumnal variation, This represents a conve-
nient way of organizing a limited amount of data in
which a clear summer/winter difference is evident.

There is appreciable difference in the absolute
values of the ionospheric parameters observed on
individual days, depending largely on season and
solar and geomagnetic activities {(MooORcrOFT,
1969; Prasap, 1970), so that the simple averaging
uniformly weighted might emphasize the contribu-
tion from the days of special conditions, for exam-
ple, of high solar or geomagnetic activities when
electron density or temperatures afe considered.
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Therefore we average the parameter for all nights
belonging to the same season in a way described
below. First, an ionospheric parameter x,(y) ob-
tained at time £ on the ith night is normalized by
the average,

M

) xi(t;‘)
o i=1
Xy 5= e,

v 1

where M; is the total number of observations for
the ith night. The normalized values x,($}/% are
then averaged over N nights to obtain a mean
nocturnal value for each season, i.e.

X

i~z

%(5)

lii

i=1
h=—g

[~z
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Z

The observation times differ every night, and all
data are rearranged by linear interpolation to the
values at 0, 15, 30 and 45 min for every hour, A
three-point running average is made over the time
sequence of the mean values to discriminate rota-
tional effects of the antenna beam direction, giving
the time resolution of about one hour for all quan-
tities except the ion drift velocity (~1.5h).

3. RESULTS FOR THE MEAN STRUCTURE
3.1 Ion and electron temperatures

Figures 1(a)-(c) are diagrams for summer, au-
tumn and winter, respectively, showing the mean

Table 1. Dates, AST times, and 3 h K, for the observations used in this report

K, (3h average)

Date Time(LT) 1200-1500-1800-2100-0000-0300-0600-0900-1200 LT
17-18 Sept. 1974  1902-618 1 1- 0 0 0 1- 2+ i-
18-19 1828-614 5- 66— 3— 3+ 6— 3+ 5+ 5-
31 Oct.~1 Nov, 1940~ 707 0+ 2— 3—- 2+ 3—- 2+ 1 1-

7- 8 1941-714 1 2+ 2+ 1 2+ 2—- 1+ 1
-9 1930-541 3 3 5 6- 5+ 6— 6- 5-
9-10 1946-730 5- 4 2 2+ 2+ 3 2+ 1
12-13 1831-603 6— 5+ 6~ 5+ 5- 4 4+  5—
5- 6 Jan. 1975  1948-836 4 4+ 4+ 4+ 3 2+ 2 2+
15-16 1833-736 4— 4+ 3+ 4+ 4 3+ 5 4+
15-16 Apr. 1855-535 2— 3- 2+ 2- 3- 2+ 2+ 1
18-19 May. 1848-609 2- 2 2. 2+ 3 3 3- 2
10-11 June 1915-545 1 1+ 1 1+ 2 2— 3+ 44+
15-16 July 1704- 555 4- 3+ 3— 2+ 3+ 3 2+ 3
12-13 Sept. 1759437 4 2+ 2— 2+ 4 4+ 2+ 4+
14-15 Oct. 1837-630 2+ 3- 2 2+ 1 2- 1+ 2+
16-20 1825-736 B | 1 2- 1+ 2= i+ 1- 1-
13-14 Dec. 1739-633 0+ 2- 1 1 1 0+ 1 1
27 1800-2331 3- 5+ 5 4- 4+ 3+ 3 2
20-21 Jan. 1976  1819-629 2— 3+ 2+ 3+ 3+ 4 3+ 4-
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Fig. 1. Night-time variation of the mean ion (solid lines) and electron {broken lines) temperatures at
288, 404 and 491 km for (2) summer, (b) autumn and (¢) winter, No symbol is put tp the lines if the
namber of data available is less than three in summer and five in other seasons.
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night-time variation of ion and electron tempera-
tures at three altitudes separated by almost 100 km.
The vertical lines in these figures and some of the
following figures are the error bars that represent
the standard deviations of the individual-day values
about the mean value. The upward arrows at the
bottom indicate the times of sunset and sunrise at
the altitude of 400 km at Arecibo and its conjugate
point, The times were estimated as the moments
when the sun appears above and disappears below
the screen height of 200 km, using the computer
code of Corin and Mvyers (1966).

In summer it requires less than one hour after
sunset before attaining thermal equilibrium
whereas more than three hours are necessary in
winter due to conjugate photoelectron heating
(Carison, 1968). Conjugate photoelectron heating
is also evident two hours before sunrise in winter
when a rapid increase in the electron temperature
{pre-local winter sunrise enhancement) is observed.
The ion {(or electron) temperature near summer
midnight is almost constant over the height range
considered; however, there seems to be a slight
height gradient of the temperature in winter
{(Prasap, 1968).

The midnight mean temperature is 700 K in sum-
mer and around 770 K in autumn and winter. The
temperature remains almost constant for more than
several hours around midnight. This flatness is not
observed in the Jacchia (1971) model that changes,
in essence, sinusoidally, and is possibly due to the
semidiurnal tidal oscillation that is important at low
latitudes (GarreTT and Forsrs, 1978; Hareer,
1979).

3.2 Electron density

Electron densities at heights near the F2-peak
are shown vs time in Fig. 2. The variation at
259km is also included in the same figure for
comparison. Exponential decays are seen in all
seasons, although the decay rate differs with sea-
son. The rate is steepest in summer, whereas it
seems exfremely small in winter, as generally ob-
served during periods of low solar activity
(Yonezawa, 1965). The F2-region peak density
tends to increase slightly near midnight. This in-
crease appears as 4 small hump around 0100 LT in
winter, whereas it occurs as a pause on the
dominating exponential decay at 2200-0100 LT in
suramer. This behavior is possibly related to the
semidiurnal tide (Harper, 1979). The variation of
electron densities near sunrise, especially at the
F2-peak, changes with season. In summer the ex-
ponential decay of the F2-peak electron density

NUMBER DENSITY (emi®}
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continues even after sunrise; however, it ceases two
hours before sunrise in winter, with the electron
density almost constant until sunrise,

3.3 Altitude of the F-peak

Contour diagrams of log,,(N,) vs. height and
time are shown in Figs. 3(a)-(c) for summer, au-
tumn and winter, respectively. The contours are
drawn at intervals of 0.2. The figure contains also
the F2-peak height, h,,F2, indicated by the

broken line. In general, the F2-peak observed as-

cends after sunset and begins to descend near mid-
night; this type of variation was shown by NELsoN
and Cogarr (1971) to be typical of Arecibo.

Figures 4(a)-(c) show the night-time variations of
the altitude of the F2-peak and of those levels in
‘the upper and lower regions where the electron
density is reduced to one half of that of the F2-
peak. The thickness of F2-layer defined by the
height difference of these upper and lower levels of
half electron density is roughly proportional to the
height of the F2-peak above about 165 km, i.e. the
base of the F-layer. In addition the altitude of the
F2-peak increases before sunrise, especially in
winter and autumn (Nerson and Coseer, 1971;
Bennke and Harper, 1973). The time of the
ascent is almost coincident with that when the
electron temperature starts to increase and the
electron density ceases to decrease (Carison and
WaLKER, 1972).

3.4 Ion drift velocity

Figures 5(a)—(c) show the vertical component of
the ion drift velocity vs. time for three altitudes:
491, 404 and 288 km for the respective seasons.
These velocities have been corrected for a transmit-
ter frequency offset of 7ms™". There is ‘a strong
seasondl difference in the magnitude of the vertical
velocities, i.e. the night-time mean is nearly zero in
summer, but —20 to —30ms " in winter. This
seasonal difference seems qualitatively consistent
with the decay rates of electron density, which are
steepest in summer and relatively small in winter.

The vertical velocity has a local time variation. In
autumn and winter the vertical ion velocities tend
to be strongly downwards near sunset, then become
relatively small in the pre-midnight sector, then
strongly downwards again after midnight until
about 0400 h. In summer the velocities tend to be
weakly downwards near sunset and after midnight,
and upwards in the pre-midnight sector.

The seasonal variation of the ion drifts is consis-
tent with the existence of a prevailing wind toward
the winter hemisphere at F-region heights, while
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the local time variation of V, is probably due to the
effects of diurnal and semidiurnal winds of compar-
able amplitude at F-region heights (Hareegr,
1979). :

Figures 6(a) and (b) give, respectively, the hori-
zontal drift component in the meridional plane and
the vertical velocity averaged over the 2000-
0400 LT period vs height. The mean merid-
ional drift is northward in all seasons, but much
larger in winter than in summer. It is not possible
to measure the ion velocity at all local times below
290 km as the electron density becomes very small
when the F-layer is high, as is usually the case in
the pre-midnight sector. Thus the ‘mean” velocities
below 290 km emphasize those times when N, is
large, which are the times of large downward V..
However, it is not understood why the mean merid-
ional velocity remains small at these times.

Figure 6(c) shows the local time variation of the
electric field components perpendicular to B aver-
aged both over height and season. A significant
local time variation is observed in the southward
electric field component (eastward ion drifts), the
field being southward before midnight and north-
ward after midnight, with an amplitude of 1 to
2mVm™'. However, the eastward electric field
{upward and northward drift perpendicular to B) is
very nearly zero at all local times in the averaged
-data. No significant deviation from this pattern is
observed in any season.

The cast-west electric fields, of the order of
1mVm™, certainly exist on any given night, with
the motion perpendicular to B in the meridional
plane tending to be in the opposite vertical sense
from the motion along B (Beunke and Hareeg,
1973). Thus these fields appear to average out in
the mean data.

The source of the electric fields is not clear. If it
is principally F-region polarization, one would ex-
pect mean southward ion drifts while the F-layer is
high, and neutral winds equaterward in the pre-
midnight sector. This is not observed. However, if the
electric fields are set up by dynamo currents flowing
the E-region, one has to explain why a well defined
southward electric field variation exists, but the
mean eastward electric field is very small. WALKER
(private communication, 1978) has shown that the
east~west current is zero near heights where layers
of enhanced density, which contain the bulk of the
conductivity, form in the E-region. However, con-
siderable work remains in elucidating the source or
sources of night-time electric fields.

There is a mean vertical gradient in the vertical
velocity, 8V,/dz, of the order of —5x107°s™" over
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the 300-500 km region in autumn and winter. No
measurable gradient is observed in summer. It is
difficult to infer vertical gradients from the night-
time data below 300 km. However, Harper (1979)
has shown that gradients of the order of £2x 107*s™*
are associated with the semidiurnal winds over the
200-300 km region from daytime measurements,
These vertical gradients in V, appear to be princi-
pally responsible for the postmidnight increases in
the F2-peak electron density, N.., that are fre-
quently observed at Arecibo.

3.5 Light ion composition

Oxygen ions predominate during daytime in the
topside ionosphere over Arecibo, with a larger
abundance of light ions found at night (Moor-
crorr, 1969; Prasan, 1968, 1970; Ho and

- Moorcrorr, 1971, 1975; Hacen and Hsu, 1974).

Figures 7(a)-{c} illustrate the mean night-time vari-
ation of H" ion at the four uppermost altitudes. It
is obvious in the figures that there is an appreciable
fraction of H* ion present at night at altitudes as
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low as 400 km. The variation of the H* ion con-
centration as a function of time shows a marked
seasonal difference. The concentration is max-
imized near midnight in summer, whereas it is
considerably increased near sunrise and sunset in
winter. The maximum concentration at about
500 km reaches more than 10* and 8 X 10° cm™ in
summer and winter, respectively.

The maximum value of the relative concentration
of the H" ion to the electron density at 500 km
ranges from 20% to 70% depending upon season
and geomagnetic activity. The mean night-time re-
lative concentration is considerably larger in winter
than in summer and sometimes exceeds 50% be-
fore sunrise in winter, The O¥/H" transition height
generally lies no higher than 500km in winter
during the period of present investigation, whereas
it increases beyond the observed range in summer.
This agrees with the results of MoorcrorT (1969)
and Prasap (1970) from the analyses of the data
obtained during the former sunspot minimum
years. This low transition altitude is also consistent
with recent satellite observations (e.g. TavrLor,
1971; TiTHERIDGE, 1976).

The He" ion is found to be a minor constituent
and its concentration is relatively small (less than
10%) at all altitudes considered. The abundance
ratio of H* to He" ion observed ranges, in general,
from 2 to 7. The H ion predominance over the
He" ion was shown also during the former sunspot
minimum years 1964-1965 {Tavror et al., 1970).

S. FukAao, T. Sato, 1. Kymura and R. M. HARPER ‘

4. DISCUSSIONS
4.1 Solar and geomagnetic dependence

Figure 8 shows the observed ion temperature
averaged over the altitude range 300-500 km and
over the period 2300-0300 LT vs the day of ober-
vation. Included in the figure is the exospheric
temperature at 0100 LT obtained from the Jac-
crra (1971) model. The day-to-day variation of the
observed mean temperature is well correlated with
that of Jaccina’s model; however, the observed is
always higher than the model by about 40K.
Global night-time minimum temperatures T, de-
rived by subtracting the variations with geomagne-
tic activity, season and latitude from the observed
temperatures, through the use of the equations of
the Jaccrmia (1971) model, are presented for the
smoothed 10.7 cm solar flux Fy, in Fig. 9. The
straight line which is determined by a least squares
fit to the derived minimum temperatures is rep-
resented by the equation

Tonin= 360 +3.78 Fio7. (3)

It is clear that the present result is by 20-30K
higher than the Jaccria model for the observed
range of Fio,. The difference is larger for larger
values of FIO.'T'

A corresponding peomagnetic activity depen-
dence is observed in the variation of the H" ion
concentration vs the day of observation, Figure
10 shows the H™ ion concentration obtained at

T T T T T T

200

= Observed
+ Jacchig 1271 model

[re]
(=]
(=]

TEMPERATURE (K}
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sool L L L 1

AVERAGE ION TEMPERATURE
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L 1 I I
FM A M J J A 5 O N D J
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Fig. 8. Observed ion temperature (solid line) averaged over the altitude range 300-500 km and over
the period 2300-0300LT together with the exospheric temperature (broken line) of the Jaccmia
(1971) model at 0100 LT.
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Fig. 9. Global night-time minimum temperatures T,
derived, through the use of the equations of the Jaccrma
model, from the present observation at Arecibo plotted
against F,, The straight line through the observed
values is represented by the equation

Toin = 360+3.78 F;, 7,
whereas that of the JaccHia (1971) model is

Ty =379+3.24 Fyo .

0000 LT at the altitude of 49T km and the 24 h sum-
mation of the K,s centered at 0000 LT. A negative
correlation is apparent between them. The small
increase of the H' ion concentration seems to be
present in response to the slight decay of the solar
activity during the period of observation 1974-1976;
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however, more data must be analyzed before the
extent of the solar and geomagnetic differences can
be clearly established. The H' ion concentration
below the O"/H" transition height decreases when
the transition height is raised by the expansion of
the F2-region under active geomagnetic conditions
(e.g. Bates and ParTeERSON, 1961). Millstone Hill
observations have also revealed that the largest H*
relative concentrations are usually encountered
when the exospheric temperature is low {(Evans,
1975).

4.2 Maintenance of the night-time ionosphere

It is widely believed that the night-time F2-
region is maintained by the inflow of the ionization
which escaped to the protonosphere during the
daytime (e.g. YonEzawa, 1965; Parx and
Banks, 1974), However, recent incoherent scatter
observations at high geomagnetic latitude stations
have estimated arriving fluxes which are insufficient
to maintain the night-time F2-region (Evans,
1975; Jain and WiLLiams, 1974), whereas an ob-
servation at Arecibo indicated sufficient downward
fluxes during night-time (Hacen and Hsu, 1974).

In ‘this section we will discuss whether the
ionospheric quantities observed at Arecibo satisfy
the continuity of ionization. The following discus-
sion assumes a priori that there are neither horizon-
tal gradients of the jonosphere nor horizontal
plasma motions, although a comparison of Figs.
3(a)—(c) and 6(a)—(c) shows that this is not the case.
However, the discussion will lead to a result which
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Fig. 10. H* jon concentration (solid line} observed at 0000 LT at the altitude of 491 km and the 24 h
summation of the K,s centered at 0000LT {broken line).
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indicates that both the horizontal gradients in elec-
tron density and horizontal plasma velocities are,
on average, not the major contributor maintaining
the night-time F2-region at Arecibo. The con-
tinuity equation is

aN,
ot

=q— BN, ~div (N, V), C)
where N. is the electron density, g the ionization
production rate, 8 the attachment coefficient and V

the ion drift velocity. Assuming that g =0,

1 [4N,
o= [

N 5)

3
+—(N.V,
at az( € z)]:

where V, is the vertical component of the ion drift
velocity. Equation (5) may give Bs vs. altitude for
the fegion under consideration by adapting the
estimates obtained in the preceding chapter to the
quantities on the RHS. However, the variation of g
as a function of altitude thus calculated does not
show the exponential decay that is widely accepted
(Park and Bawnxs, 1974), rather the coefficient is
appreciably enhanced above the F2-peak.

Instead the virtual production rate Q which is
necessary to fulfill the equation of continuity,

aN, 3
Q=THBN ANV, (6

d

will be derived by using the theoretical value of 8

S. Fukao, T, SaTo, I. Kimura and R. M. HARPER

{Park and Banks, 1974) given by

1.1%x10° [ T, —300
g= 7 [O.]+ IZMT

(T, - 300)(T,, —600)
3.5%x10*

Thermal equilibrium is assumed so that the ion
temperature observed (T;) may be adapted also for
the neutral temperature (T,,). The number densities
of O, and N,, [O;] and [N,], are taken from the
Jaccria (1971) model. Figure 11 shows Q averaged
over the period 2200-0400LT. The error bars
indicate the values of the rms deviations of Qs
derived on individual days of observation. The
values of Q dre, in general, positive in the altitude .
range around 300 km, whereas they are negative

around 400 km.

A systematic error is encountered in the determi-
nation of the line-of-sight drift velocity due to a
change in the transmitter frequency during the
transmitted pulse (transmitter chirp). It was not
possible to measure the offset during the observa-
tions. An offset of approximately 13ms ' has been
estimated from other test measurements at Arecibo
(HareER et al., 1976), whereas offsets of the order
of 10 ms™' have been reported by Evans (1975) at -
Millstene Hill. The same order of velocity offset
was probably encountered in the present observa-
tion. The offset (¢) in the line-of-sight velocities
affects the vertical velocity component by efcos
15°=1.04e ms~', since the antenna is tilted 15°

] x 107N [s7. (D)

500 .

VIRTUAL PRODUCTION RATE

o Qbserved

400— /

« Assuming Vap=7m/sec

ALTITUDE (km)
T
/ ™

300}~

20920 -0 o]

Q {cm® sec'}

Fig. 11. Virtual production rate {(solid line) which is necessary to fulfill the equation of continuity and

the virtual praduction rate due to the offset of 7ms™" in the observed vertical velocity. Both are the

average over the period 2000-0400 LT. The horizontal lines show the rms deviations of the estimates
on individual days of observation.
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Fig. 12. .Electron density (solid lines) vs altitude and
vertical component of ion drift velocity (thin arrows)
observed at the altitudes of the root of arrow at 2300 and
0200 LT in autumn, Thick arrows indicate the downward
fluxes of tonization which pass a unit area per second at
300 and 500 km. The numbers put in’ the shaded region
are the amounts of ionization which is recombined per
second in a column with unit cross-section.

from the zenith in our case. Hereafter we designate
the vertical velocity offset as V. This offset leads
to a virtual production rate V,g(dN,/dz) which is
similar to that required for fulfilling the equation of
continuity. Figure 11 includes the variation of
V,o(dN,/3z) for an offset of 7ms™", which was
found to best fit the averaged data. Although the
uncertainty of Qs derived is quite large, the overall
agreement between the profiles of Q and
_ V.e(0N,/az) is good throughout the region consi-
dered. The difference between both profiles does
not seem to be markedly larger in the region below
250 km where appreciably large downward vel-
ocities are observed. The vertical components of
the ion velocity, when corrected by the offset veloc-
ity, seem to satisfy the equation of continuity with-
out such ad hoc ionization and the horizontal in-
hemogeneity of the ionosphere likely to be neces-
sary at Millstone Hill (Evans, 1975) and at Mal-
vern (Jam and WiLiams, 1974). Therefore, the
night-time variation of the electron density may
consistently be described only in terms of the
downward flux of ionization at Arecibo during the
period of the present observation. The difference
may be due to the latitudinal difference between
Arecibo (Geomagnetic Latitude 30°N) and Mill-
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stone Hill (Geomagnetic Latitude 53°N) or Mal-
vern {Geomagnetic Latitude 56°N).

The continuity of fonization is also obtained on
shorter time scales. Figure 12 depicts the variations
of the electron density as a function of altitude at
2300LT in autumn when the F2-peak is raised up
to the highest and at 0200 LT during the period of
descent of the peak. The thin arrows indicate the
vertical component of ion drift velocity at the re-
spective times, whereas the thick ones show the
amount of ionization fluxes which pass through a
unit cross-sectional area (1 cm®) per second at 300
and 500 km. The numbers put in the shaded region
below 300 km indicate the amount of ionization
which is recombined per second in a column with
the unit cross-section. It is apparent from the figure
that the magnitudes of the vertical flux at 300 km
coincide well with the amounts of recombination
below 300 km. The larger velocity of the downward
drift at 0200 LT when the F2-peak is lowered to
the more dissipative range of altitude well compen-
sates the larger dissipation of ionizations there. At
2300 LT when the amount of recombination is
relatively small below 300 km the downward drift is
extremely small throughout the region observed. It
is also shown that the vertical fluxes of ionization
are larger at 300 km than at 500 km in these in-
stances. The decay rate of the electron density
predicted by this outflow almost coincides with that
of the observed electron density.
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- 00— ~
E
>
~— WINTER
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=
=
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=
300 —
200 L

o] ‘ [ 2
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Fig. 13. Variation of the vertical flux of icnization aver-

aged over the period 2000-0400LT as a function of
altitude (downward positive).
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Figure 13 shows the profile of the vertical ioniza-
tion flux averaged over the period 2000-0400 LT
for respective season. It is clear from the figure that
the flux at night is downward for all seasons over
the height range considered. The result seems reli-
able enough to permit discussion of seasonal
trends. The roughly constant flow above 300 km in
winter may indicate the presence of a flux of ioniza-
tion descending to lower altifudes. The flux ob-
served above 500 km is likely to be more than 10°
electron ¢cm™ s’ in winter, considerably larger
than the estimates from higher latitude incoherent
scatter measurements (Evans, 1975; Jamn and
Wmriams, 1974). The results presented here sug-
gest that the night-time fluxes are the principal
means of maintaining the night-time F-region in
winter over Arecibo, although they are generally
small and not the major coniributor at Millstone
Hill and Malvern.

5. CONCLUSIONS

Seasonal mean variations of ion and electron
temperatures, electron density, altitude of the F2-
peak, ion drift velocity, and concentration of H*
ions are presented as functions of time and altitude,
based on 19 nights of Arecibo data taken during
the sunspot minimum years 1974-1976.

Our main conclusions are as follows:

(1) The night-time F2-region at Arecibo is prin-
cipally maintained by a downward flux of joniza-
tion, There is a marked scasonal difference in mag-
nitudes of the mean vertical velocities and fluxes,
with larger downward values in winter. This sea-
sonal difference is consistent with the decay rates of
night-time electron density. The amount of flux in
winter seems to be more than 10°® electron em™>s™".
There is a mean vertical gradient in the vertical
velocity, dVz/3z, of the order of —5x10°s™" aver
the 300~500 km region in autumn and winter. No
measurable gradient is observed in summer.

S. Fukao, T. Sato, I. Kmura and R. M. HARPER

(2) The variation of clectron density as a func-
tion of time is closely related with those of the
vertical ion velocity and the altitude of the F2-
peak, The thickness of the night-time F2-layer is
roughly proportional to the height of the F2-peak
above 165 km. The ionization flux and velocity are
roughly inversely proportional to altitude of the
layer; downward flux and velocity are large, when
the layer is low, and vice versa.

(3) The H' ion concentration in the F2-region
shows a marked seasonal difference and the relative
concentration of H' ion to the electron density at
500km sometimes exceeds 50% before sunrise.
This lower altitude of the O*/H" transition in the
latitudes of Arecibo is consistent with recent satel-
lite observations. A strong anti-correlation of the
H' ion concentration with magnetic activity is ob- -
served. The He' ion concentration is relatively
small {generally less than 10%) at all altitudes
below 500 km.

{4) The time and altitude variations of ion temp-
erature are small and the ion temperature remains
almost constant for several hours around midnight.
This flatness is not observed in the Jaccuia (1971)
model. The observed ion temperatures average
about 20-30 K higher than the prediction of the
Jaccria (1971) neutral model for the observed range
of Fiyq.

Graphed and 15 min tabulated values of the
ionospheric parameters described here for indi-
vidual days are available upon request from Kyoto
University (Fukao et al., 1977).
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