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ABSTRACT

This report summarizes results for the electron density distribution and electron temperature
of the F-region ohtained during 1967 using the Millstone Hill {42, 6°N, 71.5°W) Thomson (in-
coherent) scatter radar system, These data, for the height interval of approximately 200 to

BOO km, were gathered over 24-hour observing periods twice per calendar month. The time

pasmirad o altad
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was 30 minutes.

The results show a far wider range of behavior than that encountered in previous years. This
is attributed to the increase in magnetic activity as sunspot maximum is approached. On mag-
netically quiet days, the characteristic behavior ohserved previously for electron density man-
ifests itself. Winter days exhibit a maximum at all levels near noon and a weaker maximum
at the layer peak in the early morning (0200 to 0400 EST), while summer days exhibit a max-
imum near sunset and only a small day-~to-night change in density near the layer peak. Two
days exhibited a pattern of behavior, first noted in 1965, that appears characteristic of many
storms. This consists of an increase in density on the afternoon of the first day of the storm
followed by a marked decrease the next morning. Other days show instances of nocturnal heat-
ing and erratic behavior of the F-region electron density at night. We believe that on several
occasions in 1967 the plasmapause boundary moved south of Millstone giving rise to a rapid fall

in fOFZ and to much of the irregular behavior ohserved at night.

Accepted for the Air Force
loseph R, Waterman, Lt. Col., USAF
Chief, Lincoln Laboratory Project Office
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MILLSTONE HILL THOMSON SCATTER RESULTS FOR 1967

I. INTRODUCTION

Thomson {incoherent) scatier radar mcasuremenis of F-region eleciron densiiies and
temperatures were made at Millstone [1ill, Westlford, Massachusetts (42.6°N, 71.5°W), upprox-
imately twice per month throughout 1967 for periods usually of 24 hours, This repurt sununa-
rizes the results obtained and discusses thesc in relation to the behavior ohserved in previous
vears (Table I). Earlier reports in this scries = present lhe results of synoptic studies carried
out in the years 1963 through 1966, Hesults obtained during some of the months in these vears

are discussed in greater detail in a number of journal articles as referenced in Table 1

TABLE |
PUBLICATIONS CONCERNING THE MILLSTOMNE HILL UHF
(68-cm Wavelength) THOMSON SCATTER RESULTS
Year Months Covered Publication
February 1963 to January 1964 Ref. 1
1963 March, tuly, August, September Ref. 5
April, July, November Ref. &
’R January through December Ref. 2
1964
April, July, November Ref. 7
January through December Ref. 3
June, August, September Refs, 8, 9
r9es June Ref. 10
January, April, July Ref. 11
1966 January through December Ref. 4

Section II provides a summary of the equipment, observing and data-processing procedures
employed during 1967, These dilfered little from those of the latter half of 1965 which are fully
documented in Ref, 3. In Sec. lII, the results obtained for cleciron density are discussed, See-
tion IV presents electron temperature results along with average daytime and nighttime electron

temperature profiles obtained for each 24-hour period. These averages arce employed, in Sec. V,



10 derive seasonal temperature variations and seasonal variations in the heat conducted into the

F-region from the magnetosphere. Section VI provides a summary of the results,

II. EQUIPMENT, OBSERVING AND DATA PROCESSING PROCEDURES

A, Equipment

The UUF incohereni scatier radar equipment has been described previously.i No major
alterations were made in 1967, though the {irst of a series of changes to the antenna were made.
These were designed to reduce the problem of ground-clutter returns. FEchoes are observable
out to a range of ~160km and make it difficult or impossible to obtain useful resulis at or below
about 200 km™ using the vertically directed UHF radar system. A study of the antenna indicated
that the chief source of these echoes is radiation scattered off the legs of the tripod supporting
the antenna feed horn. To reduce these reflections, absorbing netting was placed on the inside
a quarter of a wavelength away. In addition, a conical skirt was built and placed

of the leg
hd hat =)
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around the horn to lower the intensity of the radiation emerging at large angles to its axis. These
measures reduced the intensity of the ground-clutter echoes sufficiently that, as a rule, they no
longer saturated the receiver. This in turn permitted the duration of the receiver suppression

to be shortened, so that it became possible to extend the electron density profile measurements

to lower altitudes than heretofore. However, clutter-free records were not obtained until 1970
when digital filtering procedures were developed that remove ground-clutier echoes from the

data.

portions of the receiver by svlid-state components. Most important of these changes was the
substitution of a regenerative-diode parametric amplifier for the electron-beam-tube parametric
amplifier (Adter tube) employed previously. Earlier attempts to employ solid-state parametric
amplifiers had nlways run inte difficulties caused by transient vallages, appearing across the

TR switch cavity, which burned out the diodes,  With the development of solid-state limiter cir-
cuits (his problem has been climinated,

The electron-heam parametric amplifier employed prior to 1967 was operated with a syn-
chronous pump frequency at 880 MHz. 'This caused the image and signal channels to be super-
imposed. That is, the device operated simultaneously as an amplifier and as a sideband inverter
go that hoth sidebands were made the same. The advantage of this was that the noise tempera-
ture of the image channel could be minimized by ensuring a good match to the antenna terminals,
However, because the sidebands are inverted, the phase information in ihe signal is lost. This
means that any shift in the spectrum due to drifts in the ionosphere cannot be detected. [Further,
hecause samples of the signal have only a single degroe of feeedom, the uncertainty in the esti-
mate ol the received power 1’5 after N samples is £82 PH/'\)[N in place of iPS/’JN for a conven-
tional amplifier. Staled otherwise, in the case of wenk signals, the effective noise temperature
is 1.4 times the measured system temperature, The new parametric amplifier obviated bolth
problems but was not without its own drawbacks. One of these was large gain variations with
changes of ambient temperature, Later, in 1969, it became necessary to put additional thermal
insulation inside the hut (under the antenna) that houses the lirst stages of the receiver, in order

to reduce this effect to a manageable level,

* Some meosurements in the altitude range 120 to 240 km have been obtoined at Millstone Hill using o smaller
(>3 T AU TUU T S T ST ST A ¥ SRR ST S SIN o . |
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B. Observing Procedures

The observing procedures were changed in 1965 to reduce the amount of time required to
obtain a complete electron density and temperature profile from 1 hour to 30 minutes, This was
accomplished by recording the IF signals for later non-real-time processing. The recording
and playback system, discussed extensively in Ref, 3, was employed throughout 1967,

In addition to this change, the spectrum analyzer was modified in June 1965 to permit both
halves of the signal spectrum to be explored. Unfortunately, this was carried out in a way which,
though not recognized at the time, caused some loss of information, As a result, the values
ohtained for ion temperature are unreliable between about 300 and 500km and therefore are not
included in this report. These changes and means of minimizing the unwanted effects they intro-
duced in the results are discussed in Ref, 3 and wiil not be repeated here.

During 1967 we attempted to make observations twice per month for a period of 24 hours,
Table Il lists the dates and times on which measurements were carried out together with the
mean of the planetary magnetic index Kp over the period of observation. Equipment mallunc-
tions caused the loss of some data; and we have been obliged to combine measurements made on
24-25 February with others on 2 March to obtain a complete Z4-hour period,

In addition to the 24-hour observations discussed here, measurements were made for a num-
ber of 12-hour periods in January, February and March to examine the behavior of the electron
temperature at conjugate sunrise, These measurements have already been 1‘01)orted15 and will

not be included here. ¥

C. Data Reduction

Data reduction procedures for meastrements in 1967 were the same as those employed for
1966 and are compared with those of earlier years in Table III. Basically each set of observa-
tions was reduced to obtain an electron density profile and electron and ion temperature curves,
which were then employed to obtain contours of these parameters vs height and time.

One advance made during the year was the automation of part of the work needed to produce

Previously, the computer was employed to draw "Calcomp" plots

of the power profile {i.e., the echo power times the square of the heightl) observed with cach of
the three pulse lengths employed (0.4, 0.5 and 1.0msec). These plots were then superimposed
and converted into a single curve that combined the good height resolution allorded by the short
pulse measurements {at tow altitudes) with the greatcr accuracy achieved using long pulses at
“heights above hmaxFZ where the gighal-to-noise ratio becomes poor. This combined curve was
then corrected for the variation of the electron-to-ion temperature ratio Te/Ti with altitude. In
place of this time-consuming hand operation, a compuler program was developed to combine the
profiles and piot the resuiting curve, This program employed the short pulsc {0.1-msce rosults)
up to some fixed altitude (400 km) and then fitted to these the long pulse tesults in straight line
sections on a log plot, Thesc straight line sections covered 50-kin height intervals and were
obtained by fitting least-mean-square straight lines to the logarithms of the data points. [ de-
ciding when to discontinue uging the 0.5-msec results and transfer to the 1,0-msec curve, we
made use of the fact thatl the scale height of the ionization Ik(’l‘C + 'l‘l,)f/m].g) should inereasce nron-
otonically with altitude. ‘Thus, in fitting these lines, the 4.5-msee resulls woere used above 400 km
until a 50-km height interval was encountered in which the slope of the line was found to be lower

than the previous one, {That such an interval is encountered is an inevitable consequence of the



TABLE I}

INCOHERENT SCATTER OBSERVATIONS - 1967

Begin End
” T Mean
Date c* | EST Date c* | EsT | Kkp! Comment

5 January q 1106 § & Janvery 1200 1+ Quiet —data prior to 1900 [ost
24 Junuary Q § 0030 } 25 January 1200 1+ Quiet —~most temperature data lost

6 February 1200 | 7 February D | 1200 20
24 February Q | 1800 | 25 February D [ ®00 | 2+

Combined

2 March Q {0030 | 2 Morch 1800 1+

13 March 1400 | 14 March 1130 1+ Quiet
27 March D j 1200 | 28 March 1160 3—- | Somewhat disturbed

& April 1130 7 April 1130 20
24 April D | 1200 | 25 April 2300 | 2,

11 May 1030 | 12 May 1030 30 Disturbed
22 May 1200 | 23 May 1160 ]0 Quiet

B June Q | 1100 2 June 1000 30 Disturbed
22 June q 1160 | 23 June Q [ 1030 b Quiet

5 July D | 1100 | 6 July 1100 | 2-
25 July 0830 | 26 July .0930 20

15 August 1030 | 16 August q 1100 1+ Quiet
2% August 1100 | 30 August 1200 20

12 September 1100 | 13 September | q | 1200 1+ Quiet
28 September | g | 1300 | 29 September 1200 | 2- | Disturbed

10 October Q 11230 {"11 October | Q | 1030 | 1- | Quiet
24 Qctober 1100 | 25 October 1030 i+ Quiet

7 November | Q | 1200 8 November | D 1100 2+ Somewhat disturbed
21 November | q 1100 | 22 November 1100 3— | Somewhat disturbed

5 December 1200 | & December 1200 4- Disturbed

19 December | D | 1230 | 20 December { D | 1200 5~ | Very disturbed

* Condition:

& One of five quietest days in month
q One of ten quietest days in month
D  One of five most disturbed days in month

 Planetary magnetic index.




TABLE Il
OBSERVING PROGRAM AS A FUNCTION OF YEAR
Length of Time Taken
Each Cbserving Number of to Measure Number of
Periad Observing Periods | One Profile | Profiles Obtained Reduction Metheod
Year (hours) per Month {hours) per Month Employed
1963 30 4 1.5 80 Mean hourly profiles
constructed for each
calendar month
1964 30 2 1.0 60 As above
1965 48 1 0.5 76 As above
1964 24 2 0.5 96 Each profile analyzed
seporately
1967 24 2 0.5 96 As above

. fact that the uncertainty and hence the scatter of the points increases rapidly with altitude.} At
this peint the 1.0-msec resulls were employed in place of the 0.5-msec measurements and the
process was continued until these too yielded a decrease in scale height with altitude,

This procedure did not obviate the need to correct the power profiles for the altitude varia-
tion of the electron-io-ion temperature ratio (Te/'[‘l.) and this was carried out by hand." In this
and all other respects the data processing procedures employed in 1966 were the same as those
discussed previcusly for 1965 (Ref. 3). [Figure 1 shows an example of one of these machine drawn
plots together with the true density profile after applying a correction for the variation of Te/Ti

with altitude.

III, ELECTRON DENSITY RESULTS
A. Electron Density Profiles

The combined density profiles were assigned an absolute scale by adjusting the peak density

N s0 that
max

N__ =124 F2)" x 10" em™ | (1)
where fOFZ is the criiical frequency of the FF2 layer (MHz). To obtain foli‘?_, the available values
for the stations at Millstone, Billerica, Fort Belvoir and Wallops Island were plotted and a
smooth curve drawn through the points in such a way that it followed the Millstone and Billerica
points as far as possible.4 In some instances, no values were available {or either of these sta-
tions. These cases appear to have occurred chiefly on magnetically disturbed nights when fOFZ
fell to extremely low values. In these cases we have been obliged to construct the variation of
fOFZ from the variation of the observed echo power with time. To do this, the calibration con-
stant K was obtained for the radar results via

(Tshz)max 2)

K= ™
max

* Complete machine processing of these data became possible in 1968 following the construction of a new spectrum
analyzer (Ref, 16).
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Fig. 1. Computer-drawn profile of electron density vs altitude, combining measurements
made with pulses of 100, 500 and 1000 psec commencing at the times shown. The spike
near 140 km altitude is o ground-clutter echo and the receiver was suppressed out to 125 km
altitude, The second curve shows the final density profile after correcting for the variation

with alfifude of the eleciron to ion temperature ratio T, /T;.
where 'I‘S is the equivalent echo temperature and h the corresponding altitude, A mean of sev-
eral values of I was obtained [rom measurements taken both prior to and following the period
for which fOFZ was missing, Figure 2(a} provides an example of a curve of fOFZ completed in
this manner for 28 September. The extremely rapid fall in fOFZ observed at Millstone on this
occasion was not seen at Yort Belvoir or Wallops Island, Similar behavior was encountered on
10-11 October, 5-6 December and 19-20 December. The behavior on this last day is particularly
striking since L‘GFZ fell [rom 9.% to 1.5 MHz in about an hour [Fig. 2(b)]. We believe that these
were all occasions on which the boundary between the midlatitude ionosphere and the trough re-
gion of low IF-region iouization” moved scuth past Millstone. This phenomenon has not previously
been observed at Millstone.

During several observing periods in the latter half of 1967, peculiar electron density profiles
were seen at night. In some instances, e.g., 28-29 September the profiles appeared reasonably
normal up to ~450-km altitude and then departed from the expected curve in a violent fashion as
shown in Tig. 3. In thesc instances there was litile similarity in the behavior observed above
400km {rom run-to-run, We are inclined to attribute this behavior to the detection of weak au-

roral returns seen obliquely at great ranges in the sidelobes of the antenna.
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Fig. 3. Strange electron density profile observed on 28 September near 1940 EST
in which there is a second F-layer peak, We believe that this second peak is
spurious and arises from weak auroral returns in the sidelobes of the vertically di-
rected antenno. [Times are for the commencement of runs with the different pulse
lengths (usec) and are in EST.]

Figures 4(a) and {b) illustrate a different form of peculiar behavior. Here an additional
layer appears to be present beneath the normal F-layer. This additional layer appears to have
a well defined upper edge usually near 250km, Table IV summarizes the dates and times when
the behavior illustrated in Figs. 4{a) and (b) cccurred. In three cases the layer made its appear-
ance when fOFZ fell to a low value and disappeared at sunrise when fOFZ began to increase. On
7-8 November the layer appeared only briefly and EOFZ wag quite high. All four nighis were
quite disturbed (Table II) and thus it is tempting to attribute this behavior to auroral precipita-
tion occurring directly over Millstone. However, the very rapid fall in density near 250 km
[Figs. 4(a) and (b)] is not consistent with this explanation, Further, although the height resolu-
tion achieved with 0.5-msec pulses is distinctly poorer than with 100-psec pulses, this "layer"
does not appear to have been seen using the longer pulse. This suggests that some form of equip-’
ment malfunction was occurring during the 100-psec pulse measurements that was only clearly
evident when the ionospheric echoes were exiremely weak, Accordingly, we have excluded these
portions of the profile from the contour diagrams presented, and have labelled these heights and

times "spurious results? The exact nature of the equipment malfunction is not known,
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of an anomalous layer beneath the F-layer which disappeared af sunrise. We believe
that this is a spurious result caused by on equipment malfunction of undertermined or~
igin and have excluded these data from the contour diagrams,
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TABLE IV
CASES OF PECULIAR RESULTS AS SHOWN IN FIGS. 4{a) AND {b)
Appearance Disappearance
Height of Maximum
Date fon FoF2 of Lower Layer

(1967) EST {MHz) EST (MHz) {km) ﬂ‘
7-8 November 1902 . 5,8 2317 5.4 265
21-22 November 03N 3.4 0618 3.9 265
5~6 December 2321 3.2 0245 3.5 245
0453 3.2 0644 3.3 245
19-20 December 1805 1.3 0151 3.6 250
0339 3.3 0654 3.7 250

] Tt mmburmes Thmeaemider £loand e 3 v o e T
o, LIeCLIOn JCHsILY Lulnuvul Dldsl.'dlus

Figures 5(a) through (x) present contour diagrams of electron density vs height and time for
the days listed in Table II, 'Table V summarizes the main features of these diagrarns, It is not
possible to discuss each day's measurements at length, and in what follows we seleci a lew days

to illustrate various types of behavior that appear to be common.
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SUMMARY OF ELECTROMN DENSITY RESULTS

TABLE Vv
AS SHOWN IN FIGS. 5(0) THROUGH {x}

A T
Noon Midnight ! Noon | Midnight
: 1
Date foﬁ max FDFZ Hmux Comments ; Date fon hmux : qu2 max | Comments
(1947} (MHz) (km) (MHz) {km) (hours in EST) i {1967} (MHz) (km) = (MHz) k) | (hours in EST)
5-4 January 10 250 3.5 300 Typical winter behavior: day- 56 July 6.5 270 1 5.5 330 : Classical summer behavior:
time peak f,F2 ot noon; pre= ; H i marked evening increese,
dawn increase of 0200, | 25-26 July 6.5 ; 250 ¢ 4.Q : 350 | Symmer behavior; marked eve-—
24-23 Jonuary 9.5 230 ‘ 3.0 300 Typical winter behavior; day- ; | ' i ning increase.
i LI:\:npii\c::kr:tJosizul:toyf.)%o; pre= 15-16 August 6.5 T 250 5.0 ' 350 . Summer bhehavior; marked eve-
- - ; ! ning increase. Thermal jonic
4=7  February ~10 250 4.5 290 | Winter behavior; daytime peck ! distukbances present ?
1 F F2 atr noon; na predawn in- ; . ! i .
c:r'euse; !]‘Ig"\'f evening increase . 29-30 Aygust 8.0 280 | 5.5 ‘ 350 L SUr!"!rnel: behavior; marked eve—
above hmcx F2. I L { ning increase,
24-25 February ~1 300 5.0 230 Winter behavior; doytime peak 12-13 September 8.0 260 4,5 370 5“‘1""3': behavior: marked eve-—
2 Maech fOFZ at 1300 ning increase.
=29 temb. . . . . - s
13-14 March ~11 300 5,0 340 Intermediate behavior: daytime i 28-29 Saptanber 5.0 e 33 2 : Dl]s‘;zﬁe?or I:F;'lliciﬂir;gnio:f *
peck f F2 at 1430; no evening hmux’ dndgNmax 2000 o 0100
i ;
fnerease. i ! predawn increase at 0400,
27-18 March ~1 35 | 4.5 | 360 | Inrermediate behovior: lorge . 10-11 Cerober 10,5 310 | "2.0 | 320 | Intermediare behavior: very low
vatues of h . ot night. Some- | : values of f_F2 at night
what disturbed. I © gnt-
6-7  Agril 8.5 310 6.0 365 Summer behavior: slight evening H 24~25 October 1.5 320 i 4.5 31e Wil:t:rF';e::'ll:';g(; daytime peak
. maximum. Somewhat disturbed, 1 i o )
; ! -8 N 11, . inter behavi f
24-26 April 8.0 273 5.5 380 Summer belfuvior: evening in- ! 7-8 MNovember 1.0 270 5.0 350 Wz‘;(;)r roeﬁgébo:v:::eﬁ:y:rqi:;zi
crease, Somewhat disturbed. Yo have been higher then n-crmoi.
- o ning ine & :
11-12 May 7.5 275 | 5.0 | 345§ Storm pattern: lerge evening {2122 November § 1.5 . 270 | 4.5 : 325 | Winter behavicr
crecse fotlowed by low values i ;
next day. i ; H
2223 May 2.0 300 4.5 340 Stjmmer behaviar: slight evening :: 56 Dacember 10.5 270 2.0 240 Disturbed: predewn increase
increase. I’
ii near 0300.
8-2 June 7.0 280 &0 350 Storm pattern: evening increase ‘
b Iy 1 | b
zgj-nv::ym;:rgye iorr:r::s:eisnnex ;1 19-20 December .o 2%0 1.3 425 Very disturoed; very rapid fall in
i ; .
by near 0100, i foF2 %JZEO; predawn increase
max I near 0200,
2223 June 6.5 255 5.5 330 Classical summer behavior:
morked evening increase, :
!




In previous reports, we identified the typical quiet winter diurnal variation és exhibiting a
single daytime maximum near 1300 with a predawn increase in Nmax usually between 0200 and
0400, Figures 5(a) and {c} provide representative examples of this type of behavior. This win-

ter variation exhibits higher daytime values of NmE1 and lower values of hm- % thar in summer,

The corresponding summer LE close to
the time of ground sunset, and is repregented here by Figs. 5(1) and (m). We have discussed
previov.sly3'‘i current dttempts to understand these.divergent types of behavior and the.reason
for the anomalous variation of Nmax with season,

The contour diagrams shown in Figs. 5(a) through (x) exhibit nmiore variability from day-to-
day than has been encountered previcusly. This can be attributed to the fact that 1967 was close
to the peak of the sunspot cycle,

In June 1965 a large magnetic-storm oceurred giving rise to a pattern of behavio.rs’m that

Figs. 5(i) and {(ki.  Typically, .on the first day of the storm, NI and,hn are-near their normal

nax 1eX
levels until late afternoon when both rise to values meoh larger than normal.  On the following -

morning,”hm x and N. are depressed congiderably below their normal Tevels, hut recover

ER max
usually during the course of the next 48 hours,

In this report, we present yet a foupth characteristic type of behavior that can be recognized .
in the contour diagrams, 'I‘he_.se are the ingtances when fOFZ' fell extremely rapidly in the late
afternoon or evening to abnormally low values (g2 MHz} as illustrated in Figs. 5{r), (5}, {w) and
(x). The most-Spectacular example of this, -as noted above, oceurred on 49 December [Fig. 5(x}],
and we note from Table II that this was the most disturbed day in our collection fo¥ 1967, ---On
three oceasions (28 September, 5 and 1% December), -the rapid decrease in I‘OI'_‘Z was followed by

erratic fluctuations in both Nmax and hm As suggested above, these may all he instances i

which the plagmapause boundary was con?;:rcssed, s0 that Millstone succuessively lay cqualor-
wards of the trough, in the trough and beneath regions of "soft" particle precipitation,

Other instances of peculiar nocturnal behavior were observed in which the layer appears to
have been driven to abnormal heights. Examples of this are shown in Figs, 5(k} and (u).

In all, the results presented in Figs. 5(a) through (x} exhibit a rich varicty of different types
of diurnal variation suggesting that competing forces (neutral air winds, electric fields, particle
precipitation) associated with disturbed conditions govern the -region density in a manner that

is not well understood at present.

IV. ELECTRON TEMPERATURE RESULTS

A. Electron Temperature Profiles

The lowesi altitude at which the electron temperature is
results to lower altitudes, a smooth curve has been drawn from the temperature observed at
225km to an assumed value Ty = 355°K at 120 km where temperature equilibrium is believed to

T <1

neasured is 225 kn

> RiT,

exist. These electron temperature profiles were then employed to construct contour diagrams

of Te vs height and time. These are presented in the next section.

B. Electron Temperature Contour Diagrams

Figures 6(a) through (w) present the contour diagrams for T  and Table VI summarizes the

main features of these results. Owing to the large winter daytime values of Nmax’ the electron

25



TABLE VI

SUMMARY OF ELECTRON TEMPERATURE RESULTS
AS SHOWN IN FIGS. 6{a) THROUGH (w).

Dute Comments
(1947) (hours in EST)
5-6 January Daytime results missing; morning maximum near 0800,

24-25 January
é-7 February

24-25 February
2 March

13-14 March

27-28 March

&6-7 April
24-26 April
11-12 May

22-23 Moy
8-9 June
22-23 Jure
5-6 July
25-26 July
15=16 August

29-30 August
12-13 September
28-29 September

10-11 Qctober

24-75 QOctober

7-83 November

22-23 November

5-~6 December

19-20 December

Data missing.
Morning maximum near 0800; afterncon values low.

Morning maximum near 0700; temperature inversion near
275 km at 1100,

Morning maximum near 0700; temperature inversion near

275 km at 1100 to 1400,

Morning maximum near 0600; temperature inversion near
300 km at 1000 to 1300; slight nocturnal increase beginning
at 2100,

Morning maximum near 0600; no temperature inversion,
Slight morning maximum near 0700,

Classical storm behavior: ofternoon values dbnormally Tow;
very much larger than normal values next morning.

Meorning maximum near 0530,

Clear case of nocturnal heating 0000 te 0300,
Quuiet summer day variation: high daytime values,
Quiet summer day voriation: high daytime volues.
Very high daytime temperatures,

Low ofternoon temperatures associated with large evening
increase; somewhat similar to 11-12 May.

Normal summer behavior,
Normal summer behavior though minor increase near midnight,
Pl

Very erratic behavior between 1600 and 0600: marked in-
crease beginning near 2000 and reaching o peak at 2045;
less marked increase beginning at 0300,

Very dbnormal behavior after 1800: marked increases be-
ginning near 2000 and 2200; nighttime values far exceed
daytime values,

Temperature inversion 1100 to 1500 centered at 350 km,

Temperature inversion 1000 to 1300 centered ot 275 km;
morning maximum near 0700,

Ne temperature inversion; pronounced nocturnal increase
beginning near 0300,

No temperature inversion; ‘nocturnal increase 2300 to 0200;
morning maximum near 0700,

Very disturbed: marked temperature surge 1800 to 2000;

waaker ane 2200 to 0100
WEaKer ohe 22V 10 VIV,
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temperature near 300km was frequently lower al midday than shortly after sunrise, T'hat is,
the electron temperature is often found to exhibit a morning maximum as {Hustrated in Fig. 6(b}.
This morning maximum is especially pronounced on those days {e.g., Fig. 6(c), (d), (s)] when
there was an inversion in Te near 300 km that appears when the local eleetron density T;‘lﬂfJ o]/crm$.
This inversion is brought ahout by heat lost to the ions via coulomb encounters, Towever, owing
to the limited height resolution of the measurements (375 km) we do not believe that the Tnll ex-
tent of this minimum was cver explored. We first encountered this type ol behavior at Millstone
in December 1%6.4

Anomalous hehavior of the electron density has caused anomalous iemperature varialions,

Aa

a vula hiagh alantvan tam
£15 4 Yuie 120X PEES

, rilgs e o1

.

vice versa. Figure 6(h) provides a good example of this pattern. On this day, the electron den-

gity rose to unusually large values in the afternoon causing a decrease in Te long before sunset,

The next morning the densgity was abnormally low and the temperature much higher than normal.
Instances of nocturnal heating associated with geomagnetically disturbed conditions appear

to have been common. The clearest example of this is 8-9 June fFig. 6(j)], where shortly before

midnight Te began to increagse and by 0200 had reached essentially the same values as during

the daytime. Other instances occurred later in the year, e.g., 28-29 September, hut are not

e
ing winter the sun conjugate point causing heating of the pro-

W
(o T
[ B
o
oo
@©
—

tonosphere via fast photoelectrons and heati ocal lonosphere through conduction from
the protonosphere, -

Virtually all nocturnal increases in temperature are associated with extremely low values
of density. In some cases this may be because the trough region moved over Millstone and, as
shown by satellite results,” the electron temperature is consistently higher on the poleward
side of the trough region or plasmapause. On other occasions nocturnal temperature increases

o w N LT A e oy
I L 1 o -

T T T e [ Ty
ve peern causea oy neat aeposiied in ne

vt

nay ha
into the ring cur'lr'ent.9 These particles are then damped through ion cycletron waves and feed
energy into the ambient plasma which ig conductied down field lines into the magnetosphere. This
theory, developed by Cole18 to explain the stable red arc, would suggest that ring currvent par-
ticles within the plasmapause decay more rapidly than outside, and thus the heat injection must

be greatest near the boundary.

C. Average Temperature Profiles

s T

aid T, were
¢ i

N T T T I I LU S Py
ENE tld Y Nl JOI7 TNECTE GE LTI NI

in previous yecars, it was noted that dirin i
relatively constant, and hence we construcied average temperature profiles Tor the periods 1000
to 1500 (day) and 2100 to 0360 (night) which served to show geasonal variations. We have con-
tinued this practice for ihe data collected in 1967, although the rationale for so doing is weakened
by the variation of Te on winter days (thn fUI-‘Z > 10 MHz and a temperature minimmn appears)
and by cases of nocturnal heating; both effects cause appreciable changes in 'l‘o within the aver-
aging interval.

To construct these average temperatlure profiles, values of Te werae read ofl the tempera-
ture profiles obtained each half hour during the above periods at 100-km intervals. These were

then averaged, plotted and smooth curves drawn through the points. Figures 7{(z) through (2}
show the results, In general, these curves present no major surprises, though for the first time
we encountered a case where the average daytime temperatures at some altitudes were less than

the nighttime temperatures. This occurred on 10-11 October [ Fig, 7(w)].
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V. SEASONAL VARIATIONS
A, Electron Temperature

Figureé 8(a) and (b} present the seascnal variation of the average temperatures in the form
of contour diagrams of constant temperature vs height and date., The contours are at intervals
of 500°K and show clearly that the daytime temperatures are higher in summer and the nighttime
temperatures are higher in winter,

Figures 9(a) and (b) show the variation of the average Te values [Figs. 7(a) through (z}] at
300 and 500km vs date for the daytime and nighttime. These figures show somewhat more clearly
the seasonal variation in Te with peak daytime values in summer (April to September) and low
values in winter (October to March}), The plot for the nighttime variation [Fig, $(b}] shows clearly
the instances of nocturnal heating, the most pronolinced of which appear to have occurred on

8-9 June, 28-~29 September and 10-11 Ociober,

B, Protonospheric Heat Flux

We have computed the average heat flux Gp entering the ionosphere from the magnetosphere
along lines of force from the observed electron temperature gradient dTe/dh and temperature

Te through

dT .
~ 5,.5/2 "Te .2 2
Gp =TT XA07T V7 G sin”] eV/em /sec (3)

where I is the dip angle of the earth's magnetic field., The temperature curves employed for
this calculation were the average temperature plots of Figs, 7(a) through (#). The temperaiure
gradient dTe/dh was estimated for each 100-km interval above 500-km altitude fronm simpte dif-
ferences, and the temperature at the center of each 100-km interval was taken as the appropriate
value of Te in Eq. (3). These independent estimates of Gp were then averaged and are plotted for
the daytime and nighttime periods in Figs. 10() and (b).

It can be seen that most of the daytime values [Fig, 10(a)] lie in the range 4 Ltt)l 17 1><91(}gc‘:V/(‘,mz/

sec, i.e., somewhat larger than the average values observed in previous ycars, [t is not

clear whether this is a sunspot cycle effect, To test this we have listed in T'able VI the values
of the average heat flux for the winter period (October to March} and summer period (April to
September) vs date, It is clear that the winter values exceed {he summer values in all years and
that there appears o be a slight trend of increasing flux toward sunspot maximum, A greater
trend may exist but be masked b;’ differences in the method employed to estimate (‘rp from year
to year.

We have sugpested elsewhere4 that these daytime heat fluxes are close to the value for the
total amount of energy escaping from the ionosphere above Millstone in the form of photoelectrons.
Thus a variation with sunspot cycle can be understood in terms of a change in the solar EUV [ux,
However, a summer to winter difference cannot be attributed to this cause. Earlier, " we spec-
ulated that the seasonal variation in the heat flux was caused by a reduction in the number of
escaping photoelectrons in summer due to the production of a greater number of electrons with
pitch angles near 90° {Ref, 20), However, more recent studies of photoelectron escape ’ z sUg-
gest that elastic scattering will rapidly alter the initial pitch angle distribution so Lhat this phe-
nomenon should be unimportant, Thus a more plausible explanation may depend upon the change

in the neutral composition with season,
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TABLE WViI
RESULTS FOR THE DAYTIME HEAT FLUX FROM THE PROTONQSPHERE

Average Heat
Flux (]09 eV/cmz/sec)

Year Winter Summer Ref, Comment

19464 5.2 3.7 19 Computed for 500-km
altitude

1965 3.2 2.0 1 Computed for 600-km
altitude

1966 4.4 3.7 4 Average through 500-

to 600-, 600~ to 700-
and 700- to 800-km

intervals

1967 7.7 5.1 This paper As for 1966

The nighttime values of the heat flux [Fig, 10(b)] show a pronounced seasonal variation with
summer nighttime values 5 to 10 times lower than the daytime values, .hat winter nighttime values
only a factor of two lower than the daytime values. As already noted, this can be allribuled to
conjugate poeint heating ol the protonosphere during winter nights,  Particularly striking in
Fig, 10({b) is the large heat input on 10-11 October when G_ exceeds its dayiime value,  Clenrly
an additional source of heating of the protonocspherce ig required to explain such an event,  As
outlined above, we believe that energy injected in the form of ring current protons is the prineipal

source,

VI. SUMMARY

We have presented results obtained for the F-region eleciron density and lemperature at
Millstone Hill during 1967, This was the lust year in which all the speciea of the signals (from
which the results for electron and ion temperature arce oblained) were recovered in non-real-lime
from magnetic tape recordings of the [FF signals. This scheme wus abandoned {n 1968 in lavor of
real-time spectrum analysis employing compuler integration of the s:.mmlm:.l " The speckrum
analyzer employed during 1367 distorted the echo power spectra in a way which mide the estima-
tion of ion temperature somewhat unr-eiiable3 and these duta have not becn included in this roport.

The measurements conducted in 1967 (Table II) achieved a time resolution ot 30 mioutes lor
a complete profile of electron density and temperature and were muade twice per month lore periods
of 24 hours at a time, This program yiclded over 1000 profiles of clectron density ard tempera-
ture. To present these in a manageable form, we have constructed contour dingrianms of constant
density [Figs, 5{a) through (x)] and temperature {Figs. 6{a) through (w)] vs height aud time for
each observing period,

These contour diagrams display & rich variety of different types of hehavior.  Geomngnet -
ically quiet days tended to follow patterns recognizecd earlier. Thus, in winter there is typically
a marked diurnal variation in the electron density with a peak near noon and oiten a smaller sce-
ondary maximum in the early morning (0200 to 0400 EST), In summer, Ly contriast, the hyey
shows a smaller diurnal variation and reaches a peak near ground sunset. Typically hmuxl"?_ is

higher in summer than winter and the "thickness™ of the P-layer is larger also,
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Some magnetically disturbed days also followed a distinet pattern noted earlier.io On the

first day ol the storm, N and hm were normal until the afierncon when they both increased

to very high values. The?(?)ivas a co?‘};esponding decrease in electron temperature. During the
night TQ remained high, providing evidence of nocturnal heating and the following morning Nmax
and hmax were low and 'I‘e very high.

As a rule, anomalous behavior of the electron density was accompanied by anomalous tem-
perature variations, high values of Te being associated with low values of density and vice versa,
On some occasions the F-region density fell to extremely low values, suggesting that the trough
region of low density associated with the plasmapause had moved south to occupy a position over
Millstone, Electron temperature rose to particularly high values on these occasions, Toward
the end of 1967, low latitude auroral activity appears to have been present on some nights with
the result that auroral returns were detected at Millstone as oblique echoes at ~600-km range.

The average electron temperature variation with altitude has been constructed for a daytime
period (1000 to 1500 EST) and a nighttime peried (2100 to 0300 EST). These curves show that
tiiere was u seasonal variation of Te’ both by day and by night. The summer daytime values are
higher than those in winter and we believe that this is simply a consequence of the seasonal varia-
tion in electron density. The reverse behavior is found at night and is caused by nocturnal heat-
ing of the ionosphere in winter by the protonosphere. This is warmed by photoelectrons escaping
from the conjugate region which remaing sunlit. '

From the average daytime electron temperature curves we have computed the heat flux from
the protonosphere and compared this with that observed in previous years (Table VII). The aver-
age values for 1967 appear higher than in 1966 and 1965 suggesting a sunspot cycle variation.

We find also a consistent seasonal variation with the summer values averaging 2/3 of the winter
ones, The reason for this is not understood but may stem from the change in the neutral com-

pousition that is believed to occur in the thernmsphere.-.14
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