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Summary. Some excitation mechanisms for Ny and N,* in aurora are discussed with
emphasis on the time delays caused by secondary mechanisms. The N+ First negative (0-1) band
at 4278 A and one of the following bands: (A} the N+ Meinel (4-1) band at 7037 A, (B) the First
positive (5-2) band at 6705 A and (C) the Second positive (0-3) band at 4059 A emitted from active -
aurora were recorded simultaneously by a filter photometer. The observations are consistent with
the view that the three latter bands may in part be excited by secondary mechanisms. The time"
delays caused by secondary mechanisms ar¢ compared with the corresponding time delay caused
by an analogue RC-circuit indicating time constants of the order of one second.

L. Introduction. From the extensive observational work done on the auroral
spectrum it is clear that important variations in its intensity distribution occur (cf:
CraMBERLAIN 1961). Some of the apparent variations are undoubtedly due to errors
in the measurements; for example: variations are occasionally reported which should
not occur, because the relative intensities in question depend only on-transition prob-
abilities, which cannot be affected under the existing conditions. The most pro-
nounced variations in relative intensities are'those of some forbidden emissions, such
as the red .[0I] lines 6300/64 A, the green [NI] lines 5199/5201 A and the Vegard-
Kaplan [N,]bands. It scems likely that most of the variation in the relative intensities
of these lines and bands is due to collisional deactivation, since the excited states in
question have rather long lifetimes against radiation (minutes to hours). For permitted
radiations such deactivation cannot be important, because in the upper atmosphere
the mean time between two gaskinetic collisions is much greater than the lifetime of
the excited states. In agreement with this the reported variations in the relative in-
tensities of permitted radiations are relatively small. But some of the reported variations
seem fo be real, and its explanation must be sought in the excitation mechanisms.

‘The variations in relative intensities is usually measured with spectrographs or with
photoelectric scanning spectrometers. In the first case the exposure times are long
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(of the order of miniites), and in addition the use of photographic recording often re-
sults in serious errors. In the latter case the intensity may vary during the scannmg of
the spectrum, which usually lasts at least 10 sec. Averaging over several successive
spectra again imply long effective exposure times. The absolute intensity of the aurora
mady change greatly in a second or so, intensity pulsations lasting less than a second
are not uncommon, It is of interest to know if any change in relative intensity is asso-
ciated with such abrupt variations in absolute intensity. As shown in sec. 2, this may
yield some information on the nature of the excitation mechanisms.

In order to investigate this problem, a two-channel (¢ spht beam) filter photo-
meter was used to measure aurora which varied rapidly in intensity. The relative
intensity of any one of the First and Second positive N, bands, and of the Meinel N+
bands, was compared with the First Negative N,* bands. This work is reported in sec. 3.
The results are consistent with the view that most of the excitation is due either to
direct excitation by the primary particles impigning upon the atmosphere or to the
secondary electrons which are ejected in collisions between the primaries and atmo- .

spheric molecules and atoms, but there also seems to be a certain contribution from
slower processes.

2. Excitation mechanlsms for N, and N,* bands in aurora.

2.1. All evidence favours the view that most of the optical auroral emissions draw
their energy, directly or indirectly, from fast primary electrons (and in some cases
protons) which enter the atmosphere along the magnetic lines of force. We shall there-
fore first discuss the most direct excitation such particles can perform, i.e. excitation
. by the primaries or by the secondary electrons.

" Denoting the primary particles (electrons or protons). by Y and the secondary
elcctrons by ¢; this excitation of N, may be written: ‘

Nz(X)+Y or e——>N2 +7Y or e, (1fa or 1 .ea)f’
_or ——>N2+ +e+Y or e, (LYh or 1 eb)
or -—>N+’+e+Y or e, . - (1Ye or 1 &)

where N and N2+’ denotes exeited molecules ‘and ions respectlvely The processcs
(1 eb) (1 ec) ard similar processes with 02, O or N produce tertiary electrons which again
may participate in the same processes. We shall include-also these in the term “sec-
ondary electrons”. The average cnergy required to produce one jon pair in air is
about 32 ¢V, which on the average leaves a little less than 20 eV kinetic energy for
the ejected clectrons, When secondary electrons are released through processes of the
type (18) and (¢), they loose this energy rather rapidly through inelastic collisions with
the atmospheric atoms and molecules. It was shown in an earlier paper (OmuoLT 1959b)
that the energy of the secondary electrons decreased to 2 eV in less than 10-2 sec, pro-
v1ded the height in the atmosphere is less than about 140 km.

This can be secen more directly by considering the cross sections and densities in
question. The cross section for inelastic collisions between electrons and oxygen atoms
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is of the order 5 x 17-17 cn2 oy higher (due to excitation of the state 1D, 2 eV, and-othar
states (cf. SEATON 1954). The electrons in question have velocities of about 108 cmifsec;
so that a density of atomic oxygen of 2. 1010 cm~3 i sufficient to make the fimie between
two inelastic collisions less than 10~2 sec. This density occurs at an altitude of approxi-
mately 140 km. With all other excitation processes taken into account this time is re-
duced considerably. Since only a few inelastic. collisions is sufficient to reduce the ki- -
netic energy below the excitation potentials of the N, bands we may conclude that-elec-
tron excitation of these bands occur within 102 sec after theiionization process in whick
the electron is released. For aurora at great heights this time mdy be exceeded.

Any one of the primary particles give up most of its energy within an altitude range
of a scale height or so, say 10 km. Since typical velocities of primary electrons and
protons are of the order 10® cm/sec or more; the major part of the energy of any one
particle is in most cases given up in less than 102 sec. Again, for IQW-encrgetic,primaitiesi,
causing aurora at'great heights, this time may be exceeded. - - : S

The conclusion of these considerations:is that most of the- excitation resulting from
any one primary particle, through any of the processes (1 a, b, ¢}, is performed within
a time interval which is less than 10~%sec, provided the Iig'ht, occurs at normal auroral
height (100-140 km). Further, this means that:if the intensity (but not the enérgy and
angular distribution) of the beamof primary particles vary rapidly, the various rates
of excitation in question varies in phase, with a time shift of less than 10~ sec between
them. Again this is valid for aurora at normal heights only. For high aurora (above
150 km) it is not possible from these arguments to exclude that higher time shift occur,
perhaps up to 0.1 sec. . AR AR _ o

If on the other ;hand,.sys.ten:[a_tic:.varia,t.idn_s in'the energy or angular distribution of
the primaries 6(:‘(:ur, th_csituafiﬁn'--isudiffei';nt.- Such variations affect the height-where -
the primaries are stopped. In this case the energy distribution of the secondaries also
varies, not only because the energy spectrum: of the newly ejected secondaries depends
on the energy of the primaries, but also because the composition of the atmosphere
varies with height. A change in the composition of the atmosphere affects the relative
importance of the various collision, processes. In this way the relative intensities between
band systems or lines emitted from the same kind of molecules or atoms may change.
It is reasonable that this may be the cause for much of the height variation in the re-
lative intensities of the N, and N,* bands, )

Thus, with the hypothetized variation in energy or angular distribution one should
expect variations in the relative intensities of the N, and N,* bands. '

2.2. At various times it has been advanced theories for the excitation of the auroral
spectrum which include indirect excitation of various states, One argument for this is
the differences between the auroral spectrum and laboratory spectra; another argu-
ment is the variations in the auroral spectrum. Most of the processes which have been
advanced from time to time have been rejected (cf. BaTes 1960, CHAMBERLAIN 1961).
We shall here briefly discuss some processes which have been advanced more recently,
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and the consequences they may have for variations in the spectra of rapidly varying
aurora. . :
MacLvitLe (1959) has discussed the contribution from the process

N7 +0" (or 07)~Ny(BID)+0(or 0,) '_ ] Q@)

to the excitation of the First Positive N, bands, particularly in type B aurora (red
lower border, due to enhanced First Positive bands.) This process appears to have been
proposed by Mitra (1943) and by Grosn (1943).

GapspeN (1961, 1962) has proposed a similar mechanism which may contribute
to the excitation of the Second Positive N, bands:

NI +0 =N (CI+0(D). ®)

As is seen, this would also contribute to the emission of the red [OI] lines 6300/64.
The arguments for these processes are essentially based on variations in relative
intensities between and within N, and N,* band systems. We need not repeat this
discussion here, but merely emphasize that the processes are highly speculative, and
 there is not yet any proof that they are of any importance. They are simply invoked
to explain certain variations. For our investigations it is mainly of interest to see if
these processes lead to any time lag or systematic intensity changes between various
emissions from aurora which vary rapidly in intensity. For example, if a sudden onset
of aurora occurs, it takes some time to build up a significant positive and negative ion
density, and thus that part of the emission which is due to the processes (2) and (3) will
build up gradually and not suddenly. Similarly, with a sudden interruption of the aurora
the ion-concentrations will decay with their characteristic decay times, giving rise to
a finite delay of the corresponding emission. It is very difficult to estimate these time
delays with any accuracy-because the reaction rates for all the processes governing the
electron-ion content in the ionosphere at various heights are still very uncertain. How-
ever, certain limits may be estimated with reasonable accuracy. _
To illustrate this we shall consider what happens to the electron-positive ion content

when a very high rate of ionization suddenly starts. The continuity equation then reads:
%=ch—ajnenj, , @

with

o =0+ Aok

R, =En1/(1 + j’) s

and where 7; and », are the densities of the positive jons in question and electrons
respectively, ¢; is 0.2 for the sum of O+ and O,* and 0.8 for N,*+, o; the effective re-
combination coefficients, o, and «; the coefficients for dissociative recombination and
recombination with negative ions, and A the ratio between the densities of negative
ions and electrons. :
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Fig. 1a. The concentration of "Nyt ions (n,), O+ and 0,% ions {n,) and electrons (np) as a function of time
{t) when ¢=0 before =0 and g==107 cm~2 51 after =0,

A rate of ionization, ¢, of 107 cm—3%ec-1 is probably the upper limit for aurora

(OumuoLT 1960). It is perhaps not too unrealistic to put the effective recombination
coefficient for N+ to 10~%cm3sec—! or less and that for the sum of the O+ and 0,

content to 107 cm3ec or less (NAwrockr and Papa 1961). Further, we put a,
the coefficient for recombination between positive and negative ion, -equal to a,, and
4 to be constant. With these assumptions some sample computations of ¢(¢} were made.
¢ was chosen to be zero before £ =0 and 107 c~3sec—! after ¢=0. The resulting curves
are plotted in Fig. 1a. As is seen, the Nyt curve rises rapidly to a maximum and then
‘decreases slowly to its equilibrium value as 7, increases to its equilibrium value, Thus,
in a dynamic process like this, the time constant for the electron density is governed
largely by the slowest recombining ions, which contribute most to the equilibrium
value. In the case shown in Fig. 1a the time constant for Nyt is only a few tenths of

a second. The same is the case when ¢ suddenly decreases to zero. For this case the

curves shown in Fig. 1b apply. :

With lower values of ¢ the time constant becomes greater. Since ¢ =107 cm—3sec!
and a(N;+) =10~ cm¥ect probably are upper limits, it seems likely that 0.1 sec
is lower limit for the time lag between ¢ and n(Ny). Now, the total time lag between
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Fig. 1b. The concentration of Ny*ions (n,), O+ and Oy* ions (r,) and electrons (n,) asa function of time
(¢) when g=107 cm?® s before =0 and ¢=0 after t=0. :

g and the processes (2) and (3) also depend on the time constant for the formation of
O- and O,~. I 1, the negative ion to electron ratio, is high and most of the recombina-
tion is between positive and negative ions, the time constant for the negative ion con-
tent is that for electrons. This is true whenever the formation and destruction of negative
ions are so rapid that. 1 is effectively constant also through the initial periods in fig.s.
1a and 1b. If the processes are not that fast, the time constant for negative ions will
be larger. Thus, again remembering that our example probably gives a lower limit

to the time constant, 1 sec is a reasonable estimate for the lower limit of the time lag

between ¢ and the density of negative ions. Since this is much longer than that of Nyt,
it is the dominating one for the processes (2) and (3). o
~.In consequence we must expect that the emission excited by processes (2) and (3)
will be delayed relatively to those excited by process (1) corresponding to a time con-
stant of one sec or more.
HunTen (1963) points out that the Jow concentration of N,* ions at great heights

indicates that -other processes than recombination contribute to the removal of Ny*

ions, such as charge transfer to Og*-and O*. This would lower the time constant for
Ny*, but probably increase that of the negative ion and electron content.
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Nz(alng)+N2(X1>:g+)eNz(X129+)+N2(Bsng> | )

may be important in laboratory experiments. Since the lifetime of the No(a) state is
fairly short, 10-3 sec, and the process involves a change of the total spin, it is less likely
to be imporant at the pressures experienced at auroral heigths. In general, energy
transfer from metastable, excited atoms or molecules is not likely to be important for
N,*, because the abundances of both Ny* and the metastable ones are relatively small,
and a prohibitively large reaction coefficient would be required. ' .
Magnetic disturbances observed during aurora indicates that strong currents occur
in the jonosphere, It is not very likely that these currents contribute to the excitation
of the optical emission (OmuoLT 1959D). If they do, however, the emission excited in
this way does not follow the variations in the stream of primary particles, If the electric
field is constant the current density at any place would follow the electron density.
As we have seen, this would causc a definite time delay. If the electric field changes

trons and ions rather than the changes of intensity in the beam of primaries.

It has been pointed out earficr (OmeoLT 1959b) that the average ion energy should
be substantially greater than the electron energy in an aurora if this is exposed to an
external, horizontal electric field, giving rise to horizontal currents. This is because at
the heights in question, electrons can form Hall-currents only, whereas the ions con-

tribute to both Hall-currents and currents parallell to the electric field. The energy

average ion energy may not-be negligible.

The excitation of the Meinel bands from N,*+(X) requires only a couple of eV,
and it would thus be encigetically possible for the ions to “excite themselves” in
collisions with the atmospheric particles, Although the relevant cross-sections probably

are very small (Massey and Burnop 1952), this possibility should perhaps not entirely
~be ruled out,

3. Observations. The observations were made with a two-channel photometer
described- earlier (OmrorT 1959a). The essential feature of this photometer is that
it measures the intensity of any two emission lines or bands in the aurora appearing
within a circular area of about 1° diameter in the sky. The appropriate emissions are- -
1solated by intereference filters. The half-width of the filters used were about 50 A.
The intensities were recorded by EMI photomultipliers and the photo currents were




Y . .
. o . . . -t . e
- PR "

*Jx03 SY} Ul PIUOHUIUL SUOTELIEA pides Areurpioerixe au) o} 81 aanS1; J9MOf O], '§0I¢ pokex
ur (1) pueq SAnedoU 18I SYi PUE () pueq TPURIA 2U} UL SUOTIBLIEA Aysusyur jJo SpI0ddY ‘g “SL

55 R R .

po

Vol, XXV,

N1

A. EFTESTGL AND A. OMHOLT

N1l




No. 6, 1965 EXCITATION oF N, anD N,* BANDs - . 9

amplified and recorded by a Brush recorder. The photometer can be pointed in any
direction and also be moved during the record.

During the observations simultancous records were made of the N,* First Negative
" (0—1) band at 4278 A and one of the following bands: -

(A) The N,* Meinel (4—1) band at 7037 A,
(B) the First Positive (5—2) band at 6705 A, or .
{(C) the Second Positive (0—3) band at 4059 A.

Observations of active aurora were made with the photometer kept in a fixed direction
towards the auroral display, thus recording the intensity variations at one particular
spot. Homogeneous aurora was recorded by scanning the photometer across quiet
forms. The intensities and intensity variations quoted in this paper were all derived
by subtracting the lowest level of luminosity during the record. Thus any background
of scattered auroral light, auroral glow or light from the night sky was automatically
compensated for. All observations were corrected for atmospheric extinction. Since
extinction correction for extended light sources are rather uncertain for zenith dis-
tances above 80°, the observations were limited to zenith distances below this limit.
An example of a record is shown in Fig. 2. '

4. Analysis of observations. The first step in the analysis was to investigate
whether there was any measurable time shift between the peaks in the two intensity
curves. This would mean that there is a significant delay in the emission of the one band
compared to the other. During rapidly varying aurora, giving rise to short light pulses,
such time shift is possible to measure. When the variations are slower the peak of the .
pulses -are difficult to establish with a sufficient accuracy, consequently the absolute -
error in the time shift is large. It should also be mentioned that noise level (shot noise)
introduces some errors in the individual measurements. o

Tt has turned out that all the three band systems: The Meinel bands, the First
positive bands and the Second positive bands were slightly delayed compared to the -
standard reference band system, the First negative N,* bands. The time delays for
light pulses with half-widths of the order of magnitude 1 sec are given in Table 1.
The Meinel bands and the First positive bands were also measured in aurora which
showed extraordinary rapid variations, with half-widths of light pulses even less than
'1/10 of a second. In these extremely short light pulses no significant time delays were
observable. ' ' '

During this analysis it was noted that the intensity ratio between any one of the
three bands in question and the First negative bands was greater in slow light pulses
than in the rapid ones. Still greater was this ratio in homogenous aurora. In Table 1
are also given the intensity ratio between the three band systems and the First negative
band on arbitrary scales for light pulses with half-width about or less than 1 sec, light
pulses with half-widths greater than 1 sec and for homogeneous aurora.
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‘Fig. 3. The intensity raﬁo between the Meinel b
band and the First negative band, 1,p/1, 5, and
band, Z,p/1; ,

as a function of time elapsed from the start of the measured light pulses,
- the various pulses are indicated by different signs. - '

and and the First negative band, J i/ Tiy, the First positive
between the Second positive band and the First negative
The results from
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Table 1. Time delay At-of intensity peaks and relative intensity
ratios v _for the Meinel bands (M), First positive bands (1P)
and Second positive bands (2P) relative to the First negative
bands. r, and ry aré for pulses of half-width less than one sec
and a few seconds respectively and ry for quiet aurora.

| | P 2P
At{10-3sec) 224-7 1848 1547
Fheeeneeenns - 662 8244 | 7544
Taeoenrnennn 7745 | 9714 883
Fgeeenrnenes 100 100 100

These systematic variations in the intensity ratios are understandable from analogy
with electric RC-circuits. Feeding a parallell RC-circuit with a varying current, gives
current through the resistor which is not only phase shiftet compared to the feeding
current, but also have a damping, increasing with the time constant of the circuit
and with the frequency of the feeding current.’ Any secondary mechanism in the ex-
citation prosess may be imagined to have a function similar to a condensor in such a
circuit. This is discussed in more detail in section 5.

In want of a mathematical model for the excitation mechanisms and emissions, it
+ is difficult to analyse the records in detail. To proceed with the analysis and get some

more information on these intensity ratio variations a number of pulses which lasted
for a few seconds were selected. In these light pulses the intensity ratio between any

one of the three band systems and the First negative band was measured as a function

of time elapsed from the start of the light pulse. To eliminate errors due to the shot -
noise the intensities were integrated over short time intervals (of the order of 1 sec)

before the intensity ratio was formed. The result for the three band systems are given

in Figure 3. The intensities are on the same arbitrary scale as in Table 1. '
As is seen there are systematic variations in the intensity ratios, in the same direction

as indicated by the data in Table 1. Although the scatter in the individual measurements

is considerable, the variations is undoubtedly significant. The curve drawn on the figures
are of the form

I=Ii—kexp(—1/7)).

The time constant 7 is of the order one second for the First positive bands and Second
positive bands, and two seconds for the Meinel bands.

Without any detailed interpretation of the curves it seems reasonable to conclude
that both the time delay between the peaks and these systematic variations in the in-
tensity ratio is due to the influence of secondary excitation mechanisms. Assuming
as a hypothesis that the First negative bands are excited without any time delay com-
pared to the primary particle stream, it is reasoriable that the intensity ratio in Figures
3 for ¢=0 is proportional to that part of the excitation which is due directly to the
primary particles or secondary electrons. The difference between thlS ratio and that
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for quiet forms is then proportional to that part of the excitation which is due to sec-
ondary mechanisms with a time delay. This implies that of the total excitation rate
for the Meinel bands, First positive bands and Second positive bands respectively 359,
45% and 25%, are due to secondary mechanisms. To understand the significance of
these curves and of the data given in Table 1, it may be illuminating to discuss an .
analogue RC-circuit. This will be done in the next section. '

k+k, = 1 5. An analogue RC-circuit. To illustrate the effect

2 of indirect excitation mechanisms we have chosen an
electric analogue RC-circuit fed by currents, as shown in
Fig. 4. Here ki signifies the direct excitation in phase with
the primary particle intensity, £y the formation of active .
particles leading to subsequent excitation of the band in
question, and with &, + £, =1. The charging of the capacitor
C signifies the building up of a density of active particles,
and the discharge current through R the removal of such
particles by excitation. The total current 4 then signifies the
total rate of excitation. With C'=0 there is no accumulation .
of active particles, nio time delay and 7, =i,

Fig.4. Ananaiogue RC-c-ifcuit. If the cir_cuit_' is fed by a current
i=I+iysinewt o ' | (1) '
the total current 7 is given by ) _ | ) | .
iy=I+iyDsin(wf—¢) | @
where the damping constant D and the phase shit ¢ are given by | .
D’=(1+ko’)(1+0*? o 3)
- and _ :
tang=kyor/(l+k 0%%), | 4)

and where 1 =RC,
For rapid variations (w large) we have:

k,

A . 5

Z'Ele ( )
and for slow variations (o small): _

- : . :
~s2mk,T - - ‘ 6
¢ 2T (6)
where 7T'=2x/c.
The time lag between the peaks of the two currents is

ar=2.r. | | Q)

2r
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If the circuit is fed by a step current with =0 for >0 and i =g, for >0, then we
obtain :

i1 =io(1—k exp (— 1/2). O ®

Consider now the curves in Fig. 3. These are derived not from step-functions in
the excitation, but from pulses with a definite rise time of the order of seconds. This
means that with step-functions in the excitation the time constant of the experimental
‘functions would be somewhat shorter, but still of the same order of magnitude. Let us
adopt t =1 sec as representative for all three curves. Further, we adopt the values £, =
1/3 and &, =2/3 as representative. :

Let us now turn back to the rapid variations and the results in Table 1. The pulses
on which the time-lag measurements were based have a hali-width of the order half
a sec. With the “excitation function” (1) and I=i, this correspond to T'as1 sec and
" w~6 sec?, Putting v=1 sec equations (3), (7) and (4) now yield At=15 x 10-3 sec
and D =0.8. D is the ratio between the peak to peak value of 7, compared to the peak to
peak value of 7. It is thus equivalent of the ratio r, given in Table 1. For very slow varia-
tions D =1, and D approaches 0.67 with decreasing 7. =6 is sufficiently large to make
eq. (5) valid, and from eq. (7) is then seen that AZ approaches zero as T2 with de-
creasing 7. : | o :

As immediately seen, these values of At and D are in reasonable agreement with
the data given in Table 1, the crudeness of the analogue model taken into account.

6. Conclusions. It is obvious that the computations on the analogue RC-model
only serve illustrative purposes: to show the significance of time delays compared to
amplitude variations. In certain special cases it may be very accurate. For example,
if the First positive bands should be excited directly and in addition through process
(5) discussed in section 2, then the equation governing this emission would be exactly
the same as those giving the current 7; in our analogue circuit. The lifetime of the meta-
stable N,(a'IIg) molecules would then replace the time constant ¢ = RC. But for processes
like (2) and (3) in section 2 one would need an analogue circuit with two condensors
to signify the building up of densities of positive and negative ions.

Although our measurements are rather crude, and the interpretation tentative,
it is difficult to escape the conclusion that secondary excitation mechanisms contribute
to the excitation of the Meinel bands, the First positive bands and the Second positive
bands with an appreciable, although not major fraction. These secondary processes
seem to have time constants of the order of magnitude one second. But it should also
be born in mind that this interpretation is based on the assumption that the First
negative bands are emitted in phase with the intensity of the primary particles. This is
only a hypothesis, which may not be true. If secondary mechanisms with appreciable
time delay also contribute to the excitation of the First negative bands, the importance
and time constant of the secondary prosesses contributing to the excitation of the other
band systems would increase.



14 A, EFTEST@L AND.A. OMHOLT - Vol XXV..

It is not, from the present material, possible to distinguish between the various
processes proposed in section 2. It is desireable to repeat the measurements with photo-
meters with more light-gathering power to get curves of higher accuracy. It might
then be possible to get a detailed analysis of the curves and compare them with various
mathematical models based on the processes. discussed in section 2. -

Also, it should not be excluded that the observed time shift may be due to systematic
variations of the energy and penetration depth of the primary particles during such.
pulses of increased particle precipitation. '

Acknowledgement: The research reported in this paper.has:-been suppqrt‘ed in
part by the: AIR FORCE CAMBRIDGE RESEARCH LABORATORIES, OAR,

under Contract AF 61(052)-680 through the European Office of Aerospace Research,
United States Air Force. : _ N o ' . o

REFERENCES

Bates, D. R., 1960: Physics of the upper atmosphere. New York, .
CuaMBERLAIN, J. W., 1961: Physics of the aurora and airglow, Academic Press.
Gapspen, M., 1961: 7. Atm. Terr. Phys. 22, 105. - o
— 1962: Ibid, 24, 750. :
Guosn, S. N., 1943: Proc. Nat. Inst. Sci., India 9. 301,
Hunten, D. M., 1963: Planet. Space Sti., 10. 37,
Marviirs, J. M., 1959: 7. Atm. Terr. Phys. 16. 59.
. Massey, H. §, W,, and E. H. 8. Burnor, 1952: Electronic and ionic impact phenomena. Oxford.
Mitra, S. K., 1943: Science and Culture. Calcutta. 9. 46. - — )
Nawwrockr, P. J., and R. Para, 1961 : Atmospheric processes: Bedford, Massachusetts.
OmHoLT, A., 1959 : Gegfys. Publ. 20. No. 11. ' o '
— 1959b: Thid. 21, No. 1.
© — 1960: Eleciromagnetic wave Propagation. Academic Press. -
Searow, M. J., 1594: ¥. Atm. Terr, Phys. 4. 295. .
- Tromeson, N. and S, E. Wirriams, 1934: Proc. Roy. Soc. A 147, 583.












Avhandhnger som enskes opptatt i <<Geofys1ske Pubhkaspner», mé. fremlegges i V1de
Akademiet av et sakkyndig medlem. . _ .

Vol, XXI.

No. 1. A. Omholt: Studies on the excitation of aurora borealis 1. The forbidden oxygen lines. 1959
» 2. Tor Hagfors: Investigation of the scatiering of radio waves at metric’ wavelengths i the lower--
ionosphere. 1959. :
Hékon Mosby: Deep water in the Norwegian Sea. 1959. L
Seren H. H. Larsen: On the scaitering of ultraviolet solar radiation in the atmosphere mth
the ozomne absorption considered. 1959.

» -
»

»

{(70°N) during the winter season. 1959.
»
1960. -
Kaare Pedersen and Marius Todsen: Some measurements of the nucro-structure of fog and '
stratus-clouds in the Oslo area. 1960. :
. Kaare Pedersen: An experiment in numerical prediction of the 500 mb wind fxcld 1960.

. Eigil Hesstvedt: On the physics of mother of pearl clouds. 1960. - i

Vol, XXI1.

_No. 1. L.Harang and K. Malmjord : Drift measurements of the E-lager at Kjeller and Tromsa dunn
the international geophysma.l year 1957—-58. 1960.
. Leiv Harang and Anders Omholt: Luminosity curves of high aurorae. 1960. y
Arnt Eliassen and Enok Palm: On the transfer of energy in stationary mouniain waves.
Yngvar Gotaas: Mother of pearl clouds over Southern Norway, February 21, 1959
H. Okland: An experiment in numeral mtegration of the barotropic equation by a quasi
Lagrangian me&oﬁp 1962. -
L. Vegard: Auroral investigations dunng the winter seasons 1957/58——1959/6'0
bearing on solar terrestrial relatlonshlps 1961, :
. Gunnvald Bayum: A study of evaporation and heat exchange between the sea stirfs
atmosphere. 1962,

- Vol. XXIIT, ‘ SR
No. 1. Bernt Mzhlum: The sporadlc E a.uroral zone, 1962.. :
Bernt Mzhlum: Small scale structure and drlft in the sporadic E- Iayer as obse

»

»
»

tooo-qgsm}-hw

» .
» -
»
»

»

»

N O TN e

» 2.
auroral zone. 1962,
» 3. L.Harang and K. Malmjord: Determination of dnft movements of the 10nospher
-+ latitudes from radio star scintillations. 1962, SR
» 4. Eyvind Riis: The stability of Couette-flow in non-stratified and stratlfled viscous fluids, 1
» 3. E. Frogner: Temperature changes on a large scale in the arctic winter stratospher 3
probable effects on the tropospheric circulation. 1962. G
» 6. Odd H. Szlen: Studies in the Norwegian Atlantic Current. Part FI: Investlgatlons d'
years 1954—59 in an area west of Stad. 1963.
Vol, XXIV.
In memory of Vilhelm Bjerk‘nes on the 100th anniversary of his birth. 1962.
Vol. XXV.
No, 1. l}%aea:?,re Pedersen: On the quantitative precipitation forecasting with a quas1-geostroph1c model '

» 2. Peter Thrane: Perturbations in a baroclinic model atmosphere. 1963

» 3. Eigil Hesstvedt: On the water vapor content in the high atmosphere. 1956 o
» 4. Torbjern Ellingsen: On periodic motions of an ideal fluid with an elastic boundary 1964.

» 5. Jonas Ekmann Fjellstad: Internal waves of tidal origin. 1964. <
». 6. A. Eftestol and A Ombholt: Studies on excitation of Ny and N+ bands in aurora. 1965

Aus John Griegs Boktrykkeri

JE VR PP 4 S

Seren H. H. Larsen; Measurements of amospheric ozone at Spitshergen (78°N) and Tromsa'

Enok: Palin and Arne Foldvik: Contribution to the theory of two-dimensional montam wav&s'. L




