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The intensity and latitudinal distribution of the O I 1304- and 1356-`4 nighttime emissions associated 
with the equatorial anomaly have been observed by the ultraviolet spectrometer on board the Ogo 4 
satellite. Conspicuous effects, apparently related to magnetic activity, have been noticed during the 
geomagnetic storm of October 29 to November 4, 1968. These effects include (1) large latitudinal 
variations of the 1304/1356-.4 intensity ratio, (2) large interhemispheric asymmetries in the 1356-`4 
intensity, and (3) a pronounced longitude dependence in the airglow intensity during the recovery phase. 
The results of model calculations allowing for changes in the vertical E x B drift velocity, the meridional 
and zonal wind velocity, and neutral composition are discussed. The variations of the 1304/1356-`4 ratio 
can be accounted for by changes in the altitude of the F layer due to neutral wind and E x B drift. Zonal 
wind speeds approaching 300 m/s explain the interhemispheric asymmetries observed in the Pacific sector, 
and. both drift velocity and composition changes can explain the longitudinal differences observed during 
the recovery phase. In addition, it is found that the ratio 1304/I356 `4 = 6 maps out Hmax(F•.) extremely 
well, independent of which E x B drift or neutral wind model is used. 

I. INTRODUCTION 

The presence of ultraviolet arcs at about 12 ø on each side of 
the magnetic dip equator was first observed in the nightglow 
by the Ogo 4 satellite [Hicks and Chubb, 1970; Barth and 
Schaffner, 1970] and later photographed from the moon [Car- 
ruthers and Page, 1976]. The emissions were identified by Barth 
and Schaffner [1970] as the O I 2p 4 aP-3s aS and 2p 4 3P-3s 5S 
transitions at 1304 and 1356 ,i•, respectively. Other emissions, 
such as [O I] X6300, 5577 •, O I X7774 ,i•, and [N I] X5200 
have been observed from the ground with enhanced intensity 
in the subtropical regions (cf. review by Kulkarni [1974]). 
Hanson [1969] suggested that the atomic oxygen emissions at 
1304, •>6, and 7774,1• are excited by radiative recombination 
of O + ions, whose intensity is enhanced in the equatorial 
anomaly through the process 

O + + e--,O* +hvc 

o*-, OOP) + 
(1) 

where h•,c indicates continuum photons carrying the excess 
energy of the recombination and •h•, represents the sum of the 
discrete emission including cascades. Ion neutralization was 
also proposed by Knudsen [1970] as a possible mechanism, but 
Hanson [1970], D. N. Anderson [1972], and Tinsley et al. [1973] 
showed that this process makes only a minor contribution to 
the total intensity. Meier and Opal [1973] showed that the 
quadratic relationship between the 1356-• intensity and the 
peak electron density indicates that radiative recombination is 
the dominant excitation process. The 1304- and 1356-• emis- 
sion rates Calculated by Hanson [1969] and D. N. Anderson 
[1972] tend to be smaller than the observed ones. However, 
when simultaneous measurements of the electron profile and O 
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I 1356-• [Meier and Opal, 1973] or 7774-• intensities are 
made [Tinsley et al., 1973], a satisfactory agreement is ob- 
tained by using reaction (1). Finally, as further support for 
reaction (1), D. E. Anderson et al. [1976] report equatorial 
observations of the 911-,i• continuum associated with O + re- 

combination in the ap state of atomic oxygen. The intensity of 
the continuum is in good agreement with the calculations 
based on radiative recombination of O + ions. 

A puzzling problem unaccounted for so far by the theory is 
the variability of the 1304/1356-,i• ratio observed by Barth and 
Schaffner [1970] and more dramatically present in the data 
analyzed in this paper. The ratio ranges from about 2 to more 
than 20; the high values are usually associated with low 1356-,i• 
intensity. Our interpretation of these variations is based on the 
optical thickness of the 1304-,i• radiation, and measurements 
of the ratio are used to estimate the altitude of the F region 
peak relative to the satellite. 

The nighttime F region has been studied by optical tech- 
niques by R. J. Thomas and T. M. Donahue [1972] and by 
Thuillier and Blamont [1973], who used Ogo measurements of 
the 5577-,i• and 6300-,i• distribution, respectively. A method 
based on the relative intensities of allowed 1356-,i• and forbid- 
den 6300-,1• emissions has been developed by Chandra et al. 
[1975] and Tinsley and Bittencourt [1975] to determine the 
maximum electron density and the height of the F,. peak. 
Bittencourt et al. [1976] applied a technique described by Bit- 
tencourt and Tinsley [1976] to deduce the wind direction and 
velocity at night. In the present study, Ogo 4 measurements of 
the UV equatorial airglow made during a period which in- 
cluded a major magnetic storm were analyzed and used as an 
indicator of wind direction and velocities and E x B drift 

magnitude and phase. Other features of the airglow intensity 
and distribution are explained by storm-induced changes of 
the vertical drift velocity and/or neutral composition. The 
applicability and the limitations of this method are discussed. 
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2. ORBITAL GEOMETRY AND ABSOLUTE CALIBRATION 

The University of Colorado ultraviolet spectrometer on 
board Ogo 4, described by Barth and Mackey [1969], is a ¬-m 
Ebert-Fastie spectrometer which scanned the 1100- to 3400-A, 
range in 37 s with a nominal resolution of 20 •. The motion of 
the satellite between two successive scans was of the order of 

250 km or 2.3 ø of latitude. The line of sight of the instrument 
was pointing toward the center of the earth. The spacecraft 
was in a polar orbit and precessed in local time by 1.5ø/day. 
The altitude varied between about 415 and 900 kin. During the 
period of observations described in this paper its perigee was 
in the equatorial regions and moved from 8øN to 24øS be- 
tween October 26 and November 6, 1968. As a consequence, 
the altitude at the geographic equator varied between 415 and 
440 kin. Over this 10-day period in the Asian sector the satel- 
lite altitude at the northern crest (+ 15 ø geomagnetic latitude) 
varied between 4i3 and 470 km, while at the southern crest 
(-15 ø geomagnetic latitude) it varied between 413 and 430 
km. The respective altitude variations in the Pacific sector were 
between 414 and 458 km at the northern crest and between 415 

and 422 km at the southern crest. 

Spectra obtained during the storm period were used to study 
atmospheric response to the magnetic disturbance. High-lati- 
tude results h•ive been described by G•rard and Barth [1976, 
1977]. Each spectrum was corrected for background noise and 
calibrated, and the emission rate of each feature was obtained 
by integrating the intensity on the line profile. In particular, all 
the spectra available at geomagnetic latitudes less than 25 ø 
were processed in this way. 

Absolute emission rates of the 1304-• equatorial airglow 
based on the preflight calibration of the spectrometer occa- 
sionally reached more than 1 kR. Since the theoretical calcu- 
lations can hardly account for such high intensities, we will 
examine whether a correction should be applied to the pre- 
flight calibration. The basis of the discussion is to compare 
intensities of the 1304-• emissions or other features observed 

by this instrument with the results of other measurements 
made under similar conditions, as was suggested initially by 
Barth and Schaffner [1970]. 

1. The 1304-/[ tropical airglow was observed in April and 
May 1968 by the Cosmos 215 Russian satellite [Sheffer, 1971]. 
The reported intensities are about a factor of 3 lower than the 
University of Colorado (CU) Ogo 4 values for the same local 
time, a few weeks after the fall equinox of the same year. 

2. A comparison between the 1304-/[ dayglow emission 
rates observed by the CU and Naval Research Laboratory 
(NRL) instruments on Ogo 4 has been made by Meier and 
Prinz [1971]. They found that the intensities reported by 
G. Thomas [1970] from the CU instrument are greater by a 
factor of 2-3 than their measurements for the same period. 
Unfortunately, the NRL sensitivity deteriorated with time and 
had to be corrected; the correction was based on a comparison 
with another channel of the same experiment. 

3. The intensity of Lyman alpha 1216 • probably provides 
the most reliable method to correct the instrument sensitivity. 
The solar flux at the center of the Lyman alpha line has been 
deduced from various instruments [G. Thomas and D. E. An- 
derson, 1976] for a given value of solar activity. The differences 
between these values reflect errors in the absolute calibration 

of the instruments. The CU Ogo 4 intensities obtained from 
the spectra processed for this study are about 1.4 times as large 
as the NRL Ogo 4 or Oso 4 values observed by Meier and 
Mange [1973] for the same solar zenith angle. On the other 

hand, more recent observations (CU experiments oi• Ogo 5 
and Ogo 6) give Lyman alpha center fluxes 1.5-2 times lower 
than the NRL Ogo 4 values and about 2.3 times lower than the 
CU '"- ß fluxes. 

Since a downward revision of Ogo 4 absolute intensities 
seemed warranted, we decreased the intensities based on the 
preflight calibration by a factor of 2.3, which represents the 
average correction to within 50%. 

3. THE OBSERVATIONS 

The Storm 

The observations reported in this paper were made between 
October 26 and November 6, 1968. Low magnetic activity (Kp 
< 3) characterized the period before and including October 26 
and 27. The period October 31 to November 6 saw the onset 
and recovery of the most disturbed period of 1968. The peak of 
the main phase occurred during the afternoon of November 1 
and reached Kp = 8+. The storm actually consisted of a Series 
of at least three storms with ssc's observed at 0909 UT on 

October 29, at 0859 UT on October 31, and 0916 UT on 
November 1 [World Data Center A, 1970]. The values of the 
Kp index and the Dst disturbance are plotted in Figure 1. 

Some of the measurements of the 1304- and 1356-• tropical 
airglow are plotted in Figure 2 as a function of latitude. The 
arrows indicate approximately the location of the magnetic dip 
equator at F region altitudes. The data are divided into two 
sectors: the Asian sector (approximately 0ø-175øE), where the 
dip equator is roughly parallel to the geographic equator, and 
the Pacific sector (approximately 175øE-60øW), where the 
eastward declination is of the order of 10ø. The mode of 
operation of the spacecraft prevented data from being ob- 
tained on each orbit. Over this period the local time of the 
equatorial crossing varied from 2145 to 2040. 

Several features of the behavior of the ultraviolet tropical 
airglow during this period are readily observed: (1) The in- 
tensities of both emissions normally peak on each side of the 
dip equator as was previously observed by Hicks and Chubb 
[1970], Barth and Schaffner [1970], and D. E. Anderson et al. 
[1976]. (2) The crest intensities are quite variable, ranging 
from below threshold sensitivity (•40 R) to more than 500 R in 
the 1304-• line. (3) Interhemispheric asymmetries are often 
observed, especially in the 1356-• line in the Pacific sector. (4) 
The 1304/1356-/[ ratio exhibits large variations. When in- 
tensities are integrated on the latitudinal extent of the arcs, this 
ratio roughly ranges between 2 and more than 20. 

We first examine the 1304/1356-• ratio and provide an 
interpretation of these variations. 

The 1304/1356-,• Ratio 

The volume emission rate r/of an emission excited by reac- 
tion (1) in the F region is given by 

at[O +] [el m at[el' (2) 

where a, is the radiative recombination coefficient (including 
cascades) in the level i of the oxygen atom. Consequently, the 
1304/1356-/[ production rate i'atio is simply given by 
a•3o4/a•356. The slant emission rate observed from the satellite 
i• given by the height integral of reaction (2) for an optically 
thin radiation. In the case of the 1304-• radiation the optical 
thickness of the atmosphere must be taken into account. It 
affects the intensity of the emission in two ways. 

1. As was discussed I•y Julienne et al. [1974], the optical 
thickness of the 3da-2p 4 and ns3-2p • transitions increases the 
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Fig. 1. Equatorial Dst and Kp indices for the period October 16 through November I5, 1968. Sudden commencements 
arc also indicated. 
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Fig. 2. Emission rates at I304 ,g, (dashed line) and 1356 fi, (solid line) observed by Ogo 4 as a function of dip latitude. 
Arrow indicates the dip equator, and 5 ø bar represents 5 ø in dip latitude or approximately 10 ø in dip angle. 
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value of a•304 from 4.9 X 10 -•4 cm 3 s -• (r = 0) to 2.8 X 10 -•a 
cm a s -• (r = m). In the following discussion, values of a•a56 = 
4.9 X 10 -•a cm 8 s -• and a•304 = 2.8 X 10 -•a cm a s -• will be used 
[Julienne et al., 1974]. 

2. Multiple scattering in the 1304-,• aP-aS transition itself 
is important. It has the e. ffect of enhancing the apparent in- 
tensity of a nadir observation by a factor C > 1 dependent on 
the altitude distribution of the production function. Strickland 
and Anderson [ 1977] have shown that the ratio C of the 1304-,• 
intensity emerging from the atmosphere to the column produc- 
tion rate is between 3 and 4 in the case of a source function 

such as the tropical airglow. The upper limit of 4 is obtained in 
the case of a photon source at high altitude with no pure 
absorber. Indeed, in this case, F + - HI + = r• and C = 4HI +/r• 
= 4, where r• is the column production rate and F + and I + are 
the emerging flux and intensity, respectively. 

Consequently, for a satellite at infinity the intensities are 
given by 

f0 © I,•o4 = Ca,•o4 [O + ]' dz 

I•56 = a• [O + ]' dz 

with an intensity ratio R = Ca•ao•/a•a,•. For an observer far 
above the layer, C -• 3.5 and R •- 2. This result coincides with 
the lower limit of our measured ratios. We interpret the larger 
ratios to be due to the finite altitude of the spacecraft, partic- 
ularly at the period when the satellite was near perigee at the 
equator. The average daily intensities given in Barth and 
Schaffner's [1970] Table 1 show the same trend: the largest 
1304/1356-A, ratios tend to occur near the beginning of No- 
vember 1967, when the Ogo 4 perigee was again close to the 
equator. With this orbital geometry an important fraction of 
the F layer may have been above the instrument and would not 
have contributed to the 1356-,• intensity seen by the nadir- 
looking spectrometer. On the other hand, 1304-,• photons 
initially created in an optically thick atmosphere produce an 
emission rate which is a slowly varying function of the altitude. 
Consequently, the 1304/1356-,• ratio will increase above 2, 
depending on the relative altitude of the satellite and the F 
peak. A detailed computation of the 1304-,• intensity distribu- 
tion was made by D. E. Anderson (private communication, 
1976) in the case of one of the F layer profiles calculated 
hereafter. The results show that for a given electron profile the 
nadir 1304-/[ emission rate varies by less than 50% from 50 km 
below the peak to infinity. This is the effect of the O I aP-aS 
large optical thickness in the F region. Consequently, we have 
considered C to be constant at •3.5 throughout the layer, 
although this may not be strictly correct. 

Storm Effects on the Tropical A irglow 

In Figure 2 the October 26 and 29 (135øW longitude), 1968, 
data are typical of quiet time tropical airglow during that time 
of year. They show some interhemispheric asymmetries, and 
intensities at the crests are of the order of 150 R at 1356 ,• and 
350 R at 1304 ,•. The crests are at approximately 15 ø dip 
latitude. The measurements of October 29 and 30 show no 

significant asymmetries in the Asian sector but exhibit a sub- 
stantial 1304-/[ intensity in the equatorial trough. On October 
30 in the Pacific sector the 1356-/[ northern arc was much 

brighter than the southern one. On October 31 the northern 
arc was brighter than the southern one in both sectors, and the 
crest intensities reached 440 R in 1304 ,•. High 1304/1356-/[ 

ratios were observed in the southern arcs. Again, the 1304-,• 
intensity in the equatorial trough region was of the order of 50 
R. On November 2, only the northern arc was clearly defined 
at 177øE, whereas at 134øW the pattern was dramatically 
different from the previous days: the trough disappeared in 
both emissions, and the tropical airglow consisted of a broad 
region showing a wavy structure and a high 1304/1356-,• 
ratio. The measurements of November 4 and 5 in the Asian 

sector show the same type of structure with depressed in- 
tensities of the order of 50 R in both lines. The Pacific sector 

had recovered its normal pattern on November 5, and very 
large 1356-,• asymmetries were observed. The November 6 
distribution was nearly normal, but 1356-,• asymmetries were 
still present. 

To illustrate longitudinal effects on November 4 in more 
detail, Figure 3 shows the observations made on five passes in 
chronological order, corresponding to an apparent westward 
motion of the satellite. It can be seen that only the data 
between geographic longitude 142 ø and 93 ø show depressed 
intensities and the absence of regular structure. At longitude 
19 ø the equatorial anomaly has its usual pattern. This cannot 
be interpreted as a UT effect, since measurements made at 63 ø 
on the following day still show a disturbed structure (Figure 
2). Consequently, a longitudinal effect would seem to explain 
the observations. As will be discussed later, one can possibly 
attribute the depressed intensities to changes in the neutral 
composition which enrich the F region in molecular constitu- 
ents and thereby increase the loss rate of electrons and depress 
the airglow intensities. However, only the sector east of 19 ø 
and west of- 145 ø has been affected by composition changes. 
European ionograms show a depression of foF, on November 
2 and 3 but a recovery to prestorm values on November 4, in 
agreement with the tropical airglow measurements in this sec- 
tor. At Kodaikanal (IøN dip latitude, 77øE longitude), how- 
ever, foF, values were depressed throughout the day of No- 
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Fig. 3. Emission rates at 1304 A, (dashed line) and at 1356 A, (solid 
line) observed by Ogo 4 on November 4, 1968. Arrow indicates the dip 
equator. 
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vember 4 (9 MHz compared with a monthly median value of 
11 MHz), a result suggesting that the neutral atmosphere was 
altered through the recovery phase at this longitude. Measure- 
ments of the Nmax and total electron content made in Hong 
Kong (15øN dip latitude, 114øE longitude) show that densities 
were •50% lower than quiet time values in November (G. O. 
Walker, private communication, 1976), but Nmax at Manila 
(7 ø dip latitude, 121 øE longitude) was larger than normal. 
This behavior is consistent with the airglow observations 
showing at this time a crest-to-trough intensity ratio smaller 
than that in quiet conditions. The ionograms show that the 
same characteristics were observed in this sector on November 

5. 

4. MODEL CALCULATIONS 

In order to calculate 1304- and 1356-,i, emission rates to 
compare with Ogo 4 observations, electron and ion density 
profiles must be known. This section describes briefly the 
density calculations and the relevant models entering into the 
calculations. 

Production, loss, and transport of ionization determine the 
time rate of change of the O + ion (and electron) density as 
given by the plasma continuity equation 

•gNt/Ot = Pt- Lt- V'(NtVt) (3) 

where Pc is the photo-ionization production rate, Lt is the loss 
rate due to charge exchange with N2 and 02, and Vt is the 
transport velocity and includes ambipolar diffusion, neutral 
wind, and E x B drift. In the low-latitude F region, transport 
by vertical E x B drift is especially significant in determining 
the electron and ion density distributions [Sterling et al., 1969; 
D. N. Anderson, 1973b]. 

Solving (3) at low latitudes necessitates transforming the 
independent coordinates r, 0, and ½ to a coordinate system 
parallel and perpendicular to the magnetic field line [see D. N. 
Anderson, 1973a]. Equation (3) can be written 

(&N,/&t) + V,•.VNt = Pt- Lt - V.(NVt•,)- NtV'Vt• 

(4) 

where V,• is given by E x B/B 2 and Vt• includes the effects of 
plasma diffusion and the neutral wind [Kendall and Pickering, 
1967]. The left side of (4) is the time rate of change of the ion 
density in a reference frame moving with the E x B drift 
velocity. The right side involves terms which are second order 
in the coordinate parallel to B. Equation (4) can be solved 
numerically (see D. N. Anderson [1973a] for details) to give ion 
densities as a function of altitude, latitude, and local time. It is 
assumed that O + is the dominant ion in the low-latitude F 

region, so that n(e) = n(O +) and n(O2 +), n(NO +), and n(H +) 
give negligible contributions to the electron density. The 
coefficients of this linear second-order partial differential equa- 
tion are obtained from models of the neutral composition, 
neutral temperature, ion and electron temperatures, and pro- 
duction, loss, and diffusion rates as well as neutral wind and E 
x B drift velocity. Briefly, these model's are as follows. 

I. Jacchia's [1970] atmospheric model was used to calcu- 
late N2, O•., and O densities and the neutral temperature TN as 
a function of altitude, latitude, and local time. An F•0.7 cm flux 
value of 180 was adopted for this period. Production, loss, and 
diffusion rates are similar to those used by D. N. Anderson 
[1973b]. For the photo-ionization coefficient at the top of the 
atmosphere, P•o, two values were selected: 3.5 X 10 -7 s -• to 
represent the quiet period (October 26-28 and November 5 

and 6) and 5.5 X 10 -7 s -• to represent the disturbed period 
(October 29 to November 4). At all altitudes and local times 
we assumed that Tt = Te = T•v. 

2. Very few measurements of the meridional and zonal 
components of the neutral wind have been made at low lati- 
tudes (see Bedinger [1970] and references therein). Concerning 
the zonal component, Woodman [1972] suggested that the 
eastward E x B plasma drift observed at the magnetic equator 
at night is due to an eastward F region wind [Rishbeth, 1971]. 
D. N. Anderson and R. G. Robie [1974] have shown that when 
realistic electron density distributions are adopted, solution of 
the neutral momentum equation for the zonal wind produces 
an eastward component with a velocity of about 350 m/s at 
2100 LT near the magnetic equator. The zonal wind model 
that we adopted is patterned after these results and is given by 
one of the following expressions depending on dip latitude and 
local time. For 0600 < LT < 1800, 

UE-w = 100 + 200[sin (HA - 90)] 

For 1800 < LT < 2400 and ½ < 12 ø, 

UE-w = 100 + 200[cos 7.5½ cos 30(LT - 2100)] 

For 1800 < LT < 2400 and ½ > 12 ø, 

U•-w = 100 

where HA is the hour angle measured in degrees from noon 
and ½ is dip latitude. Positive values correspond to an east- 
ward wind in meters per second. At the dip equator the east- 
ward wind reaches a maximum value of 300 m/s at 2100 LT, 
falling off to 100 m/s at latitudes greater than -t-12 ø. Before 
1800 LT the zonal wind is independent of latitude. 

The meridional component of the neutral wind, which was 
incorporated in the calculations to help explain the observa- 
tions on November 2 at 134øW geographic longitude (Figure 
2), was patterned somewhat after the wind model of Robie et 
al. [1974], which in turn was based on incoherent scatter radar 
measurements obtained at Millstone Hill in March 1970. We 

used a model in which the meridional wind speed was specified 
at -t-45 ø geomagnetic latitude (½) and varied as sin 2½. The 

, 

expression 

UN-S = {75[sin (HA - 90)] + 50} sin 2½ 

gives the meridional component with positive values represent- 
ing an equatorward-blowing wind. For both the zonal and the 
meridional models the wind speed was assumed constant with 
altitude. 

In general, at the dip equator the transequatorial wind in the 
magnetic meridian plane may be written as 

u• = U•-w sin D + UN-S cos D 

where u• is the wind parallel to the magnetic field line, U•-w is 
the geographic zonal wind, UN-S is the geographic meridional 
wind, and D is the magnetic declination. In the Asian sector, 
north-south asymmetries in the electron density can only be 
produced by an interhemispheric geographic meridional wind, 
since D -• 0 ø, while in the Pacific sector (D -• 10øE), geogra- 
phic zonal and meridional winds can produce asymmetries. 

It is not the intent of this paper to try to account quan- 
titatively for observed north-south asymmetries in airglow 
intensity and in the 1304/1356-,i, ratio with various combina- 
tions of zonal and meridional winds and E x B drift models, 
but to account, qualitatively, for longitude related and storm 
time related differences which have been observed. Although 
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north-south asymmetries do appear in the Asian sector (see 
Figure 2, October 26 and October 31), the lack of strong 
asymmetries leads us to conclude that a strong inter- 
hemispheric meridional wind is not present. We then assume 
that this is also the case for the Pacific sector and that the 

strong asymmetries observed in this sector (October 30, Octo- 
ber 31, November 4, November 5) are due essentially to a 
zonal wind. Although the effects of gravity waves and traveling 
ionospheric disturbances (TID's) are known to be important 
during magnetic storms [Harper, 1972; Porter et al., 1974], we 
make no attempt to estimate or to model the importance of 
such effects for this particular disturbance. 

3. The vertical E x B drift observed by Woodman [1970] is 
essential in producing and maintaining the electron density 
distribution observed near the magnetic equator. The drift 
models which produce electron density distributions and con- 
sequently airglow distributions most nearly matching the Ogo 
4 observations were selected from a variety of models. Curves 
of three vertical drift models as a function of local time at the 

magnetic equator are shown in Figure 4. Note that the daytime 
drifts are identical in all three models and that major differ- 
ences occur after 1800 LT. Such time variations in the vertical 

drift velocity have been observed [ Woodman, 1970] and are not 
uncommon. ,In all cases we assumed that the drift velocity was 
independent' of altitude (based on Woodman's observations of 
vertical drift up to 600 km). Also, the horizontal east-west drift 
velocity (relative to the earth) was neglected [Woodman, 1972; 
Stealing et al., 1969]. 

5. DISCUSSION OF RESULTS 

Numerical integration of (4) gives electron densities as a 
function of altitude, latitude, and local time. Electron densities 
calculated in this manner were interpolated to give values at 
every 4 ø dip angle interval between +40 ø dip (•+20 ø dip 
latitude), every 25 km in altitude between 200 and 1000 km, 
and every half hour in local time. To obtain the 1304- and 
1356-• volume production rates, the respective products 
Ne•a•3o4 and Ne,•a•356 were formed. The contribution to 1304- 
and !356-/[ radiation by ion-ion neutralizaton probably ac- 
counts for less than 10% ED. N. Anderson, 1972] and so is 
neglected in this study. At every 4 ø dip angle the volume 
production rates were integrated over altitude to give column 
production rates. For 1304-/[ 'radiation the limits of in- 
tegration were from 200 to 1000 km, and since this radiation is 
optically thick, the column production rate was multiplied by 
C -• 3.5 to obtain the emission rate(see section 3, 1304/1356-• 
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Fig. 5a. Calculated 1304-• (dashed lin•) and 1356-• (solid lin•) 
emission rates at 2130 LT. Input parameters arc P• = 3.5 
E x B drift (solid linc in Figure 4), and no neutral wind. 

ratio). Th• contribution to th• 1304-• column •mission rate 
abov• 1000 km was found to b• l•ss than 1% for all cas•s 

considered. Sinc• 1356-• radiation is optically thin, th• limits 
of integration w•r• from 200 to 425 kin, which was th• nomi- 
nal altitud• of Ogo 4 in th• •quatorial r•gion during this 
p•riod of time. In this way, values of 1304- and 1356-• column 
•mission rates w•r• calculated •vcry half hour in local tim• 
b•tw•n 1800 and 2400 LT. 

Th• calculated •mission rates w•r• compared to th• Ogo 4 
observations for th• quiet p•riod, October 26-29 and Novem- 
ber 6, and th• storm p•riod, October 29 to November 4. To 
simulat• th• qui•t tim• conditions, th• ionization coefficient 
P• was assumed to b• 3.5 X 10 -• s-•, and the qui•t tim• E x B 
drift mod•l is d•pict•d by the solid curv• in Figur• 4. Us• 
th• long-dashed and short-dashed curves will b• discussed 
later. Both th• zonal and th• m•ridional n•utral wind com- 

ponents w•r• assumed to b• z•ro during this p•riod. As a 
cons•qu•nc• of upward E x B drift during the daytime, 
plasma is transported away from the magnetic •quator to 
higher latitudes to form cr•sts in ionization at roughly 
dip latitud• [Baxter and Eendall, 1968' D. N. •nderson, 1973b]. 
This latitudinal distribution in •l•ctron d•nsity is r•f•rr•d to as 
th• Appleton anomaly or th• •quatorial anomaly. After sun- 
s•t, in th• abs•nc• of photo-ionizing radiation, th• b•havior 
this distribution is critically d•p•nd•nt on th• tim• history 
v•rtical E x B drift. Curves of th• calculated 1304-• (dashed 
lin•) and 1356-• (solid lin•)column •mission rates in rayldghs 
as a function of dip angl• at 2130 LT ar• plotted in Figur• 
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Fi•. 4. Three modds of the vertical E x B drift vclocit• (in meters 
per second) at the magnetic equator as a function of local time. 
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Fig. 5b. Contour plot of log Ne (electrons per cubic centimeter) at 
2130 LT. Input parameters are the same as those in Figure 5a. 
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In Figure 5b, contours of log Ne are plotted as a function of 
altitude and dip angle from which the emission rates are calcu- 
lated. Roughly, the dip angle is approximately twice the dipole 
latitude. Positive dip angles lie north of the dip equator. The 
peaks in the 1304- and 1356-,• emission rates at +28 ø dip 
angle result from the increased ionization density at the crests. 
Notice in Figure 5b that the maximum height of the F layer 
(Hmax(F•)) at this latitude occurs at 400 km while at the 
magnetic equator its value is almost 600 kin. This disparity 
explains the change in the 1304/1356-, g, ratio with latitude. 
From +40 ø dip angle to the equator the ratio changes from a 
value of about 2 to a value greater than 100. At the airglow 
peaks the ratio is 3. As has been discussed previously, the ratio 
increases toward the equator because the observed 1356-, g, 
emission diminishes below 425 km as the height of the F layer 
increases. 

The agreement between Figure 5a and the observation• in 
the Asian sector on October 26 and 29 is qualitative at best. 
The calculated 1304/1356-, g, ratio at the crests is 3, while the 
observed ratio in the Asian sector is about 2, a result indicating 
that the F layer was somewhat lower than 400 kin. The ob- 
served crests occurred between +20 ø and +30 ø dip angle, in 
good agreement with the calculated results. Because no inter- 
hemispheric meridional neutral wind is included in the calcu- 
lations, the southern hemisphere airglow enhancements on 
October 26 are not reproduced. However, from the lack of any 
observed strong asymmetry between the northern and south- 
ern crests in the Asian sector we conclude that strong inter- 
hemispheric meridional neutral winds were absent during this 
period. This does not preclude the existence of strong winds 
symmetric about the magnetic equator, however, since this 
type of wind would not produce any north-south asymmetries. 
For a given E x B drift model a meridional wind blowing 
equatorward would lift the layer in both hemispheres and 
increase the 1304/1356-• ratio, while a poleward wind would 
lower the F layer and decrease the ratio. 

The storm time period was simulated by increasing the value 
of P• from 3.5 X 10 -7 s -• to 5.5 X 10 -7 s -•, the neutral 
composition, density, and temperature being unaltered. The 
60% increase in the ionization coefficient was based on a 60% 
increase in the average Fx0.7 cm flUX for the period October 20 to 
November 20, 1968. The effect of changes in neutral composi- 
tion and density on the airglow intensities is discussed later. In 
an attempt to reproduce the Asian sector observations of 
October 29 and 31, we chose a slightly different E x B drift 
model (long-dashed line in Figure 4) but still assumed that the 
meridional neutral wind was zero. The resulting 1304-• and 

1356-• airglow intensities at 2130 LT are shown in Figure 6. 
The increase in 1304-/[ and 1356-• intensity at the crests 
results primarily frommthe increased daytime production rate 
and not from the change in the E x B drift velocity. A 60% 
increase in the production rate gives a 38% increase in Nmax at 
the crests, which translates into a 54% increase in the 1304-• 
column emission rate at +25 ø dip angle. The increase in the 
1304-• intensity at the magnetic equator, however, is primar- 
ily due to the fact that downward E x B drift commences an 
hour earlier at 2000 LT and is stronger, so that relatively more 
ionization is transported toward the equator. The calculated 
value of 75 R of 1304-• emission is in good agreement with the 
observed emission rate on October 31. 

In the Pacific sector, observations on October 30, October 
31, and November 5 were characterized by large asymmetries 
in the 1304- and 1356-• intensity and in the 1304/1356-• 
ratio. The airglow intensities were strongest in the northern 
hemisphere, while the 1304/1356-• ratio was largest in the 
southern hemisphere. This would be consistent with either a 
zonal wind blowing eastward or a transequatorial meridional 
wind blowing from south to north, or both. Such asymmetries 
cannot be attributed to north-south differences in satellite 

altitude, since this difference amounted to only 6 km between 
+15 ø and -15 ø geomagnetic latitude on October 30 and 31. 
To simulate these observations, we incorporated the E x B 
drift model just described and added the zonal wind model 
described previously. The resulting 1304- and 1356-• airglow 
intensities at 2100 LT are displayed in Figure 7. The strong 
eastward wind raises the F layer in the southern hemisphere 
(-25 ø dip) from 370 to 420 km and decreases Nmax from 4.6 X 
10 e cm -3 to 3.3 X 10 e cm -3. The 1304/1356-• ratio increases to 
5. On the basis of theoretical considerations [D. N. Anderson 
and R. G. Roble, 1974] and the observations of strong eastward 
plasma motion in the F region [Woodman, 1972], a zonal wind 
rather than a transequatorial meridional wind appears to be 
the best candidate for producing the asymmetries observed in 
the Pacific sector. Previous observations by an Ogo 4 in- 
strument (October 20 to November 11, 1967) of the north- 
south asymmetry in the 1356-• intensity in this sector have 
been attributed to a zonal wind component reaching a max- 
imum eastward velocity of 260 m/s near 2200 LT [Bittencourt 
et al., 1976]. We believe that the north-south asymmetries 
observed on October 30, October 31, and November 5 are 
longitude related rather than storm related, since the observa- 
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ffi•. 6. Same as ffi•ure •a. Input parameters are P• = •.• • 10 -• s -•, 
E x B drift (lone-dashed line in ffi•ure 4), and no neutral wind. 
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Fig. 7. Calculated 1304-/[ (dashed line)and 1356-/[ (solid line) 
emission rate at 2100 LT. Input parameters are P• = 5.5 X 10 -7 s -1, E 
x B drift (long-dashed line in Figure 4), and zonal neutral wind. 
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tions by Bittencourt et al. [1976] were made under quiet condi- 
tions. 

In the Pacific sector the November 2 observation of the 

1304-,• latitudinal intensity distribution was strikingly differ- 
ent from other days in this period. First, a significant amount 
of 1304-,• radiation was observed over the magnetic equator 
with an absence of any well-defined trough, and second, both 
the 1304- and the 1356-• emissions possessed a wavelike struc- 
ture. The 1304/1356-,• ratio varied between 4 and 6. We 
simulated the observations by adopting an E x B drift model 
(given by the short-dashed line in Figure 4) and included a 
meridional wind which is symmetric about the dip equator. 
The resulting 1304- and 1356-• emission rates at 2100 LT are 
shown in Figure 8a and the electron density contours in Figure 
8b. 

The effect of strong downward E x B drift after 1800 LT is 
to, transport plasma back toward the magnetic equator, 
thereby increasing the electron density there while also lower- 
ing the F layer so that appreciable 1356-,• radiation is ob- 
served. The equatorward-blowing neutral wind also enhances 
the 1304- and 1356-,• emission rates. The fact that the ob- 
served latitudinal extent of enhanced 1304-• emission is 

greater than the calculated extent of +20 ø dip angle probably 
implies that the daytime upward drift was greater than the 
adopted value, the ionization crests thus being formed at 
higher latitudes prior to strong downward drift. Because no 
appreciable interhemispheric asymmetry in the 1304- and 
1356-,• intensities was observed, the implication is that the 
zonal wind velocity was reduced or absent. 

Referring to Figure 3, the depressed intensities of 1304- and 
1356-• emissions on November 4 at 93øE could be attributed 
to an increase in the neutral N•./O ratio [Pr61ss and yon Zahn, 
1974]. We investigated the effects of a composition change on 
electron densities and airglow intensities by increasing the N•. 
density at 120 km in Jacchia's [1970] neutral atmospheric 
model from 1.8 X 10 x• cm -3 to 5.58 X 1011 cm -3. Both the E x 

B drift model and the meridional neutral wind model just 
described, v•re used. The resulting airglow intensities at 2100 
LT are pictured in Figure 9. The electron density at 400 km is 
reduced by a factor of 1.65, while the 1304- and 1356-• emis- 
sion rates are a factor of 2.5 lower. The F layer height is raised 
slightly (•20 km) as a result of increasing the N•. density. 
Trinks et al. [1975] have measured the N2/O ratio at 300 km 
during and after a large geomagnetic storm and found that the 
ratio increased by as much as a factor of 5 at 20 ø with enhance- 
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Fig. 8a. Same as Figure 7. Input parameters are P• = 5.5 X 10 -? 
s -•, E x B drift (short-dashed line in Figure 4), and meridional 
neutral wind. 
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Fig. 8b. Contour plot of log Ne (electrons per cubic centimeter) at 
2100 LT. Input parameters are the same as those in Figure 8a. 

ments confined to relatively narrow longitude sectors. The 
enhancements can be sustained for many days after the storm, 
a fact suggesting that the atmosphere is disturbed down to 
altitudes below 150 km, where the recovery time constant may 
be a half day or longer. 

Although a neutral composition change is an attractive ex- 
planation for the depressed airglow intensities, the fact that the 
observed 1304/1356-• ratio is about 2 suggests that the F layer 
was actually much lower than the calculated value of 420 km, 
implying that downward drift began earlier than we have 
assumed. The effect would be to lower the F layer into a higher 
loss rate region and to depress the electron density and the 
airglow intensities even more. 

To determine if there is a theoretical relationship between 
the 1304/1356-• ratio observed by a nadir-viewing instrument 
and altitude, we used the electron density contours pictured in 
Figure 5b to calculate the ratio 

f01000 h (3.5 km ol13o4Ne2d2)/(fo øl135ttNe2d2 ) 
The resulting contours for the ratio R, equal to 3, 6, and 9, are 
shown in Figure 10a. When the R = 6 ratio is isolated and 
superimposed on the electron density contour plot as a dashed 
line, Figure 10b is obtained. This particular ratio appears to 
map Hm•x(F•.) very well. At the equator, R = 3 occurs 70 km 
above Hm•x(F•.), while R = 9 lies 25 km below. At the crests 
(ñ28 ø dip) the respective distances for R = 3 and R = 9 are 65 
km and 25 km. To determine if the R = 6 line still maps 
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Fig. 9. Same as Figure 8a except N2 density at 120 km is increased 
by a factor of 3. 



1134 GI•RARD ET AL.: STORM EFFECTS ON TROPICAL AIRGLOW 

800 

700 [ 
• 600 

v 

,", 500 

400 

300 

200 

N DIP ANGLE S 

Fig. 10a. Contours of the 1304/1356-/[ intensity ratio calculated , 

from the electron density profiles shown in Figure 5b. See text for 
details. 
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Fig. 10c. Contour plot of log Ne shown in Figure 8b with the 
1304/1356-/[ intensity ratio R = 6 superimposed as a dashed line. 

Hmax(F•.) for a different E x B drift model, we used the 
electron density results pictured in Figure 8b to calculate the 
1304/1356-/[ ratio and then superimposed the R = 6 value to 
give Fig.ure 10c. The agreement is still good, although the R = 
3 and R = 9 values do not give exactly the same distances 
above and below Hmax(F•.) as those given in Figure 10a. For 
this electron density distribution, R = 3 occurs 80 km above 
Hmax(F•.) while R = 9 occurs 25 km below, with both these 
distances applying over the entire +36 ø dip angle range. 

It should be emphasized that these ratios could only be 
observed by a nadir-looking spectrometer on board a satellite. 
In actuality, such a satellite moving through the ionosphere at 
a constant altitude would observe a dramatically changing 
value of R as the height of the F layer, relative to the satellite, 
varied. The satellite would encounter the value R -• 6 where 

the F layer peak was at the satellite altitude. it must be remem- 
bered, however, that this value of 6 depends on certain as- 
sumptions that we have made which may or may not be strictly 
true. It was assumed, for example, that the influence of ion-ion 
recombination on the airglow intensity was negligible, where, 
in fact, at the altitudes appropriate to this study it may account 
for 10% of the intensity. As the altitude of the F layer de- 
creases, the ion-ion contribution to airglow increases. 

Another uncertainty lies in the value of C which we have 
chosen (see section 3, the 1304/1356-/[ ratio). C is the ratio of 
the emergent nadir 1304-/[ intensity to its column production 
rate, and, as Strickland and Anderson [1977] have shown, it is 
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Fig. 10b. Contour plot of log Ne shown in Figure 5b with the 
1304/1356-/[ intensity ratio R = 6 superimposed as a dashed line. 

dependent on the altitude profile of the volume production 
rate and may not be constant with altitude as we have as- 
sumed. Finally, the value of a•ao4 does vary with optical depth 
[Julienne et al., 1974], which may give rise to a height variation 
in this quantity. We have assumed it to be height independent. 

'Considering these uncertainties it would be desirable to mea- 
sure the ratio R and the value of Hmax(F•.) simultaneously in 
order to estimate the appropriate height-integrated value for 
C. This possibility is being further studied with data obtained 
by the Ogo 4 satellite. Until such a 'calibration' is performed, 
estimating Hmax(F•.) from the observed 1304/1356-/[ ratio can- 
not be accomplished. 

6. SUMMARY AND CONCLUSIONS 

Observations of the tropical ultraviolet airglow of oxygen at 
1304 ,• and 1356 • near the magnetic equator have been 
obtained by an ultraviolet spectrometer aboard the Ogo 4 
satellite during the period October 26 to November 6, 1968. 
After comparing the measured 1216-/[ and 1304-/[ intensities 
with emission rates obtained by other instruments at this time 
the preflight calibration intensities for the 1304-/[ and 1356-/[ 
lines were reduced by a factor of 2.3 prior to analyzing the 
data. 

In both Asian and Pacific sectors, on the average, the 
1304/1356-/[ ratio increases from a value of 2 to a value 
greater than 20 in going from +15 ø dip latitude toward the 
equator. This is explained by the fact that the 1356-/[ line is 
optically thin, so that the emission rate observed by the down- 
ward-looking spectrometer at 425 km results only from radi- 
ation originating below the satellite. As latitude decreases, the 
height of the F layer increases, so that less and less 1356-/• 
emission is seen by the spectrometer relative to the optically 
thick 1304-/[ emission. 

In the Asian sector, where the magnetic field declination is 
essentially zero, peaks in the 1304- and 1356-/[ intensity are 
roughly symmetric about the dip equator, a finding implying 
the absence of a transequatorial meridional neutral wind. In 
the Pacific sector, however, the 1304- and 1356-/[ emission 
rates are enhanced in the northern hemisphere relative to the 
southern hemisphere, while the 1304/1356-/• ratio is greater in 
the south than in the north. The observations are consistent 

with an eastward neutral wind which transports ionizati9n 
from the southern to the northern hemisphere while it raises 
the F layer in the south and lowers it in the north. Theoreti- 
cally modeling the low-latitude F region ionosphere indicates 
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that an eastward wind approaching 300 m/s at 2100 LT can 
qualitatively produce the observed asymmetries (see neutral 
wind models, section 4). Such high wind velocities are also 
implied by the Bittencourt et al. [1976] observations of the 
6300/1356-/[ ratio in the tropical airglow. Neutral wind veloc- 
ities calculated from neutral pressure gradient forces [Challi- 
nor, 1969; D. N. Anderson and R. G. Roble, 1974] also suggest 
that the zonal wind speed is about 300 m/s at low latitudes 
near 2100 LT. This value probably represents an average wind 
speed. The actual variation of the wind with latitude is ex- 
pected to be quite compiex. 

On November 2 at 134øW geographic longitude the normal 
trough in the 1304- and 1356-/[ emission at the dip equator is 
absent, and the intensity distribution is essentially flat between 
+15 ø dip latitude with some wavelike structure. A large'geo- 
magnetic storm which began on October 31 is probably re- 
sponsible for altering the phase of the quiet time vertical E x 
B drift velocity, since the observations can be accounted for by 
a drift model which exhibits strong downward drift after 1800 
LT as opposed to the quiet time model in which downward 
drift commences 3 hours later at 2100 LT. The normal feature 

of peaks in the 1304- and 1356-/[ emission at + 15 ø dip latitude 
with a deep trough in between implies that the postsunset 
upward E x B drift observed as a common occurrence by 
Woodman [1970] at Jicamarca, Peru, is also a common feature 
in both the Asian and the Pacific sectors. Also, threefold 
decreases in the 1304- and 1356-/[ emission rates on November 
4 in the Asian sector between 63øE and 143øE indicate that 

either (1) the neutral atmospheric composition was altered by 
the geomagnetic disturbance with a threefold increase in the 
N•. density at low latitudes or (2) downward drift was ex- 
ceptionally strong and lowered the F layer well below its quiet 
time altitude and into a higher loss rate region. 

Finally, the fact that 1304-/[ emission is optically thick while 
1356-/[ emission is optically thin allows one to estimate the 
height of the F layer relative to the satellite by measuring the 
1304/1356-/[ ratio. It is demonstrated that a ratio of 6 maps 
Hmax(F•.) extremely well, independent of the adopted E x B 
drift model, and that the R = 3 level lies roughly 70 km above 
Hmax(F9.) while the R = 9 level lies 25 km below. 
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