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Abstract—It is crucial for the airglow-investigation to infer an altitude profile of the volume emission rate
from the column emission rates observed by using a spacecraft. A new inference procedure based on the
Bayesian statistics was proposed and it was applied to the analyses of the rocket airglow data. In this
paper, its high performance is demonstrated in comparison with some conventional methods. The procedure
has two major advantages : one is the use of statistical criteria to infer the most likely mode! of the volume
emission rates, and the other is high efficiency to eliminate a periodic modulation.

1. INTRODUCTION

Rocket observation has been carried out for measure-
ment of the altitude distribution of the airglow. The
physical quantity measured in a rocket photometry
observation is the column emission rate which is given
by integrating volume emission rates along the line-
of-sight. Accordingly. we are concerned with recon-
structing an altitude profile of volume emission rate
from the observed column emission rates. Column
emission rates can be converted to vertical column
emission rates in terms of an appropriate geometrical
factor as far as the instrumental field-of-view is nar-
row enough. Since the vertical column emission rate
1 is related to the volume emission rate J by

I(z) = wa J(z')dz,

where z denotes altitude, we have only to differentiate
the vertical column emission rate with respect to alti-
tude in order to obtain the volume emission rate.
However, a random fluctuation always contaminates
the observed data, and a spurious modulation some-
times occurs in conjunction with a periodic change in
the rocket attitude. even if we eliminate the modu-
lations due to extraterrestrial background emissions
and geometrical change in look direction to the air-
glow layer, Since the differential operation is sensitive
to these noises, the direct inversion of the observed
data leads to a large error. Therefore. a procedure
such as curve fitting or smoothing is essential for
getting a result consistent with our a priori knowledge :
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a smooth altitude variation. At the same time. it is
important to preserve small-scale structures that are
aeronomically significant.

For the above purpose, many techniques have been
proposed and applied to the analysis of the rocket
airglow data. However, in the case that a spurious
modulation occurs in the observed data, neither curve
fitting nor smoothing techniques can eliminate the
modulation without distorting features of the airglow
emission rate itself. [n addition, in these conventional
techniques, we have to set a smoothing parameter
arbitrarily in the reconstruction of the volume emis-
sion rate profile, and this arbitrariness leads to an un-
certainty, which is a serious problem when we are con-
cerned with small-scale structures in the airglow layer.

We have proposed a new method of the Bayesian
statistical inference to remove both a random noise
and a periodic modulation from the observed data.
and demonstrated its availability by applying it to
synthetic data sets (Higuchi er al.. 1988). An infor-
mation criterion on goodness-of-inference is intro-
duced in our procedure in order to make an optimal
selection of statistical parameters in terms of the prob-
ability characteristics of the data. Therefore, in our
procedure, we are free from any arbitrary recon-
struction of the volume emission rates. In this paper,
our method is compared with two conventional
methods by applying them to the analysis of the rocket
airglow data obtained by our group.

2. METHOD

Here we only describe the outline of the method,
since its detail can be referred to the previous pub-
lication (Higuchi ez al., 1988).
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Representing a series of observed vertical column
emission rate valuesas I = [/,, /,,...], we can consider
the observed data I; to consist of three components
as I; = T;+S5;+¢;. where T;, §; and ¢; denote trend,
periodic and random noise components, respectively.
Our purpose is to find the most likely model of T, and
S, from the observed data J;.

We assume from our a priori knowledge that the
trend component shows a locally smooth variation,
and that the periodic component shows a locally
sinusoidal variation. We adopt the constraints on the
systematic components 7; and S;, which represent
these assumptions and are given by minimizing the
second-order difference expressions Z[T,,,—2T;+
T;-\)* and Z[S;.,—2¢S,+S,_,]% respectively,
where ¢ is a constant determined by the characteristic
period of the sinusoidal variation. The balance
between the constraints for the systematic compon-
ents S; and T, is controlled by a hyper-parameter
s. which is a statistical parameter and cannot be de-
termined by any a priori knowledge. The behaviour
of periodic components comes to be more strictly
sinusoidal with an increase of s. Furthermore, we
assume that the systematic part 7,4 S, does not devi-
ate very largely from the observed data /;. This leads
to a constraint on the random component, which is
given by minimizing square of the residuals Ze}. We
can control the balance between the constraints for the
systematic components (7; and §;) and the random
component (g;) by introducing a hyper-parameter d.
As d increases, the constraint on both the systematic
components becomes stronger, and then the residuals

become larger. Note that the best model of T; and §;

is determined by using the constrained least squares
method for given s and d values.

We can determine the hyper-parameters s and d on
the basis of the Bayesian statistics (Akaike, 1980). We
assume the normal distribution of the second-order

difference expressions of the three components, T, S,

and ¢;. For given data /,, the optimal set of hyper-
parameters (d, s) is what maximizes L(d, s, 1), the
mean of the probability distributions of T}, S; and ;.
Using ABIC(d,s) = —2log L(d, s, 1) in place of L("),
where ABIC(d, 5) stands for a Bayesian information
criterion, the hyper-parameters s and d giving the
minimum of ABIC should be optimal.

We have applied our method to the airglow data
obtained by two rocket observations to compare it
with two other conventional methods, the Fourier
filtering method and the incremental straight line fit-
ting method, which were suggested by Murtagh ez al.
(1984) to be available for deriving volume emission
rates.

In applying thé Fourier filtering method, we make
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the Fourier transformation of the data. Higher fre-
quency components which are dominated by the ran-
dom noise, are removed by multiplication with a filter
function and then the inverse transformation is per-
formed. In applying the incremental straight line fit-
ting method, the data is differentiated to derive vol-
ume emission rates by least square fitting with a
straight regression line in each altitude interval. The
number of data points included in the altitude interval
corresponds to a half of the number of data points
included in the cut-off wavelength of a low-pass filter.

3. RESULTS AND DISCUSSION

Figure | shows the vertical column emission rates
of the atomic oxygen airglow at 557.7 nm obtained
by the rocket measurement over Uchinoura (31°N) at
13:00 U.T. on 6 September 1986 (Kita ez al., 1988b).
The data are sampled every 0.2 km interval. and the
number of the data sample is 156. The data exhibit a
modulation with the same period as the rocket spin.

We applied our procedure to the data and obtained
the most likely solution for trend, periodic and ran-
dom components as shown on Fig. 2a. The hyper-
parameters which control the balance among the con-
straints on these three components are determined to
make the ABIC value minimum. We can see in Fig.
2a that the modulation in the observed data is esti-
mated and eliminated satisfactorily, and consequently
this procedure enables us to discuss the airglow fea-
tures with a better altitude resolution. Defining the
altitude resolution by the cut-off wavelength of the
equivalent low-pass filter (we can consider smoothing
and/or curve-fitting methods to be equivalent to low-
pass filter methods), we have the altitude resolution
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Fi1G. 2. (a) THE MODEL FOR THE DATA OF FI1G. | AS INFERRED
BY USING OUR METHOD AT THE MINIMUM OF ABIC.
T, represents the estimation of the column emission rate, and
S; is the estimation of periodic modulation. &; shows' the
residual between 7+ §,and the observed data /;. (b) Volume
emission rates for the data of Fig. | as estimated by our
inversion procedure.

5z =4.5 km in this case. The values of the trend
components T decrease rapidly in the altitude region
90-100 km. indicating the altitude distribution of the
airglow layer. The increase of 7; values in the altitudes
below 86 km can be explained by temporal and/or
horizontal inhomogeneity of the airglow. Since the
trend component is smaller than the amplitude of the
random fluctuation ¢; above 105 km, we should be
careful in discussing airglow features in this region.
The amplitude of the periodic modulation S; is found
to correlate to the value of the trend component. This
correlation suggests that the periodic modulation in
the column emission rates is due to the horizontal
inhomogeneity of the airglow. The amplitude of the
random fluctuation component is larger below 95 km
than above 100 km. We suppose that the temporal
fluctuation in the photon flux of the airglow makes
the random fluctuation larger. Since the random fluc-
tuation is large (its amplitude is 5-10 R where 1
R = 10® photons s™' ¢cm™2-column and its charac-
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teristic wavelength is 0.5-2 km). it is difficult to discuss
small-scale structures in the airglow.

Figure 2b represents the most likely profile of the
volume emission rate deduced in our method. In dis-
cussing any structures of the airglow emission layer.
it is crucial to estimate errors in the inferred volume
emission rates. However, the error estimation has a
difficulty in almost all methods including ours. As
mentioned above, the altitude resolution 6z can be
defined by the cut-off wavelength of the equivalent
low-pass filter. The altitude variation of the trend
component is considered to be linear within the alti-
tude interval of dz. Therefore, we propose ﬁa/é: as
an expression of the error in the estimated volume
emission rate, where ¢ is the standard deviation of ¢;
within the altitude range z. Small-scale structures at
altitudes of 91 and 97 km in the volume emission rate
profile of Fig. 2b are not significant in consideration
of both the error and the altitude resolution.

In Figs 3a, b and c, we compare the altitude profiles
of volume emission rates derived from the column
emission rates of Fig. 1 by using our method, the
Fourier filtering method and the incremental straight
line fitting method. The altitude resolution. which is
defined by the cut-off wavelength, of the three
methods is almost identical : about 5. 7.5 and 10 km
in Figs 3a. b and c. respectively. The profile derived
by using our method in Fig. 3a is identical to that of
Fig. 2b. In these column emission rate data, the period
and amplitude of the periodic modulation are not so
large in comparison with those of the random fluc-
tuation, and accordingly the conventional methods
can reconstruct the volume emission rate models being
consistent with our a priori knowledge. We see in Fig.
3b that the Fourier filtering method gives a model
similar to our model shown on Fig. 3a. The incremen-
tal straight line fitting method. neglecting meaningless
noises. also gives a model as on Fig. 3¢ similar to ours.
However, since these conventional methods need to
smooth out the periodic modulation. the altitude resol-
ution is worse in these methods than in our method.
Moreover, the most likely model cannot be specified
within the frame of these conventional methods
because of no criterion on the desirable profile. In our
method, we can compare candidatc models on the
basis of Bayesian statistics. The ABIC value is about
840, 842 and 873 for the models on Figs 3a, b and c,
respectively. As a consequence. we can designate the
most likely model as shown on Fig. 3a.

Figurc 4 shows the vertical column emission rate
data of the NO y (1,0) 214.8 nm band day airglow
(Kita et al.. 1988a). The data are sampled every 0.5
km interval, and the number of the data sample is 218
in the rocket ascent and 224 in the rocket descent. The
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we have obtained the altitude profile of NO number
density which is proportional to volume emission rate
and shown on Fig. 5. It is evident that this method is
unable to eliminate the periodic modulation without
distortion of the profile. We have tried to make a
correction to reduce Fourier coefficients which cor-
respond to the modulation period, and obtained the
altitude profile also shown on Fig. 5 by the dotted
curve. However, since the modulation consists of mul-
tiple Fourier components and the modulation com-
ponent cannot be discriminated from the emission
rate component, we cannot eliminate the modulation
satisfactorily. On the contrary, we can eliminate the
modulation by our procedure as shown in Fig. 6b,
where the inferred model of three components is
shown in Fig. 6a. Here we can reconstruct an airglow
emission rate profile without degrading the altitude
resolution. The altitude resolution is 27 km in our
model. Figure 6a exhibits the amplitude of periodic
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F1G. 3. VOLUME EMISSION RATES DEDUCED FROM THE DATA OF
FIG. 1 BY USING OUR METHOD (SOLID CURVE), THE FOURIER
FILTERING METHOD (DASHED CURVE) AND THE INCREMENTAL
STRAIGHT LINE FITTING METHOD (DOTTED CURVE).
(a) Altitude resolution of 5 km ; (b) altitude resolution of 7.5
km; and (c) altitude resolution of 10 km.

data suffered from a modulation probably caused by
other experiments through electronic circuits, and the
period and amplitude of this modulation is too large
to infer the volume emission rate by using con-
ventional methods without modeling of the periodic
modulation. Applying the Fourier filtering method,
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The altitude resolution is 72 km (solid curve) and 36 km
(dashed curve and dotted line). The dotted curve shows the
corrected volume emission rates.
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FI1G. 6. (a) THE MODEL FOR THE ASCENT DATA OF FIG. 4 as
INFERRED BY USING OUR METHOD AT THE MINIMUM OF ABIC.
T, represents the estimation of the column emission rate, and
S, is the estimation of periodic modulation. ¢; shows the
residual between T+ S; and observed data /,. (b) NO num-
ber density deduced from the data of Fig. 4 using our infer-
ence procedure. The solid curve shows the density deduced
from the rocket ascent data and the dashed curve shows that
deduced from the rocket descent data.

component S, varying with height in accordance with
the period of the rocket precession. This variation
makes it more difficult to eliminate the periodic modu-
lation. Even in our model. trend and random com-
ponents are not completely free from the influence
of the periodic modulation. We see wavy structures
reflecting this influence in the altitude profile of NO
number density above 140 km in Fig. 6b. The profile
of NO number density normally shows a peak at
a height of around 110 km. However. the altitude
resolution is not good enough to make the peak
appear clearly. Moreover, since this altitude region is
near the end of data set. we suppose that the periodic
component is not well separated from the trend com-
ponent in this region.
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4. SUMMARY

We have demonstrated that the Bayesian procedure
is effective in inferring the most likely volume emission
rates from the observed data in comparison with two
conventional methods, the Fourier filtering method
and the incremental straight line fitting method. Our
method has two major advantages in comparison with
conventional methods. First, our method has a sta-
tistical criterion to determine the optimal model of the
emission rate profile. The models selected according
to the criterion are consistent with our a priori knowl-
edge. In conventional methods, we are are not free
from arbitrary selection of the model, and this lack
of criterion leads us to sterile discussion on airglow
structures. Secondly, in our present method. we can
infer and eliminate a troublesome periodic
modulation. Therefore, when observed data are con-
taminated by a spurious modulation, our method can
obtain an emission rate profile with better altitude
resolution and less distortion than conventional
methods.

We have adopted the constraint of minimizing the
second-order difference for trend components, and
assumed a locally sinusoidal variation for periodic
components. This procedure is useful and effective
enough to analyze the atomic oxygen green line at
557.7 nm and NO y(1.0) band airglow data obtained
by rocket observations. It is also possible to adopt
another constraint in the model according to a priori
information on the trend and periodic components in
the observed data, or to add another component in
the model.
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