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A B S T R A C T

The hydroxyl (OH) molecule has a significant role in 
the energy budget of the mesosphere. It can also be an 
important diagnostic of the physical and dynamical nature 
in the mesopause region since the OH Meinel emission bands 
contain signatures of the temperature and wind velocity of 
the mesopause region, around 85 km altitude. In this study 
the OH (6,2) emission line (843.0 nm) is investigated 

^ using a ground phased Fabry-Perot interferometer.
A computer simulation has been carried out to predict 

the performance of the Fabry-Perot interferometer. The 
instrument function is obtained using a He-Ne laser at the 
wavelength of 632.8 nm, and is converted to the OH 
wavelength of 843.0 nm. The theoretical response of the 
interferometer to the OH emission is calculated by 
convolving a modelled OH spectrum and the converted laser 
calibration profile. This is compared with experimental 
data by using a non-linear least-squares method to extract 
Doppler temperature and velocity.

Temperature and wind velocity errors are calculated 
analytically and numerically to increase credibility, and 
both show a good agreement. Systematic peak drift and 
broadening of instrument function have been found, which 
can be compensated for by using properly positioned 
instrument functions, and monitoring calibration lamp 
broadenings and subtracting the broadening effect from the



instrument function. For tidal analysis, a combined 
Fourier and least-squares technique has been developed to 
overcome the problem that observation time is shorter than 
longer tidal period (diurnal and semidiurnal tide) in 
summer. In addition, a scheme for detecting and rejecting 
bad data, due to bad weather and system failure etc., has 
been also developed and which enables to save a great deal 
of data for a long term analysis. All these efforts are 
important for the long term analysis to achieve precise 
result and higher data density.

An annual variation of temperature in the mesopause 
region has been confirmed. In addition, sudden mesospheric 
coolings by -2 5 K have been found during the months of 
January and February. These periods of strong cooling 
appear to be connected with stratospheric warming events. 
From the one month averaged hourly mean temperature, tidal 
variations on OH temperature are found as reducing error 
bound and smoothing out of uncorrelated fluctuations. The 
seasonal variations of amplitude and phases are obtained 
using the combined Fourier and least-squares method. 
Winter has the maximum amplitudes of -15 K, while summer 
has the minimum amplitudes of -2 K.

The correlation between OH temperature and intensity 
has been investigated by introducing r| parameter and 
squared coherency spectrum. Unlike emission, OH
temperature and intensity are out-of-phase for the most of 
time.



Mesopause wind velocities are also obtained from the 
measurement of Doppler shift of OH emission spectra. The 
meridional wind near the mesopause is usually southward 
(equatorward) throughout the summer period. This might be 
the evidence of a systematic inter-hemispheric circulation 
from the summer to the winter hemisphere. The zonal wind 
near the mesopause shows a semi-annual variation. This 
phenomenon may be explained in terms of momentum transfer 
from gravity waves which are filtered and modulated by the 
semi-annual zonal wind in the stratosphere.

For tidal analysis, one month averaged hourly mean 
wind velocities are calculated and the combined Fourier 
and least-squares method is also applied. The data from 
almost every month show tidal wind variations, however in 
summer and autumn there are larger amplitudes (~2 0 m/sec), 
while winter shows smaller amplitudes (-3 m/sec). In 
phases, it is difficult to find any structure except that 
the winter phase advances the summer phase by 5 hours in 
semidiurnal tide.
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Chapter 1 Introduction

1.1 Overview

The mesosphere and lower thermosphere/ionosphere 
(MLTI) (-60 - -180. km) region represents a 'crossroads' in 
the flow of mass, momentum and energy through the 
atmosphere-ionosphere system.

It is a region that is poorly understood because of 
its inherent complexity and because of the difficulty in 
carrying out in situ measurements at these altitudes 
(Killeen et al. [1991]). Only sounding rockets can reach 
these altitudes, but they are too expensive to use on a 
regular basis. This region is too high for a balloon, 
which can not reach over -40 km, and too low for a 
satellite, which can not orbit below the altitude of - 2 0 0  

km.
The MLTI is a 'transition' region because atmospheric 

temperature and thermal gradients reach large values, 
turbulent flow changes to diffusive molecular flow, the 
composition changes from molecular to atomic, and complex 
photochemical and electrodynamical processes become 
predominant (Killeen et al. [1991]).

The lower part of the MLTI region (-60 - -100 km:
around the mesopause region) is characterized by active 
fluid dynamic motions, for instance tides and gravity
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waves. In the lower thermosphere (-100 - -180 km)
temperatures increase very rapidly, and at -180 km

lASft
temperature is as high as -1000 K compared her 19 0 K at the ^  
mesopause (-85 km) for mid latitude.

Therefore, a great effort has been concentrated on
understanding this region. The United States National 
Aeronautics and Space Administration (NASA) launched the 
'Upper Atmospheric Research Satellite (UARS)' in 1991 and 
is preparing to launch the 'Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED)' satellite in ^  
late 1990's. Along side these missions numerous ground^^ 
based observations using radar or lidar, and theoretical 
studies have been carried out.

However, all these observations are very costly for a 
long term operation, so it is required to find more 
economic wa^^^ Fortunately in the mesopause region there 
are several useful airglow emissions, for example 0 1  557.7
nm, Oj infrared (-1pm) and hydroxyl (OH) Meinel bands at
near infrared (-800 - 1 0 0 0  nm).



Emission Peak height FWHM Apparent 
Emission 
Rate (4 7i3)

OH (6,2) 
843 nm

87.5 ± 3.5km
(1 )

10.1 ± 3.5km
(1 )

-100 kR(2)

01 557.7nm ~95 km
(4,5,6)

-8 km
(4,5,6)

250 R(2)

O 2 (0-1) 
864.5nm

~94 km &
-50 km(5,7,8)

NA -1.5 kR(2)

Table 1.1: Night glow specifications near the mesopause
region, where 3 is the integrated intensity or surface 
brightness (recalculated from Bake & Stair [1988](1), 
Chamberlain [1961] (2), Harrison [1970] (3), Hesstvedt
[196 9] (4) , Packer [1961] (5) , Thomas & Young [1981] (6 ) , 
Wien et al. [1995] (7) , Chamberlain [1954] (8 )) .

From Table 1.1 the hydroxyl (OH) (6,2) emission is 
the most suitable night glow to study the mesopause region 
because this is the dominant nightglow and has a narrow 
layer with FWHM of 10.1 ± 3.5 km at 87.5 ± 3.5 km height. 
Thus it can be a good diagnostic in this region. 
Therefore, measuring the OH emission passively using a 
ground-based optical instrument, such as a Fabry-Perot 
interferometer, can be an economic way to study a part of 
the MLTI region.



The mesopause region (-85 Km) is the boundary between 
unionized and ionized atmosphere of the Earth, and is the 
coldest part within the atmosphere. In the mesopause 
region we can observe a full range of fluid dynamic 
motions such as global circulatory motions, gravity wave 
propagation and dissipation, tides and turbulence. This 
region is also very active in chemical terms. Numerous 
chemical reactions occur including the ozone/hydrogen 
reaction which generates the OH Meinel emissions.

At these ' altitudes, 80-85 Km, the atmosphere is 
relatively transparent to ultra-violet, visible and near 
infrared solar radiation. So the local air temperature is 
determined principally by the radiation from the air 
itself and from the Earth's surface and the lower 
atmosphere, and by the atmospheric dynamics such as 
vertical bulk movement, turbulent dissipation, gravity 
waves and tidal motions (East [1993] ) .

Therefore the measuring the mesopause region is very 
important to understand many atmospheric phenomena and the 
dynamics of the MLTI region, particularly for the 
mesopause region.

1.2 Goals of this thesis

The mathematical description of a Fabry-Perot 
interferometer (FPI) is a useful aid for the analysis of



interferograms. A full simulation of the FPI can provide a 
comprehensive understanding of line broadening effects.

Making precise calibration profiles including an 
instrument function is absolutely essential, especially 
for the temperature analysis.

There have not been enough long term observations to 
understand the dynamics and temperature variation in the 
mesopause region at mid-latitudes. Therefore, this thesis 
will investigate a long term sequence of mid-latitude 
observations at Bear Lake Observatory, Utah (41.9°N, 
111.4°W). This should provide interesting possibilities to 
understand the seasonal and nightly variation of 
temperature and wind.

1) To derive a spectrum from a Fabry-Perot interferogram:

An interferogram - the output of an interferometer - 
particularly from a Fabry-Perot interferometer, is not 
' ready to eat ' because it is two-dimensional and is not 
proportional to wavelength (k) but to the square root of 
wavelength To convert this raw interferogram into a
suitable spectrum as a function of wavelength, we should 
know the mathematical description of the Fabry-Perot 
interferometer.

Using the relationship between interferogram (fringe 
patterns) and an Airy function, we can reduce the two- 
dimensional interf erogram (in the r-plane) into a one
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dimensional spectrum (in the -plane) and it becomes 
proportional to wavelength.

2) To predict the theoretical response of the instrument:

It is necessary to predict the response of a FPI 
because the theoretical prediction gives insight into the 
mechanism causing the broadening effect of the instrument. 
In addition, the physical background of the spectrum can 
be obtained.

The instrument function is broadened by several 
different processes including an Airy function, mirror 
flatness defect and curvature, misalignment, aperture 
scanning effect and filter (Vaughan [1989]). These 
individual broadening effects are fused into an instrument 
function which is the response of a FPI for an ideal pulse 
(e.g. 'Dirac or delta function'). Mathematically the
procedure is expressed as a 'convolution'. The response of 
a Fabry-Perot instrument is the true emission profile 
convolved with the instrument function.

The theoretical response is calculated using a Fast 
Fourier Transform (FFT) convolution technique. Then it is 
compared with the real spectrum. There should be an extent 
of discrepancy in the comparison because it is difficult 
to measure exactly each or the individual contribution to 
broadening the instrument profile. For example, the mirror 
defects consist of several causes ; surface curvature.



microscopic defects and a slight out of parallelism of the 
étalon plates. Similarly, the contributions from the 
several optical elements and the detectors to the 
instrument function profile are minimized by design and 
careful adjustment. It is very difficult to separate and 
calibrate each individual effect to the required overall 
accuracy. Thus it is the overall combined instrument 
function which is measured carefully in the calibrations.

3) To obtain exact calibration profiles :

The derivation of temperature is known to be 
extremely sensitive to the calibration profiles such as 
instrument functions, a thermionic field and a flat field.

All calibration profiles are reduced into the radius 
squared plane to make them a function of wavelength. 
Instrument functions are obtained using a He-Ne laser at a 
wavelength of 632.8 nm. However, the OH (6,2) emission 
line is at 843.0 nm so it is necessary to convert the 
wavelength. It will be carried out using a 'Fourier 
coefficients interpolation technique'. Thermionic and flat 
fields will also be obtained and be reduced to a 
integration time of 100 seconds same as the measured 
spectra.
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4) To develop a precise and robust analysis tool:

We need to extract accurately and robustly the 
physical parameters from observed spectra. In this thesis 
five physical parameter are obtained: temperature, ̂ wind
velocity, line intensity, background intensity and the 
separation between two Gaussians.

Currently, a least-squares method is considered as 
the most suitable one for this purpose. The least-squares 
analysis are performed in two different ways. First, a raw 
spectrum is deconvolved with an instrument function to 
obtain a pure emission spectrum. Later, it is compared 
with a modelled spectrum. This is called a 'deconvolution 
method'. Second, a modelled spectrum is convolved with an 
instrument function directly and is compared with a raw 
spectrum. This is called a 'direct convolution method'.

Both methods are used simultaneously to increase the 
credibility of the analysis and compared to select the 
Jbest one.

5) To determine exact error bounds :

It is important to know the errors on the calculated 
parameters. The statistical fluctuation of light gives 
rise to 'photon noise' which creates the uncertainties 
(errors) in the extraction of parameters from the least- 
squares analysis.



The errors of one parameter may be dependent on all 
five parameters, but with different weightings. So the
weightings must be determined. The error bounds are 
calculated using two different methods to improve the 
credibility: an analytic calculation and a numerical
simulation. The calculated error bound will be presented 
as an error bar for every data point.

6 ) To determine the seasonal variation of OH temperature 
in the mesopause region :

The major temperature variation in the mesopause
region is known to be an annual variation consisting of 
warm temperature in winter and cool temperature in summer. 
However almost of these results are obtained from the OH 
rotational temperature measurements (Mulligan et al. 
[1995] and Niciejewski & Killeen [1995]). Long term 
measurement of temperature from the measurements of OH
Doppler broadening has not been reported yet. So this 
thesis will present the first long term results of OH 
Doppler temperature from the mesopause region.

7) To determine the nightly variation of the OH 
temperature and intensity:



The nightly variation of the OH temperature, possibly 
due to tides, has not been studied for a long term base. 
So it will be investigated in this thesis.

Contrasting with other emission intensities, for 
example emission, the OH intensity is predicted to be
inversely proportional to the ambient temperature (le
Texier et al. [1987]) . Therefore it will be very 
interesting to study the correlation between line 
intensity and temperature.

8 ) To determine the variation of zonal/meridional wind in 
the mesopause region :

Very active fluid dynamic motions occur in the
mesopause region. For example, there exists an annual
variation and a nightly tidal motion. We also see the
effects of planetary waves and other stratospheric 
disturbances. Thus this thesis will investigate the active 
wind variations in the mesopause region and its relation 
with the stratosphere.

Wind measurements near the mesopause region are quite 
rare for the mid-latitudes. Previous work, by Greenhow & 
Nufeld [1960] and Groves [1972], usually used a meteor 
radar so the measuring volume is quite large and the range 
is between 85 - 100 Km. Rocket borne chemical releases
were also used extensively in 60's and 70's for the same 
purpose (Nawrocki & Papa [1961] and Rees [1967]) .
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Recently the Upper Atmosphere Research Satellite 
(UARS) data have become available (Hays et al. [1994], 
Burrage et al. [1995] etc.) . The orbit of UARS allows 
mainly day time observation during 6 - 1 8  Local Standard 
Time (LST) (Hays et al. [1994]), so a simple time mean is 
contaminated by the diurnal tide but not the semidiurnal 
tide (Burrage et al [1995] ) . This means that UARS sampling 
of the diurnal tide - as a monthly and longitudinally- 
averaged mean - is good, while the semidiurnal tide is not 
so easy to determine because it is necessary to remove 
diurnal tidal component. Long term observations from the 
ground, using a HF radar (Manson et al. [1989]) and a 
meteor radar (Teitelbaum et al. [1989]), can confirm the 
older radar measurements and augment the credibility of 
the recent space^borne data.

9) To determine the behaviour of wind circulation in the 
upper mesosphere :

From the above results it may be possible to 
determine the overall description of wind variations 
within the upper mesosphere.

Though the basic pattern of the global circulation 
within the upper atmosphere had been suggested for a long 
time (Murgatroyd & Singleton [1961] , Leovy [1964] and 
Green [1972] ) , there have not been enough long term data 
to confirm it. However in this study the long term data
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are available, so the overall pattern will be confirmed 
and modified.

42



Chapter 2 : Physics and dynamics of the mesosphere

2.1 General description of the mesosphere

The mesosphere is a dynamically active region where 
many important chemical reactions occur involving ozone 
and water vapour. . At the top of the mesosphere, the 
mesopause region (~85 km altitude) is the coldest part of 
the atmosphere with a mean temperature of around 190 K in 
mid latitudes.

If the temperature gradient is positive the 
possibility of a stable state is increased because the air 
resists vertical convection motions. Conversely, in the 
case of negative gradient, once an air parcel is moved it 
tends to continue its movement, so it becomes unstable. In 
fact the stratosphere and thermosphere are stable because 
they have positive temperature gradients : dnjd^ > 0

(Figure 2.1). However, it is possible for the mesosphere 
to be unstable due to its negative temperature gradient: 
5t/5z < 0 (Figure 2.1) . The troposphere can also be 
unstable for the same reason (Figure 2.1).

In the mesosphere there exist very active fluid 
dynamic motions including acoustic-gravity waves, tidal 
motions, planetary waves, zonal winds and turbulence 
(Killeen et al. [1991]). The velocity amplitudes of tidal 
motions increase with altitude because of the and
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conservation of momentum associated with the decrease of 
air density (equation [2 .2 0 ]), so the amplitudes are 
magnified to be a maximum of ~20 m/sec. in horizontal 
directions (meridional and zonal) in the mesopause region 
at mid-latitudes in summer (Figure 8.24 & 8.26).

There is also a strong zonal wind in the mesosphere, 
westward in summer and eastward in winter (Whitten & 
Poppoff [1971] and Geller [1983] ) . This is caused by the 
meridional temperature gradient resulting mainly from the 
absorption of solar radiation by ozone in the stratosphere 
(Figure 2.2) . A typical maximum zonal wind at mid
latitudes in winter is -60 m/sec for -50 - -60 km
altitudes (Figure 2.3), while in the mesopause region the 
maximum is reduced to as small as -2 0 m/sec (Figure 8.24) .

This leads to a strong wind shear which results in 
very active turbulent motions often observed in the upper 
mesosphere. In consequence energy is dissipated by 
turbulent eddy diffusion. Turbulence needs a high Reynolds 
number (> -3000) (Hughes & Brighton [1967]) and small
Richardson number’ (< 1) (Tennekes & Lumley [1973] ) , in
which condition wind shear force is bigger than buoyancy 
force. In contrast, in the thermosphere, above 
approximately 105 km (the turbopause) molecular diffusion 
is dominant because the turbulent motion is suppressed by

'The Richardson number is the ratio between thermal (bouyancy) force and 
wind shear force (equation (2.49]), so when the temperature gradient with 
altitude is negative it is easy to be smaller Richardson number (unstable) 
and to be turbulent.
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the large kinematic viscosity (h/p) which results in small 
Reynonds number (section 2.9) to prevent turbulence, where 
\i is the viscosity of air and p is the density of air. The 
viscosity does not change very much with altitude, which 
keep the value constant as ~ 1 x 10  ̂ kg/m sec. (Kuthe & 
Chow [1976]) but density changes exponentially with 
altitude. Also the ion-drag, due to the collisions between 
ionized atoms and neutrals (Hargreaves [1979]), can act as 
increasing viscosity so it prevents the growth of 
turbulent. Another important factor is the positive 
temperature gradient with altitude (larger Richardson 
number; >1) due to the exothermic chemical reaction of
oxygen, so the air is stable to resist to be turbulent.

Things are opposite in the mesopause region, 
temperature gradient is negative and the Reynolds number 
is larger due to the higher air density than the 
thermosphere. In addition the ion drag in the D region (60 
- 90 km) is very small compared to the E region (105 - 160 
km) because the ion concentration in the D region is the 
order of -10 - -1000 smaller than that of the E region
thermosphere (Hargreaves [1979] and Kelly [1989]). As the 
results of these turbulence can easily occurs in the 
mesopause region therefore the turbulence eddy diffusion 
becomes the dominant mixing process.

In the stratosphere the atmospheric temperature 
increases with height (Figure 2.1) due to the absorption 
in the 200 to 300 nm ultraviolet (UV) by ozone (O3)
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(Figure 2.2). A heat balance is established between 
ultraviolet absorption of O 3 and infrared radiation from 
water vapour (HjO), carbon dioxide (CO^) and O 3 (Kato 
[1980]).

In the mesosphere, the temperature is mainly 
determined by the balance between radiative heating due to 
molecular oxygen and infrared radiative cooling due to 
CO 2 (Kato [1980] ) . However in the mesopause region the 
atmospheric dynamic motion becomes another important 
factor beside radiation for determining the temperature 
(East [1993]).

The temperature reaches a maximum of 27 0°K at around 
50 km altitude and decreases up to the mesopause (~85 km) 
with a minimum mean temperature of 190 K. Approaching the 
mesopause, radiation loss from both the 15 pm rotation- 
vibration band of carbon dioxide (COg) , the 9.6 pm ozone 
(O3) band and the 5 ~ 7 pm NO emission accounts for
significant cooling (Whitten & Poppoff [1971] and Mantz et 
al. [1976]).

Above the mesopause, the atmospheric temperature 
increases monotonically with height due to radiative 
heating by dissociation of molecular oxygen in the lower 
thermosphere, and by ionization of oxygen atoms (Kato 
[1980] ) .

The main energy input in the mesosphere is the solar 
UV radiation and thermal conduction from the lower 
thermosphere toward the mesopause radiative sink. Many
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neutral atoms and molecules can be excited by UV, and the 
excited particles can easily involve in chemical 
reactions. The reaction between hydrogen from water 
vapour and ozone is an important one. As a result of this, 
excited hydroxyl (OH) molecules are created and emit 
strongly in the near infrared (-700 - -800 nm) .

The hydroxyl (OH) emission layer is near the 
mesopause, at 87.5 ± 3.5 Km, and has a narrow full width 
half maximum (FWHM) of 10.1 ± 3.5 Km (Baker & Stair
[1988] ) . Therefore the OH emission can be a good 
diagnostic tracer for a study of the mesopause.

2.2 Excitation and quenching of OH molecules

The OH Meinel bands are created from the 
ozone/hydrogen reaction. The v=9 level of the rotation- 
vibration state has an energy of 3.23 eV (East [1993]) .

H + O3 -> OH*(v = 9, 8, 7, 6) +
From the above reaction, 3.34 eV of energy is released, 
and this is just enough to excite the OH radicals to the 
maximum observed vibrational level of v=9. This reaction 
was first suggested by Bates and Nicolet [1950]. Another 
high level excitation mechanism was introduced by Nagy et 
al. [1976], which is the reaction between perhydroxyl 
(HOg) and atomic oxygen. They suggested that this reaction 
might make a significant contribution to OH emission.
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HOg + O -> OH*(v < 6) + O2
However-, the hydrogen-ozone reaction is considered as the 
dominant excitation mechanism by many authors such as 
Chamberlain [1961], Llewellyn et al. [1978] and le Texier 
Sc Solomon [198 7] .

There is more than one loss mechanism for rotation- 
vibrationally excited OH molecules. The major loss 
mechanism is spontaneous radiation (Llewellyn et al.
[1978] ) .

OH*(v') OH(v") + hv
Also, through an elastic collision with an oxygen 

molecule (Ô  ) and a nitrogen molecule (N̂ ) , which is 
called a 'quenching', the excited OH molecule loses an 
energy which is equivalent to one energy level :

OH*(v') + O2 -> OH(v' - 1) + O2 
OH*(v') + N2 -> OH(v' - 1) + N2

where the number densities of O2 and N2 are nearly same as 
- 10^^ c m ”̂  both near the mesopause region (Whitten & 
Poppoff [1971]), so above two quenching processes are
equally important. The rate constant for v ' = 6  is
5. 6  X 10”̂  ̂cm^s”̂  (Llewellyn et al. [1978] ) .

Another loss mechanism is the chemical reaction with 
an oxygen atom.

OH* + O H + O2 
where the life time of the excited OH for (6,2) 
transition is -0 . 1  seconds (section 6 .2 ), then the
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reaction coefficient is calculated as ~ 1  x 1 0  cm^s ^
(Llewellyn et al. [1978]).

2.3 Stability of the atmosphere

The stability of the atmosphere can be determined by 
the Brunt-Vaisala frequency. If a parcel of air is 
displaced by Ôz the pressure difference between the 
original position and the displaced position 
(z = Zq + ÔZ) , for outside the air parcel, is given from 
the hydrostatic relation

ÔP = -gp • ÔZ [2 .1 ]

where g is the gravitational acceleration and p is the air 
density.

For inside the air parcel, if the displacement is 
small then the expansion should be small as well, and it 
can be dealt as an adiabatic process. In an adiabatic 
process the relation between density and pressure becomes

,iL, = ,2.2,
Po Po P T P
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where y is the ratio of specific heats. So the air density 
(Pin) change inside the air parcel is obtained by using 
equation [2 .2 ]

p Y yRT
[2.3]

=  (— ^ ) p  • ÔZyRT

where p/P=l/RT, and R is the 'Universal Gas Constant ' . 
Whereas the air density outside (pout̂  the air parcel can 
be expressed using equation [2 .1 ] as the first order of a 
Taylor series

(Sp)out = - 6 z • ^  [2.4]
QZ

The net buoyancy per unit volume, f^, acting on the parcel 
is obtained from the difference between equations [2.3] 
and [2.4]

4  =  g { ( S p ) i n  -  ( S p ) „ „ t }

. g . S.(PS- + * )
yRT dz
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This must be equated with the inertial force on the 
parcel, fj = pd^(ôz) / dt^. By letting ôz=^, we could have 
a differential equation for vibration

il - g,i 5E + _a_,ç = 0 B.61
dt^ p dz yRT

The general solution is expressed as ^ = c sin(C0gt + a),
where (0  ̂ is called the Brunt-Vaisala frequency.

[2.7]

where a is the sonic velocity defined as a = ^/yRT . 
Equation [2.7] can be interpreted in a more intriguing 
way. Since 1 / p • dp / dz is the hydrostatic density 
change, outside the air parcel, and g / yRT is the 
adiabatic density change inside the air parcel between the 
original and displaced position, where the hydrostatic 
relation P / Po ~ P / Po the adiabatic change
p / P q = (p / Pq )̂ are used. The density change associated 
with hydrostatic relation becomes
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1 dp 1 dp 1 pg
pdz p d z  p [2.8]

RT H

where H is called the scale height. So equation [2.7] can 
be derived in another form

-  f
(y - i)g^

a^

[2 . 9]

The transmitability of gravity waves in the 
atmosphere is determined by this frequency. If the 
frequency of gravity wave is bigger than the Brunt-Vaisala 
frequency (co > COg) the wave can propagate through the 
air. However, in the case of co < CO g the waves become 
evanescent, and cannot pass this region, so they are 
totally reflected and trapped inside medium (Hargreaves
[1979] ) .
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2.4 Acoustic-gravity waves

Once an air parcel is displaced, it is subjected to a 
restoring force. The restoring force is a compression and 
a gravitational force. A compression/expansion force can 
generate an acoustic wave. On the other hand the buoyancy 
force and the gravitational force generate gravity waves 
(or internal gravity waves), which have somewhat lower 
frequencies than the acoustic waves (Figure 2.4).

A number of mechanisms which may generate internal 
gravity waves have been discussed. The possibilities 
include the effect of strong Lorentz force, Joule heating 
in the disturbed aurora electrojets, tidal motions in the 
upper atmosphere (upper mesosphere and lower thermosphere) 
or thunderstorms, strong depressions, winds blowing over 
mountains etc. There is still active discussions in the 
literatures. Large nuclear explosions in the atmosphere in 
the 50's and 60's had also generated gravity waves 
[Whitten & Poppoff [1971] ) .

In order to use a simplified dispersion relation some 
assumptions are required: we take only small variations of 
pressure and density, no loss of energy, i.e. zero 
viscosity and a two-dimensional plane-wave of solution as 
exp i(cût — k^x — k^z), where k^ and k^ are wavenumbers 
(k=27i/X) in the horizontal and vertical direction 
respectively. The dispersion relation is given by 
(Hargreaves [1979]))



m' - coV(k^ + k^) + (y - Dg'k^ + m ' y V  / 4a" = 0
[2 .10]

where a is the sonic velocity. This dispersion relation 
has two solutions (Rees [1989])

{ 1  ± ( 1  - [2 .1 1 ]2 a V
Û) -  ^2j^4

where / and the higher frequency waves are
acoustic waves while the lower frequency waves are gravity 
waves. The wave number (k) is proportional to the inverse 
of the wavelength (A,)

271 , 271 ^
k% - - / kg - - [2 .1 2 ]

The phase propagation angle is given by

9 = tan'^d, / ) = tan"^(k / k^) [2.13]

The phase velocities in the horizontal and vertical 
direction are given respectively by (Figure 2.5)
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V = coA, / 2TC = cû/k, v ^ = c û / k
[2.14]

V, =  00 / k

If the gravitational term is much smaller than the 
pressure (or sonic) term, equation [2 .1 0 ] becomes

(Ù (ûX

* ' (k] + ^

which is the dispersion relation for an acoustic (or 
sound) wave in which the phase is independent of 
direction. Acoustic waves generated in the lower 
atmosphere are efficiently dissipated by viscosity and
thermal conduction before reaching thermospheric levels 
(Rees [1989]).

For the gravity resonance, the Brunt-Vaisala
frequency COg is the highest propagating frequency,
whereas the acoustic resonance frequency CÔ  is the lowest 
propagating frequency of acoustic waves (Figure 2.4) . To 
see the form of the relation for CÔ  consider that for a 
closed organ pipe of length L the resonant wavelength is 
X=4L, and the resonant frequency becomes co=7ia/2 L. In the 
atmosphere the length L can be replaced by the scale
height (Hargreaves [1979])

2 Because the scale height H represents the whole atmospheric column 
above a given height h in terms of the physical state at h, it means 
that at the height h if the atmosphere above this height were brought
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7ia TigyCO = —  = ---  [2.16]2H 2a

where the relationship H = â  / gy is used. By- 
substituting CÔ  and CO g  into equation [2.10], then it can 
be rearranged as

= (1 - ^  - k ^ d  - ^ )  [2.17]
cô  0 )̂

For a gravity wave the frequency (- 10~^— ~ 10~^ sec ”̂ ) is 
much smaller than the sonic velocity (~300 m  • sec ; 
(0  ̂ < <  a^, and the order of acoustic frequency is 
— 1 0 ~̂  sec ”̂ , so above equation can be simplified

2

K  = k^(^ - 1) [2.18]CO

The wave can only propagate if and k^ are real and
positive, requiring that CO g > CO (Figure 2.4) . From 
equation [2.13] the propagation angle will be

0 = tan - 1)̂ ^̂  [2.19]

into this level the atmosphere occupies the height H. Up to the 
mesosphere scale height H keeps near constant, between the values of 6 
Km and 8.5 Km.
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In an acoustic wave the velocity is determined by the 
nature of the medium, so the selection of the frequency 
fixes the wavelength. For a gravity wave the selection of 
frequency fixes only the propagation angle, neither the 
velocity nor the wavelength. However the velocity, 
wavelength and frequency are related through equation 
[2 . 14] .

As shown in Figure 2.6 the direction of phase 
propagation is downward, and the energy and air particle 
move perpendicular to the phase propagation direction. 
Neglecting energy dissipation, the energy flux is 
constant: pU^ / 2 = C. Therefore the amplitude of the
waves increase with altitude because the amplitude is 
proportional to the square root of air density

U  oc [2.20]

Propagating waves are only possible for real and 
positive wave numbers. Therefore, from equation [2.17] 
shows that the frequencies must have values of either 
C û > C û ^ o r C O < C C ) g  (Figure 2.4) . Waves with frequencies 
between CÔ  and CÔ  are evanescent.

Gravity waves are observed with periods between 
6 - 8  minutes and 1 - 2  hours, while acoustic waves have 
periods of less than a minute. Because acoustic waves have 
much higher frequencies they are easily dissipated by the
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viscosity of air. However since the gravity waves have 
lower frequencies they can travel long distances, several 
thousand km. In consequence, in the upper atmosphere (-60 
- -110 km) gravity waves with periods of about 1 hour are 
ubiquitous features and appear to have a profound 
influence upon the dynamics (Reid [1986]).

Gravity waves have been measured in various ways : 
photographs of noctilucent clouds (Haurwitz & Fogle
[1969]), photographs of OH airglow (Moreels & Herse [1977] 
and Armstrong [1982] ) , OH measurement of rotational 
temperature (Krassovsky et al. [1977]) and intensity 
(Armstrong [1982] ) , and HF/VHF Doppler radar measurement 
of winds (Countryman et al. [1981] and Smith & Fritts 
[1983]).

2.5 Tides

A tide is a global scale air motion due to the
absorption of solar radiation by ozone and water vapour. 
Tides are also caused by the gravitational effect of the 
moon (Chapman & Lindzen [1970]). However lunar
gravitational tides are much weaker than solar heating 
tide, so in this study only solar thermal tides are
considered.

According to Lindzen [1968] the latitudinal
distribution of thermal excitation due to ozone and water
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■vapour is concentrated in the stratosphere near the 
equator (Figure 2.2). Tides are generated principally by 
the daily cycle of heating and cooling of the ozone and 
water vapour. However the heating cycle is shaped like a 
square-wave rather than a sinusoid and is therefore rich 
In harmonics (Hargreaves [1979]). These tides have periods 
of 24 hours and its major harmonics (12, 8 , 6  hours,
etc . ) .

At higher altitudes, tidal motions are increasingly 
apparent because the tidal amplitude increase with height 
according to equation [2.20]. The modes are designated 
3(co,n) where co is number of cycles per day. (1,1),
(1,3)... are diurnal tides and (2,2), (2,4)... are
semidiurnal tides. Generally |n| — CO is the number of 
zeroes in latitude, or the latitudinal wave number except 
at poles (Kato [1980]).

If we consider the oscillations of the 'free' 
atmosphere, no external forces are acting on it, however 
there may exist a linear perturbation of any physical 
quantity, i.e. pressure, velocity, temperature, etc.

= gg + E [ 2  .2 1 ]

where Eq is the original state, t is the perturbation, and 
L is the resultant quantity including the perturbation. It
•̂ For some non-propagating diurnal tides, the latitudinal wave number 
becomes negative, i.e. (1,-2), (1,-3) etc. In this case -n becomes the
number of nodes.
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is assumed that these tidal perturbations are periodic in 
longitude and time

i - z) exp{i(cot + S(|))} [2.22]

where o)=frequency of tide, s=longitudinal wavenumber, 
t=time, (j)=longitude and 0=latitude. Thus  ̂(8 , z) gives
the latitude and height variation of the perturbation.

It is convenient to introduce the geopotential 'O' 
for solving tidal wave equations,' and it is defined as

=  jjg • d z
p -dP [2.23]

= Jp. —

The perturbation (equation [2.21]) can be substituted by 
the geopotential.

In the mesopause region the ion number density is 
very small (-' 1 0 ^cm~^) compared to that of thermosphere 
F-region ( - lO^cm”̂ ) (Kelley [1989]), so the ion-drag and 
molecular diffusion is negligible. Also tides have a 
larger time scale (~10 hours) thus the turbulent effect 
which has very small time scale (< -1000 seconds) can be 
considered negligible. Therefore the horizontal equations 
of motion of the neutral gas, in spherical co-ordinates, 
are given by (Parish [1989])
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—  — 20 sin 0 * u + —  — . ( O  ) [2.24]
dt Tg Ô0

—  — —20 sin 0 • V +  (O) [2.25]
dt Tg sin 0 5(|)

where 0 =colatitude, ([)=longitude, v=velocity in 0 - 
direction, u=velocity in (|)-direct ion, Q=Earth's rotational 
frequency and rg=Earth's radius (Figure 2.7). Using 
equations [2.24] and [2.25], the divergence (continuity) 
equation is given by Chapman & Lindzen [197 0]

•E
[ 2  .26]

where F is an operator as given by

_ 1 d sin 0 d
sin 0 90 - cos^ 0 90

1 s + cos^ 0 ŝ  .
(- T- )

[2.27]

f̂  - cos^ 0 f - cos^ 0 sin^ 0
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where f is the ratio between the wave frequency (co) and 
Earth's rotation speed (Q) : f = CO / 20..

The perturbation of the geopotential can be expressed 
using separation of variables; vertical (x) and 
latitudinal (0) (Parish [1989])

O “'"(0,X) = I  a>“'"(x)©“'"(0) [2.28]
n

where co, s, n are the time, longitudinal, latitudinal wave

r dznumbers respectively, and x = J ---.
0 H

2.6 Horizontal structure of tides

The latitudinal term (0) from equation [2.28] satisfies 
the continuity equation [2.26] (Chapman & Lindzen [1970])

Laplace [1799 & 1825] first derived this equation, which 
is therefore called 'Laplace's Tidal Ecguation'. The 
eigenvalues {h^} are called 'equivalent depths'. They 
determine the permeability and the strength of tides.
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It is also found that radiation absorbed by ozone is 
closely associated with the diurnal modes, • while 
absorption by water vapour is more closely related to the 
semidiurnal mode (Chapman & Lindzen [1970] and Whitten & 
Poppoff [1971]).

The eigenfunctions {0^} are called 'Hough Functions' 
after Hough [1897 & 1898], who pioneered the solution of 
equation [2.29] (Figure 2.8)

0:"(8) = Z  (sin 8 ) [2.30]
m = s

where  ̂ are associated with Legendre polynomials of 
degree m (an expansion index depending on the precision 
required) and order s (longitudinal wave number) . are
the expansion coefficients for the polynomial series for a 
given Hough mode n.

Chapman and Lindzen [1970] showed that the 
latitudinal dependence of the tidal perturbations of 
pressure, density, temperature and vertical wind could be 
expressed in terms of series of the Hough functions

Ôp = E8p^(x)©^ [2.31]
n

5p = ZSp^(x)©^ [2.32]
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ÔT = X  §T^(x)©„ [2.33]
n

w  = X! [2.34]
n

The horizontal wind components are obtained by
substituting the periodic perturbation equation [2 .2 2 ] 
into equations [2.24] and [2.25] (Chapman & Lindzen
[1970])

u “'® = ------— A  + ^ )(0 “-°)4rj.Q (f - cos 0) f 60 sin 0
[2.36]

From equations [2.31-34] we could find that pressure, 
density, temperature and vertical velocity associated with 
the Hough functions.

In real case the magnitudes of variations of 
parameters are such that horizontal winds vary from 
-5 m/sec to -20 m/sec (section 8.9 & 8.10) and
temperatures vary from -5 K to -20 K for (section 8 .6 ) . 
However vertical winds are very small as less than -0.5 
m/sec (section 8.11). Pressure varies on the order of 
- 10"^ — - 10"^ Pq (Chapman & Lindzen [1970] ) . Pressure is
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relatively easy to measure at ground level, so from the 
early days the tides had been observed by using a 
barometer (Bartels [1928]).

The horizontal velocity components are not directly 
related to the Hough functions (equation [2.35] and
[2.36]). Figures 2.9a & b show the velocity modes. In the 
real measurements the velocity components at a given 
latitude are varying with time between the positive and 
negative values of these mode envelopes. Therefore the 
variations of horizontal velocities become sinusoidal with 
time.

2 .7_Vertical structure of tides

The vertical variation of the tidal perturbation 
is described by the vertical structure equation using the 
geopotential 0^(x) (Chapman & Lindzen [197 0] and Whitten 
Sc Poppoff [1971] )

- - {1 - —  (kH + — )}y„ = e [ 2  .37]dx 4 dx ygh_
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where = 0  ̂(x) — — ---- -— - and k=(y-l)/y, and the
J 9 K

thermo-tidal heating function is given associated with 
the horizontal term of the Hough functions 0

8 ) = E  J^'Xz) 0 ^'=(8 ) [2.38]
n

In the lower thermosphere and the mesosphere (below 120 
km) , the thermotidal heating is much smaller than it
is above 120 km because there is not any significant 
external heat sources such as Joule heating. Therefore, 
such heating is neglected, and = 0 (Parish [1989] ) .
Equation [2.37] then has the solution

y = [2.39]

where (0  ̂ is a vertical wavenumber and

kH -h dH / dx 10)̂  = 1̂------—------  — — . Equation [2.3 9] can provide a

reasonable approximation to the vertical structure (Parish 
[1989] and Chapman & Lindzen [1970]).

If 0)̂  is positive it can be interpreted as a 
wavenumber of the propagating wave. The term is
associated with upward propagation of energy and e 
with downward propagation (Wilkes [1949]). It is required
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that there is no energy source at infinite which in turn 
implies that no downward propagating tide is available, 
thus B=0. This is referred to as the ' radiation 
condition*. Since only the upward propagating tides exist, 
the general solution becomes: y = (Chapman &
Lindzen [1970]) .

From equation [2.37] a tidal wave propagates only if 
h is in the range

dH0 < < 4(kH +  ) [2.4 0 ]dx

Outside this range the wave becomes evanescent owing to an 
exponential damping in equation [2.39] .

Some of the diurnal modes have associated with small 
positive or negative equivalent depths (h^), e.g. (1 ,1 ) 
mode has an equivalent depth of 0.69 km (Vadnais [1993]). 
The negative equivalent depth corresponds to an 
exponential damping, because the powers of the 
exponentials become real in equation [2.39] . They might be 
trapped at the altitude where they are generated. These 
modes are denoted by (1,-1), (1,-2), (1,-3) etc. The
propagating diurnal modes are denoted (1 ,1 ), (1 ,2 ), (1,3)
etc.

On the other hand, most of the semidiurnal modes are 
characterized by the large positive equivalent depths, 
e.g. (2,2) mode has a 7.9 km of it (Chapman & Lindzen
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[1970]), and these are larger than that of the propagating 
diurnal modes. These can result in strong penetrating 
tidal waves (Whitten& Poppoff [1971] and Parish [1989]). 
This is the reason why semidiurnal tides are more common 
and stronger than diurnal tides in the upper atmosphere.

2.8 Wind and circulation

The wind and circulation of the mesosphere, e.g. 
tides, zonal winds and meridional circulation are 
essentially thermal origin. The principal features are 
usually zonal winds, easterly winds in summer and westerly 
winds in winter for the northern hemisphere. In the 
mesopause region, however, zonal winds show a semiannual 
variation with eastward winds during summer and winter, 
while westward during spring and autumn (section 8.9 and 
Figure 8.25) .

A typical maximum magnitudes of zonal wind in the 
mesopause region are around 20 m/sec at mid latitudes 
during solstices and minima in equinoxes (Figure 8.25), 
while it is around 60 m/sec in the mesosphere (Figure
2.3). At the equinoxes the zonal winds are as small as ~20 
m/sec both in the mesosphere and at the mesopause (Lindzen 
& Hong [1974]). Despite the rather regular behaviour of 
the mean winds, the winds observed over short time spans
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are quite variable because of gravity waves (Hines 
[1960] ) .

Meridional wind components are much weaker than the 
zonal wind components through most of the mesosphere 
(Whitten & Poppoff [1971]). However in the mesopause 
region the meridional wind has the much larger magnitude 
with the zonal wind as a maximum of -40 m/sec (section 
8.10 and Figure 8.27).

The zonal winds are caused by the meridional 
temperature gradients resulting from the absorption of 
solar radiation by ozone (O3 ) and to a lesser extent water 
vapour (HgO ) (Figure 2.2). Since this is also the 
mechanism which is responsible for tides, significant part 
of the mesospheric winds must be tidal in nature. The 
meridional temperature gradient produces the meridional 
pressure gradient

dP z dT  = P ------ [2.41]
dy HT dy

where z is the height, y is the meridional axis. This 
pressure gradient is balanced by the Coriolis force, 
pu^ • 2Q sin 0 . The zonal winds can be written (Hargreaves 
[1979])
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9 t
=  - 2Q sin 0 ■ p HT dy

ao, [2.42]zg dr 
2D. sin 0 • T 9y

Another effect of the horizontal thermal gradients, which 
are quite large at high latitudes (> 60°N) , is the
production of a polar vortex (Whitten & Poppoff [1971]) . 
This vortex is subject to large variations in its 
movements, particularly in winter, because of the 
instability caused by planetary waves. In consequence the 
polar vortex may split leading to a 'sudden stratospheric 
warming' (Holton [1975] ) .

2.9 Turbulent mixing in the mesosphere

In the mesosphere turbulent diffusion is dominant 
while in the thermosphere molecular diffusion prevails.

Wind shears are quite pronounced in the mesosphere as 
is evidenced by the profiles shown in Figure 2.3. This 
wind shear is probably one of the causes of the active 
turbulence in the mesosphere (Whitten & Poppoff [1971]) .
It has also been suggested that turbulence in that region 
may arise from the unstable breakdown of tides and gravity
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waves (Lindzen [1967,1968], Lindzen & Blake [1971] and 
Hodges [196 9]).

Large scale random fluctuations in the velocity and 
density in turbulence tend to mix the atmosphere and 
increase mass and heat transport. This opposes the effect 
of gravity which tends to separate the atmospheric
constituents vertically according to their molecular 
masses. Mixing caused by random fluctuations in the fluid 
velocity field is called 'turbulent or eddy diffusion'.

At altitudes below the turbopause (about 105 km) 
turbulent diffusion is the dominant mixing process which 
leads to the uniform composition of various chemical 
constituents. Above the turbopause molecular diffusion 
prevails and atmosphere is begun to stratified (Whitten & 
Poppoff [1971]) .

Turbulence is described by adding a fluctuation
quantity to a time mean quantity. In this case, turbulence 
is defined in terms of a velocity fluctuation

V  = V  + v' [2.43]

The Coriolis force can be neglected because turbulence
occurs over much smaller scales of time and length. Then 
the equation of fluid motion is
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—  + V • Vv — — — Vp + g + f [2.44]
dt p

where f is friction due to the viscosity term : f = vV^v,
and V is 'dynamic viscosity' (fluid viscosity divided by 
density: M-/p) • By substituting equation [2.43] into 
equation [2.44] and taking a time average, equation [2.44] 
can be rearranged

— Vp + g — v' • Vv' + vV^v
dt p [2.45]

= V • (vVv — v'v')

where the time average of fluctuations becomes zero 
(Hughes & Brighton [1967]) : v' = 0 . We assume that the
fluid is in hydrostatic equilibrium condition : Vp = gp .
The fluid is also assumed to be incompressible, so the 
continuity of equation [2.43] becomes V • v = V • v' = 0.

The quantity pv^Vj is called the 'Reynolds stresses 
or Eddy stresses'

T.j = -pViV' [2.46]

because they work as a negative viscous friction, 
increasing the momentum and mixing of fluid. The Reynolds 
stress represents the transport of momentum due to
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fluctuations in the velocity field, so it is the most 
important nature of turbulence. However turbulence 
equation [2.45], especially the Reynolds stress term, is 
the notoriously difficult to solve because it is highly 
non-linear.

To calculate the Reynolds stress, Prandtl [1925] 
introduced the 'mixing length ' idea in analogy to the 
'mean free path' in a gas. Prandtl assumed that an eddy 
originating at some level z carries the average momentum 
of that level to a new level z +  ̂ where it is abruptly 
absorbed. Then the Reynolds stress is described as

Tij = - p f  [2.47]’ ÔZ

The Prandtl's mixing length concept has been widely use 
for the practical calculation of many fluid dynamic 
problems.

Yet it is not fully explained when and how turbulence 
occurs. However two criteria have been suggested: the
Reynolds and Richardson number. The Reynolds number is the 
ratio between inertial forces and viscous forces. If the 
number exceeds a certain threshold value turbulence might 
occur. The Reynolds number is written
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pVL
Re = ---  [2.48]

where L is a characteristic length for instance the 
diameter of a pipe. In the upper atmosphere it is 
difficult to define the characteristic length L. Sometimes 
the scale height H is used, but its relation to the onset 
of turbulence is far from apparent (Whitten & Poppoff
[1971]) .

The Richardson number is the ratio of buoyancy energy 
dissipation and energy supplied by wind shears (Tennekes & 
Lumley [1973] )

- -
R, =  Ï [2.49]

-  E  - -i,k oz

where the index k represents a vertical direction and 0 is 
the potential temperature : 0 = constant x T / . If
the Richardson number is of the order of unity or greater, 
buoyancy forces remove energy as fast as it is produced by 
wind shears, so turbulence cannot develop. There have been 
strong objections raised against application of the 
Richardson number in the upper atmosphere. Sheppard [1959] 
calculated that the number is too large to sustain
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tturbulence : = 20 in the mesosphere (60-80 Km) and
]R̂ =• 50 in the lower thermosphere (about 100 Km) .

The time scale of turbulence in the mesosphere had 
been calculated by Greenhow [1959] : from 30 seconds to
~ 1000 seconds. If this is so, the possibility of 
detection of the turbulence should be very low at these 
heights, because the Fabry-Perot interferometer used has 
the time resolution of 82 minutes.

2.10 Planetary waves

Planetary waves can be seen as large scale 
asymmetries in the middle atmosphere (the stratosphere and 
lower mesosphere) circulation resulting from the 
sphericity and rotation of the Earth - the variation of 
the Coriolis parameter with latitude. Their simplest form, 
caused by the variation of the Coriolis parameter with 
latitude, are known as 'Rossby waves' (Houghton [1989]) .

In the winter, within the polar stratosphere (~20 km 
height) low pressure systems develop due to strong 
poleward temperature gradients (Naujokat et al. [1994 &
1995]). These create a cyclonic (anti-clockwise) vortex in 
the northern hemisphere (Goody & Walker [1972]). This 
eastward zonal wind is called the 'polar vortex'. The 
strong Coriolis force near the polar region creates a
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meridional force^ associated with the zonal winds. So this 
force leads the polar vortex to move in a meridional 
direction. This meridional motion experiences a restoring 
force because of the tendency to keep the vorticity 
constant (equation [2.50] and Houghton [1989]). Results of 
this mechanism the polar vortex usually shows sinusoidal 
motions in mid-winter.

This Rossby wave has a westward phase velocity 
direction which is opposite to the earth's rotation. 
Therefore it can propagate over the stratosphere but with 
a very long wavelength, because a wave could easily 
propagate upward when a phase velocity and a background 
wind are different direction from each other (Appendix
8.3). Oppositely in summer the polar vortex has the 
westward zonal wind so the wave cannot propagate upward. 
The propagated wave in the middle atmosphere with very 
large horizontal wavelength (-1000 Km) is called a 
'planetary wave'.

As Fluid motions conserve absolute vorticity with 
respect to time. This acts as a restoring force and 
produces perturbations

^ 0 [2.50]dt

■^According to the vector cross product, a vertical Coriolis force and 
the eastward wind create a southward force (Appendix 8.2).
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where Ç is a local vorticity: (9v / dx — 9u / dy) and f is 
the Coriolis vorticity: 2Q. sin 0 . To solve the equation 
we assume a linear relation between f and y (meridional 
direction) : f = fq + Py where p is a constant. A uniform
zonal flow introduces perturbations : ii == ïï 4- u', v = v'. 
Then equation [2.50] becomes (Houghton [1989])

+ + = 0 0.51,
9t 9x 9x ay

Because the continuity is satisfied: V  • v = 0, i.e. no
fluid sources and sinks exist, so a stream function for 
perturbations can be introduced : u' = — 9vjy / dy ,
v' = d\\f / 9x . Substituting these into equation [2.51] we 
can get

(—  + Ü  — ) V V  + p —  = 0 [2.52]9t 9x 9x

This has the solutions of wave form

Y  = Re{vj/o exp i(o)t 4- kx + )}
= Yo cos (cot + kx + [2 .53]

It is possible to have a dispersion relation (Houghton 
[1989])
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CO _  p

The velocity relative to the zonal flow is a — û where a 
is the phase velocity in the x (zonal) direction. Rossby 
waves, therefore, drift to the west relative to the zonal 
flow, typically at a speed of a few metres per second. The 
phase speed of the waves increases with wavelength 
(Houghton [198 9]).

Planetary waves are an important source of momentum 
and heat transfer in the middle atmosphere (Holton 
[1979]) . Because their phase speeds are often comparable 
with the mean zonal wind speed, and breaking occurs when 
speeds are comparable and the same direction, the 
planetary wave energy is continually given up to the mean 
flow. They are primarily a sinusoidal wave in the 
horizontal plane travelling zonally with a meridional 
displacement (Vadnais [1993]). When mesospheric winds are 
westward in summer, planetary waves are almost entirely 
trapped in the lower atmosphere.

The effect of planetary waves may possibly be seen in 
a long term wind fluctuation with a period of 2 ~ 40 days. 
The long term averaging of the winds obtained using the 
Fabry-Perot interferometer may yield evidence of planetary 
waves. Heating and cooling by planetary waves is so 
significant that the phenomenon of major stratospheric 
warming during winter periods in the northern hemisphere
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and height variation of the stratopause is considered to 
be due to planetary wave motion (Hauchecorne & Chanin 
[1982]) .

79



300

J
5

2 0 0

THERMOSPHERE
1 0 0

MESOSPHERE

STRATOSPHERE

TROPOSPHERE

1000500200
TEMPERATURE (K )

Figure 2.1

80



18

Altitude (km)
ro

CL

CJl
HKdeg K ) ( D i u r n a l )  H 2  (deg K) ( D iurna l)

Io b  Q  ~ P ^r o m o - t ^ c o r o r o c n
0 0o

I

o

c
CL O  CD
CL(DlO

o

COo

■ T ;  1 1 1 1 • J ' 1 1 " v ^ " T  i ■ 1 1 ■ 1

— N .  -

- \  -

- \  -

- /

- -

/ I  1 1 , 1 » 1 I  _1_ 1 % i  I ' l l  _ L . x  l _ i —

o Q  O  O O 
5  ~ ro 04 
OT
Semidiurnal

O — T: roro 00 ^

Semidiurnal



Temperature regions

Thermosphere
100-

Minimum
80-

Mesosphere
60- ii#s s  SIII

M axim umD)

Stratosphere

20 -

Minimum
Troposphere

Zonal w in d ,  W - ^ E  ( m / s )

Figure 2.3

82



H*
'g
m
to

Acoustic wave mode

Forbidden

Gravity wave mode



X

N

N/<
X
II
C
cd

(S >»
4-
X

11

(S

CN >% 
/<

4*
r* X <<
<N
/<

3
II
CN

3
II
3

CO

Figure 2.5

84



do
(D>

Amplitude

Figure 2.6

85



Planetary 
’ surface

X

y

Figure 2.7

86



H-

'g
(D
to

4 0 . 0

3 0 . 0

20.0

10 . 0

- 1 0 . 0

- 20.0

-3 0 . 0

4 0 .0,
30 60 (20 (30(SO

0 ( l . -3  J

COLATITUOe ( DECREES)

0.0

8.0

- 2.0

- 4.0

- 6.0

-8.0

IC.O, 9030 60 (23 ( 30
COLATITUOE ( OEGREESI

00

oo

20.0

( S O

- 5 0

- (0.0

- ( 5 0

-20.0,
60 90 (20 (SO (80

»;o'* 0  ll. - 1 )

COLATITUOE ( DECREES I

( S O

10.0

- S O

- 1 0 . 0

- I S O

30 90 12360 (SO ( 30
COLATITUOE ( DECREES I



oo
oo

H-

(D

NJ
00
tr

20.0

I S O

10. 0

5 0

- 10. 0

I S O

-20.0,
180EC 1 2 0 ISO90

0 ( 2 .  51

i;0 -'

COLATITUOE ( OEGREES I

0  1 2 . 2 1

3 0 . 0

2 5 . 0

20.0

I S O

10.0

5 0

0 .0. 90 1801 2 0 ISO

20.0

I S O

10.0

10.0

I S O

-20.0. 18090 1 2 0 ISOGO
COLATITUOE (DECREES I

0 (2. 31
10.0

8.0

-8.0

-10.0, ISO IM1 2 09060
COLATITUOE ( DECREES I COLATITUOE ( DECREES I



1

0

1

COLATITUDE COLATITUDE

(1,2)

COLATITUDE
0 10 20 30 40 50 60 70 80 90

COLATITUDE

Figure 2.9a

89



COLATITUDE

(2,5)

COLATITUDE

COLATITUDE COLATITUDE

Figure 2.9b

90



Chapter 3: A Fabry-Perot Etalon Interferometer

3.1 Introduction

Analysing data from a Fabry-Perot interferometer 
(FPI) requires to know the details of its characteristics, 
both generally and specifically.

A Fabry-Perot étalon is composed of two flat parallel 
mirrors with semi-reflective coatings. The incident light 
is reflected many times between the plates to create the 
interference patterns (Figure 3.1). The incident light can 
be very finely resolved into the wavelength (or frequency) 
domain, which is called a spectrum.

The equations which describe the Fabry-Perot étalon 
seem not to be too complicated, however they have profound 
and complex implications.

Only few textbooks explain the detailed implications 
of the relation between the interference patterns (fringe 
patterns) and the spectrum (Hernandez [198 8 ] and Born & 
Wolf [1987] ) . In this chapter, a Fabry-Perot 
interferometer will be described using the basic equations 
and these will be interpreted clearly. The relations 
between the fringe pattern (interferogram) and the 
spectrum will be studied in more detail because it is 
inportant to reduce the two-dimensional fringes into a 
one-dimensional spectrum.
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The difference between a point (zero-dimension) 
detector and two-dimensional detector is examined. Finally 
the comparison between a Fabry-Perot and other types of 
interferometers will be made in terms of luminosity and 
resolution.

3.2 Advantage of a Fabry-Perot interferometer

The major advantage of a Fabry-Perot type 
interferometer is its superior luminosity"" and 
corresponding resolution over other types of 
interferometer.

Only the special case of a field-widened Michelson 
type interferometer has an equivalent or superior 
luminosity, but the final 'Signal to Noise Ratio (S/N)' 
may be little different from that of a Fabry-Perot type, 
since the Michelson type is a two-beam interferometer, not 
a multi-beam interferometer like a Fabry-Perot type.

The Fabry-Perot Interferometer (FPI) has 30 to 400 
times greater luminosity compared with a grating type 
interferometer, and the FPI is the order of 10^ times 
brighter than that of a prism interferometer with the same 
resolution (Jacquinot [1954]).

This is because the ratio of output/input light flux

^Luminosity has the unit as ' watts per steradian per square metre 
(w • sr~^ • ) (McCartney [1983]) .
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for the Fabry-Perot type interferometer is much greater 
than for other types (Jacquinot [1954]). Luminosity which 
is proportional to light flux O  and resolution are 
inversely proportional to each other, so their product 
keeps roughly constant; O  • 9Î « C (equation [3.18]). 
Therefore the large luminosity of the Fabry-Perot 
interferometer allows us to exploit the potentially high 
resolution.

3 . 3.- M r y function

It is convenient to describe the characteristics of 
the Fabry-Perot étalon as the ratio of transmitted to the 
incident irradiance^.

Et = ^  I" 2  2 ]
I, 1 - R 1 + 4R^ / (1 - R)̂  sin^(5 / 2)

A(0) = k
[3.2]

1 + 4R" / (1 - R) sinX8 / 2)

^Irradiance is the 'light flux per unit area', so it has the unit as 'Watt 
per square metre (w • m'h (McCartney [1983]) .
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where T and R are the transmittancy and reflectance 
(square of reflectivity) of the mirror respectively. 5 is 
the phase angle difference between two successively 
transmitted waves in the étalon

4 Tin d
S = --- —  cos 8. [3.3]

X

Equation [3.2] is purely a function of mirror reflectance, 
R(= r^), and the phase difference of successive reflecting 
rays, ô. It is called an Airy function (Figure 3.2) . The 
incident beam is reflected many times between the étalon 
surfaces (Figure 3.1) to make the interference patterns 
appear as concentric fringes formed at infinity (Figure
3.3) . If fringe patterns are to be formed by a suitable 
lens or mirror system with a monochromatic light, the 
relative irradiance of a fringe pattern will be determined 
by the Airy function (equation [3.2]).

3.4 Fringe patterns

The fringe pattern itself is a spectrum expressed in 
the r-plane. This is the plane of a detector surface 
(photocathode) or an image plane, where r is the distance 
from the centre of the fringe pattern (Figure 3.3).
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The Airy function, equation [3.2], can be rewritten 
as a function of

 ̂ 1 + 4R^ / (1 - R)̂  sinTS(r^) / 2}

where the phase difference Ô can be expressed as a 
function of (Born & Wolf [1980] and Aruliah [1991])

5 = i=îiico,9.
X

4 7in d [3.5]

where L is the distance between the étalon and the 
detector, and L is much bigger than r: L >> r (Figure
3.3). In the r-plane the width of rings become narrower 
with increasing radius, because each ring has the same 
area. In consequence, the gaps between the peaks of the 
spectrum decrease as the radius increases. This non
uniformity of the spectrum causes a great inconvenience 
when analysing it.

According to equation [3.5] wavelength (X) is 
proportional to r~ . So if we describe a spectrum in the 

-plane, it will be evenly spaced and becomes a linear 
function of wavelength. This could provide a great 
simplification for data analysis and for simulation.

95



3.5 Free spectral range

A Fabry-Perot interferometer can be used to examine 
the detailed structure of a spectrum. In this thesis a 
single étalon FPI is used to investigate the combined 
Doppler broadening and Doppler shift^ effect. In this 
case the Optical Path Difference (OPD) of the étalon is 
normally fixed to get the maximum transmittancy to the 
central frequency of an emission.

A free spectral range is the spectral distance 
between two adjacent peaks of an Airy function. In this 
study, the wavelength X is varying while the étalon gap d 
and the incidence angle 0 are fixed. Equation [3.3] could 
be differentiated by X, then

4 7u n d   ̂ ^
dô =  cos B.dA, [3.6]

In equation [3.6] if we put 2ti for the phase angle 
difference, dô=27i, then dA, become the free spectral range 
at the central wave length Aq

^ h s  e.

Doppler broadening arises from the thermal random motion of the emitting 
molecules, whereas a Doppler shift is caused by the bulk motion of the 
emitting media.
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The phase difference can be expressed in terms of the free 
spectral range at by putting equation [3.7] into
equation [3.3]

5 = 2ti ^ --- [3.8]
( A ^ o W

For the numerical simulation, equation [3.8] is more 
convenient than equation [3.3] because it can describe a 
peak very easily and precisely.

3. 6  Resolution

Resolution is dependent on the sharpness of an Airy 
function. The sharpness can be expressed in terms of a 
Half Width Half Maximum (HWHM) of an Airy function as 
shown in Figure 3.2.

From the Airy function

A(0) = ----------y— ---- [3.2]1 + F sin (5 / 2)

where F = 4R / (1— R)̂ , and let A (8  ) — 1/ 2 then we get 
the HWHM

97



8 ^ / 2  = 2 sin ̂ (1 / VF) [3.9]

When F is large, the Full Width Half Maximum (FWHM) 
becomes (Figure 3.2)

' ° 13.1»!
= 4 / V f

Another particular interest is the ratio of the free 
spectral range (in phase angle, i.e. 2n) to FWHM. Which 
is known as a 'finesse'

3 =  ^
^ [3.11]

71 V f

For accurate observations, a combination of higher 
resolution and a larger free spectral range are usually 
better. As seen in equation [3.11] the finesse is the 
ratio of the free spectral range and the FWHM of the Airy 
function, while the resolution is the ratio between the 
central wavelength and the FWHM of the Airy function.

In practice the large finesse is more important for 
identifying a spectrum than the high resolution. If we 
decrease the optical path difference, i.e. the étalon gap,
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we can have a large free spectral range, however there is 
a penalty in resolution. The étalon gap is fixed in the 
Utah FPI, so the best way is to make the Airy function (or 
the instrument function) sharp to get both a large finesse 
and a high resolution. Therefore, in the actual 
application, it is necessary to use a high reflectance 
coating and thus to reduce the FWHM of the Airy and the 
instrument function (section 4.3).

The theoretical resolution (91̂ ) becomes the ratio of 
the wavelength of ' incident monochrome light to the 
smallest resolvable wavelength difference, i. e. the FWHM 
of the Airy function. This is also called the ' chromatic 
resolving power' (Hecht & Zajac [1987]).

‘ " S '
^ 0

In practice the Airy function is broadened by the several 
effects, so we would better to consider the FWHM of the 
instrument function rather than that of the Airy function. 
For the Utah FPI the theoretical resolution is 1,400,000, 
whereas the real resolution is actually 890,000.
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3.7 Luminosity and resolution

The light flux transmitted through an étalon is given
by

O  = B ■ X • S • Q  [3.13]

where B is the luminance of the source at the wave length 
concerned, X is the mean value of the irradiance ratio 

over a full width half maximum (FWHM) , where it 
becomes X = 71 / 4 • X̂ ^̂  (Appendix 3.1) , S is the area of 
the étalon and Q is the solid angle subtended by the 
aperture area.

1) In the case of a point detector

In the case of a zero-dimensional point detector, 
e.g. a Photo Multiplier Tube (PMT) or a photodiode, the 
optical path difference must be scanned while the spectrum 
is observed through an aperture. The solid angle Q is 
given by Q  = , where 0 q is the angular radius of the
aperture [Appendix 3.2] . Then equation [3.13] can be
rewritten

O  = —  0/ • BSX„,, [3.14]4
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Equation [3.14] shows that the angular radius of the 
aperture should be as large as possible, as long as the 
luminosity is concerned.

However, as shown in Figure 3.3 we can express the 
Airy function in terms of the incident angle 0^ or COS 0 ,̂ 
in which case the resolution can be written by (Appendix
3.3)

Ô (cos 8. ) _ 1
cos 0. 9Î. [3.15]

0 ;0

From this, we see that, conversely, the angular radius of 
the aperture should be as small as possible to obtain high 
resolution. So, therefore we should make a good compromise 
regarding the angular radius of the aperture, by trading 
luminosity and resolution.

To investigate concentric Fabry-Perot fringes, the 
ideal aperture shape would be an annular ring shape which 
has an angular radius COS 0^ with an extremely narrow ring 
width 0(COS0^). From equation [3.15] the ratio 
Ô ( cos 0^ ) / COS 0^ should be equivalent to the reciprocal 
of the resolution, 1 / ~ 10”̂ for the Utah FPI. This
extremely narrow width can minimise the broadening effect, 
however, in fact, this kind of shape is difficult to 
produce mechanically.
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Hence, alternatively, we ought to observe the central 
circular fringe through a pin hole aperture with the 
angular radius 6 q , which has the same solid angle as the 
annular ring aperture for the same luminosity. In this 
case the resolution is inevitably reduced due to the 
aperture scanning effect (section 4.2 and 4.5), the 
reduced resolution is given approximately by an empirical 
equation (Jacquinot[1954] )

91 = 0.79Î, [3.16]

From equation [3.15] the optimum incidence angle can 
be expressed purely in terms of the theoretical resolution 
(Appendix 3.3)

0^ = 72 / 9Î, [3.17]

It means that the beam which has an incidence angle
greater than 0  ̂ must be rejected to obtain the best
combination of resolution and luminosity.

2) In the case of a 2-dimensional detector

In the case of a two-dimensional detector, e.g.
Imaging Photon Detector (IPD), the resolution is much
better than the point detector (McWhirter [1993]).
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With the 2-D IPD, we do not need to scan the image 
plane because it can make use of the full image of fringe 
patterns, hence we do not need a scanning aperture in the 
image plane. So the resolution is not degraded as the 
point detector described in equation [3.16], because the 
2 -D IPD has a very small broadening effect (section 4.5).

The FWHM of the IPD's Point Spread Function (PSF) is 
the -ISO pm (section 4.5), which is equivalent to the 
effective aperture diameter, compared to the scanning 
aperture diameter of a point detector: -3 mm on the axis, 
for the Utah FPI's resolution 1,000,000 and a focal length 
1580 mm from equation [3.17]. So the effective aperture
size of the 2-D IPD is only -1/20 of that for a typical
point detector.

The broadening effect is proportional to the square 
of the angular radius, hence, for the Utah FPI, the use of 
IPD can reduce the broadening effect to -400 times less 
than for a point detector. It means that the 2-D IPD has a 
big advantage in resolution with the same luminosity of a 
photodiode or a PMT. For this reason, until recently the 
2-D IPD has been used widely.

If we substitute equation [3.17] into equation
[3.14], we obtain an inversely proportional relation
between the luminosity and resolution
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71^(D9Î̂  = Y  T„ax • BS [3 .18]

We can compare the luminosity of a Fabry-Perot type with a 
grating spectrometer with the same resolving power, and 
for a moderate grazing angle of 30° (Jacquinot [1954])

 ̂_ 0(Fabry — Perot) G — 0(grating)
3.4 "

where P is the angular height of the slit in a grating 
interferometer. A customary value of p is 1/100, then
G “ 340. The comparison between a prism and a grating 
spectrometer shows that g { = 0  (prism)/O (grating) } value is 
most often less than 0.13 (Jacquinot [1954]) . In
conclusion a Fabry-Perot interferometer is superior to a
grating and a prism spectrometer in resolution by the 
factor of ~ 1 0  ̂ and - 1 0  ̂ respectively for the same
luminosity.

3 . 8  Summary

The Airy function of a Fabry-Perot interferometer is 
the normalised form of the equation of the incident and
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transmitted irradiance ratio.
A spectrum and fringe patterns are virtually the 

same, but expressed in different image plane. The spectrum 
is described in a radius-squared (r̂ ) plane, which has a 
linear relation with wavelength {X) , while fringe patterns 
{interferograms) are expressed in the physical plane : 
radius (r) plane. Using equation [3.5] we can reduce the 
2-D interferogram into a 1-D spectrum. The 1-D spectrum, 
being a function of wavelength, is very convenient for 
analysing the spectra.

Luminosity and resolution are inversely proportional 
to each other. A 0-dimensional point detector, e.g. 
photodiode, needs an optical path difference scanning 
aperture at the image plane to isolate the central fringe. 
Therefore we need to seek a compromise on the aperture 
size to achieve a good trade-off between luminosity and 
resolution. A good compromise for a pinhole aperture has 
been suggested in equation [3.16]. The finite size of 
the aperture gives rise to a broadening effect on 
instrument functions.

However for a 2-dimensional detector, e.g. 'Imaging 
Photon Detector (IPD) ' , the scanning aperture is not 
necessary, so the IPD has a significant advantage on 
resolution compared to a point detector. Moreover the IPD 
can use the full fringes so it can have the advantages of 
using the total signal.

The important merit of a Fabry-Perot Interferometer
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is in luminosity, which is - 1 0 0  times brighter than a 
grating spectrometer and - 1 0 0 0  times brighter than a prism 
spectrometer.
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Chapter 4; Numerical simulation of a Fabry-Perot 
interferometer

4.1 Introduction

It is important to predict the response from a Fabry- 
Perot interferometer to understand the overall performance 
of it.

The response, the observed raw signal, of a Fabry- 
Perot Interferometer (FPI) consists of several profiles : 
an Airy function, several broadening effects (functions) 
and a true signal profile. They are merged together 
through a mathematical process, called convolution. The 
convolution of the Airy and broadening functions is called 
the 'instrument function'.

These functions and the signal profile can be 
expressed mathematically, and using these, we can simulate 
the response of the FPI. It will be especially interesting 
to predict the instrument function of the FPI. Through 
this we can have a clear understanding of the various 
broadening effects. The knowledge of the instrument and 
the signal profile will provide us many useful ideas for 
analysing the data.
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4.2 Fourier description of the interferogram

The main experimental purpose is to get the true 
signal spectrum S (X) through the deconvolution of Y (X) 
with the instrument function I (À).

The response from a FPI: Y (X) can be described as the 
convolution of a true signal S (X) and an instrument 
function I(^)

Y(X) = S(X) 0  I(X)
[4 1]

= 1% S(À')I(À - X')dX'

The Fourier transform of the above equation becomes a 
function of wavenumber (a = 1/X) . This function which is 
in the Fourier domain is generally called a transfer 
function

y  (a) = s(a) • i(a) [4.2]

Physically the convolution process means that a 
resulting signal Y(X^), at one wavelength X̂ _ in the output 
space, is a linear superposition of all of the individual 
overlapping contributions that exist at X^ [Hecht and 
Zajac (1987)].

The signal spectrum S {X) is a convolution of a 
Gaussian and a Lorentzian profile which originate from
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the thermal Doppler broadening effect and the broadening 
from collisions of molecules (or atoms) respectively. 
However, in the upper atmosphere the air density is so low 
that the collision broadening (pressure broadening) is 
negligibly small (section 6.4)

S{X) = L(^) 0  G(A.)
[4.3]= G ( X )

The instrument function is the convolution of the 
Airy function and several broadening functions

I(X) = A{X) (2) F^{X) (2) Fp(X-) • Fp(X) [4.4]

where A(A,) : Airy function, F^ (X ) : mirror defect function, 
Fp ( X, ) : detector broadening function. F^(X) is a filter
function. It is not a broadening function but a modulation 
function, so it is multiplied rather than convoluted. The 
Fourier transform of equation [4.4] is the transfer 
function of the FPI

i(a) = a(a) • (a) • fp(a) (2) fp(a) [4 .5 ]

where, according to the Fourier transform theory a
convolution in the wavelength (X) domain changes into a 
multiplication in the Fourier domain, in other words the
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wavenumber (1/X) domain. The details of each function 
will be discussed in the following sections.

The instrument function is the characteristic of the 
instruments, as it is defined as the response for the 
ideal monochromatic pulse, e.g. 'Dirac' or 'Delta' 
function (Figure 4.1) . For actual observation this can be 
obtained using the light from a stable single-mode laser 
(section 5.10),.

4.3 The Airy function : A (X)

The Airy function is already given by equation [3.2]

A(5) = {1 + 4R^ / (1 - R)̂  sin^(6 / 2)}"̂  [3.2]

The Airy function [3.2] is a function of wavenumber
(l/A,) , however it can be linearised as a function of 
wavelength X within a very small variation of wavelength

as shown below. This version of the Airy function is
very convenient for simulation, because the FPI output and 
the instrument profile are both functions of wavelength.

The wavelength can be expressed as the central 
frequency and bX'

X — X q + bX' [4.6]
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where bX' is the fraction' of a free spectral range 
1 0 ”̂  nm) , so it is between the order of 1 0   ̂ ~ 1 0 "̂  run.

[4.7]

_ 2nX,

where 11̂  = 1, cos 0 ^ = 1  and 6X' / is as small as 
10"^ - 10'^ . Equation [4.7] can be arranged in terms of 
the integer order and its fraction

8 =  27i{m + ----------------------}

=  2 7i{m + ---------}
(A^o)fsr

[4.8]

where bX" is the remainder of Xq / ( in equation
[4.7] . However the value sin (8/2) depends on the 
fractional term of bX / ( ^ X q)^^^, but not on the large 
integer order number m, so we can write

'in this study one free spectral range is divided by 256 bins, so the 
fraction varies between 1/256 to 1.
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s o s?.5 = 2 n ------
[4.9]

= 271 (̂AÀ„)0 'fsr

Therefore we can describe the Airy function as a function 
wavelength (Figure 4.2a), while the Fourier transformed 
Airy function is expressed as a function of wavenumber (a) 
in Figure 4.2b.

4.4, The mirror defect function: Fp(V )

The mirror defects : microscopic defect, spherical
departure and the misalignment of the mirror, all these 
have the same effect on an interf erogram (fringe 
patterns), which is to smear the output image. Such 
defects locally change the actual distance of the étalon 
gap in the range of d ± Ad. As a result of this the 
incoming wavelength X is spread out over a certain band 
width [Figure 4.3]. Such a departure is generally
measured as a fraction of the wavelength and is expressed 
as X / Kx' [Cooper (1971)] . And it is convenient to define 
the ' flatness ' or the ' defect limited finesse ' as below 
[Born & Wolf (1975)]
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— — nî  [4.10]

Nowadays the best achievable value of the surface 
flatness is '-A./2 0 0 , while an ordinary high quality étalon 
has the value of '^X/100. The Bear Lake FPI is aged, which 
was made in 1 9 8 8 ,  so it is expected to have a flatness of 
1 / 5 0 . A very aged étalon may have a flatness as large as 
/ 1 5 ,  because many microscopic cracks are created as the 
étalon coating gets older.

From equation [3.3] we can get the spreading band 
width, where ô=27cm and m is the order of fringes

m X  = 2rigd cos 0̂  [4.11]

Let differentiate X with respect to d

d(X) _ -2n^ cos 
d(d) m

2
m

[4.12]

where the refractive index of air between the étalon 
mirrors is = 1 and the incidence angle is very small:

cos 0̂  = 1. Then the spreading band width d(X) is given
by
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d(l)| = —  d(d) 
m
2 X, 
m  m'

_ 2 (AXJ^_ 
" m'

[4.13]

X; 1 Xwhere (AX^ , 3^ = —  m X  = ---- ) and Ad is the meanm 2 2 Ad
departure from the perfect flat. The FWHM of the 
broadening function becomes |d(X)| from equation [4.13].

According to the studies from Mack et al. [1963], 
Cooper [1971] and Vaughan [1989] the mirror defect function 
is a rectangular function in wavelength domain with the 
FWHM of |d(X)L so it becomes (Figure 4.3a)

Fg(X) = 1 for < X, <
° 23„ 23^ [4.14]

= 0 for all other X

The Fourier transform of this rectangular function becomes 
a 'Sine’ function in cr domain (Figure 4.3b)
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f^((T) = Sinc[7T{(AlJ^,, / 3„}CT] [4.15]

The deviation of a mirror surface from perfect 
flatness is the most severe limitation upon the overall 
quality of a FPI, especially for a poly-etalon system [Mack 
et al.(1963)]. The defect imposes a limit upon the
performance of an étalon, such as finesse, filtrage^ and 
luminosity. This is because the different parts of an 
étalon transmit a different wavelength due to the changes 
of local mirror spacing.

The reflective finesse 3^, from equation [3.11], can
not have a value greater than the surface-limited finesse 
3g = X, / 2Ad (Mack et al. [1963]), or else the
luminosity could be severely degraded.

On account of the transmission of different 
wavelengths by different regions of the mirror, the 
resolution, and filtrage is degraded. If an étalon is 
adjusted to have a peak transmission at with reflective 
finesse 3^, then the Airy function has its maximum 
transmission at , and X q is transmitted strongly only

2 Filtrage is a measure of the effectiveness of the instrument in 
isolating a spectral element from a continuous source and is defined as 
the ratio of the "useful" energy, U (that is, the energy transmitted 
within the half intensity full width), to the total energy, E, received 
at the detector [Mack et al. (1963)]:

Filtrage = U / E = L„ A(X)dX / J„"A(À)dX
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over a region where the deviation is smaller than 
X,Q / 2  , i.e.

|Ad| < Xo / 23j, [4.16]

From the above equation we get the relation of inequality 
between the reflective finesse and the surface limited 
finesse

[4.17]

This equation means that the reflective finesse should not 
have a greater value than the surface limited finesse to 
transmit a peak intensity at Àg with spacing d. However 
when 3^ > 3^, the equation [4.16] is changed to 
I Ad I > Xq / 23^ / hence the wavelength can not be
transmitted strongly with a spacing d. In consequence the 
luminosity at Xg is reduced, resulting in a reduction of 
the effective aperture. This effect is called the 'auto 
masking effect' (Mack et al. [1963]).

Especially in a poly-etalon system, the effective 
aperture is for which is common to the projected effective 
apertures of the individual étalons. As a consequence, 
even with good mirrors, a poly-etalon instrument is subject 
to a mutual masking which also leads to the loss of 
luminosity. Therefore a higher standard of precision 
should be required for a poly-etalon instrument to adjust

119



azimuthal directions and gaps of étalons (Mack et al. 
[1963]).

4.5 The Imaging Photon Detector (IPD) Point Spread 
Function: Fp (A,)

The broadening effect from an Imaging Photon Detector 
(IPD) is very small.

As incoming photons hit the photocathode of an IPD, 
the photocathode produces corresponding photo-electrons. 
Each photo-electron is converted into an avalanche of 
electrons in a Micro Channel Plate (MCP) intensifier. 
Finally the avalanche of electrons is converted into an 
electronic signal which is read by a resistive anode. A 
resistive anode is a plate consisting of a uniform 
resistive sheet with equally-spaced electrodes around the 
perimeter. The co-ordinate of a signal is determined by 
comparing the total and an individual signal from the 
electrodes.

The positional accuracy of the IPD can be described in 
terms of the FWHM of a ' Point Spread Function (PSF) 
which is much smaller than that of the on-axis scanning 
aperture for a photodiode detector.

^Because of diffraction and aberration, the incoming ideal pulse light 
is smeared out into some sort of blur spot over a finite area on the 
image plane rather than focused to a point. The spread of radiant flux 
is described mathematically by the 'Point Spread Function' (Hecht & 
Zajac [1987]), this is the same as the 'Broadening Function'.
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The angular radius of the scanning aperture is given 
by equation [3.17], for the same optical arrangement used 
in this thesis (Table 4.1). It becomes 0.0012 rad. which is 
equivalent to 1.9 mm diameter for the theoretical 
resolution of the Utah FPI: 1,400,000.

The IPD in the Utah FPI, which is based on a Gallium- 
Arsenide (GaAs) photocathode, has the FWHM of the PSF of 
'>'60 pm with a 1000 pm gap between photocathode and MCP, and 
with a potential difference of about 600 Volts (McWhirter 
[1993]) . In fact the FWHM is much larger than that, the 
other major contribution comes from the 'sampling effect"” . 
For a 25 mm diameter with 256 x 256 sampling rate the 
positional accuracy becomes 100 pm. If we take into account 
other causes, e.g. the deterioration of components with 
ageing and the photon noise, the total E*WHM is expected 
around '̂ 150 pm.

Therefore it is reasonable to expect the FWHM of the 
PSF to be 150 pm for the Utah Bear Lake FPI, which is 
equivalent to 3. 8x10"^ nm in wavelength. This is very 
small compared with that of a photodiode at 10”̂  nm at 
best. The broadening effect in wavelength is given by 
Appendix 4.1

"̂ The sampling rate affects the resolution of the IPD. The diameter of 
the IPD is about 25 mm, and the area is sampled at a rate of 256 x 256, 
so the positional resolution becomes 100 pim.
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AÀp = ^A,o0p [4.18]

where Xq is the central wavelength and 0 p is the angle 
subtended by the FWHM of the PSF. The PSF can now be 
described as a Gaussian function with a FWHM of 3. 8x10 ̂ 
nm (Figure 4.4a)

Fp(>.) = exp{ [4.19]

The Fourier transform of this function is given by (Figure 
4.4b)

f (cj) = -  . —  * exp(a^ / 4a) [4.20]2 V Tia

where a = 4 In(2) / ( .

4.6 The filter function : Fp (A,)

An interference filter is used to narrow the pass band 
width of the incoming light. In consequence the filter can 
eliminate unnecessary emission lines mainly from a night- 
sky continuum.
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The coating layers within the interference filter are 
partially transparent, so the layers can act like a Fabry- 
Perot interferometer with an extremely narrow gap. The 
separation between the coatings of the filter is the order 
of X, hence the free spectral range becomes very large: 
'-lOO nm from equation [3.7]. It will then effectively 
block all of the peaks except the one at the central 
wavelength by the additional use of absorbing filters
of coloured glass. Such devices can be fabricated by 
depositing a semitransparent metal film onto a glass 
support, followed by a MgE^ spacer and another metal
coating (Hecht & Zajac [1987]).

The filter function is not a broadening function, but 
it is a modulation function, so the filter function should 
be multiplied with the other functions rather than be 
convoluted in the wavelength domain. Strictly the filter 
function should be the form of an Airy function because an 
interference filter itself is a kind of Fabry-Perot étalon. 
However we can approximate the filter function to a 
Gaussian function because only one peak is isolated, as 
mentioned earlier, and the profile shape of a filter 
function is very similar to that of a Gaussian function 
with the same FWHM. Also the Gaussian approximation is 
more easily handled mathematically. Therefore if a filter 
has a FWHM of then the filter function becomes

(Figure 4.5a)
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-4A?ln(2),Fp(X) = exp{— —  --------------------- [4.21]

The Fourier transform is given by (Figure 4.5b)

^(o) =  - J —  ■ exp(c^ / 4a) [4.22]2 V 7ca

where a = 4 ln(2) / (AA,̂ /2 .
The FWHM of the filter function normally used is 1.0 

nm (Vadnais [1993] ) , so it is almost 60 times larger than 
the simulation span which is one free spectral range of the 
Utah FPI, i.e. 0.017 nm. Therefore, the function cannot 
affect the simulation result.

4.7 The hydroxyl (OH) (6,2) emission line: S(X)

The hydroxyl (OH) (6,2) emission at 843.0 nm comes
from the excited OH molecules in the mesopause region.
When a molecule that has been excited into the v=6 state 
vibration-rotational energy level is lowered into the v=2 
state, the energy difference is released as light with a
central wavelength 843.02 nm (Chamberlain [1961]).

124



The emission is broadened by random thermal motion, it 
is the 'thermal Doppler broadening effect’ (section 6.3), 
and by the collision (or finite lifetime) effect, which is 
often called the ’pressure broadening effect’ (section 
6.4).

The electron transition time in the excited OH 
molecule at (6 ,2 ) vibration-rotational transition is 
extremely long: 11.244 second (Mies [1974]). In general
the electron transition time is of the order of 

10"^ second (Hecht & Zajac [1987]), therefore the OH 
emission is called a forbidden transition from the quantum 
mechanical point of view. However the large mean free path, 
owing to the extremely low pressure conditions near 
mesopause altitudes, enables the OH molecules to emit the
(6 ,2 ) transition light (section 6 .2 ).

The natural line width is inversely proportional to 
the lifetime (transition time) of an excited molecule or 
atom

AA, = —  ■ [4.23]At c

The natural line width of the OH emission is of the order 
of 10 nm from equation [4.23]. Compared with the 
resolving power of a high resolution étalon which is ~ 1 0 '̂ 
nm, so it is surely negligible in actual case.
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However the profile of the OH emission S(X), which is 
the airglow we want to detect, appears as the convolution 
of the natural line, E(X), the Gaussian shape Doppler 
broadening profile, G(&), and Lorentzian shape pressure 
(collision) broadening profile, L(À) . Near the mesopause 
(~85 Km altitude) the pressure broadening is also 
negligible due to extremely low pressure - the order of 
10"^ times lower than at ground level (1 Atm) (section 6.4)

S(À) = E(l) 0  G(l) 0  L(?l) 
= G(l) [4.24]

The thermal Doppler broadening equation can be obtained 
from the Maxwell distribution of velocity (section 6.3 and 
McCarteney [1983])

G ( A, ) — S —  ( m
X q 2tikT exp 2kT a, A„ dA [4.25]

where S is the integrated line strength: j_”G(A)dA, m and
K are molecular mass and Boltzmann constant respectively. 
In equation [4.25] the profile becomes broader as 
temperature increases.

Actually the OH (6,2) Meinel band emission line is 
split into two identical Gaussian profiles separated by ISX
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which caused by the Lambda-doubling effect (section 6.5), 
so it becomes (Figure 4.7)

S(X) = G(X - AX) +  G(X +  AX) [4.26]

4.8 Results of the numerical simulation

The simulated instrument function is obtained using 
equation [4.5]. The actual parameters for the FPI used in 
this thesis are listed in Table 4.1

The instrument function in the wavenumber domain: i(
a) (Figure 4.6b) can be obtained through a Fourier 
transform of the function in wavelength domain: 1 (1 )
(Figure 4.6a). The real instrument function obtained by 
using a He-Ne laser at 632.8 nm is converted into the 
wavelength of 843.0 nm and is compared with the simulated 
profile in Figure 4.6a. It shows very good agreement as a 
whole. However, a small discrepancy is inevitable because 
we cannot take into account all the broadening effects, 
e.g. the non-linearity of IPD response etc.

If we convolve the instrument function: 1(1) with the 
OH emission profile we can get the apparent profile, which 
is the response of a FPI (Figure 4.7) . For real data 
analysis this modelled function is compared with raw data 
using a least-squares method to get the parameters 
(section 6.7 and 6.10).
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The temperature output is very sensitive to the FWHM 
of equation [4.26]; 0.1 bin change of the FWHM causes 7 K 
change in the result at 200 K, normally the FWHM is ~50 
bins at this temperature.

Airy Function : A (A.) Reflectance(R):0.89 
Etalon gap(d):20.49 mm

Mirror defect : (À) Mean departure(Ad) : A/50.
IPD broadening : Fp (A.) FWHM of PSFrlSO pm 

Angular diameter(0p): 
Tan~^(0. 1 5mm / 1580mm) 
=9. 5 X 10"® Rad.

Filter function : Fp (A,) FWHM of Gaussian:! nm
OH emission line:S(A) Temperature(T) :200 K 

Peak intensity :
3500 photons/bin/100 sec 
Background intensity: 
3000 photons/100 sec 
Lambda doubling gap(AA): 
0.019nm

Table 4.1: The parameters of each broadening function at
843.0 nm.
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4 . 9 Summary

The output profile from a FPI consists of a true 
signal and an instrument function, and the instrument 
function is composed of several broadening effects. All 
these functions are merged together through a convolution 
process.

The Airy function is a function of wavenumber {1/X), 

however the Airy function can be linearised with wavelength 
{X) within a very small increment (ÔX) . The Airy function 
linearised with wavelength is useful because it simplifies 
the numerical simulation.

The other most important broadening effect comes from 
the mirror defect. The effect is described mathematically 
as a top hat function, and it causes the reduction of 
resolution and luminosity. A modern high quality étalon has 
a maximum departure of A, / 200. However the Utah FPI may
have a total defect of A, / 50, which is equivalent to a
FWHM of the broadening function of 3. 5x10"^ nm.

The IPD causes a negligibly small broadening effect, 
due to the 150 pm FWHM of PSF in the image plane, which is 
equivalent to a FWHM of 3. 8x10 ”̂  nm of a Gaussian
broadening function in the wavelength plane.

The filter has a very large free spectral range (̂ 1̂00 
nm) in order to isolate a certain emission line, and it has 
a 1 nm FWHM Gaussian modulation function. It is not a 
broadening function, so it is multiplied with the other
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functions rather than convolved. Consequently it does not 
affect the simulation result at all.

The true signal, which is the observed profile of the 
OH (6,2) emission, is mainly broadened by the thermal 
Doppler process, while the natural line width and pressure 
broadening effect are negligible near the mesopause 
altitudes.

The expected instrument function agrees well with the 
actual laser calibration profile, however a certain extent 
of discrepancy exists because we cannot take into account 
precisely all the broadening effects.

The simulated output profile from the FPI provides us 
with a clear understanding of the mechanism of the 
broadening effects and the convolution process.
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Chapter 5 : Experimental apparatus and calibration

5.1 Introduction

The Bear Lake Observatory is located in the north of 
Utah state (41.935°N,111.422°W) .

The observations were carried out using a Fabry-Perot 
Interferometer (FPI) with an Imaging Photon Detector (IPD). 
The instrument is operated as a joint project between UCL 
and Utah State University and is similar to others built by 
UCL described in Rees et al.[1989]. The FPI is located in 
the centre of a small dark room in the observatory with its 
optical axis set vertically. Through a hole in the roof, 
the instrument views the sky via a scanning mirror system. 
A Plexiglas dome cover protects the instrument. Because 
the IPD is extremely sensitive to light, the entire 
instrument is encased in a light-tight case which is black- 
anodised to eliminate light leaks and scattering.

Obtaining an accurate instrument function is a long 
standing problem for analysis of the Fabry-Perot 
interferograms. In this study the instrument functions are 
obtained from laser calibrations. Also an accurate value 
of 'free spectral range' is calculated from these 
calibrations.

In many cases the calibration wavelength is different 
to the observation wavelength because the laser sources are
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only available at limited wavelengths. In this thesis the 
observing wavelength is at 843.0 nm and the calibration has 
been carried out using a He-Ne laser which has the 
wavelength of 632.8 nm. Therefore it is necessary to 
convert the free spectral range and instrument functions 
into the wavelength at which the observation will be made.

The IPD has a different instrument function at 
different positions of the Fabry-Perot fringe on the 
detector surface, so the instrument functions must be made 
as a function of the position (bin number) of the fringe on 
the detector.

5.2 Scanning mirror system

The main scanning mirror system consists of a single 
mirror which is used to deflect light from different 
directions of the sky into the FPI. This primary mirror is 
mounted directly above the étalon. It is tilted such that 
the normal to the surface is at the zenith angle of 60 deg. 
This allows emissions from an elevation angle of 30 deg. 
to be directed into the instrument.

A second mirror, the zenith mirror, is set with the 
normal to the mirror surface pointing 60 deg. off zenith. 
It is positioned within the Plexiglas dome such that when 
the primary mirror is rotated in parallel with it, vertical 
measurements can be made in the zenith direction (Figure
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5.1). This so-called ’zenith mirror’ has been aligned to 
the accuracy of one tenth of a degree (Vadnais [1993]).

The primary mirror rotates clockwise in azimuth 
starting from the north then continuing through the north
east, the east, the south-east, the south, the south-west, 
west and the north-west, finishing off with the zenith 
measurement. For the Utah instrument the calibration lamp 
is viewed directly in a special position between the 
south-east and the south position.

The integration time should be selected as a trade-off 
between the signal uncertainty and the time resolution. 
Statistically the signal uncertainty is proportional to the 
inverse of the square root of the photon counts. So if the 
integration time is increased the signal uncertainty is 
decreased as the total photon count increases. However by 
the Nyquist sampling theorem at least two points per period 
are necessary to resolve a particular frequency. So we need 
an integration time smaller than T/2 to analyse the signal 
which has a period T.

An integration time of 240 seconds is generally used 
for collecting 843.0 nm OH emissions at each measurement 
(Vadnais [1993]). Hence, one complete cycle is taken 
within 42 minutes - 10 positions which require 4 minutes 
each and 2 minutes for the accumulated mirror movement time 
including software operations. As each direction is 
sampled every 42 minutes, gravity waves with periods down 
to 84 minutes can be resolved according to the Nyquist
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to 84 minutes can be resolved according to the Nyquist 
theorem. This also allows enough resolution for tidal 
motions.

5.3 Fabry-Perot interferometer

After the light is reflected into the instrument by
the scanning mirror system, it enters the étalon. The 150 
mm diameter étalon used at Bear Lake Observatory consists 
of two parallel fused silica plates which have highly 
reflecting inner surfaces with a reflectance 0.89 at 
843.0 nm. These plates are held a fixed 20.49 mm apart 
using three zerodur spacers. Zerodur is a polycrystalline 
ceramic with a extremely low thermal expansion coefficient 
of 0. 2 0. 4 X 10"® / K, so this distance is kept very
constant over time (McWhirter [1993] and Rees et al.
[1982] ) .

The étalon is sealed in a container that can be
evacuated and where temperature is controlled and 
maintained at 28 ± 0.1° C (Vadnais [1993]). This prevents 
changes in the étalon characteristics due to temperature 
fluctuations during observation. The étalon chamber is 
evacuated to about 0.05 Atm with dry nitrogen and the 
pressure is then adjusted so as to locate the fringes at a 
convenient radius on the IPD photocathode. As shown in
equation [3.3] the fringe position (radius of fringe) is a

141



function of the refractive index of gas (rig) which filled 

the gap between the two mirrors

And cos 0.
8  =  :   • ",

[3.3]
2n ^= -- (O. P. D. )

where O.P.D. means ’optical path difference’. Therefore if
we change the gas pressure, the radius of fringe on the
detector can be adjusted because the refractive index of 
gas is a function of pressure (Mack et al. [1963]).

The working surfaces of the étalon plates are polished 
flat to a very small fraction of a wavelength ('̂ A./lOO) 
and are then coated with a dielectric^ semi-reflecting 
layer. However the surface flatness may deteriorate with 
age due to the microscopic cracks of coating, so for the 
Utah FPI ( 8  years old) the surface defects may have the
value of a '^X/50 (section 4.4). Figure 5.2 shows the
manufacturer’s curve for the transmittance of the étalon 
coatings.

This curve shows that the transmittance (T) and the 
reflectance (R) , R = 1 - T, of the étalon surface as a 
function of wavelength. It also shows that the étalon 
coating should be suitable for the wavelength concerned.

^Substances for which the specific conductivity (a) is negligibly small 
are called insulator or dielectrics, so which can sustain a steady 
electric field (Born & Wolf [1980] and Walker [1995]).
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The reflectance at 843.0 nm is 0.89 and at 630.0 nm is 0.88 
(Figure 5.2).

It is important that the materials used to coat the 
étalon plates should absorb light as little as possible to 
minimise the loss. The advent of multi-layer dielectric 
coating has nearly eliminated the absorption seen with 
earlier metallic coatings. The ability to obtain very high 
reflectivities, with very small transmission losses, allows 
for potentially high étalon finesses. Dielectric coatings 
achieve a minimum absorptance of 0.005 (Hernandez [1986]) 
against a value of 0.05 at best for metallic one (silver) 
(Hecht and Zajac [1987]). This is why dielectric coatings 
have replaced metallic coatings which had been used until 
the 1950's.

The outer surfaces of the étalon plates are slightly 
wedged, as illustrated in Figure 5.1, to reduce the 
parasitic interference pattern arising from the reflections 
of these surfaces (Rees et al. [1989]). Anti-reflectance 
coatings are also put on all optical components: the
windows of the étalon container and telescope lens, to 
reduce the parasite fringes and reflections.

The parasite fringes could modulate the spectra 
because of superimposition of ghost Fabry-Perot rings, so 
they would reduce the accuracy of the extracted parameters. 
If the ghost rings are overlapped onto the main fringe, 
they would severely reduce the performance of an 
interferometer. The temperature derivation is extremely
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sensitive to the spectrum shape, so reducing the unwanted 
modulation by introducing the anti-reflectance coatings and 
wedging the étalon plates is very important for the study 
of the faint and noisy night glow.

5.4 Optical system

The optical system guides the light coming from the 
étalon to the IPD and has to accurately image the Fabry- 
Perot rings, fringe patterns or in other words the
interferograms. It consists of two lenses and a filter 
wheel. The two lenses are used to direct the light
emerging from the étalon to the filter wheel (Figure 5.1).

A 'telescope lens’ is located just below the étalon
which is a convex lens to focus the images of the Fabry- 
Perot rings.

The second lens, a concave lens, is in front of the 
interference filter. It has two functions. Firstly it 
spreads out the light going to the detector to make it less 
strongly convergent before enters the filter. This is 
important because the performance of the interference
filter is dependent on the wavelength of peak transmission, 
the FWHM of the beam and the angle at which light strikes 
it. To get the maximum possible signal through the filter, 
light must be incident normally : ± 1 “ off from normal
incidence for these filters. The second function of the
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concave lens is to give the instrument a longer effective 
focal length than the physical size of the instrument. The 
effective focal length should be adjusted to control the 
size of the image on the IPD photocathode. The focal 
length of the two lenses (f̂  and fg) and the distance 
between them (L) are 775 mm, -275 mm and 635 mm 
respectively. The effective focal length of the system is 
thus 1580 mm from (Hecht [1975] )

1 1 1 L—  — —  + —  — ---  [5.1]

A large f-number minimises distortion of the spectral 
band pass of the interference filter. The f-number is
expressed as the ratio of effective focal length and 
diameter of collecting aperture

ff-number=—  [5.2]D

The étalon diameter is 150 mm and effective focal length is 
1580 mm, giving the f-number of 10.53.

The field of view (FOV) of the instrument at Bear Lake 
can be calculated from the optical arrangement. The 
effective focal length of the instrument is 1580 mm, and 
the diameter of the detector is 25 mm. Taking
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Tan'^ (12.5inm / 1580mm) to get the half angle of FOV as
0.453°, then the full FOV becomes approximately 0=1.0° 
(Figure 5.3).

The instrument scans 360° in azimuth at 30° elevation 
angle. The peak OH emissions occurs at the altitude of 
87 km (Baker & Stair [1988]), so the 1° FOV could capture 
the light from a circular areas of 2.75 Km along the line 
of sight, and 5.5 km in diameter on the horizontal circular 
disc (Figure 5.3). Meanwhile, the instrument makes 
measurements at several points on the circumference of a 
circle with 301.4 km in diameter as shown in Figure 5.3.

The interference filter inserted between the Barlow 
lens and the IPD screens all but a narrow range of 
frequencies about the emission line being measured. The 
use of multi-layer coatings allows the filter to have a 
very precise spectral specification.

The most important factor to filter performance is the 
angle of incidence. The central wavelength of the bandpass 
is shifted due to a non-normal incidence such that (Vadnais 
[1993])

sin 0 [5.3]

where is the resulting central wavelength, A q is the
central wavelength at normal incidence, 0  ̂ is the angle of
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incidence and n^ff is the effective index of refraction of 
the filter. For example, the central wavelength could be 
shortened by 8.7% (73.3 nm) for a 30° angle of incidence,
when the central wavelength is at 843.0 nm and the n^ff is 
'1.5' as for normal glass. This could be a serious problem 
for the FPI's entire performance, so this is the reason why 
the Barlow lens is placed prior to the filter. To measure 
the 843.0 nm emission line, a 1.0 nm FWHM interference 
filter centred at 843.2 nm at normal incidence is used 
(Vadnais [1993]) . The filter is chosen such that the centre 
wavelength is slightly redder (longer wavelength) than the 
emission of interest so that the centre wavelength will be
843.0 nm for the cone of light incident on the filter and 
because the peak of the filter will normally drift toward 
the shorter wavelength with age (Vadnais [1993]) .

5.5 Imaging Photon Detector (IPD)

The images formed by the lenses are collected by an 
IPD, which consists of a photocathode, micro channel plate 
assembly and a resistive anode (Figure 5.4). The IPD used 
for observing night glow at the Bear Lake Observatory is an 
ITT model F4146. It has a Gallium Arsenide (GaAs) 
photocathode which can provide a useful sensitivity 
extending beyond 850.0 nm (Figure 5.5 and Rees et al. 
[1990]) .
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The quantum efficiency of the IPD is 15.0 % at
843.0 nm and at 630.0 nm it drops a little to 9 % (Figure 
5.5). The photocathode is circular with 25 mm diameter. 
It is mounted on top of micro channel plate (MCP)
intensifiera with a ’z’ configuration, in which individual 
photo-electrons are amplified by the factor of 10®. The 
cascades of electrons are intercepted by the resistive 
anode, and sampled by four electrodes at the periphery of 
the anode.

The signal from each anode connection is amplified by
a pulse shaping preamplifier^ and is sent into a line
driver in which the signal loss is compensated to match 
with the next stage. After amplification the signals are 
sent into the signal processing unit. There the x-y 
position of the electron impact at the photocathode is 
calculated by the comparison of total charges and each 
charges from an individual anode connection. The original 
position of the incident electron is equated with the 
centroid of the final electron cascade.

The position information is transferred into a PC 
photon by photon where the two dimensional images through 
the integration period are completed. The maximum photon

^It is amplifying charges instead of current. Previous current 
amplifiers suffered from noises including d.c. offset errors. However 
the shape of the pulse from a charge in a RC circuit is defined by the 
amplitude and shaping time constant, so if we measure two parameters we 
can define the input charges precisely. The amplitude is proportional 
to the magnitude of the input charge, while the pulse length is 
constant, independent of charge, and which is determined purely by the 
shaping constant (McWhirter [1993]).
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counting rate is dependent on the IPD and system 
electronics. It is 200,000 counts per second for the Utah 
system. The two-dimensional image is still too big to be 
stored in the PC's permanent memory storage for whole 
nights over several months. It uses 2 bytes for one pixel 
and a two dimensional image has 65,536 pixels (=256x256 
pixels) so this is 131.6k bytes per image including the 
record header : 512 byte per each image. To reduce ̂ this
storage required, a circular integration (section 5.7) is 
performed to make a one dimensional image consisting of 2  

bytes per bin and 256 bins.
The IPD is cooled to -30° C with a combination of a 

Peltier cooler and a constant-temperature water-antifreeze 
circulator to reduce the thermionic emission from the 
photocathode. The thermionic emission of the entire device 
(256 X 256 pixels) for Utah FPI at -30° C is approximately 
422 counts per second, or 0.006 counts per pixel per 
second, or 1.6 counts per bin per second (Vadnais [1993]).

There are some ' hot spots' in the IPD images. In 
principle, the worst of the 'hot spots' for the IPD have 
been removed from both the images and the thermionic 
emissions. Most 'hot spots' are reasonably well behaved -
i.e. consistent. Some, however, are not, and they can make 
analysis very difficult.

The positional accuracy of a detector is determined by 
the probability density function of the displacement of the 
estimated centroid from the position of arrival of the
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original photon, i.e. the Point Spread Function (PSF). This 
PSF is the result of the convolution of its several 
components, such as a photocathode, an MCP and a resistive 
anode (McWhirter et al. [1982]).

The positional accuracy depends on the photocathode to 
MCP gap size and the electric potential (voltage) between 
them. The accuracy can be increased by increasing the 
potential and narrowing the gap. However concern about long 
term field operation means that the choice of gap and the 
potential should be compromised because the combination of 
high potential and narrow gap could damage the device, and 
thus shorten the life time. For the Utah instrument the 
values are set to 1000 pm and 600 Volts. An Aluminium-Oxide 
(AlgOg) thin film is deposited on the micro channel plates 
surface to protect the photocathode from the damage due to 
the bombardment of heavy ions.

The positional accuracy can be represented by the FWHM 
of the PSF of the IPD, this has been estimated by McWhirter 
et al. [1982] and McWhirter [1993] as around 60 pm. 
This FWHM is in the case of the best condition, if we take 
into account other broadening contributions, e.g. the 
sampling effect (section 4.5) and the other contribution 
from the statistical photon shot noise (section 7.2), then 
the resultant FWHM may become around 150 pm.

The detailed specifications of the instrument, 
including the étalon are listed in Table 5.1.
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Instrument parameters
effective focal length(f) 
f-number
aperture diameter(D)
Field of View (FOV)

1580 mm 
10.53 
150 mm 
0.906°

Etalon
plate separation (d) 
optical path length^
(2d • rig • cos
reflectance(R)

free spectral range 

finesse

reflective coating 
resolving power

Interference Filter
diameter
Full Width Half Max.(FWHM)
peak transmission 
peak wavelength

20. 49 ± 6.2 X 10""mm 
40.98 ± 0.03 mm

0.89 at 843.0 nm 
0.88 at 632.8 nm
0.0173 ± 0.00005 nm 
(=203.5 ± 0 . 6  bins)

16.9 for He-Ne laser of 
FWHM 1.2MHz
dielectric ZnS and MgFg
1,400,000 (=0.000587 nm)

50.8 m m (=2.0inches)
1.0 nm
50.0% at 0° incidence angle
843.2 nm at normal incidence

Imaging Photon Detector
quantum efficiency

dark counts

detector size 
(photocathode)

18.0% at 843.0 nm 
9.0% at 630.0 nm
422 counts/second at -30°C 

= 1.7 counts/second/bin 
= 0.006 counts/second/pixel

25.0 mm diameter

^According to Figure 7.7 the spectra peaks drift 23 bins per year, and this 
is equivalent to 0.03 mm change of optical path length.
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Table 5.1: Specifications of the Utah Fabry-Perot
Interferometer.

5.6 Operation software

The Atmospheric Physics laboratory (APL) at UCL have 
been developing a useful software called HALO since 1984, 
which can provide utilities of data acquisition, timing, 
display, processing and storage capabilities for the Fabry- 
Perot instrument on a PC. The HALO software has been 
provided to Utah State University for their OH emission 
measurements. The instrument can be run unattended using 
preselected sequence files in HALO. A modem connected to 
the PC allows the remote control and access to data, as 
well as the regular diagnosis of the health of the system.

The job of turning on the system after dark, and off 
before sunrise, is carried out by HALO, which uses a built- 
in almanac to determine the current position of the sun and 
the moon. Images are only taken when the sun is at least 
8 ° below the horizon and the moon is not in the same 
direction of the measurement.

Several safety mechanisms are included in the system 
to prevent accidental exposure of the sensitive detector to 
a bright source. The most important check is on the photon 
counting rate. This is continuously checked by HALO, and 
when the counting is over a certain value, 100,000 counts
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per second, then the detector will be shut off. This is 
intended to prevent the detector from being overloaded by 
inadvertent exposures, e.g. a flashlight, and as an 
additional safe-guard for moonlight or sunlight at dawn 
etc. As a further backup system, a photocell is mounted on 
the dome which can turn the detector off in cases when HALO 
fails to shut it off.

5.7 Reduction to radius squared plane

The fringe patterns (interferograms ) are two- 
dimensional; one image has 131.6K bytes as noted before. 
In one night about 140 images used to be taken, which would 
need a 18.4M byte memory per night. This is still large for 
the PC’s storage for several month’s measurements.

The fringe patterns are unevenly spaced, with the 
spaces between fringes getting narrower as radius 
increased, so it is inconvenient for analysing data. 
Therefore it is indeed necessary to reduce the image to be 
evenly spaced and to be one-dimensional.

If we transform the image into a radius-squared plane 
we can obtain the evenly spaced one-dimensional spectrum. 
This reduction is a sort of a transformation from a 
Cartesian to a polar co-ordinate (r̂ ,6). The distance of 
each pixel is calculated from the centre position as well 
as its angular distance from a certain axis. The radial
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axis is divided into 256 bins to have same area. The area 
of a bin reduced in this way is given by (Lloyd [1985])

2
Area(= = tc{{R + ôR)̂  - R^} rtr /nN [5.4]

= 7T(2R • ÔR)

where ÔR is the width of a ring with an internal radius R 
and an external radius R + ÔR. From above equation the 
ring width ÔR becomes as below

ÔR = --------------------------------- [5.5]2N • R

It means that even if we vary ÔR in equation [5.5], any 
ring has the same area: TtRj,., / N. Therefore we can make an
evenly spaced spectrum by integrating the photon counts in
this ring.

In practice in HALO the reduction procedure is 
executed by using a ' look up' table as in Figure 5.6, the 
grid made of 256 x 256 pixels. Then the photon numbers are 
counted within each bin and the square of the distance from 
a centroid is calculated. The square of the maximum 
distance ( R ^ )  is divided by 256 to make bins for the one
dimensional spectrum.
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A bin represents the distance from the centroid 
between (R^/256)n and (Rf^/256) (n+1) , so if a pixel's 

distance fall upon this range the photon count is added to 
that bin to make a histogram (Figure 5.6) . For the outer 
fringes, the width is comparable to the pixel dimension, so 
the uncertainty of the distance and photon counts might 
increase. Therefore the sampling uncertainty is inevitably 
increased in the region of high bin numbers (Lloyd [1985]): 
over the bin number 150.

As shown in Equation [3.5], the profile reduced into a 
radius-squared plane has a linear relation with wavelength, 
so this can provide us with a convenient presentation for 
simulation and data analysis.

5.8 Thermionic emission and flat field correction

Thermionic emission, or dark current, is due to the
electrons leaving the photocathode as a result of thermal 
process which are not related to the observation of
photons. Only electrons which have enough thermal energy 
to overcome the surface potential can escape the surface of 
a cathode. Therefore the thermionic emission represents the 
high energy tail of a Boltzmann distribution of electrons.

For this reason the detector is cooled to -30° C to
reduce the thermionic emission by using a Peltier cooler in 
immediate contact with the IPD and a constant-temperature
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water-antifreeze circulator to cool the Peltier hot 
junction. However, this thermionic emission cannot ■ be 
totally eliminated, so the effect needs to be calibrated 
and removed from the observational and calibration data. 
The thermionic emission is measured by completely blocking 
off any light coming into the instrument and performing a 
long integration, usually for an hour. As mentioned 
earlier in section 5.5 the entire device has a 1.6 counts 
per bin per second at -25° C at which the thermionic 
calibration has been made.

The IPD photocathode has a non-uniform sensitivity 
to light. It is necessary to compare how each pixel 
responds to a uniform source of light. This is called a 
' flat field' measurement. For this measurement, a weak, 
diffused and white light, for example a tungsten lamp 
viewed through several layers of frosted glass, is used to 
uniformly illuminate the IPD. A long integration time is 
necessary to reduce the uncertainty in the measurements of 
both the thermionic emission and the flat field. Before 
the data processing, both of these files are normalised to 
a 100 second integration time. From now on all the 
integration time is set for 100 seconds.

Ideally these corrections should be made with the full 
two-dimensional images, but because of the limitation of 
the storage size on the computer, the corrections are 
carried out with the reduced one-dimensional data. It is 
necessary to consider how much difference this can make.
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According to Batten [1989] the differences is negligible, 
so it can not be a significant error source.

The correction for thermionic emission (TE) is 
accomplished by subtraction. The flat field (FF)
correction is more involved. The thermionic emission is 
subtracted from the flat field count to get a ’pure' flat 
field count. At the same time, the flat field is 
normalised to the value of the bin number 9, which is an 
arbitrary selection. The ’flat field correction’ (FFC) is 
given by the following algorithm

FPC(i, = 15.61FF(i) - TE(i)

where i is a bin number.
The reduced image IM(i) is converted to a corrected 

image Cl (i) by the following formula

CI(i) = {IM(i) - TE(i)} * FFC(i) [5.7]

Since these may change with time it is most important 
that the appropriate thermionic and flat field calibrations 
are used to correct images. Figure 5.7 and Figure 5.8 are 
the thermionic and the flat field which were taken on 18th 
of September 1993. The integration time of the flat field 
and thermionic emission are 120 seconds and 1 hour

157



respectively. Figure 5.7 and 5.8 show that the sensitivity 
of the detector drops sharply beyond bin position 200. This 
results in a large correction being applied to the data
between bin number 200 and 256. If we make a comparison 
between an uncorrected (Figure 5.9) and a corrected profile
(Figure 5.10), the corrected one shows a more uniform
background in the region over the bin number 200 (Figure 
5.10).

The detector sensitivity changes with wavelength, so 
it is necessary to make separate flat field measurements 
for each wavelength that will be observed. The light 
source is a white light, so if we use a narrow band pass 
filter, e.g. 1.0 nm FWHM at 843.0 nm for this study, the 
appropriate flat field can be obtained at a wavelength. 
Also the detector sensitivity and thermionic emission could 
change with time due to variations of surrounding
temperature and ageing. Therefore the thermionic emission 
and the flat field calibrations should be taken regularly.

5.9 Calibration lamp calibration

These calibrations are good indicators of system 
stability because they are sampled regularly during the 
observing cycle.

If the IPD cooling fails the background thermionic 
emission level will increase. If there is a pressure leak
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in the étalon container, the peak fringe position will 
change. The history of the offset, between a spectrum peak 
and a calibration lamp peak, serves as the baseline to 
provide a way of assessing instrumental drift from the wind 
velocities.

An RF-excited krypton-helium lamp is used for the 
calibration. The two peaks from the OH emission and the 
calibration lamp are offset because the calibration lamp 
has a slightly different wavelength from 843.0 nm. The 
baseline, the zero Doppler shift position of the OH 
emission, is obtained from the averaged offset value over 
a whole night (Harris & Aruliah [1994]). In mid latitude 
the magnitude of vertical wind velocity is usually very 
small (̂ 0̂.2 m/sec) (Figure 8.29), so in the condition of 
geomagnet ically quiet night this can also be used as a 
reasonable assumption to derive the zero Doppler shift 
(velocity) base line.

5.10 Laser calibration

There are two reasons for doing a laser calibration. 
Firstly, the accurate values of the instrument functions 
can be obtained from laser calibrations due to very narrow 
FWHM of the laser source. An instrument function is the 
response of an instrument with a 'delta function’ (ideal 
pulse) input.
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Secondly, the exact 'Free Spectral Range (FSR)' can be 
calculated from the laser calibration profiles. The precise 
value of the free spectral range is very important for the 
analysis of data.

For the Utah system a stabilised 'single mode' He- 
Ne laser is used to get calibration profiles. The He-Ne 
laser has an extremely narrow bandwidth, 1.2 MHz 
(= 1. 6x10"® run) (Hecht [1986] ) while the free spectral 
range of the étalon is in the order of 10"̂ nm. 
Accordingly the laser source can be considered as an ideal 
delta function for the calibration (Figure 5.10).

As shown in Figures 5.9 and 5.10, some laser 
calibration profiles contain two distinct peaks. The 
distance between them is the free spectral range. One 
problem is that the peak positions are not very well 
determined due to distortions and noise. Thus the method 
that finds peak positions simply pointing the bin which 
contain the maximum value might result in considerable 
errors. However if we use the 'auto correlation' 
technique, the whole information in the data spectra can 
be used to determine the free spectral range. Therefore 
this method is used in order to be more accurate and less 
sensitive to noise than the former method.

The Fourier auto correlation is the multiplication of 
the Fourier transform of the instrument function and its 
conjugate
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R a u t o = I - I  [5.8]

The auto correlation is recovered by taking the 
inverse Fourier transform of the R^uto (Figure 5.11).

The free spectral range is measured at the wavelength 
of 632.8 nm, so the free spectral range obtained from this 
must be converted to the wavelength of 843.0 nm. Equation 
[3.5] can be rewritten as below

r"
nX = 2 d(l - - ^ )  [5.9]

2 L‘

The free spectral range is defined as the distance 
between the peaks of successive orders, n and n-1, so that 
the free spectral range is given by (Vadnais[1993] )

FSR = [5.10]

Equation [5.9] can be applied at two different wavelengths, 
and X 2 , to give (Aruliah [1991])

X2 d.2 / 4  FSR2

where d ] _ _ 2 and L ^ _ 2  are the étalon gap and the distance 
between focusing lens and detector respectively. From the
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above equation it can be seen that if the physical 
dimensions of the instrument are not changed, i.e. d / 
is not changed, then the free spectral range could be 
determined from the ratio of wavelengths (Aruliah [1991])

& = ,5.121
Àg FSR 2

As described in section 4.2, the instrument function 
is the convolution of an Airy function and other broadening 
effects.

In previous studies the instrument function was 
calculated theoretically using equation [4.4] (Hays and 
Rob le [1971], Hernandez [1966], and Larson and Andrew 
[1967]). This was because a precision laser source, a
powerful computer and a suitable software were not 
available at that time. However, broadening effects can 
not always be evaluated analytically with sufficient
accuracy. In particular they are very important to the 
measurement of temperature because the temperature is very 
sensitive to the profile shape.

Cooper (1971) made the first use of a multi-modal He-
Ne laser to get an instrument function. It had a very large
FWHM of 500 MHz (̂  10"“* nm) , compared to the presently-used 
single mode laser which has 1.2 MHz 10"̂  nm) FWHM. 
Unfortunately, in many practical cases laser sources are

162



not available at the wavelength where measurements are 
trying to be made. To overcome this problem Killeen and 
Hays [1984] suggested a wavelength conversion formulae 
discussed later (equation [5.14] and [5.18]).

5.11 Wavelength conversion of instrument functions

In this thesis the observing wavelength (843.0 nm) is 
different from the available laser source (632.8 nm) . 
Using equations [5.14]-[5.16] or equation [5.18], the 
calibration profile can be converted into the observational 
wavelength.

If we take the Fourier transform of the instrument 
function I (A,) from equation [4.4], the real part of the 
Fourier coefficients of the analytic instrument profile is 
expressed as a function of wavenumber (1/A) (Killeen and 
Hays [1984])

a„(— ) = 2R“(A,)Sinc(F Cĵ) exp{-(^)^C2 } cos(F C3 )A, A A A
[5.13]

where R  is the mirror reflectance, n is the order of 
Fourier coefficients and are constants which are
independent of n/A. The imaginary part, b^, is the same
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as the above equation but includes a ’sin’ term instead of 
a ’cos’ term.

As described in Chapter 4, the Airy function, the 
’tophat’ mirror defect function and the IPD Point Spread 
Function, are changed into the power of the reflectance: 

( A, ), the ’Sine’ function and the Gaussian function 
respectively after Fourier transform. It is seen that, 
with exception of the reflectance term, the wavelength 
terms always appear with the form n/X, Therefore, if we 
double the wavelength X, then n can be doubled to obtain 
the same function (Killeen and Hays [1984]). The Fourier 
transforms of all defect functions are damping terms which 
remove high-frequency spectral information, because the 
’Sine’ and ’exponential’ functions eliminate high order 
Fourier coefficients.

Killeen and Hays [1984] suggested that the magnitude 
and phase of the damping terms should behave in the same 
manner at all wavelengths. The reason is that all the 
Fourier transformed broadening effects are a function of 
the ratio n / X  not the wavelength (X) alone. They introduced 
two new formulae for the phase and spectral power

^ [5.14a]
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where are the real and imaginary Fourier
coefficients of the instrument function at X (632.8 nm) and 
R(A,) is the reflectance of the mirror at a wavelength X. 
If we plot these formulae as a function of the independent 
variable n/X, we obtain the curves as in Figure 5.12.

The terms with orders up to around 30-40 are important 
because they determine the main shape of the profile. The 
higher order terms determine the detailed shape of the 
profile but also have a high frequency noise. In this 
study the cut-off is made at a frequency of 50. The 
selection of cut-off frequency should be a trade off 
between extracting maximum information and elimination of 
high frequency noise.

Two curves from equations [5.14a & b] can be used to 
provide new values of coefficient , b^ at any given 
wavelength by interpolation. For the wavelength 632.8 nm 
one can calculate a sequence of the independent variable n/ 
X as, 0/632.8, 1/632.8, 2/632.8 and 3/632.8 and so on,
similarly for the 843.0 nm the series can be 0/843.0, 
1/843.0, 2/843.0 and 3/843.0 etc. The new value of 2/843.0 
falls between 1/632.8 and 2/632.8, following this way a 
new series at the wavelength X' can be calculated from the 
series at the wavelength X

0 {(n + 1) / X] < 0 (m / X') < 0 (n / X),
[5.15]P{(n + 1) / X) < P(m / X') < P(n / X)
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where m is the order of the new Fourier coefficients at the 
wavelength 'k' (843.0 nm) . The exact values of O  and P at
the wavelength of 843.0 nm are calculated using a non
linear cubic spline interpolation.

With these interpolated 0(m / k'), P(m / k') and
the new mirror reflectance value R(À), as given in Figure
5.2 this value is 0.89 at 843.0 nm, the new Fourier
coefficients and can be obtained (Figure 5.13)

—
R(X,'r • P(m / X')

“ [1 4- tan{0(m /
[5.16]

- tan{0 (m /A')}

Through the inverse Fourier transform of , the
wavelength converted instrument profiles can be 
accomplished.

However, this method has so many calculation steps 
that a considerable numerical error may be associated. For 
this reason, this method often seems unstable, because the 
converted profile using the indirect method, represented as 
dotted line in Figure 5.14, shows fluctuations. This means 
that the coefficients near a certain frequency components 
are over estimated during calculations.

As shown in Figure 5.13, in the 'indirect 
interpolation' method (dotted line) the real Fourier 
coefficients are overestimated at around frequency 2 0  and
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the imaginary coefficients show sharp jumps instead of 
smooth changes in the frequency region. Therefore these 
cause the fluctuations in the converted profiles.

To overcome this drawback the 'direct interpolation' 
is suggested in this thesis as an another alternative for 
the wavelength conversion. As shown in equation [5.13] the 
Fourier coefficients themselves are functions of n/X,, 
except for the mirror reflectance term R(X). Therefore we 
can make the invariant equation directly. Then the 
invariant equation of the real Fourier coefficients is 
given by eliminating the reflectance term because the term 
is a function of X not n/X

After interpolating for the new wavelength X' using 
equation [5.15] and multiplying the new reflectance term 
R”̂(X'), we have the Fourier coefficients at X'

(^) - 2R"‘(X') • Sinc(— Cl) • exp{-( — )̂ Cg } cos (— C3 )

[5.18]

The imaginary Fourier coefficients can also be expressed in 
the same way as well. After taking inverse Fourier
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transform the wavelength converted instrument profiles can 
be recovered (Figure 5.14).

In Figure 5.14 this method shows a much better 
interpolation than the indirect method. The direct method 
shows a smoother profile, while the indirect method shows 
fluctuations, and also it is much simpler than the indirect 
one. In this study the 'direct interpolation’ method is 
used with a cut-off frequency of 50.

5.12 Instrument function as a function of bin position

The sensitivity and response of an IPD varies with 
geometrical positions (bin numbers) (Figure 5.15). The 
instrument functions are getting broader as increasing bin 
number (progressing to the outer edge of detector) . The 
reason is the inherent non-linearity and distortion in IPD 
and electronics (Rees et al. [1982]).

The peaks in the measured data have shifted with time 
due most possibly to the slow leakage of pressure into the 
étalon container. A shift of around 20 bins/year in the 
peak positions of the calibration spectra data has been 
observed between October 1993 to July 1995 for the Utah 
FPI (Figure 7.7). This creates a 2 bin change of FWHM of 
the instrument functions within a year according to Figure 
5.18. The 2 bin increment of the FWHM could causes 12 K 
increment of temperature from the Figure 7.10.
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Hence this can be a significant error source, unless 
the properly positioned instrument function is used. So, 
for the convolution/deconvolution of a spectrum an 
instrument function which has the same peak position as the 
spectrum must be used. Therefore the instrument functions 
should be made for every bin position.

The laser calibration profiles are regularly taken 
once a year, in every September. Usually 15 profiles are 
taken between the bin number 10 and 150. For observations, 
the peaks of the raw spectra used to fall in the range of
the bin number 50 to 100. To consider the extreme cases,
the instrument profiles are interpolated from the bin 
number 1 to 150. The laser calibration profiles beyond bin 
number 150 are too broad and noisy, so they are not 
adequate to use as shown in Figure 5.15.

The reason why the profiles are broadened as the bin 
number increased is the elliptical shape of outer fringes 
due to a slightly non-linear response of the IPD detector. 
As the result of this the peak intensity is reduced because 
all the profiles should have same energy, same number of 
photons. Before the interpolation, the profiles are 
converted in wavelength from 632.8 nm to 843.0 nm as
described in section 5.11.

For the interpolation, Chebyshev polynomials are
convenient to use because they can provide us an optimum 
order of polynomial for the minimum error. In this thesis 
the fifth-order polynomials are selected as they have a
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minimum error. It can be considered as a kind of least- 
squares fitting of polynomials to normalised data.

The normalised Chebyshev series are given by (Phillips 
[1986] and Press et al. [1992])

f(x) = 1 aiT„(%) + a2lĵ (x) + â Û (%) + . . .
[5.19]

_ 2 x  —  X  —  Xwhere x = ------- —  and x^^ are maximum and
^max ^min

minimum of the data, and  ̂ . . . are Chebyshev
coefficients. Tq, T2,... are Chebyshev polynomials

Tĵ (x) = cos k0 (k = 0,1,2,...) [5 .20]

where x = cos 0. Hence the Chebyshev polynomials can be 
expressed in another way
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To(x) = 1  

T j^ (x )  =  X

T,(x) = 2x^ - 1
T, (x) = 4x^ - 3x 
T. (x) = 8x^ - 8x^ + 1

[5.21]
Using these Chebyshev polynomials we can create 150 

sets of instrument functions as a function of bin position. 
Each instrument function profile is made as a ’wrap-around’ 
form as shown in Figure 5.16 for the convenience of 
convolution. The ’wrap-around’ form has ’zero’ phase shift 
angle, unless the output of the convolution could be 
shifted as much as the angle which the instrument profile 
has. If the profile is positioned at the middle of the 
FSR, at the bin number 128, it means that the profile has a 
phase shift ’ 7C ’ . This profile causes a phase shift of 71 
after convolution.

The wavelength-converted laser calibration profiles 
are in Figure 5.17 as a function of bin number. Figure 
5.18 shows the FWHMs of the raw data and the interpolated 
instrument functions. The FWHMs of the instrument function 
increases almost linearly with bin position.
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5.13 Summary

Observations of OH nightglow using a Fabry-Perot 
interferometer (FPI) have been carried out at Bear Lake 
Observatory in Northern Utah state as a joint project 
between University College London and Utah State 
University.

The FPI has a ’scanning mirror system’ which gives 10 
measurements, 8 in different azimuthal directions, a zenith 
and a calibration measurement. The images are taken using 
an ’Imaging Photon Detector (IPD)’ (ITT model F4146 double 
stack type) which is cooled to -30° C to reduce 
photocathode thermionic emission.

In order to save storage space in the data logging PC 
and to get the evenly spaced spectra, a full two- 
dimensional image is reduced into an one-dimensional image 
in the radius-squared plane.

To get a corrected image the thermionic and flat field 
correction are performed using the reduced one-dimensional 
images.

A calibration lamp is used to monitor the overall 
health of the instrument system and to find the base line 
corresponding to the ’zero’ Doppler shift.

The important ’Free Spectral Range (FSR)’ and 
’instrument functions’ are obtained from the laser 
calibration profiles. However the observing wavelength 
(843.0 nm) is different from the laser calibration
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wavelength (632.8 nm) , so the Fourier coefficients 
interpolation technique is used to convert the calibration 
profiles to the observing wavelength. A 'direct
interpolation’ method is used instead of the ’indirect’ 
method which was previously suggested by Killeen and Hays 
[1984]. The ’direct’ method shows better stability and 
accuracy than the ’indirect’ one.

If the instrument function changes progressively as 
the position of the Fabry-Perot fringes on the detector is 
varied, the IPD has different instrument functions 
(broadening effects) with different geometrical positions 
(bin number) on the detector. Therefore the instrument 
functions are made as a function of the bin number using an 
interpolation technique. This uses the fifth-order 
Chebyshev polynomials, which could provide the optimum 
order of polynomial for a minimum error, to interpolate 
the original profiles.
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Chapter 6: Method of determination for Doppler temperature 
and velocity

6.1 Introduction

A hydroxyl (OH) (6,2) Pi(3) emission line is 
broadened by the thermal Doppler effect. The exact 
broadening equation is derived using a Maxwell 
distribution. Another broadening effect, pressure (or 
collisional) broadening, will also be investigated.

The OH emission is split into two close-spaced 
identical lines due to the 'lambda-doubling effect'. In 
the case of the Utah FPI the wavelength difference between 
the two peaks is slightly bigger than the free spectral 
range, so the apparent wavelength separation in the FPI 
becomes the difference between them. Because of these 
complexities, a rigorous mathematical modelling of the OH 
emission spectrum is difficult. However, for least-squares 
analysis, exact modelling, including all the contributing 
factors, is essential.

Measuring the thermal Doppler temperature has been a 
difficult problem in aeronomy for a long time, because the 
observed profile from an optical interferometer should be 
deconvolved by an instrument function to extract a true 
signal (section 4.2, 4.7 and 5.10). Moreover the thermal
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Doppler temperature can only be obtained by measuring the 
whole profile precisely.

The previous method most commonly used was to measure 
the FWHM of a profile, but this can only be applied in the 
case of a simple and well defined spectrum with very high 
signal to noise ratio. However, the real OH emission is 
not well enough defined because the spectrum is a function 
of several parameters and very noisy. The OH spectrum is a 
function of ’five’ parameters : temperature, the bulk
Doppler shift (wind), the signal intensity, the background 
intensity and the wavelength separation between the two 
split lines^ - these parameters are all varying 
simultaneously and none of them are known a priori. In 
addition, the profile is very noisy, so the fitting that 
has to be made is far from an ideal condition.

After considering all these aspects, a 'non-linear 
least-squares' method was selected for this study. There 
are generally two different ways of performing a least- 
squares method, a 'deconvolution' and a 'convolution' 
scheme. Their accuracy will be tested through a numerical 
simulation to select the better one.

To calculate the wind velocity it is important to 
find an exact baseline, or the 'zero Doppler shift 
position'. If this is not done, the calculated wind 
velocities will not be accurate.

^The wavelength separation between two lines is known approximately 
-0.0019 nm (Vadnais [1993]).
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6.2 Natural line width of hydroxyl(OH) molecules

For the OH(6,2) Pi(3)2 emission line the natural^ line 
width, without considering any broadening effects, is 
negligibly small compared to a free spectral range or the 
thermal Doppler broadening. A natural line width is 
determined by the ’radiative lifetime’ of an excited 
molecule or atom. The radiative lifetime ( )  is the

time needed for transition from a higher energy state b to 
a lower energy state a, and is the inverse of the 
summation of the ’Einstein coefficients (A^^)’ which take

into account all possible transition routes'* (Bransden and 
Joachain[1988])

[6 -1 ]

It is a good approximation assuming that an emitting 
molecule acts like a damped oscillator; then the line

^OH Meinel bands are formed within the ground electronic state, 1̂1, and the 
state gives rise to PI, Q1 and R1 branches.
^Strictly, in quantum mechanics, the 'natural line width' means the width of 
the emission line when the energy transition is made into the ground 
state.
*̂Mies [1974] tabulated all possible 16 different total angular momentum (J) 
states of the OH (6,2) rotation-vibrational transition.
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shape is given as a Lorentzian shape (McCartney [1983])

K(X) = s ^ - ---------   :----- r [6 .2 ]
4 t c V ( 1  - — ) 2 + T't

where c and Yt(” 1  / ) are the velocity of light and a
natural damping factor respectively, and S is the 
integrated line intensity

00

S = / K(À)dÀ [6.3]
—  00

The line width is defined as the Full Width Half Maximum 
(FWHM) of the spectral line. In equation [6.2] the half 
way point of the peak value is S / ŷ Tl at Xq, then the 
line width is obtained as below

«n = [6.4]2 tcc

The OH (6,2) Pi (3) band emissions have a sum of Einstein 
coefficients equal to 11. 244 sec”̂ (Mies [1974]). If we 
put this value into equation [6 .2 ], then the natural line 
width becomes 8.48 X 10 ̂ ^nm. This is extremely small
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compared with the natural width of atomic emission lines; 
a typical value is 10”̂ nm for electron transitions. 
The reason is that the OH (6,2) PI(3) line has a very long
life time, 0.0889 second from equation [6 .1 ], while an
excited atom has a typical radiative life time of
10 ® sec for the electron transition (Hecht & Zajac 

[1987]).
The order of '0.1 second' is an extremely long time 

for a quantum mechanical transition, so it is called a 
'meta-stable' or a 'forbidden transition'. Because the
radiative life times of the forbidden transition are 
extremely long, the probability of quenching collisions or 
involvement in other chemical reactions is very high in 
high pressure conditions. Therefore the radiation from the 
forbidden transition is only detected in the upper 
atmosphere, not in the lower atmosphere; i.e. below the 
lower mesosphere. (Whitten & Poppoff [1971]).

6.3 Thermal Doppler broadening

The emission lines are thermally broadened. An OH 
molecule has an excitation energy in the form of rotation- 
vibrational energy which is the result of some chemical 
reactions (section 2.2). Near the mesopause, at the 
altitude of 87 km, the mean time between collisions is 
6.7 X 10 ̂  seconds from table 6.1. This is several orders
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of magnitude smaller than the radiative life time of the 
OH (6,2) PI (3) emission line : 8 . 9 X 10"^ seconds; this
value is the quantum mechanical constant so it does not 
vary with altitude.

This order difference means that an OH (6,2) PI (3) 
molecule experiences around 1 0 0 0  collisions with 
surrounding air molecules before emitting a photon.

The majority of these collisions are elastic - just 
exchanging translational momentum - which causes a 
collision (pressure) broadening, but some portions are 
inelastic. In the inelastic collisions the translational 
energy can be converted into an internal rotation- 
vibrational energy^, and vice versa. The former is called 
a collision excitation and the inverse procedure is known 
as a collision deactivation or a quenching. At present the 
quenching frequencies of the OH emissions are not well 
known (Brasseur & Solomon [1995] and Llewellyn et al. 
[1978]) .

As a result of the elastic collisions the emitting OH 
molecules have the same kinetic temperature as the 
surrounding air molecules^. For this reason, through

^The mean temperature near the mesopause is around 200°K, and this is 
equivalent to 1/60 eV of thermal kinetic energy. The rotation-vibrational 
energy has the same order of magnitude, so this can be interchanged with 
the thermal kinetic energy through inelastic collisions. However an 
electronic state change requires few eV of energy, so thermal collisions 
normally can not affect the electronic states except for the molecules in 
the high energy tail of the Gaussian distribution (McCartney [1983]).
^This is called 'local thermal equibrium' (LTE). Previously it was thought 
that the LTE condition is only satisfied up to altudes of 70 Km or so 
(McCartney [1983]). However recent study shows that carbon dioxide emission
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measuring the OH thermal Doppler broadening we can derive 
the temperature in the mesopause region.

The thermal random velocity component of the 
molecules along the line of sight creates a Doppler 
effect. The ’toward' molecules have an apparently 
shortened emission wavelength, while the 'away' molecules 
have a longer apparent wavelength. As a result of this, 
thermal motion broadens the emission line .

The Doppler shift of the wavelength due to a velocity 
(v^) , which is measured along the line of sight of the

emitting molecule is

A- = -------------------------------[6.5]
( 1  + -^)

We rearrange it for use here.

- cXo(—  - — ) [6 .6 ]

where A.q is the unshifted wavelength. The relationship 
between shifted wavelength and molecular velocity in 
equation [6 .6 ] can be expressed in a differential form

bands are in LTE to altitude of 100 km (Rodgers et al. [1992]), so the 
mesopause region - altitudes of 85 Km - can be dealt as an LTE condition.
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dv, = - ^ 0

[6.7]
= - — dA,

The Maxwell distribution of velocities is given by 
(McCartney [1983])

HI 1 /o in 2  »dN =  N(------ r^ exp( v^)dv^ [6 .8]2 tikT 2 k T

where N is the number density of molecules, dN is the 
number of molecules having velocity components between 
and + dv̂ , and k, m are the Boltzmann constant and the 
molecular mass respectively. A particular population dN 
has a velocity and a corresponding wavelength X in
equation [6.5]. From equation [6.3] the line intensity S 
is calculated as the integral of the emission coefficient 
K(A,). Thus the coefficient K{X) at a wavelength X is 
proportional to the partial population in the interval 
dv^, just as the line intensity S is proportional to the

total population N.
Introducing these ideas into equation [6 .8 ] and 

substituting and dv^ with their equivalents from

equation [6 .6 ] and [6.7], we obtain
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[6.9]

This expression describes a thermally broadened emission 
line, it is also a Gaussian distribution as in equation 
[6 .8 ]. The maximum value is given by

The FWHM of the thermally Doppler broadened line is found 
from equation [6.9] and the value corresponding to 
K(X)j^/2 from equation [6 .1 0 ]

tti, = 2 In 2)̂ ^̂  [6.11]c m

From this equation the FWHM of a thermally broadened 
single line of OH (6,2) PI (3) emission is 2.42xl0~^nm 
at 'Standard Temperature and Pressure?' (STP) conditions.

?When gas is at 0°C and 1013.2 mb (= 101.3 KPa) it is said to be at Standard 
Temperature and Pressure (STP) (McCartney [1983]).
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6.4 Pressure broadening

Another significant contribution to the line 
broadening in many cases is the pressure (collisional) 
effect. However near the mesopause, the pressure
broadening effect is negligible due to the extremely low 
pressure, as we shall show.

Radiative transitions are affected noticeably to
reduce the ’effective radiative lifetime’ of the excited
molecules by elastic collisions with other molecules. 
Referring to equation [6.4], the natural line width is 
inversely proportional to the ’radiative lifetime’, so 
line broadening can be caused by these collisions.

Only elastic collisions need be considered because
these are much more common than inelastic ones. An 
elastic collision is regarded simply as a molecular
encounter that disturbs a radiative transition. Photons 
are emitted during the radiative lifetime. However, after
the encounter, the transition proceeds to completion, but 
the latter portion is disturbed. Thus the effective
radiative lifetime becomes shorter than the undisturbed 
ones, and the radiated emission has a greater bandwidth. 
This is observed as a broadening of the spectral line
(McCartney [1983]).

The ’effective radiating lifetime’ is determined by 
the mean free time '̂ coii between collisions. Assuming that 
the duration of a collision is so brief that it can be
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disregarded, then the 'effective lifetime' can be equated 
to T.' coll

mean free path ^
'^coii “  ~  “  H  [6.12]mean speed v

The 'mean free path' is given by (McCartney [1983])

where P is pressure and d is the molecular 'effective 
diameter'. Air molecules have an averaged effective 
diameter of 3. 7xl0 ”̂ °m (McCartney [1983] ) which is 
virtually constant with altitude up to the turbopause 
(Nawrocki & Papa [1961]). The 'mean speed' is given as 
below (McCartney [1983])

V = [6.14]Ton

Substituting for i from equation [6.13] and for v from 
equation [6.14] into equation [6.12], we obtain

(mKT)i/ 2

tcoii = ■ [6.15]4VPd^P
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Under STP conditions T̂ oii 1. 05x10 seconds, while 
near the mesopause it becomes 6.69 X 10 ̂  seconds.

An elastic collision could alter or destroy the 
coherency of the wavetrain absorbed or emitted during the 
transition. As a result of this, the effective life time 
of emission is reduced. So the emission line is broadened 
due to these collisions as a Lorentzian profile, and which 
is similar to the natural line shape as described in 
equation [6.2] (McCartney [1983])

where T = 1 / . The FWHM is obtained from the half
maximum value S/ (tiF)

r x%-  ----  [6.17]
2 % c

The effects of temperature and pressure on are
seen from equation [6.15], [6.16] and [6.17] to be

a ^ d ,  P) = aj, 0 —  [6.18]
Po T

(McCartney [1983]) .
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Under STP conditions, the FWHM of the pressure broadening 
is greater than the thermal Doppler broadening: the ratio 
is 1.35, however near the mesopause the ratio drops by an 
order of 1 0 ”̂  because the pressure near the mesopause is 
1.3x10”̂  times lower than that at STP (Table 6.1). 
Therefore the pressure broadening effect near the 
mesopause becomes negligible.

FWHM STP condition 
(0 Km)

Mesopause 
(85 Km)

Natural line 
width

8. 48x10“̂  ̂nm 8. 48x10"^^ nm

Pressure broaden
ing

3. 59x10“̂ nm 5. 64x10”̂ nm

Thermal Doppler 
broadening

2. 42x10“̂ nm 2. 07x10”̂ nm

Pressure 101.3 KPa 1. 36x10"^ KPa
Temperature 273 K 200 K
Collision interv
al or Effective 
lifetime

1. 05x10'^° sec. 6. 69x10“̂  sec.

Table 6.1 OH (6,2) PI(3) emission line broadening effects 
at different altitudes.
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6-5 Lambda doubling effect

The OH emission with which we are concerned is 
emitted from the 6 - > 2  transition of the rotation-vibration 
state (Av = 4) and the PI branch at which the total 
angular momentum changes from 3 to 2 (AJ = — 1) . The OH 
(6,2) PI(3) emission is centred at 843.0 nm (Chamberlain 
[1961] ) . This emission line has a double Gaussian fine 
structure because of the 'lambda doubling' effect.

If the angular momentum is not 'zero' (A ^ 0), then 
different wave functions can have the same energies. This 
is called degeneracy. The interaction between the 
electronic and rotation-vibrational motion leads to the 
splitting of an atomic energy level into two close-spaced 
levels, which is called lambda-doubling.

From quantum mechanics, a diatomic molecule has an 
electronic Hamiltonian energy which consists of a kinetic 
(Tg) and a potential energy (V) as below

H = T + Ve
p2 [6.19]+ V

2 m

where P is the molecular momentum and V is the Coulomb 
potential between atoms. If we select the inter-nuclear 
line on the ' z ' axis, then the electronic Hamiltonian
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energy can commute with the 'z-direction electron orbital 
angular momentum’ but and if do not (Bransden

& Joachain [1988]). This is due to the fact that the 
electronic Hamiltonian of a diatomic molecule is invariant 
under rotations about the inter-nuclear line, but not 
under rotations about 'x' or ’y ’ axis. The electronic 
eigenfunctions 0  ̂ of a diatomic molecule can be 
constructed to be simultaneous eigenfunctions of and
Lg (Bransden & Joachain [1983])

= Ml/z0 3  Ml = 0 , ± 1 , ± 2 , .
= ±A^0 A = 0 , 1 , 2 , . . . [6 .20]

where is the quantum number and A = jM̂  | is the

absolute value of the projection of the total angular 
momentum on the inter-nuclear direction. It is customary 
to associate code letters with the values of A according 
to the correspondence:

Value of A 0 1 2 3
$ $ $ $

Code Letter 2 H  A 0, . . .

According to equation [6.20] the quantum number 

can have two values (±A), of the same magnitude but 
different directions, this is called a ’double
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degeneracy’. This twofold degeneracy splits one emission 
line into two close-spaced identical lines (Figure 6.1). 
This is the ’lambda doubling' effect.

This complicated fine structure, a double Gaussian, 
had prevented the direct measurement of OH Doppler 
temperature for many years. Although the 'rotational' OH 
temperatures^ have been measured since the 1950's by many 
authors (Meinel [1950], Armstrong [1958] and Ware [1980]), 
the OH Doppler temperature was first measured very 
recently by Hernandez et al. [1992].

6 . 6  Modelling of the OH emission

For implementing a 'least-squares' method, precise 
modelling of the OH emission is very important. Due to 
the lambda doubling effect the OH (6,2) PI(3) band 
emission consists of two close-spaced lines. Each 
individual line is broadened by the thermal Doppler effect 
as described in equation [6.9].

For this emission the wavelength separation between 
two lines (AÂ ĝ̂ p) is around 0.0191 nm (Figure 6.1). This

value is slightly bigger than the free spectral range of 
the Utah FPI : (0.0173 nm) , so that in the Fabry-

^Rotational temperature is measured by comparing relative intensities of 
emissions from a molecule at different wavelengths and with different 
rotational-vibrational levels, while Doppler temperature is obtained by 
measuring the breadth of a single emission line.
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Perot interferogram the apparent wavelength separation 
{AX) appears as the difference between them, which is 
about 0.0018 nm

A A, = ^ ^ g a p  ^^fsr [6 .21]

Then the modelling equation, can be expressed as below

K(l) = K{X^ - X) + K(A,g - X) + [6.22]

where + A A, / 2, ^2 " ^  / 2 and is the
background intensity. As shown in Figure 4.7 each 
individual line is a Gaussian profile due to the thermal 
Doppler broadening described by equation [6.9].

The wavelength separation AA, in Figure 6 . 1  is not 
known to sufficient accuracy, so it will be a 'free 
parameter' in the least-squares analysis. The reliable 
value of the AA, is obtained as a mean value of
0.00180 nm from the analysis of 668 OH spectra.

6.7 Non-linear least-squares method

The least-squares method finds parameters with a 
minimum error by comparing a modelling function with 
experimental data. This method uses the whole data set.
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so it has a better accuracy and stability than other 
methods which use only a small portion of the data.

For a singlet profile, by taking a natural logarithm 
of both side of equation [6.9] we can get a linear 
equation. In this case we are able to use a linear least- 
squares method. This has an advantage of speed but it is 
only applicable to a singlet emission line. However, a 
non-linear least-squares method can be used for any 
complicated emission profile, like the lambda-doubled OH 
emission.

Most previous methods for analysing velocity used a 
'peak fitting' method. Batten [1989] used a Fourier 
filtering and a 'Newton-Raphson ' bifurcation technique to 
find the peak position. This scheme uses only a small 
portion of data, so it is very susceptible to local 
distortions and noise. In consequence it causes large 
errors to appear as fluctuations in velocities (Figure 
6.2). The maximum magnitude of these fluctuations reaches 
around ± 20~30m/s.

Many authors have used non-linear least-squares 
methods to analyse Fabry-Perot interferograms. From the 
time of Larson and Andrew [1967], the least-squares method 
has benefited from the availability of a high speed 
digital computers. They used this method to calculate the 
profile parameters : intensity, position, widths of
Gaussian and Lorentzian profile of a Voigt profile from an 
He II 468.6 nm line. Hays and Roble [1971] obtained a 01
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thermal Doppler temperature at 630.0 nm applying the same 
method.

Conner et al. [1993] used a least-squares method to 
measure the thermal Doppler temperature of OH molecules. 
They also noted that the non-linear least-squares method 
had better stability than the linear method (obtained by 
taking the natural logarithm of either side of equation 
[6.9]) as the linear method had been prone to statistical 
fluctuations.

The least-squares method can use all the information 
in the data, so it is less sensitive to noise thus 
reducing the errors in the velocities. As shown by the 
comparison between Figure 6.2 and 6.3, severe fluctuations 
which shown in the Newton-Raphson method (Figure 6.2) 
disappear in the least-squares method so that we can see 
tidal motions more clearly (Figure 6.3). Measuring 
temperature is more difficult than the velocity 
measurement, because the whole profile shape should be 
measured. One of the early methods, a semi-graphical 
method, was given by Davies and Vaughan [1963] who made 
tabulations of the ’Voigt' profile. In this method, the 
measured raw data are assumed to be a Voigt profile; i.e. 
the convolution of a Gaussian and a Lorentzian profile. 
The Gaussian component is caused by thermal Doppler 
broadening, while the Lorentzian component originates from 
the Airy function, the natural and pressure broadening.

For the FWHM of an experimental spectrum (v) and its
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Gaussian (g) and Lorentzian (1) , if any two of them are 
known, the third can be found by referring to Figure 6.4. 
Following this procedure, the temperature can be 
calculated from the FWHM of the Gaussian profile.

This method gives reasonable results in the case of a 
well-defined^ simple profile with a high signal to noise 
ratio (SNR), for example laboratory radioactive
experiments (Vaughan [198 9] ) . However this method only 
uses a small portion of data, simply measures the FWHM, 
thus it may introduce large errors for noisy data.
Therefore this method is not suitable for this study.

For the least-squares method we calculate the 
residuals which are the squares of differences between a 
fitting function y (a) - which would be a modelling
function K (1 ) itself or the convolution of a modelling 
function K (X) and an instrument function i - and the 
measured data set . Then the residuals are divided by
the variances of the data to produce the 'Chi-squared’
values

È  [ A  (Yi - y(aj)}h [6.23]i = l Gi

^The OH night glow is not well-defined because 5 parameters are varying 
simultaneously and none of them are known a priori. However, some spectrum 
shows a single Gaussian shape with few parameters, then these are called 
well-defined spectra.
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where CT̂  is the variance, i.e. the square of the standard 
deviation of data. When the fitting is successful, the 
summation of residuals: {y^ — y (a ^ a n d  the variations: 

will have the same order, therefore it becomes < u.

For a Poisson distribution the variances will become 
the fitting function itself (Taylor [1982]) , because the 
standard deviation is given by

<Ji = ^Yi(a) [6.24]

Chi-squared (%^) is a function of several parameters 
(a^). Here five parameters are concerned: temperature,

velocity, line intensity, background intensity and the 
wavelength separation between two split lines.

The minimum error profile must satisfy the following 
conditions

= 0 [6.25]
aa^

If we solve the above equations simultaneously, we can get 
the values of the parameters associated with the minimum 
error.

A commercial scientific subroutine package, ’NAG 
Library’ (Phillips [1986]), is used for the non-linear 
least-squares analysis, and the related Fast Fourier 
Transform (FFT) and convolution.
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6 . 8  Algorithm for the solution of the non-linear least- 
squares method '

The NAG scientific subroutine uses a ’Gauss-Newton' 
method to solve the least-squares equation [6.23] (Gill & 
Murray [1978]). This is a development of the Newtonian 
method. In the Newtonian method the gradient is used
to find the parameter with the minimum residual (error)

value because the fastest way to reach the minimum is by 
following the gradient (Press et al. [1992])

= ao,j + [6.26]

where is the curvature matrix shown in equation [6.30]

and the subscript 0  refers to the current values.
We can expand the into a first order Taylor

expansion as a function of the parameters (Bevington

[1969])

x" = Xo + È  } [6.27]
j=i

where Xo can be expressed using the current value of 
fitting function (a), and m is the number of parameters
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%0 - z  i ~ i y ±  ~ Yo(^j)}^] [6.28]

where (a) is the convolution of an modelling emission 
function and an instrument function for this study

Yo = K ® i [6.29]

and the 8a. are increments in the parameters (au) to reach

a local minimum at which y (a) and are going to be
evaluated.

For the Newtonian least-squares method, the optimum 
values for the parameter increments ôa^ are those for 

which the function is at a minimum in the parameter
space, i.e. for which the derivatives with respect to the 
parameters are 0

dsL^ daŷ  j=i [6.30]

The result is a set of m simultaneous matrix equations 
with Ôa^

K  = Ê  [6.31]
j = l
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The pjç. and matrices are called the 'gradient matrices’

and the 'curvature matrices' respectively, and they are 
defined by (Bevington [1969])

The optimum ôa^ can be calculated by multiplying the 

inverse curvature matrices on both side of equation

[6.31]

-  X(Pk^j]c)
[6.33]

Then the parameters with minimum errors can be calculated 
from the current values from equation [6.26] and [6.33]

= sio,i + SSj [6.34]

For a linear case, we can calculate ÔBj directly to reach 

the minimum value. However, for the non-linear case, it 

is impossible because there are many local minima, so the 
minimum must be found by an iterative method. From the
current parameter values (a^j) the ôa^ is calculated to
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make as a next guess value. This procedure is
continued until the Ôa^ values become small enough, i. e. 

until we reach the minimum value.
The in equation [6.33] is called an ’error matrix’

because the diagonal elements are parameter variances - 
the square of the errors.

The exact curvature matrix âĵ, can be expressed as

(Press et al. [1992])

/ ÿ -  = 2  i  ^  - ( y . -  y . o i

[6.35]

This differential equation can be simply represented in a 
matrix form (Gill & Murray [1978])

“ jit - ~ T  W i  • Jj - [6.36]
“ i

The second derivative matrix is much smaller than the

first derivative terms in the other parts of equation
[6.35], and also the — Yg (a) term becomes negligible
when the fit reaches the minimum error condition (Press et 
al. [1992]). Therefore can be ignored, and the

curvature matrix can be evaluated more simply. This is
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the assumption for the 'Gauss-Newton' method (Gill & 
Murray [1978]), leads to

s (1 / Og) Z  } [6.37]A  ,5yo(a) ôyo(a)
'kj i=i dsiŷ  da^

where Cq is the standard deviation of the modelling 
function (a), it becomes approximately ^JYq(a) because 

of the Poisson noise distribution.

6.9 Deconvolution method

From the early days of applications of the least- 
squares method, a deconvolution method has been used. The 
observed data are deconvolved with a calculated instrument 
function. Later, the modelling function is fitted to this 
deconvolved profile (Larson & Andrew [1967], Hays & Roble 
[1971]).

The measured profile (Yi) is the convolution of a 
true spectrum (s) and an instrument function (i)

y = s 0 i [6.38]
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In the Fourier domain, 'wavenumber' (1/X) space, the
convolution becomes a simple multiplication (while the 
’deconvolution’ becomes a division)

Y = S • I [6.39]

where capital S and I are the Fourier transforms of s and
i. The true spectrum s can be extracted through a 
’deconvolution’ and taking an inverse FFT

S = FFT 1(S)
, Y [6.40]= FFT (— )

The Chi-squared equation [6.23] can be rewritten

t  = E  {Si - [6.41]
XI 1

_2i = l j

where K{X^) is the OH emission modelling function from

equation [6 .2 2 ], and ) .

In equation [6.40], the measured data are divided by 
an instrument function in the Fourier domain. This 
division procedure creates large errors in the higher 
order Fourier coefficients because small numbers are 
divided by small numbers in higher order coefficients.
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Also the high frequency terms contain noise rather than 
profile information.

For this reason we must take the lower order Fourier 
coefficients after dividing (deconvolution) using a low 
pass filter with an optimised cut-off frequency unless the 
results will diverge during the inverse FFT process.

In tests the cut-off frequency has been selected at 
around 10 (Figure 6.5b). From Figure 6 .8 a the temperature 
error is minimum at the cut-off frequency 1 0 .0 , and the 
velocity error sharply increase from the cut-off frequency 
12.0 (Figure 6 .8 b). Therefore the cut-off frequency 10 is 
the optimum and the deconvolved profile is shown in Figure 
6.5b. If it is too small some part of the information is 
lost, the result in a profile will be too blunt or 
truncated (Figure 6.5a) . If it is too high, on the other 
hand the result will suffer from oscillation (Figure 
6.5c) .

6.10 Direct convolution method

To overcome the disadvantages of the deconvolution 
method, a convolution method was introduced by Conner et 
al. [1993]. If a modelling function is convolved with an 
instrument function, this term can be compared directly 
with raw data
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f  = - {K(̂ i - î) ® i(&i) + K(>-2 - XJ ® i(X,)}f
i = l

[6.42]

As mentioned before, the OH emission consists of two split 
lines, so each individual line has to be convolved with a 
relevant instrument function with the correct peak 
position.

Ideally, each bin in the observed profile would be 
convolved with each instrument function which has a peak 
at the same bin position. To implement this we inevitably 
divide the profile up finely, into as many as 256 
segments, but these sharp edges will create ripples after 
Fourier transformations because of the Gibbs phenomenon 
(Bracewell [1963]).

This can cause large errors for the least-squares 
method. Moreover, computing time could increase by an 
order of ~100 because 256 convolutions are needed compared 
with 2 convolutions in equation [6.42] for each iteration. 
This is, therefore, not a realistic method.

Press et al. [1992] pointed out that if we are 
fitting data to a parametric model it is always better to 
use raw data than to use data that has been pre-processed 
by smoothing or filtering. Therefore in this study the 
convolution method is used without filtering (Figure 6 .6 ).

220



6.11 Comparison between a deconvolution and a direct 
convolution method and determination of an optimum cut-off 
frequency

A numerical simulation is carried out to make the 
comparison between the deconvolution and the convolution 
method and to find the optimum cut-off frequency. The 
modelling function is fitted onto the artificially- 
generated OH profile with added Poisson noise (Figure 
6.7), using the least-squares method. In this manner we 
can obtain the errors by comparing the least-squares 
results with the given parameters of the artificial 
profile. In Figure 6 .8 , each error value is the standard 
deviation of 30 different runs with different seed values 
- which are used for generating the random noise with 
Poisson distribution.

It is inevitable that one will lose a certain amount 
of information by filtering in the deconvolution method. 
As a consequence, the accuracy of the ’deconvolution 
method’ is always lower than that of the ’convolution 
method’ as shown in the numerical simulation results in 
Figure 6 .8 a & b. The convolution method proves to be
independent from cut-off frequency, which is the very 
important advantage for the present application.

For a low cut-off frequency - below the value of 10 - 
the temperature errors increase sharply in both methods. 
Conversely the velocity errors get larger as the cut-off
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frequency is increased over the value of 1 2  for the 
deconvolution method, while the convolution method is not 
affected.

For the deconvolution method, Fourier low-pass 
filtering with an optimum cut-off frequency is used to 
eliminate high frequency noise because the filtering is 
very important for reducing errors in results.

As shown in Figure 6.9a, the peak usually has a FWHM
of around 50 bins. From the Nyquist theorem it is
necessary to have at least 2  points within a period to 
resolve the signal at that frequency, so the cut-off 
frequency is going to be around 10.0. This is usually 
twice the 'effective finesse', which is the ratio of 
spectrum FWHM and free spectral range. From this point we 
can roughly set the optimum cut-off frequency.

If we take the 'power spectrum' of the data we find a 
sharp decrease of the order of 1 0  ̂ 1 0  ̂ at frequency 1 0

in Figure 6.9b. This is because the true signal is in the
low frequency region, whereas the high frequency region
contains mostly noise. The power spectrum is given by

Power Spectrum = |Y(a)P
[6.43]

= Y (a)Y(a)

where Y(a) is the Fourier transform of raw data y (X) and 
Y*(a) is the conjugate of Y(a). From the 'power
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spectrum' we can roughly determine the 'cut-off 
frequency'. The value is found to be around 10.0 from 
Figure 6.9b.

In Figure 6 .8 a the temperature errors from the 
deconvolution method increase on either side of the cut
off frequency of 10. The velocity errors increase sharply 
above the cut-off frequency of 12 (Figure 6 .8 b). From the 
above analyses it becomes clear that the optimum cut-off 
frequency should be 1 0 .

Another important factor of Fourier filtering is its 
cut-off shape. As mentioned before, a sharp discontinuity 
creates unnecessary ripples after Fourier transform. So, 
therefore, the cut-off edge must be smooth. As a result 
of many trials a 'cosine bell' type of cut-off: a
' Hamming ' or a 'Hanning' filter, with a taper ratio of 
20 % is recommended to minimise the ripples (Batten [1989] 
and Vadnais [1993] ) . In this study a Hamming filter with 
20 % taper ratio is used, which is given by (Bose [1985])

F ( j )  = 1. 0, 1 < j  < j cut

F ( j )  = 0. 54 + 0. 46 cos{—  3sut)}
0 .2 '

jcut ^ j  <
F ( j )  = 0. 0, 1. 2 ^ j  ^ jxnax

[6.44]
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where j is the frequency in the Fourier domain.
Table 6.2 shows a comparison of errors in the case of 

200°K temperature and 30 m/sec. Doppler shift (wind) with 
a signal intensity 3500 photons/bin and a background 
intensity 3000 photons/bin, which are the normal signal 
and background intensity for real spectra.

Convolution Deconvolution 
(cut-off freq.ilO)

Temperature Error 20.1°K 28.3°K
Velocity Error 5.8 m/s 6.3 m/s

Table 6.2: Error comparisons between convolution and
deconvolution method

According to the comparison of the numerical 
simulation results in Figure 6 .8 a & b and Table 6.2, the 
convolution method is more accurate than the deconvolution 
method. Also the convolution method is not affected by the 
cut-off frequency of Fourier filtering, whereas the 
deconvolution method is.
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6.12 Determination of parameters

All five parameters: temperature, Doppler wavelength
shift, signal intensity, background intensity and 
wavelength separation between the double Gaussians, are 
calculated simultaneously using a least-squares 
convolution method.

The parameters other than wind velocity are directly 
read from the least-squares outputs. The wind velocity 
can be derived from the Doppler wavelength shift ' as in 
equation [6.7] .

The main difficulty for the calculation of velocity 
is the determination of the ' zero Doppler shift base 
line'. Harris & Aruliah [1994] assumed that the average 
vertical wind velocities are negligibly small, hence 
within one night the summation of velocity components in 
opposite directions would be zero. The assumption is only 
valid in mid/low latitudes, below the thermosphere and in 
quiet upper atmospheric c o n d i t i o n s ^ ®  at which the mean 
vertical wind velocities are very small: ~ 0 . 2  m/sec.
(section 8 .1 1 ) .

This would seem a reasonable assumption when 
considering the large time-scales of motions: tides. If
small time scale local velocity motions - e.g. turbulence 
and gravity waves - are averaged, the velocity field

^®When the auroral activity is very strong, e.g. during a geomagnetic storm 
associated with a solar maximum, it heat the polar upper atmosphere and 
drives large neutral atmospheric winds (Kelley [1989] ) .
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always must satisfy continuity regardless of observation 
time length. Therefore the velocity averaged over one 
night can satisfy the conservation of mass (continuity). 
The error of zero Doppler shift baseline is same as the 
one night averaged velocity error: ± 1.98 m/sec.

For the large time-scale motions, e.g. semidiurnal 
tides which have a 12 hour period and gravity waves which 
have periods of few hours, can be cancelled out by summing 
the Doppler shifts from opposite directions. Small time- 
scale motions, which have periods of several minutes, such 
as turbulent motions and gravity waves with shorter 
period, are also averaged out over the integration time of 
the instrument, which takes 42 minutes to complete a cycle 
of observation, i.e. there is a 21 minutes interval 
between measurements in opposite directions.

Using this method, the wavelength difference between 
the calibration peak and the summation of all the Doppler 
shifts from the least-squares fit, becomes the offset from 
the base line

8 tn
Ôshift ĉaJL ^ Dmav- ) [6.45]

i=lj=tl

where the index i represents the four azimuthal directions 
and j is the observing time. The least-squares method 
gives a much more stable base line (Figure 6.10a) which
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shows around 0.5 bin changes during day number 250 
(October 1993) to 350 (December 1993), while the Newton- 
Raphson method shows almost 2 bin changes during the same 
period (Figure 6.10b).

In Figure 6.10a the proper laser calibration was 
available from day number 275 (1st October 1993) , so the 
least-squares method can not be applicable before that 
date. Both Figure 6.10a & b include cloudy and lunar
nights. The cloudy night show rather good zero Doppler 
base lines because of multi-scatterings from clouds 
(Harris & Anasuya [1994]). Including lunar night should be 
problematic, however these Figure 6.10a & b are the
previous work by Harris & Anasuya [1994] and these are 
used only for comparisons between a Newton-Raphson method 
and a least-squares method. For real analysis in this 
thesis more refined base line is used which exclude 
cloudy, lunar and other faulty nights (Figure 7.8).

6.13 Summary

For OH emissions from the mesopause region, thermal 
Doppler broadening is the dominant feature ('̂ 10”̂ nm at 
FWHM) . The other broadening effects are estimated to be 
negligible. Natural line width and pressure broadening 
have orders of magnitude of 10 "̂  ̂ nm and 10 ”̂  nm 
respectively.
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The OH (6,2) PI (3) line is split into two close
spaced lines by the lambda-doubling effect. In a Fabry- 
Perot interferometer the apparent wavelength separation 
between the two lines is the difference between the real 
wavelength separation and the free spectral range. 
Including all these effects, a mathematically rigorous 
modelling function of this OH emission line profile is 
derived, which is based on a Maxwell distribution. This 
modelling function is crucial for the accurate least- 
squares method.

For the analysis of complex profiles: e.g. double
Gaussian, multi-parameter and noisy, the non-linear least- 
squares method gives us much better accuracy and stability 
than the previous method which used a semi-graphical 
method for temperature, and a Newton-Raphson method for 
the Doppler velocity analysis. This is due to the least- 
squares method using all available information in the 
data.

The least-squares method enables us to greatly reduce 
fluctuations, especially in the velocity determination. 
This is a great benefit in determining the zero shift 
positions and the analysis of tidal motions.

The theory of the non-linear least-squares method has 
been examined. A modified Newtonian method, the Gauss- 
Newton method, is used to find the minimum . Because of

the non-linearity of the problem dealt with in this 
thesis, the solution is found by an iterative process.
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From numerical simulation it has been demonstrated 
that the convolution method has better accuracy than the 
deconvolution method. The convolution method is shown not 
to be affected by the cut-off frequency of Fourier 
filtering, so the raw data can be compared directly with a 
fitting function. This allows even better accuracy and 
stability.

However the deconvolution method needs proper Fourier 
filtering. The optimum cut-off frequency for the analysis 
was found to be 1 0 .0 .

In order to find the zero Doppler shift position we 
make an assumption that the summation of velocities 
(Doppler shifts) in all directions within one night are 
zero. This assumption, with the least-squares fit produces 
the better results than the previous Newton-Raphson 
method.
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Chapter 7 : Error analysis

7.1 Introduction

Though for many years a least-squares method has 
been used for the analysis of the faint airglow spectra, 
the error analysis for this method has received little 
attention, because it is a tedious procedure as well as 
mathematically complicated. However, for the analysis of 
geophysical data we must know the precise value of the 
error bounds because the calculated variation of a 
physical quantity becomes meaningless if the error bound 
is bigger than the variation.

The major error source comes from the statistical 
fluctuations associated with the photon counting. This 
error is random and has a Poisson distribution. It is 
expected that there would be a limit on the precision of 
the determination of the parameters due to the 
statistical fluctuation of light. The quantification of 
this error will be examined in section 7.3.

A least- squares method has been widely used to 
analyse airglow spectra, but its errors have not been 
determined with sufficient accuracy. Some authors used a 
simple empirical formula, Saint-Dizier & Gagne [1974], 
Vaughan [198 9] and Conner et. al. [1993] . On the other 
hand. Hays & Roble [1971] and Killeen & Hays [1984] tried
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an analytic least-squares error analysis for the case of 
fitting to the lower orders of the Fourier coefficients, 
similar to a deconvolution method.

In this thesis, however, a convolution method is 
used, thus this has a more complicated form than for a 
deconvolution method, so an analytic error estimation 
becomes more difficult. To confirm the analytical 
results, a numerical simulation is carried out 
simultaneously.

Therefore the least-squares errors are calculated in 
two different ways : analytically and numerically. From
these results reliable error values will be presented in 
section 7.7. So far no similar study has been reported.

Another source of error is the systematic error. The 
characteristics of an instrument are continuously 
varying, so it can seriously affect the results, 
especially for a long term observation like this study. 
Therefore, the error sources have to be identified and 
estimated quantitatively for compensation.

For tidal analysis from nightglow data, the 
observation time is usually shorter than the period of 
diurnal and semidiurnal tide especially in summer, which 
may introduce significant errors into the analysis 
results (Grays and Forbes [1983] ) . It has long been a 
problem, however there have been only few studies dealt 
with this problem. In this thesis a combined Fourier and 
least-squares method will be suggested to improve
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accuracy and the error bound will also be obtained using 
a numerical simulation method.

7.2 Photon noise

Any optical observation always has noise associated 
with it. The most significant noise source arises from 
the statistical fluctuations in photon counting. Photon 
emission is a random process, so there is a statistical 
fluctuations in detection of photons. As a result, there 
is always some uncertainty in counting photons. This 
appears as noise in an observed spectrum, and it is 
called 'photon noise'. The error which is introduced by 
this is called the 'photon counting error'. The signal 
itself - the peak and background intensity are typically 
3500 photons/bin' and 3000 photons/bin respectively 
create the photon noise. The background intensity comes 
from the other nearby airglow emission lines, the 
moonlight and background stars etc.

Another source is the thermal emission from a 
detector. For the Utah FPI, the photocathode is cooled 
down to -3 0°C to reduce the thermionic emission to as low 
as 1.6 photons/bin/sec. (section 5.8). The thermionic 
emission follows a Poisson distribution. The ' mean

’in this study all measured spectrum intensities are normalised into the 
integration time of 100 seconds.

243



thermal level' (-100 photons/bin) can be eliminated by 
the thermionic calibration explained in section 5.8, but 
the thermal noise cannot be removed and it is embedded in 
the photon noise (±-10 photons/bin) (Buil [1991] ) . 
However the magnitude of this residual noise is very 
small compared to the photon noise, so it has little 
effect on the total noise level

Some non-thermal and non-Poisson noise are generated 
in the measuring system, i.e. the photocathode, position 
sensing anode and electronics (McWhirter [1993] ) . A 
photocathode does not create exactly the same number of
electrons as the number of incoming photons. It also
creates extra electrons due to radioactive or cosmic ray 
events. The electronics, e.g. amplifier, also generate 
noise because of the AC power supply, electromagnetic 
waves from a operating motor and thermal noise in 
electronics etc. These noise sources are very difficult 
to assess, so the real noise level is always somewhat 
bigger than the ideal Poisson photon noise level (Buil 
[1991]).

A measured spectrum is made up of the number of
photons which are registered at each bin. If we repeat
the count of the number of arriving photons, n in a bin 
with an integration time T, this has a ' Poisson 
distribution' because of its random nature (Taylor
[1982], Ecoles et al. [1983] and Vaughan [1989])
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P j n )  = e'** —  [7.1]
n !

where P(n) is the probability of getting n counts in that 
time period, and p. is the mean number of photons : jLi = n .

The important feature of a 'Poisson distribution' is 
that the square root of the mean value becomes the 
standard deviation

CĴ  = /̂)I [7.2]

If we carry out a counting experiment once and get the 
answer n, then it becomes our best estimation for the 
expected mean count : M-test ~ ^ * Therefore the expected
mean count for a time interval T is (Taylor [1982])

ê̂ cpected =  ^ ±  Vll [7.3]

The vn term comes out as the photon noise in a real 
observation. The fractional uncertainty becomes

Aa =
^ [7.4]
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From the above equation we see that the measurement 
uncertainty could be reduced by increasing the number of 
photons counted, i.e. by increasing the integration time.

If we consider a Poisson distribution for which the 
mean count p is large : the order of 10  ̂ photons/bin, this 
is well approximated by a ' Gaussian function ' with
the same mean and width (Taylor [1982])

P^(n) s [7.5]

where X = (X and O' = .Jjx .
The number of photons (n) is a function of time, so 

here we can define the ' signal ' and the 'noise' as the 
first and second moments of n respectively (Eccles et al.
[1983])

S = — If n ( t ) f x -y (n)dndtT ' [7.6]
= ÏÏ = |I

= —  JJ {n(t) - sy f̂  ̂(n)dndt [7.7]

Therefore the 'signal to noise' ratio (SNR) of one bin is 
going to be

S / N  = [7.8]
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Then the SNR of a whole spectrum could be the rms of the 
SNR of each bin.

7.3 Fundamental limit of precision

The precision of wavelength determination is
ultimately limited by the noise arising from the
statistical fluctuation of light. As a result of this 
the signal itself, must have an intrinsic error. So,
therefore, we can not reduce the errors below the
fundamental limit whatever analysing method is used.

Gagne et al. [1974] introduced the centre of gravity 
method to calculate the centre of the emission line

1 =  00 1 =  00

= E  XiK, ( z  K, r
i  = — 00 i  = —00 L /  • ^  J

= M / A

where is a spectrum. For a symmetric profile, the
centre of gravity is the same as the central wavelength 
Ig. The variation of the centre of an emission profile is 
given by (Vaughan [19 8 9])
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(5A,Ĵ  = (ÔM / A)" + (M̂  / A^'XSA / A T
= (ÔM / A)^ [7.10]

= |_̂  AfK(X)dX(K(X)dA.)'^

where the second derivative term; (M / A )(5A / A 
can be neglected because the profile is symmetric; ÔA = 0 
(Vaughan [1989]). The error in the Doppler velocity can 
be calculated from the variance in equation [7.10]

ÔV = --  C [7 . 11]
^0

where c is the speed of light.
Generally speaking, the variation of the

measurement of the interval between two spectral lines is 
limited by the variances of the centres of gravity of the 
two lines. This can be expressed as follows (Saint-Dizier 
& Gagne [1974])

(S^width)' = (51J' + [7.12]

If we consider the variation within a single spectrum, 
the uncertainty between two points within the spectrum 
can be approximated as the V2 times of the uncertainty
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of the centre of gravity because and 0A,g are

identical and equal to ÔÀ,̂  (Saint-Dizier & Gagne [1974] 
and Conner [1993])

5^width = V2 • 51^ [7.13]

Temperature can be determined by the FWHM of a spectrum, 
also the temperature error can be calculated from the 
uncertainty of the FWHM using equation [7.13] .

Saint-Dizier & Gagne [1974] and Vaughan [1 9 8 9 ]  ̂
simplified equation [7.10] and [7.13]. For Gaussian 
profiles these are as below

(6À=)= = / {4 ( 71 In 2 }

— 0. 169 • / ^peak
[7.14]

(SA^idth)' = 0 . 1 6 9 ( 2 A ^  /
= 0. 33 8Ap̂,jjjĵ / Kpgak

[7.15]

where is the peak intensity of the profile.
Figure 7.1 shows the fundamental limit of accuracy 

for the measurement of temperature and velocity with 
different intensities. For a typical spectrum, a peak 
intensity of 3500 photons/bin, background intensity of

^The factor 1 / {4(71 In 2 } was wrongly calculated as 0.257 instead of
0.169 in both references Saint-Dizier & Gagne [1974] and Vaughan [1989].
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3 000 photons/bin and FWHM of 50 bins, the temperature and 
velocity errors are 3.74 K and 1.15 m/s respectively from 
equation [7.11] and [7.13]. Similar results, 4.86 K and 
1.18 m/s, are also obtained from equation [7.14] and 
[7.15] . From numerical simulation it is known that a
0.1 bin change in spectrum FWHM causes 7 K changes for a 
mean temperature of around 2 00 K.

7.4 Analytic calculation of least-squares error

It is very important to make an accurate estimation 
of the least-squares fitting errors. A few studies have 
dealt with error analysis for FPI airglow spectra, 
including some works by Hays and Roble [1971], Killeen 
and Hays [1984] and Conner et al. [1993] .

The statistical fluctuations in photon counts create 
noise in a spectrum. Consequently, the least-squares or 
any other analysing methods always have a certain amount 
of error due to this noise. The error is a function of 
parameters, i.e. temperature, wind and signal intensity 
etc., and is also dependent on the characteristics of 
analysis methods.

Hays and Roble [1971] calculated the temperature 
errors in the least-squares method analytically. They 
differentiated the residuals with respect to the
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temperature uncertainty AT, then equated it with 'zero' 
to find the maximum error AT.

Here, basically, the same method is used, but the 
number of parameters is increased to five and an 
iterative method is used. From equation [6.28], [6.33]
and [6.34] we can write the solutions

- 0̂,j + Z (Pk̂ jk)k=l
n 1  [ 7 . 1 6 ]

= ao.j + I [Sjkd — yo(ajXj]
k = l i = l

where is the parameters, ) = y. — yo (^k ) and
Xjç = 0yo (a,̂ ) / da.^{= (â )̂ / 6a,^). The variance of each
parameter can be derived from the total variance 
(Bevington [196 9])

= Ê [ c r H T - T 7 ^ f ]  [7.17]j=i ôyo(aj)

By differentiating equation [7.16] with respect to y^(a^) 
we obtain

5a., ” , 1
-z-r-— r - Z  (Gjk — ^%k) [7.18]
dy^ia.) k=i Gi

Then the equation [7.17] can be written by substituting 
equation [7.18] (Bevington [1969])
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= Z ( 4 % ) }k n i

= Z  Z  (Gjk • I)
k n

ĵj

where I is a unit diagonal matrix because is the
inverse of matrix (in this study this is a 5 x 5
matrix).

For the direct convolution method, the fitting 
function is a convolution of the modelling function and 
the instrument function (y (8) i) as mentioned in section 
6.10. Therefore the curvature is rewritten by

The analytical error calculation results match very well 
with the numerical experiment in section 7.5 (Figure 7.2 
& 7.3) . In Figure 7.2 & 7.3 ' numericalôTl & 2 and
numericalÔVl Sc 2 ' are errors from the numerical 
simulation with different seed values for Poisson random 
number generator. The analytic results generally lie 
between the numerical results.
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For OH emission with the maximum intensity: 
3500 photons/bin and background: 3000 photons/bin, the
least-squares errors of temperature and velocity are
22.2 K and 6.5 m/s respectively.

The fundamental limit and least-squares errors are 
not independent from each other because they originate 
from a common source : photon noise. So it can be said
that the fundamental limit is included in the least- 
squares error.

The analytically calculated least-squares errors 
with different intensities and backgrounds are shown in 
Figure 7.5 and 7.6. There the errors get smaller with 
increasing signal intensity and larger with increasing 
background level.

In a real data analysis, the analytic error 
calculation programme is run accompanied with the main 
programme to provide the values for error bars.

7.5 Numerical simulation of least-squares error

To confirm the error values which were calculated 
analytically in section 7.4, a numerical simulation is 
carried out - through this procedure we can find the 
reliable limits for the errors to the parameter in the 
real case. It is also possible to make a comparison 
between a convolution and a deconvolution method as
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mentioned in section 6.11. From this comparison the 
optimum cut-off frequency can be. found for Fourier 
filtering (section 6.11).

The noise in the spectrum is a purely random noise 
which has a Poisson distribution^. We can prove that real 
noise has a Poisson distribution by comparing the 
statistical parameters: standard deviation and rms of
noise. As shown in equation [7.22] the standard deviation 
and the rms of noise should be the same in the case of a 
Poisson distribution.

An artificial random Poisson noise component (Figure 
7.4a) is added to the modelling function in equation 
[6.22] (Figure 7.4b), then the profile with added noise 
is given by

K„oise(i) = K(i) + Poidev{K(i)} [7.21]

where 'Poidev' is a random number generator which has a 
Poisson distribution with the mean value of K(i) (Press 
et al. [1992]). The generated profile with artificial 
noise is shown in Figure 7.4c.

If the noise originates from the photon counting -
i.e. with Poisson distribution - and the modelling is 
correct, then the rms of the noise will be equivalent to

■’If the Poisson distribution has a large mean value, it can be approximated 
as normal Gaussian distribution. The purely random number has the normal 
distribution. In this study a typical spectrum has a mean value of -500 
photon/bin, so it may close to the normal distribution.
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a standard deviation. This is because the standard 
deviation of any Poisson noise is the square root of the 
measured data or the modelling function (equation [7.2])

(̂ = Z  {yi - y (a)}"N i=:

So therefore the comparison between the rms and 
standard deviation of error is a good test to determine 
whether the noise has a Poisson distribution or not. From 
typical observed data and a least-square fit in Figure
6.6 the relative standard deviation is obtained as 0.0204 
and relative rms also has the very similar value of 
0.0205, which can be regarded as very clear evidence that 
the real noise has a Poisson distribution. The artificial 
noise has a standard deviation of 0.0162.

As shown in Table 7.1 the real noise is 20 %  greater 
than the artificial noise in mean magnitude. This might 
be due to many other system-generated noise contributions 
(Buil [1991] and McWhirter [1993] ) . The statistical 
specifications of real and artificial noise are listed in 
Table 7.1.
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To mimic the real noise, the artificial Poisson 
noise is multiplied by the factor of 1.2 to make the 
standard deviation the same as in the real case. The 
noise is generated by the Poisson random number 
generator. The generated random numbers are dependent on 
the initial seed value. Therefore to have a statistical 
significance the simulations are carried out 30 times 
with different seed values and the standard deviation of 
the 3 0 values becomes the error on a parameter.

The analytically calculated errors are well matched 
with the numerical experiment results as shown in Figure
7.2 and 7.3. As the result of this we can have confidence 
in the calculated error values. Figure 6.7 shows a fit to 
the artificially generated profile.
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real noise artificial noise
Signal Intensity 3490 . Ophotons/bin 3490.Ophotons/bin
Background Noise 3005.Ophotons/bin 3005.Ophotons/bin

Mean Magnitude

m = —  ̂  |ns(i)|N i=i

62.10 photons/bin 49.49photons/bin

Standard
deviation 77.28 photons/bin 60.26 photons/bin
h NG = J —  y  (ns(i) - mean} 

Y N  ^

relative standard 
deviation

0.0204 0.0162
/l N ,ns(i) .2

rms magnitude
77.50 photons/bin 63.00 photons/bin

rms = Z {Yi - Yi(a)y
V N i = i

relative rms 
magnitude

0.0205 0.0165

Signal to Noise 
Ratio

12.54 17.05

distribution Poisson Poisson
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Table 7.1: Statistical specifications of real and
artificial noise.

7.6 Errors from instrument functions

Another error source is the instrument functions
(laser calibration profiles). This affects the spectrum
shape, not the peak position. Consequently the 
temperature is effected, but the velocity is not. As
shown in Figure 5.18 the FWHM of the instrument functions 
are a function of bin number. However in the real case 
only two instrument functions are used to convolve with 
modelling function. This causes an error because across 
the FWHM of a spectrum ( -50 bins) the instrument 
functions vary in width.

From Figure 5.18 we can get the FWHM differences of 
instrument functions within 50 bins - the usual value of 
the FWHM of measured spectra - as a value of 3.3 bins.
Within the FWHM two calibration profiles are taken, so 
the actual FWHM difference is going to be 1.1 bins. From 
the numerical simulation results in Figure 7.10, a 1.1 
bin difference in the instrument function causes a 
temperature error 5.1 K.

If we calculate the rms resultant temperature error 
(equation [7.25]), this instrument function error affects 
the resultant error very little ; from 22.2 K to 22.7 K.
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7.7 Errors associated with parameters

To evaluate the temperature error, the effect of the 
instrument function variations across the FWHM of the 
spectrum, discussed in section 7.6, is taken into 
account. The photon noise and the error induced from the 
instrument function have different sources - they are 
mutually independent, so the resultant error is given by 
(Taylor [1982] )

ÔT = [7.25]

The details of the errors in each parameter are shown in 
Table 7.2.
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Parameters Magnitude of 
Error

Relative Error

Temperature 11.4 %
V(22. 2 f  + (5. D" 
= 22.7 K

Velocity 6.50 m/s 21.7 %
Signal Intensity 43.7 photons/bin 1.3 %
Background
Intensity

8.2 photons/bin 0.3 %

Wavelength sep
aration between 
two Gaussians

2 .7X10"^nm 3.0 %

Table 7.2: Magnitudes of the errors in the parameters
from analytic calculation with a typical signal intensity 
3500 photons/bin and background intensity
3000 photons/bin.

7.8 Interpolation of errors

The error bound should be presented, e.g. as error 
bars etc., for every data point, but in practice the 
calculation of accurate error values takes a great deal of 
computing time, so an interpolation technique is used for 
the sake of reducing the computing time.
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In previous sections, a full theoretical analysis has 
been carried out, where the computing time is about 1 
minute'^ for a single spectrum, because it contains the 
inversion of a 5 by 5 matrix using an iterative method. 
The extraction of a parameter value without the errors 
take about 3 seconds per spectrum. Usually one night has 
120 ~ 13 0 spectra and in one month there are about 2 0 good 
observing nights. It takes around 2 hours for analysis of 
data from one month analysis, but over 40 hours is taken 
for the corresponding full error calculation. This order 
of time for error calculation is too long to do the 
regular analysis.

For most cases it is adequate to estimate error 
values by interpolation, because this method can provide 
US enough accuracy, less than 1 % difference from the
strictly calculated error. In this study a 2-dimensional 4 
point interpolation technique is used for fast error 
calculation. Strictly the error is a function of all 5 
parameters, but it is found that the error is mainly a 
function of intensity and background, while the effect of 
other parameters are negligible. Therefore the theoretical 
error values are calculated as varying background 
intensities and peak signal intensities. Later these error 
values are interpolated for the corresponding background 
and peak intensity values.

Digital DEC station 5000/240 workstation is used for this calculation,
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From Table 7.2 the relative errors of intensity and 
background are found to be 1.3 % and 0.3 % respectively, 
and they remain nearly constant over the range of
intensity and background. These amount of errors are too 
small to plot in graphs. Thus, only temperature and
velocity errors are calculated and plotted.

From a 2-dimensional Taylor series expansion, an
error value can be interpolated from the closest 
neighbouring point {G(ig, )} and four derivatives with
respect to intensity and background level at four 
surrounding points

1 4  Ac
s(i, j) = E(i„, j„) + - { Z  ( Sbcki j + — — —  5 j)}4 i,j=i dbck. j Ô int. j

[7.26]

The errors in the temperature and wind velocity with 
different peak intensities and backgrounds are shown in 
Figure 7.5 and 7.6.

7.9 Instrument stability

The characteristics of the Utah FPI have been 
changed continuously. Two kinds of unstability are 
identified: broadening of the instrument function and
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drifting of the peak position. The broadening of the 
instrument function affects the temperature so seriously 
that the effect must be compensated for.

The peak positions are observed to drift slowly but 
continuously (2 bins/month) throughout the years. This is 
because of very small leaks of air into the sealed and 
evacuated étalon container or outgassing from the 
materials of the étalon and its mountings (Figure 7.7) . 
However the drift of the peak position does not affect 
the results of temperature and velocity as long as the 
proper instrument functions are deconvolved from the raw 
data. Between September 1994 (day number 63 0) and October 
1994 (day number 660) , there is an abrupt change in peak 
positions due to the resetting of the instrument for 
taking calibration profiles (Figure 7.7).

As shown in Figure 7.8 the free spectral range is 
very stable between October 1993 and March 1995. One 
standard deviation of the variation is 0.60 bin, which is 
small enough to neglect comparing to the free spectral 
range ~200 bins. However, from April 1995 to July 1995, 
the free spectral range increase sharply from 7 6 bin to 
84 bin. This may be due to the change of the pressure 
inside the étalon container. This effect can be 
compensated by putting the proper free spectral range 
from Figure 7.8 during data analysis.

The broadening effect is most likely to originate 
from the deterioration of optical alignment, which could
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give rise the changing of the fringe centre. As a result 
of this the instrument function is broadened.

The laser calibrations are taken only once a year, 
so we cannot monitor the broadening effect properly using 
these. However every night between 10 to 16 calibration 
lamp profiles are obtained and these could be good 
indicators for monitoring the broadening effect. The 
calibration lamp profiles are obtained after deconvolving 
the instrument function from the measured profiles. 
Without any broadening effect the FWHM of the calamp 
profiles should stay constant.

The calibration lamp profiles are typical Lorentzian 
profiles, due to the dominant effect of the Airy 
function. Therefore the FWHM after convolution of the 
broadening effect can be expressed simply as adding the 
FWHM of the broadening effect (Vaughan [198 9])

(7i/2 — ^1/2 ^^1/2 [7.27]

From above equation we can find the FWHM of the 

broadening effect / which appears as a type of offset
value so it becomes similar to any other Lorentzian 
function such as the instrument function. Therefore we 
can add this value to the FWHM of the instrument function 
to compensate the instrumental broadening effect.
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The RF-excited helium-neon-krypton mixture lamp is 
somewhat unstable, so the FWHM values fluctuate with 
time, however in a month about 200-3 00 calamp profiles 
are available so the averaged FWHMs could be 
statistically significant.

Figure 7.9 shows the daily averaged calibration lamp 
FWHM from the beginning of October 1993 (day number 275) 
to the end of July 1995 (day number 921) . The increment 
of FWHM is calculated by comparing with the 'zero' 
broadening reference month. The reference month is the 
October in each year because every September the 
calibrations are taken and the optical alignment is reset 
for the Utah FPI.

^^1/2 ^1/2 ^1/2 [7.28]

From the beginning of October 1993 (day number 275) 
to the end of April (day number 473) it shows little 
change, however from July 1994 to February 1995 (day 
number 547 ~ 760) the averaged FWHM increased by the
maximum 8 bins compared with those of October 19 93

The temperature offset values according to the 
broadening effects are obtained from numerical 
simulations, averaging over 1000 data points (6 months), 
by using broadened instrument functions. A 1 bin
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increment of the FWHM in the instrument function brings 
about 4.6 K increment in output temperature.

From October 1993 to April 1994 the mean increment 
is 1.1 bins, which is equivalent to 5.3 K increment. 
Meanwhile during January 1995, the broadening of the 
calamp is as large as 8.9 bins. This value correspond to 
40.8 K increment.

These are systematic errors, not a random error, so 
the error has to be compensated for. Fortunately, 
however, we know the values of the FWHM broadening and 
corresponding temperature offset values, therefore these 
can be compensated by subtracting (or adding) the offset 
temperature values. Figure 7.10 shows the monthly 
averaged broadening effect and corresponding temperature 
offset values.

7.10 Using a combined Fourier and least-squares technique 
to overcome insufficient observation time for tidal 
analysis

Often the observation time possible with the FPI is 
less than the period of tides which we want to analyse, 
especially in summer time. Therefore, to overcome this 
problem a combined Fourier and least-squares method is 
introduced in this thesis.
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The total observation period available during the 
night is only fraction of a day : generally 6 hours in
summer and 12 hours in winter. However, we wish to derive 
8 hour, 12 hour and 24 hour period tides. Inevitably
there will be errors in the analysis of amplitudes and
phases of tidal motions, so it is important to know the 
error bounds in the analysis.

Cray and Forbes [1983] used a Fourier method to
calculate errors incurred when extracting tidal 
information from the data covering only the fraction of a 
day. They showed that the error increased very rapidly if 
the data period was short compared to the specific tide. 
However they neglected phase errors and considered only 
amplitude errors. In this study, the phase error is
considered as an important factor.

Weins et al. [1995] attempted to derive tidal
components which had the longer period than the 
observation time from the intensity and temperature of 
nightglow. There had already been a criticism of such
attempts (Cray & Forbes [1983]).

However Chapman and Lindzen [1970] suggested a
possibility of getting adequate results through a least- 
squares method if data are available from at least 5 
different times within the fractional segment of a day, 
and if we know, a priori, the diurnal and semidiurnal 
oscillation are prevailing.
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On this basis it is intended in this thesis to show 
that a combined Fourier and least-squares method can 
reduce the error bound to a greater extent than the 
Fourier method alone. This method shows reasonable 
results during the day time (Figure 8.13, 8.20, 8.31
etc.), while at which the Fourier method often suffers 
unrealistic severe oscillations.

To calculate error bounds, a numerical simulation 
technique is used rather than a theoretical method due to 
its complexity. Firstly, the monthly averaged hourly 
errors are calculated over 22 months: 4.38 m/sec. for
zonal/meridional wind and 4.13 K for temperature. For the 
numerical error estimation, an artificial fluctuations 
are generated using random numbers to have the same 
standard deviation as above values. Then these 
fluctuations are added to the 'cosine' curves which mimic 
the real tides

3 i
Tide = y  A. cos(27Tt (b. ) 4- fluctuation [7.29]

i = i 24

where i=l,2,3 are subscript indices for diurnal, 
semidiurnal and terdiurnal tides respectively.

Using full Fourier analysis (Appendix 7.1) the 
amplitudes and phases^ are then calculated. These values 
are fed as the initial guess values for least-squares

-''Phases are defined as the closest peak time from 0 UT.
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analysis. Figure 7.11 shows a generated tide including 
fluctuations, a Fourier fit and the combined Fourier and 
least-squares fit on the tide. The simulations are 
performed by changing 10 times the ratio of amplitude 
versus standard deviation of the random fluctuations and 
observation time from 6 to 24 hours.

The standard deviation of the differences, between 
the given parameters of the generated tides and the 
fitting results, become the errors. The results from the 
simulation are in Figure 7.12, showing that the errors 
are increased as observation time decreased and diurnal 
tides are associated with larger errors than semidiurnal 
and terdiurnal tides.

The amplitude errors show a linear increment, while 
the phase errors show a second order exponential 
increment. The combined method demonstrates 40 %
reduction of amplitude error and 3 0 % for phase error
than the Fourier method alone (Figure 7.12) . Though the 
tidal analysis are subject to larger errors in summer, 
the significantly reduced error bound allows us to verify 
the seasonal trend of tidal parameters : amplitudes and
phases.

To smooth the results, first and second order least- 
squares fitting routines are performed for amplitude and 
phase errors respectively (Figure 7.13) . The calculated 
error values will be used as the errors for the seasonal 
analysis of tides.
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For tidal analysis data are averaged over one month 
to reduce error and short term fluctuations. The phase of 
heating ozone and water vapour by sun's light is 
associated with the mean solar time which are changed 
with the maximum 10 minutes over a one month period at 
equinoxes (Birney [1991]). This can cause a negligible 
error such that 0.07 % of the phase and ~2 % of the
amplitude for semidiurnal tide at the height of 
origination: troposphere and stratosphere. However tides
propagate upward and subject to many local variations of 
temperature, pressure and winds, so in the mesopause 
region the phase difference is affected and become 
obscure by these variations. Therefore the error is 
surely small, but it is difficult to quantify the error 
at the upper atmosphere.
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Season(Observa 
ational hour)

Diurnal Semidiurnal Terdiurnal

Winter(12 hr) 3.56 K 
3.42 m/s 
2.28 hr

3.39 K 
3.25 m/s 
1.16 hr

2.87 K 
2.75 m/s 
0.58 hr

Spring/Autumn 
(9 hr)

4.33 K 
4.15 m/s 
3.81 hr

4.13 K 
3.96 m/s 
1.77 hr

3.47 K 
3.33 m/s 
0.70 hr

Summer(6 hr) 5.10 K 
4.89 m/s 
5.72 hr

4.87 K 
4.66 m/s 
2.51 hr

4.07 K 
3.90 m/s 
0.79 hr

Table 7.3: Estimated amplitude and phase errors for
temperature and velocity in tidal analysis caused by 
insufficient observation time (less than 24 hours).

7.11 Summary

In the present application, the major error source 
for a Fabry-Perot inteferometer is the photon counting 
noise. Counting a large number of photons can reduce the

noise by the factor of 1 / -̂ JUphoton • however the number of 
photons detected is limited by several factors such as 
nightglow intensity, detector sensitivity, étalon 
effective diameter and integration time.
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The photon counting noise arises from the signal, 
background intensity and the thermal emission. The noise 
has a Poisson distribution, where the square root of the 
counting number becomes the standard deviation of the 
noise.

Because of the statistical fluctuation of light, 
there is an intrinsic uncertainty in the determination of 
parameters, which is called the fundamental limit of 
precision. By using the centre of gravity method the 
limit was calculated. The temperature and velocity limits 
are 3.7 K and 1.2 m/sec respectively for a typically good 
data with a peak signal intensity 3500 photons/bin and a 
background intensity 3 000 photons/bin.

The least-squares errors are determined analytically 
and numerically. For the analytical calculation a 5 x 5 
error matrix is derived from the Chi - squares equation. 
Artificial Poisson noise is used to simulate real noise. 
The calculated errors are well matched in both methods, 
producing high confidence in the result. The least- 
squares errors of temperature and velocity are 22.2 K and
6.5 m/sec respectively with peak signal intensity 
3500 photons/bin and background intensity 3 000
photons/bin.

From the comparison between the real and the 
artificial noise, it is found that the real noise has a 
distribution very close to the Poisson one. However the 
real noise has 20 % larger mean value than the artificial

272



noise. This is because there are other noise sources 
which are not accounted for, e.g. from photocathode and 
electronics.

The width of the instrument functions vary across 
the spectrum, which can affect the temperature accuracy. 
The FWHM change of instrument function is 1.1 bins, and 
it is equivalent to 5.1 K error. After taking all these 
effects into account the resultant temperature error is 
evaluated to be 22.7 K.

In the real case the errors are calculated by 
interpolating the pre-calculated values, shown in Figure
7.5 and 7.6, to reduce computing time. These interpolated 
errors are adequate for practical use because the 
interpolated errors are little different from the exactly 
calculated error by around 1 %.

There are always systematic errors because the 
characteristics of the instrument are varying with time. 
In the Utah FPI, the continuous peak position drifting 
(2 bins/month) and the calamp broadening effect 
have been identified with maximum 8.9 bin in January 
1995. However, though the peak is drifting, the free 
spectral range is very stable, the change is as small as 
a one standard deviation of 0.6 bin most of time.

The peak drifting effect is compensated by using a 
correctly positioned instrument function. The broadening 
effects are extracted from the changes of the width of 
calibration lamp profile, and then the corresponding
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offset temperature value (4.6 K/bin) is calculated 
through a numerical simulation. For every month the 
average broadening effect is calculated and the 
corresponding off-set temperature value is compensated.

For tidal analysis often the observation time is 
shorter than the period of a tide which we are looking 
for, so errors occur in the extracted parameters, 
especially in summer. In this thesis a combined Fourier 
and least-squares method is developed to reduce the 
errors i The combined method can reduce errors in 
amplitude and phase by 3 0 % and 4 0 % respectively
compared to the Fourier method alone. In summer for a 
semidiurnal tide the maximum errors are derived as 
5.3 m/sec./ 5.0 K and 2.5 hours for wind amplitude, 
temperature amplitude and phase respectively.
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Chapter 8: Analysis of the OH temperature, wind and other 
parameters in connection with the mesospheric dynamics

8.1 Introduction

To understand the physical state of the mesopause 
region and its seasonal variations, a long term data base 
of temperatures, winds and intensities are essential. 
Previous studies of the mesopause region have suffered 
from the lack of long term data. She et al. [1993] had 
analysed temperature for two years using a Na lidar, 
however the data density (1 data point per 10 days) is too 
low to investigate its fine structure.

Mulligan et al. [1994] and Niciejewski et al. [1995] 
achieved higher data density (1 data point per 3.0 days) 
for measurement of the rotational temperature. However the 
Doppler temperature is much more difficult to measure, 
compared with the rotational temperature, and this is more 
representative of the atmospheric temperature. So far 
there have been no long term (more than one year) OH 
Doppler temperature observations.

There have been many individual studies of the 
temperature, wind and intensity, but not many of the 
correlations between them. However, the correlation is 
very interesting and crucial part of the physics and 
dynamics of the upper atmosphere.
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It has been known that nightly variation of OH 
temperature, intensity and wind are caused by tides and 
gravity waves in the mesopause region. However, for tidal 
variations, long term studies and direct evidence have 
been very rare, especially for temperature, so the one 
month averaged hourly mean and Fourier tidal analysis are 
required to prove the variations throughout the night and 
year.

The relationship between temperature and intensity is 
a particular interesting because of the prediction of 
being inversely proportional by le Texier et al. [1987] . 
Generally, airglow intensity is proportional to 
temperature . C

Summer and winter mesopause region show very peculiar 
vertical temperature structure, which include a bistable 
structure and different temperature gradients. There is 
some evidence for oppositely directed meridional winds at 
87 km and 100 km. The possibility of existence of an 
another circulation above the main mesospheric circulation 
will be examined through several facts and evidences.

Wind and temperature anti-correlation between the 
mesosphere and the stratosphere has been investigated for 
a long time. Gravity wave and zonal wind interaction is 
considered to be the main cause of this ant i - correlation 
(Lindzen [1981]). However the theory is not complete, and 
some other explanations, e.g. global or local circulation 
and diurnal tide propagation, are also possible
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mechanisms. Therefore it will be interesting to 
investigate the theories.

t o  _r V-orwitf

8.2 Detection of cloudy and moonlit night

The FPI observations are continuously subject to 
undesirable weather conditions, for example cloud and moon 
light. Occasionally the instrument produces output files 
which contain all 'zero's. All of these conditions, which 
can produce data of no scientific value, must be detected 
and rejected.

Clouds scatter and absorb the emissions from OH 
molecules, so the apparent peak intensity drops 
significantly. Particularly these decreases of intensity 
can easily be mis - identified as tidal variations. At such 
times, the measured temperature and wind velocity might 
have large errors. For a cloudy night the background 
intensity in the zenith direction shows the same magnitude 
as at other azimuthal directions which have an elevation 
angle of 30 deg. , as disappears the 'van Rhijn effect''

'on a clear night the optical path length along the inclined line of sight 
is longer than that of at the zenith direction, so the observed apparent 
airglow intensity at the inclined direction is stronger than at the zenith 
direction. Precisely the Earth's radius and emission layer height effect is 
included

I = i.{i - ( y sin' ep"R. + Z
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(Figure 8.1), because of the multiple light scatterings by 
clouds.

The criterion for finding a cloudy night is therefore 
made empirically by comparing data from many nights. A 
cloudy period is defined such that the difference of 
background between the zenith and other directions is less 
than 120 photons/bin or peak intensity is less than 2000 
photons/bin. Figure 8.1 shows background intensity data 
from a typical cloudy night.

Moon-light causes a sudden increase in background 
intensity. The criterion used to detect this is that the 
difference between an individual background intensity and 
the mean intensity is greater than twice the standard 
deviations (2a) or background is over 6000 photons/bin. 
Data from a typical moonlit night is shown in Figure 8.2.

So far the cloudy, moonlit and other faulty nights
have been checked by eye, with possible errors due to the 
rule of thumb criteria. As a result, some good data were
probably lost, also the procedure was very time consuming.
However in this thesis a scheme is developed to reject
systematically the faulty data using the above criteria. 
Consequently it becomes possible to save a great deal of 
data and to speed up the rejection procedure. Therefore, 
in fact, we can achieve a higher data density of 
'1 data point per 2.8 days' . The higher data density

where is the zenith direction intensity, Z is the emission layer height 
and 0 is the zenith angle.
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enables us to investigate the fine variations of 
temperature, winds and intensity.

8.3 The effect of OH emission layer thickness on 
observations

Results from observations of the OH emission are 
affected by the finite thickness of the layer. There have 
been many attempts to measure the height and width of OH 
emissions since late 1950's using sounding rockets mainly 
with photometers (Packer et al. [1959] and Baker & Stair
[1988] etc.) . Altitudes, half widths and intensities show 
variations according to year, site location and 
vibrational level observed. Seasonal and geographical 
variations are difficult to confirm because insufficient 
data have been obtained for statistical analysis.

However Lopez-Moreno et al. [1987] found that the 
layer characteristics (altitude of the peak intensity and 
half width) were dependent on the vibrational level. The 
lower levels extend to lower altitude than the higher ones 
because there is a cascade down in vibrational levels as 
photons are emitted. According to them the lower levels: 2 
and 3 have peak concentrations at altitudes ~85 km, 
whereas corresponding maxima of the level 6 is at altitude 
of ~87 km (Figure 8.3a). The investigations do not however 
quantify the half width dependence on vibrational level.
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A direct measurement of OH (6,2) band emission layer 
was made by Harrison [1970] determining the peak at 95 km 
and FWHM of 14 km. However, the only one measurement is 
not enough to give us a convincing value because the laver 
altitude and width are varying considerably with tim .d 
perhaps with geographical locations, for example th 8,3) 
band varies between altitudes 86 ~ 99 km and FWHT _2.5 ~ 
21 km from different measurements (Baker & Stair [1988] ) . 
From the table of 'Rocketborne measurements of OH emission 
altitude profiles' (Baker & Stair, Jr. [1988]) all 10 
measurements for vibrational level 6 are available, so 
these are averaged to provide the altitude 87.5 ± 3.6 km 
and FWHM 10.1 ± 3.5 km.

The mean height and FWHM of the OH emission layer has
been calculated as 87.4 ± 5.4 km and 12.4 ± 5.8 km by
Bakers & Stair [1988] from their whole data set, however
they suggested more convincingly the values as 86.8 ±
2.6 km and 8.6 ± 3.1 km from 15 rocket flights by Utah
State University (USU) and Air Force Geophysics Laboratory

Not(AFGL) between 1965 and 1984.
This emission thickness averages shear wind field, so 

the OH emission layer reduce its maximum and minimum 
values of wind shear. As the result of it, a very closely 
located oppositely directed winds might not be resolved, 
so the observational resolution is restricted. The OH 
emission is shaped rather like a sharp pencil (Figure 
8.3b), so that many more photons are concentrated within a
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FWHM range than for a Gaussian shape. In a Gaussian shape
98 % of photons are concentrated within two FWHMs, for OH
emission profile it irmght be almost 100 %, so another wind
field which separate from centre by â  FWHM (-10 km) can be

i. vt ? ^7. ̂  loo I
resolved. 1w ‘I

The vertical wavelengths of diurnal (1,1) and 
semidiurnal tide (2,2) are 26 km and >100 km at the 
altitude of 85 km (Chapman & Lindzen [1970] and Vadnais
[1993] ) . The vertical wavelengths of gravity waves in this 
region are in the range of -10 - -100 km (Manson [1990]), 
while the observations show the average value of -20 km 
near the mesopause region (Fredrick [1979] and Griffin
[1994] ) . So the velocity variations of diurnal tide and 
gravity waves are affected littl^, and they can be 
resolved most of cases. The finite thickness of OH 
emission layer does not affect semidiurnal tide because of 
its larger vertical wavelength (>100 km) . ^

8.4 Seasonal variation of the OH temperature in the 
mesopause region

The general seasonal variation of the upper 
mesospheric temperature at mid-latitude is afinual such 
that mean temperature is higher in winter, around 230 K, 
while in summer it may be as low as 17 0 K (Mulligan et 
al. [1995] and She et al. [1993]).
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Niciejewski & Killeen [1995] have found a semi-annual 
variation in the mid-latitude region (42.5°N), but the 
amplitude (~3 K) is much smaller than the annual amplitude 
(-2 5 K) , where the difference between the maximum and 
minimum is twice the amplitude.

The mesopause temperature appears to be bistable, 
with an ' upper minimum ' around 99.0 ± 2.9 km and 'lower 
minimum' around 86.3 ± 2.5 km (She et al. [1993]). At the 
upper minimum, the temperature is quite stable throughout 
the year: 189 ± 8 K but the lower minimum shows large
changes: 170 - 230 K (She et al. [1993]).

Thus the OH emission layer (87.5 ± 3.6 Km) is almost 
exactly coincident with the lower minimum (86.3 ± 2.5 Km) 
and its altitude is stable throughout the year (Baker & 
Stair [1988] and She et al. [1993]). It is possible, 
therefore, that the OH temperature could represent the 
lower minimum temperature. Therefore seasonal mesopause 
temperature changes are mainly due to the lower minimum 
temperature changes. The reason for the seasonal 
temperature changes are not fully understood, but the most 
probable mechanism is adiabatic heating in winter and 
cooling in summer, by downward and upward convective 
motions (le Texier et al. [1987]).

Figure 8.4 shows the seasonal variation of 
temperatures in the mesopause region for two years, from 
October 1993 to July 1995 at the Bear Lake Observatory 
(BLO) in Utah. Each data point represents one night's
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average, which contains 10 ~ 120 spectra. Any night with 
less than 10 adequate measurements had been discarded. The 
error is decreased by the factor of 1 / VÏÏ where n is the 
number of measurement in a night. The error for one month 
averaged temperature ranges between 2.5 - 7.0 K compared 
;tO" the error in a single measurement of 22.7 K.

At BLO, there are higher temperatures around the 
winter period, between late autumn and early spring. 
However, there are also some very distinct sudden 
temperature decreases in January and February within a 
period of ~2 0 days (Figure 8.5 & 8.6) .

According to other observations and the models in 
Table 8.1 the maximum monthly mean temperature usually 
occurs between November and January. However in this 
study, at BLO due to the sudden coolings, the maxima 
appear in early/mid spring; March 19 94 (day number 42 5 ~
454) as 213.49 ± 0.73 K and April 1995 (day number 821 -
848) as 223 .90 ± 1.55 K (Figure 8.4). The minimum occurs 
in mid-summer: July 1994 (day number 547 ~ 575) 157.64 ±
1.21 K and 150.02 ± 1.54 K in July 1995. Many observations
(She et al. [1993] and Mulligan [1995]) and models (CIRA
1986 and MSISE-90) also show minima in June or July.

At BLO, the differences between the maximum and the 
minimum temperature are 55.85 ± 1.94 K in 1994 and 66.26 ± 
2.76 K in 1995. The maximum, the minimum temperature and 
the difference agree well with the MSISE-90 model (59 K)
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for mid-latitude. Table 8.1 shows the detail of 
comparisons between measurements and models.

At BLO, from the mid-spring (March) to mid-summer 
(July) there is a rapid cooling of -12.5 K/itionth, but the 
heating from mid-summer to winter solstice is more gradual 
as 8.3 K/month (Figure 8.4).
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site
location 
(model)

maximum 
temp.

minimum 
temp.

mean 
temp.

max. tmp. 
-min. tmp

Instrum
ent
.

remark

Utah,Be
ar Lake 
42°N

223 . 9 
± 1.54K
(Apr.)

157 . 6 
± 1.2IK
(Jun.)

201.8K 
±4.13K

( S ^ K  

-66.3 K
Fabry-
Perot

OH(6,2)
Doppler 
Temp.

Fort Co
llins 
40°N

-215K
(Nov. )

-175K
(Jul.)

-195K -40K Na lidar Na Dopple: 
Temp.

CIRA1986
40°N

209K
(Dec.)

178K
(Jun.)

194.3K 3 IK Empirical
Modelling

Zonally
averaged

Ireland,
Maynooth
53.2°N

-225K
(Jan.)

-175K
(Jun.)

206 ± 
19K

-50K Michelson
Fourier
Spectrom.

OH(4,2)
rotational

MSISE-90
53°N

207K
(Nov.)

148K
(Jul.)

185.6K 59K Empirical
Modelling

Zonally
averaged

Norway,
Andenes
69°N

213.4K
(Nov.)

129.7K
(Jun. )

184.9K 83.7K Na lidar Na Dopple; 
Temperatu
re

Table 8 . 1 Comparison of seasonal variation of the 
mesopause temperature from observations and models.
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8.5 Sudden mesospheric cooling

An interesting phenomenon, the 'sudden mid-winter 
cooling' has been found in the mesopause region. It may 
correlate with a 'sudden stratospheric warming'.

There have been many measurements of mesospheric 
temperature; Na lidar temperature measurements by She et 
al. [1993], Lubken & von Zahn [1991] and Bills & Gardner 
[1993], OH Doppler temperature by Hernandez et al. [1992] 
and OH rotational temperature by Kvifte [1967], 
Walterscheid et al. [1986], Mulligan et al. [1995] and 
Niciejewski & Killeen [1995].

However, there have been no long term (more than one 
year) OH Doppler temperature measurements. The observation 
by Hernandez et al. [1992] has a very short span, just one 
day. She et al. [1993] extends the observation of Na 
Doppler temperature for two years using a lidar, however 
the data density : 1 data point/10 days is not enough to
resolve the fine structure of winter temperature changes. 
From Figure 8.5 and 8.6 the sudden warmings and coolings 
occur with the time span of 10 ~ 20 days, so it need at 
least 1 data point/5 days is required to resolve all these 
events.

There are several long term and higher data density 
OH rotational temperature observations, but they have 
failed to show any mid-winter temperature drops. Although 
Mulligan et al. [1995] at Maynooth (53.2°N, 6.4°W) and
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Niciejewski & Killeen [1995] at the Michigan University 
(42.5°N, 84°W) obtained enough data density (1 data point
per 3 days), they did not see such events. The reason may 
be due to the geographical differences between the 
observational locations.

Fortunately, thanks to the continuous operation of 
the FPI at BLO and an improved data selection technique 
(section 8.2), the overall observation period reported 
here is extended to nearly 2 years (22 months) , and the 
data density reaches 1 data point/2.8 days. Therefore the 
data from the Utah FPI may be able to resolve the fine 
structure of winter temperature.

From the beginning to middle of January 1994 (day 
number 3 66 ~ 3 89) there was a sudden cooling of -25 K.
Similarly, there were two sudden coolings at the end of 
January 1995 (day number 751 ~ 761) and in the middle of 
February 1995 (day number 776 - 785) with magnitudes both 
of -3 0 K. These sudden mesospheric coolings occur around 
20 days after sudden stratospheric warmings in the^ polar 
region (Naujokat et al. [1994 & 1995]) (Figure 8.5 & 8.6).

Oznovich et al. [1995] suggest that the , dynamical 
mechanism which is responsible for stratospheric warmings 
involves vertically propagating planetary waves that are 
created by large disturbances in the troposphere. However 
the chain of cause and effect in planetary wave 
amplification and stratospheric warming development is not 
clear yet.
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The connection mechanism between the stratosphere and 
the mesosphere temperature has not been clearly understood 
so far. However a possible explanation suggested in this 
thesis is that the sudden heating may give rise to an 
upward convective wind from the stratosphere, so that the 
transported air is cooled adiabatically near the mesopause 
region.

The sudden cooling reverses the meridional 
temperature gradient in equation [2.42], then it creates 
the reversal of zonal winds. These reversals have been 
observed over Europe in winter 1994 and 1995 (Figure 8.7 
and 8.8) . These also have been observed at BLO in Utah in 
winter 1994 and 1995 (Figure 8.9a) . Normally in the 
northern hemispheric mesosphere in winter there are 
eastward winds of -20 m/sec., but during these warmings 
the opposite westward winds of ~-5 m/sec are clearly 
observed.

8.6 Seasonal and nightly tidal variations of QH
temperature in the mesopause region

As we have described in section 7.7, a single 
temperature measurement has an error bound of -23 K 
(section 7.7) . However the tidal temperature variations 
range -2 - -10 K in the night so the measurements must be 
averaged to reduce the error bound. A one month averaged
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hourly mean is taken for studying nightly temperature 
variations in this thesis, reaching the mean error to 4.13 
K. Temperature changes due to gravity waves must also be 
considered. In the mesopause region these variations are ~ 
± 20 K for OH temperature (Frederick [1979]) . However the 
averaging process smoothes gravity waves out because of 
their random phases. In contrast with this, the phases of 
the tidal waves are much more correlated, so they should 
appear clearly in the one month averaged hourly mean data 
with reduced mean error.

The observational time span is 12 hours in winter and 
6 hours in summer, so it is always insufficient to resolve 
properly the diurnal component. The semidiurnal component 
is not resolved fully in summer time either. However, as 
mentioned before (section 7.10), although the accuracy can 
be improved by using a combined Fourier and a least- 
squares analysis technique, large errors (5.2 K in 
amplitude and 6.2 hours in phase for 6 hours observation 
time) are inevitable in deriving the diurnal component in 
summer time.

The one month averaged nightly variation of the 
mesopause temperature is mainly due to tidal motions. A 
full Fourier transform technique (Appendix 7.1) has been 
used to obtain tidal components. Figure 8.10 shows the 
magnitude of the Fourier components (tidal amplitudes) of 
temperature and line intensity for an active month
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(January 1994), which has large tidal amplitudes, and an 
inactive month (November 1993).

The seasonal behaviour of the tidal amplitude in 
temperature is such that there is considerable tidal 
activity during winter and spring, while tidal amplitudes 
are smaller in summer and autumn except November 1994 
(Figure 8.11a).

This is the opposite to the wind tidal motions, which 
have large amplitudes in mid summer and autumn (Figure 
8.26a and 8.28a). Between winter solstice and spring 
equinox there are larger tidal amplitudes in the nightly 
OH temperatures. The temperature variations are ~5 - -10 K 
amplitude during this active tidal period, otherwise 
variations are less than 5 K.

It is difficult to find the studies about temperature 
tidal analysis in the upper atmosphere apart from Forbes 
et al. [1994] . They analyse data from the Mesosphere/Lower 
thermosphere (MLT) radar at Tromscj) (7 0°N, 19°E) and Scott
base (78°S, 170°E) , and E-region Incoherent Scatter (IS)

^--'  --—----,  cr?b«-
radar at Millstone Hill, Arecibo ^43°N, 72°W^ and

^------------- Altu
Chatanika (65°N, 148°W) . In general they measured =̂-tes' %
altitude of 100 km and at high latitude except Millstone -.
Hill, so it is difficult to make any direct quantitative
comparison with the BLO result but qualitative comparison
may be possible.

In their analysis of MLT/IS data, they classify 
semidiurnal tide according to modes, where (2,2) and (2,3)
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modes show maximum amplitudes (~3 K - K) in August and 
September while minimum in winter. (2,4) mode shows two 
maxima (-2.5 K) in March and October and minimum in June. 
Phases show dips at equinoxes, which may be related to the 
reversal of zonal wind (Forbes et al. [1994]).

At BLO, the diurnal tide has large temperature 
amplitudes around winter ; between late autumn and early 
spring, and small amplitudes in summer. Maximum amplitudes 
are in December 1993 (-8 K) , November 1994 (-7 K) and
March 1995 (-18 K)̂ ^̂ ^̂ The semidiurnal and terdiurnal tides
have generally similar trends with the diurnal tide, large 
amplitudes in early spring and late autumn : in February
1994 (-8 K for both) , November 1994 (-20 and -15 K) and
in March 1995 (-10 and -5 K) , while minima (-2 K - -5 K) 
are in summer (Figure 8.11a). These are the typical (2,4) 
mode characteristics.

At BLO, the diurnal and semidiurnal phases show 
several sharp changes. Though there are fluctuations, 
rapid phase changes of both tides occur in early spring, 
summer and autumn : October 1993, February 1994, July 1994, 
November 1994, March 1995 and June 1995 (Figure 8.11b). It 
seems that there are phase dips (-9 hours) at every 
equinoxes and solstice^, while above MLT/IS observations 
show the phase minima at equinoxes. At BLO, however, 
terdiurnal phase does not show any particular variation 
(Figure 8.11b) . /V o t ' JCv

104



At BLO, one month hourly mean temperatures show very 
clear semidiurnal and terdiurnal variations from January 
to April 1994 (Figure 8.12 & 8.13) . There is usually a
temperature minimum around 4 - 6  UT- and a maximum at 8 - 
10 UT (Figure 8.12a & b). From May 1994 to December 1994, 
except November 1994, there is no significant tidal 
structure. However January and February 1995 again show 
significant semidiurnal and terdiurnal variations (Figure 
8.13a & b) . During this period the terdiurnal component 
(-15 K) is much bigger than other tidal components (-10 
K) j there are two maxima at 5 UT and 12 UT, and a
minimum at 8 UT.

8.7 Seasonal and nightly tidal variations of OH integrated 
line intensities in the mesopause region

For the data from the FPI at BLO, the absorption of 
the instrument optics has not been calibrated, so we are 
not able to know the absolute values of the integral line 
intensity, we can only know relative values of intensity.

The OH Meinel bands are believed to be excited 
primarily by the reaction between ozone and atomic 
hydrogen and their variations are generally driven by the 
atomic oxygen mixing ratio variability near the mesopause

-At Bear Lake in Utah State the Local Standard Time (LST) is 7 hours behind 
Universal Time. So 5 UT is midnight in local time.
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region (85 - 90 km) (le Texier et al. [1987]) . In this
hydrogen-ozone mechanism the integrated line intensity of 
hydroxyl (OH) is inversely proportional to temperature 
(oc ) , while it is proportional to the density of
atomic oxygen mixing ratio which is responsible for ozone 
production (le Texier et al. [1987])

[O H * ]  oc T ’ ^ - ^ [ 0 ]  [ 8 . 4 ]

Hence the effect of temperature is only to modulate the
magnitude of the variation for excited hydroxyl (OH*) 
compared pa atomic oxygen. Therefore the seasonal 
variation of OH nightglow emission at mid-latitude is
dominated by the variation of atomic oxygen mixing ratio, 
with its magnitude modulated by the temperature effect (le 
Texier et al. [1987]).

However the (0-1) airglow emission is proportional
to temperature, so this shows an exact coherence between 
temperature and intensity for tidal periods (Wiens et al. 
[1995] and Viereck & Deehr [1989]).

Figures 8.14 and 8.15c show annual variation of the 
integrated line intensity : maximum in winter and minimum
in summer. This was expected by Texier & Solomon [198 7] . 
The density of the excited OH is mainly dependent on the 
atomic oxygen and hydrogen mixing ratio near the 
mesopause, and in winter atomic oxygen is transported 
downward from the lower thermosphere. The mixing ratio of

506



atomic oxygen is sharply increased above 80 km height (le 
Texier et al. [1987]), so in summer the upward winds may
contain less atomic oxygen than winter downward winds.

They suggested that an annual variation of OH 
intensity with maximum in winter and minimum in summer 
occurred at the latitude 54°N while semi-annual 
variations; peaks in March and September occur at the 
latitude 32°N, maxima in equinoxes and minima in 
solstices. This is mainly due to changes of mixing ratio 
of atomic oxygen, as mentioned before. BLO is at the mid
latitude (44°N) , so the intensity variations seem to be 
mixed up with the two latitudinal characters, however the 
annual variation is dominant (Figure 8.15c).

For monthly averaged nightly variations, the mid
winter period (January 1994) shows the largest amplitude 
of tidal motion (Figure 8.16a) while the other seasons 
(October 1994) have relative small variations (Figure 
8.16b).

In Figure 8.15c, the monthly averaged intensity 
decreases through the two-year period. This is considered 
to be mainly due to a slow degradation of the quantum 
efficiency of the GaAs photocathode. The seasonal 
variation of the background level also shows the same 
phenomenon in Figure 8.17, so it could confirm the 
decrease of the photocathode quantum efficiency.

Intensity shows a complicated response of annual 
variation, maxima in winter (January 1994 and December
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1994) with the magnitude of 550 photons/bin and the 
relatively low intensity of 450 photons/bin in summer. 
There is, however, very different trend between the spring 
period of 1994 and 1995/ 1994 spring (March) shows an
another peak comparable to the winter, but 1995 spring 
does show a minimum rather than a peak (Figure 8.15c) 
(Thd^is generally agreed with the models from le Texier et 
al. [1987] at the latitude of 54°N; spring and autumn
period have higher intensities, while summer period has 
the lowest intensity.

The amplitudes of tidal variations in intensity show 
roughly similar trends as the monthly mean values (Figure 
8.15a) . The semidiurnal tide has maxima (50 ~ 70
photons/bin) in mid-winter (January 1994 and December 
1994), while the diurnal and terdiurnal tides have maxima 
(40 ~ 140 photons/bin) in spring (April 1994) and mid
winter (December 1994) (Figure 8.15a).

8.8 Tidal correlation between OH temperature and 
integrated line intensity

Generally it has been known that temperature is 
correlated with the integrated airglow line intensity in 
terms of gravity waves and tidal waves.

In this thesis only the effect of tides is jerrî̂  
considered, and for tides the chemical contribution is
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larger than dynamical one (Vierreck & Deehr* 11989]). For 
gravity waves with shorter periods^ the dynamical effect, 
i.e. adiabatic compression and expansion, becomes more 
important (Viereck & Deehr [1989]).

The reason why the temperature and intensity are 
tidaly correlated has been explained by Akmaev & Shved 
[198 0] . They show that as the ti^^^^ driven downward 
motion adiabatically increases the temperature of the 
emission layer, it may enhance the chemical reaction rate. 
As the result, the emission rate increases. Wiens et al.
[1995] shows the clear in-phase correlation (amplitude and 
phase) Og (0-1) atmospheric emission temperature and 
emission rate in January 1993 and April 1993, the emission 
has the peak around 94 km height (Chamberlain [1961] and 
Wiens et al. [1995]).

However Takahashi et al. [1977] showed that, although
the nocturnal OH (8,3)3, which is peaked at 89.5 km 
(Baker & Stair [1988]), rotational temperature and 
intensity had semidiurnal variations, temperature and 
intensity were correlated but somewhat out-of-phase.

Krassovsky [1972] first introduced the r| parameter to 
quantify the correlation between temperature and 
integrated line intensity. It is an important parameter to 
evaluate and may be used as a means of identifying the 
emission process (Myrab(|) et al. [1983] ) . The r\ parameter
•’As mentioned in section 1.1 the mean OH emission height is 86.8 ± 2.6 km, 
however the height is varying with the transition level between 86 km for 
OH (2) and 91 km for OH (5) (Lopez-Moreno et al . [1987])
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is the ratio of fluctuation between temperature and 
integrated line intensity

Al / I 
^ A t  / T

where Al, AT are fluctuations of intensity and 
temperature, and I, T are means values of them. If the 
fluctuations originate from tides or gravity waves T| has 
a typical value, because the t] parameter is a function of 
many parameters : period, chemical reaction, horizontal
wavelength, thermal conduction, eddy diffusion, scale 
height of atomic oxygen and Coriolis force, but mainly of 
period (MyrabcJ) et al. [1983] and Walterscheid et al. 
[1987] ) . The detailed calculation procedures are in 
Appendix 8.1.

Still there has not been a satisfactory agreement 
between theory and experiment since Krassovsky [1972]. 
Krassovsky [1972] and Myrab(|) et al Q [1983] obtained the 
theoretical r\ of 1.3 and 3.7 for perhydroxyl"^ and ozone 
processes respectively, regardless of period.

However Walterscheid et al. [1987] found that r| was
not a single valued number but a complex number, so it was 
sensitive to the wavelength of gravity waves and tides and 
had a phase angle component. Walterscheid et al. [1987]

^Minor process for the excited OH production mechanism 
HO, + 0 OH' (v < 6) + O, (+2. 4eV)
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made a dynamical-chemical model, which include ozone and 
perhydroxyl process, to study the wave-driven fluctuations 
in the OH nightglow. They showed r\ values over a broad 
range of period with a horizontal wavelengths ) of
100 km. The rj decreases with increasing period, r\ varied 
between 1 and 8, and T| is approximately in-phase with the 
temperature fluctuation : for a 3 hours period rj is 1.8
and 1.0 for a 12 hour period.

However their theory shows almost the opposite result 
to the observations by Viereck & Deehr [1989] , Hecht et 
al. [1987] and Sivjee et al. [1987], i.e. the r\ values
increase with period. The reason of this discrepancy is 
such that Walterscheid et al. [1987] assumed an isothermal
atmosphere, no eddy diffusion, no thermal conduction and 
no horizontal wavelength effect (Hickey [1988a & b]).

Hickey [1988a & b] modified the previous theory
(Waltercheid et al. [1987]) to include horizontal
wavelength effect, thermal conduction, eddy diffusion and 
Coriolis effect. The long periodic motions, like tidal 
waves, the thermal conduction and eddy diffusion effect 
are especially important. As the result of this he showed 
a good agreement for periods between ~1.5 - -5.5 hours
with a horizontal wavelength 100 km (Viereck & Deehr 
[1989]).

However outside of this period the theory sill failed 
to match with the observations (Viereck & Deehr [1989]) 
because the model was not able to describe precisely the
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eddy diffusion and the thermal conduction effects for 
small (< -1.5 hours) and large periods (> -5.5 hours). It 
means that there is no satisfactory theory yet for tidal 
waves and gravity waves with shorter period (< -1.5
hours ) . ^ ÿ̂ sAtpupî  j

From many observations, [hecht et al. [1987],
Sivjee et al. [1987] and Viereck & Deehr [1989Ĵ , it is
generally accepted that for short wavelengths (< 1 hours)
T| values are between 0 - 2 ,  and for a longer period {> 3 
hours) 7] values range between 2 - 6  and phase differences 
are between -40 deg. and +40 deg. These phases generally 
agree well with theories (Hines & Tarasick [1987] and 
Walterscheid et al. [1987])

The correlation between temperature and intensity can 
be quantified by taking the squared coherence spectrum 

^ ) (Jenkins & Watts [1968] and Appendix 8.1). The 
K ^ ^ { f )  has values between 0 and 1, the value of 1 means 
perfect correlation. Generally a value more than 0.5 could 
be considered a good coherency because the signal to noise 
becomes unity from this value (Hecht et al. [1987] ) .̂ dttW

In Figure 8.24a the seasonal variations of r\ 

parameters range between 2 - 8. These agree with other
observations (Hecht et al. [1987], Sivjee et al. [1987]
and Viereck & Deehr [1989] ) . The r\ parameters show that 
the ozone process (t] - 4) is dominant during the winter
and summer periods, while around the spring equinoxes the
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1] values are as small as ~1, so it means that the 
perhydroxyl process may be active in those periods (Figure 
8.24a).

Unlike the phase differences of theoretical
predictions and other observation (0 deg. ~ 40 deg.)
(Hecht et al. [1987], Sivjee et al. [1987] and Viereck &
Deehr [1989]), in Figure 8.24b the phase differences show
a considerable variability.

There are two distinct values : -180 deg. (November
1993, April 1994, September 1994 and July 1995) and -0
deg. (October 1993 and April 1995) . It is difficult to
nail down the exact cause, we need to gather more data

cj:with altitude^ and  ̂different sites. However, these 
phenomena may be due to the non-migrating evanescent modes 
of tides (Hines & Tarasick [1987]), e.g. (1, -2). In these
modes phase angles do not change with altitude because the 
vertical wavenumber is imaginary, so the complex terms 
in equation [2.39], which describe the vertical 
propagation of tide, become real numbers

y = + Be [2.3 9]

A real number has a phase angle either 0 deg. or 180 deg. 
in the complex plane, so the phase angle differences 
between temperature and intensity are also either 0 deg. 
or 180 deg.



From April 1994 to August 1994 and From October 1994 
to April 1995 the phase differences change from -180 deg. 
to -30 deg. These may be due to the transition from 
evanescent tides to normal propagating tides.

The squared coherency spectrum (Figure 8.24c) shows a 
good coherency (-0.5) during winter and spring, while 
summer and autumn have a relatively poor (-0.2) coherency. 
These may be due to the length of the observation time.

October 1993 shows a typical in-phase correlation 
between temperature and intensity (Figure 8.18). The 
coherency values are 0.24, 0.33, 0.15 for diurnal,
semidiurnal and terdiurnal tides respectively (Figure 
8.19) . The T[ parameters have the values of 8.2, 6.9, 4.5
for diurnal, semidiurnal and terdiurnal tides 
respectively. The phase differences are 1.5 deg. , 1.2
deg., 13.8 deg. respectively (Figure 8.19) . So the*̂  ̂ 
emission is in-phase between temperature and intensity and 
may originate from the ozone process because of the larger 
T| values ( > 4 ) .

November and December 1993 show good coherencies, and 
the phase differences are -180 deg. (Figure 8.24b). Near 
the winter solstice, January 1994, a very clear coherency 
(-0.5) was observed but with -100 deg. out-of-phase 
(Figure 8.2 0) . The r\ values are 1.5, 3.2, 6.5 and
intensity and temperature shows the consistent phase 
differences around 100 deg.: 106.2 deg., 105.1 deg., 109.7 
deg. (Figure 8.21).
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In February, March and April 1994 there are no 
significant coherency. After the spring equinox, April 
1994 show good coherencies, r\ values are 1.69, 1.57, 1.22
and phase differences are 179.0 deg., 178.2 deg., 17 9.5
deg. respectively. These are evidences for the out-of- 
phase and perhydoroxyl process.

From May to August 1994 the tidal variation in 
temperature decreases as does in intensity, in addition 
the observing period is reduced, so any significant 
coherencies are not observed (Figure 8.24c). However the r| 
parameters range between 3 ~ 8, in June r| values are too 
large (> -2 0) because we have the shortest observation
period, and the phase differences are -30 deg. - -120 deg.

During the autumn equinox, in September 1994 there is 
a clear anti-correlation between temperature and intensity 
(Figure 8.22), all tidal components show around 180 deg. 
phase difference. The r| values are 2.58, 2.41, 2.15
respectively (Figure 8.23). This is a typical out-of-phase 
correlation.

Like 1994, February and March 1995 also shows clearly 
that the perhydroxyl process dominates, because the r| 
values are around 1 (Figure 8.24a).
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8.9 Seasonal variations of the zonal winds in the 
mesopause region

The zonal winds at the mesopause, from the Bear Lake 
X Observatory (BLO) OH winds, shows a semi-annual variation
^ (Figure 8.25). The winds are eastward during summer and
D  winter and westward during spring, and autumn in agreement

 ̂with ^omy previous results of Greenhow & Neuf eld [1960] , , • 
^ Kochanski [1963] and Burrage et al. [19 95] .

 ̂ In the mesosphere the principal features are
^  eastward in winter and westward in summer (Whitten &
o 0)
~r ^ Poppoff [1971]). Differential solar heating near the 
j ^ stratopause (40 ~ 50 km) at high latitude (60 deg. ~ 90 

I deg.) is the main driving force for zonal winds in the
mesosphere (50 ~ 80 km) (Figure 8.35) (Geller [1983]).

The wind result shown in Figure 8.25 have been 
averaged over 3 hours around local midnight from 3:30 UT 
to 6:30 UT to show the apparent winds including tidal 
components. The monthly averaged winds over the whole 
observation hours are the background zonal winds, which 
have the same trend but have reduced amplitudes, because 
the tidal components are mainly cancelled out during _the 
averaging (Figure 8.26c).

It has been suggested that the semi-annual variation 
of zonal winds in the mesosphere is connected to the same 
variation of temperature in the stratosphere (section 
8.16). Crane [1979] showed that there is a semi-annual
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temperature variation with ~3 K amplitude in the mesopause 
region in high latitudes (>60°N) , peaking in April and 
October, which are out-of phase with the variation at the 
stratopause. He used data from Nimbus 6 pressure modulator 
radiometer (PMR). From rocket and meteor radar 
observations, Groves [1972] observed semi-annual zonal 
winds (-15 m/sec amplitude) and calculated a corresponding 
semi-annual temperature with amplitude of -5 K in the 
upper mesosphere at the mid-latitude.

However simulations by Portnyagin & Solovjova [1993], 
COSPAR [1990] and CIRA [1986], only show annual variations 
near the mesopause region at mid-latitude.

The physical explanation of the zonal flow is that 
the cross vector product of the vertical component of 
earth's rotation vector (1 / Q  • k) and meridional 
temperature gradient (VT • i) induces a zonal wind 
(Appendix 8.2), the so-called geostrophic thermal wind

Vj = ----   k • ln( — ) X VT • i [8.6]m. 2Q sin (j)

where R, m, (|) are the universal gas constant, molecular 
mass and colatitude respectively, and P̂  are pressures 
at nearby two points, and VT is the temperature gradient 
between the two points.
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The semi-annual variation in zonal winds near the 
mesopause might be related to the semi-annual temperature 
variation in that region reported by Groves [1972] and 
Crane [1979]. This variation shows that there exists a 
meridional gradient with latitude, thus according to 
equation [8.6] a zonal wind is created. But the reason for 
this semi-annual temperature variation near the mesopause 
region has not been clearly understood yet.

Dunkerton [1982] suggested that the semi-annual 
variation of zonal winds may be due to the breaking and 
dissipation of vertically-propagating gravity waves. He 
noted that gravity wave transmissivity through the 
stratopause region should be strongly modulated by the 
presence of a semi-annual variation of the zonal winds 
(section 8.18) . This is due to the strong dependence of 
the vertical group velocity on the relative phase 
velocity; i.e. the difference between the background wind 
and the phase velocity (Appendix 8.3) . The zonal wind is 
accompanied by a meridional temperature gradient, 
therefore the semi-annual zonal wind caused by the 
modulated gravity wave also creates the associated 
meridional semi-annual temperature gradient (Groves 
[1972] ) . A gravity wave connection thus may be the most 
probable mechanism.

This selective transmission of waves of eastward and 
westward phase speed leads to a semi-annually varying 
deposition of momentum in the mesopause region with an
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approximate out-of-phase relationship between oscillations 
near the stratopause and the mesopause region (Burrage et 
al. [1995]) (Appendix 8.3). The other possible connection
mechanisms are suggested and explained in section 8.18.

At BLO, the zonal winds (Figure 8.25) show a very 
distinctive semi-annual variation. During both the spring 
and autumn equinoxes there are very abrupt wind direction 
changes; from eastward to westward and back to eastward 
again. The prevailing winds are eastward most of the time. 
The maximum eastward wind of around 25 m/sec occurs around 
the winter and summer solstices, while the maximum 
westward wind occurs during spring and autumn equinoxes, 
with a magnitude of -20 m/sec.

Burrage et al. [1995] argue that the apparent
velocity might include tidal components, so it is
necessary to eliminate these components to see the pure 
background mean zonal wind. In this thesis, data are
averaged to get rid of tidal components, such that if we 
select 'zero' frequency Fourier components we could get a 
pure background zonal wind. ^

In Figure 8.26c we can also see semi-annual
variations clearly in the monthly averaged zonal wind. It 
is eastward during winter and summer solstices with 
maximum 12.6 m/sec and briefly westward around the 
equinoxes with minimum -6.2 m/sec. So the eastward wind 
is dominant in the background zonal wind in the mesopause 
region at the mid-latitude in the northern hem.isphere.
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As mentioned in section 8.5, there are sudden
reversals of zonal wind in the winter mesopause, which are
associated with the sudden stratospheric warmings. The 
sudden warming in the stratosphere appears to cause a
sudden cooling of the mesopause region. As the result,
the zonal wind is reversed (Figure 8.7, 8.8 and 8.9).

8.10 Seasonal variations of meridional winds in the 
mesopause region

The meridional winds have an annual variation : 
southward in summer and northward in winter (Figure 8.27). 
Upward motions are produced in the summer hemisphere by 
the strong radiative heating and cooling of ozone in the 
stratopause region, around 45 Km height (Figure 8.35), and 
downward motions occur in the winter hemisphere. Thus, 
this is the mean transport from the summer to the winter 
hemisphere in the mesopause region. This is the inter- 
hemispheric circulation (Geller [1983] and Houghton
[1989] ) .

Gravity waves which are generated in the lower 
atmosphere are dissipated near the mesopause as they 
transfer momentum into the mean winds. This mechanism acts 
to change the circulation. Thus the meridional temperature 
gradient becomes so irregular that there may be no 
unidirectional gradient. Therefore, (' zona3_ winds^ may
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become small near the mesopause, compared with the
middle/lower mesosphere (Figure 2.3).

In Figure 8.2 7 we can see that there are southward 
winds in the summer and northward in the winter. This is 
an evidence for the existence of the inter-hemispheric 
circulation suggested by Brewer [1949]. For meridional
winds, the maximum southward winds appear at summer
solstice as -60 m/sec, and the minimum at winter solstice 
as --20 m/sec (northward) .

Monthly averaged background meridional winds show the
maximum 21.3 ± 1.6 m/sec southward wind in summer solstice
(June 1994) while the minimum of V 4 .8 ± 1.5 m/sec ^ •

/ \
northward wind occurs in late autumn (November 1994) 
(Figure 8.28c). These values are much greater than the 
radar measurements, at Durham (43°N, 71°W) the maximum and 
minimum range +7 - -3 m/sec and at Saskatoon (52°N, 107°W) 
the range is +6 - -1 m/sec (COSPAR [1990] ) .

A meteor and MF radar are used at Durham and 
Saskatoon respectively (Fraser et al [1989]). Radars have 
a larger measuring volume, for example a meteor radar 
measure the meteor trails between 75 km - 110 km and MF 
radar should take also large measuring volume because of 
the low ion concentration in the D region, as mentioned in 
section 8.3 the finite measuring volume (or emission 
layer thickness) affect to smooth the wind shear maximum 
and minimum values. So wind results used to be smoothed 
temporally and spatially (East et al. [1994]). Therefore
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the maximum and minimum winds from radar measurements are
usually smaller than those of optical measurement because
the measuring thickness of radar (>10 km) is larger than
optical measurement of OH emission (-10 km).

^  (vJl Wax for ~ y '
 ̂ IKa ^  ■CVLJY W  f j/K.
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8.11 Vertical winds in the mesopause region

The global convective motion - from summer to winter 
hemisphere - creates vertical motions to satisfy 
continuity. The vertical wind - downward in the winter 
mesopause and upward in the summer mesopause - is 
considered the main cause of the warm winter and the cool 
summer mesopause (Geller [1983] ) .

The divergence theorem is used to calculate the 
vertical winds (Appendix 8.4)

V. = Z  (Av, ■ [8.7]
i  = l

where AV^ is the difference between influx and outflux,
and ^cross' -̂ side the horizontal cross section and the
vertical side area of the control volume respectively.

The mean magnitude of the vertical wind is
u>lt

0.16 m/sec, so it is too small compared _to the single 
measurement error (6.5 m/sec.). Thus one month averaging



has been taken which reduces the error to ± 1.12 m/sec, 
however it is still large enough to obscure true vertical 
winds. According to Geller's [1983] simulation, at high 
latitudes (above 60°) vertical winds become greater and 
correlated with season. For these reasons, so far there 
have been no direct measurements of the vertical winds in 
the mesopause region in the mid-latitudes.

However, some thermospheric observations have been 
made by Price et al. [1995] and Sipler et al. [1995],
where the vertical wind may be as large as -50 m/sec.

Figure 8.29 shows the monthly averaged vertical 
winds, from October 1993 to August 1994 (month number 1 - 
11) at BLO. we do not see the seasonal relations ; i.e. 
downward wind in winter and upward wind in summer during 
October 1993 and August 1994 month number 1 - 11). However 
from September 1994 to July 1995 (month number 12 - 22) a 
correlation is found such that winter downward (--0.41 
m/sec) wind and a summer upward wind (-+0.32 m/sec).

In the upper mesosphere and lower thermosphere mean 
vertical velocities are predicted to be a few cm/sec., but 
local values will be larger in response to the strong 
forcing of mean circulation due to gravity wave saturation 
(Fritts et al. [1990]). The calculated vertical wind
velocities have similar maximum magnitudes (-0.3 - -0.4
m/sec.) with the results from Fritts et al. [1990].

Therefore this may be the evidence between the
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vertical wind and the seasonal temperature variation in 
the mesopause region. ^ U>

Ê/YO>ri

8 .12 Tidal motions of nightly winds in the mesopause
regi m

1) General behaviour

At BLO, the general behaviour of the one month 
averaged hourly mean winds near the mesopause is to show a 
tidal oscillation. Winds show particularly active tidal 
motions in the summer and autumn (Figure 8.2 6 and 8.28) .

The principal reason for tides is the differential 
heating by the absorption of solar energy by ozone and 
water vapour (Figure 2.2) . If we expand the solar heating 
function using the Hough functions, it can be decomposed 
into some harmonics : e.g. diurnal, semidiurnal and
terdiurnal. It is known that the diurnal tide is mainly 
driven by water vapour in the troposphere and that the 
semidiurnal tide is mainly excited by ozone heating in the 
stratosphere (Chapman & Lindzen [1970] and Holton [1975] ) . 
The observed terdiurnal tide is considered the 
superposition of solar driven tide and the non-linear 
interaction between tides (Teitelbaum et al. [1989]).

In tidal motion the wind vectors turn clockwise in 
the northern hemisphere, due to the Coriolis force. In
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Figure 8.3 0 (October 1993) the wind vectors begin from the 
south-eastward direction and end in the north-westward 
direction.

The solar-driven tides follow the sun's apparent 
march (westward), with upward group velocity and energy 
propagation (equation 2.39) while the phase propagation is 
downward (Vincent et al. [1989]) (Figure 2.7).

Vincent et al. [1989] found that near the mesopause 
both diurnal and semidiurnal tides had peak amplitudes 
during summer and autumn, with magnitudes between 5 m/sec 
- 10 m/sec at Kyoto (35°N, 140°E) . Yet there have been no
proper measurement of terdiurnal components in the 
mesopause region. However, Teitelbaum et al. [1989] noted 
that the terdiurnal tide showed peak amplitude during 
equinoxes and with the magnitudes between 2 ~ 8 m/sec at 
Saskatoon (52°N, 107°W) , but these were measured at 94 Km
height using a meteor radar.

Tidal motions appear on almost every night in the 
data from BLO, Utah. On any single night, the tides may be 
mixed with gravity waves and a single measurement have 
large errors : ± 6.5 m/sec (section 7.7) . This is
comparable to the amplitudes of most of tide 
(-10 m/sec) . In order to find genuine tidal components, 
data are averaged over a one month period, then the error 
bound is reduced to ± 1.6 m/sec.
2) Categories of nightly variations
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The phase of tide varies with the mean solar time. In 
a month the phase changes are as large as 10 minutes at 
the equinoxes (Birney [1991]). Therefore the one month
averaging will reduce the amplitude result by only ~2 %, 
while the uncorrelated gravity waves are smoothed out 
almost completely. At BLO, the monthly averaged hourly 
mean velocities show clear tidal motions almost every 
month. Typical examples are in October 1993 (Figure 8.31 
and 8.32) and January 1994 (Figure 8.33 and 8.34). Three
categories of nightly variations are found at BLO:

1) From May to October tidal motions are very
pronounced. The meridional wind has a peak at around 4 ~ 6 
UT (23 ~ 1 LST) , then decreases monotonically. The zonal 
wind has a 'U' shape and has a minimum between 6 ~ 9 UT (1 
~ 4 LST) (Figure 8.31). Typical amplitude is -10 m/sec.

2) From January to April the tidal amplitudes are 
much smaller than those of between May and October. Tidal 
motion shows small sinusoidal oscillations with a 
magnitude of -3 m/sec (Figure 8.33).

3) There are no appreciable tidal components in
November and December, except that November 1994 shows 
active tidal motions like category 1).
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8.13 Seas_onal .variations of tidal winds in the mesopause
region

A combined full Fourier and least - squares method is 
employed to extract tidal parameters (amplitude and phase) 
from the monthly averaged hourly mean wind tidal motions 
(section 8.12). The combined Fourier and least - squares
method can overcome the short observation time (section 

For the diurnal tide, though the amplitude variations
7.10).

are quite different with geographical locations, 
generally these have a peak (-15 m/sec) in summer and a 
minimum (-5 m/sec) at the equinoxes for both zonal and 
meridional tides (Manson et al. [1989], Vincent et al.
[1989] and Kazimirovsky & Zhovty [1989] ) . At the 
equinoxes, there are large changes of zonal amplitude and 
phase due to the background zonal wind reversal, e . g . ob 
Monpazier (44°, 1°E) (Manson et al. [1989]) . UARS data 
show large meridional tidal amplitude of -60 m/sec at 
9 0 km height in April and November in both north and south 
20° latitude. The peak meridional tidal phase is at -3 
(21) LST in July while during other months phase is nearly 
constant at -6 (18) LST (Burrage et al. [1995]).

For diurnal tide, longer vertical wavelengths (>100 
km) or evanescent mode occur in summer, while shorter (20 
- 30 km) or irregular structures exist in winter (Table 
8.2) (Manson et al. [1989]).
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The wind tidal phases show big differences dependent 
on the location. In the Northern America - Saskatoon 
(52°N, 107°W) and Durham (43°N, 71°W) - the meridional
phases increase from 5 LST in January to 14 LST in
December, while in the Eastern hemisphere - Badary (52°N, 
120°E) - the phase is mainly around 12 LST but decreases
to ̂ 6 LST in May (Kazimirovsky & Zhovty [1989]). For zonal 
tidal wind phases, in the Northern America and Europe - 
Sasaktoon and Monpazier - the average phase is at 16 LST, 
with a maximum of 20 LST in June, while in the Eastern 
hemisphere - Kyoto (35°N, 140°E) and Badary - the phase
decreases throughout the year from 17 LST in January to 0 
LST in December (Vincent et al. [1989]) . •

Semidiurnal tidal amplitudes (-20 m/sec) are larger
than the diurnal ones (-15 m/sec) . Seasonal changes are 
related to the zonal wind reversals. Generally, for both 
zonal and meridional tidal amplitudes there are two 
maxima, at the spring and autumn equinoxes at Saskatoon,
Garchy, Monpazier and Durham. The tidal amplitude at the
autumn equinox is much more salient than that of the 
spring equinox. Sometimes January shows a peak amplitude 
instead at the spring equinox (Manson et al. [1989]). The 
Eastern hemispheric locations often do not show any 
significant spring peak; at Kyoto and Badary (Kazimirovsky 
& Zhovty [19 8 9]).

The semidiurnal phases are consistent for both zonal 
and meridional components : maximum at equinoxes and minima
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in summer. Particularly, from January to March and from 
November to December there are abrupt changes of phase 
between 0 LST and ~10 LST (Manson et al. [1989], Forbes & 
Vial [1989] and Vincent et al. [1989]).

The terdiurnal tide is considered to be partially 
generated by the non-linear interaction between diurnal 
and semidiurnal tide (Teitelbaum et al. [1989]). The 
terdiurnal amplitudes (~7 m/sec) are comparable to diurnal 
ones. The zonal tide has peaks (~8 m/sec) in January, 
March and October at the mid-latitude : at Garchy,
Monpazier and Saskatoon. Phase show peak in summer at 
around 6 LST (Teitelbaum et al. [1989]).
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Diurnal Tide

Location Instrum ent M ax ./n iin . A m plitu M ax ./m in .
Phase

V ertica l
wavelength

Rem arks

Saskatoon 
(52°N , 107°W )

M F  radar x:IOm/s, Jun./ 
5m/s, Jan. 
y:10m/s,Jun./
5 m/s, Jan., Dec.

x:20hr,Jun./ 
16hr,Jan.,Sep.- 
Dee.
y:14hr,Jun./
5hr,Jan.

w:35 km 
s:oo, irreg.

abrupt phase 
changes during 
Jan.-M ar.

Garchy ^ 
(47°-N,3°E)

M eteor radar x;6m/s.Jun./
5 m/s, Jan.,Dec.

x;16hr, M ar./ 
9hr,Jan.

w :20-30km  

s:oo, irreg.
Monpazier
(43°N ,1°E )

M eteor radar x:15m/s,Mar,
Sep./5m/s,Jan.,
Jun.,Dec.

x:20hr,Jun./
16hr,Jan.-Mar.,
Sep.-Dee.

w:30km  
s: irreg.

max. amp. co
incide with zon
al wind reversal

Durham
(43°N ,71°W )

Meteor radar X: 17m/s,Jan./ 
5m/s,Jun.~Sep. 
y:25m/s,Jan,Jun., 
Dec./10m/s,Mar., 
15 m/s, Sep.

x:14hr,M ar.-
Sep./10hr,Jan.,
Dec.
y;24hr,Dec./
8hr,Jan.

w:20km  
s: 100,0 0 , irreg.

Kyoto
(35 °N ,]4 0 °E )

Meteor radar x:12m/s,Jun./
5m/s,Jan.~Mar.,Dec.

17hr,Jan./ 
0 hr, Dec.

abrupt phase ch
anges in Jan .&  
Dec.

UARS
(22°N & S )

High Resolut
ion Doppler 
Im ager(H R D I)

y:60m/s,Apr.,Nov. -3hr,Jul/
-6hr,Jan.-M ay,
A ug.-D ee.

25 km

Badary
(52°N ,120°E )

LF radar x: 18m/s,May,30m/s,
Aug./5m/s,Jan.,
10m/s,Jul.,3m/s,
N ov.-D ee.
y:30m/s,Apr.,40m/s,
Sep./5m/s,Jan.,Dec.

x:6hr,Jan./-l 8hr 
Dec.
y:12hr,Jul.,Nov./
-6hr,M ay

BLO,Utah  
(42°N ,111°W )

FPI x:15m/s,Jul./
2m/s,Mar.
y:18m/s,Jun./
2m/s,Jan.

x: 18hr,Ja^  
Ohr, Jan.,Dec. 
y;13hr,Jan./ 
Ohr,Autumn

Table 8.2: Diurnal tides in different locations, x and y
refer to zonal and meridional respectively, w and s mean 
winter and summer respectively. Saskatoon, Garchy, 
Monpazier and Durham data are from Manson et al. [1989] ,



UARS data are from Burrage et al. [1995]. Kyoto and Barady 
data are from Kazimirovsk & Zhovty [1989].

Semidiurnal Tide

Saskatoon 
(52 °N , 107°W )

M F  radar x:20m/s, Jan.,Sep./ 
5m/s, May. 
y:20m/s,Sep./ 
5m/s,Mar.

x: 12hr,Mar.,Dec. 
/lhr,Jan.,7hr,Sep. 
y:l lhr,Jan.,9hr, 
Dec./5hr,Jun.~ 
Sep.

w:30 km 
s:>200km

abrupt phase 
changes due to 
zonal wind rever
sal during Jan.- 
Mar. &  Dec.

Garchy
(47°N ,3°E )

M eteor radar x:20m/s,Jan./
5m/s,Jun.

x :l Ihr, Jan.,Dec. 
/Ohr,Mar.

w:50km
s:250km

abrupt phase 
change, Jan.- 
Mar.

Collm
(52°N ,15°E )

LF  radar x:18m/s,Sep./ 
5m /s,Mar.~May  
y: 18m/s,Mar.,Sep./ 
7m/s,Apr.

x:24hr,Mar.,Nov.
/19hr,Aug.
y:20hr,Mar.,Nov.
/16hr,Sep.

w:70km  
s ; » l  00km

Monpazier
(43°N ,1°E )

Meteor radar x:15m/s,Sep,/
7m/s,Mar.,

x:12hr,Jan.~Mar.
,Dec./7hr,Jun.

w:60km  
s;>l 00km

abrupt phase
change,Jan.~Mar.
.Dec.

Durham
(43 °N ,71 °W )

M eteor radar x:17m /s,Mar./
IOm/s,Jan.,Jun.
y:15m/s,Mar.~Jun./
12m/s,Jan.,Sep.

x:8hr,Jan.,9hr,
Dec./7hr,M ar.~
Jun.
y:6hr,Jan.,Dec./
2.5hr,Sep.

w:60km  
s: 150km

no abrupt phase 
change

Kyoto
(35°N ,140°E )

Meteor radar x:8m/s,Sep./
3 m/s,Mar.,4m/s,Oct. 
y: 11 m/s,Sep./
1 m/s,Jan.,Dec.

x: 1 Ohr,Mar./
2.5hr,Jan,0hr,
Dec.
y:4hr,Feb,2hr,
Dec./-4hr,Jan.

abrupt phase ch- | 
anges in Jan.- 
Mar.,Dec

Badary
(52°N ,120°E )

LF  radar x:23m/s,Jul.~Sep./ 
3m/s,Nov~Dec. 
y:40m/s,May.,33m/s, 
Sep./6m/s,Jan., 1 Om/s 
Dec.

x:10hr,winter/
4hr,summer
y;7hr,Atum ./
5hr,Spr.,W in./

i

BLO,Utah
(4 2 °N J 1 1 °W )

FPI X: 15m/s,Sep.~Nov./ 
3m/s.Mar. 
y:20m/s,Sep./ 
3m/s,Jan.&Dec.

x:6hr,M ar./ 
-3hr, Sep. 
y:8hr,Apr./ 
3hr,0ct.

no particular 
phase structure

Table 8.3: Same with Table 8.2 except semidiurnal tide.
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8.14 Tidal winds at Bear Lake Observatory (BLO) in Utah

Consistent with other mid-latitude stations, BLO
shows that the maximum amplitude is in summer and the 
minimum is in winter or spring equinox. For phases, it is 
difficult to find any consistent trend, but the phases of 
diurnal and semidiurnal tide show an abrupt change between 
January and March as is also observed at Saskatoon and
Kyoto (Manson et al. [1989] and Vincent et al. [1989]) .

1) Zonal tidal winds

It is difficult to find any overall trends in the 
variations of zonal wind amplitude, but roughly it shows 
an annual variation : maximum in summer and minimum in
winter (8.26a). Diurnal and semidiurnal amplitudes do not 
show large amplitudes at equinoxes, so the zonal wind 
reversal seems not to affect these. However, the
terdiurnal amplitude increases around equinoxes.

The background zonal wind is the mean wind averaged 
over the whole hours of observation. This is obtained by 
taking the 'zero' Fourier component, so that the tidal 
components are eliminated. It shows a very clear semi
annual variation (Figure 8.26c).



(i) Di urnal tide:

At BLO, in 1994 peak amplitudes are in February (~6 
m/sec) and July (-15 m/sec) , while in 1995 the peaks are 
in February (-7 m/sec) and April (-6 m/sec) instead of in 
July. Minima are around equinoxes: March or April, and
October (Figure 8.26a). It is similar to the result from 
Kyoto (35°N, 140°E) (Vincent et al. [1989]); the peak
amplitudes are in June (-12 m/sec) . At Badary (52°N, 
120°E) (Kazimirovsk & Zhovty [1989]) the peak amplitudes 
are in May (-ISm/sec) and August (-3 0 m/sec) . This is 
exactly opposite to the result from Monpazier (44°N, 1*E), 
where the maximum amplitudes (-15 m/sec) occur at 
equinoxes and the minimum at solstices (-5m/sec) (Manson 
et al [1989] ) . This is an interesting phenomenon, and may 
be a hemispheric difference.

At BLO, it is difficult to find any particular 
pattern in the phase because of large error (6 hours) and 
severe fluctuations in summer. This is largely due to the 
short observation hours at that time. However in winter, 
the error bound decreases to 2.5 hours, so the result 
becomes more reliable and it shows large phase changes (> 
10 hours) between January and March (Figure 8.26b) as is 
also observed in Saskatoon and Kyoto. This may be related 
to the zonal wind reversal (Manson et al. [1989]).



(ii) Semidiurnal tide:
At BLO, amplitudes show three peaks : February (~6

m/sec), June (-9 m/sec) and November (-15 m/sec). The main 
peak is centred on October (-12 m/sec) , shifted by three 
months from the peak of the diurnal tide. The minima are 
in December and March (-3 m/sec) (Figure 8.26a). Forbes et 
al. [1994] also show a similar trend, with peak amplitudes 
in February (-27 m/sec) , May (-15 m/sec) and between 
August and October (-20 m/sec) at Saskatoon (52°N, 107°W) , 
where the summer peak is centred in September (-18 m/sec).

The phase in winter advances that of in summer by 
about 4 hours. This is a distinctive trend for zonal 
semidiurnal tide in several stations: Sasaktoon, Durham
(43°N, 71°W) and Badary (Manson et al. [1989], Forbes &
Vial [1989] and Kazimirovsky & Zhovty [1989]). At BLO, in 
Figure 8.26b, there is a similar trend in 1994; the winter 
phase is around 7 UT (2 LST) similar to the phase in the 
early summer as is similarly at around 6 UT (1 LST) . But 
during late summer and early autumn, August to October, 
the phase is around 2 UT (21 LST) so the phase changes 
from that in winter by 5 hours.

(iii) Terdiurnal tide
At BLO, May (-17 m/sec) and September (-15 m/sec) 

show large amplitudes, while the winter minima are -2 
m/sec in February and March, so there is roughly a semi
annual variation (Figure 8.26a). Teitelbaum et al. [1989]
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also showed a semi-annual variation: peak amplitudes in
April (~7 m/sec) and in October (~7 m/sec) and minima in 
February (~4 m/sec) and in July (~4 m/sec) at both 
Saskatoon and Garchy. These semi-annual peaks may be 
related to zonal wind reversal occurrence at the same 
time.

At BLO, the tidal phases show rather irregular 
pattern. There is a maximum in July at 9 UT (4 LST), while 
the minimum phase is in October and November at 2 UT (21 
LST) (Figure 8.26b). The phase at Saskatoon shows the peak 
in July at 8 LST and the minimum in September at 0 LST 
(Teitelbaum et al. [1989]).

The results from Vincent et al. [1989] were obtained 
at Kyoto (35°N, 138°E) using a meteor radar. A meteor
radar was also used at Garchy, while a MF radar is used at 
Saskatoon.

2) Meridional tidal winds

At BLO, the meridional winds show a clear annual 
variation; the maximum tidal amplitudes occur during 
summer and autumn (June to September) and minima occur 
during winter (December to February) (Figure 8.28a). 
Similar to the zonal tide, the amplitude of meridional 
diurnal tide shows a peak amplitude in June, which is 
three months earlier than the peak in semidiurnal and 
terdiurnal tidal amplitude in September (Figure 8.28a).
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The tidal phases do not show any particular pattern 
except that the phase of semidiurnal tides in winter is at 
9 UT (4 LST) which is 6 hours ahead of summer phases at
3 UT (22 LST) (Figure 8.26b).

(i) Diurnal tide
At BLO, in June 1994/1995, the diurnal tide has a 

maximum amplitude of -20 m/sec, while the minimum is 
-3 m/sec in January 1994/1995 (Figure 8.28a). Manson et
al. [1989] describe a similar trend, with -10 m/sec
maxima during mid-summer and -5 m/sec minima during mid
winter at Saskatoon. In mid-summer (July or August) there 
is a small decrease of amplitude to -13 m/sec while 
September shows an another peak of -16 m/sec (Figure 
8.28a) . A similar pattern has been found at Badary ; with 
peak amplitudes in May (-30 m/sec) and in September (-40 
m/sec). Smaller amplitudes (-25 m/sec) occur during June 
and September.

However, in contrast, the data from the ' High 
Resolution Doppler Imager (HRDI)' on the UARS satellite 
indicate semi-annual changes such that the maximum (1,1) 
diurnal amplitude (-60 m/sec) is around the equinoxes and 
the minima are at the solstices, for measurements taken at 
a latitude of 22° N & S and 90 km height (Burrage et al. 
[1995] ) . This means that the Ic^-latitude region have a 
quite different trend compared the mid-latitude region. 
This may be connected with the semi-annual heating
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variation of the stratosphere in subtropical region with 
maxima during spring and autumn equinoxes (section 8.17) .

The phases are centred at 2 UT (9 LST), and there is 
no structure. However, at Saskatoon and Durham the phases 
increases from 5 LST in January to 14 LST in December at 
Saskatoon (Manson et al. [1989]). In the eastern 
hemisphere, however, at Badary the phase is approximately 
10 LST, decreasing during May and June (-6 LST) 
(Kazimirovsky & Zhovty [198 9]).

(ii) Semidiurnal tide:
At BLO, the amplitude of the semidiurnal tide has a 

roughly similar trend to that of the amplitude of the 
diurnal tide: a minimum (-3 m/sec) in January and a
maximum (-20 m/sec) in September (Figure 8.2 8a). The peak 
amplitude is delayed by three months compare with that of 
the diurnal tide. The observations at Kyoto show similar 
behaviour; peak amplitude (-10 m/sec) in September and 
minimum (-1 m/sec) in January (Forbes et al. [1994]). 
Saskatoon shows a somewhat different trend; the peak is in 
August (-18 m/sec), while the minimum (-9 m/sec) is at the 
spring equinox and in November. However, there exists 
another peak (-20 m/sec) in January (Forbes et al.
[1994]).

At BLO, from Figure 8.28b, the phases during winter 
(6 UT - 11 U T : 1 LST - 6 LST) advance the phases in summer 
(3 UT - 6 UT: 22 LST - 1 LST ). Forbes et al. [1994] also
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show a similar trend, at Saskatoon and Kyoto, such that 
the winter phases are 5 hours ahead of the summer phases.

(iii) Terdiurnal tide:
At BLO, terdiurnal amplitudes have almost exactly 

same trend and magnitude with the semidiurnal tides; the 
maximum (~20 m/sec) is in September and the minimum (-3 
m/sec) is in January (Figure 8.28a). The comparable 
observations for meridional terdiurnal tide from other 
stations are not available at the moment.

Phase shows an irregular feature, but it is centred 
between 4 - 5 UT (23 LST - 0 LST).

8 ,.15 Behaviour of circulations and vertical temperature
structure in the mesopause region

The main driving engine for the circulation in the 
middle atmosphere is the differential heating/cooling of 
ozone in the high latitude stratopause region (Geller 
[1983]) (Figure 8.35) . In the mesopause region (85 km - 
100 km), there is a very distinctive temperature inversion 
(enhancement) layer at -90 km altitude, positive 
temperature gradient in summer and a negative gradient in 
winter and bistable (two minima) vertical temperature 
structure (Figure 8.36a & b).



She et al. [1995] favour an explanation of the 
mesopause circulation with chemical heating/cooling for 
these phenomena.

1) Main mesospheric circulation

There is little doubt about the existence of a 
meridional circulation in the middle atmosphere between 
-45 km and -85 km (Geller [1983]). However the meridional 
wind in the stratosphere is nearly zero (Burrage et al. 
[1995]) because the differential solar heating rate, 
mainly due to ozone density distribution, is maximum near 
the stratopause, around 45 Km altitude (Figure 8.35) .

Upward motion due to ozone heating in the summer 
hemisphere at high latitudes (> 60°) creates a circulation 
towards the winter hemisphere, with a downward motion near 
the mesopause region in the winter hemisphere high 
latitude region. This is considered to be the mechanism 
which leads to cold mesopause temperature in the summer 
polar mesopause and warm temperature in the winter polar 
mesopause. The meridional wind measurements at BLO shown 
in Figure 8.27 confirm this circulatory motion.

2) Vertical temperature structure in the mesopause region

Lubken & von Zahn [1991] found a strong seasonal 
altitude change of the polar mesopause: -98 km in winter
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and -88 km in summer at Andenes (69°N) . Schmidlin [1976] 
had first found the temperature enhancement (inversion) 
layer between 75 - 85 km altitude. She et al. [1993] and 
Bills Sc Gardner [1993] resolved a bistable structure, due 
to the inversion layer (Figure 8.36a), in the mesopause 
region using a Na lidar. There appear to be two 
temperature minima in the mid-latitude (~40°N) mesopause
region: at -87 km and -100 km altitudes (She et al. [1993
Sc 1995] ) and Bills & Gardner [1993] ) (Figure 8.36a & b) . 
The vertical temperature structure in the mesopause region 
is characterised as below: G. ^

(1) In the mesopause region at 87 km altitude, 
temperatures are lower in summer and higher in
winter; at the mid latitude they are -150 K and
-220 K respectively (Figure 8.4 and Mulligan et 
al. [1995]).
(2) The altitude of the mesopause, in which the 
lowest temperature and gradient change occur, varies ; 
in summer as lower as -87 km while in winter as high 
as -100 km (Lubken & von Zahn [1991] and She et al. 
[1995] ) .
(3) Between altitudes 87 km and 100 km vertical 
temperature gradients are positive in summer
and negative in winter (Lubken & von Zahn [1991], She 
et al. [1995] and Figure 8.3 6 & 8.38).
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(4) There is a strong temperature enhancement layer 
around 9 0 km altitude, ^pocial-iy^in summer and at 

the equinoxes (Bills & Gardner [1993], She et al. a 3̂
[1995], Meriwether & Mlynczak [1995] and Figure ^
8.36a). ^

These may be explained as due to the convective 
circulatory motion with chemical heating and cooling. It 
has been widely accepted that the seasonal changes of 
upper mesospheric temperature are due to vertical motions 
of the atmosphere (Geller [1983] and Fritts et al.
[1990] ) . The radiative balance in the mesopause region is 
complex below about 80 km. CO^ infrared cooling balances 
the ozone heating (She et al. [1995]). Between 80 km and 
95 km, heating from exothermic reactions associated with 
HO^ chemistry produces the temperature enhancement near 
90 km altitude. Night time heating rates are on the order 
of 5 ~ 10 K/day in this narrow altitude region (Mlynczak & 
Solomon [1993] ) . The temperature minimum near 100 km is 
caused by strong O — CO^ infrared cooling with rates on 
the order of 50 K/day (She et al. [1995]).

Using a recent version of the NCAR General 
Circulation Model which can simulate the thermosphere, 
ionosphere and mesosphere with coupled electrodynamics 
(TIME-GCM) from 30 to 500 km altitude. She et al. [1995] 
successfully simulate the vertical temperature structure 
near the mesopause (Figure 8.36a). However, there are
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several significant discrepancies between measurements and 
the modelling results. The higher calculated temperatures, 
especially during equinoxes (Figure 8.36a), may in part be 
the result of discrepancies between gravity wave heating 
and turbulent cooling (Gavrilov & Roble [1995] ) .

8.16 Possibility of existence of the counter circulation 
above 87 km altitude

There is some evidence for the existence of a counter 
circulation between 87 km and 100 km altitude.

Clearly meridional winds directed opposite to each 
other exist between 87 km and 100 km altitude ; there is a 
southward wind at 87 km in summer while there is a 
northward wind at 100 km (Figure 8.2 7 and 8.3 7a, b & d)
(Burrage et la. [1995] and Manson et al. [1992]) .

The observations show a positive temperature gradient 
with altitude in summer between 87 km and 100 km, while 
there is a negative gradient in winter (Figure 8.36a and 
8.38) (She et al. [1995] and Lubken & von Zahn [1991] ) . 
Thus these temperature gradients may induce vertical wind; 
downward wind in summer and upward wind in winter between 
that altitude range. Therefore the opposite meridional
wind and the vertical wind induced by the temperature 
gradient may complete an another circulation cell above
the main mesospheric circulation cell (Figure 8.36b).
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The HO^ heating around 90 km altitude and O — 00% 
infrared cooling create the temperature gradient between 
87 km and 100 km illustrated in Figure 8.36a & b and 8.38. 
All these facts are summarised as below:

(1) Near the equator at heights of 95 - 105 Km, 
the order of 10 km above 87 km, Burrage et al.
[1995] observed meridional winds which are in the 
opposite direction - from winter to summer hemisphere 
- to the winds using the HRDI instrument on the
UARS satellite.
(2) From the EISCAT measurements, the mean meridional 
wind shows opposite wind directions between 90 km 
and 115 km altitude at 70° N latitude (Figure 8.37a & 
b) (Manson et al. [1992]).
(3) The direction of the mean winds at 90 km 
(southward) and at 100 km height (northward)
show 180 deg. difference in azimuth during June and 
July (Lubken et al. [1990] and Manson et al. [1992]) 
(Figure 8 .37c).
(4) Empirical global wind model for the upper, middle 
and lower atmosphere shows opposing meridional wind 
direction below and above ~90 km (Hedin et al.
[1996]) (Figure 8.37d).

All these facts may represent a counter-circulation 
bordering on the mesopause (87 km altitude) as is
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illustrated in Figure 8.3 6b. The existence of the counter 
circulation does follow the vertical temperature gradient.

Figure 8.3 6b shows that in the summer mesopause 
region the winds are convergent at -87 km altitude. At 
this altitude, the coldest temperatures are correlated to 
the upward wind within the main circulatory motion. The 
temperature decrease stops at -87 km as the upward wind 
becomes weaker and the horizontal wind become dominant.

Conversely, above -87 km it becomes warmer due to HO^ 
heating, so the downward motion may be induced by the 
temperature gradient (Figure 8.36a & b) . Above -87 km
altitude in the summer polar mesopause, in part, this 
explains the temperature structure reported by Lubken & 
von Zahn [1991] and She et al. [1995].

In the winter hemisphere the opposite phenomenon 
(Figure 8.36b): the divergence of wind, may occur. The
temperature decreases until -87 km but the gradient is 
smaller than those of the summer hemisphere due to the 
adiabatic heating caused by the downward motion of the 
main circulation at the altitude lower than -87 km. Above 
the height of -87 km the temperature continues to decrease 
probably due to the dominant 0 - CO^ infrared cooling, so 
the negative temperature gradient with altitude continues 
until -100 km altitude (Figure 8.36a & b and 8.38). This 
temperature gradient may create upward wind in winter 
between the altitude of 87 km and 100 km.
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In convective circulatory motion, vertical fluid 
movement does follow the vertical temperature gradient, 
however horizontal motion opposes the horizontal
temperature gradient to compensate the heat difference.
(This can be easily proved through a simple experiment
boiling water in a tea pot. If we heat one edge of the
bottom of the pot we can see a circulation : an upward
convection in the heated bottom and downward convection in 
the other side.)

The air motions in the counter circulation model do 
follow the vertical temperature gradient (Figure 8.36b). 
However, in the winter hemisphere below ~87 km, the flow 
direction is apparently against the temperature gradient 
(Figure 8.3 6b and 8.38). But the circulatory motion can be 
sustained because there is a strong global ozone 
heating/cooling, and obviously the winter vertical 
temperature gradient is much smaller than the summer one 
due to the adiabatic heating from the downward wind motion 
(Figure 8.38) .

Because the counter circulation is bordering the main 
circulation at the altitude of -87 km, the meridional wind 
components change by approximately 180 deg. between 
~87 km and ~100 km (Figure 8.37c).

The OH emission layer does not show any seasonal 
altitude changes (She et al. [1993]), because the emission 
layer is around 87 km (section 8.4) and this is exactly
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coincident with the boundary of two circulations. Thus the 
OH layer is at the 'lower temperature minimum'.

The oppositely directed meridional wind exists at 
approximately 100 km altitude (upper temperature minimum). 
Thus these are separated by 13 km, which is more than one 
FWHM of OH emission layer. The OH wind observations are 
not significantly affected by this oppositely directed 
wind near the mesopause region, since the emission of OH 
in the vicinity of 100 km is much less than 10 % of the 
total OH signal.

8 .17 A sudden warming, anti-phas.e relationship between
high and low latitude and semi-annual temperature
variation in the stratosphere

In the winter hemisphere, the polar stratospheric 
vortex is strong, producing an eastward wind. Once every 
one to three years the vortex becomes unstable, perhaps 
due to its exceeding the maximum stable vortex speed, and 
to meander between high and mid-latitude (van Loon et al.
[1972] and Goody & Walker [1972] ) . Then it breaks up at 
mid-winter into several planetary-scale vortex cells. The 
meandering wave and the vortex cell can effectively 
transfer heat from mid-latitude to polar latitudes 
(section 2.10). At middle and high latitude within a one 
to two week period, temperatures at 40 km altitude
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increases by up to 80 K (Wayne [1991]). This is called a 
'Stratospheric Sudden Warming (SSW)

The cause of the SSW has not been completely 
understood yet, however an analogy can be made with the 
sudden onset of wavy motion and turbulence between two 
rotating cylinders (Goody & Walker [1972] and Gleick 
[1988] ) .

Sudden warmings in the mid/high latitude stratosphere 
may create a strong upward convective motion. 
Consequently, the mesopause region would be cooled 
rapidly. Therefore the latitudinal temperature gradient is 
reversed and this leads into the reversal of zonal wind 
during mid-winter (Appendix 8.2) (Figure 8.7, 8.8 and
8.9a).

If we consider a dip in temperature gradient with 
latitude in northern hemispheric winter; the temperature 
gradient used to be equatorward, there are positive and 
negative very steep gradients before and after the minimum 
point. The sudden mesospheric coolings migrate from North 
Pole, so we can expect a slight enhancement and later a 
reversal (or a large decrease) of zonal velocities. Though 
it is not very clear whether there are some slight zonal 
wind increase before the main reversal of zonal wind or 
not, however the main reversals are much more clear 
(Figure 8.9a).

It has been recognised that there has been an anti
phase temperature relationship between high and low
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latitude region. Labitzke [1972] and Labitzke & Barnett
[1973] showed the stratospheric temperatures between 
mid/high latitude and the tropical region are inversely 
correlated; i.e. when there is a warming at high latitude, 
conversely a cooling occurs at low latitude. This 
phenomenon can be explained in terms of planetary waves. 
Planetary waves extract and dump heat between low and high 
latitude regions (Goody & Walker [1972]).

Houghton [1989] pointed out that planetary waves 
could propagate vertically from the tropopause to the 
stratosphere when there were strong eastward winter zonal 
wind in the northern hemispheric stratosphere. However, 
under the condition of weak summer eastward or equinoctial 
westward zonal wind, the planetary waves cannot propagate 
upward; because the planetary waves are drifting to the 
west^; so the magnitude of the relative phase velocity 
becomes small (Appendix 8.3). Conversely during the strong 
eastward winds condition in winter period; the relative 
phase velocity becomes large; in consequence the planetary 
waves can propagate upward.

There have been many studies on semi-annual zonal 
wind changes in the stratosphere; e.g. Reed [1966]; Quiroz 
and Miller [1969] ; van Loon et al. [1972] and Belmont et 
al. [1974] etc. In tropical latitudes the semi-annual 
temperature variation has its maxima at the equinoxes. 
Reed [1962] and Meyer [1970] insisted that the radiative
^Planetary waves move oppositely to the earth, which is rotating eastward.
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effect of the twice-yearly passage of the overhead sun was 
insufficient to explain the oscillation.

However, in the upper stratosphere, equatorial 
cooling at the time of winter polar warmings in both 
hemispheres, due to planetary waves, give rise to a semi
annual cycle, peaking during spring and autumn (van Loon 
et al [1972] , Labitzke and Barnett [1973]) . Fritz (1974) 
have shown that the combined effects of these two cycles 
may be sufficient to account for the observed semi-annual 
temperature variation.

8 . IS Connection between the stratosphere and the
mesosphere

There have been many studies regarding to out-of- 
phase connections between the upper stratosphere and the
upper mesosphere, e.g. Labitzke [1972], van Loon et al.
[1972] etc. In this thesis the new anti-correlation of 
temperature has been found and discussed before (section 
8.4), between the stratosphere and the mesosphere within a
short period (~20 days) in the mid-winter.

The stratopause and the mesopause also show an anti
correlation, in zonal wind (Dunkerton [1982] and Burrage 
et al. [1995]). The general response of zonal winds in the 
middle atmosphere is eastward in the winter and westward 
in the summer. However near the mesopause, zonal winds
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show a semiannual variation; eastward in summer and winter 
while westward in spring and in autumn.

The variations near the mesopause might be connected 
with the winds in the stratopause but out-of-phase. The 
gravity wave connection mechanism has been recently 
studied actively as the principal candidate. However this 
cannot explain the temperature anti-correlation, so the 
convective circulation may be a possible mechanism for 
this. An (1/1) mode diurnal tide is a common and strong 
feature, which has -25 km vertical wavelength in the 
mesosphere (Chapman & Lindzen [1970] ) , therefore it will 
be an another mechanism for the anti-phase correlation 
both of zonal wind and temperature.

(i) The effect of gravity waves
In the stratosphere, there is a semi-annual 

temperature variation (section 8.17), and this temperature 
variation can also create the semi-annual zonal winds.

Dunkerton [1982] explained that the semi-annual zonal 
winds in the mesopause region are caused by the gravity 
waves which are modulated by the stratospheric semi-annual 
zonal winds. For such mechanism, no in situ semi-annual 
forcing is required in the mesopause region

In the troposphere, gravity waves are generated 
continuously, however in the stratosphere these waves 
would be filtered and modulated by the semi-annual zonal 
winds (Appendix [8.3]). The modulated gravity waves could
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deposit zonal momentum, but out-of-phase, as they decay 
within the mesopause region (Appendix 8.3 & Figure 8.39).

(ii) The effect of circulation
Cole [1968] and Angell & Korshover [1970] suggested 

that the circulation in the winter mesosphere was not 
independent of the simultaneous circulation in the 
stratosphere. Hence, the temperature variation in the 
mesosphere might be linked with, though with opposite 
phase, that of the stratosphere (Crane [1979]) .

This is the same principle as shown in Figure 8.3 6b. 
Heating can create upward convective motion from the 
stratosphere to the mesopause. In consequence cool 
temperatures occur near the mesopause region. This 
circulation may be the cause of the 180 deg. phase shift 
between the temperature of the two regions, for example 
the sudden mesospheric coolings occur during the 
stratospheric warming events (Figure 8.7, 8.8 & 8.9a).

(iii) Suggestion of the diurnal tide effect
Diurnal tides are common and can easily propagate 

vertically in the middle atmosphere (section 2.7), so 
these may play an important role for varying winds and 
temperatures in the middle atmosphere, particularly for 
the (1/1) diurnal mode, which has a vertical wavelength of 
-25 Km (Chapman & Lindzen [1970], Vadnais [1993] and Hays 
et al. [1994]). The height difference between the
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mesopause (85 km) and the stratopause (45 km) is 40 km, so 
it contains ~1.5 wavelengths, hence the phase difference 
is almost 180 deg., i.e. opposite phase. This 180 deg. 
phase difference means the out-of-phase relationship 
between the mesopause and the stratopause for temperature 
and wind.

The superposition of the gravity wave effect and the 
diurnal tide effect could cause the development of the 
semi-annual zonal wind near the mesopause region.

The circulation might be the main reason for the out- 
of-phase temperature correlation, while the other 
mechanisms cannot explain this, particularly for the 
sudden mesospheric cooling phenomenon.

In winter the circulation effect may play the more 
important role due to strong convection, whereas the 
gravity waves might have larger effect during equinoxes 
because the convection and zonal winds are weakest at 
those times. In summer tidal winds have biggest 
amplitudes (Figure 8.25a & 8.27a), so they may affect
greater than any one at that period.

352



8.19 Summary

Measurements of OH Doppler temperature, intensity and 
wind near the mesopause region have been made over a two 
year period.

Seasonal temperature variations at mid-latitude show 
-60 K differences between winter higher (-220 K) and 
summer lower (-160 K) temperatures. In the mid-winter 
'sudden mesopause coolings' of -30 K have been observed, 
these are considered to be connected with the ' sudden 
stratospheric warming' phenomenon. At the time of the 
coolings, reversal of zonal wind, from eastward to 
westward, occurs near the mesopause because of the 
inverted latitudinal temperature gradients.

Seasonal intensity variations show the maximum 
-550 photons/bin in winter and the minimum 
-450 photons/bin in summer. The reason is that winter 
downward winds contain an abundance of atomic oxygen, 
while summer upward winds do not because the atomic oxygenHu pjJt
mixing ratio is falling rapidly below -80 km height, n 3

Temperature and integrated line intensity show active 
tidal variations in winter as large as -30 K (-15 % of
the mean temperature) and -150 photons/bin (-30 % of the

Amean intensity) at the miji-winter, while in summer the 
tidal variations are small.

The oscillations of temperature and intensity are 
connected tidaly. The fluctuation ratio between
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temperature and intensity is quantified in terms of the^^jK'^
parameter. Throughout the year, the ozone process ~ 4) 
is dominant, whereas around spring equinoxes the 
per hydroxyl process pï ~ 1) is prevailing to produce the 
excited OH molecules

The phase differences between temperature and 
intensity are varied greatly (~0 deg. - -180 deg.), much 
more than the theories and some other observations (-0 
deg. - -40 deg.) . Often the phase differences show in- 
phase (0 deg.) and out-of-phase (180 deg.) relations. The 
theories and the observations mainly deal with gravity 
waves, so the discrepancy may be introduced from the 
physical differences between the tide and gravity waves, 
i.e. for the tide, period is much longer so eddy 
diffusion, thermal conduction and chemical process are 
more important than dynamical process.

The mean zonal wind has a semi-annual variation near 
the mesopause: maxima at summer and winter solstices, and 
minima at spring and autumn equinoxes. This phenomenon is 
considered to be related to the semi-annual stratospheric 
mean zonal winds, but out-of-phase. The role of gravity 
waves has been recently studied, however this cannot 
explain the phenomenon such as the sudden coolings near 
the mesopause, so in this thesis it has been suggested 
that the variation of the circulation and the (1 ,1) mode 
diurnal tide may also be another responsible mechanisms.
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An annual variation of the meridional winds, southward
in summer and northward in winter, is observed^"“"^is is a
strong evidence for the inter-hemispheric circulation^

'0
Very interesting phenomena have been observed^; an opposite 
meridional winds just above the mesopause (~100 km height) 
and the opposite temperature gradients: positive in summer 
and negative in winter near the mesopause region (85 km ~ 
100 km) . The counter-circulation suggested in this thesis 
to explain the opposite meridional winds and yo ' folloiJ the 
temperature gradients in this region, aad so'^oral
evidence^ has been found whireh ean confirm this
suggestion.

Despite large errors (± 1.12 m/sec) the vertical winds
have been calculated indirectly from the measurements
using a divergence theorem. In 1994/1995 the correlation;
upward wind in summer and downward wind in winter, has

' n4 ckat fta oKh odwibeen found.
All tidal components from zonal and meridional winds 

show large motions; -15 m/sec and -20 m/sec for zonal and
meridional winds respectively in summer and autumn, and
small (-5 m/sec) in winter. The peak amplitude of diurnal 
tide is in June or July ([for)̂ oth^ zonal and meridional 
tide, which is three months earlier than those of 
semidiurnal and terdiurnal tide. For phase, generally it 
is difficult to find any significant trend. However, for 
semidiurnal tide, winter phase is -5 hour ahead of summer 
ones. This is consistent at many stations.
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Seasonal Variations of Mesopause Temperature
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Chapter 9; Conclusions and further studies

9.1 Mathematical description arid .Jiiumerica] simulation of
a Fabry-Perot interferometer

By describing a Fabry-Perot Interferometer (FPI)
mathematically, we can understand the way in which the FPI 
works and have an insight into the analysis of the FPI's 
output: interferogram or fringe patterns.

Fringe patterns (Fabry-Perot rings) are the two- 
dimensional raw data which are expressed in the r-plane 
(physical plane). Using a mathematical description
(equation [3.5]) the two-dimensional images can be reduced 
to one-dimensional images as expressed in the radius
squared (r^-) plane. The radius squared plane is 
proportional to the wavelength (1 ) plane, so we can obtain 
the spectra expressed in wavelength plane.

To predict the exact instrument functions, the 
broadening effects of the FPI are estimated. The 
broadening effects are such as the Airy function, mirror 
defect function, the Point Spread Function (PSF) of an 
Imaging Photon Detector (IPD) and the filter function. All 
these effects are merged into an instrument function 
through a convolution process. The simulated instrument 
function shows good agreement with the true instrument
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function obtained using a He-Ne laser at 632.8 nm (Figure 
4.6) .

9.2 Calibration and analysis.,technique

The observing wavelength (843.0 nm) of hydroxyl (OH) 
is different from the laser calibration wavelength 
(632.8 nm) , so a Fourier coefficients interpolation 
technique is used to convert the calibration profiles to 
the observing wavelength. A 'direct interpolation' method 
is developed instead of the 'indirect' method which was 
previously suggested by Killeen and Hays [1984] . The 
'direct' method shows better stability and accuracy 
(Figure 5.14) .

The IPD has different instrument functions 
(broadening effects) with different bin positions on the 
detector (Figure 5.15). Thus the instrument functions are 
made as a function of the bin number using a Chebyshev 
polynomial interpolation technique (Figure 5.17).

A mathematically rigorous modelling function of the 
OH (6,2) PI (3) emission line has been derived (equation 
[6.9]) using a Maxwell distribution. This is essential 
for a least-squares method.

For the analysis of complicated and noisy spectra, a 
non-linear multi-parameter least-squares scheme has been 
developed and this gives us much better accuracy and
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stability than the previous method: a semi-graphical
method for the measurement of temperature and a Newton- 
Raphson method for the determination of the Doppler shift 
(wind). The least-squares method enables us to greatly 
reduce the fluctuations, especially in the wind results 
(Figure 6.3). This is also a great benefit in determining 
the zero Doppler shift base line (Figure 6.10a) and the 
analysis of tidal motions.

There are two ways of performing the least-squares 
method: a convolution and a deconvolution method. From the 
numerical simulation it has been demonstrated that the 
convolution method has the better accuracy and stability 
(Figure 6.8).

9 . 3-£rr.QX_and instrument stability analysis

The major error source for the analysis of a Fabry- 
Perot spectrum is photon counting noise which has a 
Poisson distribution. The fundamental limit for 
determining the parameters has been calculated as 3.7 K 
and 1.2 m/sec. with 3000 photons/bin intensity and 
3500 photons/bin background (Figure 7.1).

The least-squares errors are determined analytically 
and numerically. Artificial Poisson noise is used to 
simulate real noise. The two methods show good agreement 
(Figure 7.2 & 7.3), the errors are 22.2 K and 6.5 m/sec.
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There are always systematic errors because of the 
change in the instrumental characteristics with time. In 
the Utah FPI, a continuous peak position drift (2
bin/month) and the instrument broadening effect with 
maximum of 8.9 bin/month have been identified. However, the 
free spectral range is very stable, the one standard of the 
variation is as small as 0.6 bin throughout almost of 
period. The off-set temperature (4.6 K/bin) corresponding
to the instrument broadening effect is calculated through a 
numerical simulation. For every month the average 
broadening effect is calculated and the corresponding off
set temperature is compensated for.

To overcome for the shortage of observation time,
especially in summer, a combined Fourier and least-squares 
technique has been developed. The method can reduce errors 
in amplitude and phase by 30 % and 40 % respectively. In 
summer for semi-diurnal tides the maximum errors are
derived as 5.3 m/sec, 5.0 K and 2.5 hours for amplitudes
and phase respectively.

9.4 Temperature and winds near the mesopause region

In this thesis a long term study of OH Doppler 
temperature, intensity and winds near the mesopause region 
have been carried out.
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In Utah (44°N) , a mid-latitude region, the seasonal 
temperature variations show ^̂ 60 K differences between the 
winter maximum ('^220 K) and the summer minimum ('̂ 160 K) 
(Figure 8.4). In the mid-winter 'sudden mesospheric 
coolings’ of -̂ 30 K have been observed, and these are 
considered to be related to the ’sudden stratospheric 
warmings’ (Figure 8.5 & 8.6). At the same time the reversal 
of zonal winds also occurred associated with the coolings 
(Figure 8.9a).

For temperature and intensity, the tidal variations 
are maxima in winter with amplitudes of ^30 K (*̂ 15 % of the 
mean temperature) and '̂ 150 photons/bin (̂ 3̂0 % of the mean 
intensity), while minima occur in summer.

Oscillations of temperature and intensity are 
connected tidaly. The seasonal variations of the t| 
parameters show that the dominant ozone process (t| 4)
produces the excited OH molecules. However, around the 
spring equinoxes r| parameters are '̂ l, so it may represent 
the dominance of the perhydroxyl process.

The phase difference between temperature and intensity 
are often 0 deg. or 180 deg., which may mean the occurrence 
of evanescent tides. For the normal propagating tides, the 
phase differences are between -0 deg. and ^150 deg. , 
however the differences are -̂0 deg. - -̂ 40 deg. for gravity 
waves.

There is a semi-annual zonal wind variation near the 
mesopause region (Figure 8.25), which is related to the
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stratospheric semi-annual zonal wind but with out-of-phase. 
Recently the modulation and dissipation of gravity waves 
has been considered as the connection mechanism. However 
this cannot explain other phenomenon, i.e. sudden mid
winter cooling near the mesopause region. Alternatively, a 
convective motion may explain this phenomenon. Upward 
convective winds might be created in the stratosphere 
during the warmings, and these may reach the mesopause 
region, then cool the region. A diurnal tide may also be a 
possible mechanism for the anti-correlation of zonal winds 
as it has a '̂ 25 km vertical wavelength, so ~1.5 wavelengths 
are contained between the stratopause and the mesopause 
(~40 km) .

The annual variation of meridional winds is strong 
evidence of the inter-hemispheric circulation (Figure 
8.26). A counter-circulation is suggested to explain the 
oppositely directed meridional winds between 87 km and 100 
km altitude and to follow the temperature gradient with 
altitude - positive in summer and negative in winter - in 
that region (Figure 8.36b).

Despite the large individual wind errors the vertical 
winds have been calculated indirectly using a divergence 
theorem. From winter 1994 to summer 1995, the seasonal 
correlation as downward wind in winter and upward wind in 
summer, has been found (Figure 8.29).

Tidal wind motions are active during summer and autumn 
with amplitudes of '-15 m/sec and '-20 m/sec for zonal and
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meridional winds respectively, and less active with 
amplitude of '̂ 5 m/sec, in winter (Figure 8.26a & 8.28a). 
The peak amplitudes of semidiurnal and turdiurnal tide 
appear during September and November, which is 2 ~ 3 months 
later than those of diurnal tide, which have the peak 
amplitudes in June and July (Figure 8.26a & 8.28a). Phases 
do not have particular feature except that the winter 
semidiurnal tidal phases advance the summer ones by 4 hours 
(Figure 8.26b & 8.28b).

From Table 8.2 & 8.3 we can compare the tidal results 
from different instruments: MF radar, meteor radar, LF
radar, FPI and HRDI. The MF radar, meteor radar and FPI 
have the similar magnitude of maximum of amplitudes (~10 - 
^20 m/sec), however the LF radar shows the twice larger 
maximum amplitude (30 40 m/sec) , especially for the
meridional tides. It is difficult to say whether it is due 
to the difference from instrument or from geographical 
location. The HRDI on UARS shows three times larger 
diurnal tidal amplitudes (~60 m/sec). The reason might be 
that the HRDI measures (1-0) atmospheric emission at 95
km in the tropical region (Hays et al. [1994] and Burrage 
et al. [1995]), and the most common (1,1) mode diurnal 
tidal wind has the maximum amplitude near the equator (Kato 
[1980]).
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9.5 Further studies

In this study the broadening effect of the IPD in the 
Utah FPI is negligibly small: 150 pm FWHM of Point Spread 
Function (PSF), however an old and degraded IPD might have 
an appreciable broadening effect so it is necessary to 
estimate accurately this effect. The mirror defect has 
several causes, e.g. microscopic defects, curvature of the 
mirror plate, or misalignment of the mirror plates. These 
individual defects should be evaluated for the precise 
simulation of a FPI.

The IPD has not the same response with bin position 
(number), i.e. the instrument functions are different with 
the geometrical position of the detector. Therefore we 
should make the instrument function as a function of bin 
number. However a Charged Coupled Device (CCD) has an 
almost constant response, so if we take the advantage of a 
CCD the analysis procedure becomes much simple and the 
result can be much more accurate.

The ’zero' Doppler shift base line has been obtained 
using the assumption that the vertical winds are 
negligible, so the summation of winds in all directions 
becomes zero. This assumption is accurate enough in low and 
mid latitudes because the vertical winds are less than 
~0.2 m/sec. However in higher latitudes (> 60°) the
vertical winds may not be negligible, therefore we need a

402



very stable calibration lamp to give a reliable absolute 
base line for Doppler shift.

It has been identified that the instrument function 
has been broadening with maximum 8.9 bln/month in FWHM 
compared to the reference month. But for the Utah FPI, the 
laser calibrations and flat field files are taken only once 
a year. The temperature results are very dependent on the 
flat field and the instrument functions, therefore laser 
calibrations and flat field files must be taken once a 
month for accurate measurements.

It has long been known that there is an anti
correlation between events in the stratosphere and those in 
the mesosphere. In this thesis a new connection has been 
found; the ’sudden mesospheric coolings’ at the mesopause 
in mid-winter which is considered to be connected with 
'stratospheric sudden warmings’. The simultaneous 
observation of temperature and vertical winds in the 
stratosphere and the mesosphere using a lidar or a radar 
will in future provide us with clear evidence and insight 
into the connection mechanism.

Optical observations, such as those by the Utah FPI, 
are limited to the night time, so there are always 
difficulties in extracting the parameters of longer 
periodic tides (diurnal and semi-diurnal tides), especially 
in summer time. Radar and lidar observations, which have 24 
hour coverage, will be very helpful in confirming and 
extending the optical results. This can also clarify the
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reason of the magnitude difference of the monthly mean 
background wind between a meteor radar and a FPI (section 
8.10), because it is not clear where the difference 
originate from, instrument or the length of observation 
time.

There have not been many studies on the relationship 
between temperature and intensity (t) parameter) in the 
mesopause region. The theory and experiments on the t| 
parameter show large discrepancies and contradictions in 
periods shorter than ~1.5 hours (gravity waves) and longer 
than ~5.5 hours (tidal waves). The phase differences 
between temperature and intensity also have shown larger 
variability than theories and other observations. 
Therefore, a long term data base is required to secure 
statistically reliable results.

In this thesis a counter-circulation just above the 
mesopause is suggested to explain the phenomena; existence 
of the oppositely-directed (winter to summer hemisphere) 
meridional winds at ~100 km altitude from those at '̂ 87 km 
(summer to winter hemisphere) and to follow the temperature 
gradients with altitude; positive in summer and negative in 
winter in the same region. To verify this hypothesis, 
meridional winds measurement between the mesopause and the 
lower thermosphere using a lidar and a radar, and the 
analysis of satellite data, are required.

To prove the correlation between vertical winds and 
temperature, it would be very worthwhile to measure
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directly the vertical winds by looking at the zenith 
direction in high latitude region (> 60*) .
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Appendix 3.1: Mean transmission over the Full Width Half
Maximum of an Airy function

A(<5) 2sin \ ] / j F )

0.5

0.0
«5

From equation [3.10] the Full Width Half Maximum (FWHM) of 
an Airy function is

y =  20^/2

= 4 / VF [1]

where F = 4R / (1 — R) . The transmission becomes

1 - R 1 + F sin^(ô / 2) 
= • A(ô)

[2 ]

We should integrate equation [2] over the FWHM to get the 
mean transmission, x
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_ 2 x ^ \ l '  A(Ô)dôX — [ 3]

In fact the FWHM (5̂ /2) is very small compared to the phase

differences angle Ô by the factor of 10^. Therefore, 
within this span, we could approximate

sin^(8 / 2) = (Ô / 2)‘ [4]

Hence the integral [3] can be reduced as below

7/2
1 + P • (6 / 2f dô

4 V f  _  - J ô V f TanF 2 V

Y/2

Tan’̂ (l) • -
V f

7C= —  T.

where we make use of an integration formula
[5]

dx = — Tan-1 [6 ]
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Appendix 3.2: Solid angles of apertures

/•\

/|\
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1) Solid angle subtended by a pinhole aperture

The solid angle subtended by a pinhole which has an 
angular radius 0q is

Q  = A cos 8,

A' Tir [1]

where A is the area of the pinhole at a spherical image 
plane, and A' is the area at a flat image plane. From the 
above figure r = L sin 0q and 0q is very small, in
consequence equation [1] can be reduced as below
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^  ^ 7t^ sin^ 00
[ 2 ]

S  7C0o‘

2) Solid angle subtended by an annular ring aperture

Same as the above procedure, the solid angle subtended by 
an annular ring, which has an incidence angle 0^, becomes

- A COS 0
& 2 —

p]A' 27tr'dr'

where r' is at the spherical image plane, so r' = r sin 0̂  
and dr' = rsin(ô0^). Then equation [3] becomes

^ 2tc • r sin 0. ♦ r sin(50. )
n  = ------------ ^ ---------- —

r
= 2tc sin 0̂  • sin(50^) 
= 2tc • 00̂  sin 
= 2 n  • Ô(cos 0̂ ) 

because sin(50̂ ) = 00̂  and 00̂  • sin 0̂  = Ô (cos 0̂  ).
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Appendix 3.3: Optimum incidence angle

According to Figure 3.3, the resolution has a relation 
with the incidence angle as below

6 (cos 8 .) 1
 —  =  —  [1]cos 91̂

Commonly, a single circular pinhole aperture centred on 
the fringe pattern has been widely used. So, to find an 
optimum incidence angle, an annular ring shape aperture
should be reduced into a pinhole aperture which has the 
angular radius 0q . The pinhole must have the same solid
angle as the annular ring to maintain the same light 
collecting power. Therefore we should equate equation [2] 
and [4] in Appendix 3.2, then we can get

0 ^ô(cos 0 )̂ = [2 ]

We can rearrange equation [1] using equation [2]
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. s(=ose.)
COS 0̂

1
[3]

where cos 0̂  = 1 for a very small incidence angle 0^. 
Finally the optimum solid angle of the pinhole aperture 
can be expressed as a function of the theoretical 
resolution

00 = 2̂ / [4]
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Appendix 4.1: Aperture broadening effect

aperture
étalon

detector

, AX
x ±  —

The wavelength band width through an aperture (or the 
FWHM of a Point Spread Function) , which has an angular 
diameter of can be obtained from the phase angle
relation in equation [3.3]

mX = 2ngd cos 6̂ [1]

where m is the order of peaks: m=5/27c. If we differentiate 
equation [1] with respect to X and we get

[2]m
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where m = --   — from equation [1], so we can
2n_d cos 0,

T
rearrange equation [2] with the assumption of very small 
incidence angle 0^, where the wavelength variation is also 
very small: X = X q

d X  =  X tan 0̂ d0̂
= X q tan 0.d0. [3]

Equation [3] can be integrated across the angular diameter 
of the aperture

=  J o “
= -A-000

Therefore we can get the wavelength broadening effect by a 
finite aperture.
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Appendix 7.1 : Full Fourier transform

The Fast Fourier Transform (FFT) gives us the
frequency information as the form of power of 1/2 of 
input data. For example if we have the input data which 
period is: 9 hour, the results of FFT are such that: 
9 hour, 4.5 hour, 2.25 hour, so on. It means that the
supplied data should have the form as the power of 2: 2^.

For tidal motions most of waves are the sub-harmonics 
of 24 hours: 24 hour, 12 hour, 8 hour and 6 hour. However 
in this study the observation time has not the full
coverage of 24 hours, nor the number of data are
necessarily the power of 2, so the FFT could not give us 
the tidal components properly.

However if we use the full Fourier transform we can 
get any frequency component from any input data periods in 
theory, though the computing time is taken much than FFT. 
Also the large errors would involve if we try to get more 
longer periodic components than the input data period, for 
example trying to extract 12 hour component from 9 hour 
observation.

The full Fourier transform which can produce the 
Fourier components for the sub-harmonics of 24 hour is 
given as below
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Vj = {X V), • esq?(27ti kj / 24)} —  [1]
k

where and Vĵ  are Fourier transformed data and input

data respectively, and is the observing period of the

input data. In above equation j=l,2,3 means the diurnal, 
semidiurnal and terdiurnal component respectively.
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Appendix 8.1 : Calculation of *Eta* parameter

To calculate the r| parameter temperatures and 
intensities should reduced into the fraction of the mean 
values

Then take full Fourier transforms of them as equation [1] 
in Appendix 7.1.

The variations of temperature and intensity are given

CTt = (t - t Ÿ , (ĵ = (i - i f  [2 ]

The frequency response functions between temperature and 
intensity are defined as below (Jenkins & Watts [1968])

Hfct = 1, = 1, Hit = [3]

where subscript t and i mean temperature and intensity, 
and T and I represent the conjugate of full Fourier 
transformed temperature and full Fourier transformed
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intensity respectively. The cross and auto-spectra are 
given

hi
= a.tt

h i + Hit
2

2 2
Htt + Hit [4]

The squared coherency spectrum is defined (Jenkins & Watts 
[1968]) as below

=  I i t [5]

The T| parameter and phase angle differences are 
calculated as below

Î1 = T • I , 0 = arg(I ♦ T) [6]
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Appendix 8.2 : Geos trophic and thermal wind

The geostrophic approximation states that, neglecting 
time dependent motion, i.e. dv/dt = 0 (in other word

steady flow with small curvature) (Houghton [1989]), then 
the fluid dynamic equation can be simplified

dV _ - 1 _ ^= 0 = V X f k  VP + g + Fdt  ̂ p
1« V_ X fîc VP
p

where f is the Coriolis factor : 2Qsin(|), and k is the unit 
vector for the vertical direction. We neglect gravity (g) 
and friction (F) terms, because they are an order of 
magnitude smaller than the Coriolis and pressure terms for 
the large scale motion in the middle atmosphere (Whitten & 
Poppoff [1971]) . In equation (1) the Coriolis force term 
is balanced by the pressure term. In Figure 1 below a wind 
(Vg) is generated between pressure isolines, which is

called the 'geostrophic wind’.
If z is the height of a surface of constant pressure p 

on which two neighbouring points have the same y co- 
odinate.
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+ =. AP = 0
9x dz

[ 2]

Î
-1/VP

Figure 1

*z’ is the vertical direction, so from the hydrostatic 
relation: d'Bjdz = — gp, then equation [2] becomes

1 6P _ dz 
p ^ dx.

[3]

So therefore

pgV_z = V.P [4]
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For the convenience geopotential is defined

z
0 = j g dz [5]

0

If the geostrophic equation [1] is written in terms of 
geopotential O

Horizontal pressure gradients arise in the atmosphere 
owing to density differences which in turn are related to 
temperature gradients (Houghton [1989]). Equation [6] can 
be applied to two surfaces of constant pressure

Vg(P2) - V,{Pi) = X Vp((D2 - «DJ [7]

From the hydrostatic relation

RT P
02 - [8] m P2

where T is the mean temperature between the surfaces. We 
then have the relation below
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V^(P2> -  V.(Pi) =  V, =  —  l n ( ^ ) k  X V Tmf Po [9]

The quantity is called the thermal wind between two
pressure surfaces: Pj_ and .

v„

A

\k
7 T

Figure 2

In Figure 2 the thermal wind is the vector difference 
(wind shear) between two constant pressure surfaces. 
Usually the temperature gradients are horizontal for the 
global scale in meridional direction, and this therefore 
it creates a thermal wind in the zonal direction 
(Figure 3).
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Appendix 8.3 Interaction between gravity waves and mean 
flow, and momentum transfer by dissipation of waves

The phase velocity is Doppler shifted by the
background wind

Cj, = |u - c| [1]

where û  and c are horizontal mean background wind and 
phase velocity. If the Doppler shifted phase velocity is 
'zero' the gravity wave cannot propagate, and it will be 
absorbed to give momentum to neighbouring atmosphere. The
height where |ïï — c| = 0 is denoted as the ' critical
height'. The mesopause region is usually the critical 
height for gravity waves.

The vertical momentum flux of a gravity wave is given 
by Walterscheid [1981]

F(z) = F(0) exp(-2jjmi(z')dz') [2]

where is the imaginary part of the local refractive
index with respect to vertical propagation

, , S‘"v / k
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where S, v and k are static stability, viscosity and 
vertical wave number respectively.

Usually gravity waves are generated in the tropopause 
and their phase speeds are roughly limited to the wind 
speed there, the order of a few tens of metre/second 
(Lindzen [1981]). It is the same order of magnitude of the 
winds in the stratosphere, so if background wind and phase 
have the same direction the Doppler-shifted phase speed 
becomes smaller, hence the refractive index increases to 
reduce the vertical speed of wave propagation.

However waves which have an opposite phase direction 
to the background winds could have more chance to 
propagate upward than other waves, as shown in Figure 1. 
This means that the background wind acts like a filter for 
gravity waves.

gravity wave propagation

westward zonal wind
absorbed gravity 
  wave

absorption
westward phase

eastward ohase
Figure 1
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Most of the gravity waves have a phase velocity
opposite direction to the propagation direction
(Hargreaves [1979] and Hines [I960]) because equation [1] 
has the form of . Once the gravity waves pass through
zonal wind phases are Doppler shifted as equation [1].

Upward-propagating gravity waves increase their
amplitudes until they meet the shear or convective 
instability region near the mesopause (Geller [1983]), 
where

Ri < 1 / 4, [4]
dz Cp

where Ri is the Richardson number. From this level the 
amplitude of the waves start to break down, then the 
amplitude becomes same as the phase velocity. Because the 
amplitude and the phase have the same magnitude: 
|tI — c| = 0, the waves cannot propagate upward and start
to give momentum (dissipation) to the surrounding air 
with the same direction of their Doppler shifted phase. 
The absorption and acceleration occur together as a 
reciprocal action as described in Figure 2.

As momentum is transferred into surrounding air the 
background wind velocity increases until it reaches the 
Doppler-shifted phase velocity Cĵ . Once the background
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velocity reaches this velocity the wave cannot propagate 
any more, i.e. it is absorbed entirely.

momentum background

Direction of Doppler Shifted Phase
Figure 2

wind velocity

-f>uv i

Z
c

s induced wind 
acceleration

0 0
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Appendix 8.4: Derivation of vertical winds using a
divergence theorem

It is very difficult to observe vertical wind in the 
middle atmosphere because of its small magnitude: 0 (0.1
m/sec) . From the divergence theorem, if there is not any 
source or sink the total influx always must equal to the 
total out-flux, in other words we must satisfy the 
continuity equation (Kuthe & Chow [1976]).

— d u  d v  d wdiv V — —  H" —  4" —
d x  d y  dz

= influx - outflux [1]
=  0

The control volume is an octagonal cylinder as shown 
in Figure 1 because measurements are made in eight
different directions, height is the FWHM of OH emission 
layer; 10.1 Km and diameter is observing circle which is
300 Km.
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Then the vertical wind velocity can be calculated 
using divergence theorem (equation [1])

V =ver
side

[2 ]
cross
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