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Abstract

The object of this work Is to determine the diffusion coefficient (D) of 
trimethylaluminum (TMA) in the lower thermosphere as a function of altitude (h). This 
is done by measuring the dispersion of chemiluminescent TMA that is released in 
discrete quantities, or puffs, from sounding rockets at altitudes 120 to 180 km. Diffusing 
TMA, which glows in contact with atmospheric oxygen, is observed with stereoscopic 
ground-based imaging. Brightness profiles across a puff are found to be Gaussian in 
shape, with width parameter a(t, h) that increases with age (t) of the puff leading to 

D = a 2(t,h ) /2 t, independent of time, which is in good agreement with some past

results. For example D = (2.5 ± 0.2) x 103 m 2s_1 at an altitude of 128 km for the state of 

the thermosphere at that time.

A constant A links three altitude-dependent terms, the diffusion coefficient, 
temperature and density, at a particular location of the atmosphere, via

D(h) = ATs(h)/n(h) . It is determined from this study to be

A = (4.42± 0.05)x1018(m s)-1 for s = 0.75. Using these values for A and s, and 

temperatures and the densities determined from the MSIS-90 thermospheric model, 
diffusion coefficients for TMA can be determined at other locations and under different 
geomagnetic conditions.
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Chapter 1 Introduction

1.1 Motivation and objective of the HEX-2 mission

The troposphere is a well-mixed regi n of the atmosphere and hence its composition 
does not depend on altitude. In this part of the atmosphere, hydrostatic equilibrium 
prevails, with the atmosphere responding as a gas mixture. However, in the lower 
thermosphere, which is much less dense than the troposphere, diffusive equilibrium is 
maintained and hence, as further discussed in Chapter 2, the chemical composition 
varies with altitude. Vertical stratification within the thermosphere is disrupted by 
vertical winds that are due in part to atmospheric waves as well as dissipative and 
convective processes at auroral latitudes with some minor effects from tides. 
Knowledge of the origins of thermospheric vertical winds gives insight towards a better 
understanding of thermospheric composition, density and temperature, and their 
variations in thermospheric weather. The main objective of the HEX-2 sounding rocket 
mission was to investigate the origin of thermospheric vertical winds associated with 
auroral heating in the high-latitude lower thermosphere.

The work reported herein is a byproduct of the HEX-2 mission that attempts to 
determine the diffusion coefficient of the chemiluminescent gas released from the 
mission’s sounding rockets in the lower thermosphere when measuring neutral wind 
velocities. These measurements of the diffusion coefficient are compared with those 
made in earlier investigations.



1.2 Thermospheric winds

Temperature distribution plays a pivotal role in the driving forces that generate 
winds in the thermosphere. Accordingly, the factors making up the heat balance in the 
thermosphere are discussed first. A continuity equation for the heat balance, that 
expresses conservation of energy, is used to compute the temperature distribution 
[Rishbeth and Garriott, 1969]. Rishbeth and Garriott [1969] state “The derivation must 
take into account changes of gravitational and internal energy arising from vertical 
motion and thermal expansion of the gas, as well as heat sources and heat flow.” The 
processes that must be considered for heat balance in the thermosphere are the 
production, loss and transport of heat yielding an equation of the form

G = Q -  L - V  • $ ,  1.1

where G, Q and L are the rate of gain, production and loss of heat, respectively, per unit 

volume of the atmosphere and O is the corresponding heat flux.

Absorption of solar short-wavelength ultraviolet and X-ray radiation are the main 
energy sources in the upper atmosphere, though the solar wind, through aurorally 
related processes, also contributes an amount of energy that is not negligible. Such 
factors having some role in heat production include deposition of ionospheric electrical 
energy as Joule thermal energy and dissipation of tidal motion and gravity waves by 
molecular viscosity and turbulence [Hines, 1965]. Moreover, Joule heating from 
ionospheric currents becomes stronger during an auroral substorm. Foster and St.- 
Maurice [1983] state “Energy deposition by electrical currents affects all the dynamical
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properties of the thermosphere, i.e., its wind, temperature and its composition.” A small 
amount of heat is lost by radiation to which the thermosphere is transparent, and the 
transport process is mostly made up of molecular conduction, transport by large-scale 
winds and chemical transport [Rishbeth and Garriott, 1969].

By day, “solar ultraviolet radiation is strongly absorbed by ionization and 
dissociation causing recombination processes which heat the thermosphere” [Smith, 
1998] and much of this heat is conducted away to the denser and cooler atmosphere 
below 100 km at night [Rishbeth, 1972]. Thermal expansion of the atmosphere resulting 
from the increased day side temperature is referred to as the ‘diurnal bulge’ centered on 
the equator at about 1400 LT. The horizontal pressure gradient, developed by this 
‘bulging’, drives horizontal wind [Rishbeth, 1972; Smith, 1998]. The winds blow away 
from the hottest part (afternoon sector) of the thermosphere and towards the coldest part 
(night sector). Therefore winds in the thermosphere blow across the polar region and, at 
the low latitudes, blow around the Earth [Rishbeth, 1972]. This is actually the in-situ 
forced solar diurnal tide. Empirical thermospheric models reveal periodic changes on 
other temporal and spatial scales such as semiannual and semidiurnal variations within 
the thermosphere. The semidiurnal tidal oscillation is excited by ozone absorption of 
solar energy in the stratosphere that then propagates up to thermospheric heights. It is 
observed to dominate over the diurnal variations below 200 km [Roble, 1977]. 
Generally, the geostrophic approximation, in which the latitudinally-varying Coriolis 
force is balanced by the horizontal pressure gradient, conforms to the large-scale wind 
in the lower atmosphere [Whitten and Poppoff, 1971]. But the geostrophic



approximation is invalid for the thermosphere as the situation is different. Here, the 
wind velocities are under the control of the Coriolis force, frictional forces of ion drag, 
the viscous force, local time of day and altitude [Rishbeth, 1972].

In the thermosphere, molecular kinematic viscosity increases exponentially with 
altitude by several orders of magnitude and tends to smooth out vertical gradients in 
wind velocity [Roble, 1977]. On the other hand, under the influence of the geomagnetic 
field, ions cannot move freely along with the neutrals and can thus exert a drag force 
through collisions [Rishbeth, 1972]. The ion-neutral collision frequency in the upper 
thermosphere is much smaller than the ion gyro-frequency and therefore outside the 
auroral zone, and where the electric fields are weak, the ions remain basically locked to 
the geomagnetic field lines and practically corotate with Earth. But at high latitudes, 
and particularly in the auroral zone, where electric fields are stronger, the ions convect 
across the geomagnetic field lines [Roble, 1977]. A neutral wind moving through the 
ions experiences the collisional drag force, which is proportional to the relative velocity 

of the neutrals with respect to the ions (vn -  Vion), where Vw and V-on are the velocities 

of the neutrals and the ions, respectively.

Winds in the thermosphere, in general, blow along the surfaces of constant 
pressure, which do not always remain at fixed altitudes, so when an air parcel moves 
along a surface of constant pressure it can have a vertical component if that surface 
varies in altitude [Smith and Hernandez, 1995]. Smith and Hernandez write, in their 
paper, that the vertical winds are usually a minor fraction of the horizontal component 
of the velocity. But when the ion drag is large (e.g., in day time), it can result in a wind

4



component across the isobars [Rishbeth, 1972] from subsolar high pressure area to 
antisolar low pressure area [Roble, 1977]. Calculations from general circulation models 
reveal that there exist vertical winds of a few tens of meters per second [Rees and 
Fuller-Rowell, 1987], which is also verified in the observations from both ground-based 
and satellite-based instruments [e.g., Price et al., 1995]. Ishii et al.[2004] state that 
“large vertical winds in the thermosphere had long been ignored as an error in 
measurement but after Rees et al.[1984a] presented their observational results on very 
swift vertical winds of more than 100 m/s, the phenomena was no longer neglected.” 
Later it was repeatedly verified that the high-latitude, small-scale vertical winds, though 
rare, can reach and exceed 100 ms-1 [e.g., Conde and Dyson, 1995; Innis et al. 1996]. 
On the other hand, the large-scale vertical wind with velocities not exceeding about 5 
ms-1 [Rees et al., 1984a] exhibits systematic diurnal variations with more random, 
small-scale variations superimposed on it [Conde and Dyson, 1995].

Vertical winds or associated processes may initiate atmospheric gravity waves 
(AGW) [Rees et al. 1984a, 1984b], an example being air flow over high mountains. 
Mayr et al. [1990] had seen AGWs in DE-2 data and accepted the auroral oval as its 
possible source. According to Innis and Conde [2001], gravity waves could be a 
significant means of redistributing energy through the atmosphere. In their opinion, the 
thermospheric vertical velocity, which exhibits enhanced activity at high latitudes and 
maximize in the post-midnight-dawn sector of the polar cap, was provisionally 
interpreted as “the signature of polar gravity waves, whose sources are in or near the 
post-midnight auroral oval.”

5



The effect of horizontal winds on the composition of the lower thermosphere at 
high latitude was investigated by Rodrigo et al. [1981]. According to them the 
modifications found in composition profiles are related to the vertical transport 
mechanism (or vertical wind) induced by the horizontal wind field and that this 
mechanism is more important than molecular diffusion.

Hence the winds in the thermosphere including strong vertical winds of varying 
amplitudes are now recognized as one of the most important factors in understanding 
the composition, circulation, and energy balance in the thermosphere [Price et al., 
1995]. Particularly at higher latitudes, geomagnetic disturbances produce large effects 
on the wind patterns [Weill, 1973] and need much attention. Rees [1989] suggested that 
detailed comparative measurements of E- and F-region winds may make it possible to 
solve the wind problems for the thermosphere.

1.3 Past experiments to determine wind velocities and their limitations

Different researchers performed different experiments using a wide variety of direct 
and indirect techniques for the measurement of the winds in the upper atmosphere. The 
earlier methods, some of which are discussed below, included shells and rockets; sound 
wave propagation phenomena; observation of meteor trails and noctilucent clouds; 
radio-pulse explorations; studies of barometric oscillations and of geomagnetic 
variations, etc. Later, wind studies using chemiluminescent clouds were also reported.

Observations of the motion of noctilucent clouds at high latitudes, some hours after 
sunset or before sunrise, provided the first evidence of upper atmospheric winds. They

6



were first recorded by Jesse in 1890 [Mitra, 1952] and have since been observed on 
many occasions, but it was hard to obtain triangulation data and only an estimate of 
velocity could be obtained [Edwards et al.1963]. Further experimental evidence of 
upper-atmosphere winds in the E and F regions were reported by Mitra [1952] and his 
colleagues from studies of the similarity, with a time lag, in the radio echo patterns 
recorded at two or more receiving stations some distance apart. According to Mitra 
[1952], the similarity was attributed to “some characteristic ionospheric irregularity 
(‘patches’ or ‘clouds’ of intense ionization as produce Es) traveling within the time lag 
interval from over one station to the other.” These observations were not restricted as to 
the time of observation, but were limited to the discrete altitudes of the ionospheric 
layers [Edwards et al., 1963].

Liller and Whipple (1954) determined upper-atmosphere winds by tracking the 
ionized (and visible) material formed in meteor strikes. But this photographic technique 
was limited to nighttime observations and to the altitude range from 80 to 110 km 
[Edwards et al., 1963].

Rocket-grenade experiments were conducted by Stroud et al. [1955] and later by 
many other researchers to measure atmospheric temperatures and winds in the upper 
atmosphere. In these experiments, Aerobee sounding rockets carried explosive grenades 
aloft and ejected them at increasing heights. The speed of sound measured from the 
ground produced a measure of the temperatures, while the angles of arrival of the sound 
waves at the ground were used to determine the wind vectors [Stroud et al., 1960].
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Though this technique yielded accurate results, it was limited in the altitude up to 95 
km.

Radio observation of drifting trails formed by meteor strikes had been developed as 
a technique of considerable precision for studying the atmospheric motions by the 
researchers such as Greenhow and Neufeld [1956, 1959, and 1960] and Elford [1959]. 
Though this method was useful at any time of the day, it remained limited to the altitude 
range of 80 to 100 km.

Several other methods included the angle-of-attack meter [Reisig, 1956], Pitot 
static tube [Ainsworth et al., 1961], and chaff rocket experiments [Smith, 1960] etc. The 
Angle-of-attack meter, when attached to a missile or rocket, gave an instantaneous and 
continuous wind measurement and was independent of the time of the day [Edwards et 
al., 1963]. The Pitot static tube, consisting basically of a tube pointing directly into air 
flow, made use of pressure measurements to determine the wind velocity [Edwards et 
al., 1963]. In the chaff technique, metallized “chaff’ was expelled from rockets and its 
movement with the winds was then tracked by ground-based radar [Edwards et al., 
1963]. These techniques had worked up to a maximum altitude of 115 km.

Another way to study winds in the upper atmosphere is through the release of a 
gaseous tracer with visual tracking. Different chemicals have been used for this 
purpose. Observation of the motion of sodium vapor trails released from rockets 
allowed determination of some upper atmospheric twilight winds in which simultaneous 
three-site photography was used to determine the position of the trail in the altitude 
region of 77 to 200 km [Manring et al., 1959; 1961; 1962]. Edwards et al. [1963]
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conducted twelve rocket experiments for wind and diffusion measurements using 
sodium and cesium vapor. Rocket release of self-luminous trails of gaseous nitric oxide 
and reaction products of a cesium nitrate-aluminum burner were also used by 
Rosenberg et al. [1963]. The disadvantage of sodium or the other alkali trails to 
determine diffusion coefficients was that a trail remained optically thick for a long 
period of time, such that only the brightness of the outer envelope could be 
photographed and the actual density distribution was not represented by its brightness 
distribution throughout its time span [Golomb and MacLeod, 1966] though this would 
not be a problem in velocity measurements.

Grenade glow clouds were observed to determine temperature at or above 120 km 
in early 1960s [e.g., Lloyd and Sheppard, 1966; Johnson and Low, 1967]. The density 
was also calculated using temperature results. Grenade glows had the advantage that 
they were visible both at night and at twilight. However, only a limited number of 
grenades could be exploded per rocket flight, which limited the altitude coverage 
[Golomb and MacLeod, 1966] and also, grenades distorted the atmosphere which in 
turn influenced the measurements.

Many researchers were able to identify high-latitude vertical winds greater than 50 
m s-1 from the early 1980s using in situ satellite data [e.g., Spencer et al., 1982; Innis 
and Conde, 2001, 2002a]. These in situ satellite measurements showed that the largest 
vertical wind amplitudes occur in the polar cap and in the auroral zone, at least for 
altitudes above 300 km [Innis and Conde, 2001, 2002a, 2002b]. Innis and Conde [2001] 
measured the large-scale distribution of thermospheric vertical wind activity using
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observations from the wind and temperature spectrometer on DE-2 satellite. The in situ 
satellite-based studies give data, basically, for the F region of the thermosphere, which 
is not the region of our interest here although the spatial distribution of vertical wind 
activity could be similar.

Measurements of most parameters of interest for dynamical studies of the lower 
thermosphere have been difficult to make or have been limited to coverage. Larsen and 
Mikkelsen [1990] commented that while the incoherent radar techniques [e.g., Johnson 
et al., 1987], used to measure horizontal winds, are limited to heights between ~90 and 
120 km and to daylight periods, the Fabry Perot Interferometer-based optical techniques 
[e.g., Rees et al., 1984b; Conde and Dyson, 1995; Price et al., 1995; Smith and 
Hernandez, 1995; Ishii et al., 2004] “obtain measurements which represent a height- 
averaged quantity weighted by the emission profile and are limited to nighttime 
conditions.” In contrast, the sounding rocket chemical-release techniques “provide a 
much broader height coverage with good height resolution” [Larsen and Mikkelsen, 
1990].

Use of chemiluminescent trimethylaluminum (TMA) vapor in sounding rocket 
chemical-release techniques was achieved in early 1960s and described by Rosenberg et 
al. [1963] as a more convenient method over the uses of other chemicals. They 
concluded, in their paper that “regardless of the emission mechanism, the high photon 
yield of TMA and the simplicity of providing a trail release offer an excellent 
opportunity for synoptic measurements of ionospheric winds, shears, turbulence, and 
diffusion constants throughout the night” [Rosenberg et al., 1963]. Golomb and

10



McLeod [1966] determined diffusion coefficients in the altitude region 107 to 160 km 
by measuring the radial growth of chemiluminescent TMA trails. Later, TMA vapor 
trails were used to measure neutral wind velocities in the E region [e.g., Larsen and 
Mikkelsen, 1990] and to study the artificially generated aurora [e.g., Gelinas et al., 
2001].

In the HEX-2 mission, chemiluminescent trails of trimethylaluminum (TMA) vapor 
produced with the help of sounding rockets were again used to measure thermospheric 
winds. This technique has been shown to overcome most of the limitations mentioned 
above for the altitude range of interest, but is still limited to nighttimes.

1.4 Design for the HEX-2 experiment

In their attempt for a direct observation of vertical winds in the thermosphere, 
Wescott et al. [2006] stated that “Because large-amplitude vertical wind events are 
localized phenomena, their complete characterization would require resolving the 
vertical wind field in all three spatial dimensions, as well as the temporal evolution of 
this field.” Most of the limitations, as discussed in the previous section, are now 
overcome by the use of chemiluminescent trails that are produced when TMA vapor is 
released in the lower thermosphere. It is already verified that the E-region horizontal 
wind field can be measured by tracking the drift of TMA clouds deposited in the region 
of interest using a sounding rocket [e.g., Larsen et al., 1989, 1995, 1998, 2003]. The 
normally steep ballistic trajectory of a rocket is not very useful for studying the broader 
horizontal structure at nearly the same altitude, as it can only be done over a small
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horizontal range near apogee. In the HEX missions a new technique was followed for 
one of the rockets to overcome this limitation. This rocket was turned to a nearly 
horizontal direction after second-stage burnout, using an onboard control system, and a 
new ballistic trajectory created with the third-stage burn. As a result, the payload then 
followed a flatter parabolic path and traversed a considerable horizontal distance 
through the lower thermosphere, while remaining within a narrow altitude range. The 
broad region near apogee produces a more favorable geometry with which to seek the 
presence of vertical component in the neutral winds.

Discrete releases of TMA were made along each rocket trajectory to create 
individual, short TMA trails, or puffs, within planned altitude ranges. The visible TMA 
puffs were recorded by multiple ground sites in order to determine exact positions by 
triangulation against the dark sky star field. Observing the bulk motion of each TMA 
puff in each trail over a period of time then yielded measurements of thermospheric 
winds. This is noted that the puff mechanism was used for the first time by Larsen et al. 
in October 2000 [Larsen et al., 2003].

1.5 Diffusion of the TMA puffs and its importance

After release, a TMA trail, continuous or as puffs, changes shape and grows in size 
as it diffuses outward while moving with the ambient wind. Measurement of the radial 
growth of a luminous trail, transverse to its length, yields a measurement of the 
diffusion coefficient [Golomb and MacLeod, 1966], but exact altitude determination 
can be difficult for a continuous trail. Attempts were made earlier by Edward Manring
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and his teams to measure the diffusion coefficient of sodium vapor under twilight 
conditions using photographic triangulation techniques [Manring et al., 1959; 1961; 
1962]. The use of TMA was opted, in place of alkali or other chemical trails, as a more 
convenient method by Rosenberg et al. [1963]. Rosenberg et al. [1964] then performed 
several experiments to test different aspects of TMA and commented that “the 
chemiluminescent trail (of TMA) provides an excellent marker for nighttime wind 
measurements in the upper atmosphere between 85 and 160 km.” In many of the past 
measurements, the chemical or chemiluminescent trails were continuous, in contrast to 
the HEX-2 work, which has made use of the trails in the form of discrete puffs. 
Evolution of the selected material depends on the nature of its molecular diffusion in the 
local environment, so the study of diffusion of the chemical release, in the form of a 
gas, in the upper atmosphere can be a byproduct of the wind measurement experiments 
[Golomb and MacLeod, 1966]. This does require that the gas be a minor constituent and 
be optically thin. A minor constituent, the requirement of which is explained in Section 
2.6, does not effectively alter the mean molecular mass [Mange, 1955]. The optical 
thinness of the TMA vapor assures the correctness of the representation of its density 
distribution by determination of total brightness along the line of sight of the camera 
obtainable from a photographic analysis as explained in Section 2.5.

1.6 The objective of this work

In this project, observations of the diffusive expansion of TMA vapor are analyzed 
and combined with MSIS-86 thermospheric model results for density and temperature
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to determine the parameter A in the empirical expression for the molecular diffusion 
coefficient,

14

ATsD = —  , 1.2

[Banks and Kockarts, 1973b] as will be discussed in the next chapter. In this expression 
T and n represents the thermospheric temperature and density respectively, where T is 
absolute temperature divided by 1 K to be a unitless number. Knowing A to an 
estimated uncertainty provides an independent constraint on T and n as a function of 
altitude in the thermosphere when D is determined from the observations and an 
appropriate value is known for s. Elsewhere, improved estimates are available for D 
when given T and n directly or from model results.

n



Chapter 2 Diffusion of TMA in the thermosphere

2.1 Composition and structure of the thermosphere

The objective of this project is, basically, to explore an aspect of the lower 

thermosphere. Though the same fundamental laws of physics are applicable for all the 

locations of the atmosphere, the dominance of some particular phenomena at a 

particular location depends on the characteristics of the atmosphere at that particular 

location. For an understanding o f the lower thermospheric properties and to compare 

them w ith those o f the other parts o f the atmosphere, a brief description o f the 

atmosphere is given along w ith a discussion on characteristics o f the thermosphere.

Follow ing N ico let (1958) the concept o f scale height can be introduced. The 

fundamental equation for the hydrostatic equilibrium o f a parcel o f air in the 

atmosphere is

dp = -gpdh, 2.1

where g is the acceleration due to gravity, p is the density, p is pressure and h is the

altitude. Using the equation o f state in the form

p= mp 2.2
kT

(where k denotes Boltzm ann’s constant, m is the mean m olecular weight and T is the 

absolute temperature) and combining w ith the previous equation provides

dp _  dn dT _  dh
~ p  =  ~  ~  = H  .
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with n the number density and H = kT/mg, which is called the scale height. It is evident 
that the altitude variation of pressure or density will depend upon the simultaneous 
variation of three parameters, temperature, mean molecular mass and the gravitational 
acceleration [Nicolet, 1958]. If mean molecular mass (m), gravitational acceleration 
(g), and temperature (T) are assumed to be constants, then the scale height (H) is a 
constant. Then a relation for pressure variation with altitude becomes

p = p0exp (-  h/ H) 2 4

and the number density is

n = n 0 exp( -  h/H) 2.5

Here p and n are the pressure and number density at h = 0.

Neither composition nor the temperature structure of the atmosphere is uniform 
throughout. With altitude, the atmosphere changes in composition as well as in 
temperature. There are different ways in which the atmosphere is classified as function 
of altitude. The vertical distribution of the temperature is the basis of the nomenclature 
of the upper atmosphere [Nicolet, 1958]. An impression of the altitude variation of 
temperature, ion density and density of uncharged particles is given in Figure 2.1 [Rees, 
1989]. In this figure, logarithmic scales are used to accommodate the large range of 
densities and heights.

Following this temperature structure, the troposphere is the atmospheric layer 
closest to Earth’s surface extending up to about 12 km. Earth’s surface absorbs solar
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Figure 2.1 Structure of atmosphere. Variation of temperature, the ion density and the 
neutral density with altitude in Earth’s atmosphere. [taken from Rees, 1989]

energy and heats up faster than does the air above it. Air in the troposphere is heated 
from the ground below. The temperature decreases with altitude, in this region, with the 
rate of change -  dT/dz being termed the lapse rate. The lapse rate becomes zero at the 

tropopause, after which it becomes negative in the stratosphere, which extends up to 
about 50 km. The absorption of solar energy in the ultraviolet range by the ozone layer 
present in the stratosphere is the cause for its higher temperature. The mesosphere, 
extending from about 50 to 85 km, is separated from the stratosphere by the stratopause. 
In the mesosphere, with the lapse rate again positive, temperature decreases with the



altitude. The troposphere, stratosphere and mesosphere make up what is often called the 
lower atmosphere.

From an aeronomic viewpoint, the upper atmosphere starts with the thermosphere 
above the mesopause, at about 80 to 90 km, where the temperature is 190 K ± 25 K 
[Nicolet, 1958], and extends to the lower level of the exosphere at 500 km, where the 
temperature can be as high as 1500 K [Roble, 1977]. Here the atmosphere is so thin that 
a very small amount of energy input can greatly increase the temperature. The 
temperature of the thermosphere depends greatly on solar activity and rapidly increases 
with the altitude [Jacchia, 1965; Roble, 1977]. The variation of temperature with 
altitude in the thermosphere is further elucidated in Section 2.2. The part of the lower 
thermospheric region in the upper atmosphere between 90 km and 180 km is the region 
of our interest in this work. The extremely tenuous outermost layer of the atmosphere, 
the exosphere, extends into interplanetary space.

In the altitude range below about 100 km, the atmosphere is dense compared to the 
atmosphere above it and hence, mean free paths are comparatively smaller and 
collisions are much more frequent. In this range, turbulent air motions stir the different 
atmospheric constituents equally and the bulk transport by the turbulent air motions 
dominates over diffusive motions of the constituents of the atmosphere. This well- 
mixed region is called homosphere, in which the densities of the different major 
constituents decrease at the same exponential rate with the altitude [Salby, 1995]. This 
keeps the relative proportion of different constituents fixed, making the mean molecular 
weight (m = 28.973 g mol-1 [Nicolet, 1958]) independent of the altitude in spite of the
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decrease of atmospheric density and maintains the constancy of the gas properties. It 
behaves, for most purposes, like a single gas of mean molecular weight m.

At an average altitude of about 110 km the dominant mode of transport quickly 
changes from turbulent transport to diffusive transport. This transition region is called 
the homopause or turbopause. Above the turbopause, the region is called the 
heterosphere. Here the particles are separated by increasingly larger distances and the 
density is very low, so that collisions become very rare compared to the homosphere. 
The constituents start to separate under gravity resulting in diffusive equilibrium so that 
each type of molecules is considered separately. Separate hydrostatic equations and the 
equation of state are applied for different gases using their respective molecular 
weights. The dominant mode of transport is molecular diffusion because the mean free 
path is larger than the turbulent displacements of the air molecules. Here, the diffusion 
of heat and momentum dampens the turbulent air motions. In the heterosphere, 
abundances of the different constituent molecules do not decrease with altitude at the 
same rate, being faster for the heavier molecules. So, the constituent molecules are 
stratified according to their own molecular weights and the mean molecular weight 
cannot remain independent of the altitude. Actually, the mean molecular weight 
decreases monotonically with the altitude.

So, in the homosphere there is a direct relation between pressure or density and the 
temperature since the mean molecular mass m, is constant. However, in the 
heterosphere, where the mean molecular mass varies with the altitude, “A simultaneous 
determination of the density and pressure should give the value of the ratio T/m.
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...Therefore, a direct knowledge of mean molecular mass is needed in order to obtain 
the vertical distribution of the constituents in the thermosphere.” [Nicolet, 1958].

Above 500 km, in the exosphere, collisions become very rare and hence some of 
the lighter constituents like hydrogen or helium atoms, whose speeds exceed the 
required escape velocities, even leave Earth’s atmosphere and move into deep space. 
Other particles remain captured in Earth’s gravitational potential well.

In summary, the thermosphere, which is the region of our interest here, is a part of 
the heterosphere, where diffusive equilibrium governs. It may also be mentioned here 
that the process of photodissociation also plays an important role in the composition of 
the atmosphere.

2.2 Thermospheric model

The atmosphere above 85 km has been explored for over 55 years by means of 
rockets, satellites and ground-based remote sensing devices, and based on these 
observations increasingly sophisticated thermospheric models have been proposed. 
According to these models, atmospheric temperature increases sharply from some 
minimum at the mesopause (around 90 km). It increases typically up to nearly 300 km 
after which it attains nearly a constant value, exospheric temperature T*, whose value is 
dependent on the magnitude of the solar EUV flux. The wavelengths of these EUV 
radiations are less than 102.5 nm and occupy the portion of the solar spectrum that is 
responsible for ionization of atmospheric constituents of the upper atmosphere. 
Measuring the solar EUV radiation is not possible from the ground-based observations
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as it is absorbed in the upper atmosphere, but there is a close quantitative relation 
between solar EUV flux and the solar radio flux at a wavelength of 10.7 cm [Roble, 
1977]. Hence, the exospheric temperature is indirectly related to the solar F10.7 flux 
(this is the notation used for this function), the value of which varies with the solar 
activity. As an example, F10.7 = 120 (see Figure 2.3) means that the measured 10.7-cm 
solar flux is 120 x 10-22 W m-2 Hz -1.

Atmospheric density plays a significant role in the atmospheric drag force on 
satellites, which results in progressive changes in their orbital parameters. Jacchia 
[1965] analyzed a large amount of satellite-collected density data and variations in the 
satellite orbits, which yielded the development of one important empirical model for 
thermospheric composition in terms of exospheric temperature, T*, which is still in use 
in some fields. Vertical profiles of global mean temperature above nearly 85 km, which 
follow from Jacchia’s model, are shown in Figure 2.2.

It is evident from this figure that between solar minimum (F10.7 = 80 is a typical 
value) and solar maximum (F10.7 = 160 is a typical value) the thermospheric global 
mean temperature varies by several hundreds of degrees.

In 1977, A. E. Hedin and his co-workers first developed the now widely used 
Mass-Spectrometer-Incoherent-Scatter (MSIS) model for thermospheric temperature 
and density. Their model was created “from the joining of several incoherent scatter 
radar data sets, providing temperatures at specific latitudes, with several satellite mass 
spectrometer data sets providing composition on a global basis” [Hedin, 1983]. The
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Figure.2.2 Global mean neutral gas temperature profiles. This figure shows the vertical 
profiles above nearly 85 km and up to 500 km, determined from the Jacchia [1965] 
empirical model [taken from Roble, 1977]

MSIS-83 empirical model of temperature, density and composition [Hedin,1983] is a 
revision of the original MSIS model and includes longitude and UT effects and “ ...is 
based on temperature, density and composition data from a comprehensive summary of 
rocket flights, seven satellites and five incoherent scatter radars, including data from 
high solar activity” [Hedin, 1983].

The MSIS-86 empirical model of thermospheric temperature, density and 
composition used new temperature and composition data from the Dynamics Explorer 
satellite to improve the representation of polar region morphology over that in MSIS-83 
model [Hedin, 1987]. The required inputs for this model are year, day of the year,
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Universal Time, altitude, geodetic latitude and longitude, local apparent solar time, 
solar F10.7 flux ( for the previous day and a three month average) and magnetic Ap 
index. Against these input conditions MSIS-86 returns the following as output: number 
densities of He, O, N2, O2, Ar, H and N, total mass density, neutral temperature and the 
exospheric temperature. Atomic nitrogen, N, is now included, not having been included 
in the MSIS-83 model.

A further revised, thermospheric model, MSIS-90, is used in this work to determine 
the neutral temperature and the densities of different species in the thermosphere. 
Figure 2.3 shows the altitude dependence of the MSIS-90 model, where it can be seen
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Figure 2.3 Temperature profile from MSIS-90. Temperature variations with altitude 
above 85 km and up to 500 km are shown for Poker Flat, Alaska, for the HEX-2 launch 
condition (F 10.7 flux = 120 and Ap index = 15).



that above 85 km temperature decreases up to nearly 100 km and then it increases with 
a strong positive gradient up to nearly 300 km. while above that the temperature 
gradually attains the exospheric temperature, T*.

In case of Hedin’s MSIS thermospheric model, the combined data sets provided a 
more accurate representation of the temperature and composition than the satellite drag 
based model of Jacchia [1965] while the total densities from the two models were in 
good agreement [Hedin,1983].

2.3 Chemiluminescence and TMA

Release of energy in a chemical reaction in the form of heat or light, or both, is a 
common phenomenon. The generation of electromagnetic waves in the form of light, 
resulting from a chemical reaction, is called chemiluminescence. One example of a 
chemiluminescent material is TMA (tri-methyl-aluminum), a compound with the 

chemical formula (CH3 )3 A l, molecular weight 72.086 g/mol, and a structure illustrated 

in Figure 2.4.

Figure 2.4 TMA molecule. [taken from http://encyclopedia.airliquide.com].

The chemiluminescent property of TMA has been used for decades as a tracer in 
sounding rocket experiments to study the upper atmosphere, as discussed in Chapter 1. 
When it is released in the atmosphere from rockets at altitudes of our interest (90 km -
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180 km), it produces a near-white chemiluminescent cloud. Golomb and Brown [1976] 
studied TMA oxidation by introducing TMA into a gas stream containing atomic 
oxygen (O) and obtained visible spectra such as are shown in Figure 2.5. For the 

spectrum of Figure 2.5a, O was generated by N 2 discharge with NO titration 

(NO + N ^  N 2 + O) and in 2.56, the O was generated by a O 2 discharge. There are 

several divergent opinions about the sources of the radiation in the visible spectrum, and 
these have to do with the exact reaction mechanism of the source. Initially, the reaction 
of aluminum monoxide ( AlO ) with atomic oxygen was thought to be responsible for 
the production of emission [Rosenberg et al.(1963), Johnson et al.(1967)]. The chemical
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Figure 2.5 Chemiluminescent spectra obtained from TMA-O atom reactions. Studied by 
Golomb and Brown [1976] generating atomic oxygen by (a) N 2 discharge with NO 
titration and (b) by O 2 discharge.



reactions proposed for the mechanism (in analogy with NO + O = NO* ) were 

expressed as

AlO + O k  > AlO*------> AlO2 + hv 2.6

AlO2 + O k2 > AlO + O 2 2.7

AlO + O k3 >Al + O2 2.8

Here, k1, k2 and k3 are the reaction rates of the corresponding reactions. Along with 

some other researchers, Kolb et al. [1975] ruled out the possibility of AlO* as being the 

source of the emission. They suggested that electronically excited aluminum monoxide 

(i.e., AlO*) was the source for the visible emission. According to them, the analysis of

these reaction rates revealed that the reactions represented by the Equations 2.6-2.8 
were unreasonable. In their paper, Kolb et al. [1975] wrote that at least those reactions 
could not be responsible for the whole of the observed chemiluminescence.

Golomb and Brown [1976] agreed that the rates of the reactions described in 
Equations 2.6-2.8 were actually too fast to account for the observed emission, but 

depending on their laboratory work, they still attributed AlO*2 as the source. In their

view, the probable type of reaction for the production of AlO* was

XAlO + O = AlO* + X 2.9

or

AlOX + O = AlO* + X. 2.10
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Later Gole and Kolb [1981] expressed their doubt as to the justification for the 
mechanism proposed by Rosenberg et al. [1963], through reaction 2.6 - 2.8. In addition, 
Gole and Kolb [1981] didn’t accept the proposition by Golomb and Brown [1976] of 

assigning the observed continuum toAlO^j. Gole and Kolb [1981] considered the

possibility of water vapor contamination being the source of error in the Golomb-Brown 
system [Gole and Kolb, 1981]. In their opinion, water vapor plays an important role. 

They accepted electronically excited HAlOH(i.e.,HAlOH* ) as being [Oblath and 
Gole, 1979, 1980] a source of emission via the reaction

Al + H O ------ > HAlOH*. 2.11

The exact mechanism of the TMA chemiluminescent emission (continuum with a 
certain number of peaks) remains undetermined. Meanwhile, visibility of the clouds 
produced from the TMA reaction(s) in the upper atmosphere works as an important tool 
in the experimental study of the nature of atmosphere in that region. The visible light 
produced by the burning of TMA when released in the upper atmosphere is easily 
imaged with the help of photographic equipment.

2.4 Diffusion

In a system of gas molecules, collisions act to abolish gradients in chemical 
composition, density, temperature or velocity by developing different types of transport 
in the system. While a temperature gradient leads to the conduction of heat through 
collisions, it is the macroscopic velocity gradient in a fluid that transports momentum. 
In case of a fluid, collisions are responsible for viscosity, the effect of which is to
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suppress the velocity gradient. Transport of mass (chemical composition) due to 
molecular collisions takes place when there exists a gradient in concentration. This 
transport of mass owing to a concentration gradient is known as molecular diffusion or 
simply diffusion. The methods of handling these three cases are so similar, that, in 
general, they are discussed together as a group and commonly referred to as transport 
phenomena [Hirschfelder et. al., 1954].

In the thermosphere different constituents of the atmosphere distribute themselves 
according to their own partial pressure. Also, large density gradients exist as a function 
of altitude for any one constituent and between one constituent and a background gas, 
which causes molecular flow [Rees, 1989] if the molecules are free. Defining the

“particle current density” or flux, N 1, as the number of a certain kind of molecule 
(species 1) that moves and passes through a unit area perpendicular to the direction of

motion in unit time, then according to Fick’s law, [Kittel, 1958; Rees, 1989] N 1 is 
proportional to the negative of the concentration gradient, in the direction of the flux, 
for that kind of molecule. That is,

N  = -D V n , 2 . 1 2

where n denotes the concentration of species 1 and D is the coefficient of diffusion or 

diffusivity, and the negative sign indicates that the molecules diffuse from the region of 
higher concentration to that of lower concentration [Rees, 1989]. Combining the 
conservation of mass equation,
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2.13

with Equation 2.12 yields a diffusion equation [Paradisi et al., 2001]

2.14

2.5 Diffusion for TMA vapor in the form of long cylindrical puffs 
During its growth a TMA puff (as discussed in Section 1.4) is neither an idealized 

cylinder nor is an idealized sphere. But for a single puff, as the TMA is released along 
nearly a straight line, the shape of a growing puff should resemble close to a cylinder at 
the beginning and gradually tends to attain a shape that is comparatively spherical. In 
the coming subsections diffusion for TMA vapor is discussed in two limits: infinitely 
long cylindrical puffs or spherically symmetric point puffs.

2.5.1 Variation of concentration with position and time

In Figure 2.6 a portion of an idealized cylindrical puff from around its mid section is 
shown, where the puff axis coincides with the z axis of the Cartesian rectangular 
coordinate system. For a long cylindrical TMA puff, its diameter is much smaller than 
its length and away from its ends the diffusion is essentially radial. Therefore the 

concentration n at any point at a perpendicular distance r from the axis of the cylinder 

(that is at any point on the surface of a cylinder with radius r) is independent of 
azimuthal angle but changes with time. In the limit of infinite length, the diffusion 
Equation 2.14 in cylindrical coordinates becomes
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Figure 2.6 Geometry of a puff. Axis of the cylindrical puff coincides with the z axis.

d n
dt = D^1 dn, d2n, ^

 1 + — Tv r dr dr j
2.15

for which a solution is

n ( r , t )  = ^-^exp (- r 2/4tD) 2.16

showing that concentration at a point varies with position (r) and time (t) since puff 
creation. Here n10 denotes the concentration on the puff axis, at r = 0. This expression

shows that n  follows a Gaussian profile with time-varying amplitude(n10/ t ) and 1/e 

half width (2 VDI). In terms of the Gaussian width parameter a , where

a = V2Dt. 2.17
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Equation 2.16 takes the form

n ( r , t )  = ^ e x p  (- r 2/2 a 2) 2.18

2.5.2 Determination of no  in terms of number (N) of TMA molecules

A cylindrical annulus of radius r and thickness dr which is coaxial with the puff is 
considered. Volume per unit length is 2rcrdr, so the number of TMA molecules in this 

unit length is 2 ^ n rd r . Integrating over all values of r yields total number of TMA 

molecules within a unit length of the cylindrical puff,

(
dN = 2%j n ( r ,t) rd r  dz 2.19

V 0 yy

or

2.20

Replacing n  using Equation 2.18,

dz t 2.21
0

is obtained, which, with the use of Equation 2.17, evaluates to

2.22

or
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1 dNn ,0 = -----------4tcD dz 2.23

With this expression for n 10, Equation 2.16 takes the form

n1(r,t) 4rcDt V dz
1

[ dN  )  exp (- r ^ 4Dt) 2.24

or

( I f  ] exp ( -  rV2CT 2) 2.25

2.5.3 Brightness along line of sight (LOS)

The volumetric emission rate (q) at a location within a puff may be assumed to be 
proportional to the concentration ( n ) of TMA molecules at that location. Therefore, 

with an unknown constant of proportionality k (that accounts for all other constant 
factors including camera performance) and perpendicular distance of the location from 
the puff axis r,

A camera records in each pixel the integral of the emission rates for all unit volumes 
lying along its line of sight (LOS). First, it is assumed that the LOS is perpendicular to 

the puff axis and passes through a point E at the minimum distance r0 from the axis. In

q(r,t) = 2.26

or

2.27



Figure 2.7, EF is the LOS on the plane perpendicular to the puff axis, which is at point 
O. F is at a distance R from the point E and is at a distance r from O, for which

r 2 = r02 + R 2. 2.28

The total brightness (Q) along the LOS of the camera obtained by replacing r2 using 
Equation 2.28 and integrating Equation 2.27 is

Q = 2 ^  (d N )  exp (- r ° /2 a  2 ) J  exp (-  R 2/2 a 2 )dR 2.29

or

33

Here dR (in Equation 2.29) is the elementary length along the LOS at F and K is an

LINE OF SIGHT E R F

Figure 2.7 Geometry for obtaining column brightness. Point E on the line of sight of the 
camera is at minimum distance r0 from the puff axis O and is parallel to the cross 
section of the puff. F is an arbitrary point on the line of sight, separated from E by a 
distance R.



unknown constant of proportionality that converts from emission rate to camera 
response in units of counts per pixel (camera signal) for processed images.

Instead of being parallel to the plane of cross section, if the LOS makes an angle 9 
with it, then Q becomes

34

Q 9 = V =  ( d y ®  ex’ (-  ̂ 2) . 2.3!

The general expression of Qe is then

Q9 (r0 , t) = Q90 exp (-  r02 / 2(^ (t))2 ), 2 32

where the peak brightness amplitude is

Q eo =  I K ( _ ■dN'l . 2.33V2rc(a(t))2 I cos9 A  dz J

That is, brightness along the LOS has a Gaussian distribution with respect to the impact 
parameter r0 and its width is identical to that for n in Equation 2.18.

A similar derivation with a spherical model for a point puff reveals a similar 

distribution of brightness with same (1/e) half width (V2o) but different amplitude (Q0).

For point injection of N molecules the expression for concentration at a distance r 
corresponding to the Equation 2.24 is

n 1(r’°  = ( 4 ^ ^ (- rV 4D t)-
2.34



The expression for Q (which has no 9 dependence) corresponding to the Equation 2.31 
becomes

Q = ^ Nr exp(- ro2/2 c 2) 2.352TCG
or

KN
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Q = --------exp (-  r02/4Dt). 2.364xDt ’

So, in this case of a spherical model

Q = - K N  2370 2tcg 2

Up till now no loss of TMA molecules has been considered. If with time the loss 
rate of TMA molecules in Equation 2.14 is given by a term -pt, then Equation 2.31 
becomes

Q 9 = b y © exp(-pt)exp(- u * 12). 2 3 8

Peak value of brightness for cylindrical growth with the inclusion of loss term becomes

Q 90,loss = , K  2 ] ( d N ] exp (-p t), 2.39
V 2 ^ (G (t))2 Vcos 9 JV  dz J

and for spherical growth,
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2.40

2.6 Alternate determination of D

According to Chapman and Cowling [1952], for a binary mixture of two gases, 
having total number density n, the diffusion coefficient (D12) of species 1 in the ambient 
atmosphere consisting of species 2 (on an average), “is inversely proportional to n; i.e. 
to the pressure of the gas, if the temperature is constant” and “if unlike molecules repel 

each other” then D is related to the magnitude of ambient absolute temperature (T) 

and the total number density (n) in the following way;

Here, the value of s depends on the nature of the interaction between the two species 
and can range between 0.5 (for elastic molecules) and 1 (for Maxwellian molecules). 
While “elastic molecules” are considered to be rigid, smooth and perfectly elastic 
spheres such that the repulsive force between molecules at a close encounter can be 
represented by the impulse between two spheres at collision, the “Maxwellian 
molecules” are centers of repulsive force that is inversely proportional to the fifth power 
of separation [Chapman and Cowling, 1970]. Taking A as the constant of 
proportionality for the given pair of species, we have

2.41n

D ATs 2.4212 n



37

For a given pair of species, Equation 2.37 can then be expressed as

ATsD 12 = ----------- , 2.43n 1 + n 2

where n1 and n2 are the number densities of species 1 and 2, respectively. In the case of 
interest here, TMA is a minor species, which means n 1 (number density of TMA vapor) 
is negligible compared to n2 (ambient number density). So, n  + n 2 can easily be 

replaced by onlyn , hereafter denoted as n. In this caseD introduced in Equation 

2.41, is same as D. Also note that D becomes the slope of a plot between a 2and2t. 

Finally, replacing D 12 (i.e., D) in Equation 2.42 by a  2/2 t ,  the fundamental unknown 

parameter A, can be determined via

a  2nA = — — . 2.442TSt

This equation determines the value of A when all the quantities on the right side of 
the equation are known. Since n and T are not available experimentally for this work, 
values of n along with the temperature, T are instead obtained from the MSIS model of 
atmospheric data. Photographic analysis of the puffs of diffusing TMA gas leads to 
values of a  for each time t. So, As a result the value for constant A can be determined 
for each puff at each time t using a well-accepted standard value for s. From this the 
diffusion coefficient D can be determined via Equation 1.2, using the same value for s 
and MSIS model values for n and T.



2.7 A reliable value for s

The major neutral constituents of the thermosphere are O, N2 and O2 [Rees, 1989]. 
The values of s in case of diffusion of different common gases in air, N2, O2 or O are 
found to be mostly lying between 0.735 and 0.752 and the s for the diffusion of Ar in O 
is 0.841 [Banks and Kockarts, 1973]. The average of all these values of s becomes 0.75
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Chapter 3 Method and Instrumentation

3.1 Creation of TMA trails in the thermosphere

This investigation was made possible through data obtained in the HEX-2 mission, 
where four sounding rockets were launched from the Poker Flat Research Range in 
Alaska on 14 February 2007. Some details of the vehicles and their launch times are 
given in Table 3.1.
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Table 3.1 Rocket information. Listed are the vehicle identities, vehicle names, 
launch times and individual trail identities.

Vehicle ID Vehicle Launch time, UT Trail ID
41.061 Terrier-Orion 0922:01 V1
35.037 Black Brant X 0927:11 H
41.063 Terrier-Orion 0936:11 V3
41.062 Terrier-Orion 0938:11 V2

While the three Terrier-Orions followed near-vertical arcing trajectories
rockets), the second one (35.037) was turned to a nearly horizontal direction prior to its 
third-stage ignition (H rocket) to create a lower-altitude apogee and a much broader 
region in which the altitude varied only slowly with horizontal distance. The altitude vs. 
latitude plot of Figure 3.1 and latitude vs. longitude plot of Figure 3.2 illustrate the 
combination of actual trajectories used for the three V-rockets and one H-rocket, and 
show the change in H trajectory caused by the altered orientation of the third stage. 
Resulting altitude ranges for the TMA releases are also shown.

Each rocket payload consisted of an aft chemical release section [e.g., Larsen et al., 
1998] and a forward instrumentation package. Each chemical payload carried TMA in
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liquid form under pressure, and in a time based, preprogrammed fashion released TMA 
in discrete time intervals to form the individual puffs. The TMA began to vaporize 
immediately upon release. The timing program was started at first vehicle motion 
during launch. Two of the V-rocket payloads released TMA puffs during both their 
upward and downward journeys. The V3 payload (on 41.063) failed to produce puffs, 
and instead produced a continuous TMA trail during its upward journey and was 
exhausted of any gas before its downward motion. The V2 payload also displayed this

Figure 3.1. Vertical projection of the rocket trajectories. Altitude versus latitude is 
shown for each of the four payloads. The thicker portion of each line identifies altitudes 
of planned TMA release.
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Figure 3.2 Horizontal projection of the rocket trajectories. Latitude versus longitude is 
shown for each of the four payloads. Marked on the figure are the locations of all 
ground stations. PK for Poker Flat, FY for Fort Yukon, TL for Toolik Lake and OC for 
Old Crow. The thicker portion of each line identifies the planned paths of TMA release.

malfunction at the beginning of programmed release but soon returned to the planned 
program and operated correctly for remainder of its flight. Altogether five TMA puff 
trails were obtained. These trails are referred to as V1-up (or V1U), V1-down (V1D), 
V2-up (V2U), V2-down (V2D) and H. The gas-release mechanism cycled between on 
and off, and did so for different periods of time for each trail. These periods were not 
even the same for the upleg and downleg trails of a particular rocket and even changed 
once within each leg. For example V1 up leg comprised 8 cycles of (4 sec off, 2 sec on) 
followed by 5 cycles of (2 sec off, 5 sec on). The on-off periods and planned number of



cycles for different trails are listed in Table 3.2. The differing times aided in verifying 
trail identification and were vital when accurately determining UT times for actual puff 
on and off times (J. Craven, private communication). An image of the downleg trail 
formed by the V1 payload is shown Figure 3.3, where the glowing TMA puffs are 
visible against the star-field night sky and in the presence of bright auroral emissions.
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Table 3.2 On-off cycles for puff release. Information about the planned on-off times 
for puff releases. Vehicle 41.063 (V3) puff mechanism did not work.

Vehicle Journey Duration of puff 
off, on times (sec)
off on

No. of 
Cycles

41.061 (V1) Up 4 2 8
2 5 5

Down 5 2 7
2 4 11

41.063 (V2) Up 4 2 9
3 3 9

Down 3 3 11
2 4 11

41.062 (V3) Up 4 2 9
3 3 9

Down 3 3 11
2 4 11

35.037 (H) 2 4 18
4 4 8
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Figure 3.3. TMA puffs in the V1D trail. Thirteen puffs are seen in this downleg portion 
of the V1D trail. Photographed from Fort Yukon at 0931:45 UT.

3.2 Data Acquisition

Geographical locations of individual TMA puffs were determined by Eugene 
Wescott through analysis of time-lapse imaging from multiple ground sites, each 
supporting one or two cameras. There were two cameras at Fort Yukon (Alaska), two at 
Toolik Lake (Alaska), two at Old Crow, in the Yukon Territory (Canada), and one at 
Poker Flat. Details regarding the cameras and personnel are summarized in Table 3.3. 
Initial image processing proceeded in the manner previously discussed by Wescott et al. 
[2006], yielding for each puff its centroid position (geographic latitude, longitude, and 
altitude) and UT time for images taken at a 5-second repetition rate. These computer 
files, NASA-supplied trajectory data, and the puff images themselves formed the basic 
data source for the work discussed here.
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Table 3.3 Ground-based camera locations, model, manufacturer and personnel. 
Number of camera(s) used in each location is shown in parenthesis. ICCD denotes an 
intensified CCD camera.

Location Camera Type Personnel
Old Crow 
(Canada) TM 745E Pulnix ICCD (2) Hans Nielsen, 

Jim Desrochers
Toolik Lake 

(Alaska) TM 745E Pulnix ICCD (2) Dirk Lummerzheim
Poker Flat 
(Alaska) TM 745E Pulnix ICCD (1) Don Hampton

Fort Yukon 
(Alaska) SXVH9 Starlight Xpress (2) Eugene Wescott, 

Debi-Lee Wilkinson

3.3 Data Analysis
When first released, the concentration of TMA vapor along the payload path is very 

high, and hence, the optical brightness of the puff is also very high. With time, as the 
un-reacted molecules disperse outward, the brightness falls. Physically, each puff is 
assumed to have a cylindrical shape whose initial length is much bigger than its radius. 
With time after the release, the puff expands in all directions, and with time could 
become less cylindrical and more spherical in appearance. In practice, the cylindrical 
shape remains largely present during the time periods of interest here. At a specific 
time, brightness along a line through the centroid and across the puff-axis falls off with 
increasing perpendicular distance from the axis, on both sides. As time increases, the 
brightness profile is characterized by an increasing width and decreasing peak intensity. 
This time evolution is directly related to diffusive processes, the subject of this work.



In each image frame, a two dimensional (2-D) projected view of individual puffs is 
obtained, where the projection is on a plane perpendicular to the line of sight of the 
camera. The first step in the analysis of an individual puff in each image is to establish a 
longitudinal axis in the computer image that is coincident with the visible image. To do 
this, the endpoints (P and Q) of the puff are located by eye, marked by cursor, and 
recorded. Thus, four values (xp, yp, xq, yq) are obtained as the image coordinates of the 
two ends for each and every puff. Using these four quantities, linear equations are

determined for the longitudinal axis (PQ ) of the puff and a line ( AB) perpendicular to 

this axis and which passes through the projected center (O) of the puff, as shown in 
Figure 3.4.

The rectangular area shown in the figure is then constructed, with its center 

coinciding with the center of the puff. Its length (aB  = 2H + 1) is parallel to the line

AB and the width (w) is parallel to P Q . The magnitude of H, in units of pixels, was set 

initially in software at a value of 20. In some cases where a puff is too close to an 
images edge, the value of H is reduced manually. Otherwise the rectangular box can 
exceed the image-frame boundary. The width w, also in units of pixels, is of magnitude 

2N+1, extending equally on both sides of the lineAB. This width was set at one-third 

the length PQ by controlling the value of N to avoid or greatly reduce the effect of a 

puff’ s finite length. A coordinate transformation then provides coordinates in the AB- 

PQ orthogonal system for all pixel elements within the rectangular area and the 

perpendicular distances to the PQ axis are derived. Numerical pixel values (camera
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Figure 3.4. Projected puff geometry. Locations P, Q are determined by an operator and 
orthogonal axes (P Q -A B ) and a selected area (the rectangular box drawn in dotted 
line) are then defined in software.

signal) for the (2H + 1)x (2N +1) pixels in the bounded area and each perpendicular 

distance (still in units of pixels) represent the data product from this first step in the 
analysis.

The camera signal, represented by the collection of individual pixel values (y), 

when plotted against their corresponding perpendicular distances (x) from the PQ axis, 

appear similar to a normal (Gaussian) distribution near the local maximum, with other 
contributions of lesser magnitude elsewhere. One such plot is shown in Figure 3.5.
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Figure 3.5 Brightness profile across a puff. Camera signal is measured in pixel values 
during the one-second summation period, or the number o f counts per pixel.

Here, the pixel values (y ) are the dependent variable for an attempted non-linear least 

square fit ( ID L ’s G A U S S F IT ) as a function o f x. The equation has the form

y = a 0 exp j- (x  -  a3)2/2 a 2 j+ a3 + a 4x + a 5x 2 3.1

in which a represents the peak value o f the Gaussian function, a represents the 

center o f the Gaussian, a 2 is the classical standard deviation o f the Gaussian when used 

in error analysis, and a , a 4 and a are the coefficients for the constant, linear and 

quadratic terms, respectively. The non-Gaussian terms are used to define an overall 

background value, which is then subtracted from the pixel values to give a background- 

corrected set o f pixel values.



A representative example of this background-corrected data set is shown in Figure 
3.5, obtained for the first puff of Figure 3.3 (at upper left) in the first image some 3.6 
sec after its formation. Individual pixel values are indicated by triangles. A second 
least-square fit is then applied using the function form of Equation 3.1. The solid line in 
the plot depicts this functional fit to the background-corrected data. Included in the 
Figure 3.5 are site identification (Fort Yukon, North camera), trail identification (V1D), 
date, and image time (UT). Each image and each puff within the images are given a 
unique index number (e.g., 0, 1, ...), with the first puff and first image indices usually 
being zero. The image index is incremented by one with each successive image. In the 

case of Figure 3.5, the two indices are both zero. The a 2 parameter for the Gaussian 

standard error, or the standard deviation of the mean (SDOM), between the full fit and 
dependent values is FIT ERROR, which is given by the standard deviation of the full fit 
divided by the square root of number of measurements [Taylor, 1997], and the reduced 
chi-square fit is labeled CHI SQ. The age of each puff since the time of formation is 
discussed in the next chapter.

Stars and isolated, apparently spurious, points are removed in software if their 
amplitude exceeds that of the dashed line. This line was constructed based on 
experience and not quantitative analysis (J. Craven, private communication) through 

modification of the least-squares fit (solid line) in which the a coefficient was 

increased by 50 percent and the baseline increased by 180, which is a factor of ~2-3 
times the fit error, which did not vary significantly for most images; this is a typical 
value. Near the peak of the profile a triangle is overlapped with a X. This implies that
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Figure 3.6 Brightness profile across a puff (corrected for background). Pro file  o f the 
first puff (p=0) in the V1D  trail as seen from Fort Yukon (Figure 3.3) 3.6 sec after its 
form ation.(See text for the details in the figure).

the triangle under consideration is excluded as it is positioned outside the dashed line 

and does not represent a valid  data point.

Values of a corresponding to the age (t) values for each puff are used to determine 

the parameter A  which finally leads to a determination o f the diffusion coefficient. 

Variations of a w ith t are also studied for each puff.



Chapter 4 Analysis of data

4.1 Number of frames and puffs for different trails

As a rocket’s T M A  payload produced its trail, the ground-based cameras 

continuously collected and recorded images o f the puffs. L ike  any experiment, this 

process might not be equally successful in all the cases, so not all images would be 

suitable for analysis.. A  number o f factors might act to degrade the usefulness o f a 

given image. As a puff at a lower altitude dispersed at a slower rate, it remained distinct 

for a com paratively longer period of time, whereas at a higher altitude it dispersed faster 

and its image became more diffuse after a shorter time. It was d ifficu lt to locate the end 

points (P  and Q in Figure 3.4) o f a puff when it was diffuse beyond a certain lim it. Also, 

the higher brightness of the background during active aurora could make the detection 

o f the end points difficult. A  smeared image (due to camera movement) or poor image 

quality o f some other sort (such as over/under exposure) m ight also reduce the chance 

to locate the end points correctly. Table 4.1 lists the number o f puffs and the number o f 

image frames for each trail that were satisfactory for analysis in this work.
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Table 4.1 Num ber o f puffs and number o f frames suitable for analysis

Trail No. o f puffs No. o f Frames
H 20 31

V 1 U 8 19
V1D 8 40
V 2 U 14 57
V2D 12 27
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4.2 Time evolution of puff profiles
The cross sectional profile of a particular puff, one example of which was given in 

the previous chapter (Figure 3.6), changed with time as the TMA expanded outward. As 
examples, the profile plots of the second puff (p = 1) in the H trail are shown in Figures 
4.1, 4.2 and 4.3 at 2.64 sec, 12.6 sec and 92.6 sec, respectively, after its formation. (The 
format of these figures was previously discussed in Section 3.3). A very obvious 
conclusion is that the peak Qeo (coefficient a 0in Equation 3.1) decreased with time

while a 2 of the Gaussian fit (hereafter denoted as a ) increased. The measure of width 

here is a  while recognizing that other options are the half width at amplitude a 0/e ,

which is 42a , or full width at half maximum ( a 0/2 ), which is 242 ln2a . Similar time 

evolutions with different rates, depending on different factors such as altitude, were

i — i— i—i— |—i—i— i— i— i— i— i— i— i— |—i— i— i—i— i— i— i— i— i— |—i— i— i—i— i— i—i— i— r

FYU_N_H
FEBRUARY 14 , 2 0 0 7  
0 0 -3 Q ;40 UT 
PUFFJMAGE =  1 ,2

K
K
X

- 5 0 0 ■ ■ I .................... ■ I ............ I ................
- 1 0 0 10

PIXELS PERPENDICULAR TO PROJECTED P U F F  AXIS

Figure 4.1 Profile of a puff 2.64 sec after its formation. These data are for the second 
puff (p=1) in the H trail. Standard deviation of Gaussian fit (G-SIGMA) is in units of 
pixels.
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Figure 4.2 Pro file o f a puff 12.6 sec after its formation. These data are for the second 
puff (p=1) in the H  trail. Units are same as for Figure 4.1.
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Figure 4.3 Pro file o f a puff 92.6 sec after its formation. These data are for the second 
puff (p=1) in the H  trail. Units are same as for Figure 4.1



observed for all the puffs in each trail. It is the study of the nature of these changes that 
leads to the goal of this work.

4.3 Variation of peak ( Qeo) and width ( a ) with time (t)

As TMA vapor dispersed, the line of sight column concentration of the vapor at a point 
on the puff axis gradually decreased with time and accordingly the image pixel value at 
the corresponding point represented by the peak value ( Q ) of the distribution fell off 

with time (t). With the expansion, the puff also became wider and the measure of width 

( a  ) increased with time (t). Variations of Qeo and a  with t are shown in the next two 

figures, Figure 4.4 and 4.5, respectively, for the sixth puff (p=5) of the V1D trail, 
formed at an approximate altitude of 121 km. At a higher (lower) altitude a puff
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Figure 4.4 Profile peak amplitude (Q eo) versus time (t in sec). These data are for the 
fifth puff (p = 4) of the V1D trail at an altitude of about 121 km.
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Figure 4.5 Width parameter ( a  in units of pixels) versus time (t in sec). These data are 
for the sixth puff (p = 5) of the V1D trail at an altitude of about 121 km.

dispersed at a faster (slower) rate and the rate of change of the peak value and the width 
varied accordingly. The next two figures, Figure 4.6 and 4.7, show plots of identical 
format to those of Figure 4.4 and 4.5, respectively, but include values for all the puffs of 
the same trail (V1D) over the range of altitudes, 115 to 166 km. Puffs formed at lower 
altitudes maintained greater peak amplitudes and hence were observed for longer times. 
Figure 4.8 is a repeat of Figure 4.7 except that the width a  is expressed in units of km 
rather than in units of pixels. Length on an image is initially measured in units of the 
pixels, but it is necessary to convert this length into its corresponding physical value 
(e.g., in km, here), using the known puff distances from the camera, relative 
orientations, and pixel angular dimensions in object space.
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Figure 4.6 Profile peak amplitudes (Q eo) versus time (t in sec). These data are for all
seven puffs of the V1D trail in an altitude range 115 to 166 km with data points for the 
fourth and the sixth puffs connected.

Figure 4.7 Width parameters ( a  in units of pixels) versus time (t in sec). These data are 
for all seven puffs of the V1D trail in an altitude range 115 to 166 km.
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Figure 4.8 Width parameters ( a  in km) versus time (t in sec). These data are for all 
seven puffs of the V1D trail in an altitude range 115 to 166 km with points for the third, 
the fifth and the seventh puffs connected.

4.4 Estimation of diffusion coefficient from slope of a 2 versus 2t 
A plot of altitude versus age for the V2U trail is shown in Figure 4.9, which shows 

that a particular puff remained within a narrow altitude range during the time it was 
under observation. For example, the second puff of V2U trail was observed to remain in 
the altitude range between 126.5 and 129.0 km, with an average altitude value of
128.2 ± 0.2 km. As previously discussed in Section 2.6, the diffusion coefficient D is

the slope in a plot of a 2 versus 2 t . Figure 4.5 is an example of a plot of a  (in units of
2 2pixels) versus t (in sec) for a particular puff. In Figure 4.10, a  (in units of km ) is 

plotted versus 2t (in sec) for the above mentioned second puff (p=1) in the V2U trail.
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Figure 4.9 P lo t o f age versus altitude for V 2 U  trail.
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0 50 100 150 200 250 500
2*AGE, SEC

Figure 4.10 P lo t o f a 2 versus 2t for a typical puff. Here the second puff in V 2 U  trail is 
used. The slope D  is the diffusion coefficient: D  = (2.5 ± 0.2)x103 m2/sec.



The slope o f the plot is obtained using a linear least-square fit, for which

T 2 1D  = (2.5 ± 0.2) x10 m sec- . Average altitudes o f the puffs and the corresponding 

values o f D  for the V 2 U  trail are listed in Table 4.2. The list shows that the second 

derivative o f D  w ith z is positive, that is D  increases at an increasingly faster rate w ith
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Table 4.2 Values o f diffusion coefficients for different altitudes. V 2 U  trail is used for 

this computation. (Uncertainty in D  = ± 8 to 12%, w ith smallest uncertainty for the 

lowest altitude and largest for the highest altitude)

Altitude (km )_________ D  (m 2sec-1)_______ Altitude (km )_________ D  (m 2sec-1)
122.5 1300 147.3 9100
128.2 2500 151.3 11300

133.0 3100 155.2 15900

138.9 4600 158.7 19500

143.1 5700 167.0 32400

Figure 4.11 D versus altitude for the five trails.
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higher altitude as can be expected based on Equation 2.41. Figure 4.11 displays values 
for D versus altitude h for all five trails superposed on a mean curve (heavy line) 
obtained by a least square fit of the form

Values obtained for the coefficients in the above equation are

b0 = (-1 4 8  ± 4)x103 m 2s-1, b  = (400± 8.) x101ms-1, b2 = (-3 6 .5± 0.5) s-1, and

b3 = (113.1 ± 1.2) x 10-3 m -1s-1 .

4.5 Peak amplitude
According to Equation 2.33 the peak amplitude of brightness Qeo decreases with 

the increase of a ( t ) . Taking logarithm of Q 0 yields

As K and dN/dz are independent variables the first term on the right side of Equation

symmetric model puff the slope would be -1. Here 9 is the angle between the normal to 

the puff axis and the line of sight (LOS). This angle and hence 9 cannot remain same for

D(h) = b0 + bjh + b2h 2 + b3h 3. 4.1

4.2

or

4.3

4.3 is constant with time and a plot of (log10(Q0O)+ log10cos9) versus log10(tf(t))2

would be a straight line with slope -  y^  for a cylindrical puff and for a spherically
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all the puffs of a particular trail. But the variations of 9 are small so log10 cos0

becomes nearly a constant and its values are much less compared to the values of 
log10(Q90). For this reason inclusion of log10 cos9 makes a change in the slope of a

plot of log10(Qeo) versus log10 (a(t))2 that is less than the range of its uncertainty. The

spread of the values for 9 is bigger for the H trail. Therefore the above simplification is 
more applicable for the vertical trails. The results for the four vertical trails are shown in 
Figures 4.12 -  4.15. Only puffs with ages and altitudes greater than 20 sec and 140 km, 
respectively, were accepted. The reason for this is discussed in the next section. Slopes 
of the linear fits for these plots range between -0.66 and -1.05. If a linear least-square fit 
is attempted for the combined data from the four vertical trails the slope is found to be -  
0.91±0.04 as shown in Figure 4.16.

Figure 4.12 Plot of log10(Qeo) versus log10(a2) for the V1U trail.
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Figure 4.13 Plot of log10(Qeo) versus log10(a2) for the V1D trail.

Figure 4.14 Plot of log10(Qeo) versus log10(a2) for the V2U trail.
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Figure 4.15 Plot of log10(Qeo) versus log10(a2) for the V2D trail
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Figure 4.16 Plot of log10(Qeo) versus log10(a2) for the four vertical trails. Peak value 
of brightness decreases with the increase of the width of the Gaussian. The slope 
depends on the shape of the growing puff.



The closeness of the average slope to -1 may indicate that the spherical model for 
the puffs should be more acceptable compared to the cylindrical model. A puff gets 
more spherical with time and it is noted that the first 20 sec of the puffs’ growth are 
excluded, the reason for which is explained in the next section. Therefore it is possible 
that after the growth during this 20 sec a puff is more spherical than cylindrical.

Also, keeping the loss term in Equation 2.39 in mind it may be concluded that the 
value of p (loss rate, as discussed in Section 2.5.3) here is probably very small, 
otherwise the plots in Figures 4.12-16 would deviate downward from being straight 
lines.

4.6 Measuring A

4.6.1 Data evaluation

As developed in Chapter 2 (Equation 2.42), the object of this work is supported by 
measurement of the parameter A (in (m-s)-1), which is expressed in terms of a , t, s, n 
and T. Values for a  and t are obtained from each analyzed image, while values for n 
and T are obtained through the use of the MSIS-90 model for the date, time and location 
of each puff. A pre-selected fixed value (0.75) is used for s. Estimates of log10 A thus 

obtained for the V1D trail are plotted in Figure 4.17 as a function of age since puff 

release. Here, the distribution shows that the estimates of log A decrease quickly in

the first 10 -  15 seconds and then only decreases slowly for the remainder of the 
observations. Few data points are seen to violate this general trend, and when they do 
they are usually verified to be erroneous. For example, one value of log A at an age of
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11 seconds is 19.98 (Figure 4.17), which is clearly well above the other values of 

log10 A for the same age. Further investigation reveals that this is the contribution from

a smeared image of the second puff (p = 1) in the fourth image frame (i = 3). Most of 
the erroneous data points, originating from poor image quality, are detected and 
ignored. Similar results, as in case of V1D trail in Figure 4.17 for the plots of log10 A 

versus age, are found for the remaining four trails, as shown in Figures 4.18 -  4.21.
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Figure 4.17 Plot of log10 A versus age for the V1D trail. Values of A decrease quickly 
to a nearly steady value within 10 -  15 seconds after puff formation.

4.6.2 Variation of A with age

At the location of puff formation, the initial pressure is much higher than that of the 
surroundings, so the early growth before pressure equilibrium is not exactly controlled 
by the transport processes in the ambient atmosphere [Rosenberg, 1963]. This is
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Figure 4.18 Plot of log10 A versus age for the H trail.

Figure 4.19 Plot of log10 A versus age for the V1U trail.

Figure 4.20 Plot of log10 A versus age for the V2D trail.
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Figure 4.21 Plot of log10 A versus age for the V2U trail.

reflected in the initial rapid decrease in A, so the first few seconds in the growth of a 
puff must not be included in the analysis. The work here indicates that at least the initial 
10 -  15 seconds should not be used. It can be seen in the previous figures that the initial 
rapid decrease occurs for all trails, regardless of initial altitude. Figures 4.22 and 4.23 

show plots of log A versus age, including and excluding, respectively, the first 20 

seconds for all five trails. In Figure 4.23 the slow rate of decrease of log10A is 

estimated by the negative slope of the line obtained using a linear least-square fit. The

0 30 60 90 120 150
A G E , SECONDS

Figure 4.22 Plot of log10 A versus age for the five trails, all ages are included.
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Figure 4.23 Plot of log10 A versus age for the five trails, first 20 sec not included.

rate is (9.9±1.5)*10-4 sec-1. In the observation time of nearly 120 sec (excluding the 
first 20 sec) the change in the value of A is 28%, which gives an estimated uncertainty 
14% for A about its average value. Figures 4.17 - 4.23, along with the previous 
discussion, indicate that values of log10 A that lie, in the range between 18.0 and 19.0

when the first 20 seconds are not included. The mean of all the values of log10 A in this
18 1range is about 18.64 or with the uncertainty A is found to be (4.4 ± 0.6) x10 (m-s)- for 

s = 0.75.

4.6.3 Altitude variation of A

Figure 4.24 shows that A overall decreased at a low rate with the increase of 
altitude. The five trails altogether covered an altitude range of nearly 120-180 km. This 
range is divided into different smaller ranges of 10 km each and checked for the 
variation of A with altitude for each trail. From the available data it appears that the rate 
of decrease of A with altitude is comparatively greater up to about 140 km. Use of a 
linear least-square fit for Figure 4.24 yields that the decrease of A below 140 km is 
approximately 2.3% per km. Above this, average rate of decrease of A is 0.25% per km.
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Figure 4.24 Plot of log10 A versus altitude combining all trails.

This lower altitude trend is clearly indicated in the plot of log A versus altitude for

the V2U trail shown in Figure 4.25. Above about 140 km the variations with altitude are 
not similar for all the trails. For example, between 150 and 160 km the slopes of the 
linear fits are positive for V1U and V2D trails while they are negative for the V1D and 
V2U trails (H trail does not cover this range) and when averaged over all the data a
negative slope provides a decrease rate of 0.32% per km for A for this range. In the next
higher altitude this rate becomes comparatively less significant.

201 1 1 1 1 1 1 1 1 1 1 1-----
“  V2U  TRAJL “

-  LOG 1 0 (A) VS ALTITUD E -

<

1 S I________ ■ i________ ■ i________ ,________ i ■________ i________ ,________ i  I
120 130 140 150 160 170 180

ALTITUD E, KM

Figure 4.25 Plot of log10 A versus altitude for V2U trail.



From  the above studies o f age and altitude variations o f A  it may be concluded that 

for the current method o f determining A  (w ith  minimum changes due to age and 

altitude), only data points corresponding to age greater than 20 sec and altitude greater 

than 140 km should be accepted. The larger variation o f A  at lower altitudes is not yet 

understood.

4.6.4 Determ ination o f A  from histograms

The study o f log A helps to get a general v iew  about the property o f the quantity

A. To estimate the most acceptable value o f A  and its uncertainty, values o f A  for each 

puff o f age greater than 20 sec and altitude greater than 140 km and for each trail are 

combined and displayed graphically in a bin histogram format. One such typical plot is 

shown in Figure 4.26 for the H-trail. In  this plot, each bin is taken to be o f size
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Figure 4.26Histogram for 93 H-trail values o f A . A  least-square Gaussian fit is overlaid.
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V1U TRAIL

0 2 4 6 S 10 12
A x 1018 (m -s )"1

Figure 4.27 Histogram for 52 values o f A  for the V 1 U  trail. A  least-square Gaussian fit 
is overlaid.

Figure 4.28 Histogram for 63 values o f A  for the V1D  trail. A  least-square Gaussian fit 
is overlaid.
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Figure 4.29 Histogram for 117 values o f A  for the V 2 U  trail. A  least-square Gaussian fit 
is overlaid.

Figure 4.30 Histogram for 7 values o f A  for the V 2D  trail. A  least-square Gaussian fit is 
overlaid.



18 10.5*10- (m *s)- and the ratio o f area o f each bin to the total area covered by all the bins 

represents the fraction o f measurements that falls in that bin [Taylor, 1997]. Using the 

ID L  Gaussfit function, the least-square fit Gaussion function was determined, w ith 

mean value 4.70 x1018 (m-s)-1, standard deviation (S D ) 1.05 x1018(m-s)-1 and standard 

deviation o f mean (SD O M ) 0.11 x1018(m-s)-1: A=(4.70±0.11)*1018 (m-s)-1. The fit is 

shown using a thick line. Sim ilar plots for the other trails (w ith  the exception that the 

bin size for V2D  trail is 0.25) are shown in Figure 4.27, 4.28, 4.29, and 4.30, and values 

o f the mean, SD  are shown in Table 4.3 for each trail. A lso included are the numbers o f 

samples (w ith age more than 20 sec) for each trail and the SD O M  for each which is a 

measure o f uncertainty. These values o f A  for the different trails are very close to each 

other in magnitude and hence, support the expectation that A  is a constant. Additionally, 

i f  all values o f A  from the five  trails (ignoring the data o f first 20 sec) are combined 

(332 samples) in one bin histogram w ith the same value o f bin size as used above, the 

result are as shown in Figure 4.31.
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Table 4.3 Values o f A  from bin histogram Gaussfits.

Trail M ean value o f 
A  (m-s)-1

Standard deviation 
o f A  (m-s)-1

Num ber o f 
samples

Standard deviation o f 
mean (SD O M ) (m-s)-1

H 4.70 x1018 1.05 x 1018 93 0.11 x 1018

V 1 U 4.33 x1018 0.49 x 1018 52 0.07 x 1018

V1D 3.79 x1018 0.42 x 1018 63 0.05 x 1018

V 2 U 4.15 x 1018 0.80 x 1018 117 0.07 x 1018

V2D 3.54 x 1018 0.24 x 1018 7 0.09 x 1018
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Figure 4.31 B in  histogram for 332 values o f A , including all the trails. The first 20 
seconds are ignored. The thick line represents the lim iting Gaussian distribution for the 
histogram.

The Gaussian fit for this histogram yields a mean o f 4.14 x 1018(m-s)-1, a SD  o f 0.78 x

1018 (m-s)-1, and SD O M  = 0.04 x1018 (m-s)-1.

I f  instead A  is calculated directly (w ithout binning) the value o f A  is (4.42±0.05) 

18 1x10 ( m s ) - . Therefore the value that can be taken as our best estimate for A  becomes 

(4.42 ± 0.05) x 1018 (m-s)-1 (when s = 0.75).

4.7 D iffusion coefficient using M SIS-90 model

W ith  the above value for A  along w ith n and T from the M SIS-90 model and s = 

0.75, the diffusion coefficient can be computed using Equation 2.42. The diffusion 

coefficients thus obtained is represented hereafter by D  to denote that its derivation is

distinct from that in Section 4.4. As n and T are functions o f altitude, D  is also an

* 2altitude dependent quantity. A  semilog plot o f continuous variation o f D  (in  m /s) w ith
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altitude in the altitude range 115 to 190 km is shown in dashed line in Figure 4.32. 

Overlapped on the solid line are the X s  presenting the values o f D  for the 518 data

Figure 4.32 D iffusion coefficient versus altitude using M SIS-90. The study was for 
geomagnetic conditions and average geographic coordinates associated w ith the H EX-2  
trajectories: 67°N , 147°W .

points from all five trails. Sm all variations o f latitude or longitude do not affect the 

values o f n and T obtained from M SIS-90 model, where here observing the distribution 

o f puffs in the five trails spanned latitudes 65° N  to 71° N  and longitudes 144° W  to 

148° W . Averaged values were used for Figure 4.32.

D iffusion coefficients D  and D  are plotted versus h in Figure 4.33 for the sake o f 

comparison, w ith D  and D * plotted using solid and dashed lines, respectively. Here D  is 

determined from a  and t only using Equation 2.17 and therefore the values o f D  totally 

depend on the measurements o f the observed data. Bu t determination o f D  is based on 

both observed data and the quantities from M S IS  using Equation 2.42. A  is determined



for a fixed value o f s using the observed data and n and T are obtained from M S IS . The 

plot o f D  (dashed line) in Figure 4.33 shows that the actual data can be w ell 

represented using the mean A  and M S IS  values for n and T w ith s=0.75 over the entire 

altitude range o f observation. Particu larly as A  is determined from the data covering the 

altitude range above 140 km the two plots are seemed to be more in agreement in this 

range.
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Figure 4.33 P lo t o f D  and D  versus h. A ltitude variations o f D  and D  are shown in 
solid and dashed lines respectively.



Chapter 5 Discussion and conclusion

5.1 Determination of diffusion coefficient and comparison with the past works 
Golomb and McLeod [1966] estimated the atmospheric diffusion coefficients using 

TMA chemiluminescent clouds (not in form of puffs) in the altitude range from 100 to 
170 km. They had plotted “Gaussian half-width squared versus time” [Golomb and 
MacLeod, 1966] and took the slope as 4D (four times the diffusion coefficient), which 

is the same as taking the slope as D in a plot of a 2 versus 2 t . Before that, some other 
workers also had attempted to determine atmospheric diffusion coefficients using 
several chemical release methods. The plot of D versus altitude by Golomb and 
MacLeod, along with the works of some other researchers, is shown in Figure 5.1a. A 
similar plot from the present work is shown Figure 5.16.

In Figure 5.1a, “the curve represents the diffusion coefficient calculated using the 
altitude variation of the atmospheric density, temperature, and molecular weight given 
by the 1965 Cospar International Reference Atmosphere (CIRA) for a 10.7 solar flux 
index 85, 0400 h, while the two lines with bars indicate the theoretical extremes of 
variation with season and solar cycle” [Golomb and MacLeod, 1966]. The dots and 
circles represent the measurements of Golomb and MacLeod [1966] while triangles, 
squares, solid triangles, and Xs represent the observations made with different 
chemicals: sodium [Zimmerman and Champion, 1963; Blamont et al., 1961, 1965; 
Manring et al., 1961], lithium [Manring et al., 1961] and AlO [Johnson and Lloyd, 

1963]. In Figure 5.16 diffusion coefficients obtained from the slopes of a 2 with 2tin  
this work are represented by the Xs with the non-linear least square fit overlaid on it.
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2 1*For the purpose of comparison, here, cm2 sec-1 is used as the unit for D, as is used in 
Figure 5.1(a). The units for altitude (km) are same in both the figures.

100 120 140 160 120 140 160 180
ALTITUDE (km) ALTITUDE, KM

Figure 5.1 Comparison between the past and present works. (a) D versus altitude plot 
by past workers. The curve represents the plot supported by CIRA (solid line) and other 
marks are from the work of different researchers. [taken from Golomb and MacLeod, 
1966] (b) D versus altitude for this work with the mean plot overlaid (dotted line).

The two curves agree well. For example, the approximate values of diffusion
coefficients at 145 km are 1.0x108 cm2sec-1 (Figure 5.1(a)) and 0.9x108 cm2sec-1

8 2 1 *(Figure 5.1(b)) and at 160 km are slightly more than 2x10 cm sec- (Figure 5.1(a)) and
8 2 1 *slightly less than 2x10 cm sec- (Figure 5.1(b)). Though the two curves do not differ by 

much, the individual points in Figure 5.1(a) do not match exactly with the result of this 
present work as shown in 5.1(b). In Figure 5.1(a), if only the dots and circles (work by 
Golomb and MacLeod with TMA) are considered, they are seen to be very close to the



curve. Outcome o f the work by Johnson and L lo yd  [1963] w ith A lO  (squares) is also in 

good agreement w ith the curve, which indicates that, the diffusion o f T M A  and A lO  in 

the thermosphere were sim ilar in nature. Deviation o f other diffusion coefficient values 

from the C IR A  curve may be attributed to the difference in diffusing species.

The spread o f diffusion coefficient values in any case may also be attributed to 

different factors which have influences on n and T such as solar activity, auroral 

activity, time o f the day, season, etc., as w ell as experimental errors may cause some 

error also. Particularly, in the present work some small error may be introduced due to 

the operator’s assessment in locating the puff ends by eye and the finiteness o f the pixel 

size.

5.2 Variation o f peak amplitude w ith the w idth parameter

As a puff grew after the formation, its peak amplitude (o f brightness) decreased and the 

w idth increased. According to Equation 4.3, a plot o f (lo g 10(Q e0) + log10(cos 0 )) versus

log10(a 2) would be a straight line i f  there are no losses. The slope o f this line would be 

-1/2 for cylindrical and -1 for a spherical model o f an individual puff. It is explained in 

Section 4.5 that in case o f a cylindrical growth model the cos0 term did not vary in a 

significant way, w ith respect to the other term, particularly in case o f the vertical trails, 

where variations o f the angle between the line o f sight and the perpendicular to the puff 

axis 0 were small (w ithin a span o f 5 °-9°). The H-trail covered a w ider range 

horizontally and its range o f angle coverage (~2 0 °) was much w ider compared to that 

for the other trails. It is noted that a spherical growth has no 0 dependence. Therefore
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the values of log10(Q00) (or equivalently log10(Q0)for a spherical growth) are plotted 

(Figures 4.12-4.16) versus their corresponding values of log10(a 2) for the vertical trails 

and in all these cases the plots are in good agreement: linear with negative slopes. The 
average slope in the combined case is -0.91±0.04. This indicates that a spherical model 
is more justified over the cylindrical model for the puffs, where the first 20 sec of the 
puff expansions are not taken into account (as explained in Section 4.6 and will be 
discussed in the next section).

5.3 Determination of A

5.3.1 Variation of A with age

As the value of A is a relatively large quantity, log A was studied first to 

determine A from Equation 2.44 for all the data points. Values of n and T were obtained 
from the MSIS-90 model, a  and t were obtained from the analysis of the puffs, and the 
value of s was taken to be 0.75 (the justification for which is discussed in Section 2.7). 

Figures 4.17-4.21 showed the variation of log10 A with age for each of the five trails 

while a plot combining all five trails was shown in Figure 4.22. In all these cases it was 
observed that log10 A, and hence A, fell off rapidly from an initial value within the first

15-20 sec, after which it decreased in value with age at a much slower rate than was 
initially observed. It may be concluded from this that during the early growth of the 
puffs a simple diffusion model is not applicable. At the location of puff formation the 
initial pressure was much higher than its surroundings and equilibrium was attained
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only after a while which is the required condition for a simple diffusion model to work. 
It was estimated from these plots that an exclusion of the first 20 sec could provide a 
reasonable value for A.

Due to the slow decrease of A during the entire remaining period of observation an 

uncertainty of ±14% in A was estimated from the slope of log10 A versus t in Figure 

4.23. From all these plots it was also evident that the value of log10 A lies between 18

and 19. The mean of all the values of log10 A (excluding the first 20 sec) was about
18 118.64, so a rough estimation of A was found to be (4.4 ± 0.6) *10 (m-s)- . The cause 

for the slow decrease is not yet understood.

5.3.2 Variati on of A with altitude

All five trails did not cover the same range of altitudes. In Figure 4.24 a plot of 
log10 A versus altitude, combining data from all five trails, showed that the value of

log10 A decreased with the increase of altitude in the entire range, 120-180 km. 

However, the average rate of decrease below 140 km was approximately 10 times the 
rate above this altitude. Most of the data points below 140 km are contributions from 

the V2U trail. The cause for that much higher decrease rate of log10 A with altitude in

the lower part is not yet understood. Since theory predicts that A should be a constant, 
for an improved estimation of the value of A the data for the puffs below 140 km were 
excluded.
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Though the values of log10 A showed an overall slow decrease rate with altitude

above 140 km, log10 A data for individual trails were more varied. In fact when

individual trails were checked for the variation of log10 A in the different smaller

altitude ranges of 10 km, slopes were seen to be positive or negative, but with small 
magnitude.

5.3.3 A from histogram data and from direct calculations

After excluding the early and lower altitude puffs, 332 values of A were obtained.
Those values of A for each puff of age greater than 20 sec and altitude greater than 140
km, and for all trails, were combined and displayed graphically in a bin-histogram
format. Figures 4.26-30 show the histograms for five trails. Least-square fit Gaussian
functions for the respective data and corresponding mean values for A were determined.
These values along with their uncertainties were shown in Table 4.3. A histogram and
corresponding least-square fit Gaussian function were also determined for the combined

data. The mean value of A from this Gaussian function is (4.14 ± 0.04) x 1018 (m-s)-1 for

s = 0.75. But for same value for s if the mean of A is calculated giving all (332) the
18values of A an equal weight the determined value of A becomes (4.42 ± 0.05) x 10 

(m-s)-1 which may be considered as the most acceptable value of A.

5.3.4 Diffusion coefficients with the determined value of A

Accepting the above value for A (for s=0.75) diffusion coefficients were determined 
using Equation 1.2, where values of n and T were found using MSIS-90 model. Those 
MSIS-supported values of diffusion coefficients (D ) and the diffusion coefficient (D)
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were determined follow ing Equation 2.44 and compared in Figure 4.33. They are seen 

to agree w ith each other, particularly in the altitudes above 140 km.

5.4 Conclusion and summary

The measured diffusion coefficients from the observed data and those obtained 

using M SIS-90 are in good agreement. Therefore the determination o f diffusion 

coefficient, in the altitude range from 120 to 180 km, by observing the growth o f T M A  

puffs, becomes a useful method. Specifically as the other mass transport and density 

measurement methods are d ifficu lt or non-existing for this altitude range [Golom b and 

M acLeod, 1966].

According to King-Hele and W alker [1969], different empirical models provide a 

fa irly complete picture o f the density and temperature in the upper atmosphere above 

180 km. Bu t due to the d ifficu lty in exploring the altitude range between 120 and 170 

km, which is also the altitude range o f interest for this experiment, this part had 

remained relatively unexplored. The altitudes above 170 km are well-estimated from 

analysis o f satellite orbits w hile the altitudes below 120 km are much easier to explore 

w ith different techniques such as radar or lidar [King-Hele and W alker, 1968]. Use o f 

the T M A  release technique, for this kind o f experiment, is also supported by the works 

o f Rosenberg [1963]. M oreover the T M A  release technique is w idely used in w ind 

measurements and hence this method can provide a useful tool to study atmospheric 

diffusion coefficients as a byproduct o f w ind measurement experiments.
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Comparing different trails it can be seen that for the study o f altitude variation o f 

diffusion coefficients, where diffusion coefficients are determined from the slope in plot

o f a 2 versus 2t, V-trail data are more useful than the data from the H  trail as the 

altitude coverage o f H  trail is not as great, though the H-trail data can help in studying 

latitude dependence o f D. Bu t regardless o f different difficulties, this present work 

provides a fa irly  good analysis o f atmospheric diffusion coefficients and estimates the 

value o f fundamental constant parameter A  for s=0.75.

It is important to note that the estimates o f D  are the same regardless o f whether the 

assumed geometry o f the puffs is cylindrical or spherical.

5.5 Scope for future work

This work assumes a value for s to determine the value o f A  as an unknown 

constant, where s = 0.75 is accepted as a good value for T M A  diffusion. A n  attempt to 

determine s using Equation 5.1 did not work. Therefore there remains an opportunity to 

determine the value o f s.

In  this work the variation o f A  w ith puff age was studied and shown that beyond 

the early stage o f the puffs A  continued to decrease slow ly w ith time. Investigations 

should be continued to understand the cause for this change. The data collected in this 

work also indicates that irrespective o f the age o f a puff values o f A  were very much 

larger in the lower part o f the observed altitude range (approximately below  140 km). 

The cause for this is also not yet known.
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