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Abstract 

 
The objective of this thesis was to select a star for observation and determine the error in the 

retrieval technique for a rocket experiment to measure lower thermospheric Nitric Oxide in the 

polar night using stellar occultation technique. These objectives are accomplished by planning 

the geometry, determining the requirements for observations, window for launch and discussing 

the retrieval technique. The planning is carried out using an approximated (no drag) and 

simulated rocket trajectory (provided by NSROC: NASA Rocket Operations Contract). The 

simulation for the retrievals is done using data from Student Nitric Oxide Explorer. Stars were 

taken from a catalogue called TD1.  Launch times were obtained from the geometry planned 

resulting from selecting a zenith angle after choosing a maximum occultation height and 

determining rocket apogee. Window for observing Spica was found to be 20 minutes. The 

retrieval technique and simulations showed that column densities and volume densities should be 

retrievable to less than 5% and 20% respectively observing occultation heights 90-120km. The 

study suggests that choosing a star positioned north w.r.t the observation location gives us more 

poleward latitudes and larger launch window. Future research can be carried out applying the 

stellar occultation and retrieval technique to a satellite. 
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Chapter 1 

 

A sounding rocket launched on February 4
th

, 2011 from Poker Flat, Alaska. It carried a telescope 

and an ultraviolet spectrograph to an altitude near 280 km. The goal of the experiment was to 

measure the night time Nitric Oxide (NO) in the lower thermosphere using the stellar occultation 

technique. NO is a minor constituent in the thermosphere; however it plays numerous important 

roles in the chemistry and structure of the upper atmosphere. The production and destruction of 

NO depend on the solar irradiance and energetic particle precipitation. This chapter discusses the 

chemistry of NO and the importance of the rocket experiment. It also provides an overview of 

the thesis.  

NO is a key minor constituent in the Earth’s lower thermosphere. It is a key component in 

maintaining the energy balance in the lower thermosphere by acting as a cooling agent. Because 

of its permanent dipole moment NO emits efficiently in the infrared, in contrast to the major 

species N2, O2 and O. It is also the terminal ion in the E-region of the ionosphere. If transported 

to altitudes where ozone is present, NO can catalytically destroy it.  

Stellar occultation technique allows us to measure nighttime NO emissions. NO absorbs in 

numerous bands across the spectrum and some solar occultation techniques have focused on 

absorption in the fundamental band near 5.3μm. This is an appropriate choice given the 

brightness of the Sun at this wavelength. For stellar sources however, we have found that the UV 

offers the best trade off of stellar brightness and availability, and instrument complexity. An IR 

1 Introduction 

1.1 NO in the Lower Thermosphere 
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instrument using stellar occultation would require a collecting area that is orders of magnitude 

larger than that proposed here or would require a prohibitively complicated highly-cooled 

detector. Measurement of NO concentrations through UV absorption requires moderate to high 

spectral resolution, for example, Massie [1980] made solar occultation measurements of the NO 

δ bands (C
2

Π
+ 

- X
2

Π) using the 0.004 nm band pass spectrometer of Orbiting Solar Observatory 

(OSO) I. Molecular oxygen features are present in this wavelength region. In the vicinity of the 

NO (1, 0) band, the strongest absorber, there about 10 rotational features from the O2 Schumann-

Runge (9, 0) and (10, 0) bands compared to over 100 from NO. Massie [1980] in the same 

absorption bands was able to retrieve NO to about 80 km.  

1.1.1 Production and Destruction of NO 

 The physics of NO production and loss is well known [see Barth, 1992; Bailey et al., 2002; 

Eparvier, 1991]. It is produced when atomic nitrogen (most efficiently if in its excited state) 

reacts with molecular oxygen: 

 

 

An energy source that can break the strong nitrogen bond is required for the production of NO. 

This can be done by direct or indirect dissociation. Direct dissociation of N2: 

 

 

 SDNhN

eSDNeN

42

2

42

2

,2

,2






 

(1-2) 

(1-3) 

ONOOSDN 







2

4
,

2 (1-1) 



3 

 

where 
*e  can be an energetic photoelectron with high energy or an energetic precipitating 

particle (EPP) with lower energy. In contrast, indirect dissociation produces atomic nitrogen by 

first producing N2
+
. 

Indirect dissociation of N2:  

eNeN

eNhN

2
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This is followed by dissociative recombination with ambient electrons or atomic oxygen: 
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NO is destroyed by the reaction with ground state nitrogen atoms and photo- dissociation: 
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As one can see from Equation (1-9), a major source of N (
4 

S) is the photodissociation of NO 

itself by UV sunlight [Minschwaner and Siskind, 1993].
 
Thus in the absence of sunlight the 

lifetime of NO becomes long chemically. This is important at high latitudes [Rusch and Barth et 

al., 1975]. The significant amount of NO produced by EPP can then be transported to lower 

altitudes in the stratosphere vertically and horizontally [Randall et al., 2009] where it can react 

with ozone thereby destroying it catalytically [e.g., Crutzen 1970; Rusch et al., 1981; Callis et 

al., 2001; Randall et al., 1998, 2001, 2005; Siskind et al., 2000]. This is expressed in Equations 

(1-10) and (1-11).  

 

 
22

223

ONOONO

ONOONO





(1-4) 

(1-5) 

(1-6) 

(1-7) 

(1-8) 

(1-9) 

(1-11) 

(1-10) 



4 

 

Figure 1.1-1 shows how NO produced in the Mesosphere / Lower Thermosphere (MLT) region 

by EPP descends downwards. NO can also be created directly in the stratosphere by EPP 

[Jackman et al., 2005; Rohen et al., 2005]. The higher the energy of the precipitating particle, the 

lower in altitude the energy is deposited [Thorne, 1980], and the more rare its occurrence. This is 

different from NO created by EPP in the MLT followed by its descent to the stratosphere which 

is referred to as EPP-indirect effect (EPP-IE).  

The EPP IE mechanism for coupling the upper and lower atmosphere was examined more than 

two decades ago using a 2D model [Solomon et al., 1982], and there has been frequent 

observational evidence supporting its occurrence [e.g., Callis et al., 1996, 1998a, b; Jackman et 

al., 1980, 1995, 2001; Randall et al., 1998, 2001; Rinsland et al., 1996; Russell et al., 1984; 

Siskind et al., 1997, 2000]. The magnitude of the atmospheric response to the EPP IE could 

actually exceed the effects from varying solar UV flux [Callis et al]. Figure 1.1-1 shows the EPP-

IE and highlights the importance of understanding the NO chemistry in the polar winter nights 

and how it contributes to stratospheric ozone destruction. It also shows that NO is key to 

understanding the coupling between Earth’s magnetosphere and atmosphere.  

The goal of the rocket experiment described in this thesis is to provide a measure of how much 

NO is created by EPP during the polar winter and how much it descends downwards to destroy 

ozone. This experiment is therefore helping us understand the coupling between the upper and 

lower atmosphere by solar EPP. The nighttime NOx can be retrieved from the Michelson 

Interferometer for Passive Atmospheric Sounding (MIPAS) [Funke et al., 2005], but only upto 

an altitude of 65 km making it insufficient to reveal the production of NO in the MLT in the 

polar night. The Sounding of the Atmosphere by Broadband Emission Radiometry (SABER) 

experiment observes nitric oxide thermal emission in both the day and night [Mlynczak et al., 
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2003]. But because SABER measures excited NO as opposed to ground state NO and it is not 

possible to relate these measurements to the NO density without a measurement of atomic 

oxygen that is not available. NO measurements in the daytime using solar occultation techniques 

have been done before by Halogen Occultation Experiment on the Upper Atmosphere Research 

Satellite spacecraft [Gordley, L., et al., 1996], ACE (Advanced Composition Explorer) [Rinsland 

et al., 2005; Kerzenmacher et al., 2008] satellite mission, but   nighttime measurements are still 

to be made. ACE data was compared to measurements from HALOE by Randall et al., 2006a 

and b and shown that the amount of EPP-NO descending into the Arctic stratosphere was 

extraordinarily large in Feb-Mar 2006. Thus, this experiment was very critical since 

measurements of nighttime NO in the MLT have never been done before. 
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Figure 1.1-1: The process of solar-magnetospheric energy leading to ozone destruction 

via EPP produced NO 
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1.2 Thesis Overview 

On February 4
th

 2011, at 11:10 pm (Alaska) or 8:10 pm (UTC) a sounding rocket was launched 

from Poker Flat, Alaska to measure NO in the lower thermosphere. The rocket carried a 

telescope and spectrograph to observe a star using stellar occultation technique. The purpose of 

this thesis is to understand how the stellar occultation technique is used to make observations for 

the rocket experiment. This thesis describes how and why the star Spica was chosen for making 

observations, how the planning geometry is setup and how the launch times were selected. It also 

describes how much of a delay was allowed for the launch i.e. the window for launch and how 

this effects the experiment parameters. Each of these decisions is crucial in the observation 

planning. In addition, the thesis also describes how precisely NO concentrations can be retrieved 

from the received signal and the precision to which NO is retrievable. 

Chapter 2 discusses the rocket instrumentation. It consists of a classic UV spectrograph. A 

Cassegrain telescope helps to observe the star and feed the spectrograph. A star tracker provided 

by NSROC determines the star position with respect to the telescope.  

Chapter 3 describes the stellar occultation technique and planning the geometry for observations. 

This chapter gives the key observation parameters for the sounding rocket experiment using 

stellar occultation and how to plan the geometry for a launch.  

Chapter 4 discusses the selection criteria for a star suitable for this experiment and describes the 

stars suitable for observations. It also discusses how to find the launch times, the window for 

launch and the effects of delay in launch on the geometry and parameters planned. In addition, it 

shows how to find the occultation latitudes. It also discusses other stars that can be suitable for 

making observations at higher latitudes. 
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In Chapter 5, we discuss how well the signal can be retrieved and the errors in the retrieval. NO 

observation from the Student Nitric Oxide Explorer (SNOE) satellite, which measured daytime 

NO concentrations only, on January 15th, 2000 at ~65 degrees latitude is used for the retrievals. 

Chapter 6 discusses the conclusions and future work. 
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Chapter 2 

2 The Experiment 

2.1 Overview of the Attitude Control System/Pointing System 

A rocket was launched from Poker Flat, Alaska on February 4
th

, 2011 at 11:10pm. Its goal was to 

measure NO in the polar night using the stellar occultation technique at ~65 degrees latitude. At 

these latitudes, there is an abundance of NO built-up in the absence of sunlight. The instrument 

consists of a Cassegrain telescope feeding a plane grating spectrograph equipped with a Cypress 

Star-1000 CMOS detector. The payload weighed 1099 lbs. The Celestial Attitude Control 

System (ACS) from NASA Rocket Operations Contract (NSROC) implemented the star 

pointing. The star tracker ST-5000 was used by the ACS to get the star position pitch, yaw and 

roll with respect to the optical axis of the experiment. The LN 251 gyro was also used. The ACS 

flight plan involved a maneuver to a reference target Gamma Virginis (common name: Porrima) 

before maneuvering it to the actual target Spica. The reference target Porrima was used since 

Spica was close to the horizon as observed from the rocket. The presence of the Earth in the star 

tracker field of view is not accounted for in the on-board algorithms and so the star tracker 

position was not updating following the observation of Gamma Virginis. The gyros were used 

for attitude determination in performing the maneuver to Spica. The inability to accurately know 

the alignment of the gyros relative to the telescope optical axis (to within ~ 0.1 degrees) was 

known to cause an uncertainty in the maneuver to Spica that could be as large as 10 arc minutes. 

Since the telescope field of view is less than 3 arc minutes, a Xybion TV camera was used to 

image the spectrograph entrance slit so that in real time an uplink command could be sent to  
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center the star light in the spectrograph entrance aperture. Figure 2.1-1 shows a schematic 

diagram of the payload. 

 

Figure 2.1-1: The payload schematic. 

Table 2.1-1: Design parameters of the instrument 

Parameter Value 

Telescope  

Aperture(mm) 400 

F/# 6 

Focal Length (mm) 2400 

Jitter requirement (arc sec) 4-5 

Spot Size (mm) 0.06 

Spectrograph  

Central Wavelength (nm) 215.0 

Spectrograph Focal Length (mm) 2400 

Grating Ruling Density(lines/mm) 3000 

Diffraction Order 2 

Focal Plans Spot Size (mm) 0.072 

Dispersion (nm/mm) 0.15 

Resolution (nm) ~0.01 
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2.2 UV Telescope-Spectrograph for the Measurement of Nighttime NO 

2.2.1  Telescope 

The telescope used for the flight was developed for a planetary sounding rocket program which 

was active in the 1980s and early 1990s [McClintock et al., 1982, McClintock et al., 1994]. It is a 

Cassegrain mount with a 40-cm aperture and an effective focal length of 2400 mm. Its measured 

point spread function (PSF) has ~80% encircled energy within a 0.012 mm circle, corresponding 

to ~1 arc second in angular blur. A 2 mm circular aperture located at the telescope focus is the 

stop for the system and limits the spectrograph field of view to 2.9 arc minutes. Dr. McClintock 

who was responsible for telescope to tracker alignment has flown large aperture telescopes 

equipped with both moderate-resolution and very high-resolution spectrographs [McClintock et 

al., 1982, Snow et al., 1988, McClintock et al., 1994]. 

2.2.2 Spectrograph 

The spectrograph has a focal length of 750mm and uses a Jobin Yvon 520-07-200, 3000 g/mm 

grating in second order to achieve a linear dispersion of 0.15 nm/mm. Two parabolic mirrors 

with 4 inch diameters are used. The first mirror collimates the star light and sends it to the 

grating. The second mirror focuses the collimated light from the grating on the detector. The 

entrance aperture diameter is 2mm providing an entrance field of 2.9 arc minutes. A wavelength 

band of approximately 1.2 nm is imaged onto the detector. Figure 2.2-1 shows the schematic of 

the optical arrangement in the spectrograph. Figure 2.2-2 shows the actual setup of the 

spectrograph being worked on at plantation road before flight.    
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Figure 2.2-1: A schematic of how the experiment works in the UV spectrograph. The 

light is fed to the spectrograph from a Cassegrain telescope and is collected at the 

detector assembly. 
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Figure 2.2-2: UV spectrograph implemented for the rocket launch. The Xybion Camera 

looks at the slight through which light enters the experiment. The light is measured at 

the detector after it hits the mirrors and the grating. 
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2.3 Detector 

The detector is a CYPRESS STAR-1000 CMOS detector (interface electronics provided by the 

Space Dynamics Lab at Utah State University, SDL/USU). It has 1024×1024 useable elements. 

In flight 128x1024 are telemetered to the ground. The range of pixels to be telemetered is 

programmable. It is interfaced with a Hamamatsu image intensifier that has MgF2 window and 

CsTe photocathode. This combination results in a solar blind detector with a ~ 0.05 spatial 

resolution element (limited by the spatial resolution of the intensifier), sampled by approximately 

3.6 detector pixels. The intensifier not only provides a solar blind response but also mitigates the 

read noise and dark noise of the detector. The dark and read noise are suppressed when the 

modal gain from the intensifier is greater than 200 and only the intensifier excess gain 

contributes to the signal to noise of detected photo events. In this case, if on average N photons 

are converted to photoelectrons by the intensifier photocathode during an integration period, then 

the RMS noise in an observation is NNoise  2 rather than the familiar NNoise 

observed for true photon counting detectors (The factor of 2 being the ‘excess noise’). 

2.4 Xybion Camera 

The Xybion Camera setup is shown in Figure 2.4-1. It was mounted to the Telescope bulkhead 

with a cable routed to the electronics bulkhead. One can also see the telescope focal plane with 

the cross hairs in this figure. During flight real-time images from the Xybion camera were used 

to locate the position of the star in the telescope focal plane and the offsets were uplink to the 

ACS. These offsets would position the star within the 3 arc minute wide spectrograph entrance 

aperture. An LED is used to illuminate crosshairs etched onto the entrance aperture. Any star 
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light near the aperture can be seen by the Xybion camera. The camera is fed by relay mirrors and 

a single lens to enable viewing of the entrance aperture.  

 

 
Figure 2.4-1: (above): The setup used for imaging the entrance aperture of the 

spectrograph using the Xybion camera; (below): The image seen by the Xybion before 

flight, an LED is used to light up the crosshairs on the focal plane of the telescope 

containing the aperture 
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2.5 Star Tracker  

The telescope holds a star tracker ST-5000 supplied by NSROC on a mount in front of the 

secondary mirror. The star tracker determines the location of the star relative to the optical axis 

of the telescope. The star tracker and telescope are co aligned during ground testing preflight. 

The tracker has a precision of a few seconds; however, in practice the alignment is accurate to ± 

1 arc minute. This is due to the fact that ground alignments are performed in a 1g environment 

whereas the observation occurs in 0g. In addition the thermal environment may change and the 

rocket launch may cause some distortion of the alignment. Experience places the combined 

impact of all of these effects at ~1 arc minute. Figure 2.5-1 shows a schematic diagram of the 

star tracker mounted in front of the telescope and the actual star tracker used after the flight. The 

alignment between the star tracker mass model and experiment was within 2 arc minutes pre and 

post vibration. 
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Figure 2.5-1: (above): Schematic of the star tracker ST-5000 used by ACS to point at 

the star. The star tracker is mounted in front of the telescope and is co -aligned with the 

instrument (telescope and spectrograph); (below): The star tracker recovered after the 

rocket launch 

 

 

Star tracker 

Telescope 
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2.6 Radiometric and Spectral Performance 

The radiometric performance of the instrument was determined before flight. A star with a flux 

similar to Spica of (1.7×10
-8

 ergs cm
-2

 nm
-1

) produces ~400 photo events per pixel per second 

giving a signal to noise ratio ~20 for a 1 second integration. Figure 2.6-1 shows a comparison of 

NO transmission measured by the spectrograph with that of a model. A deuterium light source 

and NO cell with column abundance ~3x10
16

 mol. cm
-2

 were used. The NO cell absorbs the light 

from the light source passing through it, thus signal measured with and without the NO cell gives 

us a measure of NO transmission. This is similar to how the rocket makes observation of NO 

looking at a star light. The comparison shows a close match between the two validating the 

measurement approach. Some disagreement at the longest and shortest wavelengths is due to the 

window on the NO cell which is not accounted for. 
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Figure 2.6-1: Transmission from a model compared with that measured by the rocket 

spectrometer. The setup consists of measuring light from a deuterium UV light source 

passing through a NO cell.  
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Chapter 3 

3  Stellar Occultation 

3.1 Introduction to Occultation 

The rocket experiment uses stellar occultation to make measurements of NO in the lower 

thermosphere. Occultation is the process by which the attenuation of light back-illuminating an 

object is used to deduce properties of that object. It is a measurement technique where one looks 

at the attenuation caused by the atmosphere when looking at a light source through it. In stellar 

occultation the light source is a star. Stellar occultation technique was used by GOMOS (Global 

Ozone Monitoring by Occultation of Stars), a spectrometer on board the European Space 

Agency’s Envisat satellite (see Bertaux et al., 1991, 2000, 2010) to monitor ozone and other 

trace gases in the Earth’s middle atmosphere. 

Figure 3.1-1 shows the schematic of stellar occultation as applied on this rocket experiment. The 

tangent height (OH) from point T to point D is the location where the line of site makes a tangent 

with a radial vector from the center of the Earth. It is the altitude from which the majority of the 

observed attenuation occurs in any measurement. It is calculated from ZA and RH as: 

 

    Re180Re
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ZASinRHOH
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where Re= Radius of the earth = 6371 km, RH is the rocket height in km, θ is the angle between 

the rocket position vector and the vector from the rocket to the star.  ZA is the zenith angle 

between the rocket and the star vector in degrees. As seen from Equation (3-3), OH is dependent 

on ZA and RH.  

(3-1) 

(3-2) 

(3-3) 
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Figure 3.1-1: Stellar occultation schematic. The rocket is at point R at height RH. The 

star at S is observed by the rocket. The observations are made at the tangent height OH.  
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3.2  Zenith Angle and Launch Time Selection 

Through controlling the mass of the payload (and the capability of the rocket motor), the apogee 

altitude of the rocket is also controlled and this in turn influences the time spent observing any 

particular altitude/altitude bin (integration time). Our requirement is to optimize viewing at 100-

110 km where the NO density peaks. It is also crucial to obtain a high quality observation of the 

exoatmospheric (unattenuated) star signal, but because the rocket always moves slowest at the 

highest altitude, the exoatmospheric signal always receives the largest integration time.  

We describe in this section the process of selecting the ZA and MAXRH and how these 

parameters effect integration time at the NO peak and MAXOH. The ZA of a star depends on 

time, due to the Earth’s rotation, so the choice of ZA for a given MAXRH determines the launch 

time. Integration time depends on the selected MAXOH which depends strongly on ZA, so the 

choice of launch time is critically important to achieve the correct MAXOH and integration time 

near 110km. 

As mentioned before, the ZA we want depends on MAXOH selected for observations. 

Integration time also depends on MAXOH. This is because the farther an OH from MAXOH, the 

faster the rocket is falling and thus lesser time is spent observing it. This fact will be 

demonstrated later in this section. A key factor in selecting MAXOH is that we spend as much 

time as possible observing 100-110kms i.e. have a high integration time. Another factor that 

helps us select a MAXOH is that we get a good measurement of the zero absorption star 

brightness. This requires that we select a MAXOH so that we can observe the star at an altitude 

above where we expect significant attenuation to occur. Figure 3.2-1 shows how MAXOH 

depends on MAXRH and ZA using Eqn. 3-3. 
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As the rocket falls from MAXRH it accelerates with time, so as a result less time is spent 

observing altitudes below MAXOH. To study the relationships among the various observation 

parameters, we assume the rocket falls along a ballistic trajectory with no drag. Analyses using a 

detailed flight profile prediction by NSROC that includes non-ballistic effects such as drag were 

also performed, but did not produce conclusions that differed in any significant way from what is 

presented here. The time (t) passed since MAXRH for a rocket at height RH during its descent is 

approximated using Equation (3-4) below: 

 

g

RHMAXRH
t

x
RHgtMAXRH

x

x

x






2

2

2

1

,

 

where the subscript x is used to denote the OH observed, g is the acceleration of gravity = 0.0098 

km / sec
2
. In order to find the time spent observing heights between 100 and 110km (Δt), t100 and 

t110 are calculated. (t100 is the time at an OH of 100km and t110 is the time at an OH of 110km). 

For a given ZA and MAXRH the integration time is:  

100110 ttt   

This is plotted in Figure 3.2-2 as a function of MAXRHs and ZAs. As one can see, each contour 

line in Figure 3.2-1 corresponds to a contour line in Figure 3.2-2 independent of ZAs and 

MAXRHs on the y and x-axes.  This independence is shown more explicitly in Section 3.4. A 

contour line of increasing MAXOH values from Figure 3.2-1 corresponds to a contour line of 

decreasing integration times from Figure 3.2-2. In other words, an increase in MAXOH results in 

decreased integration time irrespective/independent of ZA and MAXRH. We need a low 

MAXOH to get more integration time at 100-110 km. However MAXOH cannot be so low that 

(3-4) 

(3-5) 
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we have no observations above where we expect to find no NO. This zero NO reference is 

needed to determine the transmission coefficient.  

The MAXRH is determined to be 275 km. The reason why this value is chosen is explained in 

Section 3.3. If we select a MAXOH of 170km, assuming zero NO absorption at this altitude, then 

for a MAXRH of 275 km we obtain a zenith angle of around 100 degrees from Figure 3.2-1. For 

this ZA and MAXRH we obtain an integration time of ~8.5 sec from Figure 3.2-2.  

Observing a star at a zenith angle of 100 degrees puts the star 10 degrees below the horizon from 

the ground which is a rare selection for an astronomically pointed rocket experiment. But this 

requirement is necessary since it gives us the desired MAXOH and integration time. Spica can be 

observed at a ZA of around 100 degrees on 30
th

 January at ~ 8: 32 pm (UTC) at a MAXRH of 

~275km. This planning is followed by finding out if other requirements are satisfied for this time 

in order to make it a suitable launch time which is discussed in detail in Chapter 4. In particular 

the location of the Sun and Moon relative to the experiment line of site are considered.  
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Figure 3.2-1: MAXOHs that can be reached for different MAXRHs and ZAs. 
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Figure 3.2-2: Time spent observing 100-110km OH’s for different MAXRHs and ZAs. 
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3.3 MAXRH 

This section discusses why a MAXRH of 275 km was selected for launch. Figure 3.3-1 show 

how the integration time observing 110km and 169km changes as a function of MAXRH when 

MAXOH is fixed at 170km. The y-axes are the relative change in integration time with respect to 

the integration time achieved with a MAXRH of 275km. As one can see, the effect of MAXRH 

on the integration time is negligible.  Thus the MAXRH is selected based on other factors. One 

factor is spatial or altitude resolution. The spatial resolution will decrease the larger the 

difference between MAXRH and MAXOH since the rocket will be farther from the observation 

point. Also, an overly high apogee would require more expense due to the requirement of a 

significantly lighter payload design or an additional motor stage. The rocket going too high could 

also degrade the possibility of recovery. An apogee that is too low can maintain the required 

integration times to a sufficient degree, but the reduced flight times would reduce the time 

available between motor burn-out and observation time and that adds risk that the rocket will not 

be pointed in time. Also the rocket height that will be achieved is subject to uncertainty, so we 

want to be a safe distance above to account for the possibility the rocket won’t go as high as 

planned. If we fix the maximum tolerable MAXOH to be 210km in case of a delay (explained in 

detail in Section 4.7 in Chapter 4), we want the MAXRH to be greater than this, but not too high 

because of the reasons explained above. Thus all things considered, MAXRH can be chosen to 

be between around 250km and 300km. A 275km MAXRH therefore is a safe approach. 
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Figure 3.3-1: Fractional integration time observing 110km (top) and 169 km (bottom) 

from a MAXRH relative to the integration time for a MAXRH of 275 km. The 

fractional integration time change with MAXRH is negligible.  
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3.4 OHs and Integration Times for the Selected Parameters 

In the above section we explained the tradeoff between MAXOH and integration time observing 

100-110km. We decided that 170km is a reasonable lower limit for insignificant attenuation and 

determined the MAXRH to be around 275 km. This resulted in a zenith angle selection of around 

100 degrees giving us ~8.5 seconds integration time. In this section we approximate how RHs 

and OHs vary as a function of time for a ZA of ~100 degrees. In these calculations ZAs, latitudes 

and longitudes throughout the rocket flight are assumed to be not changing with time during the 

rocket flight. Detailed analysis wherein these variables change with time using simulated 

trajectory is discussed later in Section 4.5 in Chapter 4. 

In order to better understand the time spent observing OHs between 100 and 110km, we plot the 

approximate integration times spent observing a 2km bin of OHs for the selected ZA. Figure 3.4-

1 shows OHs and RHs vs. Time since apogee during the rocket descent for the selected ZA and 

MAXRH. OHs are calculated using Equation (3-3) for RHs vector starting from [MAXRH to 

0km] with 0.5km spacing. These are plotted against the approximate time passed since MAXRH 

calculated from Equation (3-5). As one can see from the plot OH is roughly about 100km less 

than the RH for the selected MAXRH and ZA.  

Figure 3.4-2 shows the integration time vs. OH. The integration time here is the time spent 

observing a given 2km altitude (OH) bin. This can be calculated from Equation (3-4) by finding 

out t170, t168, t166, t164 … t2, t0 etc. corresponding to OHs 170,168…0km. The consecutive times 

are subtracted to find the integration time observing a 2km OH bin and plotted against OHs 

calculated as described above. As one can see from this figure, the time spent observing 109-

111km OH bin is about 1.7sec. The integration time increases with the OH observed with 

maximum time of around 3sec spent observing MAXOH. 
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Figure 3.4-1: Rocket altitudes and observation altitudes as a function of time for the 

downward flight. 
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Figure 3.4-2: Integration time every 2km plotted against the mean of the observed 2km 

altitudes. 
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Chapter 4 

4 Star Selection Process  

In this chapter we describe the star selection process and why Spica is chosen over other stars for 

observation. We also present the window for launch using Spica for observation and the location 

of the tangent point during the rocket flight.  

  The star selection process involves selecting that star which produces the most irradiance, with 

appropriate spectral characteristics, and favorably observation geometry and timing. The latitude 

and longitude of the rocket launch site at Poker Flat, Alaska is 65.1298 and -147.4855 

respectively. A stellar Ultraviolet Fluxes Catalog measured by the TD1 satellite called TD1 

Stellar UV Fluxes Catalogue [Thompson et al., 1978] is used for star selection. The TD1 stellar 

catalogue has a list of 31,215 stars listing their characteristics including right ascension (ra), 

declination (dec), irradiance at 196.5, 236.5 nm, visual magnitude, Henry draper number etc. 

This catalogue is available at http://heasarc.gsfc.nasa.gov/W3Browse/td1/td1.html. These stars 

were scanned by the Belgian/UK Ultraviolet Sky Survey Telescope on the ESRO TD1 satellite. 

The flux at 216.5nm is taken as the average of flux at 196.5 and 236.5nm. The list of 31,215 stars 

is narrowed down to 54 stars by eliminating the stars which have irradiance less than 7.5×10 
-8 

erg/ cm
2 

/sec / nm. Anything less than this would give a signal to noise ratio that is too low. 

The ra and dec of these stars is converted to degrees before converting to ECI coordinates: 

   

   

 dec
z

ECI

radec
y

ECI

radec
x

ECI

sin

sincos

coscos







 

MAXRH is estimated as 277.6 km from the simulated rocket trajectory provided by NSROC and 

discussed in Chapter 3. The latitude and longitude of the rocket at MAXRH is (66.2835, 

(4-1) 

(4-2) 

(4-3) 

http://heasarc.gsfc.nasa.gov/W3Browse/td1/td1.html
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212.736) degrees. A ZA of 100.3 degrees is selected since this gives a MAXOH of 170km which 

will provide a star brightness measurement since no NO absorption is expected there and at the 

same time allows enough integration time in the 100 to 110km region as discussed earlier. We 

use the UTC and Alaska times from Jan 15
th

 to Feb 15
th

, 2011 with one second precision for 

calculating positions and angles. Alaska times= UTC - 9hours (standard time in the absence of 

daylight savings). 

Software from the ‘IDL astronomers users’ library at http://idlastro.gsfc.nasa.gov/ is used for 

calculating Julian date, sun position, moon position, conversion of geodetic to geographic 

coordinates every second.  

In order to determine those stars which have a favorable geometry for the rocket experiment, 

ZA’s between the rocket and the 54 stars, moon and the sun, stars and the sun, moon are then 

calculated every second from Jan 15
th

 to Feb 15
th

 2011. This is shown in Section 4.4. 

 

 

 

 

 

 

 

 

 

 

 

http://idlastro.gsfc.nasa.gov/
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4.1  Selection Criteria 

The stars are selected based on the following criteria: 

Star Zenith angle: A star at a ZA of around 100 degrees. This is obtained from Chapter 3 after 

selecting a MAXRH of 275km and MAXOH of 170km giving us an integration time of ~8.5 sec 

observing 100-110km OH bin  

Moon and Sun below the horizon: The stars that can be seen fulfilling the above requirements 

are further narrowed based on the position of the Sun and the Moon. Both must be kept out of the 

field of view of the experiment by 90 degrees or more. The launch times are selected when the 

sun is below the horizon. This ensures that measurements of UV at 215 nm are taken with no or 

little scattering from the sun. In case of the moon the criteria used is to either select a time when 

it is below the horizon or when it is 90 degrees away from the star selected.  

Launch window: We are trying to select a star which gives us a wide enough launch window for 

observations. This is critical in case of a delay in the launch. Such delays are easy to occur and 

commonly do so due to local population traveling through the launch area, changes in weather 

conditions, and the appearance of aircraft. A star for which ZA changes slower with time 

produces a larger launch window. A change in ZA is followed by a change in MAXOH and 

integration time at 100-110km also changes. Thus the window selected is based on how much of 

a change is allowed. A star in the North or the South would be ideal since these stars move 

slowly vertically in the sky and yield a long window. A north star observed from Poker Flat also 

provides the benefit of an observation location that is more poleward in latitude. 

Brightness of the star: The UV brightness of the star determines the signal to noise ratio for our 

observation. Brightness in the visible will make the star more easily visible in the Xybion camera 

for fine tune pointing; however, additional light outside the UV may contaminate our results. 
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Spectrum of the star: In an ideal case a star spectrum peaked at 215nm is selected so that light 

from other wavelengths does not contaminate the signal. The largest concern is from out-of-band 

scattered light from imperfections in the grating. It is also true that because the spectrograph 

operates in second spectral order that if the star were significantly brighter in the visible 

compared to the UV, some 430 nm light may contaminate the observed signal. This is unlikely 

however because the intensifier greatly reduces the visible light sensitivity. 

Some stars that satisfy the above criteria have two launch times. In other words a ZA of 100 

degrees can be seen twice from a given MAXRH, during star rise and set. In order to account for 

this, the selected stars are checked to see if they have more than one launch time. If they do, then 

the two launch times are further checked to see if they satisfy other criteria. If they satisfy other 

criteria then both the launch times are considered. This is rare because it has to meet all the 

conditions. The rate of change of ZA with time and the resulting change in MAXRH and 110km 

integration time determines the launch window. 

4.2  Launch Times 

Figure 4.2-1 shows the stars selected based on the requirements discussed above. It also shows 

the local launch times and dates for the selected stars. The stars are arranged in decreasing order 

of flux at 216.5 nm starting with Spica which is the brightest star available for observation. The 

period between 19
th

 and 25
th

 of January for Spica is when the moon is above the horizon and the 

angle between the moon and Spica is less than 90 degrees.  

Table 4.2-1 shows the UTC and Alaska launch times, MAXOH that can be reached with these 

launch times and the angles from 25
th

 January to 13
th

 February. The Sun is always below the 

horizon at the launch time. These times are calculated for MAXOH of 170 km and a MAXRH of 
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277.6km. This chart was critical for the mission as the launch was cancelled on several 

successive days due to: delay of an earlier launch; hardware issue with the flight GPS; weather 

conditions; and medical plane in the flight path. Such issues are common and so planning must 

account for changing launch dates. 

Figure 4.2-2 shows MAXOHs reached for Spica as a function of ZA for a MAXRH of 277.6km 

for a launch from Poker Flat on 30
th

 January 2011. An increase in ZA is followed by a decrease 

in MAXOH. This can be seen in Figure 4.2-2. For Spica, ZA reduces with time near the launch 

window.  
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Figure 4.2-1: Launch times for the selected stars as a function of day from 15th January 

to 15th February, 2011. The selected stars are arranged in decreasing order of 

brightness. 
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Figure 4.2-2: MAXOHs plotted for different ZAs for a maximum rocket height of 

277.6km. 
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Alaska Day Alaska Launch 

Time 

(Hr:Min:Sec) 

MAXOH  

(Km) 

UTC Day 

Year: 

2011 

UTC Launch 

Time 

(Hr:Min:Sec) 

Sun-

Spica 

Angle at 

Apogee 

(degrees) 

Moon-

Spica 

Angle at 

Apogee 

(degrees) 

26 Jan 2011 23:43:23 170 27 Jan  8:43:23 103.2 23.7 

27 Jan 2011 23:39:27 170 28 Jan  8:39:27 104.2 37.1 

28 Jan 2011 23:35:31 170 29 Jan  8:35:31 105.2 50.2 

29 Jan 2011 23:31:35 170 30 Jan  8:31:35 106.2 63.1 

30 Jan 2011 23:27:39 170 31 Jan  8:27:39 107.2 75.9 

31 Jan 2011 23:23:43 170 1 Feb  8:23:43 108.3 88.5 

1 Feb 2011 23:19:47 170 2 Feb  8:19:47 109.3 100.8 

2 Feb 2011 23:15:51 170 3 Feb  8:15:51 110.3 113.1 

3 Feb 2011 23:11:55 170 4 Feb  8:11:55 111.3 125.1 

4 Feb 2011 23:08:00 170 5 Feb  8:08:00 112.3 137.0 

5 Feb 2011 23:04:04 170 6 Feb  8:04:04 113.3 148.8 

6 Feb 2011 23:00:08 170 7 Feb  8:00:08 114.3 160.5 

7 Feb 2011 22:56:12 170 8 Feb  7:56:12 115.3 172.0 

8 Feb 2011 22:52:16 170 9 Feb  7:52:16 116.3 174.9 

9 Feb 2011 22:48:20 170 10 Feb  7:48:20 117.4 163.5 

10 Feb 2011 22:44:24 170 11 Feb  7:44:24 118.4 151.4 

11 Feb 2011 22:40:28 170 12 Feb  7:40:28 119.4 138.9 

12 Feb 2011 22:36:32 170 13 Feb  7:36:32 120.4 126.1 

13 Feb 2011 22:32:36 170 14 Feb  7:32:36 121.4 112.9 

Table 4.2-1: Launch times, MAXOH that can be observed, ZAs from 26
th 

January-13
th

 February for 

a maximum rocket height of 277.6km. January 30
th

, 2011 was the original planned launch date. 

February 4
th

, 2011 was the actual launch date. 
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4.3  Why Spica? 

This section describes why Spica was selected for observations for the sounding rocket 

experiment. The UV flux of Spica at ~215nm (where measurements are taken) is the highest 

among all the chosen stars. The brightness of Spica in UV determines the count rate for our 

observation. Higher count rate will yield better signal to noise ratio and reduces the error in the 

retrievals. This is explained in Chapter 5 where stars with a higher brightness allows NO to be 

retrieved more precisely than those with a lower brightness.  

Spica has a high visual magnitude of 0.98. Brightness in the visible will make the star more 

easily visible in the Xybion camera for fine tune pointing. Thus Spica could have been easily 

spotted on the Xybion camera. 

Spica is available for observations more number of days compared to the other stars. This can be 

seen in Figure 4.2-1. This is important in case of a delay such as the one we experienced wherein 

the rocket was initially to be launched on 30
th

 January but was delayed to 4
th

 February.  

For the selected launch day of 30
th

 January, corresponding to a launch time (Alaska) of 23:27:39, 

and a UTC Launch time of 8:27:39, the angle between the Sun and Spica is 107.2 degrees, the 

moon and Spica is 75.9 degrees. Thus, the Sun is 107 degrees away from Spica and below the 

horizon reducing the possibility of scattering from the sun.   

ZA of Spica is decreasing with time during the launch window. In other words Spica is rising 

during the launch window. This can be seen in Figure 4.6-3. This simplifies the planning since 

MAXOH initially increases with a delay. A delay observing Spica would increase MAXOH 

reducing the integration time around 110km. Thus with a delay the requirement of being able to 

measure the full star brightness can be satisfied but resulting in loss of integration time (how 

much of an integration time loss is tolerable is described in Section 4.6). This results in a less 
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risky planning compared to choosing a star whose ZA is increasing or star rising during launch 

time. This is the case with Sirius. In such a case MAXOH decreases with a delay. So we would 

plan the observations for a ZA which gives maximum tolerable MAXOH of 210km. A 20 minute 

delay, for example observing Sirius would reduce the MAXOH from 210km to 170km (window 

of Sirius is 20 minutes, Section 4.7). Even though this results in an increase in the integration 

time at 110km, the requirement of being able to measure a MAXOH of 170km might not take 

place. This could be a result of rocket not hitting the apogee (going lower) or launch time delay 

slightly more than 20 minutes. 

The spectrum of Spica around 215nm is almost constant. This can be seen in Figure 4.4-1(top). 

The actual peak in the irradiance is near 160 nm which though not optimal is acceptable. 

Scattering of light is more efficient at longer wavelengths.  

Launch times for Spica in the month of Jan/Feb 2011 (Table 4.2-1) are around midnight thus 

making it more appropriate to launch for demonstrating a night time technique.  

Latitudes observed with Spica are around 63 degrees. NO at high latitudes close to the pole can 

be measured if Spica were chosen for observations. The calculations for obtaining the latitudes 

observing Spica are shown in Section 4.8. Figure 4.8-2 shows the latitudes where measurements 

are taken while observing Spica. Though not optimal, latitudes of observation near 63 degrees 

are acceptable for this first demonstration of the stellar occultation technique to measure NO. A 

greater priority was placed on the signal to noise ratio. 

4.4 More about Spica 

This section gives a brief introduction to Spica. It also gives an introduction to Sirius which can 

be considered for a future launch. 
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Spica is also called α Virginis, alf Virginis, 67 Virginis. Its HR number is 5056, HD number is 

116658 and TD1 catalogue number is 6831.000. It has the highest flux among the potential stars 

for observation with a flux of 1.7×10
-8

 erg/cm
2
/second/nm at 216.5nm. The other names of Spica 

include Azimech, Spica Virginis and Alaraph. The constellation of Spica is Virgo. Figure 4.4-

1(top) shows the irradiance of Spica plotted versus wavelength. Spica has a flux peak at around 

170nm. The visual magnitude is 0.98. It is a binary star whose components orbit each other every 

four days, but they cannot be resolved through a telescope.  

Sirius is the second brightest star among the chosen stars with a flux of 1.6×10
-8

 

erg/cm
2
/second/nm. The names for Sirius are α CMa, NSV 17173, 9 CMa. Its catalogue numbers 

are HR= 2491, HD= 48915. Other names of Sirius include Canicula, Dog Star, and Aschere. It 

belongs to the constellation of Canis Major. Figures 4.4-1 (bottom) shows the flux of Sirius. The 

window of Sirius is similar to Spica and it takes measurements at similar latitudes of ~63 degrees 

as Spica. It has a flux peak around 120nm. It has a visual magnitude of -1.46. As one can see 

from Figure 4.2-1, it can be used for making observations between 25
th

 January and 7
th

 February. 

It has a launch time around 4.3 hrs. (Alaska Time).  
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Figure 4.4-1: (top): Spectrum of Spica; (bottom): Spectrum of Sirius 
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4.5  Analysis using Simulated Rocket Trajectory  

This section discusses the integration time using the simulated rocket trajectory provided by 

NSROC. The parameters that are changing include latitude, longitude and the altitude of the 

rocket, resulting in ZAs changing every second for the rocket trajectory.  

The nominal latitudes, longitudes and altitudes every second during the rocket flight are 

converted to ECI coordinates using the IDL astronomer’s library. The normalized vector rocket 

position vector is then calculated: 
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Where ECIrx, ECIry and ECIrz are the ECI rocket vector positions and NECIrx, NECIry, NECIrz are 

the normalized ECI rocket vector position as a function of time. M is the magnitude of the 

position vector. The normalized ECI coordinates of Spica are calculated from its ra and dec using 

Equations (4-1), (4-2) and (4-3). ECIsx, ECIsy and ECIsz are the normalized ECI coordinates of 

Spica. ZAs and OHs are calculated from as follows: 
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In order to find the integration time every 2km, OHs are interpolated onto a grid of altitudes with 

2 km spacing. The time taken to observe every 2 km is calculated by subtracting the consecutive 

(4-4) 

(4-5) 

(4-6) 

(4-7) 

(4-8) 

(4-9) 
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elements in the time array. The integration times for the ascent and descent of the simulated 

trajectory are plotted in Figures 4.5-1 and 4.5-2.  These times differ slightly depending on the 

velocity of the rocket which slows near apogee and is affected by atmospheric drag. Figure 4.5-1 

also shows the rocket and the observation altitudes for the simulated rocket trajectory plotted 

against the time passed since launch. The trajectory has a precision of a tenth of a km which 

propagates to an error in the interpolated time array of a tenth of a second which is comparable to 

the integration time resulting in rounding errors. This makes some of the figures with integration 

times in this section and the next section look jagged. 
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Figure 4.5-1: (above): Rocket integration time using simulated rocket ascent trajectory; 

(below): OHs for the simulated rocket trajectory. 



47 

 

 

Figure 4.5-2: Rocket integration time using simulated rocket descent trajectory.  

 

 

 

 

 

 

 

 

 

 



48 

 

4.6  Delay in Launch Time    

This section discusses the effects of a delay in launch or an early launch. It is important to 

understand what a delay or an early launch would do to the integration times and observed 

altitudes. This is a crucial part of the planning because the exact time of launch cannot be 

guaranteed as discussed earlier. The ZA of Spica decreases with time near the launch. This can 

be seen in Figure 4.6-3. From Figure 4.2-2 MAXOHs one can see that MAXOHs increase with 

decreasing ZAs. Thus with a delay in launch MAXOH increases while observing Spica.  

Figure 4.6-1 shows MAXOHs plotted against delay in launch time for a MAXRH of 277.6 km. 

The x-axis starts with a delay time of zero corresponding to a MAXOH of 170 km. With a time 

delay the observed MAXOHs increase. Thus, if we set the tolerable MAXOH as 210 km, the 

launch window is 20 minutes. Figure 4.6-2 shows the integration time as a function of OH for 2 

different launch times. The height 170 km corresponds to the launch time selected and 209km 

corresponds to a delay of 20 minutes in launch time. As one can see from this figure, the 

integration time vs. observation altitude curve shifts to the right with delay by a small amount i.e. 

it reduces by a small amount with this delay. This amount is shown as the percent time lost with 

delay in Figure 4.6-4. In this figure one can see that the integration time lost increases with a 

launch delay i.e. less time is spent observing OHs between 100 and 110km with a launch delay. 

For example around 20% of integration time is lost observing 104-106km for a 20 minute delay 

in launch time. Figure 4.6-3 shows the integration time observing 104-106km altitudes as a 

function of delay in the launch time of 11:28pm at t=0 for a proposed launch of 30
th

 January. 
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Figure 4.6-1: Figure shows the MAXOHs plotted as a function of delay in launch time 

for Spica. Time=0 sec corresponds to launch time.  
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Figure 4.6-2: Change in integration time with change in MAXOH due to a 20 minute 

delay in launch time delay. 
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Figure 4.6-3: Integration time for 104-106km altitudes as a function of delay in launch 

time. 

 

Figure 4.6-4: Percent integration time lost as a function of delay in launch time in 

minutes. 
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4.7 Window of Spica and Sirius 

The launch window of Spica refers to the time available for launch i.e. the start and end time of 

launch. This depends on the rate at which ZA changes with time. ZAs are calculated from 

Section 4.4. The change in ZA from time t1 to time t2 (dZA/dt) is calculated as: 

   




















12

12
/

tt

tZAtZA
dtdZA  

The dZA/dt of the star is in degrees/min and tells us how ZA of the star changes with respect to 

time.  Setting the maximum and minimum MAXOH gives the window for launch.  

Lets assume that the star is moving at the rate of x degrees / minute (Equation (4-10)). Lets also 

assume that ZA changes at the rate of y degrees / km (Equation (4-8) and Equation (4-9)). Thus, 

MAXOH changes at the rate of x (km) / y (minutes) with time. For example: ZA of Spica 

changes as 0.5 degree / 5 min. MAXOH changes with ZA as 0.5 degree / 10 km (Figure 4.7-1). 

Thus MAXOH changes at the rate of 10 km / 5min. Thus, if we fix the tolerable MAXOH as 

210km, the window observing Spica is 20 minutes. Figure 4.6-2 shows that a change in ZA from 

99.5 to 100.5 degrees corresponds to a change of 20km in MAXOH from 164km to 184 km. This 

corresponds to a delay of 10 minutes observing Spica. Each unit on the x-axis corresponds to a 

time of ~6 minutes. Figure 4.7-2 shows the window for a launch date of 30
th

 January 2011 which 

is 11:28 pm local time (Table 4.2-1). It also shows that Spica has a negative dZA/dt during the 

time of launch which means that MAXOH increases with delay in launch time. Figure 4.7-4 

shows the zoomed in version of the window for Spica. 

(4-10) 
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Figure 4.7-1: MAXOHs vs. ZAs for a fixed maximum rocket apogee.  
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Figure 4.7-2: Window of Spica for a tolerable maximum MAXOH of 184km and a 

minimum MAXOH of 164km. The launch window for Spica is 20 minutes starting with 

a minimum MAXOH of ~ 170km and ending with a maximum MAXOH of ~ 210km. 
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Figure 4.7-3: ZA of Spica as a function of local time. The red lines show the slope of 

Spica for a selected launch window of 20minutes after the launch time. 
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Figure 4.7-4: Zoomed in version of the previous figure showing the launch window for 

Spica. 
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Figures 4.7-5 and 4.7-6 show the window for Sirius. Figure 4.7-5 shows ZA of Sirius vs. time in 

hours. Sirius is the 2
nd

 brightest star which is the 2
nd

 observation option for the launch. Sirius is 

not a north or south star and hence the occultation latitudes that can be reached while observing 

Sirius are around the same as Spica.  

  Sirius has a slope of +5.7 degrees / hour and MAXOH changes as 0.5 degrees /10 km, which 

gives it a rate of 5.25 minutes / 10 km. Since the slope of Sirius is positive for the launch times 

between 3.6 and 4.45 hours (Alaska Time), MAXOH reduces with a delay. In order to account 

for this we would fix the tolerable MAXOH as 210km for a launch time of around 4 am on 30
th

 

January, 2011. This gives us a window of 20 minutes wherein MAXOH observed would 

decrease to 170 km for a launch of 4am+20 minutes delay. Figure 4.7-6 shows that a change in 

20km in MAXOH from 184 to 164 observing Sirius corresponds to a time delay of 10minutes. 

MAXOH that can be seen looking at this star decreases as the time is delayed since ZA has a 

positive slope during launch time unlike Spica. 
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Figure 4.7-5: Window of Sirius. The dotted lines show the slope of Sirius near the 

launch time using Sirius for stellar occultation. Sirius has a positive slope during launch 

time unlike Spica. 
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Figure 4.7-6: Launch window of 10minutes for Sirius corresponding to a change of 

20km in MAXOH. 
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The launch times for Spica are around midnight for Jan/Feb 2011 launch from Poker Flat. Spica 

is located to the east with respect to Poker Flat, Alaska during the launch and hence there is no 

significant variation in the tangential latitudes observed during flight. Figure 4.8-2 shows the 

observed occultation latitude (OL) plotted against OHs for the simulated rocket trajectory up leg 

and down leg using Spica. MAXOH is 170km which results from a MAXRH of 277.6km and a 

ZA of around 100 degrees. The observation latitudes are between 63 and 65 degrees. These 

latitudes are close to the poles where the measurements are desired. The observation latitudes 

increase through the rocket trajectory i.e. the rocket is observing Spica while going north. The 

rest of this section discusses how OL is calculated. 

ZA’s and OH’s for the simulated rocket trajectory are calculated as shown in Section 4.4. The 

distance AB denoted as D (Figure 4.8-1) and the x, y and z coordinates of the occultation point B 

are: 

 

 

 

 

4.8 Occultation Latitudes Observed: 
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In the above Equations ECIox, ECIoy, ECIoz are the ECI coordinates of the occultation point B. 

ECIrx, ECIry, ECIrz and ECIsx, ECIsy, ECIsz are the ECI coordinates of the rocket (A) and that of the 

star (S) respectively. These are calculated as shown in Section 4.4.  

 

Figure 4.8-1: Occultation scheme for calculating OL. 
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Figure 4.8-2: OLs for the simulated rocket trajectory using Spica. 
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4.9 North Star Considerations 

Algenib is the only eligible star that is located in the north part of the sky as observed from Poker 

Flat. This makes it the star which would provide the most poleward viewing observation. It has a 

positive dec of ~15deg. It can be observed by the rocket during Jan/Feb 2011 from Poker Flat. It 

has 12
th

 highest flux of 0.29 × 10 
-7

 erg/cm
2
/sec/nm at 216.5nm. Using Algenib, NO can be 

measured at higher latitudes around 72 degrees for a local launch time of 4.42hrs (Alaska Time). 

But it is not ideal since its brightness at 216.5 nm is 1/6
th

 that of Spica.  The maximum ZA 

between the rocket vector and Algenib vector is 99.5 degrees. This takes place when Algenib 

sets. This means that the minimum MAXOH at which NO can be measured observing Algenib is 

204km. In order to measure NO at 170km, ZA should be around 100.3 degrees which can never 

be reached observing Algenib from Poker Flat.  

Figure 4.8-2 shows the observed OLs using Algenib plotted against the OHs for the simulated 

rocket trajectory. Observing Algenib measurements can be taken at latitudes around 10 degrees 

higher than those observing Spica or Sirius since it lies in the north part of the sky. This is much 

better since the latitudes are closer to the North Pole where measurements are desired. However, 

it has a Flux of ~ 0.29 × 10
-8 

which is ~6 times less than the flux of Spica (1.7×10
-

7
ergs/cm

2
/sec/nm). This can also be derived using visual magnitude which is done in the 

following section. The visual magnitude of Spica is 0.98 and that of Algenib is 2.9. The 

difference in visual magnitude of Algenib and Spica = 2.9-0.98=1.92.  
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Where m is the apparent magnitude, Fx is the observed flux and Fx
0
 is a reference flux, m1 is the 

magnitude of star 1 and m2 is the magnitude of star 2. Using Fx1 for the brightness of Algenib 

and Fx2 for the brightness of Spica, we get Fx1 = 10
1.92/2.5

×Fx2 =6.2•F x2. Thus the variation in 

brightness between Spica and Algenib is 6.2. This is a key reason why Spica is considered over 

Algenib. The rate of change of zenith angle of Algenib is of ~0.78 degrees/hour near the launch 

time (on 30
th

 Jan 2011). This gives it a window of around 38minutes per 10km change in 

maximum MAXOH. This can be seen in the Figure 4.8-1 where ZA at the peak is changing 

slowly with time for a launch time of around 4am in Jan/Feb 2011. 

 

 

(4-16) 

(4-17) 

(4-18) 

(4-19) 
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Figure 4.9-1: ZA of Algenib, a star in the north sky as a function of local time.  

 

 
 

Figure 4.9-2: OLs using Algenib for observations. The simulated rocket trajectory is 

used to calculate OLs. 
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4.10  Testing Observation from Plantation Road, Blacksburg VA 

For testing the Xybion sensitivity in August 2010 from Blacksburg before the rocket launch, the 

star Fomalhaut was considered an option. It has a visual magnitude of 1.16 which is closer to 

Spica (0.98). Spica cannot be considered at this time because it rises and sets closely with the 

Sun during this period as shown in Figure 4.10-1 during August/September 2010. This is not 

suitable since testing must be done in the absence of light from the Sun and the Moon. 

Fomalhaut can be easily seen from Plantation road since it is in the west and rises after 9pm in 

the month of August-September. The Cartes de Ciel software is used to check for the 

constellation in which Fomalhaut can be seen and to cross check the times of observation, ZAs, 

moon position etc. Cartes De Ciel is a sky charts software available on the internet. It is also used 

to cross check results of launch times, position of other bright stars with respect to Spica during 

and after launch time, ZAs etc. The latitudes and longitudes, day and times of the launch are 

input to the software in order to obtain this information. 
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Figure 4.10-1: ZA of Spica and Sun plotted against time (Local time in Blacksburg, 

VA) during August/September 2010. ZA of Spica follows that of the Sun during this 

time. 
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Chapter 5  

5 Simulations and Predicted Signal to Noise on the Measurements  

This chapter discusses the retrieval technique for the rocket experiment and the expected errors 

associated with it. It describes how the column densities and volume densities are retrieved and 

calculates the resultant uncertainties in the retrievals. Section 5.2 discusses the theory for 

retrieving the column densities. Section 5.3 presents the calculations and errors in the retrievals.  

NO observations made with SNOE on January 15
th

, 2000 around 65 degrees latitude are used to 

simulate the received signal [Barth et al., 2003; Solomon et al., 1999]. The SNOE data selected 

is similar in location to the latitudes that would have been observed by the rocket experiment. 

The SNOE data gives volume densities at 26 different altitudes at ~3km resolution from 80 

to170 km. We are assuming a star with signal-to-noise-ratio (SNR) of 20 in each spectral 

resolution element for these measurements. This value of 20 is obtained by radiometric lab 

calculations made prior to the flight and the value of the Spica radiance listed in Chapter 4.
 

5.1 How Column Densities are Retrieved 

Retrieving column densities refers to retrieving the column densities from star transmission 

measured by the rocket experiment. We first consider the advantage of using a spectrally 

resolved observation. The RMS noise in an observed signal S measured by the instrument is 

obtained from Poisson’s equation as: 

SNoise   

SNR in terms of S is: 

(5-1) 
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We assume an SNR of 20 observing Spica as discussed above and therefore expect an S of about 

400 photon counts per spectral resolution element to be measured by the instrument. Consider a 

single spectral element at a wavelength where the transmission is 0.95 corresponding to a 

particular column density. For the assumed SNR of 20, the noise in the received signal is 5% or 

the assumed observed transmission is signal is 0.95 ± 5%. An observed transmission of 1.0 

corresponds to 0% NO absorption i.e. all of the observed star brightness reaches the rocket 

instrument for that wavelength. A received transmission of 0.9 corresponds to 10% NO 

absorption which is double the amount for a received signal of 0.95. For the case of transmission 

= 0.95± 5% we can infer the column density with an error of 100%. However, this is only a 

single wavelength element. One way to reduce this error is to sample it over other wavelength 

elements having a transmission of 0.95. This reduces the error by N1  where N is the number 

of wavelength elements. Thus the signal can now be retrieved to N%100  of its original value. 

If transmission is smaller than 0.95 then this error would further reduce. In the following 

discussion we simulate an observed profile with noise and compare it with the retrieved profile. 

The retrievals are based on simulated absorption spectra of NO. The model used was developed 

by Stevens et al., 1997 and was kindly provided to us. The spectra are all for an assumed 

temperature of 300K. One spectrum is produced for each column density between 1e
14

 cm
-2

 and 

1e
17

 cm
-2

 in steps of 10
14

 cm
-2

.  

(5-2) 

(5-4) 

(5-3) 
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We start this process by calculating the expected spectrum at each altitude. The column densities 

are obtained from SNOE volume densities. Thus volume densities for 28 different altitudes on a 

3km grid from 80 to 170 km from SNOE are converted to column densities. At each altitude, 

based on the SNOE column density, noise is added to the appropriate model spectrum based on 

an assumed observed stellar brightness of 400 counts per spectral element. Random numbers 

used to simulate the noise are produced by an IDL internal algorithm. This algorithm produces a 

normal distribution of values centered about 1 with the specified standard deviation of 5%. The 

noisy spectra are compared against the model spectra. The column density of the spectrum with 

the least mean squared difference between the noisy and model spectrum is the registered 

column density for that simulated observation. This is repeated for all the altitudes thus giving us 

the column density profile as a function of altitude. 

In order to further increase the precision to which the signal can be retrieved, the above process 

is repeated for signals received with 1000 different random noise values added, thus giving us 

1000 retrieved column density profiles. The mean and standard deviation of all these profiles 

tells us the accuracy and precision respectively to which the signal can be retrieved. The 

retrieved volume densities are calculated from the retrieved column densities using matrix 

inversion and the error in these are calculated.  

5.2 Obtaining Column Densities from SNOE Volume Densities  

Figure 5.2-1 shows the schematic for finding the volume densities from retrieved column 

densities. The rocket is at R observing the star at S. The star light passes through the column SR 

before it is measured by the rocket. The volume densities at each of the points R, A, B, C…T 

along the column corresponding to different altitudes are obtained from SNOE data. The 
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distances ds1, ds2, ds3, … dsn are calculated using the altitudes r1, r2, r3…rn that correspond to 

the volume densities vden at A, B, C… H. The distance ds0 which corresponds to the column 

from 170km at A to the rocket at R is assumed to be 1 for simplicity. This is because the NO 

absorption at and above 170km is expected to be insignificant and therefore assumed to be zero. 

Thus we are assuming that the column density from A to R is equal to the volume density at 

point A multiplied by 1cm. Since vden at A is approximately 0 multiplying by a factor of 1 

approximates cden to 0. The unit of volume density is particles/cm
3
 and that of column density is 

particles/cm
2
. The total column density RS is twice the column density corresponding to the 

column RT. The column density cden as a function of observed OH is T1 for the rocket position 

R. This is calculated as follows:  
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Equation (5-10) shows how the column density is calculated at a tangent point T1. Figure 5.2-2 

shows the mean retrieved column density (red stars) at each altitude calculated with random 

noise generated a 1000 times. The retrieved column densities are similar to the column densities 

from SNOE data. The column density is maximum at around 90km. Also shown are the standard 

deviation (red bars) from the mean retrieved column density, and the actual column density 

(5-5) 

(5-6) 

(5-7) 

(5-8) 

(5-9) 

(5-10) 
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(black). The data from SNOE corresponds to January 15, 2000 at latitude of 65 degrees. Figure 

5.2-3 shows the percent error in the retrieved column density for an SNR of 20 for different 

OH’s. The percent error is less than around 5% for altitudes at and below 110km.  

 

 

 

Figure 5.2-1: Scheme for obtaining column densities from volume densities.  
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Figure 5.2-2: Mean of the retrieved column densities plotted against the original column 

densities. The comparison shows that the column densities with noise are retrieved with 

less error and are similar to the original column densities.  
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Figure 5.2-3: Percent error in the mean of the retrieved column densities. Percent error 

is around 4% for altitudes less than 100km. 

 

 

 

 

 

 

 

 

 

 

 



75 

 

5.3 Obtaining Volume Densities from Column Densities 

The column densities are calculated from Section 5.2 at tangent heights T1, T2, T3  … Tn  which 

correspond to 166.7, 166.3, 160.0, 156.7……80 km with around 3km spacing. A ds matrix is 

formed from tangent heights and heights at which volume densities are known. This matrix helps 

us to retrieve volume densities from column densities.  

ds is defined as 2 dimensional matrix, its dimensions being [m, n] , the rows m corresponding to 

the altitudes at A,B,C…Tn (Figure 5.3-1) along the column where volume densities are known, 

and n corresponds to the different tangent heights T1, T2, T3  … Tn where column densities are 

calculated. Below we show how to find ds matrix. 

For a tangent height T1 =166.7 km, we obtain two ds elements denoted as ds1 (170,166.7), where 

170 represents the current element altitude at A and 166.7 represents the tangent altitude at T1 

where cden is being measured. The subscript 1 represents the T1 and ds from R to 170 is 

represented as ds (170,170) (for simplicity) which is equal to 1 for reasons mentioned before. 

The fractional distance ds and cden for T1 at 166.7 km is: 

    

    22

22

1

Re7.166Re7.166

Re7.166Re170)7.166,170(



ds
 

         170170,1707.1667.166,1707.166
11

vdendsvdendscden   

(5-11) 

(5-12) 
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Figure 5.3-1: Schematic for calculating column density at 166.7 km. 

Similarly, for a tangent height T2 =163.3 km (Figure 5.3-2), we obtain three ds elements denoted 

as ds (170.0, 166.7) from A to B, ds (166.7,163.3) from B to T2 and ds (170,170). The ds values 

and cden for T2 at 163.3 km are: 
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Figure 5.3-2: Schematic for calculating column density at 163.3 km. 

The above process is repeated for all the tangent heights down to 80km and ds matrix is set up 

as: 

 

The subscript stands for the tangent heights T1, T2, T3  … Tn  for which the ds values are 

calculated. 

Column density is a vector set up as cden =    
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The volume densities (VD) are then retrieved as: 

(5-17) 



78 

 

cdendsVD 
1

 

Figure 5.3-3 shows the mean retrieved volume density(red stars) at each altitude obtained from 

retrieved column density using matrix inversion. Also shown are the standard deviation(red bars) 

from the mean retrieved volume densities, and the actual volume densities (black). Figure 5.3-4 

shows the percent error in the retrieved volume density for an SNR of 20, on Jan 15, 2000 at a 

latitude of 65 degrees. The percent error is less than 20 for altitudes 90-110km 

 

 

 

 

 

 

(5-18) 
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Figure 5.3-3: Mean of the retrieved volume densities and error in the mean compared 

with the original volume densities as a function of altitude. 
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Figure 5.3-4: Percent error in the retrieved volume densities. NO volume densities 

should be retrievable to about 20% precision between 100 and 120km. 
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Figures 5.3-5 and 5.3-6 show the percent error in column density with the simulations carried out 

for different SNR values from 10 to 25 for a fixed observation altitude of ~ 107km. This study 

allows us to examine the effects of viewing dimmer stars.  As expected, as the SNR value 

increases the percent error decreases.  

Figure 5.3-7 shows how the percent error plotted against column densities for a fixed SNR of 20. 

The error reduces with increase in the column density for a fixed SNR. Figure 5.3-2 shows 

increase in column density as we go down in altitude from 160 to 90km. Thus the error as 

inferred from these two plots decreases with decrease in altitude from 160-90km as seen in 

Figure 5.3-2  

Figure 5.3-8 below shows the percent error plotted against the SNR for a column density of 10
16

 

cm
-2

. For a fixed column density the percent error reduces with increasing SNR value, thus 

observing a star with a higher SNR/brightness helps retrieve the column density to a higher 

precision. Figure 5.3-9 shows the systematic error in the retrieved volume density plotted as a 

function of altitude. The systematic error is less than 10% for altitudes 90-120km. 
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Figure 5.3-5: Error in the retrieved column density as a function of retrieved column 

densities. It is seen that as the column density increases the error in the retrieved signal 

reduces i.e. higher column densities can be retrieved better than the lower ones. 

 

Figure 5.3-6: Error in the retrieved column density at a particular altitude (106.7km) as 

a function of SNR. The error in the retrieved column density is lower while observing a 

star with higher SNR as compared to that with lower SNR. Hence brighter the star the 

more precise is the retrieved column density. 
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Figure 5.3-7: Error in the retrieved volume density at a particular altitude as a function 

of SNR. A star with higher SNR/brightness should be retrievable with less error than 

those with lower SNR/brightness. 

 

 

 

Figure 5.3-8: The precision with which a column density of 1e16 can be retrieved for 

different SNR values. From this figure we arrive at the same conclusion that brighter 

the star more is the accuracy with which the signal can be retrieved. 
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Figure 5.3-9: Systematic error in the retrieved volume density for different altitudes. 

Systematic error for altitudes below 110km is less than 10.  
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Chapter 6 

6 Conclusions 

The planning described in the thesis was implemented for the sounding rocket experiment 

(launched on February 4
th

, 8:10 pm (UTC) from Poker Flat, Alaska). The goal of the Sounding 

rocket experiment was to measure NO in the polar night using stellar occultation. The 

experiment was not carried out fully because the experiment was not properly pointed at Spica. 

However, we are planning to propose it again and hoping to get a second chance to launch the 

rocket under similar conditions. The star selection done here can be followed for such a launch in 

the future. The requirements for the star selection, the location (ZA) of the stars considered for 

launch, the window requirements for the launch discussed here would be similar for a future 

launch except for a change in date/time. Spica can still be suitable for a January/February launch 

in the near future from Poker Flat, Alaska. The launch times will not change in any significant 

way and the procedures discussed in this thesis are directly applicable. 

The thesis showed how stellar occultation technique can be used to measure NO in the night 

time. We showed after careful considerations that 17 stars were suitable for observation for the 

rocket launch. Some of the important considerations involved obtaining the desired zenith angle 

chosen, MAXOH, integration time, position of bright objects (the sun and the moon), latitudes 

observed, brightness of the stars, availability of the star etc. Spica was chosen since it gave us the 

desired geometry and for other reasons that have been discussed. The results obtained for 

observing Spica were cross checked with other sky charts software before launch. We showed 

why certain stars are more suitable for observations for the rocket experiment.  

The thesis shows the planning using both approximated rocket trajectory (before the simulated 

trajectory was known to get a general idea of the planning) and simulated rocket trajectory 

6.1 Summary 
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(provided by NSROC for an approximate determined MAXRH). The approximated rocket 

trajectory was ballistic and predicted the trajectory and geometry of the rocket based on no drag; 

the simulated trajectory provided the position of the rocket heights (2sigma low and high, 

nominal), latitude, longitude, horizontal range and velocity of the rocket trajectory as a function 

of time. Stars from a stellar catalogue called TD1 were used for selecting the star Spica that was 

used for observation. 

In simulations we showed the conversion from column densities to volume densities and vice-

versa giving us a better understanding of the retrievals. From the retrievals we can conclude that 

the column densities should be retrievable to less than 5% volume densities should be retrievable 

to less than 20% for observation altitudes 90-110 km. This suggests a good retrieval technique 

since our knowledge of NO in the polar night in the lower thermosphere is very less and no 

measurements have been done before. We also conclude from the retrievals that higher the SNR 

(higher brightness of the star) lower is the error in retrievals and the error increases greatly below 

SNR of 20, so we don’t prefer to select a star lower than an SNR of 20. 

NO measurements from Student Nitric Oxide Explorer (SNOE) satellite were used for the 

simulations. These measurements were assumed to be the expected measurements from the 

rocket measurements even though we expect more NO to be measured by the rocket experiment. 

The thesis showed the importance of choosing the correct launch time and how we obtained a 

launch time of 11:10pm (Alaska) from geometry planned. This resulted from a requirement to 

observe a maximum height of 170km which for a 275km rocket apogee required a zenith angle 

of around 100 degrees. The integration time (100-110km) for this planning gave us around 8 

seconds or around 2 seconds observing 104-106 km occultation height. This planning and the 

retrieval simulation resulted in selecting the star Spica located to the east for observations giving 

us a window of around 20 minutes for launch for a 20% loss in integration time and a 20km 

increase in maximum occultation height. The discussion resulted in selecting a star that is 

brighter (at ~ 215nm and in visible) and available more number of days in the absence of light 

from the Sun and the moon for observation. The thesis also concludes that observing the star 
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Algenib positioned north with respect to the observation location would result in observing 

latitudes around 74 degrees making it more pole ward than when observing Spica to the east 

resulting in observing latitudes around 63 degrees. Selecting Algenib (name of star) has the 

added benefit of increasing the launch window in case of a delay. The thesis also shows why the 

star Fomalhaut was considered for testing the observations with the telescope before flight. The 

star is also south which results in the star moving more slowly in the sky and at low elevation 

angle. This would make finding the star in the telescope easier. The discussion concludes that a 

star with a flux peaked at ~ 215nm while also having a bright visual magnitude was preferred for 

observation.  

 

Future research can be carried out applying the stellar occultation technique to a satellite and 

studying the geometry, requirements, star selection, parameter selection, window and positions 

(latitudes, longitudes, zenith angle), times etc. for observations. The procedure for retrievals can 

also be applied for observations using a satellite. Star selection done here can also be followed 

for a rocket launch in the future. The requirements for the star selection, the location (ZA) of the 

stars considered for launch, the window requirements for the launch discussed would be similar 

for such a launch in future. Spica can still be suitable for a January/February launch in the near 

future from Poker Flat, Alaska, the launch times will not change in any significant way, and the 

procedures are applicable. The technique used can also be applied for observations using a 

satellite in which case the star selection would involve switching between the stars observed. 

This selection would be based on the observed OLs, position of the selected stars with respect to 

each other, flux of the stars, availability of the stars i.e. observation times etc. 

 

6.2 Future Research 
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