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Abstract

Argus 1000 is a modern, lighteight and inexpensive micgpectrometer. It is
representative of a new generation of miniature remote sensing instruments to
monitor pollutants and greenhougas emissions from space. Argusswaunched

on aboard Canx2 micro-satellite on the 28th of April 2008 as part of a technology
demonstration mission. Operating in the near infrared and -wi@&iing mode,
Argus is able to provide an efficient capability for the pollution monitoring ofhEar
based sources and sinks of anthropogenic pollution. It has 136 channels in the near
infrared spectrum 0.9 1.7 um with a spectral resolution of 6 nm and an
instantaneous spatial resolution of 1.4 km at 640 km orbit. The instrument is a
demonstrator fora future micresatellite network that can supply neeal time
monitoring of pollution events in order to facilitate the monitoring of climate
change. In this thesis a description of the instrument, itwhkit performance as

well as a preliminary retval of space data, based on our theoretical and laboratory

calibration programs, are provided and discussed.
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1.0 INTRODUCTION

Climate change caused by humativity, is one of the most significant issues
facing the global society today. As the world plgpion increases rapidly and the
technologydriven global economy becomes progressively more industrialized, we expect
that the pace of humanduced modifications to our climate to be accelerated further. As
a consequence, many countries are beginningiptement climatecontrol policies and
legislation aimed to curb anthropogenic effects on the environment through initiatives
such as carbeoredit taxation. An important prequisite for both policy debates and
sound scientific models is an accurate ed@ination of the origin, impact and

concentration of atmospheric constituents, linked to climate change.

™

Fig. 1. The industrial sources of atmospheodution.

[http://www.green.in.msn.com/environmentalthrgats



http://www.green.in.msn.com/environmentalthreats

The effect of human activities on the atmosphere is severe and must not be
underestimated. Before the industrial revolutitme CQ content in the air remained
relatively stable for thousands of years. Current levels of primary greenhouse gases are
unprecedented in the past 400,000 years [Bousgjuat, 2000]. Largescale industrial
activities release large quantities of ggslirectly into our air where they become rapidly
wel | mi xed i n the atmosphere modifying t
atmosphere [Chamast al.,2001].

Solar energy in the visible (and to a lesser degree, in the IR wavelengths) is the
primay source of radiation absorbed by the
emitted as IR radiation and in turn, partially absorbed in the atmospherease in the
concentration of gases with strong infrared absorption features are of particulamnconce
as they disrupt the natural radiative balance and cause the climate system to retain excess
solar energy, inducing the phenomenon of global warming.

Among all the gases contributing to global warming, carbon dioxide i€0
arguably the most importangas directly associated with anthropogenic activities.
Therefore, te monitoring of this gas frompace in the near infrared region, where its
absorption featuresan be clearly detected, isnatter of scientific importance. Fig. 1
shows the industrial soces of atmospheric pollution from Mandi Gobindgarh, Punjab,
India, while Fig. 2 indicates the increase of carbon dioxide in the atmosphere in last 50
years as recorded at Mauna Loa Observatory in Hawaii under the supervision of Charles

David Keeling. Ths graph is calledhe Keeling Curveand it shows a secular upward



slopein the variation in concentration of atmospheric,@th superimposed biosphere

breathingKeeling and Whorf, 2004].
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Fig. 2:  Monthly mean atmospheric carborogide at Mauna Loa Obsvatory,

Hawaii, a 50year history of atmospheric G@uildup [NOAA Earth

SystemResearch Laborato010]:
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The Argus 1000 is a micyspectrometethathas been developed to record space

basd measurements of reflected solar radiation in order to monitor radiation absorption

by major atmospheric trace gases. The instrument is designed to operate in-17@®00

nm spectral range, where these species have strong absorption spectra inahis regi

Argus 1000 has spectral resolution of approximately 6 nm. Within its speeingke are

gases including carbon dioxide (@Omethane (Ck), oxygen (Q) and water vapor



(H20) have infrared emission features. Using radiative transfer modeling anidswiith

km spatial resolutiorfrom 640 km orbit Argus has also the capability to infer local
atmospheric composition in order to locate sources of gas emissions and pollution events.
The first flight of Argus was on April 28, 2008 on board of the G&wsdacecraft. CanX

2 joinedSCISAT-1 in orbit as one of only two Canadian spacecraft to carry atmospheric
science packages into orbit over the past forty years. Other Argus 1000 instruments are
slated for launch in 2011 & 2012. The Ca@Xnission and Argus strument teamvas
awarded the Alouette Award by the Canadian Aeronautics and Space Institute on May,
2010. The further development of similar space instrumentation is currently underway in
our research laboratory. The Argus 1000 instrument is now avadabimercially from

Thoth Technology Inc. and further flight units have been sold to clients in Europe and

Asia.
1.1 Research Objectives

The objectives of my research program are:

1 Investigate the effectiveness of the current design of the Argus 1000- micro
spectrometer.This was accomplished by building and testing the pilabt and
flight models in the laboratory, and analysis of actual instrument observations during
spaceflight. An important goal for this project has been to make the size of the
instrument very small (miniaturize), while maintaining an optimal wavelength range,
adequate spectral and spatial resolution, and relatively low net power consumption.
[A comparison of Argus optical parameters with contemporary instruments in given

in section 2.2].



1 To providea technical point of contact and Argus instrument specialist for the-CanX
2 mission and coordinate Argus team activities.

1 To test and validate the effectiveness of the-toass spectrometer hardware and
associated electronics.

1 To calibratethe Argus instrument using different calibration processes including
laser, radiance and environmental certification.

1 To record an orbital data set that is sufficient to validaterbit performance and to
provide a data set for the further developmertastiware designs and concentration
retrieval tools.

1 To develop a process to support command Argus observations, instrument settings
and to assimilate Argus observations into-tated data product.

1 To compare initial space results with those from otheasurement platforms and in
comparison with a linear path retrieval algorithm.

1 To provide preliminary retrieval results of neanface greenhouse gas concentration
measurements for the detection of pollution plumes from-scgke industrial and
othe processes.

1 To provide a means to generate future experimental inputs for Global Climate Models
used to simulate various climate change scenarios and ultimately to assist in the

development of a method of validating climate control policy.
1.2 Thesis Or@nization

The structure of this thesis is as follows. Chapter 1 provides an introduction to the

Argus instrument and this thesis. In Chapter 2 we include a comparison with other space



borne instruments and an overview of CahXsatellite, along with measament
objectives of the spectrometer. Chapter 3 describes the ebgtical design of Argus

1000 and its interfaces. Chapter 4 describes the methodology of laser and radiance
calibrations and the procedures developed for vibration and thermal vacuung. {Eis
chapter also describes the methods forlgeation of Argus data. A linear path retrieval
process developed using the GENSPECT radiative transfer code is discussed iarthe lat
part of chapter 4. Chapter 5 describes the results for Argussp@@frometer: results of

laser and radiance calibration, laboratory eskpents with a gs cell and observations

from space, and retrieval of trace gas concentrations using the radiative transfer code.
This chapter also reviews the overall flight perforceamf Argus and an analysis of
performance errors. A brief comparison with results obtained by GOSARNother
satelliteborne instrument operating approximataly the same spectral region is

provided. Concluding remarks are given in Chapter 6.



2.0BACKGROUND

Theaverage composition of the atmosphere up to an altitude of 25 km is shown in
Figure 3 as a pie chart (left), and with the composition of trace species shown in
expanded bachart form (right panel). The mostoundantgasin the atmospheresi
Nitrogen followed by Oxygen The main target gases contributing to the greenhouse

effect,H,O andCO, are considered in the thesis [Wallace and Hobbs, 2006].

Other Gases

Ar COZ Ne He CH4 H2Z N20 O3

Fig. 3: Major components of air on Earth by volume (left) with other trace gas
compositionexpandedand shown on a log scale (right) [Wallaaad

Hobbs, Atmospheric Science, An Introductory Survey, 1997].

It is commonly agreed that anthropogenic activity is impacting radiative forcing
and changing and warming the climate [Conwéal.,1999and Coxet al.,2000]. Prior
to the start of the industrial revolution in the rAli8th century, the atmospheric
concentrations of greenhouse gases were relatively stable for roughly one thousand years;
since that time the concentrations have increasedh ainprecedented rate. Carbon

Dioxide levels, for example, have increased by 0.4% by volume annually, with
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concentrations now exceeding 30% of-préustrial levels. One effect of these increases

has been an atmospheric wa&Ctm0.8°Qsinaetthetatee Ear
19th century [Intergovernmental Panel on Climate Change (IPCC), Climate Change
2007]. Paleoclimatic analysisnade for the last one thousand years indicates that the
magnitude of 20titentury warming exceeds that of any centuryirdy this period of

time. The completion of drilling on the Vostok ice core in central East Antarctica reveals

that present levels of Gnd CH are unprecedented in the past 420,000 years gEox

al., 2000]. Arctic sea ice is being reduced in thicknasha rate of approximately 4 cm

per year since 1958, and the low to mid troposphere has warmed by about 0.1°C per
decade.

With a total volumanmixing ratio of less than0.1% by volume (in dry air),
greenhouse gases have aatonbudgeli. Greehhouseodases i n
absorb and emit infrared radiation in the
radiation in the environment and elevating the surface temperature. Without greenhouse
gases in our atmosphere, the expected mean gkybpktrature near the surface would be
around-19°C instead of current +14°C [Engelenal.,2001]. An increase in greenhouse
gases causes even more infrared radiation to be tragpetdesulting in substantial
temperature increase in the surfacgosphdc region. For example, doubling of
atmospheric C@concentrations (forecast to occur before 2050, assumed value) produces
a positive forcing of approximately 3.7 Wimcompared to the current estimate of
Radiative Forcing (RF) of 1.66 +0.170 Whfor a 205 concentration 6387 ppm [IPCC

2010, Chapte? | . A summary of these gasesd abur



presented below in Table 1. Assuming a planetary system in equilibrium with no net gain
or loss of the energy to space, the Earth would rieedarm by 1.2 °C in order to
accommodate this change [Engeksnal., 2001]. It is very likely that the actual effect
would be greater [Yang and Wan, 2010]. Climate change prediction is complicated by
feedback and nehnearities; the spatial distributionf forcing mechanisms is highly
inhomogeneous [Friedlingstegt al., 2001; Coxet al.,2000; Dufresneet al.,2002]. A
complex and poorly understood coupling also occurs between the atmosphere and the
land surface. The relative importance and risks dirapogenic emissions can be better
understood using the concept®lobal Warming Potential (GWR) a simplified index
which describes the radiative impact per unit mass of a greenhouse gas compared with
CO, over a specified time frame.

Table 1: Abundare, radiative forcing estimates since 1780 (15%acertainty in

total forcing) and projected additional forcing by2050 (IPCC SRES

Alb scenario), trend per year.

Gas | Pre Current Increase | Current Additional | Trend per
Industrial level since 1780 Forcing forcing Dby| year
Level 2050

co, 280 ppm | 387 ppm | 107 ppm | 1.46 W/nf | 1.9W/m? | 1.46ppm

CH, 700 ppb | 1775 ppb| 1075 ppb| 0.48 W/nf| 0.22W/m?| 7.0ppb

N,O 270 ppb 320 ppb 50 ppb | 0.15W/nf| 0.1W/m? 0.8ppb

Retrievals from spaebased remote sensing instrumemtathave the potential to

overcome the limits including spatial coverage and local heterogeneity of a surface



network of inrsitu measurements [Olset al, 2004]. However, the retrieval of a leng
lived and therefore welhixed gas such as G@ challengiig, because only relatively
small variations in the concentration distribution may contain the necessary information
on potential surface sources and sinks [Reeteal, 2009]. Several sensitivity studies
have evaluated the improvement in carbon flux iisims that would be provided by
precise, global spadesed column COdata [Dufour and Breon, 2003; O'Brien and
Rayner, 2002; Palet al, 2001; Rayneret al, 2002; Schneisingt al, 2008]. The
consensus of these studies is that satellite measuremahtprecisions less than 3.0%

will reduce uncertainties in GGsources and sinks due to uniform and dense global

sampling [Milleret al, 2007 Zhiminget al, 2002].

2.1 Argus 1000 Measurement Obijectives

The Argus instrument provides a means to makesoreaents of upwelling
radiation reflected to space by the Earth and atmosphere. Reflection spectra of sunlight
from the Earthés surface contain signific
molecular absorption of radiation by particular gas spdbi@scan be used to infer the
composition of the intervening atmosphere [Quine and Drummond, 2001]. Argus 1000
records the NIR signature of the surfageoposphere amounts of the significant
greenhouse gases carbon dioxide fCénd water vapour (D) in order to monitor
anthropogenic pollution and to identify significant sources and sinks in the atmosphere
[Houweling et al, 2005]. Methane (Ckj, Nitrous oxide (MO), carbon monoxide (CO)
and hydrogen fluoride (HF) species also have absorption featutieis ispectral region

of 1000 nm to 1700 nm, however they are relatively weak. The instrument operates from
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space to record IR spectra of reflected solar radiation using a linear photodiode array that
records the incident radiant energy. The measured apeatr be compared with IR
absorption signatures obtained by linear path forward modeling of the atmospheric
absorption process for various concentrations of absorbing species. In the absence of
saturation or scattering effects, the amount of absorptioandspon the density of the
absorber gas along the path. Therefore the primary measurement objective of the
instrument is to observe any changes in optical depth, associated with the variation of the
following atmospheric gas species in the spectral inkte9981700 nm (11,115,882
cm'b). Table 2 shows the observed absorption in this spectral range and their typical
absorption strengths.

CO, is widely considered as the main anthropogenic greenhouse gas despite
speculations and uncertainties of its ndtwlabal sources and sinks [Shimadaal.,
1999]. In order to reduce such uncertainties, accurate measurements of atmospheric CO
concentration can be used as input for models [Ragtal, 2001]. Currently, there are
several satellite instruments inbdtrable to detect atmosphedoncentration of C® The
High Resolution Infrared Radiation Sounder (HIRS) [@aal, 2005], the Atmospheric
Infra Red Sounder (AIRS) [Pagamb al, 2003], and the IASI [Matricarét al, 1999]
perform CQ sensitive measements in the thermal infrared (TIR) spectral region

[Rozanovet al, 2006].
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Table 2: Species observed by Argus

Observed Target Gas | Absorption wavelength and
typical peak absorption Comments
strength
1240 nm(102° mol. cm®)
CarbonDioxide (CO,) 1420 nm(lO'21 mol. crriz) 1600 nm features are we
1570 nm(10%* mol. cmi?) isolated
1600 nm(10%* mol. cmi®)
Water(H,0) 900nm(10*" mol. cni®) Dominant IR absorber
1200 nm(10%* mol. cmi®) 900-1700 nm
1400 nm(10™ mol. cmi®)
Carbon Monoxide (CO) | 1630 nm(10“° mol. cni®) Hard to observe due to
abundance in this spectrd
band
Methane (CH,) 1660 nm(10°° mol. cri®) Hard to observe due to
1700 nm cut off
Oxygen(0,) 1260nm (10°* mol. cni®) Very strong absorption
due to Q abundance

These instruments do not detect reflected solar radiation. Instead, they are

designed to

coll ect t he

t her mal radiati on

The ability of the instruments to detect the thermal radiationbeaadvantageous since

the thermal radiation data can be obtained not only atidesybut also at nighime.

However, the technique based on detection of the thermal radiatioa masber of

disadvantages including insufficient sensitivity in the lowerposphere where the

strongest signals from the sources and sinks are typically expected and a sensitivity
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outside the spectral range where the bulk of energy transfer occursefM&02004].
Advantageously, the sensitivity of instruments measuringaeftl solar radiation in the
NIR/shortwave infrared (SWIR) spectral regions are more correlated (with atmospheric
density) and, consequently, show maximum sensitivity near the surface [Ktahg

2002]. Instruments utilizing NIR/SWIR measurements tosusacarbon dioxide include
Argus, SCIAMACHY and TANSO at GOSAT are discussed in the following section.
Theoretical absorption spectra are computed recursively for each observation scenario by

line-by-line radiative transfer code and will be discussed lat€hapter 5
2.2 Review of Trace Gas Measurements from Space

In this section, we briefly review observations of trace gases from space using
infrared absorptio and emission measurementd. majority of nadirviewing
atmospheric sounder missions (ptior2003) were not programmed to specifically detect
the neafinfrared (NIR) emission signatures of greenhouse gases such as CO
Consequently, these instruments were unsuitable for the observation of gas abundances in
the surfacdo-lower troposphere regioat a surface resolution required to identify
polluters [Gottwalckt al.,2006].

2.2.1 Remote sensing instruments beyond Argus spectral range

GOME (Global Ozone Monitoring Experiment on board Europe Remote Sensing
Satellite2, 1995) made measurementsnir®40790 nm in order to recover NQOQOs;,
CH,O, SQ and HO columns with vertical resolutions approximatetg &m. MOPITT
(Measurements Of Pollution In The Troposphere) [Drummendil., 1993] records

pressuremodulated TIR spectra in order to recover @Ofiles at a surface resolution of
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20 km [Drummond and Mand, 1996anadaé6és MAESTRO ( Measuren
Extinction in the Stratosphere and Troposphere Retrieved by Occultation) consists of two
independent spectrometers, one measuring UV and vigbtgra from 280 to 550 nm at

1 nm resolution, the second measures visible andIRegpectra from 525 to 1010 nm, at

2 nm resolution. MAESTRO retrieved concentrations of atmospheric species such as
Ozone, NO2, OCLO, BrO etc. with a typical accuracy ofrapimately 1020% for each
species. TES (Tropospheric Emission Spectrometer, AURA satellite) 2@ploys a
Fourier Transform Spectrometer and MCT detector to record spectral3200 nm and
measure$l,O, CO, CH and Q profiles at a spatial resolutiori 8.5x5 km. OMI (Ozone
Monitoring Instrument, also eboard Aura, 2004) measures near surface concentrations
of Oz, NO,, SO, BrO and other species to a surface resolution of 13 km from spectra 270
nm-500 nm. IASI (Infrared Atmospheric Sounding Interfereang[Phulpinet al.,2002],
records FTS (Fourier transform spectroscopy) spectra and retrieves G@nGHYO
integrated content at a surface resolution of 10x10% kMIPAS (Michelson
Interferometer for Passive Atmospheric Sounding) is a -hegblution instrument
designed to measure concentration profiles of atmospheric constituents on a global scale
[Burkert et al.,2007]. MIPAS is a limb emission sounding instrument operating in the
spectral region between 4150 nm and 14600 nm with spectral resait635 cnit.

MIPAS measures a series of emission spectra from different tangent heights. The main
target gases for MIPAS are3OCH;, N,O and HNQ plus 20 other species. MAPS
(Measurement Air Pollution Satellites) instrument measured carbon monoxeélg ilev

the troposphere. MicroMAPS, a successor to MAPs, but intended to observe over a
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longer duration, is a gas filter correlation radiometer capable of detecting trace
atmospheric gasses by remotely sensing their infrared (IR) absorption characteristics
[Walberg et al, 1999. MicroMAPS is based on a commercial instrument called
GASCOFIL(GAS COrrelation FILter) developed by Resonance Ltd. for pollution
monitoring. The method can be used to detect a number of trace species (incluging CH
SO, and NQ), with the current version of MicroMAPS able to detect &@ NO from

a nadir viewing airborne or orbital platforms.

2.2.2 Remote sensing instruments within Argus spectral range

Fig. 4 shows the various space instruments working in the spectral region of 900
nm to 1700 nm where CQand other species may be observed. AIRS is one of six
instruments flying on board NASAGO6s Agqua
measures tracgreenhouse gases such as ozeaebon dioxide, and methane [Paganho
al., 2003] It retrieves C@in thermal infrared (TIR). Its spectral resolution isi@ Eni*
and spectral range is 40@00 nm and 37035384 nm [Barkleyet al., 2006b]. The
Advanced Very High Resolution Radiometer (AVHRR) is a sgam®e sensor that is
embarked b the National Oceanic and Atmospheric Administration (NOAA) polar
orbiting platform (POES)The AVHRR instruments [Pricet al., 1984] are capable of
measuring the reflectance of the Earth in 5 relatively wide spectral bands: the first two
are centered aund the red (600 nm) and neafrared (900 nm) regions, the third one is
located around 3500 nm, and the last two sample the thermal radiation emitted by the

planet, around 11000 and 12000 nm, respectivigig. first AVHRR instrument was a 4
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channel bagkradiometer. The latest version acquires the data in a 6th channel located at
1600 nm [Atkinsoret al., 1997].

Near Infrared Spectrum

AIRS
ARGUS 1000
AVHRR
GOSAT |
czcs HH

MODIS Low Res.
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MODIS High Res.
(250 m , 500 m)

oco M I
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300 200 1000 1100 1200 1300 1400 1300 1600 1700
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Fig. 4: Near Infrared space instruments (see text for source / references of
estimates).
Moderateresolution Imaging Spectroradiomet@ODIS) was launched into
Earth orbit by NASA in 1999 on board the Terra [Bareesl., 1999] Satellite, and in
2002 on board the Aqua (EOS PM) satellite. Measurements were made in 36 spectral
band ranging in wavelength from 4@0n to 14100 nm at varyirg spatial resolutions (2

bands at 250 m, 5 bands at 500 m and 29 bands at 1 km). These two instruments were
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designed to provide measurements of lesgale global dynamics, such as changes in
Earth cloud cover, radiation processes occurring over the qgceanand, and in the
lower atmosphere. Three dmoard calibrato® a solar diffuser combined with a solar
diffuser stability monitor, a spectral radiometric calibration assembly, and a blaégkbody
are capable of providingflight calibration.
Another plamed carbon dioxide observing miespectrometer was OCO
(Orbiting Carbon Observatory) [Vijagt al.,2007], which was planned to measure within
the same NIR spectral region. Unfortunately, the satellite launch was not successful as
the spacecraft and itapload were lost shortly after htiff on 24 February 2009 [Crisp
et al.,2004]. The spectral range for OCO is 78160 nm with three spectral channels
[Chevallieret al.,2007]. The specified field of view is 14.6 mrad and spectral resolution
specified $ 20,000 which equivalent to 0.08 nm at 1600 nm. The measurement objectives
of OCO are very similar to that of Argus; however, these instruments observe three
specific bands only where as Argus observes the entire spectral range but at lower
spectral resaition. There is a plan to 4aunch OC@2 in February 2013. OGQ will
also operate in three specific NIR wavelength bands to observe the weak and stsong CO
bands as well as the;@-band. The weaker Gand (15901621 nm) is most sensitive
to the CQ concentration near the surface. The strong 6&hd (20412081 nm) provides
a second and independent measure of thga®Ondance. The OA-band (757772 nm)
will provide the required absorption measurements and a proxy measurement of pressure.
Seaviewing Wide Fieldof-view Sensor (SeaWiFS) is the scientific instrument on

GeoEye's OrbView2 (AKA SeaStar) satellite that was a follem experiment to the
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Coastal Zone Color Scanner on Nimbus 7 [Wah@l., 2005], launched on August 1,
1997 on an Orbital Saees Pegasus small #munched rocket. SeaWiFS began
operations on 18 September 1997. It has eight spectral band ranges fra008#m.
SCIAMACHY 1 SCanning Imaging Absorption spectroMeter for Atmospheric
ChartograpHY is a passive remote sensing spauieter observing backscattered,
reflected, transmitted or emitted radiation from the atmosphere and Earth's surface
[Burrows et al., 2000]. While SCIAMACHY was not designed to retrieve 8@th the
precision and accuracy needed to enhance our knowledy# sburces and sinks by
inverse modeling [Houwelinget al, 2004], it still has the ability to measure £0
concentrations to a precision of less than 4% utilizing a Full Spectral Initiation Weighting
Function and Modified Differential Optical Absorptiopé&troscopy (FSI WFMDOAS)
algorithm [Barkleyet al.,2006band 2007. SCIAMACHY makes low spectral resolution
measurements over a wide wavelength range between 240 to 2380 nm. The spectral
resolution for 7th spectral band in the infrared region (@080 nm) is 1.48 nm. The
instrument flies on the board ENVISAT that was launched on March 1, 2002. The
primary goal of SCIAMACHY [Buchwitzet al., 2004] was the global measurement of
various trace gases in the troposphere and stratosphere retrieved fromazbéarce and
Earthdés radiance spectra. The | arge wavel
determination of aerosols [Gottwadd al., 2006]. SCIAMACHY recorded nadir spectra
in bands at a horizontal resolution of 30%amd provides near real tarH,O, NO,, CO,
N>O and CH profile data [Buchwitzt al.,2005a and 2005b].

TANSO (Thermal And Near infrared Sensor for carbon Observation) aboard
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GOSAT (Greenhouse gases Observing SATellite) launched on January 23, 2009, from
the Tanegashima Space Cert€uze et al., 2009]. The GOSATI( is also referred in
Japanese as Ibuki that means "breath" or "Vitality") [Yolattal., 2009]. GOSAT is
used to measure the densities of carbon dioxide and methane from 56,000 locations on
the Earth's atmosphere [Yokotet al., 2005]. GOSAT flies at an altitude of
approximately 666 km and completes one revolution in about 100 minttess
developed by the Japan Aerospace Exploration Agency (JAXA). It is a Fourier
Transform Spectrometer (FTS) with spectral resolutib@.2 cm' and spectral range for
second spectral band which measures 85631920 nm. Over all 2 FTSs cover the
wide spectral range from 766000 nm. The instrument measures interferograms of
solar shorwave infrared spectra reflected from the gmduand the atmosphere. The
interferograms are transformed with the fast Fourier transformation (FFT) algorithm into
spectra, which include the signatures of major greenhouse gases [HaetadgR005].
Results are intended for use in tracking gasesrgtise greenhouse effect.

Argus, SCIAMACHY and TANSO are currently the only orbiting instruments
measuring NIR radiation with sufficient spectral resolution for, @&rieval. TCCON
(Total CarborColumn Observing Network} a network of grounttased FBs recording
direct solar spectra in the ndafrared spectral region [Deutschet al., 2010]. This
ground based instrument provides an essential validation resource for the space bound
instruments. Its spectral range is 1100 nm to 2500 nm with spesgrdlition 0.02 cim.

Table 3 shows the basic parameters of the space instruments. Approximately 100
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times smaller than other instruments, Argus 1000 is the lowest mass, lowesspaa&r

instrumentation package that damused for location determinatioof CG polluters.

Table 3: NIR Space Instruments and their basic parameters.

Spectrometer
SCIAMACHY AIRS Argus 1000 TANSO- 0CO-2
Parameter FTS (planned)
Satellite ENVISAT-1 AQUA CANX-2 GOSAT 0OCO
Spatial
resolution 30x27- 30x240 13.5 1.4 05711 1.291 2.29
[km]
Field of view crosstr. +35°
0.045° x 1.8° + 49.5° 0.125° alongtr.+20° 0.8°
Spectral
Range[um] 0.21 24 0.4-1, 0.9i1 1.7 0.758i 14.3 | 0.761 2.06
3.74 154
Size[m’] 1.8x0.9x1.0 1.4x1.5%x.76 | 0.05x0.06x0.08 | 1.2x1.1x0.7 | 1.6x0.4x0.6
Mass[kg] 200 156 0.228 250 150
Power[W] 175 256 2.3 310 165
York ABB Hamilton
Developer Alcatel Space BAE Systems | University/Thoth | Inc/JAXA Sundstrand
Industries Technology Inc. Sensor
Study the Measure
Measure CQ Measure HO | Detect and study| transport atmospheric
Subject of Detect cloud vapour CO,, H,0, B, & | mechanism | CO,
interest system structure | profiles CH, of CO, &
& aerosols CH,

Table 4 shows the characteristics of the satellites carrying these space borne

spectrometers shown above in the Table 3. The mission duration expectation of the

satellites varies betweenrl® years.
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Table 4: Characteristics of the space satellites carrying NIR instruments.

Satellite
ENVISAT-1 | AQUA CANX-2 GOSAT 0OCO-2
Parameter
Mass|[kg] 8140 2850 3.5 1750 460
2.12 m long
Dimensions | 26x10x5 n? | 2.7x2.5x6.5 n? | 0.1x0.1x0.34 nf | 2.0x1.8x3.7 n? | by 0.94 m
diam.
hexagonal
Hamilton
Developer | EADS TRW Space & | UTIAS Inc/JAXA ABB | Sundstrand
Astrium Electronics Senso
Group Systems
Expected
mission 8 5 6 6 6
duration
[yrs.]
Estimated ) )
cost of 230,000,000| No data 300,000 390,000,000 300,000,000
mission A A
[CAD]
Flight 1 flight 1 flight 1 flight 1 flight None
heritage
Orbit sun sun sunsynchronous | Sun sun
synchronous synctronous synchronous synchronous
polar orbit circular orbit polar orbit

ASee text for source / references of estimates.

Argus 1000 being very light, small and simple in electronic design aims to

achieve an operating lifetime of more than @rgein space. In comparison with other

instruments, this table clearly indicates that CG&nand Argus have significantly reduced

mass, cost and power requirements over other technologies currently deployed in space.
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2.3 Argus 1000 Instrument Design

Openting irntorbit on the CanX2 satellite, Argus serves as a working prototype to
monitor surfacdroposphere amounts of significant greenhouse gases, including carbon
dioxide (CQ) and water vapour (#®) in order to monitor anthropogenic pollution and to
identify significant sources and sinks in the atmosphere. Argus is designed to make nadir
observations of the surface at the saltellite point, scanning the Earth with an
instantaneous surface resolution approximatedykm., advancing at a ground speed of
7.5 kms* as the spacecraft orbits the Earth. The instrument operates in tH& rizard
in the 900 nm to 1700 nm range of wavelengths. These characteristics enable the
identification of precise location of the pollution sources and their local varsathrgus
includes a detector array of 1 x 256 elements that is actively cooled. Each pixel has a
radiometric resolution of 12 bits with exposure time ranging from microseconds to
seconds for data recording.

Argus is a nad#ipointing instrument locatednothe spacecraft face oriented
towards Earth. A schematic of the Argus pointing geometry is shown in Fifheb.
Argus 1000 looks downwards in the nadir direction, measuring radiation that leaves the
atmosphere in the local vertical. While occultation éinth-view techniques typically
offer better vertical resolution, the advantages of a-bigface resolution nadir view are:

1) Lower probability of cloud contamination because of small footprint and shorter
atmospheric path.
2) A precise horizontal spatial r@sition.

3) Enhanced sensitivity to absorption by the lower atmosphere (below 5 km).
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Fig. 5: Argus Observation Geometry for Pollution Detection.
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microcontroller that controls the device ngponents and acquires the spectra. The

command interface accepts commands via prime and redundant serial interfaces; spectra

and engineering data are delivered via the same interface.

The instrument consumes a relatively low power of only 1.3 W and osntai

internal power isolation and regulation. Argus employs a triplet lensofaies to
discriminate IR radiation onto a spectrally diffracting grating element. Then the signal is

focused onto dinear InGa.xAs photodiodearray with 256 highguantum efitiency

pixels. The instrumentds optical configura
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Fig. 6: Argus design functional diagram showing the various components: optics
(blue), hardware layer (tan), driver layer (red), software layer (green), and

groundsystem edctronics (yellow) [Thoth Technology. Inc., 2010].

This array represents a hybrid ofiGa.xAs and CMOS actiwpixel readout
electronics where the pheturrent is buffered, amplified, and stored. The video channels
are differentially sampd in a form of double correlated sampling, which enables the
detection of radiation emitted by a 1.56 %surface tile to high precision. An order filter,
positioned after the fore optics, prevents the visible radiation (below 900 nm) from
entering the gectrometer chamber. The instrument functions as a quantum detector,
measuring directly spectrally filtered incident radiation and converting photonic flux into
electrical charge in a higéfficiency process that conserves eneldpylike other methods

suchas Fourier Transform Spectroscopy, the instrument can be calibrated to provide
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Table 5: Argus Spectrometer Specifications (Argus Owners Manual).

Argus 1000 Specifications
1. Optics Grating spectrometer
2. Configuration Single aperture [spectrometer]
3. Field of View 0.125° or 2.18 mRad viewing angle around centered camerasigbritewith

15mm foreoptics
4. Mass 228 ¢
5. Accommodation 40 mm x 50 mm x 80 mm (base x height x length)
6. Operating -50° to +50°C

Temperature
7. Survival Temp -70°to +70° C
8. Detector 256 element InGaAs diode array with Peltier cooler
9. Grating 12 mm3 12 mm plane gratings, 300 or 600 groves/mm
10. Spectrakesolution 6 nm
11. Electronics 8-bit microprocessor with it ADC, 3.64.2V input rail 250mA1000mA
12. Operational Modes 1 Continuous cycleconstant integration time
1 Continuous cycle, adaptive exposure
1 Single shot

13. Data Delivery Fixed length parity striped packets of single oraclwed spectra wit

sequence number, temperature, array temperature and operation paran
14. Integration Time 200ps to 6.458 s
15. Calibration Five-wavelength laser calibration and radiance calibration
16. Volatiles Less than 0.1% volatile internals by mass
17. Exposure Cleanrroom class 10,000 or better recommended. Class 1,000 requirg

Environment optical or internalnspection.

18. Vibration Launch: 7.59, random and 1 sinusoidal, 2e€2000Hz
19. Handling Factory shipping in double bagged, nitrogéinenclosure
20. Signal to Noise Ratigl 120:1
21. Dark Noise 11 RMS counts
22. Power Consumption | 2.4 W (max)
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measurements of absadut r adi anc e. The instrumento6s det

Table 5.

2.4 Small is beautiful!

Miniaturized satellites are spacecraft of unusually low weights and small sizes,
typically under 500 kg. While all such satellites can be referred to as satellites,
different classifications are used to categorize them based on masst @a2009):

1. Mini-satellite (100500 kg)

2. Micro-satellite (10100 kg)

3. Nanesatellite (110 kg)

4. Picosatellite (0.11 kg)

5. Femtesatellite (0.010.1 kg

As the potential uses of nanosatellites increase nanosatellite missions will become
a growing part of exploitation of space. Nanosatellites are now developed to carry science
payloads, communications and tracking networks, or demonstrate the cagadilitew
technologies on orbit.tlea p p e a | of a nanosatelliteds cap
program duration and ultimately cost. Small satellites are specified asefiioiknt,
productive and promising. Larger satellites usually use monoprofsela bipropellant
combustion rockets for propulsion and attitude control; however, these systems are
complex and require spacecraft volume and surface area to dissipate heat.

Micro/nanosatellites use typically electric propulsion, compressed gas, \&periz
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liquids such as butane or carbon dioxide or other innovative propulsion systems that are
simple, cheap and scalable.
Microsatellites use conventional radio systems in UHF, VHF, tharfsl and X

bands. These systems are often miniaturized using mp#te-date technology as
compared to larger satellites. Tiny satellites such as nanosatellites and small
microsatellites may lack the power or mass for large conventional radio transponders but
various miniaturized or innovative communications systems haea proposed, such a
laser receivers, antenna arrays and satétlisatellite communication networks that will

likely mitigate communications issues in future

Fig. 7: Satellites flying in formation [Source UTIAS].
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In common with larger space sub®yss, electronics still needs to be rigorously
tested and modified to be "space hardened" or resistant to the outer space environment
(vacuum, microgravity, thermal extremes, and radiation exposure).

Miniaturized satellites allow for the opportunity totteew hardware with reduced cost

in testing. Furthermore, since more overall risk can be tolerated in an inexpensive
mission less spagaroven technology can be incorporated into micro and nanosatellites
than can be used in mutdrger, more expensive miess with less appetite for risk.

Miniature space systems can also perform experiments that larger single platforms
cannot. A group of small satellites flying in formation, such as those shown if,Fig.
have several geometrical viewing compared with wiemiorming the same mission over
a single, larger satellitéeThe loss or failure of a single satellite in the cluster network
system does not terminate the entire mission. Furthermore, the individual inexpensive
satellites in a constellation of satellitesn be replaced over time by gradual upgrading
the system. It should be noted that the most substantial advantage is the cost savings
made feasible by fAmass producingodo the sat e

out the norrecurring engineeringosts [Sardat al.,2006].
2.5 CanX-2 (Canadian Advanced Nanosatellite eXperimenrg)

In addition to Argus 1000, the CarXnanosatellite includes a GPS occultation
experiment, an advanced materials experiment, and technology demonstrations of new
space communication protocols [Sardat al., 2006]. The CanX2 spacecraft has
dimensions 10x10x34 cinwith mass of about 3.5 kg. The spacecraft bus employs an Al

6061T6 traybased design to simplify assembly and integration. Fig. 8 shows the
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overview of CanX2 bus and location of its various devices. Most subsystems are directly
mounted to a tray, as are most of the body panels that enclose them. Externally, four
aluminum rails act as contact surfaces with a deployment system including a CubeSat

deployer or arKPOD (X-Picosatellite Orbital Deployer).

UHF Antennas (2 of 4)

Magnetometer /

GPS Receiver

Li-Ion Battery
Momentum Nanowheel
GPS Antenna\

Materials Science
Experiment

2 ,',
k S-Band Patch
W Antennas (1 of 2)

Pavload OBC

Main OBC

¥ Sun Propulsion  Atmospheric
Sensor  Systemn Spectrometer

Fig. 8: Overview of the Can® bus and devicetations (image credit: UTIAS
The power on Can® is supplied by 22 surfagaounted triplgunction GaAs
solar cells providing nearly 5W on an average that depemdspacecraft orientation.
There is a single 3.6Ah lon battery to store electrical energy. An unregulated satellite
power bus operates nominally at 4.0 V. When Argus is turned on, it consumes
approximately 330 mA of current corresponding to\W.3Power is transferred from the
battery and solar cells to Argus through switches on the spacecraft power board. The

Argus team communicates with the instrument via scripts that the spacecraft apparatus
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upload from the ground. The script turn on the spectramietiethe On Board Computer
(OBC) to start logging data, configure the spectrometer to the command settings provided
by Argus team, and turn off the spectrometer at a specified time, and complete logging.
The data is stored in the computeBatic randm access memornySRAM) memory,

which is downloaded on the first available communications pass. The size of the files is a
maximum of 1Mbytes, which only takes approximately one minute to download at 128
kbits s*. The attitude control on CanXis determied by a suite of sun sensors and a 3

axis magnetometer. The mission attitude goals are to achieve both attitude determination
and pointing with an accuracy of +£10° and to maintain a pointing stability of +1°. Fig. 9
shows the both front and backend of & configuration in real time view during the

assembly process.

Fig 9: The front end view of engineering model Argus 1000 (pointed by arrow)

attached with Canx2 nanesatellite [Source UTIAS].
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2.6 Launch of CanXx2 Satellite

CanX-2 satellite vas launched on April 28, 2008 on a PSLV (Polar Satellite
Launch Vehicle) of Indian Space Research Organization (ISRO), from the Satish
Dhawan Space Centre (SDSC), Sriharikota, India (Longitude: 80&8ude: 13.73).

The primary payload on this flighvas CartoSaRA, a highresolution panchromatic

i maging satellite for Indiads military, de
was | SRO6s own flndianoVMiceosatellitdl)j of &3 kg, ih ad&ition to
eight other secondary payladThe secondary payloads consisted of the following
CubeSats or nanosatellites: CaBXof UTIAS/SFL; AAUSat2 of Aalborg University,
Denmark; COMPASS., University of Applied Science, Aachen, Germany; DE® of

the Technical University of Delft, The Nwefrlands; SEEDR of Nihon University,
Japan; CUTEL.7+APD2 of the Tokyo Institute of Technology (TITech), Japan; NTS
(Nanosatellite Tracking of Ships) of COM DEV / UTIAS/SFL, Toronto, Canada; and
Rubin8-AlS (7 kg) an experimental space technology misgibOHB-System, Bremen,
Germany.

The launch of the 8 nanosatellite payloads was executed under a commercial
contract between the University of Toronto, COSMOS International (a company of the
OHB Fuchs Gruppe, Bremen, Germany), and the Antrix Corporefi@angalore, India
(Antrix being is the commercial arm of ISRO). The location of the Garetd other

nanosatellite payloads are shown in Fig.10.
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PSLV-C9 Upper Stage

Fig. 10: The location of the CarXin the upper stage of the rocket [Source ISRO].

The upper stage whidghcludes CanX2, the final assembly of the rocket in Satish
Dhawan Space Centre, and the launch of the rocket, and the launch of the rocket are

shown in the Fig. 11 a, b, and c, respectively.
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Fig 11:(a) CanXx2 & NTS integrated along witthe rest of the small satellite to
the upper stage (image credit: UTIAS/SFL), (b) the final assembly of the
rocket in Satish Dhawan Space Centre, (c) the launch of the rocket, India,

on 28 April 2008 [Source ISRO].
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After the successful launch both Ca@Xand Argus 1000 were commissioned,
and the first full operations began in March 2009. On September 23, 2008, the first set of
scientific data was downloaded during the commissioning phase. Since then, the science
team at York University has been workimgth the spacecraft operators from Space
Flight Laboratory (SFL) atUniversity of Toronto Institute for Aerospace Studies
(UTIAS) to process the science data and the related spacecraft telemetry principally
measurement timing and spacecraft pointing irdeorto properly analyze the
spectrometer observations. The CahXpacecraft is in a 930 am Sun synchronous orbit
at an altitude of 640 knfjEaglesonet al., 2007]. This orbit was determined by the
requirements of the primary launch payload. However,dkalting orbit is near optimal
for Argus observations. A Sun synchronous orbit provides for consistent solar
illumination conditions with similar solar hour angles during the orbit. Argus data is
provided to us every three months for consecutive weekherinstruction of York
University Argus team. The orbital parameters of G&éfe given in Tablé.

Table 6: CanX2 Orbital Parameters

NORAD ID 32790

CanX-2 International Code | 2008021H

Orbit type Sun synchronous 0930
descending mode

Perigee 620.9 km

Apogee 641.3 km

Inclination 97.9°

Period 97.2 min

Semi Major Axis 7,002.1 km
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3.0 INSTRUMENTATION

Argus is a micrespectrometer with a mass 228 g and dimensions of 45x50x80
mm® [Quineet al.,2006], is shown in Figs. 12 (a) and 10 (b). The instrumeploys an
Indium Gallium Arsenide (fGa.xAs) infrared (IR) detector with diffractive optics. An
instantaneous field of view (IFOV) 2.18 mRad provides a high resolution pollution
mapping capability for this space based instrument. The device iscdupgiegrammable

Peltiereffectcooler that enhances noise performance.

Fig. 12: Argus 1000 Spectrometer: (a) actual and (b) schematic representations.
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3.1 Detector System

The detector array is a hybrid InGaAs and CMOS agtixel readout electronics
in which the photecurrentis buffered,amplified and storedaccordingto an idealized

schenatic shown in Fig.13.

VSS
;e
T L
j‘ RESET
S/H1
Light | % |
\\zll || | }_
] & T S/H2
L
VREF

Fig. 13. Principleof PhoteDetector CircuiOperation.
The readout process is clocked and triggered by the line responses shown in Fig.
14. In atypical application, VIDEO1 and VIDEO?Z are differentially sample@ &srm of
double correlated sampling using VSS and RESET lines. Two values of feedback
capacitor may be selected externally (the larger 10 pF value enhdyrcachicranges,
the smaller0.4 pF valueincreasesensitivity). The bard-gap reference voltagéREF is

setto 3.25 V by a built in regulator.To avoid transientsat the start of readout, the
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output amplifiers are clamped to a DEADPOT potential of 3.25V supplied by external

circuitry. LSYNC is generatedby the user,otherlinesaregenerated internally.

csenc [ L
RESET |

s

S/H2 |

VIDell

VILELZ i W B

Fig.14: Detectotine sequence.
Thetypical devicequantumefficiency of the raw detectas shownin Fig. 15. The array

has a quantum efficiency of more than 80% between 1000 nrb6&@dnm.

Cuantum efficiency[%]

1]
800 900 1000 1100 1200 1300 1400 1500 1500 1700 1800
Wavelength [nm]

Fig. 15: DetectorQuantumEfficiency (data from detector data sheet

37



3.2 Optical Design

As an instrument to measure nadir Earth emission from space, the design criteria
behind Argus included small size, mass, optical resolution and speatrgé,rand
budgetary considerations. The fundamental components of any spectrometer include an
entrance slit, a form of input illumination (in this case sunlight reflected by the Earth,
absorbed by atmosphere), a method for discrimination of differentrap&equencies
(for example a prism, etalon, diffraction or interference grating), and a method of
focusing radiation onto a detector or eyepiece.

The wavelength range of the Argus spectrometer was based on a desire to observe
at relatively high resolubtn (approximately 6 nm) Earth emission in tNéR. The
wavelength and resolution requirements limited our choices of gratings (for resolution:
lines per mm) and detectors. Gratings elements are given in units of lines/millimeter
(I/mm) or grooves/mm, whiclkletermine the resolution of the spectrometer along with
other factors such as focal length. The higher the I/mm value is the higher the resolution.
Our choice of grating type was dictated by desire to observe KO and Q. CO, has
an absorption at570-1580 nm and 16081620 nm, where other gases do not absorb.
CH, is a major absorber around 162675 nm, although this signal is contaminated
somewhat by C®and HO at 6 nm Carbon dioxide has three main vibrational bands in
the infrared centered at 41420 nm, 158A.620nm and 2242260 nm, but the 2240
2260 nmbandis outside the range of current Argus infrared sensors and therefore is not
considered here. The 140@20 nm band overlaps with the® main vibrational band

centered at 1400nm and theentribution to the observed spectral radiance makes it
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difficult to disentangle the concentration of £fom that of the other interfering gas.
The band 1580620 nm is used since there is no other significant absorption overlap
with CGO;in this region.The optical depth of a molecule depends upon concentration and
absorption crossection of the molecule. Fig. 16 illustrates the absorption -sesson

for CO, and Q with data taken from Rothmaret al., (2006) at 6 nm resolution for the

wavelength rangg from 900 to 1700 nm.
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Fig. 16: Absorption crossections for CQ and Q.
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Fig. 17 shows the absorption cressctions for HO and CH. Each atmospheric
species has a unique absorption cross section spectrum, which is used widely to identify

thespecies in atmospheric spectral measurements.
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Fig. 17: Absorption crossections for HO, and CH.

The spectral sensitivity to these ggecies is presented in Fig.18.
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S

Fig 18:Sensitivity of upwelling radiance to a 1% change in conceotraf the
species shown in the legend. The figure was constructed using an
atmosphere typical of June at 40N containing OO, N,O, CH, and
H,O at typical volume mixing ratios and isotope values owe0 km

altitude range. [Quine, B. M., privatermmunication).

4C



Trace gas species sometimes can be measured accurately with simppadsmnd
filter instruments tuned on and off absorption features. For example, the ozgnhe (O
measuring Brewer has five pdsands [Vanier and Wardle, 2006] and providegadal
standard for ozone measurement instrumentation. Spectrometers and hyperspectral
imagers can also be utilized for observations. Here, additional spectral channels provide
more context on the radiative scene. Queteal, 2007 and Toohewt al, 2007 have
shown that the concentrations of up to six gas species can be retrieved from infrared
spectra frequency modulated using a rotating constantly variable filter and collected by
high-altitude balloon.

To individually discriminate spectral features, Wscet al. recommend as a
guide that the wavelength resolution of the spectrometer should be approximately 1/10 of
the spectral band separation [Wycisk al, 2000]. Given that the two bamentre
wavelengths of interest (GGand CH) are 40 nm to 60 nmapart this empirical rule
implies a need for a resolution of 5 nm+ 1 nm for this range, and requiring a grating of
several hundred lines/mm. The diffraction grating is an optical element that separates
incident polychromatic radiation into its constituevdvelengths. The grating consists of
series of equally spaced parallel grooves formed in a reflective coating deposited on a
substrate and finished with a reflective gold coating. The dispersion of a grating is
determined by the density of grating. We cbé®a 300 grooves/mm grating due to
minimum light dispersion and to provide a free spectral range wide enough to obtain an
O, feature and to provide for a broad observation of Earth emission 1000 nm to 1700 nm.

Other options such as a 600 grove/mm gratimgee modeled and tested experimentally.
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The greater groove density was found to improve optical resolution the akpense of

a more truncatedpectral range. These highesolution formats may be useful for future
instrument derivatives however it wdstermined that for the CarX mission a wider
spectral range that included observation of thdée@tures was preferable to an enhanced
spectral resolution.

Our optical design has a primary mirror of diameter of 35 mm in order to meet
size constraintamposed by the spacecraft. A 15 mm diameter input beam (blue lines) has
offset 13 mm from the mirror optical axis. The correspondingitmber is 2.0. The
instrument utilizes a plane grating with 300 groves per mm in the second order to split
infrared radidion by wavelength or frequency. The grating is offset by 15 mm from the

mirror focal point towards the mirror

30~
InGaAs \ Parabolic
Detector -
Mirror
20 -~ \
10 - |
| ////
or e
Reflective :
Grating\ H7
10 |-
_20 [
r r r r r r r r r
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Fig.19: Opticallayoutschematid300 groves/mm)spectrakange900-1700 nm,15

mm input optics,35 mmmainmirror.

42



The optical shematic layout generated using a MATLAB based Thoth
Technology design tool is shown in Fig. 19. The simulation shows 900 nm (light blue

line) and 1700 nm (red line) reflection paths.

3.3 Argus Interfaces

In this section the mechanical, electrical anchowand interface of Argus 1000
spectrometer are described.
3.3.1 Mechanical Interface

The dimensions and the mechanical axes of the Argus 1000 spectrometer are
shown below in Fig20. The size of the package was determined by negotiation with the

CanXx2 team and represents that largest volume that could be accommodated for the

atmospheric science package.

45 mm

Fig. 20: Argus 1000 Spectrometer External Dimensions and Mechanical Axes (Argus
User Manual, Thoth 2010).

43



3.3.2 Powerlnterface

Due to CanX2 spacecraft power constraints, Argus may utilizenaximum
continuouscurrent feed of 572 mA delivered at between3.5V and5.2V, whenthe
spectrometers powered. Thisvoltageis switchedon and off by the main OBC. If the
current drawn by the payload exceesl® mA, an over current circuit automatically
switches off the instrument. Once triggered, the circuit can be commandeQdyx2
operatorto reset it; however, such a reset is yet to be required in space operations. The
spacecraftteam is responsibleto ensurethat the power budgetis maintained. This
includesturning off the instrumentif adequatgower marginsare not maintained. The
instrumentmay be operatedn a regime withmaximumof 18 minutesa day activity

during a scheduled data logging eveat.

3.33 CommunicationsInterface

The Argus 1000 featuraaclude two asynchronouserial ports with 3.0V TLL

voltage levels (Canx2 flight models). The protocol uséd communicatebetweenthe
instrumentand both OBCsis RS-232 and theadataformatis 8N1 (eight bit characters,

with one stop bit and no parity bit). On Cai2Xone serid port is connected to the main

OBC and configured at 115,200 baud, 8 bits, one stop bit, and no parity. Commands are
sent to the instrument from the main OB€®€oughthis port. The instrumentalso serds
engineerig dat along with spectral datasing thisport. The second serial port is
connected to the payload OBC and used by the instrument as a redundantorssns

data to the payload OBC. The maximumdatarate betweenthe instrumentand either
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OBC s 230 kbps. TheArgus electronicsare designedto toleratea constantlogic high
on its inputs, even when the unit was powered off. While Argus generates typically 21
kbps (assuming no eadding and with an integration timé ©02.4 ms), themaximum
amountof data that can bstoredaboardthe CanX-2 satelliteanddownloadeds 500 KB
perday (after datacompression). This corresponds to approximately 6 minutes of Argus

instrument operation.

3.34 Timing of Spectra Acquisition

Argus attains spectra for durations determined by the integration time setting.
Once spectra are acquired they are transmitted in a subsequent 100 ms time slice. The
number to be cadded scans setting can be set to betweefh and 9, the instrument
acquiressuccessive spectra-enlding them to a maximum precision ofldi6 before

transmitting them in a subsequent 100 ms time slice.

3.35 Data Packet Format

On Canx2 Argus provides data over a serial communications interface to an
Onboard Computemi532 byte unsigned-Bit words. Following the timing described,
data packets are transmitted continuously at a cycle period determined as (100 milli
seconds +T * number of scans), where T is integration time setting. The electronics of the
spectrometer ab read the detector thermistor resistance and record this data with every
spectrum. The thermistor reading is converted to a temperatul€ according to a

simple conversion algorithm shown in Table 7 below [adapted from the Argus Owners
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Manual, Thoth &chnology, 2010]. Subsequent flight units have larger packet counts of

536.
Table 7: Argus 1000 Data Packet Format (Cahifight models).

Word Description

Number

1-5 Synchroni zation Characters 0(
start

6-7 Command aknowledgement and errors provided in taltaracter
format: [6] [7] (see section 2.2).

8-11 Frame or Packet counter/ID computed as:
[8]x(25672)+[10]x(256)+[11].

12 Integration time for exposure in seconds computed as: 2 [9] x O.

13 Number of scan® coadded before data transmission.

14 8-bit binary word comprising;
[11 Bit 1] Cooler Temperature Setting O = High Temp., 1 = Low
Temp.

[11 Bit 2] Dynamic Range Setting O = High Sensitivity, 1 = High
Dynamic Range.

[11 Bit 3] Auto-exposure Time Setting = mode OFF, 1 = mode ON
1516 Detector temperature (DT) computed in degrees Celsius as
V0=3.25*([15]*256+[16]./1023; Rtc=26.7e3*(3.220)./(V0+1.78);
DT=1/(1.289e3+2.3561e4*In(Rtc)+9.4272e8*(In(Rtc)"3));

17-18 Lifetime power ups computed as: [1256+ [18].

19531 Spectral data encoded as 8i\2es in repeating unsigned MSB and
LSB 8-bit words [MSB]*256+ [LSB].

532 Parity word computed bitwise &( | =1é53 1) XOR(Db

3.36 Command format

Argus may be commanded usirgpmmand string consisting of five bytes

arrangedasfollows:

Header Header Paramete| Setting Parity

The header i's two bytes ighé6l emgehpandtyshb
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logical XOR of the bytes making up the commandstring, excluding the parity byte
The commands which are passed on to the spectrometer are formatted in hexadecimal
characters. Once the command is sent in Hex characters, Argus regfitbra@message,
which demonstrates the command has been received and execuéedetfor occurs
during the command reception/execution process Argus will respond with an error
message such as "Error due to Invalid parameter" or "Error due to scan count out of
range" [Argus Owners Manual, Thoth Technology 2010].
3.37 Argus Commands

The following sectias describe the commands that may be passed to Argus while
it is operating. The instrument team designs scripts that configure Argus for operation at
initialization for a particular observation. Configurations can also be programmed into the

instrument forobservation sequences requiring the same operating parameters.
3.37.1 ExposureTime

The exposure time settings range is betw2@h ps t06.458 s. The selection of
exposure time is chosen according to the brightness of the source. In the laboratgry duri
laser and radiance calibration, most of the results were obtained over a range of exposure
times. However the space data results are obtained at higher exposure time with typical

value ranges around 102.4 ms to 204.8ms. Longer integration times malizied to

study strongly absorbing features and the expense of saturation at other wavelengths.

3.3.7.2 Capacitor Selection

There are two capacitor settings. The capacitance selection 0.4 pF is for high
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sensitivity (low dynamic range) measurements whileF is for regular measurements.
Consequently, the majority of the space data measurements and calibration results are

obtained at 10 pF.

3.37.3 Cooler Temperature Setting

The cooler temperature settings can be utilized either at high power or low powe
mode. In case of high power mode the current supplying the Peltier cooler is 100 mA,

whereas for the in case of low power mode it is fed with 30 mA.

3.3.7.4 ScanCount

The number of spectra @ided or counted together before data transmission may
range from 9. The typical value used for the scan count for the space data obtained is

either 1 or 2.

3.3.7.5 Auto-exposure

The auteexposure setting is used for the automatic setting of the exposure time
settings. Mostly for the space data collection,ab® exposure command is turned OFF
as the timing of data is more difficult to determine from data returned in current

instrument telemetry.
3.38 Connectors

The Argus spacecraft connector is located on-théace of the instrument. The
instrumenthas abulkhead mounted Hirose DF13 type connectith 6 pins. The

instrument connectors supply the external power and communication lines.
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4,0 SPECTROMETER CALIBRATION METHODOLOGY

The Argus 1000 oioard CanX2 is calibrated in a threstep process, describe
previously in Jagpakt al., [2010]. The following sections describe the wavelength,

radiance and gas absorption calibration methodologies.

4.1 Wavelength Calibration

First, a wavelength calibration is conducted using five infrared lasers. Fig. 21
shavs the calibration setup with an IR laser source, which passes through collimator
optics that fills the instrumentdds instan

radiation emitted by a ground tile and received by the spectrometer. The spectrometer is

mounted on an adjustable vernier kinematics mount with five degrees of freedom.

Fig. 21: Setup for wavelength calibration of the Argus 1000 spectrometer.
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Table 8 shows the type, centre frequency and make of all these five lasers.

Table 8: Lasetypes used for calibration.

Centre Type Make
Frequency

969 nm Diode Delta Photonics

1064 nm Semiconductor lasq§ GMF-1064XFYCZ

1150 nm Gas Melles Griot

1265 nm Diode EOSI

1523 nm Gas Melles Griot

4.2 Radiance Calibration

Following wavelength cération, the device is calibrated for absolute radiometric

accuracy using a calibrated standard illumination source, mounted at the distance of

(0.5° 0.00) m in front of the white screen. A schematic for the setup is shown in Fig. 22

[Walker et al, 1987].The circular aperture is needed to cut out stray light.
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Calibrated Lamp
S Circular
Area on screen

@% seen by Argus
0.5 m

Spectrometer
Fig. 22: Block diagram for radiance calibration of Argus 1000.
The white screen used in this experiment is an ORIEL SRTI299(Calibration
Report Number 33251-1). The NationaLaboratory Traceable Standard is SBE020-
REFL-48 (NIST). The mean value and standard deviation of the reflectance factor for the

white tile are 0.9877 and 0.0141, respectively. Lamp irradiance is computed as

Lopga £ Jacp £+ LS L (1)
T e T N

5

Y =

~
~

where is the spectral irradiance of the etalon lamp measured in Sgu'r\m'sm'znm'1 ,
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/ is the wavelength covering the spectrometer range from 900 to 1700 nm,

A = 4.4605731f, B = -4.61546 310, C = 1.017973108, D= - 3.57175318,

E

6.081093 10, F = -3.43963 1B, G = 8.2966318, and

H

-7.52124 386. The calibration constants are determined wiferesce to NIST

traceable standard for the *1@att calibrated lamp ORIEL (Model 63350), which was

used in this radiance calibration [Suemnattal., 1998].

The radiant power in SI unit:ﬁW] entering into the spectrometer can be

computed by following equation

YWAD .
P=0.989— =

(2)
p

where A=pr® and r =0.0075 n are the area and radius of the spectrometer lens,

respectively,W is the solid angle and/ ;. is the pixel in nm. Fig. 23 shows the

reflectance factor as a function of wavelength for the white screen using this data.
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Fig. 23: Hemispherical spectral reflectance of white tite calibration of

Argus 1000 micrespectrometer

4.3 Gas Absorption Calibration

Absorption by a gas cell containing carbdioxide was measured in order to
validate the radiant response of the instrument to gas absorbers. The setup for absorption
measurements of the gases consists efraléng glassell that is flushed continuously
with CO, at approximately standard temperature and pressure conditions as shown
schematically in Fig. 24. The cell when containing 100% @43 at one atmosphere has
a linear number density of G@hat is computed using AESPECT as equivalent to a
2.604 km atmospheric ground level path for the Jurfelatiude 1971 standard US

atmosphere [McKernart al, 1999].
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Fig. 24: CQ absorption measurement set up.

As the scale height of t hengBhtmpefattre at mo
of 290 K) and reflected solar radiation must pass through the atmosphere twicen the 1
cell provides a sensitive means to validate response to carbon dioxide column amount
with the optical depth inside the gas cell with Q©@mparable t@pproximately 15 % to
that of the real atmosphere.

In order to see the comparison between experimental measurement and theoretical
data, a MATLAB code to simulate the radiative transfer process of light passing through
the laboratory setup is used. The eadmputes the radiation emission and transfer path
over a large grid of spectral points, accounting the absorption and emission processes
resulting from the cumulative line spectra of the gas at each spectral interval. The process
for obtaining the synthie detector counts from radiance results is shown schematically

in flow-chart in Fig. 25.
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Fig. 25: Flow-chart for conversion of synthetic radiance into detector counts.
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The synthetic detector counts and radiative tramsfults presented in this thesis
are generated using the HITRAN database [Rothnetnal., 2004] and the spectral
simulator GENSPECT, [Quine and Drummond, 2001]. The toolbox contains the basic
functions required for lindy-line code computation of massivnput data with selectable
interpolation error tolerance as well as the radiation transfer functions needed to convert
spectral radiance into instrumental counts. This toolbox was utilized to analyze Argus
calibration data as well as space data from Garefid is discussed further in section

4.7.3.

4.4 Space Qualification Testing

In order to examine and certify that the instrument is robust enough to withstand
the events during and after launch, and subsequent reliable operation in space
environment, Args was successfully subjected to a comprehensive set of instrument and
spacecraft qualification tests in the laboratory. These are described in the next two

subsections.

4.4.1 Vibration Testing

Vibration testing is necessary to determine how Argus hardvsémecture, and
functionality would react to the launch loads. Both, low and high levels of sinusoidal
testing up to 10.0 g loads at the frequency rang2(®® Hz were performed. In addition,
random vibration test up to 7.5 g within the same frequenageravere conducted on
Argus flight and flight space models for Cai2XTo ensure that Argus can withstand any

positional configuration inside the launching vehicle, vibrations tests were carried out in
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both longitudinal as well as vertical modes. Fig. IR&irates the vibration test facility at
York University. The accelerometer is attached on the vibration mount (near the front

lens of the spectrometer).

Fig. 26: Argus, (shown by arrow), is attached to the vibration system at

York University, Toronto.

4.4.2 Thermal Vacuum Test

In low Earth orbit, the instrument is periodically exposed to the sunlight and the
shade of the Earth multiple times in the span of 24 hours. Thus the spectrometer is
expected to experience temperature variations. dieroto analyze the behavior of the
instrument over broad temperature changes, a thermal vacuum test was performed over a

72 hour period. The primary purpose of the thermal vacuum test was to verify reliable
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operation of the electronics and optics used igua. The secondary purpose of the test
was to verify component operation over a wide temperature range that includes the
extremes of thermal environmental conditions that might be experienced during the

Canx-2 flight.

Fig. 27: Argus 1000 (showly arrow) is attached for thermal vacuum test setup.

Fig. 27 shows the thermal vacuum test setup for Argus with an external €urrent
regulated circuit for IR light emitting diode (LED), which enabled us to observe the
variation in detector counts as a fuootof temperature. On day one the thermal vacuum
test was performed, the ambient temperature was.25n day two it was continued at a
hot soak temperature of 8D. On day three, the thermal vacuum test was completed at
50 C cold soak. The instrumenh@ chamber temperatures were recorded usingKype
thermocouples attached at the various positions on the test article and fixtures. One

thermocouple was fixed on top of Argus while others were attached to the base plate
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close to the both sides of the imshent. In order to avoid the direct contact with chamber
chassis, we applied an electrically isolated interface between the thermocouple and plate

surface.

4.5 Geolocation of Argus data

The basic geolocation software for Argus 1000 spectrometer wa®gdeudalsing
North American Aerospace Defense Command (NORAD)-lwe element sets that
consist of two 6%haracter lines of data which can be used together with NORAD's
SGP4/SDP4 (Simplified General Perturbations Satellite Orbit Model 4) orbital model to
determine the position and velocity of a satellite. Attitude quaternion and Earth
orientation parameters are also used to calculate other parameters such as nadir angle,
latitude, longitude, and solar angle at every time step of an Argus dataset wihede atti
information is available. This work was conducted in collaboration with Prof. Hugh
Chesser and Prof. Regina Lee who developed geolocation algorithms for Argus data

assimilation using the STK (Satellite Tool Kit) toolbox and in MATLAB.

4.5.1 Satellie Coordinate system
The coordinate of the CanX spacecraft is analyzed using three frames of
reference: Earteentered inertial (ECI) frame, Eartientered Eartfixed (ECEF) frame,

Spacecraft Body Frame. The brief explanation of this coordinate systgiven in the

following sections.
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4.5.1.1 Earthcentered inertial (ECI) frame

The ECI frame is a convenient inertial frame for which Newton's second law is
valid, and thus this frame is widely applied for determination of the spacecraft position,
velocity and attitude. By convention, theaxis of ECI frame is taken along the vernal
equinox of epoch, the-axis is directed along Earth axis of rotation and yeis is

defined according to the right handed system.

4.5.12 Earth-centered Earth-fixed (ECEF) frame

ECEF is aCartesian coordinatgystem used to identify the longitude and latitude
of the Argus 1000 spectrometer foot print on Earth. By conventiorx-#xés of ECEF
frame isalong the Greenwich meridian, from which the longitude is measured-axtis
of ECEF coincides with the-axis of ECI frame and thg-axis is also conventionally

defined according to the right handed system.

4.5.1.3 Spacecraft Body Frame

The Argus 100Gpectrometer is mounted on tyeplane (facing negative-axis)
of CanX2 nanosatellite as shown Fig. 28. Tjrexis of the body frame is along the
minor axis of spin. Note that CarXhas a thruster that is on the same surface (féaging
axis) as the smtrometer to induce the major axis spin. The attitude of the spacecraft is
defined in quaternion that represents the rotation from ECI frame to the body frame

[Wertz et al., 2003]
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Argus Footprint (P7)

CanX-2
+ Satellite (P1)

Fig. 28: Argus Footprint and EarBentereeEarthFixed frame determinatio
The parameters in Fig. 28 as are as follows:
d= nadir amgdent rcael Eanmdilse ,0f ) Eangupunddiase r adi
measured at the centre of Earth2Distance to the horizon,ZRRadius of Earth, H=

altitude of the satellite.

4.5.2 Sgellite Attitude Determination

While the Argus spectrometer is collecting data, ideally, the spacecraft points nadir.
The exact look angle of the instrument must be computed in order to provide precise
targeting information. In addition to specified mawexs, other factors effecting
spacecraft dynamics are experienced that have to be accounted for in radiative transfer
analysis. Attitude data is provided in as a time evolving quaternigctbr form by the

CanX-2 team for correlation with Argus data.

4.5.2.1 Geolocating the Argus Footprint

The geolocation of Argus data is determined by first determining the -QanX

ground track and then applying the attitude information to compute the instrument look
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angle and footprint geolocation. A ground track or-satellite point is the path on the
surface of the Earth directly below a spacecratft. It igptlogectionof the satellite'®rbit
onto the planetary surfaceor the purpose of this thesis, we can modify conveniently this
definition to be the set of points on the Earth that negatiegis of the CanxX
spacecraft intersects. In other words, if the spacecraft maim@agnspointing during an
observation, the ground track would be the precise location on the Earth where the
observation would be made.

The actual footprint or tile that Argus measures on the Earth is corrected for the
orientation of the spacecraft at th@ment of each observation. Observation where the
nadir angle (d) I's |l ess than the <correspo

scientific data, however, good datasets have nadir angles less than +20

4.5.3 Correlation CanX-2 geolocation informaton with Argus Data

Attitude and control is provided by the by the CakXhanosatellite platform.
Attitude estimates are provided to the Argus science team atsgigond intervals. The
attitude data is interpolated to estimate the attitude for ea@nvaiti®n profile [Sardat
al., 2008].

In order to compute the precise location of the Argus footprigk, (e first
compute the position of the spacecraft) (Bsing the latest Twhine-Elements (TLE)
and Simplified General Perturbations Satellite ONdddel 4 (SGP4) propagatorhe
orientation of the spacecraft with respect to the inertial frame is estimated in three
dimensions. The quaternion values obtained during the observation are first converted

into a rotation matrix from the body to inertiahine (G) then the instrument axiq-1,
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0, 0) is multiplied to calculate the instrument pointing vector (definedasH. P;) in
the inertial frame [Chesset al.,2009]. Ultimatelyt he nadir angl e (d)
the angle betweemfand B,
P, is computed using simple geometry on the assumptioriR}jat arc radius of
the Earth. The coordinates of both &d B are then converted to the Ea@entered
EarthFixed frame andhie corresponding longitude and latitudes are calculated according
to Fig. 28. Also as a reference, the angle betwaemm the Sun vector is computed.
Finally, this Sun angle (denoted as ©b) S

analysis.

4.6 Qbservation Timing and Location Methodology

Argus observations were available via Ca2Xelemetry (courtesy of the CafiX
team) beginning June 2008. The first two m
to poor quality caused by technical issuethwihe satellite management and telemetry.
The first good quality data were obtained in the month of the December 2008. More than
100 data sets have been obtained during this period, mostly over ocean surfaces. Some of

these data $&locations are showmiworld map along in Fig. 29 below.
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Fig. 29: September 2010, recorded Argus data (locations shown in red squares).
The Argus instrument on CanXis operated in a timgharing arrangement along
with other spacecraft instruments andtsgss. The operation windows are typically of
one month duration with an opportunity to schedule special observations to collect data
over events of special scientific interest (forest fires, volcanism, oil spills). Currently
ocean data is preferred as dpga@are uncorrelated with ground albedo. The Argus science
team has also targeted large cities in order to provide a catalogue of urban IR emissions.
STK tools have been developed that automatically generate lists of desirable targets as
well as a parameteweighting the importance of event that is utilized by GanX
spacecraft team to provided for effective observations campaigns with Argus. Table 9

shows the various data parameters for an actual space based observations.
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Table 9: Typical Argus 1000 dgparameters for a sampling of different profiles.

Max. Exposure
File Name Packet|Capacitance| Scan | Detector| Max/Min Chip Time, |Power
Length [pF] Count| Count [Temperature,[°K]| [ms] Ups

2008May29_033135_2010Q
0_129024.CX2MEM 239 10 2 71 286.8/281.5 16 844
2008June03_015314_2010(
0_253260.log 472 10 2 266 284.7/281.3 1.6 848
2008June03_133804_2010(
0_126252.CX2MEM 234 10 2 72 287.7/284.5 1.6 849
2008June03_134050_2010(
0_126504.CX2MEM 233 10 2 72 288.5/285.5 1.6 850
2008June03_165346_2010(
0_126504.CX2MEM 235 10 2 72 290.4/287.4 1.6 851
2008June09_020826_2010(
0_252756.CX2MEM 472 10 2 78 285.3/281.9 1.6 852
2008June09_021445_2010(
0_253008.CX2MEM 472 10 2 71 284.6/281.4 1.6 853
2008June09_135459_2010(
0_253008.CX2MEM 471 10 2 75 288.2/2851 1.6 854
2008June09_135822_2010(
0_253008.CX2MEM 472 10 2 84 289.4/286.4 1.6 855
Spectromete0080905
032900033130.CX2MEM 1108 10 2 69 286.8/283.5 1.6 870
Spectromete0080923
032900033130.CX2MEM 141 10 2 79 288.5/284.8 102.4 871
SpectrometeR0080927
030806031300.CX2MEM 1961 0.4 2 78 288.7/285.5 102.4 873
Spectromete20081212
155552160103.CX2MEM 181 10 2 1624 289.7/286.4 204.8 875
Spectromete0081212
155557160103.CX2MEM 137 10 2 718 291.4/285.7 204.8 977
2010August13 160719
20100000 7308.CX2MEM 31 10 1 471 288.3/284.8 204.8 984
2010Septemberl5 163632
20100000 151704.CX2MEM 284 10 1 387 289.6/284.4 204.8 1004
2010September20 145626
20100000 155988.CX2MEN 292 10 1 477 289.2/285.1 204.8 | 1008
2010September21 164909
20120000 152712.CX2MEM 285 10 1 295 289.7/284.5 204.8 | 1012

As an example, the data file taken on September 20, 2010, shows us the packet
length of 292 with the capacitance settings of 10pF, and scan count equal to 1 and having
maximum detector count 477 with the chip tempeetaries from 289.2 K to 285.1 K
which indicates that the detector operating temperature using the Peltier cooling system.
The exposure time used in this observation is 20%8Comparing initial set of data

which are not useful the integration timeli$ ms. The power ups for this set of data is
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1008 which indicates the number of times instrument has been powered. Argus 1000

observations for some successful profiles are presented and discussed in Chapter 5.
4.7 Overview of Radiative Transfer and Forvard Modeling

The spectral distribution of solar radiation, or extraterrestrial solar spectrum,
incident on the top of the Earth's atmosphere is shown in Fig. 30. The interaction of this
radiation with the surface and atmosphere is the source of thetedfleadiation
measured by Argus. The fraction of incoming radiation that is reflected back from the
surface is partially a function of the atmospheric absorption and scattering processes
[Armstrong et al., 1972] but is also affected by the surface albefiosorption and
scattering must be accounted for along the incoming and outgoing atmospheric paths that
depend on the suBarthsatellite geometry includes solar zenith angle, sateliéeing

angle and relative azimuth with respect to the point of observ
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Fig. 30: Solar Spectrum for Argus spectralndiow Reproduced from the 2000
ASTM Standard Extraterrestrial Spectrum Referend®@&00.

The absorption, emission and scattering of radiation by atmospheric molecules
provide a means of identifyingnd measuring the composition of the atmosphere. There
are four main methods in which electromagnetic (EM) radiation can interact with
atmospheric gases. These methods B ionization, 2) electronic transitions, 3)
vibrational transitions, and 4) rotatial transitions. The IR spectrum in a real gas
typically contains many millions of molecular transitions. As a result of the combination
of vibrational and rotational transitions, the gas retrieval of the measured spectra requires

a ophisticated analysidased omadiative transfer modeling. The gases,@dd HO
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are the most important absorbers in the IR region observed by Argus [Buetwaitz
2000a and 2000b].

Photons incident on a molecule undergo extinction by one of the two proeesses
absorptim or scattering. A photon can also be emitted as thermal radiation. Solar
radiation corresponding to UV, visible and NIR wavelengths comprises of approximately
99.1% of the total upwelling radiation in the wavelength region of interest, with
thermally emited photons comprising less than 1%.

The transport of energy, occurring as a result of the absorption and emission of
photons is dependent on quantum state changes of the molecule. The electron is excited
to the next higher orbital energy level in theqass of absorption while the electron falls
to a lower orbital energy level during process of emission.

Vibrational quantum change occurs in molecules with two or more atoms that can
vibrate relative to each other. The bond between atoms behaves am@' "sgsisting
any changes to the distances between two or more atoms. Rotdlioradional
Quantum changes associated with the change in the angular momentum of the molecule
are the predominant transitions observed in the IR region measured by Argus.

Fig. 31 shows the various processes as radiation crosses a gaseous medium. The
first beam of radiation (a) does not interact with molecules. The second beam (b)
undergoes extinction by scattering as the photon is scattered away from the original
directionof the incident beam. The next beam (c) shows an example when the photon is
completely absorbed by a molecule of the medium. The beam (d) is an example of

multiple scattering whereby a beam is scattered once away from the original direction of
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the incidentbeam but is scattered again by the second particle. Finally, beam (e)
illustrates an example of EM radiation (secondary emission) from a particle after

absorption from a previous photon.

a b c

v V e °
I(/) +di(/)

\ 4

Fig. 31: Energy exchange processes occurring as radiegi@rses a medium.
The absorption crossections( /) describes the ability of a particular molecule
to absorb a photon at a particular wavelengthAbsorption crossections are associated
with a particuar atmospheric molecule and have units of aréi. (Aime mass absorption
crosssectiork(/ ) is given in unit of area per mass?(ky™). When the absorption cress
section is multiplied by the particle number density, its unit becqimesn®) whereas
when the mass absorption crasstion is multiplied by the density the unit is (k&)m

The absorption crossection is associated with the absorption coefficient with units of

inverse length ().
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4.7.1 Radiative Transfer Equations
If we denote the radiance Id¥ ), it becomes|(/)+dl,, ( Jafter having

travelled a thicknessdx in (m) in the direction of its propagation, it follows by

application of the Beelcambert law that
di,. (/)= k() 1f ) 3)
where 7 (X) is the mass density of the material (kg)rand k(/) is the mass extinction

crosssection (M kg™) for radiation of wavelength. The mass extinction crosgction
is defined as a sum of the mass absorption and mass scatteringsemtosss
(represented by beam (b) and (c) in Fig.32). The teﬂg;gt(/) is the decrease in
radiance due to absorption by thetemal and due to scattering by the material. The
negative sign shows that the radiance decreases as the beam passes through a medium.
This radiance may also change due to emission from the material which may include
multiple scattering from all other degons into the beam (shown by beams (d) and (e) in
Fig. 31)

Al (/)=17( ) dx. 4)
The term j(/) is theemission coefficientCombining equations (3) and (4), results in

the equation of radiative transfer which igem by

di(/)= k() If Yax ¥ ) dx. 5)
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The source function](/) is the ratioof source function coefficient tthe extinction

i(/)

coefficient, J(/) =——=. Equation (5) may thus be rearranged as

k(/)

di(/)

k(/) dx_ (7)) ©

where J (/) hasunits of radiance. Equation (6) is known as the general radiative transfer

equation, fundamental to any radiative transfer process. This equation illustrates how a
beam of radiation loses energy ttte atmosphere by absorption and gains energy by
atmospheric emission, and redistributes energy by scattering. If we assume that the
atmosphere is plangarallel (i.e. variations in the intensity and atmospheric parameters
are allowed only in the verticalirection), then we can measure the depth of the
atmosphere as distances along the normal to the plane of stratification of the atmosphere.

A beam of radiation traversing the atmosphere will experience a reduction of
radiance due to absorption and scattg by the atmospheric species and an increase of
radiance by emission from the atmospheric species plus scattering from other directions.
The standard form of the equation of radiative transfer for gtanallel atmospheres

[Chandrasekhar, 1960] is:

AR T IR )

where m=cos ¢ (g is the angle with respect to the normal of the plane of stratification

andf is the azimuth angle), antd is the optical depth as a function of the vertical depth

normal to the plane of stratificatiorr €0 at top of atmosphere)l (z‘; m)‘ is the
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intensity at depth¢ , in the directionm and 7, and J(z‘; m)‘ IS the source function

which contains terms due to multiple scattering as well as emission.

As there is, in general, no analytical solution to the equation except folesimp
cases, one way that it can be solved is numerically [Chetdal., 2002a]. In order to
produce synthetic radiance profiles, it is necessary to devise a method to simulate the
relevant optical properties of the Earth's atmosphere. A forward model @scsgected
(synthetic) radiance at the detector for a specified state of the atmosphere. Forward
models are an important part of any retrieval or inverseeling process [Konest al.,

2008]. The associated inverse problem provides a method to estireastate othe
atmosphere from measured radiances.

For the purposes of this study, and in common with approaches used by other
instrument teams, transmission through clouds has not been considered, and a simple
linear path model has been used. Consetyerdtrievals are attempted on observed
profiles where the presence of macroscopic clouds is visibly absent. Solar radiation
passing through the atmosphere may be scattered by its constituents; this may take one of
two forms: Rayleigh and Mie scattering/hen the size of atmospheric particles with
which the incoming radiation interacts is close to, or greater than, the wavelength of the
radiation Mie scattering becomes significant, which is the case with aerosols and clouds.
Rayleigh scattering describ#dge interaction of light with particles whose sizes are small
compared to the wavelength of the radiation molecules in the atmosphere. For example,
the optical depth due to Rayl eigh scatteri

to 4 km altitude al500 nm is approximately 0.00165 [Frohlich and Shaw, 1980]. The
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effect is small and largelyniform over the Argus spectral rangetlis included in the
analysis.

The most obvious way to accurately represent atmosphere change with height is
to divide the atmosphere into a large number of thin homogeneous layers where the value
assigned to each property of interest in each layer is equal to the value of that property in
the real atmosphere at the height of the mass weightegamd of that layer, usinthe
Curtis Godson approximatio forty layer atmosphere with layer thickness of 2 km is

utilized in this analysis.

4.7.2 Atmospheric Retrieval Methodologies
Several approaches have been used to retrieve trace gas concentrations from

radiance spectra. €y can be roughly grouped into four categories.

1. Optimal or Physical Retrievals

These use the forward calculation in an iterative process. The objective function is
defined as the sum of squares of the difference between the simulated and measured
spectra The optimal retrieval is that which minimizes this objective function [Toaey
al., 2007]. These use forwambmputation with full syntheticalculations which has the
following advantages compared to the other retrievals:

a) The residual provides a measwf the quality of determination.
b) The method models directly the physics of line by line code from data derived
from laboratory studies.

c) The method provides a proper noise analysis.
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d) The method provides a means for a proper accounting of errors andauntgexrs
parameters may be perturbed by their expected error and acasesainalysis can

be performed to quantify the effect of the uncertainty on the assimilated results.

2. Statistical Retrievals

These do not use radiative transfer equation directlytedds they rely on
statistical relationships between grourahd spacéased measurements. The method
utilized is typically as follows:

a) A training data set of groudolhsed measurements nearly coincident in time and
space with the satellite soundings is @aed.

b) This data set is used to calculate a statistical relationship between the satellite
radiances and the radiosonde temperatures.

c) These relationships are then applied to other radiances to retrieve temperature
profiles.

This method can provide the maapid retrieval results but is usually dependent on a

more accurate radiative transfer treatment for validation.

3. Hybrid Retrievals

a) These combine elements of physical and statistical retrievals. They do not require
a large training data set and do use Weig functions.

b) The Radiative Transfer Equation (RTE) is first initialized about a standard

temperature profile and is converted into a matrix equation.
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c) This equation is used to obtain a matrix relating the temperature profile to the
radiances, and includg the weighting functions. A variety of optimisation
approaches can be taken to solve the problem.

4. Differential Optical Absorption Spectroscopy (DOAS)

The basic principle used in DOAS to extract trace gas concentrations in the
atmosphere or gas I=lis by dividing spectral radiance collected under varying
viewing geometries. Results are determined from the ratio of observations recorded at
different zenith angles [Barklest al.,2006 and 200§.

In the DOAS approach, effects that vary smoothithwvavelength including
Rayleigh and Mie scattering are approximated by low order polynomials. Absorption
crosssections are then separated into a higifférentiald and a low frequency part, the
latter of which can also be included in the polynomidiis technique is commonly
utilized in groundbased measurements where solar motion provides multiple data sets.
As measurements that include observation noise are used as ratios, the technique can
corrupt model assumptions leading to unexpected resuttseipresence of significant
observation noise.

For this study, method (1) or physical retrieval has been utilized. This approach
uses a forward model to output simulated radiance profiles. Firstly we computed the
fraction of emitted radiation arising fro different pressure levels (altitudes) at
temperatures estimated for the Earth and the Sun. We also account for nadir angle for
Argus and Solar Zenith angle in the calculation. Another major factor for the change in

the value of radiance is albedo. Theireated albedo is adjusted recursively to match
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with the experimental radiance. The RTE is then solved at each wave number to obtain
the simulated radiance. This is convolved
radiance calibration is applied.

If the calculated radiances match the observed radiances within the typical noise
levels of the spectrometer, then the current atmospheric profile (mixing ratio of the gases)
is accepted. If the calculated and observed radiances do not agree, then tiw itera
(updated trial) profile is adjusted and the above steps are repeated. This method has the
advantage that the process is transparent at each stage of the retrieval and no other
database of coincident radiosonde data is needed. It is however complyationa

expensive.

4.7.3 The GENSPECT Radiative Transfer Model

GENSPECT uses a variable frequency grid to compute absorption parameters to a
specified accuracfAbrarov et al., 2010a and 2010BJITRAN line strengths [Duggaat
al., 1993] are preadjusted fomormal isotopic abundances and tabulated, to model an
Earth atmosphere with natural abundance.

Fig. 32 shows the typical GENSPECT computation points near line centre. The

pre-computed points are denser near central part of the Voigt fungigvarby et al.,
2009] and sparse at its wings where the points at the corresponding grids are linearly

interpolated. Aftemprocessing of all the required lindlge total absorption coefficient is
derived by summation over all grids. Error tolerances provided bySFECT are 1%,
0.1%, and 0.01% [Quine and Drummond, 2001]. GENSPECT has been used to compute

synthetic spectra for comparison with data collected by Earth observing instruments
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deployed in the air, in space and on the ground including MORITWIOPITT, ACE

FTS, and MAESTRO.[see Quirm al, 2007, Jounot and Drummond, 2002, McKernan,
Quine and Drummond002, Dufouret al, 2006, Dufouret al, 2005]. GENSPECT has

also been used to simulate the radiative environment of Mars and Jupitor's moon lo [see

Drummadet al, 2002, Zhangt al, 2003].
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Fig. 32: Typical computation points near lirentre
Previous work [Quineet al, 2005] introduced the use of a nbmear global
optimization algorithm used to search for a global minimum by iteratively pertuttieng
full state vector of instrument parameters and trace gas species on the full vertical grid.
While this technique produced reasonable results, it required large amounts of computing
resources, and time. In order to produce results on a faster tirmeasvaldified approach

is used here.
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An optimization routine is used to obtain a best fit between the simulated and
measured spectra by adjusting the instrument parameters and trace gas amounts. The
main advantage of this technique is the incorporatiomsifument parameters into the
retrieved state vector, which allows the analysis of flight data withoutgme post

calibration data. The main features of the retrieval algorithm are summarized below.

4.7.4 Instrument Slit Function

Every spectrometerds a unique instrument function or geometric slit function
that defines the resolution of the device. Ideally, the size of the slit is infinitely narrow.
Practically, however, the slit size cannot be too narrow due to the resulting decrease of
the light irtensity transmitted to the spectrometer detector inside the instrument and other
physical limitations. As a result of the finite size of the slit, the slit function determines
the spectral resolution as the spectral intensity distribution is distortedni extent by
the physical characteristics of the instrument. The spectral resolution was optimized to 6
nm and an individual slit function is eguted for each spectral pixel.

For the inversion (retrieval) presented in this thesis, asigma truncate

Gaussian function [Quine, 2003] has been implemented, given by:

F(2)= %zpeznz ®)

where zis thewave number.

4.7.5 Instrument Forward Model
The aim of the instrument forward model is to accurately simulate the true

mapping betweennput radiance and detector response. While it is assumed that the
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individual instruments are for the most part functionally identical, a few instrument
parameters defining unique properties of each instrument are necessary, and are included
in the forwardmodel. Two parameters that define the valuthefradiance obtained from
the instrument are affected by selecting the different values of capacitance setting and
exposure time.

For a nadir viewing instrument measuring, the atmospheric propertiesheear t
surface and surface reflectivity principally determine the nature of radiance profile
measured by an instrument (except for absorption by certain species such as ozone). A

single spectral line at a particular spectral position is fully characterizéd birength.

The expression for the strengdticm™ moleculé ci) is given by

1- exp( €41, IT)

1- eXF( €/, /To) . ©

S(T)=5q Texp( ¢ E(1/ J-1/ )

This term has temperature dependence wirés the strength at room temperature,
Q(T) is the internal partition function ratio parameterized as a third order polynomial,

E, is the lower state energy (S c, =hcl k;, T is the temperature, anfj =298K is

room temperature [Quine amdtummond, 2001].

4.7.6 Retrieval Code and Library Functions

The main procedure to run the retrieval process is divided into three steps. The
first step is to specify atmospheric mixing ratios and compute absorptidicieres$ for
all the gases at all spectral points and heights using the MATLAB script
argus_atmosphere.mfter successful running of this code, the absorption coefficients of

al | the gases in the fAsynthetico rumtthmospher
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argus_analyze.nrmodule, which reads the raw Argus data, calibration, and background
files. After execution of this code, we generate plots of counts as a function of
wavelength and radiance as a function of wavelength. The next step matchesadtoite ab
radiance with the simulated radiance using the GENSP&QUis_synthetic.nmodule

that outputs synthetic radiance. If this theoretical radiance does not match the
experimental radiance, then we adjust the different variaklgs albedo) recursively

until the theoretical radiance is a good agreement with the experimentally measured
radiance.

The basic GENSPECT modeling [Quine and Drummand, 2002] runs the
following library function files: paths.m path_source.m path_atmosphere.m
path_reflect. matmospheric_cell.matmospheric_read.pandcell_mixing_ratio.m

The paths.mfunction generates a viewing path through a set of gas cells using
function cells. The path is a linear path through the set of gas cells (the order and cells
used is determined bihe start and stop altitudes) at a specified incidence angle. To
generate the outputs the function calls on the structure cells and returns structure paths
containing all the required information for radiance calculations. pates.mfunction
defines a pth segment corresponding to a reflecting surface in the reflectivity of the
Earth's surface. Thpaths_radiance.ntalculates the radiance through a path. It uses
library functions callecpath_gas.mpath_source.mandpath_reflects.nmo form a path
and gemrates the radiance after each path segment. Atmospheric cell generates a set of
atmospheric cells that represent the atmosphere specified by structure atmosphere. Cells

are divided on the basis of height as pressure increments according to choice of input
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division. The function then performs the Cu@®dson approximation and finds mean
pressure, temperature, and number density values for each cell.

The atmospheric_read.nreads and saves out an atmospheric profile. The
radiances obtained are given ie timits (Wnfsri(cm™)?).

In order to implement the radianese wavelength/wavenumber calculations, two
script files, argus_analyse.mand argus_synthetic.mwere developed. Some of the
parametersg(.g. albedo) needed to be adjusted either manuallyrough optimization.

The optimization was implemented through looping by consecutive increment/decrement
of the corresponding parameter. If the difference between observation and synthetic mean
values are smallest (the mean value is required as the radiamaeelength dependent),

the program interrupts calculation and returns the optimized parameter. Though this
technique is efficient, the optimization is computationally expensive, especially when two
or more parameters have to be adjusted. For instdmeeomputation time required for
determination of only two parameters may vary from 30 min to 2 hours in a typical
desktop computer. Once computed, the verification is performed to verify that the

smallest error sum exists between observation and thesdnegtsults.
4.8 Effect of Surface Albedo

To account for the total radiance measured at the Argus detector, the surface
albedo must be estimated. The amount of reflected radiance from different surfaces is
plotted as a function of wavelength. Initiallyatd taken over ocean has been preferred as
the albedo is constant over the Argus spectral range as shown in Fig. 33. Analysis of

albedo can also provide some limited estimate of ground cover.
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Fig. 33: Spectral signatures of some typical backgroundsuatered by Argus
observationsReproduced from the ASTER Spectral Library through the
courtesy of the Jet Propulsiohaboratory, California Institute of
Technology, Pasadena, California and the Digital Spectral Library 06 of
the US Geological Survey.
Fig. 33 indicates that albedo for ocean is less than 7% between 1000 nm @700

where as other surfaces show high albedo values with more variability.

4.9 Cloud Process Method

At this time, the atmospheric impact due to multiple scattering within cloud is
under development and has not been included in the camahysis. It is known that
scattering by clouds can potentially introduce errors in the retrieved column amount of
trace gases by modifying the radiation path length. Clouds (and other airbdrolegar

can either (a) scatter photons into the instrument F@W¥ich would have otherwise not

82



contributed to the additional radiance measured at the detector, (b) scatter photons away
from the instrument FOV which would have contributed to #tbance reasured at the
detectoy and (c) absorb or scatter sunlight back to space before it traverses downwards
the full atmospheric column, precluding fglblumn CQ measurements in regions

occupied by opaque clouds. Fig. 34 schematically describes this process
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clouds
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Fig. 34: Radiation path length through the clouds.

The current version of GENSPECT uses linear paths and photons that have
undergone primarily single scattering. Because multiple scattering in the IR spectral

region is not regarded to be as significas in the shortwave spectral region, this
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complex process is often simplified, or neglected, in most IR resestsing applications
[Zhanget al.,2007].

As a consequence of the higher albedo properties of clouds, we expect spectra
patially or compleely observed over clouds to be easligtinguishable from cloud free
observations by the significant enhancement of total radiance in cloudy scenes. Further,
observations where significant portions of photons reflected directly off cloud tops will

exhibit significant absorption feature near 1400 nm.
4.10 Simulated Instrument sensitivity to CQ

Our full forward model allows us to predict instrumentation sensitivity to
variation in atmospheric composition. The upper panel of Fig. 35 shows a typical
expectd upwelling radiance field computed for the Argus spectral range under US
standard atmospheric conditions and fitted for Argus observations recorded on February
24, 2009 at 45 Avi&iNge domgitide respestively ATheNBvér manel
of Fig. 35 shows the difference between this atmosphere and an atmosphere that has a 1%
elevated C@amount but is in other ways identical. From this analysis we estimate that
the approximate sensitivity of radiance to a 1% change ndBldmn is 0.12 %. Foihe
same model, we can now generate a synthetic Argus spectrum in order to compute the
CO, enhancement effect on our measurements. Fig. 36 shows the difference that would
be recorded in counts between the two atmospheres according to our synthetic model.
Using this analysis we also estimate that the 1% @@ancement causes an equivalent

change of 0.41 detector counts. These Figures 35 and 36 clearly indicate that 1%
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enhancement of GG&hows maximum sensitivity near 158600 nm which is the target

spectrawindow for our instrument in space.
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Detector Counts

5.0 RESULTS AND DISCUSSION

The following ®ctiors present the results obtained for the calibration processes

and space flight using the methodologies identified in Chapter 4.

5.1 Wavelength Calibration Results

Fig. 37a illustrates the sgteal response of Argus under illumination by
collimated monochromatic laser sources at the five wavelengths, when aligned with the
spectrometer borsight. The linear variation of laser wavelength with respect to pixel
number is shown in Fig. 37b. The iodtion of the accuracy is given in legends of Figs

37a and 37b. The ndmearity factor, obtained with second order polynomial fit, is less

than 1%.
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Fig. 37:(a) Argus 1000 spectrometer laser calibratigr), Argus 1000 spectrometer laser

calibration with five Lasers.
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Fig. 38: The Argus 1000 angular sensitivity obtained by using it

collimated laser source at 1064 nm.

Fig. 38 shows the sensitivity of the laser peak response as a function of angle for
the 1064 nm irx-y plane We estimate the peak response at full width half maximum
(FWHM) to be approximately 0.125° giving a dpdtile of 1.4km on the ground at a
640 km mean orbital altitude. Fig. 39 shows the sensitivity to angle wZlpdane. It is

clear from both Fig38 and Fig39 that the FWHM is similar for botkty andy-z plane.

87



1100

1000

900

800

700

600

Detector Counts

500

400

300

200

100

A
[
i
I
/ \
o
// \
/J \,

Angle [degree] in YZ plane

Fig. 39 The Argus 1000 vertical sensitivity obtained by usinglli-watt

collimated laser source at 1064 nm.

Fig. 40 shows the lasers bandwidths for these laser sodrbe normalized area

plots at scaled FWHM for different lasers 1064, 1150, 1265 and 1523 nm are respectively

shown in Fig. 41. Th&-axis shows detector counts scaled such that the area under the

curve is 1. These figures indicate that the gas lasevsdprthe best calibration sources,

whereas 1265 nm diode laser has side bands (known from experience with other

spectrometers) and has the largest bandwidth.
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5.2 Radiance Calibration Results

The variation of photons per count and joules per count as a function of
wavelength for the calibrated lamp is shown in Fig. 42. The photons per count of the
instrument are highest in the range between 900 to 1000 nm where its value raaches
maximumbecause of order filter cutff. Above 1000 nm the photons per count gradually
decreases with minimum at 1280 nm. The variation in joules per count arises because

Argus ha constant quantum efficiency over this wavelength range as shown IbFig.
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Fig. 42 The variation of (a) the photons count (bules count with respect to the

wavelength for 1000V calibrated lamp.
5.3 Gas Cell Calibration

Fig. 43 shows a compaas of results for radiation passed for thenltest cell
containing 100% C@compared with results for a cell filled with air at STP. This graph

indicatesabout 10absorption of C@around 1.42 png7000 cn).
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Fig. 44 shows the comparison of experimental and modeled (using GENSPECT)
detector counts as well as their absotliteerence between these two detector counts for
Argus using this procedure. It can be seen that the two curves are in good agreement
throughout the entire range of the wave number spectrum. In particular, the discrepancy

appears less thafi 2%. In the modeling of synthetic absorption, significant fitting

parameters [Benneet al., 1995] are cell pressure, cell temperature and blackbody

radiation temperature, which were set as 101.3 kPa, 298 K and 2940 K, respectively. The
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minutes andforward model (GENSPECT) equivalent detector counts
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model assumes pure @@ al m long glass cell at STP.

Fig. 45 shows the variation of transmitted intensity of incident radiation through

the gas cell as a function of time. Detector counts are shodectease until the gas cell

becomes fully saturated with GO
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Fig. 45: Variation of detector counts showing deaeain transmittance of
incidentradiation as the concentration of €@ the gas cell increases
with time as CQ@replaces the laboratory air
Figures 46 through 48 show varying absorption as a function of wavelength when
the glass cell filled with C& compared with an instance of detector response when the
Argus ispointed towards the Sun (Fig6). We can clearly see that as expected; @ad
H,0) absorption features are prominent around 1420 nm, as well as near 1600 nm (where
absorption due to CQalominates). Fig. 48 indicates that a 1m STP path is equivalent to
40 detector counts in this region. Since this path is nearly 15% of an asmnogpdth a

CO, noise resolution of approximately 270:1 may be expected in the atmosphere.
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Fig. 48:

5.4 Space
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Environmental Test Results

The resonanckehavior of the spectrometer attached horizontally and vertically is

shown in Figs. 49 a and b, respectively. The peak g forces experienced by the instrument
during launch are estimated to be approximateBygaasting 135 seconds. Tligfactor

is calculted according to formula

Q — gpeakload (10)
g

load
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Fig. 49: Sinusoidal vibration test results with spatieter attached (a) length

wise horizontally and (b) vertically. The lens laolkut of the longer
side of thanstrument.

where g .00 1S the maximum acceleration experienced by acceleromgigr,is the
actual acceleration applied to the instrument. Ghg used in both the cases for this
sinusoidal vibration tests 7.5g. The g,....« Values for horizontally and vertically

attached position of the spectrometer to the vibration systeml4ge and 229,
respectively. Th&) factas obtained in both cases are 1.87 and 2.93, respectively. Two
main resonances are observed&iland 1L53kHz. The magnitude of the first resonance

is most significant in horizontal position while the magnéwd the second resonance is

most significant in vertical position. In both cases the resonances are not regarded as a

significant risk for space flight.
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Fig. 50 (a) shows the variation in detector counts of Argus for five different
temperatures during thermal vacuum test recorded at pressures of less HBorr10
(1.3158x16 °atm). A small increase in the detector counts is observed with decreasing
temperature. The response is most-lwear at the lowest soak temperature-59 C
where a blueshift of 12 nm is observed. However, the observed shift may not be related
to thespectromeer characteristics fdwo reasons. First, the intensity & LED, used in
test, exhibitsan abrupt blueshift at this temperaturesecond the thermal contraction of
the base plate may also contribute an alignment error to this shift. Néessthieis not
desirable to operate the spectrometer at such low temperatures and the minimum
operating temperature is recommended tel5eC. This value is derived from Fig. 50b.

Fig. 50b shows the intensity for different pixels as a function of tesyoer. The

variation of intensity was maximal at pixel 103, which has maximum detector counts
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while variation was minimal at the first and last pixel. The intensity variation of two
middle pixels exhibits an average of that for the maximum and minimurhyaixations.

We can also observe that the variation in the intensity increases below 0°C temperature
while it is almost unchanged at temperatures above 0°C.

Fig. 51 shows the variation of temperature for different thermocouples attached to
the Argus andhe plate over which instrument is placed during the thermal vacuum test.
This figure indicates that up to 800 minutes, the temperature, except Eurotherm control
temperature, at various points on the spectrometer and chamber are relatively close to
each ober. However, after 800 minutes the temperature of the chamber is controlled so as
to decrease whereas the temperature of the thermocouples attached to the Argus 1000
spectrometer are almost unchanged. This signifies that there is no substantial teenperatur
gradient on body of the spectrometer. This can be explained by the fact that the body of
the spectrometer is made of aluminum alloy with high thermal conductivity. Such a
design is necessary poevent a temperature gradidéot durable and reliable oparon of

the instrument workingn the extremepaceconditiors.
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Fig. 51: Temperature variation with respect to time of thermocouples attached at

different locations inside the chamber during the vacuum test of Argus.

5.5 Geolocation Results

Spacecrafposition is determined using SGP4 propagation of two line elements,
supplied by NORAD [Sarda&t al., 2006]. Fig. 52 shows the Argus 1000 footprint
overlaid on two geographical data sets provided by Google Earth tools and accounting
both the position andtiude estimates. The points on the ground during the observations
of Fig. 52 are shown along with basic geography as well as cloud information that were
also required for proper data interpretation [Jagpadl., 2010]. A significant issue for

Argus wasthe availability of local cloud data for each measurement. Pseueaolor
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AVHRR cloud imagery was applied to assess the quality of the instrument data. In Fig.

52 an ellipse has been placed around the geolocated measurenieteiestto indicate

theuncertainty region.

Fig. 52: Geolocated Argus observations using Google Earth with geography and
cloud data overlaid. Inset illustrates three consecutive radigectra
for these locations. Regllipse shows the corresponditocation as dots
with an uncertainty zone.
Fig. 53 shows the nadir angle before and during the 4 minute spectrometer
observation period of December 12, 2008 data. The nadir angle is approximately

7.7°+0.5° for the duration of the observation.
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Fig. 53: Deviation from nadir view of Argus obtained using spacecraft telemetry.

Fig. 54 shows a KML(Keyhole Markup Language, used in Google Earth
applications) file loaded in Google Earth containing part of Argus target point trajectory
in blue, with yellow &ck as a marker containing their latitude and longitude values. The
red line shows the CanX Sub satellite point path. This plot represents the geolocation of
the 5 profiles shown in Fig. 64. The KML file writes the latitude, longitude, and height at
eachtime step in which they are computed as a single coordinate triple in a line structure.
The trajectories are created because this mapping software connects each subsequent
latitude and longitude coordinate to the previous coordinate with a straightidimg a
Earthdés surface. The advantage of wusing KN
add layers of additional important information to the computed geolocation trajectories.

For example, the date and time of the Google Earth satellite imagery oczmbally set
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in order to see the location of clouds at the date and time of acquisition [Céeaker

2009].

CanX-2 Sub satellite point path
Argus target point trajectory

Fig. 54: KML Output in Google Earth of Argus Observaticarjuired over
Arctic Oceanon September 12010.
A data set of okervations over ocean and land has been recorded by Argus. Fig.
55 shows the frequency of nadir angle during that period for 90 profiles. This plot shows
that the nadir angle deviation is betweent@ 4.5 which can be accounted for in

geolocation analysi
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