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Abstract

A sensitivity analysis of the atmospheric boundager (ABL) and the atmospheric total
column carbon dioxide was performed. The absorptibmeflected solar radiation from the
atmosphere and Earth’'s surface near Lub8is utilized in this study. Th€0, near infrared
(NIR) bands at 1.58m and 1.60um are located within the Argus 1000 spectrometectsple
range, 1.6-1.7um. The model findings suggest that Argus 1000 speatter signal-to-noise
ratio (SNR) must be 2000:1 to detect a %, change in the boundary layer (0-2 km).
Argus 1000 spectrometer with its current SNR (~@%® can detect approximately 1.31%
CO, change in the boundary layer (ABL).

Two solar radiance paths were considered using GHYXH, a line-by-line radiative
transfer model, to examine the solar radiance spessten by the sensor. In path one, sunlight
is assumed to travel through a longer path lengtine atmosphere and reflect off the ground
back to space. In path two, the solar beam is asdumtravel through a shorter path length
and reflect off a cloud layer that is 4 km above ground. The model findings suggest that
the ratio between the solar radiances in both patApproximately 4.5. The radiance change
in both paths was examined for a 19, perturbation in the boundary layer. The effect of
the presence of clouds on both solar radiation @dg absorption is also analyzed using
flight data collected by the Argus 1000 spectrometeer cloudy and cloud-free scenes. The
finding shows thatCO, absorption in a clear sky condition is approxinhate3% higher than

when clouds are present.
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1.0 Introduction

The global community is facing climate change, wh&recognized as a human problem
of environment. The environment is continuouslypmexling to human interference with the
climate system and for this reason many countriegiral the globe are establishing new
regulations and policies to restrain the effechoiman activities on the environment. Climate-
control regulations and assessment require a premsermination of the sources, sinks, and

concentration of the atmospheric constituentsedlab climate change.

The Sun is the major source of energy for almokstifal on Earth. Solar radiation
travels in the vacuum and partially passes throtlgh atmosphere, striking the Earth’s
surface, causing warmth to all objects on the gdourhe Earth’'s surface then re-emits the
absorbed heat as infrared radiation, which is tpartially absorbed by atmospheric gases
[Tyndall, 1861]. The atmosphere releases some efathsorbed radiation back to Earth as
infra-red (IR) radiation that can disturb the naluradiation balance, causing, for example,
the climate system to store surplus solar enengntially heating up the Earth and resulting

in the global warming phenomenon [Arrhenius, 1896].

Carbon dioxide €O,) is one of the primary atmospheric gases continigutto
anthropogenic climate change. Its concentrationthe atmosphere has increased by
approximately one third since the preindustrial éem1750 [IPCC,2001]and is now
approaching approximately 400 (399.65) parts pdtiani (ppm) [Jones, 2013]. Figure 1
shows theCO, levels from 1950 until April 2014 at the Mauna LO&servatory. The ability

of carbon dioxide molecules to absorb and re-emfitared radiation [Tyndall, 1861] makes it



an effective heat-trapping greenhouse gas. Fossil fuel combustion [Keeling, 1973] is one of
the primary sources of0, [Mao & Kawa, 2004]. Approximately 57% of anthropogenic
carbon dioxide emission is released from fossil fuel use and 17% from deforestation and

decay of biomass [IPCC, 2007].

Atmospheric CO, at Mauna Loa Observatory

400 B T T L) T : T i T i
Scripps Institution of Oceanography
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Figure 1: Concentration &0, is approaching 400 ppm for the first time in higtdvlauna Loa
Observatory, Hawaiihftp://www.esrl.noaa.goy/

Space-based carbon dioxide (CO,) measurements to monitor global and regional
carbon cycles are of significant importance. The Argus 1000 micro-spectrometer developed
at York University, Canada in association with Thoth Technology Inc. is a part of the
Canadian  Advanced Nano-space eXperiment-2  (CanX-2)  satellite’s  payload
[Sarda et al., 2006] launched in 2008. CanX-2 orbits in a low Earth orbit (LEO), 640 km
above the Earth’s surface where Argus’s field of view (FOV) provides a spatial resolution of

2



1.5 km. The Argus 1000 micro-spectrometer operatébe near infra-red (NIR) region from
1to 1.7um (1000 to 1700 nm) with spectral resolution of 6 pAngus Manual, 2010]. An
analysis of the spectra it records can providermétion about the absorption of infrared
radiation by some greenhouse gases (GHGs) suchater wapour i{,0), carbon dioxide
(CO,), methane @H,), and oxygen @,). The Argus instrument team has been awarded the
Alouette award 2010 in recognition of its contrilout to the CanX-2. Figure 2 shows Argus

1000 micro-spectrometer set for space variatiot tes

Figure 2: Argus 1000 in the space facility at Yohkiversity http://www.thoth.ca/]

1.1 Thesis Statement

The aim of this thesis is to perform a sensitiatyalysis for the perturbation €D, in
the atmospheric boundary layer (ABL) and the whatmospheric column. This sensitivity

3



analysis analyzes the absorption of reflected ghhlby carbon dioxideCO, at the band
1.58 pum. The sensitivity of back-to-space radiamcethen investigated with respect to
perturbation of the whole atmospheric colur®, (from sea level to 50 km) and the
atmospheric boundary layer (from sea level to 2 .kifipe analysis uses GENSPECT,
a line-by-line radiative transfer code that is alssed to read and analyze Argus 1000
spectrometer data. To mod€D, fluctuations, theCO, mixing ratio (parts per million) is
increased by 1% in the atmospheric boundary l&elar zenith angles (SZA) of 3@and 80 are
consecutively modeled and back-to-space radianeeplatted. Two possible scenarios of solar
radiation paths are assumed. In scenario one,dlae sadiation path is assumed to be direct
while it is assumed to have multiple reflectionsnfr cloud in scenario two. The total
back-to-space radiance monitored by the sensbers ¢alculated in both scenarios. The effect of
clouds on solar radiation ar@i), absorption is explored, analyzed and supportednayysis of

Argus 1000 spectrometer data.

1.2 Thesis Outline

The thesis is organized as follows. Chapter 1 deserthe sensitivity analysis by
providing an introduction to the importance andeghyes of the Argus instrument. Chapter 2
provides a literature review on other greenhouseganeasurements from space and sensitivity
studies for space-based measurements of atmospio¢aiccolumnCO,. This chapter also
details the CanX-2 mission to space as well asrttexnal structure, detector system, optical

design, and the operation of the Argus 1000 spewter.

Chapter 3 introduces the sensitivity analysis methogy that is adopted in this

thesis. It also describes GENSPECT, the radiatiaasfer model being used and utilized in



this analysis to read and analyze Argus 1000 spewxtter data. The radiative transfer

equations are discussed in this chapter as well.

Chapter 4 discusses the results of the back-toespansitivity toCO, absorption at
different solar zenith angles in the atmospheriaraary layer and the whole atmospheric
column. It examines the solar zenith angles (SA&s)ation effect on the simulated back-to-
space radiance. Argus 1000 spectrometer performanedso discussed in this chapter in
terms of its current signal-to-noise ratio (SNRheTlaboratory experiment setup and results
of Argus 100 SNR are described in this chapter al. whe two assumed scenarios of the
solar radiation paths, reflected off ground and d@iud, are explored in this chapter. It

explores the effect of clouds on the solar radiatod theCO, absorption.

Lastly, Chapter 5 provides a conclusion by sumniagizhe results of the sensitivity
analysis of back-to-space radiances to the chaofj€e, in the boundary layer and outlines
the future work that could be performed to imprdhe current sensitivity method being
adopted in this thesis. It also summarizes the Argjo00 performance in terms of its SNR

and the effect of the presence and absence of €londheCO, absorption at 1.58 pum.



2.0 Background

The Earth’s atmosphere can be segmented into ugmerlower regions. The lower
atmospheric region extends from sea level to atuddt of approximately 50 kilometers (km)
[Finlayson & Pitts, 1986] and is the region wheoens greenhouse gases are found. Greenhouse
gases (GHGs) keep Earth warm and habitable for hamdaowever, an increase of their
emissions from anthropogenic activities in the aphere will cause the largest positive
(warming) forcing [Hansen & Sato, 2004] and leadstmme changes, for example, in the
atmosphere [WRI, 2014] where more outgoing tenadstadiation is trapped and heats up the

atmosphere.

Radiative Forcing (RF) is an analysis used to daeiteg the effects that greenhouse
gases, aerosols, and clouds have on climate chdimgecombined anthropogenic RF, from
1750 to 2005, is estimated to be +1.6 [-1.0, +0\Bh~2, indicating that, since 1750, it is
likely that humans have exerted a substantial wagmiinfluence on climate
[Forster et al., 2007]. Fourth Assessment Report of the IPCC [IPEID7, Chapter 2]
suggests that the combined anthropogenic RF idylitce be at least five times greater than
that due to solar irradiance changes. Table 1 atd& major greenhouse gas concentrations
in 2005, their growth rate from 1995 to 2005, ahdit radiative forcing (RF). The forcing
rate ofCO, is the largest change observed or inferred fordmoade in at least the last 200 years
[IPCC, 2007]. Comparison between major GHG abundanand radiative forcing is
presented below in Table 2 and it is clearly sd&t the concentration and forcing values of
the mentioned GHGs have increased with time [IPOCA42 Chapter 8]. Concentration values

of the GHGs in Table 2 are illustrated in Figuras3a bar chart.



Table 1: Major greenhouse gas content in the eanyidp rate for 1995 to 2005 decade and
radiative forcing [IPCC 2007, Chapter 2].

Gas Global Mean Growth Rate Contributed
concertiationin 1995102005 Radiative Forcing
(ppm/ppb yr—) (RF)
Cco, 379 ppm 1.9 ppmyr=1 +1.66 [+0.17] Wm ™2
CH, 1774 ppb ~ 0.5 ppbyr~1 +0.48 [+0.05] Wm ™2
N,O0 319 ppb 0.26 pphyr™? +0.16 [+0.02] Wm™2

Table 2: Concentration and Radiative forcing valoe&HGs in 2005 and 2011 [IPCC 2014, Chapter 8].

Concentrations Radiative forcing(Wm=2)
V 2011 2005 2011 2005
Year
€O (ppm)
391+£0.2 379 1.82 £0.19 1.66
CH, (ppb)
1803 £ 2 1774 0.48 £ 0.05 0.47
N0 (ppb)
324 £ 0.1 319 0.17 £0.03 0.16
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=
o
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o
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Figure 3: Comparison between GHGs concentrati@®db and 2011 according to IPCC 2014
data.

Accurate measurements of atmospheric carbon dicimeother species can provide
an objective basis for evaluating reported emissi@t regional to continental scales
(10*-10° km?) [Andrewset al., 2013]. Precise measurements of atmosph@dic from a
global network of surface stations show that fos#l combustion, deforestation, and other
human activities emissions are superimposed oncéimeacarbon cycle, driven by natural
processes in the land biosphere and oceans[M#l&t1l]. However, knowledge of the nature
and location ofCO, sources and sinks, as well as the processes thaffgct their future
evolution, continues to be limited by a lack of mMgrecision global measurements of
atmosphericCO, [Boland et al., 2009]. Space-based remote sensing measurements of
atmosphericO, have the feasibility to overcome t668, ground measurement limitations in
terms of the coverage or resolution to map sousses sinks on regional scales over the
globe provided the satellite measurements havacseritly high sensitivity to the planetary

boundary layer (PBL) [Rayner & O’Brien, 2001; Houweling et al., 2004; Miller et al., 2007,



Chevallier et al., 2007; Baker et al., 2010; Br'eon & Ciais, 2010]. Figure 4 illustrates
different remote sensing platforms and their mommig capabilities. Several sensitivity
studies have evaluated the improvement in carbonifiversions that would be provided by
precise, global space-based colu®®, data [Dufour & Breon, 2003; Houweling et al.,
2004; Mao & Kawa, 2004; O’Brien & Rayner, 2002; Rayneret al., 2002; Rayner & O’Brien,
2001; Baker et al., 2006b]. The consensus of these studies is Hiatlise measurements with
bias-free precisions in the range of 1-10 ppm (8.3%) will reduce uncertainties @0,

sources and sinks due to uniform and dense glampbng [Miller et al., 2007].

Figure 4. Satellite remote sensing is capable ofoviding more frequent and
repetitive coverage over a large area nthather observational means.
Figure courtesy of R. He, Hainan Univgrsi



2.1 Other Greenhouse Gas Measurements from Space

Carbon dioxide ¢0,) is one of the radiative forcing agents [IPCC, 2Dénd is one
of the most significant anthropogenic greenhoussegaWarnekeet al., 2010]. Carbon
dioxide (CO,) measurements from ground stations are accurate; however; they are sparsely
distributed globally, hence, space-based remotsiggnnstruments with precision required
are needed to reduce this uncertainty and providieatj coverage o€0, sources and sinks.
Presently, there are several instruments in spapalde of detecting atmospheric carbon
dioxide (CO,) in a wide spectral range. Some of these spadeuments operate in the
thermal infrared (TIR) range of the spectrum, otlmstruments detect in the near infrared
(NIR)/shortwave infrared (SWIR) interval, while semother instruments cover both
SWIR/NIR and TIR regions. Thermal infrared nadiregnhouse gas observations are
relatively insensitive to the lower tropospheree da the lack of thermal contrast. However,
many of the sources and sinks of the Ghl&located in the boundary layer; therefore, the
measurements of the mixing ratios of these gasadtieg from regional sources and sinks

are most significant in the lower troposphere.

The Infrared Atmospheric Sounding Interferometé&Sll) was launched onboard the
MetOp-A platform on October 19th, 2006 in Polar symchronous orbit with an altitude of
817 km above sea level. The detectors that are insdis instrument cover the spectral range
that extends from 645 to 276th~ (3.62 to 15.5 um) in order to resol@é®,, N,0, CH,, and
HNO; with a vertical resolution of approximately 1%.éeldesign of IASI resulted from a
trade-off between the meteorology and atmospheribenustry requirements

[Clerbauxet al., 2009]. The prime objective of the MetOp missisrto obtain continuous,

10



long-term data sets to support global climate noyimg and other environmental
forecasting. The Atmospheric Infra-Red Sounder (@JRs one of the six instruments
[NASA, 2008] that was launched onboard the AQUAtfolen on May 4, 2002 along with
the Advanced Microwave Sounder Unit (AMSU-A) and Bi@umidity Sounder for Brazil)
instruments to provide daily near-global coverageothb day and night
[Bréon & Ciais, 2010] in the spectral range fron7 30 15.4 um from the normal 705.3 km
orbit [Aumann & Pagano, 1994]. The primary objeetigf AIRS is meteorology with the
retrieval of temperature and water vapour profil€rbon dioxide 0,) retrievals from
instruments such as IASI and AIRS in the TIR ramgk be used to identify errors in the
transport models rather than to constrain sourodssinks [Bréon & Ciais, 2010]. AMSU-A
operates between 23 and 89 GHz to obtain accueatpdrature and moisture profiles in the
presence of clouds [Aumareb al., 2003]. HSB is a four-channel microwave radiometet
makes measurements from 150 to 190 GHz with ngditial resolution of 16 km.

The High Resolution Infrared Radiation Sounder (B)Rvas launched onboard the
National Oceanic and Atmospheric Administration (A& polar-orbiting satellite series in
late 1987 to assess long-term variability of then@tpheric properties such as relative
humidity in the upper-troposphere layer and tempeea and water vapour retrievals
[Shi et al., 2008]. HIRS operates in the spectral range 318 4m from an altitude of 833 km
[Garandet al., 2001] and provide€0, sensitive measurements in the thermal infraredR)TI
spectral range [Caet al., 2005]. Table 3 shows comparisons between IASRSAand HIRS

instruments.
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Table 3: Comparison between some selected paradtdre TIR instruments IASI, AIRS and
HIRS [Clerbawset al., 2009; Bréon & Ciais, 2010;Garaadal., 2001].

Instrument IASI AIRS HIRS
Spectral 3.62 to 15.5m 3.7 to 15.4um 3.8 0 15um
range
Spatial resolutiol Spatial resolution ¢
R lution Vertical resolution of 13.5 km nadir (Earth facing)
esolutio approximatelyl km (wavelength- of 20.3 km and 18.9
dependent) km, respectively
Altitude 817 km 705.3 km. 833 km
MetOr-A and B, anc
Platform MetOp-A AQUA NOAA-N
Launch date October 19, 2006 May 4, 2002 Late 1987
Meteorology, Meteorology with the Long-term
environmental . variability
Purpose forecasting and retrieval of assessment of the
urp 9 temperature and water .
global climate \ atmospheric
o vapour profiles .
monitoring properties
Swath +48.3° +49.5 +495
FOV 3.33°x3.33° 1.1 circular 1.4°

The Scanning Imaging Absorption Spectrometer fomédsgpheric Chartography
(SCIAMACHY) [Skupin, 2005] was launched onboard B8B8VISAT spacecraft on February
28th, 2002 to monitor greenhouse gases sucl®;asH,0, CO,, CH,, NO,, and CFC's.
SCIAMACHY exploits the sunlight transmitted, refted, and scattered by the Earth's
atmosphere or surface in the ultraviolet, visildad near infrared wavelength interval from
240 to 2380 nm at moderate spectral resolution (02— 1.5 nm) and high radiometric
accuracy (relative < 1%, absolute < 2-4%) [Bovensmet al., 1999]. ENVISAT (the
SCIAMACHY host spacecratft) flies in a polar, sumskironous orbit that produces identical
light conditions whenever crossing the equator. phmary objective of SCIAMACHY is to
determine the concentration and distribution of aagé number of atmospheric trace

constituents by measuring the radiance backscdttéem the Earth in limb and nadir
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geometry [Skupin, 2005]. Due to its infrared naoliservation capability, SCIAMACHY is
the first satellite instrument that is sensitiveCt®, in the low-troposphere region where most

variation occurs [Buchwitet al., 2005].

The Thermal And Near infrared Sensor for carborsédation Fourier-Transform
Spectrometer (TANSO-FTS) was launched onboard thee@house gases Observing
SATellite (GOSAT) on January 23rd, 2009 to detdet hear infrared radiation reflected from
the earth's surface as well as the thermal infrgild®&) emitted from the ground and the
atmosphere in order to monitor carbon dioxid®,) and the methaneCH,) globally from
666 km orbit [Kuzeet al., 2006]. It is a joint project of Japan’s AerospaExploration
Agency (JAXA), the Ministry of Environment (MOE), nd National Institute for
Environmental Studies (NIES) [Yoko#t al., 2004]. TANSO-FTS covers the spectral range
from 0.76 to 15m and monitor€£0, andCH, in the spectral regions 1.6 pm and 2.0 pm. An
oxygen A-band near the 0.76n region is also measured to monitor air mass anddntify
cloud effects [Yokotat al., 2004]. SCIAMACHY is able to observe the wholertbaas it has
an orbital period of about 100 minutes. Global cage at the equator is established within 6
days when using the alternating limb/nadir scanoomptHowever, global coverage can be
achieved within 3 days (for the 960 km swath widi)en only nadir or limb modes are

employed [Nettt al., 2001].

The GOMOS (Global Ozone Monitoring by Occultatioh $tars) instrument was
launched March 1st, 2002 on board the Europeanesfdgency's Envisat satellite to measure
05, NO, , NO3, neutral density, aerosold,0, andO,, in the stratosphere and mesosphere by
detecting absorption of starlight in ultraviolet\() visible (VIS), and near infrared (NIR)
wavelengths [Kyr6l&et al., 2004]. GOMOS operates in the ultraviolet- visimlavelengths
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250-690 nm and two channels are in the near- ieftat 750-776 nm and at 916-956 nm

from an altitude of 800 km with spectral resolutioh0.6 nm in a polar, sun-synchronous

orbit [Bracheret al., 2005]. The primary goal of GOMOS is to accunateletect the

stratospheric ozone, allowing one to monitor glotbpahds in this species over long periods

[Nett et al., 2001]. Bertauxet al. [2009] provide detailed information about the GOBIO

instrument and

its specifications. Table 4 compatbe main differences between

SCIAMACHY, TANSO, and GOMOS instruments.

Table 4: Characteristics of SCIAMACHY, TANSO and ®MOS instruments

Instrument SCIAMACHY TANSO GOMOS
Platform ENVISAT GOSAT ENVISAT
Orbit sun-synchronous sun-synchronous sun-synchronous
Altitude 799.8 km 666 km 800 km

Launched date
Spectral range

Spectral
Resolution

Viewing Geometry

Scientific
Objective

Total Mass

Power

Field of View

Volume

March 1st, 2002

240 to 2380 nm

0.2 nm-1.5 nm

Nadir, Limb, and solar
occultation

Provides global measurement
of various trace gases in the
troposphere and stratosphere

215 kg
175 W

0.045° x 1.8°

1.8x0.9x1.0m3

January 23rd , 2009 March 1st, 2002

0.76 to 1m 250 to 950 nm
1.2 nmin UVVIS
-1
0.2¢m 0.2 nmin NIR
Occultation mode and
Nadir monitoring modes (uniformity,

spatial spread and linearity
mode)

To estimate emissions , ,
, Observation of ozone in the
and absorptions of the
stratosphere and the

greenhouse gases on @ oo
: monitoring of trends.
sub-continental scale

250 kg 175 kg
310 W 200 W
_ (0]
cross-tr. £35 0.6°

along-tr. £20°

1.2x1.1x0.7n3 30 cm x 20 cm
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The Michelson Interferometer for Passive AtmospheBiounding (MIPAS) is a
Fourier transform spectrometer designed for measen¢ of trace species from space
[Clarmannet al., 2003]. MIPAS was launched on March 1st, 2002camtd the Envisat
spacecraft into a polar sun-synchronous orbit. Wsithigh spectral resolution (0.083m™1)
and covering the mid-infrared from 4.1 to 14.7 n68%-2410cm™1), the opportunity to
understand and study active odd nitrogen speciesaNdNO,, from their emissions at 5.3
and 6.2 um respectively [Funletal., 2005] is present. The Thermal Infrared SensoREl)
was launched onboard LANDSAT-8 on February 11t 3®ith two spectral bands: Band
10 TIRS 1 (10.6-11.19 pm) and Band 11 TIRS 2 (112551 pm) both with spatial
resolution 100 m. The Global Ozone Monitoring Expemt (GOME) was launched in April
1995 aboard the European Space Agency’s (ESA) SiEaropean Remote Sensing Satellite
(ERS-2) and measures the reflected and scattemddysufrom the Earth’s atmosphere and
surface in nadir viewing mode in the spectral ragg0-790 nm at a moderate spectral
resolution of between 0.2 and 0.4 nm. The primabjective of the GOME mission is to
guantify the global distribution of ozone and soatker trace gases such @g, 04, NO,,
BrO, NO;, H,0, and 0, [Burrows et al., 1999]. The Atmospheric Chemistry Experiment
(ACE) is a Canadian-led satellite mission that wlasinched on Aug 12th, 2003
[Bernath et al., 2005] to measure the concentrations of more tB&n atmospheric
constituents by absorption of sunlight. However thain objective of ACE is to make
measurements that will improve understanding ofdiemical and dynamical processes that
control the distribution of ozone in the upper wsphere and stratosphere [Bernath, 2006].

ACE covers the spectral interval from 2.2 to 138. 4
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The Moderate-resolution Imaging SpectroradiometdODIS) onboard the Terra
(EOS AM) and Aqua (EOS PM) satellites was launchedDecember 18th, 1999 and May
4th, 2002 respectively, to measure Earth’s radianc&g bands, ranging from 0.4 to 14 um
[Savtchenkoeet al., 2003] at varying spatial resolutions 2 band2%@ m, 5 bands at 500 m,
and 29 bands at 1 km. Its objective is to proviagé-scale global measurements including
changes in radiation budget, Earth's cloud cowved, processes occurring in the oceans, on
land, and in the lower atmosphere. The Advancedy Mdigh Resolution Radiometer
(AVHRR) was first launched on October 1978 onbodiROS-N (Television Infrared
Observation Satellite) with a 4-channel radiometest was subsequently improved to a
5-channel instrument (AVHRR/2) that was initiallarcied on NOAA-7 (launched June
1981). The latest instrument version is AVHRR/3thwé channels, first carried on NOAA-15
launched in May 1998 [NOAA, 2013]. The main objgetiof the AVHRR scanning
radiometer is to remotely determine the cloud coamed the surface temperature of Earth,
upper cloud, and/or a body of water such as ocesaes, and lakes. The AVHRR/3 is a six-
channel scanning radiometer providing three solsanaoels in the visible- near infrared
region and three thermal infrared channels as Vicdl00.58—-0.68 um (green to orange) for
daytime cloud and surface mapping, 0.725-1.10 pad {o near-infrared) for land-water
boundaries, 1.58-1.64 um (near infrared) for snad iae detection (off during nighttime),
3.55-3.93 um (middle infrared) to map night cloutd aneasure sea surface temperature
(off during daytime), 10.30-11.30 um (thermal im&d) for night cloud mapping and sea
surface temperature, and lastly 11.50-12.50 unrr{takinfrared) to measure sea surface

temperature.
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The Orbiting Carbon Observatory (OCO) [Pollock kf 2010] was designed to fly in
the EOS Afternoon Constellation (A-Train) with a 570km Sun-synchronous orbit
[Bbschet al., 2006] and make measurements of carbon dioxideadrations from space
with the precision and accuracy required to idgngburces and sinks on regional scales
(-1,000 x 1,000km?) and to characterize their variability on seasonmhescales
[Crisp et al., 2004]. Unfortunately, OCO was lost due to auial of the launch vehicle on
24 February 2009. Since then, work has started 60-Q which was launched in July 2014.
The OCO instrument is designed to make very higdgcspl resolution measurements close
to 1.6 pm and 2 um, two spectral bands that shéewanarrowCO, absorption lines and that
are free from other gaseous absorption, and at Qm6that corresponds to an oxygen
absorption band. The latter is used for correctafnsurface pressure and atmospheric
scattering [Bréon & Ciais, 2010]. OCO has threawtgy strategies: Nadir, Glint and Target.
In the Nadir mode, the instrument looks straightdods the local sub-spacecraft point on the
Earth's surface to gain the highest spatial resmiutin the Glint mode, the instrument
boresight points at the spot on the Earth surfaberes sunlight is specularly reflected. This
mode is necessary over the ocean to get a sizeelidetance from the surface. Finally, the
instrument may aim at specific targets and this ensduseful for calibration and validation
of the CO, products [Bréon & Ciais, 2010]. OCO-2 used the O@&irument and mission
design including the same orbit to minimize thé r@d time required to launch readiness.
OCO-2's most critical requirement is to measure ¢cbkimn—averaged dry air mole fraction
Xco, With 1-2 ppm (0.3—-0.5%) precision on regional esa(1,000 x 1,00&m?) at semi-
monthly intervals for up to two years. The Field\oéw (FOV) of OCO-2 was designed to

observe the Earth’'s surface with an area otn® in nadir to maximize the number of
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cloud-free scenes observed. The two viewing geogmewdes Nadir and Glint are planned
for alternating 16 day repeat cycles since the epadt lacked sufficient pointing agility to
switch rapidly between Nadir and Glint modes. Iinsteworthy to mention that the Argus
1000 Micro-spectrometer is the predecessor of OC&an it was launched on April 2008
onboard CanX-2 (Canadian Advanced Nanosatellite eedpent-2). Argus 1000 was
designed to measure the greenhouse gases in ths@iare and it operates in a very narrow
spectral range from 1 um to 1.7 um with a speateablution of 6 nm. A more detailed
discussion of the Argus spectrometer is found ictia 2.4. Table 5 shows the technical
features of Argus 1000 spectrometer and OCO-Z tlearly seen, from Table 5, that there
are some similarities and differences between Argd80 spectrometer and OCO-2. They
have the same orbit mode (sun- synchronous), Jesg spatial resolution, and approximately
same orbital altitude (~ 640 km). On the other hamowever, there are some differences
between them such as number of instruments, speatrge, spectral resolution, mass, power
and volume. OCO-2 carries 3 grating spectrometéiey@each spectrometer has only one band
in a specific range on the electromagnetic spec{mA-band,CO, weak and strong bands in
the NIR) while CanX-2's Argus 1000 is only one gmgtspectrometer operating in the NIR

spectral range (1000 to 1700 nm).
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Table 5: OCO-2 and Argus main technical specifori

Instrument 0CO-2 Argus 100(
Platform LEOStar-2 CanX-2

Orbit sun-synchronous sun-synchronous
Altitude 686 km 644 km
Launched date 01 Jul 2014 28 April 2008
Instrument 3 Grating Spectrometers 1 Grating Spectrometer
Spectral range 0, A-Band: 0.758 to 0.772 pm 1.0-1.7 ym

WeakCO,: 1.594 to 1.619 pum
StrongCO,: 2.042 to 2.082 pm

Spectral Resolution 0,= 17500 g\AA1) 6 nm or 2834\AA4) at 1700
CO,= 20000 4\A41) or 0.01 nm
cm~!
Spatial Resolution < 3km? ~2.8km?
Viewing Geometry Nadir, Glint and Target- Nadir
tracking
Scientific Objective To provide space-based To measure greenhouse
measurements @0, with gases in the atmosphere such
precision and accuracy asC0,, H,0, 0, andCH,
needed.
Mass 140 kg, total 450 kg (with >230 g total 3.5 kg (with the
the bus) bus)
Power 105 W 2.3 W
IFoV (along x across- 2.25 x 1.29 km at Nadir 1.4 x 1.4 km at Nadir
track)
FOV 2.9km? /1.8 mRad / 0.10° Bm? / 2.18 mRad / 0.15°
Swath 10.4 km at Nadir or 0.8° -
Volume 1600 x 400 x 600 mm3 45 x 50 x 80 mm3
Approximate Cost $465 million $1 million

Thermal-IR instruments such as AIRS, TES, and |A%asureCO, above the mid-
troposphere; however, the lack of sensitivity cdsthh thermal-IR data to near-surfai@, and
potential shortcomings in the description of vetieransport in transport models result in a

limited value of these observations for inversalstsi of surface fluxes [Chevalliet al., 2005].
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TIR instruments directly measure the greenhouseirigrby CO, in the present climate. In
contrast, solar NIR instruments such as Argus 1BISAT, and OCO-2 measure the tdlal,

column and therefore provide the highest sensptitit the surface fluxes. NIR instruments
provide insight needed to predict future rate€£0§ buildup and climate impacts. Combining
solar NIR and thermal IR measurements could prowigight into vertical atmospheric transport

of CO,.

2.2 Sensitivity Studies for Space-Based Measurements of
Atmospheric Total Column CO,

Carbon dioxide levels are monitored and measuredrately by hundreds of ground
stations in 66 countries around the globe. Howeter majority of these stations are located in
the Northern Hemisphere while there are few statiarthe Southern Hemisphere, which makes
their dataset limited for global studies. Uncertiyain the global carbon budget estimate based on
the scattered ground stations is approximately Gigatonnes of carbon dioxide per year
(GtCO,/y) which is equal to about 1 ppm/year [Rayner &1@n, 2001]. Atmospheri€0,
measurements from space with high spatial resol#re of great assistance and significance for
global and regional carbon-cycle studies. In th&t pato decades, some studies such as [AsbKi,
al., 1993; J. Park, 1997; and Tolton & Plouffe, 200Hve investigated the possibility of
monitoring atmospheric total colunttD, from space. Recent studies such as [Mao & Kawa,
2004, Dufour & Bréon, 2003, O'Brien & Rayner, 20B&ayner & O’'Brien, 2001, and Kuara

al., 2002] have explored and addressed this issueanstimilar measurement methodology.

Mao and Kawa [2004] examined several poteltial absorption bands and selected the

1.58 um band as optimal because the solar flux is higttiethis wavelength than at longer
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wavelengths and because interference from othesgesies is minimal. They described some
basic radiative features and properties of the firB&and for a realistic atmosphere with both
absorption and scatteringurthermore, they tested the back-to-space radsaftdechanges in
the atmospheric boundary laye€0, amount under different geophysical conditions sash
solar zenith angle, cirrus clouds, aerosols, aneémepour. They also addressed the dependence
of the radiance sensitivity on the atmospheric terafure and the surface pressure. Rayner and
O’Brien [2001] have shown that space-based measmmsmof the atmospheric tot&lO,
column, even with poorer precision (~2 ppmv, 0.5%)uld provide a better constraint on the
geographic and temporal distributions ©f, sources and sinks than the existing surface
network. O'Brien and Rayner [2002] measured thars@diance at two frequencies in i@,
absorption band at 1.61 pum, which in principle wlaheCO, column to be estimated precisely
in a clear atmosphere, not in the presence ofdloind and aerosol. They argued that precision
better than a few percent is unlikely, becausetesgaty by cirrus shortens the mean path lengths
of photons reflected to space, and hence biasesstireate of th€0, column low. Dufour and
Bréon [2003] used the differential absorption tegha, from high-resolution spectroscopic
measurements in the luéh and 2um CO, absorption bands to analyze the feasibility of a
CO,—weighted column estimate. They attempted to gfyaetrors due to the radiometric noise,
uncertainties in the temperature, humidity, andaser pressure, spectroscopic coefficients, and
atmospheric scattering. Their error analysis shthas there are two major sources of error that
need to be resolved for a useful measuremer@Ogf from space. These sources of error are
spectroscopic parameters and the impact of atmaspseattering resulting from aerosol and

undetected clouds [Dufour & Bréon, 2003].
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Kuanget al. [2002] introduced a method that employs high-netsoh spectra of reflected
sunlight taken simultaneously in near infrared (NIED, (1.58um and 2.0um) and O,
(0.76um) bands to measure the column-avera@éd dry air volume mixing ratiX¢o, from
space. Their simulation shows that precisions 08-2.5 ppmv foiX¢,, can be achieved from
individual clear sky soundings for a range of atpiesic/surface conditions when the scattering
optical depth is less than ~0.3. Their study caedl that the 3-band, high-resolution,
spectrometric approach using NIR reflected sunlighg the potential for highly accuratg,,

measurements.

2.3 CanX-2 Mission to Space (Canadian Advanced
Nanosatellite eXperiment-2)

The Canadian Advanced Nanospace eXperiment (CanX-2)series of satellites that
were launched by the University of Toronto Insetubr Aerospace Studies’ Space Flight
Laboratory (UTIAS/SFL) in September, 2001 [Rankiral., 2005]. The CanX-2 program was
developed to provide Canada with a continuous supphighly skilled and experienced space
system and microsatellite engineers while at tineeseame providing a low-cost, quick-to-launch
satellite platform upon which to execute scientiiod technology demonstration missions
[Sardaet al., 2006]. CanX-2 is a triple CubeSat measuring 1@ * 34 cm as shown in Figure 5
and is approximately 3 kg in mass, that allows dogater available space for payloads and
surface area to push the envelope of what has pesriously attempted in this scale of
spacecraft [Sardat al., 2006]. Figure 6 shows the CanX-2 overview bud pasitions of its

devices and instruments. Figure 7 shows the CanXs&ion patch.
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Figure 5: Partly integrated CanX-2 spacecraft [@zsy: UTIAS]
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Figure 6: Accommodation of subsystems in the Card( [Courtesy: UTIAS]



Figure 7: CanX-2 Mission Patch [Courtesy: UTIAS]

2.3.1 Payloads

CanX-2 hosts several science and engineering ewpets, each with the potential and
promise of developing and advancing knowledge andetstanding within the scientific
community. The science payloads are shown in FigurBcience instruments aboard CanX-2
include an atmospheric spectrometer (Argus 100@tspmeter) to measure greenhouse gases
(York University), a GPS radio occultation expeemh developed by the University of Calgary
to characterize the upper atmosphere, and a spaieziats experiment to evaluate the effects of

atomic oxygen on a protective coating (Universityr oronto).
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Figure 8: The science payloads. The atmosphertrgpeeter, GPS antenna and receiver, and
advanced surface material experiment [Courte3yAS].

2.3.2 Launch of CanX-2 Satellite

The CanX-2 Nanosatellite waaunched into a sun-synchronous, near polar, lowhEa
orbit (LEO) on April 28th, 2008 aboard the Indiaol& Satellite Launch Vehicle (PSLV) from
SDSC (Satish Dhawan Space Centre), Sriharikotaa.lfithe shared launch comprised of eight
secondary payloads, and CanX-2 included, and thmapy payload of a high-resolution
panchromatic imaging satellite (CartoSat-2A), depell by the Indian Space Research
Organization (ISRO). Figure 9 shows the CanX-2 tuwsiin the upper stage of the PSLV-C9

rocket. Figure 10 shows the final stage of PSLVe@3he launch pad, India.
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Figure 10: (A) PSLV-C9 on its way to the launch p@) PSLV-C9 on the launch pad, April 28th,
2009 [Courtesy: UTIAS/ISROQ].
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2.4 Argus 1000 Spectrometer

The Argus 1000 micro-spectrometer is a new germeradi miniature remote sensing
instruments to monitor greenhouse gas emissioms §pace. The Argus 1000 spectrometer is
capable of monitoring ground-based sources andssimk anthropogenic pollution. The
instrument was designed to take nadir observabdnsflected sunlight from Earth's surface and
atmosphere. The nadir viewing geometry of Argusfiparticular utility as this observation
mode provides the highest spatial resolution onlihght land surfaces and returns more
useable soundings in regions that are partiallydjyoor have significant surface topography.
Figure 11 illustrates the science of observationdenmf the Argus 1000 spectrometer.
Signal-tonoise ratios of observations over dark ocean sasfaway not be adequate in Nadir
mode. This limitation of Nadir mode might be overe by employing Glint mode, though
the actual glint spot is too bright and would satar the instrument. Glint mode

measurements should be made a few degrees awaythmacttual glint spot.

Spectra of reflected radiation from the Earth'asig provide some important absorption
features that are associated with the absorptiosotar radiation by gases in the atmosphere.
Measurements of the absorption of reflected sunbgt€CO, at NIR wavelengths were extremely
sensitive to theCO, concentration change near the surface, whereoitsces and sinks are
located [Bolandkt al., 2009]. The NIR nadir spectra measured by thai&r000 spectrometer
contain information on the vertical columns of imgamt atmospheric trace gases such as carbon
dioxide (CO,) and water vapourH,0). Other greenhouse gas species such as nitrods oxi
(N,0), hydrogen fluoride (HF), methane&CH,) and carbon monoxide (CO) have NIR
absorption features within the Argus spectral raingen 1000 to 1700 nm; however, they are

relatively weak [Jagpal, 2012]. Table 6 shows ths gpecies observed by Argus. The Near
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infrared (NIR) absorption amount depends on thecenotration of absorber gas along the

radiation path without the photons being attenusedome physical process such as scattering
or saturation.

vAg
0’
L 7 Q
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Insolation
CanX-2 CanX-2 Canx.»
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L 1000 o 1055
® 3 i
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£ 8 3
: 0
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Source -

Figure 11: Nadir viewing geometry of Argus 1000ctpemeter. [Image credit: Jagpal, 2012]

Table 6: Gas species observed by IR Argus 100Grsmeeter and their absorption bands.

Observed Target Gas

Absorption wavelength
Carbon Dioxide (CO5)

1240 nm, 1420 nm,

1570 nm, 1600 nm
900nm, 1200 nm,
Water (H,0) 1400 nm
Carbon Monoxide (CO) 1630 nm
Methane (CH,) 1660 nm
Oxygen 0,) 1260 nm
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Optical depth is a quantity of fundamental impocganin atmospheric studies
[Bodhaineet al., 1999] which related to the vertical path fromrths surface to outer space.
Argus 1000 records any changes in optical deptlocaged with the variation of the
atmospheric gas species in the spectral interv@0D40700 nm. With a spectral resolution of
6 nm and instantaneous field of view (IFOV) 2.18adRthe Argus 1000 spectrometer provides
a high spatial resolution pollution monitoring chipgy. Table 7 illustrates the technical
specification of the Argus 1000 spectrometer [Arilenual, 2010]. Before flight, Argus 1000
was successfully calibrated and tested to makeisuoret the space environment conditions. The
Argus 1000 spectrometer (Figure 12) calibrationcpdure is detailed by Jagpal, 2012.
Geolocation algorithms have been developed by B¢2@t?2] to locate Argus observations and

prepare them for further analysis.

Figure 12: Argus 1000 spectrometer commercial sindwn at the Space Engineering Laboratory, York
University.
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Table 7: Argus 1000 specifications [Argus manu@l.d.

Argus 1000 parameter

Value

Type
Configuration
Mass
Accommodation
Field of View

Grating spectrometer

Single aperture spectrometer
Less than 230 g

45 mm x 50 mm x 80 mm

0.15° viewing angle around centered
camera boresight with 15mm
fore-optics

Spectral range 900 — 176én

Spectral resolution 6 nm

Spectral Channels 100 (typical)

Spatial resolution 1.25 km

Detector 256 element InGaAs diode arrays with
Peltier cooler (100 active
channels)

Grating 300 or 600 g/mm

Integration Time 50@s to 4.096 sec

Operating Temp —20°C to +40°C operating temperature

Survival Temp —25°C to + 50°C survival temperature

Signal to Noise Ratio ~700:1

Power 2.3N

2.4.1 Argus 1000 Spectrometer Design

The Argus 1000 micro-spectrometer weighs less #&hg, which makes it a very strong
candidate for low-mass cost effective space missiofhe instrument's dimensions are
45 x 50 x 8amm? as shown in Figure 13. The entrance aperture th@®rX face and its center
is located 10 mm from the edge of the +Y side ah& 2nm from the +Z side. The connector is

on the -Y side, with its center 13 mm from the -8¥d and 5 mm from the —Z face.
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45 mm

Figure 13: Argus 1000 External Dimensions [Cowrtd$hoth Technology Inc., 2010] .

2.4.2 Detector System

Argus utilizes an indium gallium arsenidim(Ga,_, As) sensor that is a semiconductor
with excellent transport and optical properties.e Tdevice employs a linear indium gallium
arsenide (InGaAs) photodiode array with high-quangificiency pixels, as shown in Figure 14,
in the infrared to detect the emitted radiatiomfra distant surface tile that has been divided
spectrally by the grating optics. The detectoryahras a quantum efficiency of approximately
85% in the spectral range between 1000 nm and A600 he detector array has 1x256 elements
and is actively cooled. It is a hybrid InGaAs ant1@S (Complementary metal-oxide—
semiconductor) active-pixel readout electronics cwhibuffers, amplifies, and stores the
photo-current according to principles shown in Fggd5. The generated photo current is
processed by a capacitive transimpedance ampl@i€rA) into a measurable voltage. There are

two values of feedback capacitor may be selectadrreadly (the HIGH setting enhances
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dynamic range, the LOW setting increases sensitivithe ADC precision can be enhanced

from 10-bits to 13-bit by utilizing the co-addingature [Argus Manual, 2010].

o VSS
Ee Light Iu— Reset
£ N T o
ix N
- S/H2
VREF H

0.9 1 11 12 13 14 15 16 17 18
Waelength (pm)

Figure 14: Detector Quantum Efficiency for Figure 15: Schematic of an integrating
1.7um device. transimpedance amplifier.

2.4.3 Optical Design

The Argus optical system was designed in an innovatixgy to meet the critical
requirements for obtaining accurate and precisa.datich requirements include the optical
resolution, spectral range, mass, and size. Thetrsppeange (1000 nm to 1700 nm for standard
version or 1700 nm to 2200 nm for extended rangeiwme) was chosen to measure both Earth
and atmospheric emission in the short wavelendthred (SWIR) region with a relatively high

spectral resolution of approximately 6 nm.

The CanX-2 instrument employs an infrared opticgdlét lens in the fore optics to
provide an image tile tightly focused on a beanp dtmat provides the spatial filtering for the
device. Other optical filters prevent the visibdeliation (that is below 900 nm) from entering the
spectrometry chamber. The device employs collingatiptics to collimate the reflected radiation
from a 1.5-km tile onto a reflective grating thaflects a spectrally divided image onto another

mirror (focusing optics) that focuses the first cfpal order of the surface tile image onto the
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detector. Figure 16 shows the internal structurArgtis while Figure 17 illustrates the layout of
Argus optical design and Figure 18 shows the imsémt’'s functional design. The diffraction

grating is of particular importance in the lighspiersion.

The instrument employs a 300 grooves/mm gratingichwwiprovides the desired and
necessary spectral range (1000 nm to 1700 nm) sered0,, CO,, andH,0 absorption. The
Grating plays a key role in determining the redolubf a spectrometer. Increasing the density of
the grating grooves (more than 300 g/mm) would eoédhe resolution but this would be at the

expense of a narrow spectral range.

Figure 16: The internal structure of the Argus 18f8ctrometer.
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Figure 17: The optical design layout of Argus. Thain mirror is 35 mm and the input mirror is 15
mm. The grating is 300 g/mm.
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Figure 18: Argus functional diagram showing opfigkie), electronics layer (brown), cooler compdeen
layer (red), software layer (green) [Argus Manal10].
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2.4.4 Instrument Operation
The Argus 1000 spectrometer team at York Universiigommanding and controlling

the instrument alongside CanX-2 satellite operatiand the control unit at UTIAS (University
of Toronto Institute for Aerospace Studies). Argadlects data over the determined targets for a
four-week long period and stops for a two-monthakreallowing the other two experiments
aboard CanX-2 to function. The Argus team at th@c8pEngineering Laboratory at York
University prepares the observation tables for desired targets around the globe using the
Systems Tool Kit (STK) software. The Argus-100Qy#drlist contains 35 sites around the Earth
as shown in Figure 19. Figure 20 shows some of &tgugets and typical CanX-2 overpasses.
STK is used to simulate the passes of the Canxdllisa over the selected targets providing a
list of start and stop times and the duration timeeconds for each pass every week during the
observation campaign. Table 8 shows a sample ofyihieal observation table generated by
STK. The highlighted pass in Table 8 is an indmatfor the operations team at UTIAS to
prioritize it in this campaign. The generated listsArgus targets are sent to the operations unit
at UTIAS to start the observation week. The operstiteam at UTIAS will then send the

collected data to the Argus team at York Univerftyprocessing and analysis.

Access for:  CanX-2-Argus Select Object...

*Antarctica
%D Atlantic
*Australia
*Beijing
*California
*Edmonton

*Fredericton
*Guatemala
*Iceland

%@ *Indian

%) "Islamabad
*Japan
*Jubail_Saudi
%40 "Karachi_Pakistan
*Montreal

9D *Moscow

% "Mumbai

Figure 19: Sample of Argus targets in STK.
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Figure 20: Some of Argus targets around the glofieGanX-2 passes over them.

Table 8: List of the selected targets for week ab@anuary 19th, 2015.

Week Start Time (UTCG) Stop Time (UTCG)

100 2015/Jan/19 04:00:00.0C 2015/Jan/23 04:00:00.0(

Pass Start Time (UTCG) Stop Time (UTCG) Duration (sec)
5 2015/Jan/19 10:41:35.35  2015/Jan/19 10:44:56.56 .5300
5 2015/Jan/19 10:48:06.0€ 2015/Jan/19 10:48:16.1¢ 9.36
5 2015/Jan/19 10:54:13.13  2015/Jan/19 11:01:32.32 .7838
6 2015/Jan/19 12:16:41.41 2015/Jan/19 12:20:50.5( 248.448
6 2015/Jan/19 12:22:54.54  2015/Jan/19 12:26:34.34 .5220
6 2015/Jan/19 12:30:27.27 2015/Jan/19 12:38:29.2¢ 482.564
7 2015/Jan/19 13:54:06.06  2015/Jan/19 13:56:57.57 3341
7 2015/Jan/19 13:58:37.37 2015/Jan/19 14:03:38.3¢ 300.831
8 2015/Jan/19 15:34:30.30  2015/Jan/19 15:40:33.33 .2B82
8 2015/Jan/19 15:30:56.5€ 2015/Jan/19 15:32:32.3: 96.237
14 2015/Jan/20 01:10:14.14  2015/Jan/20 01:18:56.56 .9621
14 2015/Jan/20 01:28:25.25 2015/Jan/20 01:29:42.4: 76.648
14 2015/Jan/20 01:10:14.14  2015/Jan/20 01:18:56.56 .9621
16 2015/Jan/20 03:57:12.12 2015/Jan/20 03:58:50.5( 98.466
16 2015/Jan/20 03:57:12.12  2015/Jan/20 03:58:50.50 4688.
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The operations team at UTIAS provides the Argusteath the data sets weekly during
the observation campaign. The data sets consitreé files: a binary file that details Argus
settings (exposure time, sensitivity, temperattine} were applied during the observation, the
data file that has an extension *.CX2MEM containthg raw data collected over the selected
target, and the attitude file that provides thelitg orientation information. Figure 21 illustesst
the different types of the data files provided bg bperations unit at UTIAS. Argus provides the
raw data file, which consists of a series of dadakpts, to an onboard computer in 532 byte
unsigned 8-bit words. Argus data packets are traresincontinuously at a cycle period
determined as (256 milliseconds + Integration tif@lumber of Scans + 1). Table 9 describes

Argus’ packet format.

" 11-ASE_Scan1_10pF_102.4ms Weekdd_Passi7 - Natepad | = B %
File Edit Format View Help
ASE . —
12l Settings file | 7] 2015)anuaryl3 133124 20100000 49140 - Notepad Raw data file
W
L File Edit Format View Help
g]i 8; (OO 16,L,WAMNBPY : ; I D : <KD :;IC:<HD;;JID:<JD<;HE:<ID;<ID:
w2 GBSY57GB77HBBY9FA7 9GCSB7 HBZ()0D .6,.T/AAGP]; : ID<<HD:; ID:; HD;
¢ Bl 1]CBBGC78HB78HC78GEO8HC78HEBESHCEBB8HE7EBHE S 8KC,(00 =1
W3 69 SHEY ST €991 0 keSS TIey=1Te 29I e 2 ST e S Yre2YHDY “TE o9
g HEBOHB79ICZ6HCZ8HEBERBZHDIIHCRBRBHCZ . JCc 7 0HEZ8HEERDTERT
E‘ 85 g E ;: ’3 E E 3 Iﬂ H |= Argus Attitude - Week99_Pass17 [Compatibility Mode] - Micrg
b E : i E ,= < i m Home Insert Page Layout Formulas Data Review View
£ ; 1 ID=99% ity # ¥
:BHD: ; H = Arial I =S¢  General -
T ID79HCH Ea~
o proill Pte o | B 7 L | E BB - s % 0wl g
L0akapg = 9| o : .
T H<7HD | Clipboard 1 | Font &)  Alignment G| . Number
>LG?EKG F32 - ke Attitude file
*LFBE<LH = -
DMI?GLG A B C D E e © H
= E E e ? E E 1 Time (UTC) X, Y, Z Body Rates (rad/s) Quaternions (z,7)
; NLKFRHIZ 1/13/20155:20  0.00084 0.00029 0.00137 0.26577 0.92793 0.26054 0.01429
>JG6>=314q|3 1/13/2015 5:21  0.00025 -0.0007 0.00191 027312 091706 0.28723 0.04361
= Ik i ?7G4q|4 1/13/20155:22  0.00116 000012 0.00107 0.28139 0.89855 0.33306 0.04979
; § g é g ; E 5 1/13/2015 6:23  0.00118 000012 0.00117 02879 08762 0.38243 0.05587
Figure 21: Data files provided by UTIAS for eaclspan every observational campaign.
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Table 9: Argus 1000 spectrometer Data Packet Faion&anX-2 flight model.

Word Description

Number

1-2 Synchronization Characters ‘(* and ‘)’ providedindicate packet start.

3-4 Device ID identifies Argus Instrument serial numE&r[4].

5-6 Command acknowledgement and errors provided indwaracter format: [5]
[6]. (Refer to section 12.1 in Argus manual, 2010).

7-8 Last command received provided in two-characten#ir{7] [8] (Refer to
section 12.1 in Argus manual, 2010).

9-12 Time since power on in Seconds computed as: [9%6K24) + [10]x(60x60)
+ [11]x(60) + [12].

13 Integration Time for Exposure in Seconds compute®8[13] x 0.00005.

14 Number of scans to co-added before data transmissio

15 8-bit binary word comprising:
[15 Bit 1] Dynamic Range Setting 0 = High Sensiiivil = High Dynamic
Range.

[15 Bit 2] Cooler Temperature Setting 0 = High Terhp= Low Temp.
[15 Bit 3] Auto-exposure time setting 0 = Mode OBEFR Mode ON.

16-17 Detector Temperature (DT) computed in degrees Ge&s:
V0=3.25*([16]*256+[17])./1023;Rt=26.7e3*(3.22-VOj\V0+1.78);
DT=1/(1.289¢e-3 + 2.3561e-4 * In(Rt) + 9.4272e-8MRt)"3));

18-19 Lifetime power ups computed as: [18]*256 + [19].

20-21 Adaptive exposure mode: pixel range for adaptiyeosure defined as lower
pixel number [21] to upper pixel number [20] tolundte.

22-23 Adaptive exposure mode: upper [22] and lower [B8¢s$holds to trigger
changes in integration time expressed in percefitliodynamic range.

23-535 535 spectral data encoded as 512-bytes in repaatsigned MSB and LSB 8-
bit words [MSB]*256 + [LSB].

536 Parity word computed bitwise as: U (I=1...534) XQRte_i, byte_i+1)

2.4.5 Potential Instrument Improvements
CanX-2 satellite is considered to be the firstggation of the CanX satellite series

developed by UTIAS after the loss of CanX-1 in 2088 previously mentioned, Argus 1000
spectrometer onboard of CanX-2 has been collectatg since 2008. Analysis of Argus 1000
data suggests that some improvements can be dahe fastrument to enhance the quality of
the data. One of the potential improvements isnpley glint mode which allows the instrument

38



to point at the glint spot, where the sunlightpeaularly reflected from the Earth's surface. This
observation mode will improve the instrument SNRerogtark surfaces like oceans. Moreover,
for validation purposes, VIS or NIR camera canrsalled alongside Argus 1000 spectrometer

to image the scenes that the spectrometer is Igakin

3.0 Measurements Strategy
The Argus 1000 spectrometer is a passive remot&rggimstrument that exploits the

reflected sunlight from the atmosphere and Eadhbidace to monitor the atmospheric gases
in the spectral interval 1000 to 1700 nm. As sokdiation propagates through the Earth’s
atmosphere, it is affected by physical processeh si3 absorption, emission, and scattering
that may be modelled by application of radiativansfer theory. The radiative transfer

equations and the model used in this thesis ar®eegbin the following section.

3.1 The Radiative Transfer Equation
The spectral features of the molecular absorptfdhereflected radiation by specific gas

species can be used to study the composition oE#rth's atmosphere. In the absence of the
scattering effects, the amount of absorption depeamdthe density of the gas and the length of
the path. The interaction between solar radiatiah @mospheric matter such as gases plays a
key role for life conditions on Earth, thus investing the radiative transfer process as well as
the radiative properties of the solar radiatioofigrucial significance. The Beer—Lambert law is
one of the fundamental principles in measuringrdthative transfer in the atmosphere. It is the
linear relationship between the absorbance anddheentration of an absorber. For one species,

Beer—Lambert’s law states:

dly = — I Ky p, dl (1)
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where | is the radiance (W2sr~1), p, is the number density of the absorbing gas
(moleculesm™3), K, is the extinction cross sectiom{ molecules™) which is the sum of the
absorption and scattering cross sections. The tdrmsddl, are the length of the path (m) and
the attenuation (decrease) in the incident radiamspectively. The negative sign represents the
reduction in the incident radiance by the absorptiad scattering that has been experienced in
the medium. Figure 22 illustrates the Beer—Lamb@nt. The radiation’s intensity may be
enhanced by emission from the medium that is beenersed plus multiple scattering from all
the directions. The increase in the radiation isitgndue to emission and multiple scattering

[Liou, 2002] is given by:
dl = japdl (2)

Wherej, is thesource function coefficienhence the importance of accounting for the source

function, which is defined as ratio of the soungaction coefficient to the extinction coefficient

I, = j/l/Kz (Wm~2sr~1). By combining equations (1) and (2), we obtain:

dy = —Lip Kdl+ jpdl (3)

Absorbing
. Matter/ I

Incoming

Radiance

Transmitted

Absorbed
Radiance

“Thickness Radiance

Figure 22: lllstration of energy transportation (Beer—Lambert Law).
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By rearranging equation (3), it will yield:

i,
T L+ ], (4)

Equation (4) is the general radiative transfer e¢iQuawithout any coordinate system
imposed, which is fundamental to the discussion amly radiative transfer process
[Liou, 2002]. It elucidates how the energy is lbgtabsorption, gained by atmospheric emission,

and redistributed by scattering when a beam o#taxh travels through the Earth’s atmosphere.

3.2 The GENSPECT Radiative Transfer Model with Selectable
Interpolation Error Tolerance

GENSPECT is a line-by-line radiative transfer aldon for absorption, emission, and
transmission for a wide range of atmospheric gase&n information including gas types and
amounts, pressure, path length, temperature, aagudncy range for an atmosphere, the
GENSPECT model computes the spectral charactersfithe gas. GENSPECT employs a new
computation algorithm that maintains a specifieduaacy for the calculation as a whole by pre-
computing where a line function may be interpolateithout a reduction in accuracy. The
approach employs a binary division of the specatmabe, and calculations are performed on a
cascaded series of wavelength grids, each withoxppately twice the spectral resolution of the
previous one. The GENSPECT error tolerances ar¥8,.0.1%, and 1% which may be selected

according to the application [Quine & Drummond, 2P0

GENSPECT has been developed under MATLAB as abtaobf components. The
toolbox includes a library of functions and a liraf scripts to illustrate how to carry out

example calculations to model optical paths throymdnetary atmospheres or laboratory
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instrumentation [Quine & Drummond, 2002]. The GEMEH algorithm was used in this
analysis to model the radiance that follows a siqggth under the effect of different parameters

and the results will be explored in the followingapter.

3.3 The Sensitivity Analysis Methodology

Radiance measurements from space at @y absorption band can be used to
determine the total colum@0, amount. For Argus therefore, we focus on the urmagnt
response at 1580 nm and 1600 nm bands to boundgey bBtmospheri€0, changes in
relation to the response to other variables. Theational-rotationaCO, solar infrared band
at 1580 nm will, partially, allow solar radiatioa pass through the whole atmosphere and be
reflected back to space by Earth’s surface. The alipwg radiance at the top of the

atmosphere is therefore sensitive to the totalroold0, abundance [Mao & Kawa, 2004].

Incoming solar radiation is attenuated as it pextes the atmosphere, reflects from
the surface, and travels back to space. In theateabsphere, the attenuation in the 1580 nm
band includes molecular scattering, absorption 08y and other gases such &s0,

extinction (scattering plus absorption), and paredlection at the Earth’s surface.

As previously mentioned, we focus on the back-taegpradiance response t€@,
change under various geophysical conditions. Ins thkinalysis, the sensitivity of
back-to-space radiance to the change€®@j concentration was performed by adjusting the
whole atmospheric column as well as the concewtmain the atmospheric boundary layer
where CO, varies the most. GENSPECT code was used to shevadiantage of selecting
the CO, band at 1.58im and its sensitivity to the back-to-space radiandee radiance

change was plotted when th®, mixing ratio is increased by 0.28% (~1 ppmv) ie t#hhole
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column (0-50 km) and 1% (3.6 ppmv) in the atmosghboundary layer (0—2 km in the

atmosphere).

Solar insolation depends strongly on the solartheamgled and also on the ratiéi)( dm)

of the actual distance, which changes as Earthsothe sun in an elliptical orbit, to the mean
distance of the Earth from the Sun [Fu Q., 2008¢ident light has more intensity and less
attenuation when it makes a°9@ngle with Earth’s surface (at SZA of)Qike in case B in
Figure 23. On the other hand, light has less initgr@d more attenuation in the atmosphere
when it falls in a shallow angle like in case AFgure 23. In this study, back-to-space radiance
was investigated under two different solar zenitiglas (SZAs), 30 and 80, in order to

examine the SZA variation effect.

Atmqspher,e

Long distance

Solar Radiation

Shortdistance | -

Figure 23: Solar radiation when strikes the Earsi'dace at a large zenith angle (A) and when kera
small zenith angle (B).
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The solar radiation path was examined in the madslming two scenarios that the
solar radiance might experience. In the first scendahe solar beam is assumed to reach the
ground and reflect back to space. In the secondast® the solar beam is reflected off a
cloud layer, which is 4 km above the ground, backgace. The ratio between beams in both

scenarios is calculated.

A geolocation algorithm is used [Benari, 2012] dodte Argus 1000 spectrometer flight
data as well as the CanX-2 satellite observatipatil. In order to assess and validate the quality
of Argus spectrometer data, pseudo-true color AdednVery High Resolution Radiometer
(AVHRR) cloud imagery [Space Science and Enginge@entre, 2009] is used. Google Earth

software is used to view the data sets and gramulgsestion.

4.0 Results and Discussion

4.1 Argus 1000 Spectrometer Spectral Range

TheArgus 1000 spectrometer operates in the spectmgerrom 1 to 1.7 microns (Short
Wavelength InfraRed-SWIR) where we observe someerdreuse gas absorption features.
Figure 24 illustrates Argus synthetic spectra @ade and smoothed radiance) and the GHG
absorption positions. Figure 25 shows only the dhmb radiance, which provides a better

visualization.
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Figure 25: Argus synthetic smoothed radiancen¢? sr~! (cm™1)1) in the model and the gas absorption band
positions in the spectral range from1 to 1.7 misron

This sensitivity analysis utilizes th€0, absorption of reflected sunlight near
1.58 microns. Figure 26 shows tt@, bands at 1.58 and 1.¢&h after zooming in on the SWIR
range for a Nadir viewing geometry and °38olar zenith angleSpace-based radiance
measurmentsf the CO, band near 1.58m have less sensitivity to the atmospheric tempegatu
and water vapor interference is minimal. Figure iliistrates the vibrational-rotation&lO,
radiance band at the SWIR range near 18 The solar infrared band o€0, at 1.58um

allows the solar radiation to partially penetrdie twvhole atmosphere and be reflected back to

space by the Earth’s surface [Mao & Kawa, 2004].
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Figure 26: Carbon dioxide bands at 1.58 and 80  Figure 27: One way (space-to-ground) radiation
Notice the CO, concentration 0 ppm transmittance o€0, (blue line) andi,0
(dashed blue line) and 360 ppm (red line). (red line) in the 1568-1582 nm band at
Nadir viewing geometry. 1976 U.S
Standard Atmosphere was used in the
calculation.  Notice the  minimal
interference ofH, 0 in this band

The carbon dioxide band in Figure 27 is charaatdrizy two groups of absorption lines
known asP (corresponding to the rotational transition whade= —1) andR (corresponding to
rotational transition wheraJ= +1) branches? andR are separated by a gap close to the centre
of the band~6347.85cm™~1. The absorption lines in each branch are neanplggspaced. It is
clearly seen from Figure 28 that the line spacimghe higher-frequency branch is slightly
narrower than that in the lower-frequency branch.mentioned above, the band has the least
water-vapour f,0) interference (red line in Figure 27), thus it yades a sufficient radiance
signal for atmospheric total colun@©, detection compared with oth€0, bands in the solar
infrared [Mao & Kawa, 2004]. Moreover, the sengtyvto temperature in this band is
minimized, in contrast to other candidate bandd%tand 4.3um where the sensitivity of
space-based radiance to emission temperatureger lénan the sensitivity to theé0, mixing

ratio change [McMillin & Fleming, 1976].
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4.2 Measurement Sensitivity to CO, Concentration Change
The carbon dioxide concentration in the air haseased by approximately one third

since pre-industrial times in 1750 and increased Iapproximately 0.43%
(1.5 ppmv/yr) in the 1990s [IPCC, 2001]. Modetl, measurement strategies retrieve the
atmosphericCO, column by fitting the logarithm of the measuretioraf nadir radiance and
solar radiative flux (irradiance). The sensitivitiithe back-to-space radiance with respeciQg
concentration is investigated in this sectidn. this sensitivity study, the solar zenith angie i
selected to be a moderate value df 8ad the satellite viewing geometry is chosen tiNbdir,
which is the current viewing mode of the Argus 1Cfffectrometer in space. The baseline
atmosphericCO, concentration value is set to 360 ppmv. Table i&s lthe baseline input

parameters of the radiance simulations in the model

TablelC: Parameters used in the anal

Parameter Value
1976 U.S Standard Atmosphere 0-50 km and 0-2 km
CO, Mixing ratio 360 ppm
Surface Lambertian
Reflectance (Albedo) 0.3
Solar Angle 30° and 80
Satellite Viewing Angle Nadir
Calculation Resolution 8x 1073 cm™?!
Atom Isotope All isotopes
Database Type Hitran
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Figure 28: Top panel, the Nadir viewing back-toespa Figure 29: Top panel, the radiance sensitivity to

radiance (MWm=2 sr~! (em~1)"1) at solar ~0.28% (1-ppmv) CO, concentration
zenith angle 30° in the whole atmospheric increase in the whole column; bottom
column (0-50 km); bottom panel, the panel, the smoothed radiance sensitiaity t
smoothed back-to-space radiance at SZA 30° 1 ppm mixing ratio change in the whole
in the whole column. column.

Figure 28 (Top panel) shows synthetic back-to-spackance over the spectral range
from 6310cm™! to 6380cm™! (1567 to 1584 nm) when tl@&, mixing ratio is 360 ppmv in the
whole column while the bottom panel in the samerkgdisplays the smoothed spectrum for the
same back-to-space radiance in the total colummM&EECT smoothing functions were used to

smooth the spectra to Argus 1000 resolution (6nm).
The radiance change (%) was performed in GENSPECArding to the following equation:

IGEN|,~IGENg;

(5)

IGEN g
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wherel;gy,, is the radiance after increasing i@, mixing ratio in GENSPECT anidgy.,is

the radiance at GENSPECTC®, standard concentration.

As shown in Figure 29 (Top panel), increasing thenospheric CO, concentration by

approximately 0.28% (1 ppmv) uniformly in the wh@mospheric column yielded a negative
change in the synthetic back-to-space solar radjamnghich decreased up to 0.38%
(at 0.00&m™! spectral resolution) because radiance transmétatecreases with increased
amount ofCO, in the atmosphere. The Back-to-space radiancesdgees up to 0.10% at Argus
1000 spectral resolution (6 nm) as shown in theathed spectrum at the bottom panel in

Figure 29. Certainly, spectral resolution playses fole in theCO, retrieval process.

The back-to-space radiance behaviourdog change in the atmospheric boundary layer
(0-2 km) differs from its behaviour for the sa®@, change in the whole column (0-50 km).
Figure 30 (Top panel) shows the back-to-space madigmWm=2 sr~! (cm™1)"1) at solar
zenith angle (SZA) 30when theCO, mixing ratio increases by 1% (3.6 ppm) in the apfieeric
boundary layer. The bottom panel in Figure 30 @igplthe smoothed back-to-space radiance to
show the exact spectrum that the Argus 1000 wobdgtve. Increasing th@), concentration in
the atmospheric boundary layer (0-2 km) by 1% ($61v), which is equivalent to the seasonal
variability of CO,, will reduce the back-to-space radiance by up.26% at 0.005sm™! spectral
resolution (top panel in Figure 31) and approxinya®e05% when the spectrum is smoothed to
Argus spectral resolution (bottom panel in Figufg. Based on the median radiance change
which is roughly 0.15% in the top panel of Figude Blao and Kawa [2004] suggested that the
signal-to-noise ratio must be at least 700:1 fapactrometer to be able to detect T%,

perturbation in the atmospheric boundary layer (). However, when smoothed to Argus
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resolution (6 nm) as shown in the bottom paneligtife 31, the radiance change at R branch
center is approximately 0.05%. This implies tha firgus 1000 SNR must be at least 2000:1 to
detect a 1940, change in the atmospheric boundary layer (0-2 Krhg instrument SNR is

discussed in details in the next section.
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Figure 30: Top panel, the Nadir viewing back-toegparigure 31: Top panel, the radiance sensitivity % 1

radiance (MWm=2 sr~! (em~1)"1) at solar (3.6 ppmv)CO, concentration increase in the
zenith angle 30° in the atmospheric boundary atmospheric boundary layer ABL (0—2 km);
layer ABL (0-2 km); bottom panel, the bottom panel, the smoothed radiance
smoothed back-to-space radiance at SZA 30° sensitivity to a 3.6 ppm mixing ratio change
in the ABL. in the ABL.

Wange et al [2014] discussed the retrieval accuaacythe required SNR for the TanSat
(CarbonSat) instrument to detect a very small cbgigo)CO, near the Earth’'s surface. Their
results show that the required instrument SNR shbalat least 900:1 to detect 19%, change

in the atmospheric boundary layer (0-2 km).
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Figure 32: Right panel; comparison between radiasmesitivities to 0.28% (1-ppmv}0O, concentratio
increase (red line) in the whatdumn (0-50 km) and to a 1% (3.6 pp6t), mixing ratio increas
(blue line) in the boundary Iay8-2 km). Left panelsmoothed spectra of the comparison ir
right panel. Both radiance ctemgere calculated for SZA 30

Figure 32 compares the radiance changes wignis perturbed by 1% (3.6 ppmv) and
0.28% (1 ppmv) in the atmospheric boundary laye? {mn) and the whole column (0-50 km),
respectively. The right panel of Figure 32 suggésas the radiance change for a 1% (3.6 ppm)
CO, perturbation in the atmospheric boundary layesipproximately equivalent to 70% of the
radiance change wheiD, changes by 0.28% (1 ppmv) in the whole columrthBicase of the
Argus 1000 spectrometer, the radiance chang€@grperturbation in the boundary layer (0-2
km) is approximately 50% of the radiance changeC0s perturbation in the whole column
(0-50 km) as shown in left panel in Figure 32. Thdiance sensitivity t@0, changes in the
near transparent region between the P and R brarsheelatively week in the atmospheric

boundary layer (0-2 km) compared to the case imthele column (0-50 km).

Solar zenith angle is another significant paramtétat must be taken into account when
making measurements of reflected solar radianbehtlatitudes. Large solar zenith angle imply
low intensity (low SNR) and longer path length. lgs 33 and 34 show the back-to-space
radiances at SZAs of 3@nd 80, respectively. It is clearly seen that the baclsppace radiance
at SZA of 80 is approximately 1/5 of that at SZA of38nd the atmospheric path length to the
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ground is five times longer. The reflectivity suwréatype is assumed to be Lambertian with an
albedo value of 0.3. Different types of surfacesd anultiple scattering will affect the

back-to-space radiance at large SZA.
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Figure 33: Top panel, the back-to-space radianEgure 34: Top panel, the back-to-space radianc

(MW m=2 sr7t (cm™1)"1) at SZA of 30°. (MWm=2 sr7! (cm™1)~1) at SZA of 80°.
Bottom panel, the smoothed top-of-the Bottom panel, the smoothed top-of-the
atmosphere radiance at the same SZA. atmosphere radiance at the same SZA.

Table 11 illustrates the absorption minima (M2 sr~! (cm™1)~1) at SZA 30 and 80,
respectively. Higher values mean less absorptiemy) aase of SZA 30 However, instrumental
dynamic range and SNR issues as well as the patgmtiblems of low surface reflectance for
snow and ice in this band must be overcome in dalbe able to have a good sensitivit\Cto,

at high latitudes or near dawn and dusk [Mao & Ka@04].
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Table 11: Absorption minima corresponding to digigr SZAs.

Solar Zenith Angle (SZA) degree Absorption minimum (mW m=2 sr=! (cm=1)1)
30 4.94*
80r 0.82*

*Radiance valuegnW m=2 sr* (cm~*)"1) in the bottom panels of Figures 33 and 34

4.2.1 Argus 1000 Signal-to-Noise Ratio

A laboratory experiment was setup in order to eat@lihe current SNR of a flight spare
Argus spectrometer. Figure 35 shows the prelimisatyp for the laboratory experiment where
Argus is able to read the signal reflected from spectralon (white reflective screen) after
collimating the light from the halogen bulb. Thesttument was operated for 30 minutes and
continuously collected data. Pixel number 242, Wwidorrelated to th€0, amount, was chosen
for analysis. The exposure time was set to 256ntB muimber of scans set to 2 (co-add) similar

to Argus settings in space.

é Light Shielding
-’

Argus 1000 ——
i
Light Source Mirror
Spectralon \ Mirror Stand
0
|Halogen bulb
with Tungsten

IFiIament

Figure 35: Laboratory experiment setup top vievit)l@nd mirror and light source (right). [Image dite Catherine
Tsouvaltsidis & Naif Al Salem]
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The signal’'s mearnu of pixel 242 was calculated as follows:

N-1

S ©)

i=0

Where the sum of the valueg, in the signal is divided by the number of sampiesThe

=R

u=

standard deviatioro{) of the signal is also calculated as follows:
N-1
2-_1 — N2
0% =— Zo(xi ) (7)

The signal-to-noise ratio (SNR) of a signal is defi as meanu{ of the signal divided by the

standard deviatiors{) of the same signal as follows:
SNR =~ (8)

Figure 36 shows the instrument signal at pixel @#2re the mean (solid red line) and standard
deviation (dashed red line) of the signal are patlion the graph. The mean of the signal is 1514
and standard deviation (noise) is approximately92cbunts yielding an SNR value of
approximately 691:1. If there are n pixels eacthwiignal S, the SNR for one pixel, assuming

the statistics are Poissonian, is calculated #&sWoig:

; =\/§ (9)

SNR; = ——

The total SNR for 5 pixels, which is the numbepodels related to th€0, amount, with signals

approximately equal to S is calculated as following

5xS

SNRot = T exs =45 XS (10)
Therefore,
SNRi(oit = =+V5 X SNR; (11)
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Yielding a total SNR of 1520:1 which is capabled&iect approximately 1.31% 60, variation
in the ABL. Figure 37 shows the instrument sigrigbigels 240, 241, 246 and 247, respectively.
Table 12 lists means, STDs, and SNRs of all pigbtsvn in Figure 37. In the SNR calculation,

1o error was chosen to obtain a good quality data.
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Figure 36: Instrument signal atgbnumber 242.
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Figure37: Instrument signal at pixel 240 (top left), 24 bttbm left), 246 (top right) and 247 (bottom rig
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Table 12: Mean values, STDs and SNRs of all pigetsvn in Figure 37

Pixel Number Mean STD SNR
24C 151: 1.8¢ 813:1
241 1521 1.7z 8841
24z 1514 2.1¢ 691:1
24¢ 150¢ 2.3€ 639:1
247 1521 2.1 700:1

Argus spectrometer has approximately five pixelsredated with CO, amount
[Jagpal, 2011]. The SNR can be enhanced by eitteeeasing the number of scans (temporal
averaging) or averaging the number of pixels (spatveraging); therefore, the SNR can be
improved by a factor of approximately 2.2 whichihe square root of the 5 pixels. The SNR can,
also, be improved by the square root of the maximaradd setting of 10, or a factor of 3, in the

instrument; however, the spatial resolution willdegraded.
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4.3 Solar Radiation Path Scenarios
Two scenarios that the solar radiation might follane examined in the model. In the first

scenario, the solar radiation reaches and reflefftthe Earth’'s surface back to space. In the
second scenario, the solar radiation reflects affoad layer that is approximately 4 km above
the ground. Figure 38 illustrates the two scenatas the solar radiation could experience in its
journey from space through the atmosphere to ththBasurface and back to space towards the
sensor. The solar radianckg. and I.¢ are the direct beam reflected off the groundund dred t

beam reflected off the cloud kr, respectively.

Sensor

| Fov |

Figure 38: lllustration of possible scenarios aslarsoradiation passes through the atmosphere
and back to space to reach the senkgr.is the solar radiation beam directly reflected
by the Earth’'s surface toward the senfeld of view (FOV). I, is the solar beam
reflected off clouds.

The synthetic solar radiation beams that reflea@#dground and cloud are shown in
Figure 39. The solar beam that reached the growmddreflected back to space (left panel)
yielded approximately 26.7 Wh=2 sr~! (cm™1)~! while the solar beam that reflected off the
cloud layer yielded about 120 W2 sr~! (cm™1)~1. The ratio between the beams reflected off
ground and cloud is approximately 4.5. Solar nackathat reaches the ground travels through
long atmospheric path and experience more energy (attenuation) while the solar beam
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reflected off cloud travels through short atmosghpath and experience less energy reduction.

Table 13 lists the model parameters used in thearsohdiance path scenarios.
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Figure3¢: Synthatic solar beams reflected off groureft panel) ancoff cloud (right pane at SZA of 30°.

Table 13: Model parameters used in the path seenaltulation.

Parameter Value
SZA 30°
Albedo 0.2 (land) and 0.9 (Cloud)
Cloud height 4 km
Surface Lambertian

4.4 Effects of Clouds on Solar Radiation and CO, Absorption
In the atmosphere, reduction in the solar radiatear the 1.58m band includes some

atmospheric processes such as molecular scattetisgrption byCO,, and other atmospheric
gases such d$,0 andCH,, extinction by aerosols, and partial reflectiorEarth’s surface. The

absorbed radiation is added directly to the hedgbty whereas the scattered radiation is partly
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returned to space and partly continues its patbutiin the Earth—atmosphere system where it is
subject to further scattering and absorption [F,2002].

Clouds cover about 65% of the Earth and are thet mmggortant regulator of solar
radiation. By reflecting incoming solar radiatioads to space, they cool the Earth—atmosphere
system—the so-called cloud albedo effect which dép®n cloud type and cloud form, as well as
the solar zenith angle. Clouds also absorb solaiatian in the near infrared region
[Fu, Q., 2002]. They appear to absorb up to 20%he@fsolar energy incident on them, with solar
heating rates reaching over 2hK! near cloud tops [Slingo and Schrecker, 1982]. filewious
numbers are not definitive, however, and our urtdadsng of cloud absorption remains limited
from both observational and theoretical perspestjizavies, Ridgway, and Kim, 1984].

Cloud presence in the atmospheric boundary layelddead to a variation dfO, absorption at
1575 nm. Clouds could reflect some fraction of th@dent solar radiation, preventing it from
reaching the Earth’s surface and therefore leatbngn underestimation of th@), absorption
under the cloud layer. Some fraction of the so&atiance could perform multiple reflections

under the cloud layer, leading to an overestimatiothe CO, absorption in the SWIR range.

The effect of clouds on both solar radiation &@j absorption is analyzed using some
flight data collected by the Argus 1000 spectromedeer cloudy and cloud-free scenes.
Figure 40 shows some flight data collected for wégkpass 34, week 9 pass 36 and week 77
pass 28, respectively. Argus 1000 collected theda dver some cloudy and clear scenes as it
shows in the first row of Figure 40. The second rnawhe same figure shows the normalized
radiance of cloudy and clear spectra atGfie band 1575 nm. The third row illustrates the actual

cloud cover for the geolocated packet numbers.Clted cover data is retrieved from MODIS
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(MODerate Resolution Imaging Spectroradiometer)wall as the AVHRR (Advanced Very

High Resolution Radiometer). Table 14 lists thekeaoiumber geolocation parameters.

The ratio between normalized cloudy and clear spectFigure 40 indicates that th@,
absorption in the absence of clouds is higher thhan clouds are present by approximately
5.3%. The atmospheric column path is longer inrcéés than cloudy sky and therefore photons

will experience less absorption in the later.
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Figure4(Q: The full spectrum of cloudy and cr scenes (first row) for week 41 pass, week 9 pass 36 d week 7
pass 28, respectively. Second row shows normatiedly and clear spectra at #h@, band1575 nm. Th
third row shows the actual cloud cover. [Cloudagery by Reto Stockli, NASA's Earth Observa
http://neo.sci.gsfc.nasa.gdv/
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Table 14: Geolocation details for the weeks andgms Figure 41.

Week/Pas Packet Numbei Date Coordinates Status
Week 41 pass . 240 09/09/2011 LIO_I?g: ii‘;i%lsgf%flz Cloud-Free
Week 41 pass : 280 09/09/2011 le)aggszllizggs;%oloaslz Cloudy
Week09 pass 3 26 04/11/2009 Ltﬁ; 13())43;4314257621\:/\/ Cloudy
Week09 pass 2 43 04/11/2009 Ltﬁtg:; :8;5{3965.35(')1%\/\/ Cloud-Free
Week 77 pass : 66 28/08/2013 Il__c?rﬁg : 1222122%2296332 Cloud-Free
Week 77 pass : 70 28/08/2013 Lat: 26°37'45.84"S Cloudy

Long: 129°42'38.52"E

The trace gases retrieval process is performedyusiforward calculation that outputs
synthetic radiance profiles. Major parameters sagtthe gas mixing ratio profile, solar zenith
angle, viewing angle, surface type, and albedoaaljasted until the best match between the
synthetic and observed radiance profiles is ackieagure 41 shows a comparison between the
simulated (model) and observed radiances at@ewindow 1580 nm. The observed radiance
profile was collected on August 28, 2013 at la#udnd longitude 14°55'19.92"S,
132°15'57.24"E, respectively. T, concentration was increased by 10% of its valuthén
model which is 360 ppm. This yieldsC®, concentration of 396 ppm which is the same value
recorded by the National Oceanic and Atmospherimifxtstration (NOAA) on August 2013 as

shown in Figure 42. The parameters used in thiaditare listed in table 15.
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Figure 41: Synthetic (blue) and observed (red)arack profiles.
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Figure 42: TheCO, concentration level on the 28th of August 2013 egmrted from the National Oceanic and
Atmospheric Administration web. Graph Credittp://www.esrl.noaa.gov/gmd/ccga/trends/graph.html
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Table 15: Model parameters used in the fittingiguFe 42

Parameter

Value

€O, mixing ratio
H,0 mixing ratio
Atmosphere Modi

Other gase consideret

Increased by 10%
Decreased by 80.5%
1976 U.S Standard Atmospht

Oxygen (0,) and Methan€H,

Height if atmosphel 50 kmr
SZA 50°
Viewing angle 4°
Albedc 0.4

5.0 Conclusion

A sensitivity analysis of the response of reflectsdar radiation to variations in the
atmospheric total carbon dioxide column was peréan this thesis. The reflected sunlight
near theCO, absorption band 1.58n was investigated with respect to various pararsetech
as the solar zenith angle, mixing ratio @,, and the albedo. Thé0, near infrared (NIR)
bands 1.58im and 1.60um are located within the Argus 1000 spectrometerctsperange,
which is 1.0 to 1.7um. Simulations with GENSPECT results indicate tha #Argus 1000
spectrometer signal-to-noise ratio (SNR) must b802D to detect 1% changes in th@,
mixing ratio in the atmospheric boundary layer (®¢2). The Argus 1000 current SNR

(=1520:1) can therefore yield uncertainty of appmmately 1.31%. Further improvements to
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the SNR can be done by, for example, increasinghtireber of scans (co-adding setting) or
performing some statistical averaging methods (gpaveraging).

The sensitivity of the back-to-space radiance te solar zenith angle at 1.58n was
performed at SZAs 30and 80 at the atmospheric boundary layer where the masahility of
CO, is located. The sensor monitors more solar razhatn small zenith angle than large
zenith angle.

Two possible path scenarios of the solar photonseveensidered in the model to
examine the total sunlight seen by the sensor. Sdler radiation beam in one of the two
considered scenarios was assumed to travel thrlougjer path length than the other one in
order to examine the back-to-space radiance changach scenario. The ratio between the
solar radiance reflected off ground (scenario oaeyl solar radiance reflected off cloud
(scenario two) is approximately 4.5.

The effect of clouds on both solar radiation ai@l, absorption is analyzed using
some flight data collected by the Argus 1000 smaunater over cloudy and cloud-free
scenes. The results indicate that @iy, absorption in the absence of clouds is about 5.3%
higher than theCO, absorption when clouds are present because sh@oms go through
longer paths in a clear sky condition, enhancing @b, absorption. Photons that travel
through short paths will have a lower probability éxperienceCO, absorption and thus
display less strong absorption features in spec@anerally, there is less atmospheric column
path for photons in the presence of clouds butsipys more multi-path so these effects

compete.
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5.1 Future Work

Cloud and scattering models need to be incorporatéte sensitivity analysis to reduce
systematic errors in theO, retrieval. With cloud and scattering models bemggrated in the
primary model used for the sensitivity analysis,eoshould be able to examine the
overestimation and underestimation of @@, when solar radiation is scattered by cirrus clouds
or aerosols. Hence the availability of ancillaryas®l and cloud data is important. Scattering
scenarios can be more explored by assuming mosehb®scenarios for the photons. Clouds
and snow have almost the same albedo and can bemwimsue when data are collected over
snow on a cloudy day. There is therefore a needisziriminating clouds over snow-covered

areas to properly interpret spectra.

65



References

Andrews, A. E., Kofler, J. D., Trudeau, M. E., Wilns, J. C., Neff, D. H., Masarie, K. A,, ... &
Tans, P. P. (2013). CO 2, CO and CH 4 measuremé&ota the NOAA Earth System
Research Laboratory's Tall Tower Greenhouse Gasr@@hg Network: instrumentation,
uncertainty analysis and recommendations for futbigh-accuracy greenhouse gas
monitoring efforts. Atmospheric Measurement TechegDiscussions, 6(1), 1461-1553.

Aoki, T., Fukabori, M., & Aoki, T. (1993). Trace gaemote sounding from near IR sun glint
observation with tunable etalons. In High SpecRakolution Infrared Remote Sensing
for Earth’'s Weather and Climate Studies (pp. 309}33pringer Berlin Heidelberg.

Argus 1000 Owner’s Manual, Thoth Technology, 20it€y://thoth.ca/spectrometers.htm

Arrhenius, S. (1896). XXXI. On the influence of banic acid in the air upon the temperature of
the ground. The London, Edinburgh, and Dublin Fuafghical Magazine and Journal of
Science, 41(251), 237-276.

Aumann, H. H., & Pagano, R. J. (1994). Atmospheritared sounder on the Earth observing
system. Optical Engineering, 33(3), 776-784.

Aumann, H. H., Chahine, M. T., Gautier, C., Goldjhev. D., Kalnay, E., McMillin, L. M., ... &
Susskind, J. (2003). AIRS/AMSU/HSB on the Aqua missDesign, science objectives,
data products, and processing systems. Geosciende Remote Sensing, |IEEE
Transactions on, 41(2), 253-264.

Baker, D. F., Bosch, H., Doney, S. C., O'Brien, &Schimel, D. S. (2010). Carbon source/sink
information provided by column CO 2 measuremenmirthe Orbiting Carbon
Observatory. Atmospheric Chemistry and Physics9)1@(145-4165.

Baker, D. F., Law, R. M., Gurney, K. R., Rayner, Peylin, P., Denning, A. S., ... & Zhu, Z.
(2006). TransCom 3 inversion intercomparison: InpEdransport model errors on the
interannual variability of regional CO2 fluxes, B32003. Global Biogeochemical
Cycles, 20(2).

66



Benari, G. (2012). Geolocation algorithms for natelite applications. In Masters Abstracts
International (Vol. 51, No. 03).

Bernath, P. F. (2006). Atmospheric chemistry expent (ACE): Analytical chemistry from
orbit. TrAC Trends in Analytical Chemistry, 25(B47-654.

Bernath, P. F., McElroy, C. T., Abrams, M. C., Bepg. D., Butler, M., Campeyret, C., ... &
Zou, J. (2005). Atmospheric chemistry experimentCEX mission overview.
Geophysical Research Letters, 32(15).

Bertaux, J. L., Megie, G., Widemann, T., Chassefi&ér, Pellinen, R., Kyrola, E., ... & Simon, P.
(1991). Monitoring of ozone trend by stellar ocatitins: The GOMOS instrument.
Advances in Space Research, 11(3), 237-242.

Bodhaine, B. A., Wood, N. B., Dutton, E. G., & Sles, J. R. (1999). On Rayleigh optical depth
calculations. Journal of Atmospheric and Oceanchhelogy, 16(11), 1854-1861.

Boesch, H., Baker, D., Connor, B., Crisp, D., & I&l] C. (2011). Global characterization of
CO2 column retrievals from shortwave-infrared dielobservations of the Orbiting
Carbon Observatory-2 mission. Remote Sensing, 372;304.

Boland, S., Bosch, H., Brown, L., Burrows, J., €j&., Connor, B., ... & Yung, Y. (2009). The
need for atmospheric carbon dioxide measurements pace: contributions from a
rapid reflight of the Orbiting Carbon Observatory.

Bdsch, H., Toon, G. C., Sen, B., Washenfelder, R.\ennberg, P. O., Buchwitz, M., ... &
Yung, Y. L. (2006). Spacbased neainfrared CO2 measurements: Testing the Orbiting
Carbon Observatory retrieval algorithm and valaticoncept using SCIAMACHY
observations over Park Falls, Wisconsin. Journdgedphysical Research: Atmospheres
(1984-2012), 111(D23).

Bovensmann, H., Burrows, J. P., Buchwitz, M., FieriJ., Noél, S., Rozanov, V. V., ... &
Goede, A. P. H. (1999). SCIAMACHY: Mission objeds and measurement modes.
Journal of the Atmospheric Sciences, 56(2), 127-150

67



Bracher, A., Bovensmann, H., Bramstedt, K., Burrolv®., Clarmann, T. V., Eichmann, K. U.,
... & Wuttke, M. W. (2005). Cross comparisons of @¢b> 3</sub> and NO< sub>
2</sub> measured by the atmospheric ENVISAT instmist GOMOS, MIPAS, and
SCIAMACHY. Advances in Space Research, 36(5), 865-8

Bréon, F. M., & Ciais, P. (2010). Spaceborne rensatesing of greenhouse gas concentrations.
Comptes Rendus Geoscience, 342(4), 412-424.

Bréon, F. M., & Ciais, P. (2010). Spaceborne rensatesing of greenhouse gas concentrations.
Comptes Rendus Geoscience, 342(4), 412-424.

Buchwitz, M., Beek, R. D., Burrows, J. P., BovensmaH., Warneke, T., Notholt, J., ... &
Schulz, A. (2005). Atmospheric methane and carb@xide from SCIAMACHY
satellite data: initial comparison with chemistrpdatransport models. Atmospheric
Chemistry and Physics, 5(4), 941-962.

Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, Vadstatter-Weil3enmayer, A., Richter,
A., ... & Perner, D. (1999). The global ozone moniig experiment (GOME): Mission
concept and first scientific results. Journal & Atmospheric Sciences, 56(2), 151-175.

Cao, C., Xu, H., Sullivan, J., McMillin, L., Cire,., & Hou, Y. T. (2005). Intersatellite radiance
biases for the High-Resolution Infrared Radiati@uisiers (HIRS) on board NOAA-15,-
16, and-17 from simultaneous nadir observationarni of Atmospheric and Oceanic
Technology, 22(4), 381-395.

Change, IPCC Climate. "the AR4 Synthesis Reporéhé&va (Suisse): IPCC (2007).

Chevallier, F., Bréon, F. M., & Rayner, P. J. (2D0Contribution of the Orbiting Carbon
Observatory to the estimation of CO2 sources amdkssi Theoretical study in a
variational data assimilation framework. JournalG&ophysical Research: Atmospheres
(1984-2012), 112(D9).

Chevallier, F., Engelen, R. J., & Peylin, P. (2005phe contribution of AIRS data to the
estimation of CO2 sources and sinks. Geophysisalareh letters, 32(23).

68



Clerbaux, C., Boynard, A., Clarisse, L., George, Madji-Lazaro, J., Herbin, H., ... & Coheur,
P. F. (2009). Monitoring of atmospheric compositiosing the thermal infrared
IASI/MetOp sounder. Atmospheric Chemistry and Ptg;s9(16), 6041-6054.

Crisp, D., Atlas, R. M., Breon, F. M., Brown, L.,RBurrows, J. P., Ciais, P., ... & Schroll, S.
(2004). The orbiting carbon observatory (OCO) noissiAdvances in Space Research,
34(4), 700-709.

Davies, R., Ridgway, W. L., & Kim, K. E. (1984). &gral absorption of solar radiation in
cloudy atmospheres: A 20 cm-1 model. Journal of dmaospheric sciences, 41(13),
2126-2137.

Dufour, E., & Bréon, F. M. (2003). Spaceborne Eatienof Atmospheri€0, Column by Use of
the Differential Absorption Method: Error Analysispplied optics, 42(18), 3595-36009.

Finlayson-Pitts, B. J., & Pitts Jr, J. N. (1986)tmbdspheric chemistry. Fundamentals and

experimental techniques.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, Betts, R., Fahey, D. W., ... & Van
Dorland, R. (2007). Changes in atmospheric comsiisl and in radiative forcing.
Chapter 2. In Climate Change 2007. The Physicarisei Basis.

Funke, B., LopePuertas, M., Von Clarmann, T., Stiller, G. P., Rexg H., Glatthor, N., ... &
Wang, D. Y. (2005). Retrieval of stratospheric N®am 5.3 and 6.2um nonlocal
thermodynamic equilibrium emissions measured byhelson Interferometer for Passive
Atmospheric Sounding (MIPAS) on Envisat. Journal Gkophysical Research:
Atmospheres (1984-2012), 110(D9).

Garand, L., Turner, D. S., Larocque, M., BatesBaukabara, S., Brunel, P., ... & Woolf, H.
(2001). Radiance and Jacobian intercomparison diétige transfer models applied to
HIRS and AMSU channels. Journal of Geophysical Bese Atmospheres (1984—
2012), 106(D20), 24017-24031.

Hansen, J., & Sato, M. (2004). Greenhouse gas Yroates. Proceedings of the National
Academy of Sciences of the United States of Ameii®4(46), 16109-16114.

69



Houweling, S., Breon, F. M., Aben, I., Rodenbeck, Gloor, M., Heimann, M., & Ciais, P.
(2004). Inverse modeling of CO 2 sources and siisiksg satellite data: a synthetic inter-
comparison of measurement techniques and theioppesihce as a function of space and
time. Atmospheric Chemistry and Physics, 4(2), 538-

Intergovernmental Panel on Climate Change, Clim&ieange 2001; Synthesis Report
(Cambridge U Press, New York, 2001).

IPCC (Intergovernmental Panel on Climate Chang@)42Climate change 2014: Mitigation of
climate change. Working Group Il contribution teetIPCC Fifth Assessment Report.
Cambridge, United Kingdom: Cambridge University$3te/ww.ipcc.ch/report/ar5/wg3

Jagpal, R. K. (2011). Calibration and Validation Afgus 1000 Spectrometer—A Canadian
Pollution Monitor (Doctoral dissertation, YORK UNBRSITY, TORONTO,
ONTARIO).

Jones, N. (2013). Troubling milestone for CO2. Mat@eoscience, 6(8), 589-589.

Keeling, C. D. (1973). Industrial production of ban dioxide from fossil fuels and limestone.
Tellus, 25(2), 174-198.

Kuang, Z., Margolis, J., Toon, G., Crisp, D., & Yuny. (2002). Spaceborne measurements of
atmospheric CO2 by higtesolution NIR spectrometry of reflected sunliglfin
introductory study. Geophysical Research Lette9612), 11-1.

Kuze, A., Urabe, T., Suto, H., Kaneko, Y., & Hamazd. (2006, August). The instrumentation
and the BBM test results of thermal and near-ieflasensor for carbon observation
(TANSO) on GOSAT. In SPIE Optics+ Photonics (pp9B2K-62970K). International
Society for Optics and Photonics.

Kyrola, E., Tamminen, J., Leppelmeier, G. W., SddieV., Hassinen, S., Bertaux, J. L., ... &
Vanhellemont, F. (2004). GOMOS on Envisat: An owmw Advances in Space
Research, 33(7), 1020-1028.

Lacis, A. A., & Oinas, V. (1991). A description tiie correlated k distribution method for
modeling nongray gaseous absorption, thermal emmssand multiple scattering in

70



vertically inhomogeneous atmospheres. Journal apBgsical Research: Atmospheres
(1984-2012), 96(D5), 9027-9063.

Liou, K. N. (2002). An introduction to atmospheradiation (Vol. 84). Academic press.

Mao, J., & Kawa, S. R. (2004). Sensitivity studies space-based measurement of atmospheric
total column carbon dioxide by reflected sunlighpplied optics, 43(4), 914-927.

McMillin, L. M., & Fleming, H. E. (1976). model foabsorbing gases with constant mixing
ratios in inhomogeneous atmospheres.

Miller, C. (2011). Measuring Atmospheric Carbon Kae from Space. National Center for
Atmospheric Research, 1-1. Retrieved March 17, 2013from
http://www.ametsoc.org/boardpges/cwce/docs/praMékerCharlesE/profile. html

Miller, C. E., Crisp, D., DeCola, P. L., Olsen, G., Randerson, J. T., Michalak, A. M., ... &
Law, R. M. (2007). Precision requirements for splaased data. Journal of Geophysical
Research: Atmospheres (1984-2012), 112(D10).

NASA. The National Aeronautics and Space AdminigiraEarth Observing System, Online
http://eospso.gsfc.nasa.gBetessed November, 2008

Nett, H., Frerick, J., Paulsen, T., & Levrini, @0Q1). The atmospheric instruments and their
applications: GOMOS, MIPAS and SCIAMACHY. ESA buite 106, 77-87.

O'Brien, D. M., & Rayner, P. J. (2002). Global atvsg¢ions of the carbon budget, 2, CO2
column from differential absorption of reflectednight in the 1.61um band of CO2.
Journal of Geophysical Research: Atmospheres (13842), 107(D18), ACH-6.

Park, J. H. (1997). Atmospheric CO 2 monitoringnfr@pace. Applied optics, 36(12), 2701-
2712.

Pollock, R., Haring, R. E., Holden, J. R., JohnsbnL., Kapitanoff, A., Mohlman, D., ... &
Sutin, B. M. (2010, October). The Orbiting Carbobs8rvatory nstrument: performance
of the OCO instrument and plans for the OCO-2 urmsgnt. In Remote Sensing (pp.
78260W-78260W). International Society for Opticsl &hotonics.

71



Qiang, F. (2002). Solar Radiaiton. Encyclopedia Atimospheric Sciences, 1859(1863).
Retrieved Mar 17, 2013, frohttp://www.atmos.washington.edu/~gfu/publicatiohg.p

Quine, B. M., & Drummond, J. R. (2002). GENSPECT!liree-by-line code with selectable
interpolation error tolerance. Journal of Quanitmat Spectroscopy and Radiative
Transfer, 74(2), 147-165.

Rankin, D., Kekez, D. D., Zee, R. E., PranajayaMF.Foisy, D. G., & Beattie, A. M. (2005).
The CanX-2 nanosatellite: expanding the sciencditiabi of nanosatellites. Acta
Astronautica, 57(2), 167-174.

Rayner, P. J., & O'Brien, D. M. (2001). The utilayremotely sensed CO2 concentration data in
surface source inversions. Geophysical researtdrde28(1), 175-178.

Rayner, P. J., Law, R. M., O'Brien, D. M., Butlér, M., & Dilley, A. C. (2002). Global
observations of the carbon budget 3. Initial assess$ of the impact of satellite orbit,
scan geometry, and cloud on measuring CO2 fromespdgournal of Geophysical
Research: Atmospheres (1984-2012), 107 (D21), ACH-2

Sarda, K., Eagleson, S., Calllibot, E., Grant,K&kez, D., Pranajaya, F., & Zee, R. E. (2006).
Canadian advanced nanospace experiment 2. Saeamifi technological innovation on a
three-kilogram satellite. Acta Astronautica, 59@36-245.

Savtchenko, A., Ouzounov, D., Gopalan, A., Yuan, Wickless, D., & Ostrenga, D. (2003).
MODIS data from Terra and Aqua satellites. In Gemse and Remote Sensing
Symposium, 2003. IGARSS'03. Proceedings. 2003 |EEEtnational (Vol. 5, pp. 3028-
3030). IEEE.

Shi, L., Bates, J. J., & Cao, C. (2008). Scenearami-dependent intersatellite biases of HIRS
longwave channels. Journal of Atmospheric and Gce&echnology, 25(12), 2219-
2229.

Skupin, J., Noél, S., Wuttke, M. W., Gottwald, gvensmann, H., Weber, M., & Burrows, J.
P. (2005). SCIAMACHY solar irradiance observationthe spectral range from 240 to
2380nm. Advances in space research, 35(3), 370-375

72



Slingo, A., & Schrecker, H. M. (1982). On the sheave radiative properties of stratiform water
clouds. Quarterly Journal of the Royal MeteorolagBociety, 108(456), 407-426.

Smith, B. C. (2011). Fundamentals of Fourier tramsfinfrared spectroscopy. CRC press.

Space Science and Engineering Centre, AVHRR (Adeéiery High Resolution Radiometer)

Google Earth Imagery(2009). [Online]. Availablgtp://ge.ssec.wisc.edu/avhrr/

Tolton, B. T., & Plouffe, D. (2001). Sensitivity eddiometric measurements of the atmospheric
CO 2 column from space. Applied optics, 40(9), 13643.

Tyndall, J. (1861). The Bakerian lecture: on theaaption and radiation of heat by gases and
vapours, and on the physical connexion of radiatiabhsorption, and conduction.
Philosophical Transactions of the Royal Societiafidon, 151, 1-36.

von Clarmann, V., Glatthor, N., Grabowski, U., Ha@f, M., Kellmann, S., Kiefer, M., ... &
LépezPuertas, M. (2003). Retrieval of temperature amdjeat altitude pointing from
limb emission spectra recorded from space by theh#son Interferometer for Passive
Atmospheric Sounding (MIPAS). Journal of GeophyskResearch: Atmospheres (1984—
2012), 108(D23).

Wang, Q., Yang, Z. D., & Bi, Y. M. (2014, NovembeBpectral parameters and signal-to-noise
ratio requirement for TANSAT hyper spectral remansor of atmospheric CO2. In
SPIE Asia Pacific Remote Sensing (pp. 92591T-92%91fternational Society for
Optics and Photonics.

Warneke, T., Petersen, A. K., Gerbig, C., JordanR&denbeck, C., Rothe, M., ... & Schrems,
0. (2010). Co-located column and in situ measurésnehCO 2 in the tropics compared
with model simulations. Atmospheric Chemistry amys$ics, 10(12), 5593-5599.

WRI (World Resources Institute). 2014. Climate Ass#é Indicators Tool (CAIT) 2.0: WRI's

climate data explorer. Accessed May 204ip://cait.wri.org

Yokota, T., Oguma, H., Morino, I., Higurashi, A.ol, T., & Inoue, G. (2004, December). Test
measurements by a BBM of the nadir-looking SWIR Faf®ard GOSAT to monitor
CO2 column density from space. In Fourth InternaioAsia-Pacific Environmental

73



Remote Sensing Symposium 2004: Remote Sensing @f Atmosphere, Ocean,
Environment, and Space (pp. 182-188). Internati®o&iety for Optics and Photonics.

74



